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Preface

An important area of numerical analysis and scientific computing is geometric
numerical integration which is concerned with the discretization of differential
equations while respecting their structural invariants and geometry. In the last few
decades, numerical simulation for nonlinear oscillators has received a great deal of
attention, and many researchers have been concerned with the design and analysis
of numerical schemes for solving oscillatory problems. It has been a common
practice that a numerical scheme should be designed to preserve as much as pos-
sible the (physical/geometric) intrinsic properties of the original continuous sys-
tems. Although great advances have by now been made in numerical treatments for
oscillatory differential equations, further exploration of novel structure-preserving
algorithms is still an active area of research. The objective of this sequel to our
previous monograph, which was entitled “Structure-Preserving Algorithms for
Oscillatory Differential Equations II”, is to study further structure-preserving
schemes for oscillatory systems that can be modelled by systems of ordinary and
partial differential equations. Problems of this type arise in a variety of fields in
science and engineering such as quantum physics, celestial mechanics and
molecular dynamics.

Most of the material presented here is drawn from very recent published research
work in professional journals by the research group of the authors. The first four
chapters of this monograph deal with first-order oscillatory differential equations.
The last four chapters consider oscillatory wave equations, and the other chapters
address second-order oscillatory differential equations.

Chapter 1 presents in detail functionally fitted energy-preserving methods for
solving oscillatory nonlinear Hamiltonian systems. It is known that the exponential
integrator is now a very popular numerical method for solving differential equa-
tions. Chapter 2 investigates exponential integrators preserving first integrals or
Lyapunov functions for conservative or dissipative systems. These methods are
applied to solve some highly significant oscillatory problems. In the literature, a
principal approach to solving oscillatory problems is based on collocation methods.
Therefore, Chap. 3 explores exponential Fourier collocation methods for first-order
differential equations. Symplecticity is one of the fundamental properties of
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Hamiltonian systems. In Chap. 4, we first develop symplectic exponential Runge—
Kutta methods for solving nonlinear Hamiltonian systems. We then consider
high-order symplectic and symmetric composition methods for multi-frequency and
multidimensional oscillatory Hamiltonian systems in Chap. 5. The construction of
high-order ERKN integrators is difficult in practice. Thus, in Chap. 6, we pay our
attention to the construction of arbitrary-order ERKN integrators for second-order
oscillatory differential equations using group theory. Chapter 7 derives trigono-
metric collocation methods based on Lagrange basis polynomials for
multi-frequency oscillatory second-order differential equations. Butcher’s theory of
rooted trees is useful in the study of Runge—Kutta type methods. However, the
research of this theory for ERKN methods for general multi-frequency and multi-
dimensional oscillatory systems is not satisfied yet due to the existence of a large
number of redundant trees. In Chap. 8, we further analyse a compact tri-coloured
rooted-tree theory and order conditions for ERKN methods for general
multi-frequency oscillatory systems. An important fact is that Klein—-Gordon
equations can be used to model many nonlinear phenomena. Chapter 9 is concerned
with an integral formula adapted to different boundary conditions for arbitrarily
high-dimensional nonlinear Klein—Gordon equations. Chapter 10 proposes an
energy-preserving and symmetric scheme for nonlinear Hamiltonian wave equa-
tions. Chapter 11 describes arbitrarily high-order time-stepping methods for solving
nonlinear Klein—Gordon equations based on the operator spectrum theory. The last
chapter considers an essential extension of the finite-energy condition for ERKN
integrators when applied to nonlinear wave equations.

The presentation in this monograph reflects the current active state of the subject
matter which is characterized by mathematical analysis, providing insight into
questions of practical calculation and illuminating numerical simulations. All the
schemes derived in this monograph have been tested and verified on oscillatory
systems from a wide range of applications to show the numerical behaviour of the
simulation. Simulations indicate that they are more efficient than the existing
high-quality integrators in the scientific literature.

The authors want to thank all their friends and colleagues for their selfless help
during the preparation of this monograph. Special thanks go to John Butcher of the
University of Auckland, Christian Lubich of Universitit Tiibingen, Arieh Iserles
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Xia of Purdue University, Marcus David Webb of the University of Cambridge and
Xiong You of Nanjing Agricultural University.
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Chapter 1 ®)
Functionally Fitted Continuous Finite e
Element Methods for Oscillatory

Hamiltonian Systems

In recent decades, the numerical simulation for nonlinear oscillators has received
much attention and a large number of integrators for oscillatory problems have
been developed. In this chapter, based on the continuous finite element approach,
we propose and analyse new energy-preserving functionally-fitted, in particular,
trigonometrically-fitted methods of an arbitrarily high order for solving oscillatory
nonlinear Hamiltonian systems with a fixed frequency. In order to implement these
new methods in an accessable and efficient style, they are formulated as a class
of continuous-stage Runge—Kutta methods. The numerical results demonstrate the
remarkable accuracy and efficiency of the new methods compared with the existing
high-order energy-preserving methods in the literature.

1.1 Introduction

It is known that an important area of numerical analysis and scientific computing
is geometric numerical integration for differential equations. In this chapter, we
consider nonlinear Hamiltonian systems:

Y0 = fy(0) =J'VHY@®), yto) = yo € R, (1.1
where y e RY, d =2d,, f:RY — RY H :R? — R are sufficiently smooth func-
tions and

7= [ Qaxar laixa,
—1a,xa, Odyxa,
is the canonical symplectic matrix. It is well known that the flow of (1.1) preserves

the symplectic form dy A Jdy and the Hamiltonian or energy H (y(¢)). In the spirit
of geometric numerical integration, it is a natural idea to design schemes that preserve

© Springer Nature Singapore Pte Ltd. And Science Press 2018 1
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both the symplecticity of the flow and the energy. Unfortunately, however, anumerical
scheme cannot achieve this goal unless it generates the exact solution (see, e.g.
[23], p- 379). Hence, researchers face a choice between preserving symplecticity or
preserving energy, and many of them have given more weight to the former in the last
decades, and readers are referred to [23] and references therein. Despite insufficient
work in the literature on energy-preserving (EP) methods (see, e.g. [1, 4, 6, 10, 11,
17, 19, 21, 29, 38]), EP methods compared with symplectic methods have better
nonlinear stability properties, are easier to adapt the time step for, and are more
suitable for the integration of chaotic systems (see, e.g. [12, 20, 35, 36]).

On the other hand, in scientific computing and modelling, the design and analysis
of methods for periodic or oscillatory systems has been considered by many authors
(see, e.g. [2, 18, 22, 34, 42, 46]). Generally, these methods utilize a priori informa-
tion of special problems and they are more efficient than general-purpose methods.
A popular approach to constructing methods suitable for oscillatory problems is
using the functionally-fitted (FF) condition, namely, deriving a suitable method by
requiring it to integrate members of a given finite-dimensional function space X
exactly. If X incorporates trigonometrical or exponential functions, the correspond-
ing methods are also called trigonometrically-fitted (TF) or exponentially-fitted (EF)
methods (see, e.g. [15, 27, 32, 37]).

Therefore, combining the ideas of the EF/TF and structure-preserving methods is
a promising approach to developing numerical methods which allow long-term com-
putation of solutions to oscillatory Hamiltonian systems (1.1). Just as the research
of symplectic and EP methods, EF/TF symplectic methods have been studied exten-
sively by many authors (see, e.g. [7-9, 16, 39, 40, 43]). By contrast, as far as we
know, only a few papers paid attention to the EF/TFEP methods (see, e.g. [30, 31,
41]). Usually the existing EF/TFEP methods are derived in the context of continuous-
stage Runge—Kutta (RK) methods. The coefficients in these methods are determined
by a system of equations resulting from EF/TF, EP and symmetry conditions. As
mentioned at the end of [30], it is not easy to find such a system with a unique solu-
tion when deriving high-order methods. Furthermore, how to verify the algebraic
order of such methods falls into question. A common way is to check the order con-
ditions related to rooted trees. Again, this is inconvenient in the high-order setting
since the number of trees increases extremely fast as the order grows. In this chapter,
we will construct FFEP methods based on the continuous finite element method,
which is inherently energy preserving (see, e.g. [1, 17, 38]). Intuitively, we expect
to increase the order of the method through enlarging the finite element space. By
adding trigonometrical functions to the space, the corresponding method is natu-
rally trigonometrically fitted. Thus, we are hopeful of constructing FFEP methods,
in particular TFEP methods, of arbitrarily high orders.

This chapter is organized as follows. In Sect. 1.2, we construct functionally fit-
ted continuous finite element (FFCFE) methods and present their most important
geometric properties. In Sect. 1.3, we interpret them as continuous-stage Runge—
Kutta methods and analyse the algebraic order. We then discuss implementation
details of these new methods in Sect. 1.4. Numerical results are shown in Sect. 1.5,
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including the comparison between our new TFEP methods and other prominent
structure-preserving methods in the literature. The last section is concerned with the
conclusion and discussion.

1.2 Functionally-Fitted Continuous Finite Element
Methods for Hamiltonian Systems

Throughout this chapter, we consider the approximation of the solution of the IVP
(1.1) on the time interval I = [7y, T]. Let S be a linear space of continuous functions
y(¢) on the interval /. Let {(p,-}l:é be a family of sufficiently smooth and linearly
independent real-valued functions on 7, and let Y be the subspace spanned by {¢; };’;& :

r—1
Y=Jw:w@k) = Z Wi (t), W; € Rd} .
i=0

We assume that the interval I = [fy, T'] is equally partitionedintoty < t; < ... <
ty =T,witht, =ty +nhforn=20,1,..., N. A function w on [ is called a piece-
wise Y -type function if for any 0 < n < N — 1, there exists a function g € Y, such
that

Wty tarr) = &ltttsn)-

It is convenient to introduce the transformation t = ty + th for t € [0, 1] in the
following analysis. Accordingly, we denote

Yi(to) ={von[0,1]:v(r) =w(ty+th), we Y}.

Hence,
Y (to) = span {@o, ..., @1},

where ¢; () = ¢;(to + th)fori =0, 1, ..., r — 1.Inwhatfollows, lowercase Greek
letters such as 7, o, « always indicate variables on the interval [0,1] unless confusions
arise.

Given two integrable functions (scalar-valued or vector-valued) w; and w, on
[0, 1], the inner product (-, -) is defined by

1
(s w2) = (W (2), wa(D))s = / Wi (1) - wa(D)d,
0

where - is the entrywise multiplication operation if w;, w, are both vector-valued
functions of the same length.

Given two finite-dimensional function spaces X and ¥ whose members are R?-
valued, the continuous finite element method for (1.1) is described as follows.
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Find a continuous piecewise X-type function U (¢) on I with U (t)) = yg, such
that for any piecewise function Y -type function v(¢),

/V(t) ~(U'(®) = fWU@®)dt =0, (1.2)
I

where U(t) &~ y(t) on I and y(¢) solves (1.1). The term ‘continuous finite ele-

ment’ (CFE) comes from the continuity of the finite element solution U (¢). Since

(1.2) deals with an initial value problem, we only need to consider it on [fy, #y + /].
Find u € X (ty) with u(0) = yy, such that

(v, u'y =h{v, fou), (1.3)
for any v € Y}, (¢y), where
u(t) =U(to+ th) = y(to + th)

for T € [0, 1]. Since U (¢) is continuous, y; = u(1) is the initial value of the local
problem on the nextinterval (71, ,]. Thus, we can solve the global variational problem
(1.2) on I step by step.

In the special case of

X =span{l,1,....1"}, Y:span{l,t,...,t’_l},

Equation (1.2) reduces to the classical continuous finite element method (see, e.g. [1,
25]) denoted by CFEr in this chapter. For the purpose of deriving functionally-fitted
methods, we generalise X and Y a little:

Then it is sufficient to give X or Y since they can be determined by each other.
Furthermore, Y is assumed to be invariant under translation and reflection, namely,

{v(t)eY:>v(t+c)eroranyceR, (15)

V(1) €Y = v(—1) € Y.

Clearly, Y, (t) and X}, (fy) are irrelevant to ¢y provided (1.5) holds. For convenience,
we simplify Y, (f) and X, (#p) by Y, and X}, respectively. In the remainder of this
chapter, we denote the CFE method (1.2) or (1.3) based on the general function
spaces (1.4) satisfying the condition (1.5) by FFCFEr.

We note that the FFCFEr method (1.3) is defined by a variational problem, and the
well-definedness of this problem has not been confirmed yet. Here we presume the
existence and uniqueness of the solution to (1.3). This assumption will be proved in
the next section. With this premise, we are able to present three significant properties
of the FFCFEr method.
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We first conclude that the FFCFEr method is functionally fitted with respect to
the space X, from the definition of the variational problem (1.2).

Theorem 1.1 The FFCFEr method (1.2) solves the IVP (1.1) whose solution is a
piecewise X -type function without any error.

Moreover, the FFCFEr method is an inherently energy-preserving method. The
next theorem confirms this point.

Theorem 1.2 The FFCFEr method (1.3) exactly preserves the Hamiltonian H:
H(y1) = H(yo).

Proof Firstly, given a vector V, we denote its ith entry by V;. For each function
w € Yy, setting v(t) = w(t) - ¢; € Y3, in (1.3) leads to

1 1
/ w(r)u'(t)idt = h/ w(T); fu(r))idr, i=1,2,....d,
0 0
where ¢; is the ith vector of units. Hence,
1 d 1 d 1
/ w(t)Tu'(t)dt = Z/ w(t)u' (t);dt = Zh/ w(r); f(u(r))idT
0 i=170 i=1 Y0

1
= h/ w(T)T f(u(r))dr.
0

(1.6)

Since u(t) € Xy, u'(r) € ¥, and J~'u/(7) € V), taking w(r) = J~'u/(7) in (1.6),
we obtain

1 d 1
H(y) — Hiyo) = / S H ()T = / W (0) TV H (o))
0 art 0
1 1
=f (J 7 ()T fu(r))dr =h—‘/ W' (0)TJu'(v)dt = 0.
0 0

This completes the proof. (]

The FFCFEr method can also be viewed as a one-step method @), : yg — y; =
u(1). It is well known that reversible methods show a better long-term behaviour
than nonsymmetric ones when applied to reversible differential systems such as
(1.1) (see, e.g. [23]). This fact motivates the investigation of the symmetry of the
FFCFEr method. Since the spaces X and Y satisfy the invariance (1.5), which is a
kind of symmetry, the FFCFEr method is expected to be symmetric.

Theorem 1.3 The FFCFEr method (1.3) is symmetric provided (1.5) holds.

Proof Tt follows from (1.5) that wehave X;, = X_,, ¥, = Y_;. Exchanging yy <> y;
and replacing & with —h in (1.3) give: u(0) = y;, yo = u(1), where
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(@), u' (1) = —h(v(1), fFU())e, u(r) € X_p = X,

for each v(t) € Y_; = ¥),. Setting u1 (1) = u(l — 7) € X, and T — 1 — 7 leads to
u1(0) = yo, y1 = uy(1), where

W10, u} (D)) = h(vi (1), fUi1(0))e,

for each vi(7) = v(l — 1) € Y},. This method is exactly the same as (1.3), which
means that the FFCFEr method is symmetric. (]

It is well known that polynomials cannot approximate oscillatory functions sat-
isfactorily. If the problem (1.1) has a fixed frequency w which can be evaluated
effectively in advance, then the function space containing the pair {sin(w?), cos(wt)}
seems to be a more promising candidate for X and Y than a polynomial space. For
example, possible Y spaces for deriving the TFCFE method are

span {cos(wt), sin(wt)}, r = 2,

S (1.7)

span {1,7,...,1" 7%, cos(wt), sin(wr)} , r > 3,

Y, = span {cos(wt), sin(wt), ..., cos(kwt), sin(kwt)}, r = 2k, (1.8)
and
Ys =span{l,t,...,17 tcos(wt), t sin(wt), ..., t* cos(wt), t* sin(wr)}. (1.9)

Correspondingly, by equipping the FFCFE method with the space Y = Yy, Y, or V3,
we obtain three families of TFCFE methods. According to Theorems 1.2 and 1.3, all
for them are symmetric energy-preserving methods. To exemplify this framework
of the TFCFE method, in numerical experiments, we will test the TFCFE method
denoted by TFCFEr and TF2CFEr based on the spaces (1.7) and (1.8). It is noted
that TFCFE2 and TF2CFE2 coincide.

1.3 Interpretation as Continuous-Stage Runge-Kutta
Methods and the Analysis on the Algebraic Order

An interesting connection between CFE methods and RK-type methods has been
shown in several papers (see, e.g. [3, 25, 38]). Since the RK methods are dominant
in the numerical integration of ODEs, it is meaningful and useful to transform the
FFCFEr method into the corresponding RK-type method which has been widely and
conventionally used in applications. After the transformation, the FFCFEr method
can be analysed and implemented by standard techniques in ODEs conveniently. To
this end, it is helpful to introduce the projection operation P,. Given a continuous
R¥-valued function w on [0, 1], its projection onto Y, denoted by P,w, is defined by
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(v, Ppw) = (v,w), foranyv €Y. (1.10)

Clearly, P,w(t) can be uniquely expressed as a linear combination of {¢; (‘L’)};;(;Z
r—1
Pow(t) =) Uigi(x), Ui eR"
i=0

Taking v(t) = @;(t)e; in (1.10) fori =0,1,...,r —land j =1,...,d, we can
observe that the coefficients U; satisfy the equation

Uy (@0, W)
M ® Iixa : = : ,
Ur_1 <‘/~)r71s w)

where
M = (@i, @j)o<i,j<r—1-

Since {(ﬁ,-}:;(; are linearly independent for 4 > 0, the stiffness matrix M is nonsin-
gular. Consequently, the projection can be explicitly expressed by

Pyw(t) = (Pro, w(0))o,

where
Peo = @), ... Gt (DM (@o(0), ..., g1 (0)T. (L.11)

Clearly, P;, can be calculated by a basis other than {(,Zi};;é since they only differ
in a linear transformation. If {¢y, . .., ¢,_;} is an orthonormal basis of X} under the
inner product (-, -), then P; , admits a simpler expression:

r—1

Py =Y ¢i(t)pi(0). (1.12)

i=0

Now, using (1.3) and the definition (1.10) of the operator P}, we obtain that u’ =
hP,(f ou) and

u'(v) = h(Pro, fU(0)))o. (1.13)

Integrating the above equation with respect to 7, we transform the FFCFEr method
(1.3) into the continuous-stage RK method:

1
W() = yo+ h /0 Aco fu(0))do, (1.14)

yi = u(l),
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where 1
T r— T
Ao = [ Pusda =Y [ di@datico. (1.15)
0 iz Y0
In particular,
¢i(1) = pi(7), (1.16)

for the CFEr method fori =0, 1,...,r — 1, where p;(t) is the shifted Legendre
polynomial of degree i on [0, 1], scaled in order to be orthonormal. Hence, the CFEr
method in the form (1.14) is identical to the energy-preserving collocation method of
order 2r (see [21]) or the Hamiltonian boundary value method HBVM(oo, r) (see,
e.g. [4]). For the FFCFEr method, since P, ,, A;, are functions of variable & and
u(t) is implicitly determined by (1.14), it is necessary to analyse their smoothness
with respect to & before investigating the analytic property of the numerical solution
u (7). First of all, it can be observed from (1.11) that P; , = P; ,(h) is not defined at
h = 0 since the matrix M is singular in this case. Fortunately, however, the following
lemma shows that the singularity is removable.

Lemma 1.1 The limit, }llm}) P. ; exists. Furthermore, P; , can be smoothly extended

to h = 0 by setting P, ,(0) = %in(l) P, (h).

Proof By expanding {¢; (tp + th)}f;é at 1y, we obtain that

r—1gpr—1

h
(@o(T)y .., @r () =, th, ..., r(r——l)')W + 0", 1.17)

where
wo(to)  @i1(to) - @—1(t0)

o) V(1) - o (10)
. . . (1.18)

o Vo) o V(o) - 07 (10)

hand side of (1.17) by W 'diag(1,h=", ..., h'~"(r — 1)!) yields another basis
Of)(hl

is the Wronskian of {¢; ()} ~) at 1o, and is nonsingular. Post-multiplying the right-

(14+0Mh),t+00,....,7""" +O0m).

Applying the Gram—Schmidt process (with respect to the inner product (-, -)) to the
above basis, we obtain an orthonormal basis {¢,~ (t) = pi(v) + O(h) }l:; Thus, by
(1.12) and defining

r—1 r—1

Peo(0) = lim >~ ¢i(1)gi (@) = Y pi(0)pi(0), (1.19)
i=0

i=0
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we can extend P., to h = 0. Since each ¢;(t) = p;(r) + €(h) is smooth with
respect to h, P; , is also a smooth function of . O

From (1.16) and (1.19), it can be observed that the FFCFEr method (1.14)
reduces to the CFEr method when & — 0, or equivalently, the energy-preserving
collocation method of order 2r and HBVM (o0, r) method mentioned above. Since
Arp = for Py sda is also a smooth function of /, we can assume that

AL,

M, = b/ 4
k Ak

, k=0,1,.... (1.20)

max
1,0,h€l0,1]

Furthermore, since the right function f in (1.1) maps from R? to R¢, the nth-order
derivative of f at y denoted by £ (y) is a multilinear map from R x ... x R? to
— ———

n—fold
R? defined by
o f
() — L
f (Y)(Z], ceeoZn) | Z ” 8)’0{1 '~-3ya” (y)ZI o
=aip,..., oy =
where y = (y1,...,ya)T and z; = (2}, ..., 297 fori =1, ..., n. With this back-

ground, we now can give the existence, uniqueness, and especially the smoothness
with respect to & for the continuous finite element approximation u(t) associated
with the FFCFEr method. The proof of the following theorem is based on a fixed-
point iteration which is analogous to Picard iteration.

Theorem 1.4 Given a positive constant R, let

B(yo.R)={y e R’ : ||y — yol| < R}

and
D, = max Wi, n=0,1,..., (1.21)
p= max (1700l
where || - || = || - ||oo is the maximum norm for vectors in R¢ or the corresponding

induced norm for the multilinear maps ™ (y),n > 1. Then the FFCFEr method
(1.3) or (1.14) has a unique solution u(t) which is smoothly dependent of h provided

1 R
O<h<e<mny]——, —,1¢. (1.22)
MyD, MyD,

Proof Set uo(t) = yo. We construct a function series {u,(7)}o2, defined by the
relation

1
Uyi1(t) = yo + h/ Ao fuy(o))do, n=0,1,.... (1.23)
0
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Obviously, lim,_, « u, () is a solution to (1.14) provided {u,(t)}>2, is uniformly
convergent. Thus, we only need to prove the uniform convergence of the infinite
series

D a1 (T) = ua(0)).

n=0

It follows from (1.20), (1.22), (1.23) and induction that
[lun(t) —yoll =R, n=0,1,... (1.24)

Then by using (1.21), (1.22), (1.23), (1.24) and the inequalities

1 1
||/ w(t)drtl|| 5/ llw(t)||dz, for R%-valued function w(t),
0 0
I1f ) = f@II < Dilly —zll. fory,z € B(yo, R),

we obtain the following inequalities

1
[tn11(7) — un (D[] = h/ Mo D\ |un(0) — ttn—1(0)||do
0

SﬁHun_Mnlec» ﬁ:8M0D11
where || - ||. is the maximum norm for continuous functions:

[lwlle = m[gﬁ] [lw(t)||, w is a continuous RY-valued function on [0, 1].
7€l0,

Therefore, we have
||un+1 - Mn”(‘ =< ﬂ”un - un—l”c

and
||un+l_un||cS:BnHul_yO”cf,B”R’ n=0’17~~'~ (125)

Since B < 1, according to Weierstrass M -test, Z:o:o (Up41(t) — uy, (7)) is uniformly

convergent, and thus, the limit of {u, (7)}32, is a solution to (1.14). If v(t) is another
solution, then the difference between u(7) and v(t) satisfies

1
[lu(r) —v(D)Il < h/O [[Aco (f (o)) = fv(@))lldo < Bllu —vllc,

and
lu —vlle < Bllu —v||c.
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This means ||lu — v||. = 0, i.e., u(t) = v(t). Hence, the existence and uniqueness
have been proved.

As for the smooth dependence of u on 4, since every u,(7) is a smooth function
of i, we only need to prove the sequence

{ *u, (t)}m
ohk w0

is uniformly convergent for k > 1. Firstly, differentiating both sides of (1.23) with
respect to & yields

LCNe )—/ (Aro + 124 f”>f<un<a>>da+h/ (1.26)
We then have
a’/‘nJrl
I oh le <o +f3|| ||c, o = (Mo + eMy)Dy. (1.27)
By induction, it is easy to show that { 34 (‘L’)} is uniformly bounded:
a4+ 4T = “ﬁ —C* n=0,1,.... (128

Combining (1.25), (1.26) and (1.28), we obtain

aMn+1 aun
“oh

1
=< / (Mo + hM)|| f (un(0)) = f(up—1(0))lldo

o e

+ hf Mo (H(f“’(un(a)) -

+| dn) <a>>||> do

aun—l

o e

n—1 un
<vB +'B||W_

where
y = (MyDy 4+ eM Dy + eMyL,C*)R,

and L, is a constant satisfying

1f D) = fP@I < Lally —zll, fory,z € B(yo, R).
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Thus, again by induction, we have

Bun.H 8Mn

n—1 n vk
Cc*, =1,2,...
on  on lle=nvBT AP "

and { duy (r)} is uniformly convergent. By a similar argument, one can show that

other function sequence {a = (‘L’)} » for k > 2 are uniformly convergent as well.
Therefore, u(7) is smoothly dependent on /. The proof is complete. ]

Since our analysis of the algebraic order of the FFCFEr method is mainly based
on Taylor’s theorem, it is meaningful to investigate the expansion of P; , (h).

Proposition 1.1 Assume that the Taylor expansion of P ,(h) with respect to h at

zero is
r—1

Peo =Y PUn"+OM). (1.29)
n=0

Then the coefficients P[”J satisfy

gn(t), n=0, m=r—1,

P[”], (o
( &n(@))o 0, n=1,...,r—1, m=r—1—n,

for any g,, € P, ([0, 1]), where P, ([0, 1]) consists of polynomials of degrees < m
on [0, 1].

Proof 1t can be observed from (1.11) that
(Pro,@i(to+0oh))e =@i(to+7th), i=0,1,...,r—1 (1.30)
Meanwhile, expanding ¢; (tp + th) at ¢ yields
(n)
i (to + Th) = Z Ldi (O) h 4+ Oh). (1.31)
n=0 :

Then by inserting (1.29) and (1.31) into the Eq. (1.30), we obtain that

r—1 (m) r=1 (k)

I 1
<§ Pr[,nghn § : @i (0) mhm 2 : @; (O) khk + ﬁ(hr)
k=0

n=0 m=0
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Considering the terms in ¥ leads to

r—1 (m) ®
; 1 i —
(,0, (0) <P["], m>0' _ (p’—(t())fk hk = ﬁ(hr),
m! o k!

k=0 \m+n=k

k=1 (m) (k)
(¢ !
Z(plmfo‘)Pm,k—m%- (O)(PkO_ ) =0, i, k=0,1,....r—1,
m=0 :

and
WiV =0,

where P, = (P, o™),, W is the Wronskian (1.18), and V = (V. )o<m.k<r—1 iS

T7,0°

an upper triangular matrix with the entries determined by

1

_' mk—m, M < ka
Vik = 1
Q(Pm,o—l’m), m=k.

Since W is nonsingular, V = 0,

™, n=0 m+n<r-—1,
Pon = (1.32)
0, n=1,2,....r—=1, m+n<r—1.

Then the statement of the proposition directly follows from (1.32). (]

Aside from P, ,, it is also crucial to analyse the expansion of the solution u(7).
For convenience, we say that an s-dependent function w(t) is regular if it can be
expanded as

r—1

w(r) =y wh(@h" + Oh"),

n=0

where L 9"w(o)
Wi 2 owlr)
(r) = 1 apn h=0

is a vector-valued function with polynomial entries of degrees < n.

Lemma 1.2 Given a regular function w and an h-independent sufficiently smooth
function g, the composition (if exists) is regular. Moreover, the difference between w
and its projection satisfies

Pyw(t) —w(t) = O").
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Proof Assume that the expansion of g(w(t)) with respect to & at zero is

r—1

gw() =Y p@n" + o).

n=0

Then, differentiating g(w(t)) with respect to & at zero iteratively and using

1 9"g(w() "w(z)

[n] —
pi(r) = PRy ln=0, the degree of o

lh=0 <n, n=0,1,..., r—1,

we can observe that pl*() is a vector with polynomial entries of degrees < n for
n=0,1,...,r — 1 and the first statement is confirmed.
As for the second statement, using Proposition 1.1, we have

Pyw(t) —w(r)
r—1

r—1 r—1
=) PRy W@y = Y WM @R + o)
n=0 k=0

m=0

r—1
=Y (Y (P wH (), —w"@)h" + O (")

m=0 n+k=m

r—1
= (P W @)y — W )R 4 O = (). 0
m=0

Before further discussions, it may be useful to recall some standard results in the
theory of ODEs. To emphasize the dependence of the solution to y'(#) = f(y(¢)) on
the initial value, we assume that y(-, , ¥) solves the IVP:

d ~ ~ -
Ey(tvny):f(y(t?t?y))v y(tvt7y)=y'

Clearly, this problem is equivalent to the following integral equation:

y(t.1,5) =7 +[ fOE. 1 5)dE.

Differentiating it with respect to 7 and § and using the uniqueness of the solution

leads to ) )
Dii 5 = -2 1.5 fG). (1.33)
ot ay

With the previous analysis results, we are in a position to give the order of FFCFEr.

Theorem 1.5 The stage order and order of the FFCFEr method (1.3) or (1.14) are
r and 2r, respectively. That is,
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u(t) —yto +th)y = O,

for0 <t <1, and
u(l) — y(to + h) = O(h* ).

Proof Firstly, by Theorem 1.4 and Lemma 1.1, we can expand u(t) and A;, with
respect to h at zero:

r—1 r—1
u(@ =Y u O+ OW), Ao =Y A"+ O,
m=0 m=0

Then let

r—1
§=u(0)—yo =y ul"(o)" + O(") = O(h).

m=1

Expanding f(u#(0)) at yo and inserting the above equalities into the first equation of
(1.14), we obtain

r—1

1r—1 r—1
> ulm@ynm = yo + h/ D AR RSN FO ()@, .. 8)do + O, (1.34)
0 k=0 n=0 .

m=0 n—fold

where F™ (yy) = f™(yo)/n!. We claim that u(7) is regular, i.e.

u™(t) e P4 = P,([0,1]) x ... x P,([0, 1])

d—fold
form =0, 1,...,r — 1. This fact can be confirmed by induction. Clearly, u!”(r) =
yo € P¢. 1ful"l(z) € P forn =0, 1, ..., m, then by comparing the coefficients of

K"+ on both sides of (1.34) and using (1.15) and Proposition 1.1, we obtain that

1 T 1
u[m+l](t) — Z / Ag;klgn (o-)do' = Z / / P()E’_‘(]jg,,(a)dadot
0 0 0 :

k+n=m k+n=m
T 1 T
= f f Paygn(o)doda = / gn(@da € Py, gi(0) € P,
o Jo 0
This completes the induction. By Lemma 1.2, f(u (7)) is also regular and

fu() — Py(fou)(z) =OH"). (1.35)
Then it follows from (1.13), (1.33) and (1.35) that
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u(t) — y(to +th) = y(to + th, to + th, u(r)) — y(to + th, to, yo)

T
d
=/ — y(to + th, to + ah, u(a))da
o duo
LN dy !
= (hﬁ(to + th, to + ah, u(a)) + aiy(to +th,to +ah, u(e@)' @)de  (1.36)
5 ]

— fo O (e)(f () — Py(f o u)(@))da

— ﬁ(hr+l),
where

9
O (a) = a—é(to +th, to + ah, u(@)).

As for the algebraic order, setting T = 1 in (1.36) leads to

u(l) = y(to + h)

r (1.37)
= —h/() @ (a)(f(u(@)) — Pp(f ou)(a))da.

Since @!(«) is a matrix-valued function, we partition it as @' (a) = (] (a), ...,
@) ())T. Using Lemma 1.2 again leads to

ol (a) = P®} (@) + 00, i=1,2,....d. (1.38)
Meanwhile, setting w(«) = P, ®; ()T in (1.6) and using (1.13) yields

1 1 1
/ Py} (@) f (u(@)do = h~! [ Py} (@) ()de: = [ Py@] (@) Py (f o u)(@)da,
0 0 0

i=1,2,...,d.

(1.39)

Therefore, using (1.37)-(1.39) we have

u(l) = y(to + h)
[ Pr®l (@
=) : +O") | (f @) = Pa(f o u)(@)de
Py @y (@)
Py@} (@) (f (u(@) = Pu(f o u)(@))

1
=—h

1
do—h | 6" x 60 )da = 6H¥ .

Pad ) (e)(f (@) — Py(f o u)(@) -

According to Theorem 1.5, the TF CFE methods based on the spaces (1.7)—(1.9)
are of order 2r, 4k and 2(k + p + 1), respectively.
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1.4 Implementation Issues

It should be noted that (1.14) is not a practical form for applications. In this section,
we will detail the implementation of the FFCFEr method. Firstly, it is necessary to
introduce the generalized Lagrange interpolation functions /;(t) € X, with respect
to (r + 1) distinct points {d,-};:ll c [0, 1]:
G@s s L1 (@) = (B1(0), B2(0), o, B (AT, (140)

where {@;(1)}/1] is a basis of X, @;(t) = &, (1o + th) and

Di(d))  Dody) ... Bpii(dy)

Pi(dr)  Po(dr) ... Pryi(dr)
@\ (dr11) Paldrs1) - Bryr(drgr)

By means of the expansions

"L o4
(1o +d;h) = Z’—(O)d’.’h” +OWtY, i j=1,2,...,r+1,
n! 4
n=0
we have o
1 dih L
1 .S 1
A= ) . W+ Oh,
. ’ d’ .lh’
1 d7~+1h H;_!

where W is the Wronskian of {D; (t)}{ill at t. Since W is nonsingular, A is also
nonsingular for 42 which is sufficiently small but not zero and the Eq. (1.40) makes
sense in this case. Then {l,-(l’)};ill is a basis of X, satisfying [;(d;) = &;; and u(t)
can be expressed as

r+1

u(r) = Z u(d)l; (7).

i=1
Choosing d; = (i — 1)/r and denoting y, = u(o), (1.14) now reads

r+1

Yo = Zyglz(a),
i1 (1.41)

1
yg:yo—i—h/ A s f(yo)do, i=2,...,r+1.
; 0 ar
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When f is apolynomial and {®; (¢) }lrLl are polynomials, trigonometrical or exponen-
tial functions, the integral in (1.41) can be calculated exactly. After solving this alge-
braic system about variables yi,., ¥2/,, ..., y1 by iterations, we obtain the numerical
solution y; ~ y(typ + h). Therefore, although the FFCFEr method can be analysed
in the form of continuous-stage RK method (1.14), it is indeed an r-stage method
in practice. If the integral cannot be directly calculated, we approximate it by a
high-order quadrature rule (b, cx);_,. The corresponding fully discrete scheme for
(1.41)is
r+1

yU = ZY%L(G%
i= (1.42)

v =yo+h) A fOe), i=2...r+1
k=1

By an argument which is similar to that stated at the beginning of Sect. 1.3, (1.42) is
equivalent to a discrete version of the FFCFEr method (1.3):

u(0) = yo,
(v,u'y; = hlv, foul, u(r) € Xy, forall v(t) € Y,,
1 =u(l),

where [+, -] is the discrete inner product:

(w1, wal = w1 (0), wa®)le = Y bews (ex) - wa(cw).

k=1

By the proof procedure of Theorem 1.3, one can show that the fully discrete scheme
is still symmetric provided the quadrature rule is symmetric, i.e. ¢y = 1 — ¢
and by =byfork=1,2,...,s.

Now it is clear that the practical form (1.41) or (1.42) is determined by the
Lagrange interpolation functions /; (t) and the coefficient A, ;. For the CFEr method,

Yhzspan{l,r,...,r"’l}, X :span{l,r,...,r’},

and all /;(r) for i =1,2,...,r + 1 are Lagrange interpolation polynomials of
degrees r. The A, , for r = 2, 3, 4 are given by

@4+60(—1+71)—30)r, r=2,

7(9 — 187 4 1072 4+ 3002(1 — 37 +272) — 120 (3 — 87 + 572)), r =3,

7(16 — 607 + 8072 — 3573 + 14003 (—1 + 67 — 1072 + 57°)

+ 600 (=2 + 107 — 1572 +77°%) — 3062 (—8 4 451 — 72¢% +357%)), r =4.
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For the TFCFEr method,

Y = span { 1,t,...,t" 73 cos(wt), sin(a)t)} ,
then
Y, = span {1, T, ..., rr’3, cos(vT), sin(vr)} ,
X, = span {1, T, ..., rr’Z, cos(vT), sin(vr)} ,

where v = hw. The corresponding A , and /;(t) are more complicated than those of
CFEr, but one can calculate them by the formulae (1.15) and (1.40) without any dif-
ficulty before solving the IVP numerically. Consequently, the computational cost of
the TFCFEr method at each step is comparable to that of the CFEr method. Besides,
when v is small, in order to avoid unacceptable cancellation, it is recommended to
calculate variable coefficients in TF methods by their Taylor expansions with respect
to v at zero.

1.5 Numerical Experiments

In this section, we carry out four numerical experiments to test the effectiveness
and efficiency of the new methods TFCFEr based on the space (1.7) forr = 2, 3,4
and TF2CFE4 based on the space (1.8) in the long-term computation of structure
preservation. These new methods are compared with standard r-stage 2rth-order
EP CFEr methods for » = 2, 3, 4. Other methods such as the 2-stage 4th-order EF
symplectic Gauss—Legendre collocation method (denoted by EFGL2) derived in [7]
and the 2-stage 4th-order EF EP method (denoted by EFCRK?2) derived in [30] are
also considered. Since all of these structure-preserving methods are implicit, fixed-
point iterations are needed to solve the nonlinear algebraic systems at each step. The
tolerance error for the iteration solution is set to 10~!3 in the numerical simulation.

Numerical quantities with which we are mainly concerned are the Hamiltonian
error

EH = (EH°, EH',..)),

with
EH" = |H(y,) — H(yo)l,

and the solution error
ME = (ME°, ME", .. ),

with
ME" = ||y,1 - y(tn)HOO'
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Fig. 1.1 a The logarithm of the maximum global error against the logarithm of the stepsize.
The dashed lines have slopes four, six and eight. b The logarithm of the maximum global error
against the logarithm of function evaluations. ¢ The logarithm of the maximum global error of
Hamiltonian against the logarithm of the stepsize. Copyright ©2016 Society for Industrial and
Applied Mathematics. Reprinted with permission. All rights reserved.

Correspondingly, the maximum global errors of Hamiltonian (GEH) and the solution
(GE) are defined by:

GEH = ma())< EH", GE = maé( ME",
respectively. Here the numerical solution at the time node ¢, is denoted by y,.

Example 1.1 Consider the Perturbed Kepler problem defined by the Hamiltonian:

1 D¢ + &2
@ +q¢d: 3(qE+qd?

H _l 2 2y —
(p,q) = 2(pl + p3)

with the initial condition ¢;(0) = 1,4, =0, p;1(0) =0, po =1+ ¢, where ¢ is a
small parameter. The exact solution of this IVP is

qi(t) = cos((1 +&)t), q:(t) =sin((L +&)1), pi(t) =¢q;t), i =1,2.

Takingw = 1,6 = 0.001 and h = 1/2i fori = —1,0,..., 6, we integrate this prob-
lem over the interval [0, 2007r] by the TF2CFE4, TFCFEr and CFEr methods for
r = 2,3, 4. The nonlinear integral in the r-stage method is evaluated by the (r + 1)-
point Gauss—Legendre quadrature rule. Numerical results are presented in Fig. 1.1.
From Fig. 1.1a it can be observed that TFCFEr and TF2CFE4 methods show
the expected order. Under the same stepsize, the TF method is more accurate than
the non-TF method of the same order. Since the double precision provides only 16
significant digits, the numerical results are polluted significantly by rounding errors
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Fig. 1.2 a The logarithm of the maximum global error against the logarithm of the stepsize. The
dashed lines have slopes four and six. b The logarithm of the maximum global error against the
logarithm of iteration times. ¢ The logarithm of the maximum global error of Hamiltonian against
the logarithm of the stepsize. Copyright ©2016 Society for Industrial and Applied Mathematics.
Reprinted with permission. All rights reserved.

when the maximum global error attains the magnitude 10~'!. Figure 1.1b shows that
the efficiency of the TF method is higher than that of the non-TF method of the same
order. Besides, high-order methods are more efficient than low-order ones when the
stepsize is relatively small.

In Fig. 1.1c, one can see that all of these EP methods preserve the Hamiltonian
very well. The errors in the Hamiltonian are mainly contributed by the quadrature
error when the stepsize 4 is large and the rounding error when % is small.

Example 1.2 Consider the Duffing equation defined by the Hamiltonian:

2

1 1 k
H(p,q) = Epz + E(a)2 +kHq* — 3614

with the initial value ¢ (0) = 0, p(0) = w. The exact solution of this IVP is
q(t) = sn(wt; kjw), p@)=cn(ot; k/w)dn(ot; k/w).

where sn, cn and dn are Jacobi elliptic functions. Taking k = 0.07, o =5 and h =
1/5x 1/2" fori =0, 1,...,5, we integrate this problem over the interval [0, 100]
by TFCFE2, TFCFE3, CFE2, CFE3 and EFCRK?2 methods. Since the nonlinear term
f is polynomial, we can calculate the integrals involved in these methods exactly by
Mathematica at the beginning of the computation. Numerical results are shown in
Fig.1.2.

In Fig. 1.2a, one can see that the TF method is more accurate than the non-TF
method of the same order under the same stepsize. For both as 2-stage 4th-order
methods, TFCFE2 method is more accurate than EFCRK?2 method for this problem.
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Again, it can be observed from Fig. 1.2b that the efficiency of the CFEr method is
lower than that of the EF/TF method of the same order. Although the nonlinear inte-
grals are exactly calculated in theory, Fig. 1.2c shows that all of these methods only
approximately preserve the Hamiltonian. It seems that the rounding error increases
ash — 0.

Example 1.3 Consider the Fermi—Pasta—Ulam problem studied by Hairer et al. in
[22, 23], which is defined by the Hamiltonian

H(p,q) = 2p"p+ 24™Mq + Ulq)
pa)=3p"p+34"Mg +U(@),

where
Omxm 0m><m
M= (Omxm wzlmxm) ’
1 m—1
U@) = ((ql — gme)* + X (Gt — Gmrivr — @i — Guri)* + (G + q2m)4> .
i=1

In this problem, we choose m = 2, ¢,(0) =1, p1(0) = 1, ¢3(0) = 1/w, p3(0) =1,
and zero for the remaining initial values. Setting w = 50,h = 1/50 and w =
100, & = 1/100, we integrate this problem over the interval [0, 100] by CFE2, CFE3,
TFCFE2, TFCFE3 and EFCRK2 methods. The nonlinear integrals are calculated
exactly by Mathematica at the beginning of the computation. We choose the numeri-
cal solution obtained by a high-order method with a sufficiently small stepsize as the
‘reference solution’ in the FPU problem. Numerical results are plotted in Fig. 1.3.
In Fig. 1.3a, c, one can see that the TF methods are more accurate than non-TF
ones. Unlike the previous problem, the EFCRK2 method wins slightly over TFCFE2
method in this case. The Fig. 1.3b, d also show that all of these methods display
promising EP property, which is especially important in the FPU problem.

Example 1.4 Consider the IVP defined by the nonlinear Schrédinger equation

(1.43)

i 4 gy + 2lulPu =0,
u(x,0) = p(x),

where u is a complex function of x, ¢, and i is the imaginary unit. Taking the periodic
boundary condition u(xg, t) = u(xo + L, t) and discretizing the spatial derivative
dyx by the pseudospectral method (see e.g. [13]), this problem is converted into a
complex system of ODEs:

. d 2 2
iU+ DU +2UF U =0,

U(0) = (¢(x0), o(x1), ..., (xg—))T,
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or an equivalent Hamiltonian system:

i 2 2 2y
dtP_ D Q —2(P~+ 0 - 0,

%Q = D*P +2(P? + Q) - P, (1.44)

P(0) =real(U(0)), Q(0) = imag(U(0)),

where the superscript 2’ is the entrywise square multiplication operation for
vectors, x, =xo+nAx/d for n=0,1,...,d—1, U= Uy@®),U@®),...,
Ug1 ()T, P(t) = real(U (1)), Q(t) = imag(U(t)) and D = (D jx)o<jk<a—1 18 the
pseudospectral differential matrix defined by:

T (—1)itheot(r iy £k,
D.ik:{(%( ) Heot(n nj:;

The Hamiltonian or the total energy of (1.44) is

d—1
1 1 1
H(P,Q)==-PTD*P+-QTD?*Q + = ) (P*+ 0"
(P.O) =3 +50 Q+2i§=0(,+Q,)

In [33], the author constructed a periodic bi-soliton solution of (1.43):

)
ulx,t) = a, (1.45)

where

@ = (exp(i M*t)M cosh™ (M (x — A)) — exp(iN?*t)N cosh™' (N (x + A))),
¥ = (cosh(J) — sinh(J)(tanh(M (x — A)) tanh(N (x + A))
+ cos((M? — N*)t) cosh ™' (M (x — A)) cosh™ (N (x + A))))

with
2MN

J = tanh™' (———
an (M2+N2

).

This solution can be viewed approximately as the superposition of two single solitons
located at x = A and x = — A respectively. Since it decays exponentially when x —
oo, we can take the periodic boundary condition for sufficiently small xy and large
L with little loss of accuracy. Aside from the total energy, it is well known that the
semi-discrete NLS (1.44) has another invariant, the total charge

d—1

C(P, Q)= (PP +0D.

i=0
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Thus, we also calculate the error in the charge (EC):
EC = (EC° EC',..)

with
EC"=|C"=C", C"=C(P". Q")

where P" ~ P(t,), Q" =~ Q(t,) is the numerical solution at the time node ¢,,. Taking
xo=—50,L =100,A=10,M =1, N =22,d =450, h = 0.2, w = 2, we inte-
grate the semi-discrete problem (1.44) by the TFCFE2, CFE2 and EFGL2 methods
over the time interval [0, 100]. The nonlinear integrals are calculated exactly by
Mathematica at the beginning of the computation. Numerical results are presented
in Fig. 1.4.

It is noted that the exact solution (1.45) has two approximate frequency M? and
N?2. By choosing the larger frequency N? = 2 as the fitting frequency w, the EF/TF
methods still reach higher accuracy than the general-purpose method CFE2, see
Fig. 1.4a. Among three EF/TF methods, TFCFE2 is the most accurate. Figure 1.4b
shows that three EP methods CFE2, TFCFE2 and EFCRK2 preserve the Hamiltonian
(apart from the rounding error). Since EFGL2 is a symplectic method, it preserves
the discrete charge, which is a quadratic invariant, see Fig. 1.4c. Although TFCFE2
method cannot preserve the discrete charge, its error in the charge is smaller than the
charge errors of CFE2 and EFCRK2.
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1.6 Conclusions and Discussions

Highly oscillatory systems constitute an important category of differential equa-
tions in applied sciences. The numerical treatment of oscillatory systems is full of
challenges. Readers are referred to Hairer et al. [23], Iserles [26], Petzold et al.
[14], Cohen et al. [34], Wu et al. [44, 45], and references contained therein. This
chapter is mainly concerned with the establishment of high-order functionally-fitted
energy-preserving methods for solving oscillatory nonlinear Hamiltonian systems.
We have derived new FFCFEr methods based on the analysis of continuous finite
element methods. The FFCFEr methods can be thought of as a continuous-stage
Runge—Kutta methods, and hence it can be used conveniently in applications. The
geometric properties and algebraic orders of the method have been analysed in detail.
By equipping FFCFEr with the spaces (1.7) and (1.8), we have developed the TFEP
methods denoted by TFCFEr and TF2CFEr which are suitable for solving oscillatory
Hamiltonian systems with a fixed frequency w. Evaluating the nonlinear integrals in
the EP methods exactly or approximately, we have compared TFCFEr forr = 2, 3,4
and TF2CFE4 with other structure-preserving methods such as EP methods CFEr
for r = 2, 3, 4, the EP method EFCRK2 and the symplectic method EFGL2. The
numerical results show that the newly derived TFEP methods exhibit definitely a
high accuracy, an excellent invariant-preserving property and a prominent long-term
behaviour.

In numerical experiments, we are mainly concerned with the TFCFEr methods
when applied to oscillatory Hamiltonian systems. However, the FFCFEr methods,
by nature, are symmetric and of order 2r for the general autonomous system y’(¢) =
f(y(?)). By choosing appropriate function spaces, the FFCFEr methods can be
applied to solve a much wider class of dynamic systems in applications. For example,
the application of the FF Runge—Kutta method to the stiff system has been shown
in [32]. Consequently, we conclude that FFCFEr methods are likely to be a class of
highly flexible methods with many potential applications.

In conclusion, in this chapter, from the perspective of the continuous finite ele-
ment method, we have presented and analysed energy-preserving functionally fitted
methods, in particular, trigonometrically fitted methods of an arbitrarily high order
for solving oscillatory nonlinear Hamiltonian systems with a fixed frequency. In the
next chapters, we will consider multi-frequency highly oscillatory systems.

This chapter is based on the work of Li and Wu [28].
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Chapter 2 ®)
Exponential Average-Vector-Field e
Integrator for Conservative

or Dissipative Systems

This chapter focuses on discrete gradient integrators intending to preserve the first
integral or the Lyapunov function of the original continuous system. Incorporating
the discrete gradients with exponential integrators, we discuss a novel exponential
integrator for the conservative or dissipative system y = Q(My + VU (y)), where
Qis ad x d real matrix, M is a d x d symmetric real matrix and U : RY — R is
a differentiable function. For conservative systems, the exponential integrator pre-
serves the energy, while for dissipative systems, the exponential integrator preserves
the decaying property of the Lyapunov function. Two properties of the new scheme
are presented. Numerical experiments demonstrate the remarkable superiority of the
new scheme in comparison with other structure-preserving schemes in the recent
literature.

2.1 Introduction

In this chapter we are interested in the numerical solution of the IVP

V(1) = Q(My(t) + VU (1), y(to) = y°, 2.1)

where the y denotes the derivative with respect to time, Q is ad x d real matrix, M
is ad x d symmetric real matrix and U : RY — R s a differentiable function. Since
M is symmetric, My(t) + VU (y(t)) is the gradient of the function

1
H(y®) = zy(t)TMy(t) +U(y@)).

© Springer Nature Singapore Pte Ltd. And Science Press 2018 29
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In physical applications, the quantity H is often referred to as “energy”. Two
special categories are important in applications:

(1) If Q is skew-symmetric, then (2.1) is a conservative system with the first
integral H,i.e. H(y(t)) is constant.

(ii) If Q is negative semi-definite (denoted by Q < 0), then (2.1) is a dissipative
system with the Lyapunov function H, i.e. H(y(¢)) is monotonically decreasing
along the solution y (7).

An even more particular case in the first category is that Q in (2.1) is the identity
matrix. The system becomes

Y1) = My(t) + VU (1), y(to) = y°. (2.2)

An algorithm for (2.2) is an exponential integrator if it involves the computation of
matrix exponentials (or related matrix functions) and exactly integrates the following
system

y(#) = My(t) = 0.

In general, exponential integrators permit larger stepsizes and achieve higher accu-
racy than non-exponential ones when (2.2) is a very stiff differential equation such as
a highly oscillatory ODE or a semi-discrete time-dependent PDE. Therefore, numer-
ous exponential algorithms have been proposed for first-order (see, e.g. [1, 10, 20,
22-26, 31]) and second-order (see e.g. [11, 12, 14, 18, 34]) ODEs.

On the other hand, (2.2) often possesses many important geometrical/physical
structures. For example, the canonical Hamiltonian system

YO =J'VH®@), y(t) =), (2.3)

is a special case of (2.2), with

J— ( Ouxa laxa )
—Igxd Oaxa )’
The flow of (2.3) preserves the symplectic 2-form dy A Jdy and the function H (y).
In the sense of geometric integration, it is a natural idea to design numerical schemes
that preserve the two structures. As far as we know, most research papers dealing with
exponential integrators up to now focus on the development of high-order explicit
schemes but fail to be structure preserving except for symmetric/symplectic/energy-
preserving methods for first-order ODEs in [5, 7] and oscillatory second-order ODEs
(see, e.g. [18, 32, 33]).

It should be noted that the choice for M in (2.1) or in (2.2) is not unique. In order
to take advantage of exponential integrators, the matrix M in (2.1) should be chosen
suchthat ||QM|| > ||QHess(U)||, where Hess(U) is the Hessian matrix of U. For
example, highly oscillatory Hamiltonian systems can be characterized by a dominant
linear part My, where M implicitly contains the large frequency component. Up to
now, many energy-preserving or energy-decaying methods have been proposed in
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the case of M = 0 (see, e.g. [3, 4, 15, 17, 19, 29]). However, these general-purpose
methods are not suitable for dealing with (2.1) when || Q M || is very large. On the one
hand, numerical solutions generated by these methods are far from accurate. On the
other hand, they are generally implicit, and iterative solutions are required at each
step. But the fixed-point iterations for them are not convergent unless the stepsize is
taken very small. As mentioned at the beginning, these two obstacles can hopefully
be overcome by introducing exponential integrators. In [32], the authors proposed an
energy-preserving AAVF integrator (a trigonometric method) for solving the second-
order Hamiltonian system

g + Mq (1) = Vl?(q (1)), Misa symmetric matrix,
q(t) = qo, 4(%) = qo,

which falls into the class of (2.1) by introducing

y=@TqDT UM =U(), 2=J"",
_( laxa Oaxa
M= <0dxd M >

Uy) =-U(q).

and

In this chapter, we present and analyse a new exponential integrator for (2.1) which
can preserve the first integral or the Lyapunov function.

This chapter is organized as follows. Section2.2 presents the discrete gradient
integrators. In Sect.2.3, we construct a general structure-preserving scheme for
(2.1)—an exponential discrete gradient integrator. Two important properties of the
scheme are proven. Symmetry and convergence of the EAVF integrator are inves-
tigated in Sect.2.4. We then present a list of problems which can be solved by
this scheme in Sect.2.5. Numerical results, including the comparison between our
new scheme and other structure-preserving schemes in the literature, are shown in
Sect.2.6. Section2.7 is devoted to concluding remarks.

2.2 Discrete Gradient Integrators

Let r(z) be a holomorphic function in the neighborhood of zero (r(0) := liII(l) r(z) if
—>

0 is a removable singularity)

.0
o=y 2 2.4)

i!
i=0
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The series (2.4) is assumed to be absolutely convergent. For a matrix A, the matrix-
valued function r(A) is defined by

o0

O .
raay=3"1 “( ) Al

i=0

I and O always denote identity and zero matrices of appropriate dimensions respec-
tively. At isa square root (not necessarily principal) of a symmetric matrix A. If
r©(0) = 0 forall odd i, then r (A2 ) is well defined for every symmetric A (indepen-
dent of the choice of A2 ). For functions of matrices, the reader is referred to [21].

The discrete gradient method is an effective approach to constructing energy-
preserving integrators. A discrete gradient (DG) of a differentiable function g is a
bi-variate mapping VPg : R? x R? — R? satisfying

VPe(y, Ty — 9 =g(») — (@),

(2.5)
VPe(y, y) = Va).
Accordingly, a DG integrator for the system (2.3) is defined by
Y =3+ hITIVPHG! Y. (2.6)

Multiplying VPg(y', y°)T on both sides of (2.6) and using the first identity of (2.5),
we obtain H(y') = H(y"), i.e., the scheme (2.6) is energy preservation. For more
details on the DG method, readers are referred to [15, 30]. A typical discrete gradient
is the average-vector-field (AVF) which is defined by

1
VPg(y, 9 = / Vg((1 — )5 + ty)dr. (2.7)
0

Then the AVF integrator for the system (2.3) is given by

1
y' =y°+hJ“/ VH((1 - 1)y’ + ty')dr. (2.8)
0

2.3 Exponential Discrete Gradient Integrators

We next derive the exponential discrete gradient method for the problem (2.1). The
starting point is the following variation-of-constants formula for the problem (2.1):

1
y(to+h) =eXp(hQM)y(to)+h/O exp((1=§)hQM)QVU (y(to+Eh))ds. (2.9)
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Approximating VU (y(fy + £h)) in (2.9) by VPU (!, y°), we obtain the following
exponential discrete gradient (EDG) integrator:

y' =exp(V)y’ + ho(V)QVPU (', "), (2.10)

where V. =hQOM,
@(V) = (exp(V) = DHV !,
and y' is an approximation of y(ty + h).
Due to the energy-preserving property of the DG method, we are hopeful of
preserving the first integral by (2.10) when Q is skew symmetric. For simplicity, we

sometimes write VPU (y', y°) in brief as VPU. To begin with, we give the following
preliminary lemma.

Lemma 2.1 For any real symmetric matrix M and scalar h > 0, the matrix
B =exp(hQM)™M exp(hQM) — M

satisfies:
= 0, if Qis skew-symmetric,
| =0, ifo<o.

Proof Consider the linear ODE:
y(t) = OMy(1). (2.11)
When Q is skew symmetric, (2.11) is a conservative equation with the first integral

%yTM y, and its exact solution starting from the initial value y(0) = y is y(t) =
exp(t QM) y". It then follows immediately from

1 1
SV ITMy(h) = EyOTMyO

that
1 1
5T exp(hQM)TM exp(hQM)y* = 53T My

for any vector yO. Therefore,
B =exp(hQM)™M exp(hQM) — M

is skew-symmetric. Since it is also symmetric, B = 0.
Likewise, the case that O < 0 can be proved. O
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Theorem 2.1 If Q is skew-symmetric, then the integrator (2.10) preserves the first
integral H in (2.1):

H(y" = H(").
where H(y) = %yTMy +U(®).
Proof Here we firstly assume that the matrix M is nonsingular. We next calculate

1y!'TMy'. Denote M~'VPU = VU. Replacing y' by exp(V)y" + ho(V)QVP
U(y', y°) leads to

%leMyl
= %(yOT exp(V)T + hVPUTQTo(V)T)M (exp(V)y" + ho(V)QVPU)
= %yOT exp(V)TM exp(V)y" + hy’Texp(V)TMg(V)QV U

+ %ZVDUTQTQD(V)TMQD(V)QVDU
= %yOT exp(V)TM exp(V)y° 4+ YT exp(V)TM@(V)VVU

+ %%UTVTq)(V)TMw(V)V%U (using V = hQM)
= %yOT exp(V)TM exp(V)yO + 01 exp(V)TM (exp(V) — I)%U

+ %%UT(exp(V)T — DM (exp(V) — )VU (using (V)V = exp(V) — I)
= %y‘” exp(V)TM exp(V)y" + y*T(exp(V)TM exp(V) — exp(V)TM)VU
+ %%UT(exp(V)TM exp(V) —exp(V)TM — Mexp(V) + M)%U.

(2.12)

On the other hand, it follows from the property of the discrete gradient (2.5) that

YCRER R

=O'T—y"MVPUG'. Y

= yT(exp(V)T — NHVPU 4+ hVPUTQTp(V)TVPU (2.13)
=T (exp(V)TM — M)VU + VUTVTo(V)TMVU

=T (exp(V)TM — M)VU + VU (exp(V)™M — M)VU.

__Combining (2.12), (2.13) and collecting terms by types YOT s y0 y0T vu,
‘VUT % VU’ lead to
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Hy"Y — H(G")
| 1
= Ey”My1 — EyoTMy0 +UGHY -UGY

1 .
= 52"T(exp(V)TM exp(V) = M)y® + YT (exp(V)TM exp(V) — M)VU
1o ~  ls -~
+ 3 VUT(@exp(V)TM exp(V) = M)VU + ZVUT(exp(V)TM — M exp(V)VU

Lo, 0., 15 S
= 5()’ + VU)TB(y" + VU) + EVUTCVU =0,

(2.14)
where B = exp(V)TM exp(V) — M and C = exp(V)TM — M exp(V). The last step
is from the skew-symmetry of the matrix B (according to Lemma2.1) and C.

If M is singular, it is easy to find a series of symmetric and nonsingular matrices
{M.} which converge to M when ¢ — 0. Thus, according to the result stated above,
it still holds that

H.(y)) = H.(;5°) (2.15)

for all ¢, where H.(y) = % yTM.y + U(y) is the first integral of the perturbed
problem

y=0WM.y+VU(®y)), yt) =",

and
v = exp(Vo)y* + hop(Vo) OVPU (YL, ¥, Ve = hQM,.

Therefore, when ¢ — 0, yal — y' and (2.15) lead to
H(y") = H(").

This completes the proof. (]

Moreover, the scheme (2.10) can also respect the decay of the first integral when
Q < 0in (2.1). The next theorem shows this point.

Theorem 2.2 If Q is negative semi-definite (not necessarily symmetric), then the
scheme (2.10) preserves the decaying property of the Lyapunov function H in (2.1):

Hy") < HGO),

where H(y) = 3yTMy + U(y).
Proof If M is nonsingular, the equation in (2.14)

HOY — HO®) = %(yo L RUYTBOY 4+ SO

still holds, since the derivation does not depend on the skew-symmetry of Q. By
Lemma?2.1, B is negative semi-definite. Thus H (yl) < H (yo). In the case that M
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is singular, this theorem can be easily proved by replacing the equalities
1N _ 0 N _ 0
He(y,) = He(y"), H(y)=H(®")
in the proof of Theorem?2.1 with the inequalities
1 0 1 0
Hy(y,) = H:(y"), H(@y)=H(®O).

We omit the details. O

2.4 Symmetry and Convergence of the EAVF Integrator

In this chapter, we consider a special type of the discrete gradient in (2.10), the
average vector field,

1
VPU(y, 9) = / VU((1—1)y + ty)dr.
0

The corresponding integrator becomes
1
Y = exp(v)y +hp(V)Q [ VU =03+ 1y, 2.16)
0

where V.= hQM and y' & y(ty + h). The scheme (2.16) is called an exponential
AVF integrator and denoted by EAVF.

In the sequel we present and prove two properties of EAVF—symmetry and
convergence.

Theorem 2.3 The EAVF integrator (2.16) is symmetric.

Proof Exchanging y° <> y! and replacing & by —# in (2.16), we obtain
1
V0 = exp(=V)y! — h(p(—V)Q/ VU((1 — )y + 1y%dr. (2.17)
0
We rewrite (2.17) as:
1
V' = exp(V)y° + hexp(V)g(~V)Q / VU1 =0y + 1yDdr. (2.18)
0

Since exp(V)p(—V) = ¢(V), (2.18) is the same as (2.16) exactly. This means that
EAVF is symmetric. (]
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It should be noted that the scheme (2.16) is implicit in general, and thus iterative
solutions are required. We next discuss the convergence of the fixed-point iteration
for the EAVF integrator.

Theorem 2.4 Suppose that ||o(V)|l, < C, and that VU (u) satisfies a Lipschitz
condition; i.e., there exists a constant L such that

IVU®) = VUW)Il2 = L|[v = wl]2,

for all arguments v and w € RY. If

0O<h<h

_ 2.19
=" =CLiomn (2.19)

then the mapping

1
W:zh>ﬁMpr+h¢UUQ/.VU«l—rbp+r@dt
0

has a unique fixed point and the iteration for the EAVF integrator (2.16) is convergent.

Proof Since
[1¥(z1) — ¥ (z2)|]2

1
— llhe(V)Q / (VU1 = 1y + 121) = VU((1 = 00 + 122))d 2
0
1
< hll(ﬁ(V)IIzIIQIIz/ VU = 1)y + 721) — VUL = 1)y° 4+ 122) [adT
0
1
< hCL||Q||2f T||z1 — 22ll2dT
0

h
= 7 CLIIQIkllz1 — zall2

< pllz1 — z22ll2,

h
where p = EC L||Q]]» < 1, by the Contraction Mapping Theorem, the mapping ¥

has a unique fixed point and the iteration solving the Eq.(2.16) is convergent.  [J

Remark 2.1 We note two special and important cases in practical applications. If
QM is skew-symmetric or symmetric negative semi-definite, then the spectrum of
V lies in the left half-plane. Since Q M is unitarily diagonalizable and |¢(z)| < I for
any z satisfying Re(z) < 0, we have [[p(V)]|], < 1.

In many cases, the matrix M has an extremely large norm (e.g., M incorporates
high frequency components in oscillatory problems or M is the differential matrix
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in semi-discrete PDEs), and hence Theorem 2.4 ensures the possibility of choosing
relatively large stepsize regardless of M.

In practice, the integral in (2.16) usually cannot be easily calculated. Therefore,
we can evaluate it using the s-point Gauss-Legendre (GLs) formula (b;, ¢;)j_;:

1 s
f VU1 =)y’ +1yhdr ~ ) b VU1 =)y’ +ciyh)).
0

i=1

The corresponding scheme is denoted by EAVFGLs. Since the s-point GL quadrature
formula is symmetric, EAVFGLs is also symmetric. Due to the fact that ) ;_, bic; =
1/2, the corresponding iteration for EAVFGLs is convergent provided (2.19) holds.

2.5 Problems Suitable for EAVF

2.5.1 Highly Oscillatory Nonseparable Hamiltonian Systems
Consider the Hamiltonian
| 1.
H(p.q) = 5piMy p1+ 5541 Avgr + S(p. q),

where p and ¢ are both d-length vectors, partitioned as

_ [ Po _ (40
p= (1) a=(2),

M, A; are symmetric positive definite matrices, and O < ¢ < 1. This Hamiltonian
governs oscillatory mechanical systems in 2 or 3 spatial dimensions such as the
stiff spring pendulum and the dynamics of the multi-atomic molecule (see, e.g. [8,
9]). With an appropriate canonical transformation (see, e.g. [18]), the Hamiltonian
becomes

! 2
1 %
Hp.a) =75 (p%, i+ 4 ,) +S(p. q), (2.20)

j=1

where p1 = (p1.1, ..., P1.)7. 1 = (q1.1, - - -, q1.1) 7. The corresponding differential
equations are given by

Do = _quS(Pv‘Z),
pr=—o’q1 — Vy S(p. q).
go = po+ (Vp,S(p,q) — po),
g1 = p1+ V,, S(p.q),

2.21)
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where ? = diag(w?, ..., ®7), w; = A;/e for j = 1,...,1. Equation(2.21) is of
the form (2.1) with

p O —Iixa Iijxa O )
= s = . M: )
y (q) Q (Idxd 0 ) (0 Qura

1 .
W%mzﬂn@—zﬁm,sz%@””Qﬁpnwﬂ

and

Since g1, ..., qu and piy, ..., py; are fast variables, it is favorable to integrate the
linear part of them exactly by the scheme (2.16). Note that

inc(h2}) h-1gy(h 2
¢@q:<:mmﬂgh'&mq)>
g1(h§22) sinc(h§27?)

where sinc(z) = sm(z)/Z g1(Z) = (1 —cos(2))/z%, g2(z) = cos(z) — 1. Unfortu-
nately, the block h~! g, (h$2 2) is not uniformly bounded. In the first experiment, the
iteration still works well, perhaps due to the small Lipshitz constant of VS.

2.5.2 Second-Order (Damped) Highly Oscillatory System

Consider
g—Nqg+ R2q=-VU(q), (2.22)

where ¢ is a d-length vector variable, U, : R4 — R is a differential function, N is
a symmetric negative semi-definite matrix, §2 is a symmetric positive semi-definite
matrix, ||£2]| or ||N|| > 1. (2.22) stands for highly oscillatory problems such as the
dissipative molecular dynamics, the (damped) Duffing and semi-discrete nonlinear
wave equations. By introducing p = ¢, we write (2.22) as a first-order system

of ODEs o YUL@)
PY_(N- P —VUi(q
(5)=(7)(@)- (7). e

which falls into the class of (2.1), where

(P (NI (10 _
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Clearly, Q < 0 and (2.23) is a dissipative system with the Lyapunov function
H = %pr—i— %qT.Qq +U(q). Applying the EAVF integrator (2.16) to the Eq. (2.23)
yields the scheme:

1
p' =exp;, p° +expy, ¢’ — hon / VU (1 —1)¢° + tq")dr,
0 (2.24)

1
q' = expy p° + expy, ¢° — hoa f VUI((1 = 1)¢° + 7¢")dr,
0

where exp(hQ M) and ¢(hQ M) are partitioned into
<CXP11 exp12> and (fﬂu <ﬂ12) ’
€XPy; €XPyy ¥21 P22
respectively.

It should be noted that only the second equation in the scheme (2.24) needs to be
solved by iteration. From the proof procedure of Theorem 2.4, one can find that the
convergence of the fixed-point iteration for the second equation in (2.24) is irrelevant
to ||QM|| provided ¢, is uniformly bounded.

Theorem 2.5 Suppose that 2 and N commute and ||[VU;(v) —VU{(w)||» < L||v—
w||o. Then the iteration

1
@ : 7> expy P’ + expy ¢° — hon f VU (1 —1)¢° + tz)dT
0

for the scheme (2.24) is convergent provided
2
L

0O<h<h<

=

Proof 1Tt is crucial here to find a uniform bound of ||¢;;]|. Since §£2 and N commute,
they can be simultaneously diagonalized:

2 =FTAF, N=FTXF,

where F is an orthogonal matrix, A = diag(}, ..., Ay), X = diag(oy, ..., 04) and
Ai>0,0;, <O0fori=1,2,...,d. It now follows from

on=(4 ) (% 5)(59)

FT 0 0 hl F o
“”hQM)=<c)FW)wm{(—hAh2>}<C)F>'

that
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To show that exp,, and ¢,; depends on %, we denote them by expg1 and <p§’1, respec-
tively. After some calculations, we have

A T2 o 2 1 hx
expy; = FT(X° —4A)"2 - 2sinh(h(X° —4A)2/2)exp N F.
We then have

hy
|lexphy [l = [|12(2* — 4A)77 sinh(h(Z? — 44)? /2) exp <7 2
(2.25)

= hmax |

i (h262/4 — 1;)2

sinh((h%62 /4 — 1,)?) (ha,)
exp > |

In order to estimate || expg1 ||2, the bound of the function

sinh((02 — 41)?)
— 5 —¢xp(0),

A 0) =
g(x, o) o7 — 4]

should be considered for o < 0, A > 0. If 62 — 41 < 0, we set (02 — 4X)? = ia,
where i is the imaginary unit and a is a real number. Then we have

sin(a) sin(a)
lgl = | exp (o) | <| | <L
a a
Ifo? — 4% > 0, thena = (02 — 4)0)? < —0,
sinh(a) sinh(a) 1 —exp(—2a)
8l =| exp(0) | < |7 exp(—a)| = [— | < 1,
a a 2a
Thus,
lg(h,0)| <1 foro <0,1>0. (2.26)
It follows from (2.25) and (2.26) that
n /’lO‘,‘
[lexphy ll2 = hmax|g (2 ) 1 < h. (2.27)

Therefore, using (hQM) = fol exp((1 — &)hQM)d& and (2.27), we obtain

1 1 1
_ _ 1
||¢21||2:||/ expyy " || s/ Ilexpy, " [1dé s/ (1= &)hds = h.
0 0 0

The rest of the proof is similar to that of Theorem 2.4 which we omit here. (I
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It can be observed that in the particular case that N = 0, the scheme (2.24) reduces
to the AAVF integrator in [32].

2.5.3 Semi-discrete Conservative or Dissipative PDEs

Many time-dependent PDEs are in the form:

9 8H
- -9 2.2
5y =2 5y (2.28)

where y(-,#) € X for every t+ > 0, X is a Hilbert space like L2(2), L>(2) x
LZ(Q), ..., 9 is a domain in R?, and 2 is a linear operator on X, the functional
Iyl = f@ f(y, 9,y)dx (f is smooth, x = (x1,...,x4),dx = dx;...dx; and
9,y denote the partial derivatives of y with respect to spatial variables x;, 1 <i <

8
d). Under a suitable boundary condition (BC), the variational derivative . is
y

defined by:

8 d
<W’ 7) = &is:o%ﬂb’ + ez}

for any smooth z € X vanishing on the boundary of 2, where (-, -) is the inner
product of X. If 2 is a skew or negative semi-definite operator with respect to (-, -),
then the Eq. (2.28) is conservative (e.g., the nonlinear wave, nonlinear Schrodinger,
Korteweg—de Vries and Maxwell equations) or dissipative (e.g., the Allen—Cahn,
Cahn-Hilliard, Ginzburg-Landau and heat equations), i.e., #[y] is constant or
monotonically decreasing (see, e.g. [6, 13]). In general, after the spatial discretisa-
tion, (2.28) becomes a conservative or dissipative system of ODEs in the form (2.1).

A typical example of a conservative system is the nonlinear Schrodinger (NSL)

equation:
2

0 0 ,
i—y+—y+V(yPy=0 2.29
Yty T (Iy1Fy (2.29)
subject to the periodic BC (0, t) = y(L, t). Denoting y = p +ig (i> = —1), where
p, q are the real and imaginary parts of y, the Eq. (2.29) can be written in the form

of (2.28):
2

d <P> <0—1> WP+V’(p2+q2)P 230,
ot —\10 92 , ’ :
7 24 + V'(p® +495q

where X = L2([0, L]) x L2([0, L)),
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1t . N\ [\
Hyl = 5/ V(ip~+q°) — (5‘”) - <aq> dx.
0

We consider the spatial discretisation of (2.30). It is supposed that the spatial domain
is equally partitioned into N intervals: 0 = xp < x| < ... < xy = L. Discretizing
the spatial derivatives of (2.30) by central differences gives

P\ _(O~1\(Di+V (B +i)p 2.31)
q I 0 DG+ V(p*+qq )’ ’
where
-2 1
1 -2 1
D = .. .
1 -2 1
1 =2
is an N x N symmetric differential matrix, p = (po, ..., pn-1)T. ¢ = (g0, .- .,

gn-DT, pi(0) ~ p(xi, 1) and ¢ (1) ~ q(x;, 1) fori =0,..., N — 1.
As an example of dissipative PDEs we consider the Allen—Cahn (AC) equation

g0y 0 (232)

or  Paxx YT P '

subject to the the Neumann BC Ly(0,71) = Ly(L,1). X = L*([0,L]), 2 =

—1,50y] = fOL(%,B(%y)Z — 1y? + 1y*)dx. The spatial grids are chosen in the

same way as the NLS. Discretizing the spatial derivative with the central difference,

we obtain

y=pDj+7 -7, (2.33)
where
-1 1
1 -2 1
b = .. s
1 -2 1
1 —1
isthe (N —1) x (N — 1) symmetric differential matrix, y = (y1, ..., yv—1)7, yi(t) =
y(xi, 1).

Both the semi-discrete NLS equation (2.31) and AC equation (2.33) are of the
form (2.1). For the NLS equation, we have
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N-1
(0 -1I (Do _ 1 2, 2

while for the AC equation, we have

N—
Q=-1, M=-8D, U:Z(——y,Jr y,).

Therefore, the scheme (2.16) can be applied to solve them. Since the matrix
OM is skew or symmetric negative semi-definite in these two cases, according to
Remark 2.1, the convergence of fixed-point iterations for them is independent of the
differential matrix.

2.6 Numerical Experiments

In this section, we compare the EAVF method (2.16) with the well-known implicit
midpoint method which is denoted by MID:

0 1
vt =y"+hQVU (—y ery ) (2.34)
and the traditional AVF method for (2.1) given by

1
y! =y0+hQ/ VU (1 —1)y° + tyhdr, (2.35)
0

where (7(y) =U(®y) + %yTMy. The authors in [30] showed that (2.35) preserves
the first integral or the Lyapunov function U. Our comparison also includes another
energy-preserving method of order four for (2.1):

75 3 ~
y? =y°+hQ/ <Z - 5’) VU (yo)dr,
’ (2.36)
yl=y°+hQ/ VT (ydr,
0

where 1
ye = Q21 — D(t — Dy —4r(r — Dy2 + 21t — D1y,

This method is denoted by CRK since it can be written as a continuous Runge—Kutta
method. For details, readers are referred to [17].
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Throughout the experiment, the ‘reference solution’ is computed by high-order
methods with a sufficiently small stepsize. We always start to calculate from #y = 0.
y" A y(t,) is obtained by the time-stepping way y* — y! — ... — y" — ...
forn =1,2,...and t, = nh. The error tolerance for iteration solutions of the four
methods is set as 10~1%. The maximum global error (GE) over the total time interval
is defined by:

GE = max ||yn = () loo-
n>0

The maximum global error of H (E H) on the interval is:

EH = max [H" — H(y(t,)|.

In our numerical experiments, the computational cost of each method is measured
by the number of function evaluations (FE).

Example 2.1 The motion of a triatomic molecule can be modelled by a Hamiltonian
system with the Hamiltonian of the form (2.20) (see, e.g. [8]):

H _g Lo, 2 2 w_z 2 2 2 237
(p.q) =S(p,q) + 2(171,1 +ria+ris)+ 5 @i+ a2+ a1, (237

where

12q1,1 +q12,]

- Zm([’o + P1,3)2~

1 1 12912 +43,
S(p,q) = =P+ (g0 — q13)° = (po — p1.3)*

2 4 T4 (1 +q10)?

The initial values are given by:

Po(0) = p1,1(0) = p12(0) = p13(0) =1,

1 1
90(0) =04,¢11(0) = q120) = =, g15 =

2w

Settingh = 1/2/ fori =6,...,10,0w = 50,andh = 1/100x 1/2" fori =0, ..., 4,
o = 100, we integrate the problem (2.21) with the Hamiltonian (2.37) over the
interval [0, 50]. Since the nonlinear term V S(p, ¢g) is complicated to be integrated,
we evaluate the integrals in EAVF, AVF and CRK by the 3-point Gauss—Legendre
(GL) quadrature formula (b;, ci)?zlz

5 4 5 1152 1 1152

TR TR Ty T 1002 T 2T 2T

The corresponding schemes are denoted by EAVFGL3, AVFGL3 and CRKGL3
respectively. Numerical results are presented in Fig.2.1.

Figure2.1a, ¢ show that MID and AVFGL3 lost basic accuracy. It can be observed
from Fig.2.1b, d that AVFGL3, EAVFGL3, CRKGL3 are much more efficient in
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Fig. 2.1 Efficiency curves. Copyright ©2016 Society for Industrial and Applied Mathematics.
Reprinted with permission. All rights reserved

preserving energy than MID. In the aspects of both energy preservation and algebraic
accuracy, EAVF is the most efficient among the four methods.



2.6 Numerical Experiments 47
Example 2.2 The equation

X1 = —Cx1 — Axp + x1x2,

, ! (2.38)
Xo = AX| — X2 + E(xl —x3),

is an averaged system in wind-induced oscillation, where ¢ > 0 is a damping
factor and A is a detuning parameter (see, e.g. [16]). For convenience, setting
¢ =rcos(0), L =rsin(@),r > 0,0 <0 <m/2, (see [29]) we write (2.38) as

()'q ) _ <— cos(f) —sin(f) ) <rxl sm(9)()c2 — x2) — cos(@)xpcz) (2.39)

% sin(@)  —cos(@) ) \ rx, — s1n(9)x1x2 + Jcos(0)(x3 — x})

which is of the form (2.1), where
_{ —cos(8) —sin(0) _(r0
Q_< sin(0) —cos(@))’ M_<0r>’
1 { | 1 (2.40)
U= —5 sin(@) <x1x2 3x?> = cos(8) <—x2 - xlzxz>

Its Lyapunov function (dissipative case, when 6 < 1 /2) or the first integral (conser-
vative case, when 0 = 7/2) is:

| 2 1 1 ;4 1 1, 2
H = Er(x1 +x5) — Esm(e) x1x5 — 37 + 5005(9) 302~ ).
The matrix exponential of the EAVF scheme (2.16) for (2.39) is calculated by:
o=

exp(—hcr)cos(hsr) —exp(—hcr)sin(hsr)
exp(—hcr)sin(hsr) exp(—hcr)cos(hsr)

where ¢ = cos(f), s = sin(@), and ¢(V) can be obtained by (exp(V) — 1)V~
Given the initial values:
x1(0) =0, x2(0) = 1,

we firstintegrate the conservative system (2.39) with the parameters 0 = /2, r = 20
and stepsizes h = 1/20 x 1/2! fori = —1, ..., 4 over the interval [0, 200]. Setting
0 = /2 — 10~*, r = 20, we then integrate the dissipative (2.39) with the stepsizes
h=1/20 x 1/2i fori = —1, ..., 4 over the interval [0, 100]. Numerical errors are
presented in Figs. 2.2 and 2.3. It is noted that the integrands appearing in AVF, EAVF
are polynomials of degree two and the integrands in CRK are polynomials of degree
five. We evaluate the integrals in AVF, EAVF by the 2-point GL quadrature:

33
Fs

2=

b= b=t o=
1—272—2s 1=

3
6 b

N =
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Fig. 2.2 Efficiency curves. Copyright ©2016 Society for Industrial and Applied Mathematics.
Reprinted with permission. All rights reserved

and the integrals appearing in CRK by the 3-point GL quadrature. Then there is no
quadrature error.

The efficiency curves of AVF and MID consist of only five points in Figs.2.2a, b,
and 2.3a (two points overlap in Figs. 2.2a and 2.3a), since the fixed-point iterations of
MID and AVF are not convergent when 2 = 1/10. Note that Q M is skew-symmetric
or negative semi-definite, the convergence of iterations for the EAVF method is
independent of by Theorem 2.4 and Remark 2.1. Thus larger stepsizes are allowed
for EAVF. The experiment shows that the iterations for EAVF uniformly converge
forh = 1/20 x 1/2i fori = —1, ..., 4. Moreover, it can be observed from Fig.2.3b
that MID cannot strictly preserve the decay of the Lyapunov function.

Example 2.3 The PDE:

9%u P 33u N 3%u 14 au\? du 5 (2.41)
— =B+ — | — —y— —m‘u, .
oz~ Parax? T ax2 ox ary
where ¢ > 0, 8,y > 0, is a continuous generalization of «-FPU (Fermi—Pasta—
Ulam) system (see, e.g. [28]). Taking d,u = v and the homogeneous Dirichlet BC

u(0,t) =u(L,t) =0, the Eq.(2.41) is of the type (2.28), where X = L2([0, L]) x
L2([0, L]) and
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u 0 1
y=<v)v QZ(_lﬁaZ_y)a
L 2 V2 814)[(74—2
Ay] = Ry L R . S
L] /0 R T M (AL YA

It is easy to verify that 2 is a negative semi-definite operator, and thus (2.41) is
dissipative. The spatial discretization yields a dissipative system of ODE:s:

ii;(6) — P (ujoy — 2uj +ujy) +mPuy — B Gy — i + 1) + i (1)
=& (V@ —up) = V(uj—u; ),
where ¢ = 1/Ax, 8 = 2B,¢ = P2, V(u) = u"2/[(p +2)(p + D], u;(t) ~

u(xj,t),x; = j/Axforj=1,...,N — 1 and uo(t) = uy(t) = 0. Note that the
nonlinear term u,u¥ is approximated by:

Ou (du Pl L, (o P“|
ax2\ax/) "7V p+1 7" \ax Y

o wip —u \" =g\ Ax
p+1 Ax Ax '




50 2 Exponential Average-Vector-Field Integrator ...
We now write it in the compact form (2.22):
4 —Ng+82q=-VUq),

where ¢ = (uy,...,uny—1)",N = ,B’D —yl, 2 = —02D+m21,U1(q) =
& Y Vi — uy) and

-2 1
1 =21
1 =21
1 -2

In this experiment, weset p = 1, m = 0,c = 1,¢ = %, and y = 0.005. Consider
the initial conditions in [28]:

) = B1 1 +exp[2(k(j —97) +1¢ sinh(K))]) (1 +expl2(k(j —32) +1 sinh(lc))])}
¢;() = Bln { (1 + exp[2(k (j — 96) + ¢ sinh(k))] 1 + exp[2(k (j — 33) + t sinh(x))]

with B = 5, k = 0.1, that is,

u;(0) = ¢;(0),
v;(0) = ¢,(0).

forj=1,...,N—1.Let N = 128, B = 0, 2. We compute the numerical solution
by MID, AVF and EAVF with the stepsizes h = 1/2' fori = 1, ..., 5 over the time
interval [0, 100]. Similarly to EAVF (2.24), the nonlinear systems resulting from
MID (2.34) and AVF (2.35) can be reduced to:

h h2 h2 q0+ql
q' =q°+hp°+§N(q' —qo)—ZQ(q'JrqO)—?VUl( 5 )

and

h h2 h2 1
ql=q°+mﬁ+§N@1—¢5—Z4N¢+ﬁ%—~5/aVUKO—IM°+uer
0

respectively. Both the velocity p' of MID and AVF can be recovered by

The integrals in AVF and EAVF are exactly evaluated by the 2-point GL quadrature.
Since exp(hA), ¢(hA) in (2.24) have no explicit expressions, they are calculated by
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Fig. 2.4 a, b Efficiency curves. ¢ The decay of Lyapunov function obtained by EAVF. Copyright
©2016 Society for Industrial and Applied Mathematics. Reprinted with permission. All rights
reserved

the Matlab package in [2]. The basic idea is to evaluate exp(hA), ¢(hA) by their
Padé approximations. Numerical results are plotted in Fig.2.4. Alternatively, there
are other popular algorithms such as the contour integral method and the Krylov
subspace method for matrix exponentials and ¢-functions. Readers are referred to
[23] for a summary of algorithms and well-established mathematical software.

According to Theorem?2.5, the convergence of iterations in the EAVF scheme
is independent of 2 and N. Iterations of MID and AVF are not convergent when
B =2, h = 1/2. Thus the efficiency curves of MID and AVF in Fig.2.4b consist of
only 4 points. From Fig. 2.4c, it can be observed that the EAVF method is dissipative
even using the relatively large stepsize h = 1/2.

2.7 Conclusions and Discussions

Exponential integrators date back to the original work by Hersch [20]. The term
“exponential integrators” was coined in the seminal paper by Hochbruck, Lubich
and Selhofer [22]. It turns out that exponential integrators have constituted an impor-
tant class of effective methods for the numerical solution of differential equations in
applied sciences and engineering. In this chapter, combining the ideas of the expo-
nential integrator with the average vector field, a new exponential scheme EAVF
was proposed and analysed. The EAVF method can preserve the first integral or the
Lyapunov function for the conservative or dissipative system (2.1). The symmetry of
EAVF is responsible for the good long-term numerical behavior. The implicitness of
EAVF means that the solution must be solved iteratively. We have analysed the con-
vergence of the fixed-point iteration and showed that the convergence is free from the
influence of a large class of coefficient matrices M. In the dynamics of the triatomic
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molecule, wind-induced oscillation and the damped FPU problem, we compared
the new EAVF method with the MID, AVF and CRK methods. The three problems
are modelled by the system (2.1) having a dominant linear term and small nonlin-
ear term. As for the efficiency as well as preserving energy and dissipation, EAVF
is superior to the other three methods. In general, energy-preserving and energy-
decaying methods are implicit, and iterative solutions are required. With relatively
large stepsizes, the iterations of EAVF converge while those of AVF and MID do
not. We conclude that EAVF is a promising method for solving the system (2.1) with
HOM|| > [|Q Hess(U)|.

In conclusion, exponential integrators are an important class of structure-
preserving numerical methods for differential equations. Therefore, we will further
discuss and analyse exponential Fourier collocation methods in the next chapter, and
symplectic exponential Runge—Kutta methods for solving nonlinear Hamiltonian
systems in Chap. 4.

This chapter is based on the work of Li and Wu [27].
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Chapter 3
Exponential Fourier Collocation Methods | @i
for First-Order Differential Equations

Commencing from the variation-of-constants formula and incorporating a local
Fourier expansion of the underlying problem with collocation methods, this chapter
presents a novel class of exponential Fourier collocation methods (EFCMs) for solv-
ing systems of first-order ordinary differential equations. We discuss in detail the
connections of EFCMs with trigonometric Fourier collocation methods (TFCMs),
the well-known Hamiltonian Boundary Value Methods (HBVMs), Gauss methods
and Radau ITA methods. It turns out that the novel EFCMs are an extension, in a
strict mathematical sense, of these existing methods in the literature.

3.1 Introduction

The subject of this chapter is devoted to analysing and designing novel and efficient
numerical integrators for solving the following first-order initial value problem

u'(t) + du) = g(t, u(t)), u(0) = uo, t € [0, tenal, (3.1)

where g : R x R? — R is an analytic function, ¢/ is assumed to be a linear operator
on a Banach space X with a norm ||-||, and (—<7) is the infinitesimal generator of a
strongly continuous semigroup e ~*” on X (see, e.g. [27]). These conditions on .7
imply that there exist two non-negative real constants C and w satisfying

le="| <Ce”, 1>0. (3.2)

XX —

An analysis of this result can be found in [27]. It is noted that if X is chosen as
X =R or X = C?, then the linear operator ./ can be expressed by a d x d matrix
A. Accordingly, e~'4 in this case is exactly the matrix exponential function. It also
can be observed that the condition (3.2) holds with @ = 0 provided the field of values
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of A is contained in the right complex half-plane. In the special and important case
where A is skew-Hermitian or Hermitian positive semidefinite, we have C = 1 and
o = 0 in the Euclidean norm, independently of the dimension d. If A originates
from a spatial discretisation of a partial differential equation, then this assumption
on A leads to temporal convergence results that are independent of the spatial mesh.

As is known, the exact solution of (3.1) can be represented by the variation-of-
constants formula

u(t) = e uyg +/ e "D (z, u(r))dr. (3.3)
0

Note that the exponential subsumes the full information on linear oscillations for os-
cillatory problems. This class of problems (3.1) frequently arises in a wide variety of
applications including engineering, mechanics, quantum physics, circuit simulation-
s, flexible body dynamics and other applied sciences (see, e.g. [10, 16, 24, 27, 39,
41, 44, 48]). Parabolic partial differential equations with their spatial discretisations
and highly oscillatory problems yield two typical examples of the system (3.1) (see,
e.g. [30-34, 42]). Linearizing stiff systems u’(t) = F (¢, u(t)) also yields examples
of the form (3.1) (see, e.g. [15, 25, 28]).

Commencing from the variation-of-constants formula (3.3), the numerical scheme
for (3.1) is usually constructed by incorporating the exact propagator of (3.1) in
an appropriate way. For example, interpolating the nonlinearity at the known val-
ue g(0, up) yields the exponential Euler approximation for (3.3). Approximating
the functions arising from rational approximation leads to implicit or semi-implicit
Runge—Kutta methods, Rosenbrock methods or W-schemes. Recently, the construc-
tion, analysis, implementation and application of exponential integrators have been
studied by many researchers, and readers are referred to [3, 11-13, 16, 37, 46]. Ex-
ponential integrators make explicit use of the quantity Au of (3.1), and a systematic
survey of exponential integrators is presented in [27].

Exponential Runge—Kutta methods of collocation type were constructed based on
Lagrange interpolation polynomials, and their convergence properties were analysed
in [26]. In [40], the authors developed and researched a novel type of trigonometric
Fourier collocation methods (TFCMs) for second-order oscillatory differential equa-
tions ¢”(t) + Mq(t) = f(q(¢)) with a principal frequency matrix M € R?*?, These
new trigonometric Fourier collocation methods take full advantage of the special
structure introduced by the linear term Mg, and their construction analysis incor-
porates the idea of collocation methods, the variation-of-constants formula and the
local Fourier expansion of the system. The results of numerical experiments in [40]
show that the trigonometric Fourier collocation methods are much more efficient in
comparison with some alternative approaches appeared in the literature. On the basis
of the work in [26, 40], in this chapter we make an effort to conduct the research
of novel exponential Fourier collocation methods (EFCMs) for efficiently solving
first-order differential equations (3.1). The construction of the novel EFCMs incor-
porates the exponential integrators, the collocation methods, and the local Fourier
expansion of the system. Moveover, EFCMs can be of an arbitrarily high order, and
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when A — 0, EFCMs reduce to the well-known Hamiltonian Boundary Value meth-
ods (HBVMs) which have been studied by many researchers (see, e.g. [6-8]). It is
also shown in this chapter that EFCMs are an extension of Gauss methods, Radau
ITA methods and TFCMs.

The plan of this chapter is as follows. We first formulate the scheme of EFCMs
in Sect.3.2. Section3.3 discusses the connections of the novel EFCMs with HB-
VMs, Gauss methods, Radau ITA methods and TFCMs. In Sect. 3.4, we analyse the
properties of EFCMs. Section 3.5 is concerned with constructing a practical EFCM
and reporting four numerical experiments to demonstrate the excellent qualitative
behavior of the novel approximation. The last section includes some concluding
comments.

3.2 Formulation of EFCMs

This section presents the formulation of exponential Fourier collocation methods
(EFCMs) for systems of first-order differential equations (3.1). We begin with the
local Fourier expansion.

3.2.1 Local Fourier Expansion

We first restrict the first-order differential equations (3.1) to an interval [0, 2] with
any h > O:

u'(t) + Au(t) = g(t, u(t)), u(0) = uop, t € [0, hl. 34

Consider the shifted Legendre polynomials {f’j }32, satisfying

1
/ Pi(x)Pj(x)dx =§;;, deg(P;)=j, i,j=0,
0

where §;; is the Kronecker symbol.
We then expand the right-hand-side function of (3.4) as follows:

ot 1
gEh u@Eh) =Y PiE)x;(h,u), &€[0,1%; «;(h,u) ::/0 P;(t)g(th, u(zh))dr. (3.5)

Jj=0

The system (3.4) now can be rewritten as

W' (Eh) + AuEh) =Y Pj(E)k;(h,u),  u(0) = uo. (3.6)

j=0
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Its solution is given by the next theorem.

Theorem 3.1 The solution of (3.4) can be expressed by

u(t) = go(—tAyug +1 Y 1 (tA)c(t, u), 3.7)
Jj=0

where t € [0, h] and

I J A AN
1;(tA) = / Bi@e 0z = 27 1Y -y U,
0

pre k'(j —k)!
(3.8)
The @-functions in (3.8) (see, e.g. [24, 25, 27, 28]) are defined by:
1 o) k-1
= €%, = o —do, k=1,2,....
wo(z) =€, ¢(2) /0 e * D! o
Proof Tt follows from the variation-of-constants formula (3.3) that
t
u(t) = e "uy +f e ez, u(r))dt
0 (3.9)

1
— po(—1 Ao +1 / 1= g (21 u(zr))dz.
0

Replacing the function g(z¢, u(zt)) under the integral in (3.9) by the expansion (3.5)
yields

1 o)
u(t) = go(—t Aug + t/ e TN P2k (t, uydz
0 .
j=0

o0 1
:goo(—tA)uo—f-tZ/ Pi(x)e" """ dzic (1, u),
j=0"0

which gives the formula (3.7) by letting 1;(1A) = fol I/%(z)e_“_z”/*dz.
It then follows from the definition of shifted Legendre polynomials on the inter-
val [0, 1]:

N
ﬁj(x)=(—1)&/2j+12(/i)(’:k)(—x)k, j=0,1,..., xel0,1], (3.10)
k=0
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that .
I;(tA) = / I’)\j(z)e*(lfz)tAdZ
0

1 J . .
=/ ~1V2j+1) (i) (’ :k> (—2)fe 1791,
0 k=0

k k

i . . 1
. k
=/2j+1) (—1)J+k<J) <’+ )/ re~(1-914y
k=0 0

/ L G+
=V2j 1Y (—)IH g (1 A).
k=0

k(G — k!

The proof is complete. U

3.2.2 Discretisation

The authors in [8] made use of interpolation quadrature formulae to construct a
discretisation for initial value problems. Following [8], two tools are coupled in this
subsection. We first truncate the local Fourier expansion after a finite number of
terms and then compute the coefficients of the expansion by a suitable quadrature
formula.

We now consider truncating the Fourier expansion, a technique which originally
appeared in [8]. This can be achieved by truncating the series (3.7) after n (n > 2)
terms with the stepsize & and V := hA:

n—1

i(h) = go(=Vyug+h Yy _ L;(Vic;(h, iD), (3.11)
j=0

which satisfies the following initial value problem:

n—1

i (Eh) + Aii(Eh) = Y Pj(E)x;(h, D), ii(0) = up.

Jj=0

The key challenge in designing practical methods is how to deal with «;(h, i)
effectively. To this end, we introduce a quadrature formula using k abscissae 0 < ¢ <

. < ¢ < 1 and being exact for polynomials of degree up to m — 1. It is required that
m > k in this chapter, and we note that many existing quadrature formulae satisfy
this requirement, such as the well-known Gauss-Legendre quadrature and Radau
quadrature. We thus obtain an approximation of the form
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k
KjCh, u) ~ Zblﬁj(cl)g(clha u(ch)), j=0,1,....n—1, (3.12)
=1

where b; for [ = 1,2, ...,k are the quadrature weights. It is noted that since the
number of the integrals «; (h, i) is n, it is assumed that k > n. Thus, we have m > n.
Therefore, the approximation gives

k

Aj(h, @) = k;(h, i) = Y biPj(c)glerh, i(cih))
=1

1 k
=/ Pi(t)g(zh,ii(th))dt — Zb; Pi(c;)g(cih, ii(cih)).
0 I=1

Since the quadrature is exact for polynomials of degree m — 1, its remainder de-
pends on the mth derivative of the integrand P;(t)g(th, u(th)) with respect to .
Consequently, we obtain

L dm (f’j(r)g(rh, ﬁ(th)))
Aj(h,u) = Cf
0

dom |r:§w(f)d7—',

k
where C is a constant, ¢ (¢ € [0, 1]) depends on 7, and w(t) = [](r — ¢;). Taking

i=1

account of I/’\;k)(t) =0 for k > j, we obtain

1 1
Ajh,i) =C [ Pj()8™ (¢hyw()dTh™ + Cm f Pj(0)g" Y ¢hyo()ydeh™!
0 0

ot C("T) / PP @D eo@dth™ = o),
J/ Jo
j=0,1,...,n—1,

with the notation % (¢h) = g® (¢h, ii(¢h)). This guarantees that each A (h, it)
has good accuracy forany j =0, 1, ..., n—1. Choosing k large enough, along with
a suitable choice of ¢;, b; for [ = 1,2, ..., k, allows us to approximate the given
integral «; (h, i) to any degree of accuracy.

With (3.11) and (3.12), it is natural to consider the following numerical scheme

n—1 k

v(h) = go(=V)ug+h Y _ 1;(V) Y biPi(cr)g(cih, vieih)),

j=0 =1
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which exactly solves the initial value problem as follows:

n—1 k
V(ER) = —AvER) + Y PiE) Y biPj(c)glch, v(cih)),  v(0) = up.
Jj=0 =1

(3.13)
It follows from (3.13) that v(c; k) fori = 1,2, ..., k satisfy the following first-order
differential equations:

n—1

V(cih) + Av(cih) = ) P; (c»szP (engleih, vieh)), v(0) =ug. (3.14)
j=0 =1

Let v; = v(c;h). It is clear that (3.14) can be solved by the variation-of-constants
formula (3.3). This gives

n—1
vi= @o(— c,V>uo+c,hZI,c(V>szP(cl>g(czh v), i=1,2,....k
j=0 =1

where

1
Ij,oi(V) ::/ ﬁj(ciz)e—(l—z)civdZ
0
/1 _lf\/mi I\ (TH8) ooyt
; (=D'v2j > )U % cin)ke .
_l)j\/ZJTZ( Cz)k< )<J+k)/ zke_(l— )L‘de
0

(3.15)

) k
= (-1)//2j + 12(_ )k&(pk-q-l(_ci‘/)-
k=0

kI — k)!

3.2.3 The Exponential Fourier Collocation Methods

‘We are now in a position to present the novel exponential Fourier collocation methods
for systems of first-order differential equations (3.1).

Definition 3.1 The k-stage exponential Fourier collocation method with an integer
(denoted by EFCM(k,n)) for integrating systems of first-order differential equations
(3.1) is defined by
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k n—1
vi = go(—ci Vo +cih Y bi( 3 Lo, (VO Py )glerh, v, i = 1,20k,
=1 j=0
k n—1 R
v = @o(=Vyuo +h Y by( 30 1,V Pren) ) g erh, v,
=1 i=0
! (3.16)
where 4 is the stepsize, V := hA, I/’\j for j =0,1,...,n — 1 are defined by (3.10),
and ¢;, by forl = 1,2, ..., k are the node points and the quadrature weights of a

quadrature formula, respectively. Here, n is an integer which is required to satisfy
the condition: 2 < n < k. I;(V) and I; ., (V) are determined by

L) =21 Z( D )

) +k
Lo (V)= (=1)Iy/2j + 12(— ,>",€(,z—,z),wk+1(—ciV>.
k=0

Remark 3.1 Clearly, it can be observed that the EFCM(k,n) defined by (3.16) exactly
integrates the homogeneous linear system u’ + Au = 0. Therefore, it is trivially A-
stable. The EFCM(k,n) (3.16) approximates the solution of (3.1) in the time interval
[0, A]. Obviously, the solution v(h) after one time-step can be considered as the
initial condition for a new initial value problem and u(f) can be approximated in
the next time interval [A, 2h]. In general, the EFCM(k,n) can be extended to the
approximation of the solution in an arbitrary interval [0, N&], where N is a positive
integer.

Remark 3.2 The novel EFCM(k,n) (3.16) developed here is a kind of exponential
integrator which requires the approximation of products of ¢-functions with vectors.
It is noted that if A has a simple structure, it is possible to compute the p-functions
in a fast and reliable way. Moveover, many different approaches to evaluating this
action in an efficient way have been proposed in the literature (see, e.g. [1, 2, 4, 22,
23, 27, 35, 36]). Furthermore, all the matrix functions appearing in the EFCM(k,n)
(3.16) only need to be calculated once in the actual implementation for the given
stepsize k. In Sect.3.5, we will compare our novel methods with some traditional
collocation methods (which do not require the evaluation of matrix functions) by
four experiments. For each problem, we will display the work precision diagram in
which the global error is plotted versus the execution time. The numerical results
given in Sect. 3.5 demonstrate the efficiency of our novel approximation.
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3.3 Connections with Some Existing Methods

Various effective methods have been developed so far for solving first-order differ-
ential equations and this section is devoted to analysing the connections between our
novel EFCMs and some other existing methods in the literature. It turns out that some
existing traditional methods can be gained by letting A — 0 in the corresponding
EFCMs or by applying EFCMs to special second-order differential equations.

3.3.1 Connections with HBVMs and Gauss Methods

Hamiltonian Boundary Value methods (HBVMs) are an interesting class of integra-
tors, which exactly preserve the energy of polynomial Hamiltonian systems (see, e.g.
[6-8]). We first consider the connection between EFCMs and HBVMs.

It can be observed that from (3.15) that when A — 0, I;(V) and I; ., (V) in (3.16)

become
- I 1, j=0,
IJZIJ(O)I/ PJ‘(Z)dZ:
0 0

]21’

k]

and |
[ i =1;(0) =/ Pj(ciz)dz.
0

This can be summed up in the following result.

Theorem 3.2 When A — 0, the EFCM(k,n) defined by (3.16) reduces to

k n—1
vi=uotcih 3 bi( D G Piten)gerh v, i = 1,2, k,
I1=1 j=0

. (3.17)

v(h) =ug+hY_ big(ch, v,
=1

which can be rewritten as a k-stage Runge—Kutta method with the following Butcher
tableau

C1
- n—1 o~ oo~
A= Gipi = (b X Piley) ;" Pi(o)de)
=0 kxk

Ck

b . by
(3.18)
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This method is exactly the Hamiltonian Boundary Value Method HBVM(k,n) by using
the discretisation researched in [6-8] for the first-order initial value problem

u'(t) = g(t, u(®)), u(0) = uy.

Furthermore, it follows from the property of HBVM(k,n) given in [8] that HB-
VM(k,k) reduces to a k-stage Gauss-Legendre collocation method when a Gaussian
distribution of the nodes (cq, ..., c;) is used. In view of this observation and as
a straightforward consequence of Theorem 3.2, we obtain a connection between
EFCMs and Gauss methods. This result is described below.

Theorem 3.3 Under the condition that ¢;, b; forl = 1,2, ..., k are chosen respec-
tively as the node points and the quadrature weights of a k-point Gauss—Legendre
quadrature over the interval [0, 1], then the EFCM(k,k) defined by (3.16) reduces to
the the corresponding k-stage Gauss method presented in [19] when A — 0.

3.3.2 Connection between EFCMs and Radau IIA Methods

Radau collocation methods are well known (see e.g. [20]). The following theorem
states the connection between EFCMs and Radau ITA methods.

Theorem 3.4 Choose c¢;, b, forl = 1,2, ...,k respectively as the node points and
the weights of the Radau-right quadrature formula. Then the EFCM(k,k) defined by
(3.16) reduces to a k-stage Radau 1A method presented in [20] when A — 0.

Proof 1t follows from Theorem 3.2 that when A — 0, the EFCM(k,k) defined by
(3.1 6) reduces to (3.17) with n = k. As is known, the shifted Legendre polynomials
{P;j}32, satisty the following integration formulae (see, e.g. [20])

x . 1~
/ Pooydi = £ P o) + 5 Poto),
0

/ Pos(0)dt = £ Py (6) — En Pt (), m = 1,2, . k=2,
0

/0 Per(dt = B Por () — &1 Pra (),

where

Em
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These formulae imply
S Py(t)dT ... [y Poi(n)dT\ [ biPylcr) ... byPolcy)
ﬁ*ﬁiﬂdr“.ﬁ”ﬁ:ﬂﬂdt lnﬁiﬂqy.lkﬂiﬂq)
= WX, 0,
where the matrix W is defined by
wij=Pj_i(c;)), i,j=1,....k

and the matrices Xy, Q are determined by

=

=&
0

o

10— biPo(cr) ... byPolcy)

X; = , 0 : :

ko 0 —&_y biPe_i(c1) ... by Pe_y(cs)
-1 B

(3.19)

On noticing the fact that the Radau-right quadrature formula is of order 2k — 1,

we obtain that polynomials P (x)P (x) (m +n < 2k — 2) are integrated exactly by
this quadrature formula, i.e.,

k 1
Zbiﬁl(c,-)a(ci)zf Py (x) Py (x)dx = 8y,
i=1 0

which means W Q = I. Therefore,

A=wWx WL
(3.18) now becomes
1
A=WXW!
Ck
b . by

which is exactly the same as the scheme of Radau IIA method presented in [5] by
using the W-transformation. (]
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3.3.3 Connection between EFCMs and TFCMs

A novel type of trigonometric Fourier collocation methods (TFCMs) for second-
order oscillatory differential equations

")+ Mq@) = fq®), q0)=q0. q'(0)=q (3.20)

has been developed and researched in [40]. These methods can attain arbitrary al-
gebraic order in a very simple way. This is of importance for solving systems of
second-order oscillatory ODEs. This subsection is devoted to clarifying the connec-
tion between EFCMs and TFCMs.

We apply the TFCMs presented in [40] to (3.20) and denote the numerical solution
by (vy, ur)T. According to the analysis in [40], the numerical solution satisfies the
following differential equation

ur(§h)
k

(vT@h) ) _ -l R (3.21)
ur (§h) —MvrER) + 2 P®) 3 biPien for (eh) '
J= =

with the initial value
(VT (0)5 uT(O))T = (QOa q(/J)T

By appending the equation ¢’ = p, the system (3.20) can be written as

/
q(t) 0 —1><q(t)) < 0 ) (q(O)) <q()>
+ = , = . (322
(p(t)) (M o J\p0) =\ raan ) \poy)=\g) ©2?
We apply the EFCM(k,n) defined by (3.16) to the system of first-order differential
equations (3.22) and denote the corresponding numerical solution by (vg, ug)T. It

follows from the formulation of EFCMs presented in Sect. 3.2 that (vg, ug)T is the
solution of the system

/ 0
ve(§h) " O =1\ (veCER)\ _[n1 . &
ug(h) M 0 ug(Eh) ) — | X2 Pi(®) X biPj(c) f(ve(cih))
j=0 =1
] (3.23)
with the initial value

(ve(0), up(0))" = (g0, 4))7-
Clearly, the system (3.23) as well as the initial condition is exactly the same as

(3.21). Hence, we have the following theorem.

Theorem 3.5 The EFCM(k,n) defined by (3.16) reduces to a trigonometric Fouri-
er collocation method proposed in [40] when it is applied to solve the special



3.3 Connections with Some Existing Methods 67

first-order differential equations (3.22); namely, the second-order oscillatory dif-
ferential equations (3.20).

Remark 3.3 1t follows from Theorems 3.2, 3.3, 3.4 and 3.5 that EFCMs are an
effective extension of HBVMs, Gauss methods, Radau IIA methods and TFCMs.
Consequently, EFCMs can be regarded as a generalization of these existing methods
in the literature.

3.4 Properties of EFCMs

This section turns to analysing the properties of EFCMs, including their accuracy in
preserving the Hamiltonian energy and the quadratic invariants once the underlying
problem is a Hamiltonian system, their algebraic order and the convergence condition
for fixed-point iteration.

The following result is needed in our analysis, and its proof can be found in [8].

Lemma 3.1 Let f : [0,h] — RY have j continuous derivatives in the interval
[0, h]. Then, we obtain [} P;(z) f(th)dt = O(h).

As a consequence of this lemma, we have

1
ij(h,v) :/O P;(t)g(th, v(th))dt = O(h?).

3.4.1 The Hamiltonian Case

Consider the following initial-value Hamiltonian systems

u'(t) = JVHu()), u(0) = uy, (3.24)
for the Hamiltonian function H (x) and the skew-symmetric matrix J. Under the
condition that

JVHu(t)) =g, u(t)) — Au(t), (3.25)

the Hamiltonian system (3.24) is identical to first-order initial value problems of the
form (3.1). An important example (see, e.g. [14, 40]) is given by

1 1
H(p,q) = Epr + EqTMq +U(q),

where M is a symmetric and positive semi-definite matrix, and U is a smooth potential
with moderately bounded derivatives. This kind of Hamiltonian system frequently
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arises in applied mathematics, molecular biology, electronics, chemistry, astronomy,
classical mechanics and quantum physics, and can be expressed by the following
differential equation:

(1) + (0 3) ()= (o)

which is exactly a first-order differential system of the form (3.1).
In what follows, we are concerned with the order of preservation for the Hamilto-
nian energy when EFCMs are applied to solve the Hamiltonian system (3.24)—(3.25).

Theorem 3.6 Let the quadrature formula in (3.16) be exact for polynomials of de-
gree up to m — 1. Then, when EFCM(k,n) is applied to the Hamiltonian system
(3.24)-(3.25), we have

HWh) = Huo) + CWYY with r = min{m, 2n}.
Proof Tt follows from (3.13) and (3.25) that

1
H(v(h)) — H(uo) = h/O VH@(ER) TV (Eh)dE

1 n—1 k
=i [ V0@ P Y brPy st viem) - Avie) e
j=0 =1

n—

1 k
=1 [ (stoem) = aviem) s (30 Pi€) Yo by starh, via) — Avieh) )ds
0

j= I=1

1
=i [ (e - aviem) s (soem) - avien)
0

n—1 k

+ D0 P© Y biPi(egleh, viah) - g(v(h)) )de
j=0 =1
1
=i [ (st — avem) s (s - avien )az
0
1 n—1 k
+h /0 (s — avem) (32 &) Y biPi(@glerh, vieih) — g(v(Eh) )ds.
j=0 I=1

Since J is skew-symmetric, we have

/0 (s0€n) — Aviem) I (g0Em) — Avie)ds =0,

Hence,
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H((h) = H (o)
1 n—1 k
= h /O VHEED (Y P©) Y. biPyengleh. vieh) — g(v(Eh)) )ds

j=0 =1

1 n—1 k +00
=h /O VHEEN (Y P Y biPi(egleh, vam) = Y P ©x;h.v) )d

j=0 =1 Jj=0

1 n—1 +00
- h/o VHEEN (Y Pi©)4;00) + Y. Pi©)x;(h.v) )ds
Jj=0 Jj=n

n—1

1 +00 L1
- —hZ/O VH(v(sh))TP,(g)dgA,«(h,v)—hZ/O VHER) Py (&)dex;(h, v).
j=0 j=n

From Lemma 3.1, we have

n—1 00
H(w(h) — H(uo) = —h Y O x "Iy =1y 6(h! x i) = o) + o™ ),
j=0 j=n
which shows the result of the theorem. O

3.4.2 The Quadratic Invariants

Quadratic invariants appear often in applications and we thus pay attention to the
quadratic invariants of (3.1) in this subsection. Consider the following quadratic
function

Q) =u"Cu

with a symmetric square matrix C. It is an invariant of (3.1) provided u7C (g(¢, u) —
Au) = 0 holds.

Theorem 3.7 Let the quadrature formula in (3.16) be exact for polynomials of de-
gree up tom — 1. Then

QW (h)) = Q(ug) + Oh'™") with r = min{m, 2n}.
Proof 1t follows from the definition of quadratic function Q that
Q(h) — Q(uo)

1 ld h 1
_ / dQv(E)) = / %d&ezh / VTERCY (Eh)dE
0 0 & 0

1 n—1 k
= 2h /0 vTEmC( D2 Pi©) 3 biPi(engleh, vieh) — Av(Eh) )dg

j=0 =1
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1
s /0 VTEMC (2(Eh. v(ER) — Av(En)

n—1 k
+ 3P Y biPy(englerh, vieh) — g(&h, v(ER)) )dé.
j=0 =1

Since uTC(g(t, u) — Au) = 0, we obtain
Q(v(h)) — Q(ug)
1 n—1 k
= 2h fo TEMC( Y Pi&) Y biP(englah, vieh) — g(Eh, vEh) )ds
j=0 =1

n—1

1 +00
—2h /0 TEMC( Y Pi©) A v) + Y Pie)iih, v))dg
j=0 j=n

n—1

1 ~+00 1
—2h Z/O vI(ER) P (E)dECA;(h, v) —2h Z/O vI(ER)P;(£)dECKj(h,v)
j=0 j=n

n—1 00
— 203" O x i) =20 Y O x h) = W) + O(RH,
=0

J=n

which proves the theorem. (]

3.4.3 Algebraic Order

Given the importance of different qualitative features, a discussion of the qualitative
theory of the underlying ODE:s is required. Therefore, in this subsection, we analyse
the algebraic order of EFCMs in preserving the accuracy of the solution u(¢).

To express the dependence of the solutions of

u' (1) = g(t, u(r)) — Au(t)

on the initial values, we denote by u (-, 7, i) the solution satisfying the initial condition
u(f,t, i) = i for any given f € [0, 1] and set

_u(s, @)

D(s, f, i) o7
i

(3.26)

Recalling the elementary theory of ordinary differential equations, we have the fol-
lowing standard result (see, e.g. [21])
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3 . .
—; =—d(s,t,u)(g(t, u) — Au). 3.27)

The following theorem states the result on the algebraic order of the novel EFCMs.

Theorem 3.8 Let the quadrature formula in (3.16) be exact for polynomials of de-
gree up to m — 1. We then have

u(h) —v(h) = O with r = min{m, 2n},
for the EFCM(k,n) defined by (3.16).
Proof Tt follows from Lemma 3.1, (3.26) and (3.27) that
h
u(h) = v(h) = u(h, 0, uo) — u(h, h. v(h)) = —/ dufh, T, v(@) |
0

dt
_ h 3u(h, T, v(r)) 3u(h, T, v(r))
- _/0 [ o + dii

v/(r)]dt

1
- hfo o (h. £h, v(sh))[g(gh, v(E)) — Av(Eh) — v’(gh)]ds

+o00

= h/O @ (h, &h, v(Eh) [ZP,(E)K,(h v) — Av(Eh)

j=0

n—1

- ZP,(&)szP,(cz)g(cm V(Czh))-f-Av(Sh)] £
Jj=0 =1
n—1 k

1
=h /0 ®(h, £h, v(ER) [ZP,@)K,(I« v) = > P& ) biPi(cr)gcih, V(Czh))] 3
j=0 =1

n—1

:h/o @ (h, £h, v(ER) [ZP Ewej(hov) + > B )4, v)] £
j=n Jj=0
n—1

= hZ/ (h, &R, v(ER)) P (€)dEKj (h, v)+hZ/ (h, &R, v(ER)) P (£)dEAj(h, V)

j=n

= h(z O x by + Z G x k" f)) Oh Yy + o
j=n
— ﬁ(hmm{m,Zn}-%—l).

The proof is complete. O

Remark 3.4 This result means that choosing a suitable quadrature formula as well
as a suitable value of n in (3.16) can yield an EFCM of arbitrarily high order. This
manipulation is very simple and convenient, and it opens up a new possibility of
constructing higher—order EFCMs in a simple and routine manner.
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Remark 3.5 1t is well known that rth-order numerical methods can preserve the
Hamiltonian energy or a quadratic invariant with at least rth degree of accuracy, but
unfortunately it follows from the analysis of Sects.3.4.1 and 3.4.2 that our methods
preserve the Hamiltonian energy and quadratic invariants with only rth degree of
accuracy.

3.4.4 Convergence Condition of the Fixed-Point Iteration

It is worth noting that usually the EFCM(k,n) defined by (3.16) constitutes a system
of implicit equations for the determination of v;, and an iterative computation is
required. In this chapter, we only consider using fixed-point iteration in practical
computation. Other iteration methods such as waveform relaxation methods, Krylov
subspace methods and preconditioning can be analysed in a similar way. We present
the following result for the convergence of fixed-point iteration for the EFCM(k,n)
defined by (3.16).

Theorem 3.9 Assume that g satisfies a Lipschitz condition in the variable u, i.e.
there exists a constant L with the property:

g, ur) — gt ua)ll = L lluy — uzll.

If
I
0<h , 328
ST TR o 528
L= ) max el
w i,j=1,k |

then, the fixed-point iteration for the EFCM(k,n) (3.16) is convergent. Here, C and
w are positive constants independent of A. For a quadrature formula, generally
speaking, not all of the node points c; fori = 1,2, ...,k are equal to zero, and this

.....

Proof Following Definition 3.1, the first formula of (3.16) can be rewritten as
0 =eVug+hA(V)g(ch, Q), (3.29)

where ¢ = (ci,¢2,...,¢)T, QO = (vi,va,...,v)T, A(V) = (a;;(V))kxk and
a;j(V) are defined as

n—1
aj(V) = cib; » 1o, (V)Pi(c)).

=0

It follows from (3.10) that |f’j| < /2j + 1. We then obtain
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n—1 1
laij (V)| < eilb;1 Y V20 + 1/ 1Pici2)] eV | dz
=0 0

n—1 1
<cilb;l Y @+ 1)/ le=1=247 ] dz.
1=0 0

Furthermore, we deduce that

n—1

1
lai; (V]| < eilbjl Y21+ DC / ¢*dz = CeilbjIr’(e” — D)/,
0

1=0

which yields
Cri(e” — 1)
AW <« ———— max c;lbjl.
w i,j=1,-,k

Let

ox) =e Vug+hAV)g(ch, x).
‘We then have

lex) — Wl = 1RA(V)g(ch, x) — RA(V)g(ch, )| < AL JA(V) | lx — yl
LCr2(e‘” -1

w i,j=1,..., k

<h

This shows that ¢(x) is a contraction under the assumption (3.28). The well-
known Contraction Mapping Theorem then ensures the convergence of fixed-point
iteration. ]

In what follows, we discuss the convergence of fixed-point iteration for the HB-
VM(k,n) (3.17) for solving (3.1). When the HBVM(k,n) (3.17) is applied to solve

u'(r) = g(t, u(r)) — Au(t), u(0) = uo,

the scheme of HBVM(k,n) becomes

k n—1
v =uo+cih Y bi( D2 T Pyten) (glehyv) = Av, i = 1,2, k,
=1 j=0
k
v(h) = uo+h Y bi(g(cih, vi) — Avy).
=1

(3.30)

The first formula of (3.30) is also implicit and it requires iterative computation as
well. Under the assumption that g satisfies a Lipschitz condition in the variable u, in
order to analyse the convergence of fixed-point iteration for the formula (3.30), we
denote the iterative function by
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¥ () = up +hA(g(ch, x) — Ax),
~ n_l ~ —~~
where A = (a,-j)kxk and aij = C,'bj Z ]1,61’ P](Cj).
=0
We then have

1) = ¥l = |hAg(ch, x) = Ax) = hA(g(ch, ) = Ay)|

< e | A| e =yl +n | A| nanix - i

which means that if

0<h

then, fixed-point iteration for HBVM(k,n) is convergent.

Remark 3.6 1t is very clear that the convergence of HBVM(k,n) when applied to
u'(t) = g(u(t)) — Au(t) depends on || A||, and the larger || A| becomes, the smaller
the stepsize required. Whereas, it is of prime importance to note that from (3.28), the
convergence of EFCM(k,n) is completely independent of || A||. This fact implies that
EFCMs have better convergence behaviour than HBVMs, especially when ||A]| is
large, such as when the problem (3.1) is a stiff system. This point will be numerically
demonstrated by the experiments carried out in next section. We also note that an
efficient implementation of HBVMs has been considered in [7], and this technique
is suitable for stiff first—order and second—order problems.

3.5 A Practical EFCM and Numerical Experiments

As anillustrative example of EFCMs, we choose the 2-point Gauss—Legendre quadra-
ture as the quadrature formula in (3.16), that is exact for all polynomials of degree
< 3. This means that k = 2 in the k-point Gauss—Legendre quadrature, and this case

3-V3 3+4/3
Cc] = 6 , Cyp = 6 5

by =

1 1 :
b L L (3.31)
2 2

We next choose n = 2 in (3.16) and denote the corresponding exponential Fourier
collocation method as EFCM(2,2). After some calculations, this method can be
expressed as
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h
v = go(=e1Vuo + ¢ (Vo1 (—er1V) + B = 2VB)pa(—cr V) (i v)

3 —-24J3
3-243,

%

(e1=c1V) = @2(=c1V))g(esh. va),

3+2\/§h
6

h
+ 2 (= VB (—eV) + G+ 2VB)pa(—eV) )g(cahva),

h
v(h) = go(= Vo + 3 (14 V391 (=V) = 2V3a(=V) ) g(erh )

V2 = @o(—c2V)ug + (wn (=cV) — wz(—CzV))g(CIh, Vi)

(3.32)

h
+5(0 = VDY) +2V30s(=1) )glesh, v,

When A — 0, the method EFCM(2,2) reduces to HBVM(2,2) given in [8], which
coincides with the two-stage Gauss method given in [19]. Various examples of E-
FCMs can be obtained by choosing different quadrature formula and different values
of n, and we do not expand on this point in this chapter for brevity.

In order to show the efficiency and robustness of the fourth order method E-
FCM(2,2), the integrators we select for comparison are also of order four, and we
denote them as follows:

e EFCM(2,2): the EFCM(2,2) method of order four derived in this section;

e HBVM(2,2): the Hamiltonian Boundary Value Method of order four in [8] which
coincides with the two-stage Gauss method in [19];

e EPCMS5s4: the fourth-order energy-preserving collocation method (the case s = 2)
in [17] with the integrals approximated by the Lobatto quadrature of order eight,
which is precisely the “extended Labatto IIIA method of order four” in [29];

e EERKSs4: the explicit five-stage exponential Runge—Kutta method of order four
derived in [25].

It is noted that the first three methods are implicit and we use one fixed-point
iteration in practical computations for showing the work precision diagram (the global
error versus the execution time) as well as energy conservation for a Hamiltonian
system. For each problem, we also present the requisite total numbers of iterations for
implicit methods when choosing different error tolerances in the fixed-point iteration.

In all the numerical experiments, the matrix exponential is calculated by the
algorithm given in [1].

Problem 1 We first consider the Hénon-Heiles Model which is created for describ-
ing stellar motion (see, e.g. [9, 19]). The Hamiltonian function of the system is
given by

1 1 1
H(p,q) = 5(19? + p3) + E(qf +43) + 41> — 56123-
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Problem 1: the work-precision diagram Problem 1: energy conservation
0

log, ,(GEH)
&

| KEFCM(2,2) _4 SK-EFCM(2,2)
<}HBVM(2,2) <}FHBVM(2,2)
$EPCM5s4 $>EPCMS5s4
" £ EERK5s4 _5 £} EERK5s4
] -0.5 0 05
log ; 0(CPU time) 0 ! 0t00 2000

® (i)
Fig. 3.1 Results for Problem 1. i: The log-log plot of the maximum global error (G E) over the

integration interval against the execution time. ii: The logarithm of the global error of Hamiltonian
GEH = |H, — Hy| against ¢

This is identical to the following first-order differential equations:

/

q1 00-1 0 q1 0
q> + 00 0 —1 q> _ 0
P1 100 O Pi B —26]1(]2
P2 010 0/ \p —4i + 43

The initial values are chosen as

11 1
(910). 22(0). p1(0), p2(0)" = (\/% 0,0, Z)T.

It is noted that we use the result of the standard ODE45 in MATLAB as the true
solution for this problem and the next problem. We first solve the problem on the
interval [0, 1000] with different stepsizes h = 1 /2 for i = 2,3,4,5. The work-
precision diagram is presented in Fig. 3.1i. Then, we integrate this problem with the
stepsize 1 = 1.5 on the interval [0, 3000]. See Fig. 3.1ii for the energy conservation
for different methods. We also solve the problem on [0, 10] with 2 = 0.01 by the
three implicit methods and display the total numbers of iterations in Table3.1 for
different error tolerances (tol) chosen in the fixed-point iteration.

Problem 2 The Fermi—Pasta—Ulam problem is an important model for simulations
in statistical mechanics which is consideredin [14, 18, 19, 43, 47]. Itis a Hamiltonian
system with the Hamiltonian
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Table 3.1 Results for Problem 1. The total numbers of iterations for different error tolerances (tol)

Methods tol =1.0e — 006 |tol =1.0e — 008 | tol =1.0e — 010 |tol = 1.0e — 012
EFCM(2,2) 2000 2000 2000 3000
HBVM(2,2) 2000 3000 3769 4000
EPCM5s4 2000 3000 4000 4999

C02

1 2m m 1
H(x,y):zzgyiz—l— ;xi+i+z[(xl—xm+l)4
i= i=

2

m—1
+ Y it = Xmiot — X — Xg)* + o + sz)4]-
i=1

This leads to

X ' 02m><2m _IZm X 0
= s t €0, tendl,
(y) +< M ozmxzm)(y> (—VU(x>> [0, Zena]

where

(3.33)

0 0
M — mxXm mxm ,
(Omxm wzlmxm )

1 m—1
Ux) = Z[(Xl — XD+ Y (it = Xmpio1 — X — Xmy)* + G +X2m)4]-

i=l1

We choose
1
m=3, =750, x1(0) =1, y1(0) =1, x4(0) = —, y4(0) =1,
w

and choose zero for the remaining initial values. The system is integrated on the
interval [0, 10] with the stepsizes h = 1/2", k = 3,4,5,6. We plot the work-
precision diagram in Fig. 3.2i. Then, we solve this problem on the interval [0, 1000]
with the stepsize 1 = 1/10 and present the energy conservation in Fig. 3.2ii. Here, it is
noted that we do not plot some points in Fig. 3.2 when the errors of the corresponding
numerical results are too large. Similar situations occur in the next two problems.
Furthermore, we solve the problem on [0, 10] with 7 = 0.01 to show the convergence
rate of iterations for the three implicit methods. Table 3.2 lists the total numbers of
iterations for different error tolerances.

Problem 3 Consider the semilinear parabolic problem (this problem has been con-
sidered in [25])
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Problem 2: the work—precision diagram Problem 2: energy conservation
0 0

SK-EFCM(2,2)
=< 05 <}HBVM(2,2)
1 & EPCM5s4
-1 +EERK5s4
o -2 T -15
Q)
% S
o e
e -3 8 25
SK-EFCM(2,2)
4t |<FHBYM(2,2) -3
) EPCMS5s4 _35
; -+ EERK5s4
15 2 25 3 -4 : ‘
l0g,,(CPU tie) 0 500 1000

(i) (i)
Fig. 3.2 Results for Problem 2. i: The log-log plot of the maximum global error (G E) over the

integration interval against the execution time. ii: The logarithm of the global error of Hamiltonian
GEH = |H, — Hy| against ¢

Table 3.2 Results for Problem 2. The total numbers of iterations for different error tolerances (tol)

Methods tol = 1.0e — 006 |tol = 1.0e — 008 | tol = 1.0e — 010 |tol = 1.0e — 012
EFCM(2,2) 2000 2080 2998 3027
HBVM(2,2) 6801 9291 10980 13912
EPCM5s4 9937 11925 14844 16945

au 3%u

—x, ) =—x, ) + ——— =+ D(x,t

Bt( ) 8x2( ) 14 u(x, 1)? (x, 1)

forx € [0, 1]and ¢ € [0, 1], subject to homogeneous Dirichlet boundary conditions.
The source function @ (x, ) is chosen in such a way that the exact solution of the
problem is u(x, t) = x(1 — x)e'.

We discretise this problem in space by using second-order symmetric differences
with 1000 grid points. The problem is solved on the interval [0, 1] with different
stepsizes h = 1/2% fori = 2, 3,4, 5. The work-precision diagram is presented in
Fig.3.3. Then, the problem is solved on [0, 1] with & = % to show the convergence
rate of iterations. See Table 3.3 for the total numbers of iterations for different error
tolerances.

Problem 4 Consider a stiff partial differential equation: the Allen—Cahn equation.
The Allen—Cahn equation (see, e.g. [15, 32]) is a reaction-diffusion equation of
mathematical physics, given by
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Problem 3: the work—precision diagram

0 % EFCM(2,2)
<}HBVM(2,2)
$>EPCM5s4
£} EERK5s4

Y

-2

-3

Iogm(GE)

-4

-5

17 18 19 2 21
Iogm(CPU time)

Fig. 3.3 Results for Problem3. The /og-log plot of the maximum global error (GE) over the
integration interval against the execution time

Table 3.3 Results for Problem 3. The total numbers of iterations for different error tolerances (tol)

Methods tol =1.0e — 006 |tol =1.0e — 008 | tol =1.0e — 010 |tol = 1.0e — 012
EFCM(2,2) 40 50 60 73
HBVM(2,2) 86 86 86 86
EPCM5s4 87 87 87 87

U — EUyy = U —u3, x e[—1,1],
with ¢ = 0.01 and initial conditions
u(x,0) =0.53x +0.47sin(—1.57x), u(—1,t) =—1, u(l,t) =1.

We use a 30-point Chebyshev spectral method which yields a system of ordinary
differential equations
U — AU =U - U°.

We apply the MATLAB function cheb from [38] for the grid generation and obtain the

differentiation matrix A. It is noted that the differentiation matrix A in this example
is full.

We first solve this problem on the interval [0, 70] with different stepsizes h =
11%1 ﬁ, ﬁ. The time-evolution of the Allen-Cahn equation for different methods
is presented in Figs. 3.4 and 3.5. It is noted that the numerical results of HBVM(2,2)
and EPCM5s4 are too large for some stepsizes and thus there is no graph for this

case, which means that these methods cannot provide a satisfactory simulation for
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EFCM(2.2) with h=1/100

EFCM(2.2) with h=1/200

40
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EFCM(2.2) with h=1/500

0
2
t 04 X
EPCM3s4 with h=1/100 EPCM3s4 with h=1/200 EPCM3s4 with h=1/500
1 1
0 0
Al . -1
60 ‘ 60 1
40 'ﬂ 0 .U
20 20
t X t 04 X
Fig. 3.4 Time evolution for Allen-Cahn equation. The x axis runs from x = —1 to x = 1 and the

t-axis runs fromt = 0tot = 70

Table 3.4 Results for Problem 4. The total numbers of iterations for different error tolerances (tol)

Methods tol = 1.0e — 006 |tol = 1.0e — 008 |tol = 1.0e — 010 |tol = 1.0e — 012
EFCM(2,2) 400 435 608 800

HBVM(2,2) 526 793 1095 1644

EPCM5s4 886 1449 2826 4346

this problem. It can be observed from Fig.3.5 that EERKS5s4 does not produce a
satisfactory approximation uniformly, and when the stepsize is decreased, it gives
a good approximation. However, our method EFCM(2,2) produces a consistently
good approximation no matter which stepsize is chosen. Then, the problem is solved
in [0, 100] with 2 = 0. 16/2i fori =0, ..., 3. For this problem, we use the result of
the standard ODE15s in MATLAB as the true solution. The work-precision diagram
is presented in Fig. 3.6. Finally, we solve the problem on [0, 1] with & = 51~ to show

200

the convergence rate of iterations. See Table 3.4 for the total numbers of iterations
for different error tolerances.
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HBVM(2:2) with h=11100 HBVM(2:2) with h=1/200 HBVM(2.2) ith h=1500

1
0.
1k ;
I vl
40 'c,
0
to0q4

EERKSs4 with h=1/100 EERKSs4 with h=1/200 EERKSs4 with h=1/500

Fig. 3.5 Time evolution for Allen-Cahn equation. The x axis runs from x = —1 to x = 1 and the
t-axis runs from ¢t = 0 to t = 70

Problem 4: the work-precision diagram

494 EFCM(2,2)
<}HBVM(2,2)
-4.95 &-EPCM5s4
HEERK5s4
o -4.96
1)
=4
8 497
F—k—*
-4.98
4%, -0.5
Iogm(CPU time)

Fig. 3.6 Results for Problem 4. The log-log plot of the global error (G E) over the integration
interval against the execution time
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It can be clearly observed from the results that the novel method EFCM(2,2)
provides a considerably more accurate numerical solution than other methods and p-
reserves well the Hamiltonian energy when solving Hamiltonian systems. Moreover,
our method EFCM(2,2) requires less fixed-point iterations than both HBVM(2,2) and
EPCM5s4, which is important in long-term computations.

Problem 4 is an important example of the numerical solution of stiff PDEs, which
shows that implicit exponential-type integrators are worth studying further.

3.6 Conclusions and Discussions

In this chapter, we formulated and analysed the novel methods EFCMs for solving
systems of first-order differential equations. The novel EFCMs are an efficient class
of exponential integrators, and their construction takes full advantage of the variation-
of-constants formula, local Fourier expansion and collocation. We discussed the con-
nections with HBVMs, Gauss methods, Radau IIA methods and TFCMs. It turns out
that the first three traditional methods can be obtained by letting A — 0 in the corre-
sponding EFCMs, and applying EFCMs to the second-order oscillatory differential
equation (3.20) yields TFCMs. The properties of EFCMs were also analysed, and it
was shown that the new EFCMs can reach arbitrarily high order in a very convenient
and simple way. Practical versions of EFCMs were constructed in this chapter. The
numerical experiments were carried out and the results affirmatively demonstrate
that the novel EFCMs have excellent numerical behaviour in comparison with some
existing effective methods in the scientific literature.

Undoubtedly, this is a preliminary research on EFCMs for first-order ordinary
differential equations and there are still some issues which could be further consid-
ered:

e The error bounds and convergence properties of EFCMs for linear and semilinear
problems should be further discussed.

e For the EFCM(k,n) defined by (3.16), it is assumed that £ > 7 in this chapter.
EFCMs with k£ < n can be discussed, and this case maybe not affect the compu-
tational cost associated with the implementation of the methods for some special
systems. Some simplifications may be made.

e We only consider fixed-point iteration for the EFCMs in this chapter. Other iter-
ation methods such as waveform relaxation methods, Krylov subspace methods
and preconditioning, as well as their actual implementation for EFCMs, can be
analysed.

e The shifted Legendre polynomials are chosen as an orthonormal basis to give
the Fourier expansion of the function g (¢, u(¢)). It can be observed that a different
choice of orthonormal basis would modify the arguments presented in this chapter.
The numerical methods, as well as the corresponding analysis are then modified
accordingly. Different choices of the orthonormal basis may be considered.
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e Another issue for future exploration is the application of this methodology to other
differential equations such as Schrodinger equations and other stiff PDEs.

Symplecticity is an important property, once the underlying system is a Hamil-
tonian system. Symplectic exponential Runge—Kutta methods for solving nonlinear
Hamiltonian systems will be considered in next chapter.

The material of this chapter is based on the work by Wang et al. [45].
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Chapter 4 ®)
Symplectic Exponential Runge—Kutta e
Methods for Solving Nonlinear

Hamiltonian Systems

Symplecticity is an important property for exponential Runge—Kutta (ERK) methods
when the underlying problem y’(t) = My(t) + f(y(t)) is a Hamiltonian system.
The main theme of this chapter is to present symplectic exponential Runge—Kutta
methods. Using the fundamental analysis of geometric integrators, we first derive
and analyse the symplectic conditions for ERK methods. These conditions reduce to
the conventional ones when M — 0. Furthermore, revised stiff order conditions are
proposed and investigated in detail. This chapter is also accompanied by numerical
results that demonstrate the potential of the symplectic ERK methods.

4.1 Introduction

The purpose of this chapter is to explore the efficient computation of initial value
problems expressed in the autonomous form

Yy (t)=My@)+ f(y(®), teln Tl

4.1

y(to) = Yo, @D
where the matrix (— M) is symmetric positive definite or skew-Hermitian with eigen-
values of large modulus. Problems of the form (4.1) arise in a wide range of practical
problems, such as fluid mechanics, quantum mechanics, electrodynamics, optics, and
water waves. Among them, one typical problem originating from the mixed initial-
boundary value problems of evolution PDEs, can be written in an abstract form as
follows:

du(x,t
(Bt ) =Zu+ Nw), xeD,teltT],
B)u(x,1) =0, xedD, t> i, “4.2)
u(x,0)=g(), xeD,
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where D is a spatial domain with boundary 8D in R, . and .4 represent respec-
tively linear and nonlinear operators, and B(x) denotes the boundary operator. Under
appropriate discretisation by finite difference approximations, spectral methods or
finite elements methods, the problem (4.2) can be converted into (4.1). Stiff problems
also yield examples of this type.

It is always challenging to effectively solve the problem (4.1) numerically, since
the stiffness occurs due to the linear term My. In light of this point, exponential
Runge—Kutta (ERK) methods were proposed for solving this type of problems instead
of classical Runge—Kutta (RK) methods. ERK methods have been studied by many
authors (see, e.g. [1, 2, 5, 6, 10-13, 15, 17, 18, 20]), and detailed analysis such
as the convergence and the construction of these methods can be found therein. It
is noted that the extended Runge—Kutta—Nystrom (ERKN) methods (see, e.g. [29—
32]) can also be classified into the category of exponential integrators, since they
are especially designed for efficiently solving second order oscillatory or highly
oscillatory problems.

It is well known that both stiff problems and Hamiltonian systems are of prime
importance in applications. Much effort has been made in developing a wide variety
of approaches to solving each of them. However, it is very clear that problem (4.1)
can become identical to a Hamiltonian system if

fy@) =J""VU(@)

and
M=17"0Q,

01
7=(%0)

where U (y) is a smooth potential function, Q is a symmetric matrix, and [ is the
identity matrix. This observation motivates the main theme in this chapter, because
(4.1) may be a Hamiltonian system. As is known, in the case of Hamiltonian system:s,
symplectic ERK methods are strongly recommended to preserve the symplecticity
of the original problem, since symplectic methods provide long time energy preser-
vation and stability, based on backward error analysis for symplectic methods when
applied to Hamiltonian systems [7, 8]. On account of this point, we make a fur-
ther study on symplectic conditions for ERK methods. Moreover, using the obtained
symplectic conditions, we also derive and analyse a class of ERK methods with the
important structure-preserving property.

We also note that an important issue for the study of ERK methods is the so-
called stiff order. Unfortunately, however, as claimed by Berland et al. in [1], the stiff
order conditions are rather restrictive in practice, e.g., the fifth-order ERK method
recently constructed by Luan and Ostermann [20] has eight stages provided the full
stiff order conditions are considered. Therefore, in this chapter, we deal with the stiff

for the skew-symmetric matrix
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order conditions in a weak form, under which the revised stiff order conditions can
be naturally derived from the classical (nonstiff) ones. This process is reasonable
based on the fact that no order reduction has been observed, as shown in [15], where
ERK methods only need classical (nonstiff) order.

The plan of this chapter is as follows. In Sect. 4.2, we investigate and present suffi-
cient conditions for symplectic ERK methods. In Sect. 4.3, the revised stiff order con-
ditions are investigated and a class of special and important ERK methods are con-
sidered, which share the same structure-preserving property as their corresponding
RK methods (those corresponding to the underlying ERK methods when M — 0).
Section4.4 is concerned with numerical results to illustrate the efficiency of the sym-
plectic ERK methods. The last section is concerned with conclusions and discussions.

4.2 Symplectic Conditions for ERK Methods

In the study of structure-preserving algorithms, it is an important principle that the
construction of numerical schemes for the initial value problem (4.1) should incor-
porate the structure of the original continuous system in an appropriate way. Taking
this point into account, instead of (4.1), we directly consider the following variation-
of-constants formula (or the Volterra integral equation) corresponding to (4.1):

y(t) = e "My, 4 / e"OM £ (y(&))dE. (4.3)

fo

It follows from (4.3) that, for any ¢, u, h € R with ¢, t + wh € [y, T'], the solution
to (4.1) satisfies the following integral equation:

m
Yot k) =My [ I f bz @)
0

which clearly shows the structure of the internal stages and update of an RK-type
integrator for solving (4.1). In fact, the case of 0 < p < 11in (4.4) gives the structure
of the internal stages, and u = 1 in (4.4) presents the structure of the updates of ERK
methods. The integral in (4.4) will be approximated by a suitable quadrature formula
once the numerical simulation is required for the underlying problem. From this point
of view, therefore, ERK methods are generated quite naturally and fundamentally.

It is now easy to formulate ERK methods from the integral equation (4.4). An
s-stage ERK method, especially for the stiff problem (4.1), can be written as (see,
e.g. [12])

Y = "™y + Za,-j(hM)f(Yj), i=1,...,s,
- (4.5)
yi=e"Myo+h Y bi(hM)f(Yy),

i=1
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where a;;(hM) and b; (hM) are matrix-valued functions of 2 M. It is worth mention-
ing that an ERK method (4.5) reduces to a classical RK method if M — 0. In this
sense, the latter is called the RK method corresponding to the ERK method (4.5) in
this chapter.

It is very clear that (4.1) becomes a Hamiltonian system if f(y(¢)) = J~'V
U(y(t)) and M = J~'Q, where U(y(t)) is a smooth potential function and Q is
a symmetric matrix. With this premise, in the remainder of this chapter we will
consider the following Hamiltonian system

V() =J'0y@) +J'VU (@), telt, T,

4.6

y(to) = Yo. 0
Hence, the existence of symplectic ERK methods is of great importance for (4.6), but
has not received much attention yet in the literature. Consequently, in what follows,
we will present and prove the symplectic conditions for ERK methods rigorously.
The construction of symplectic ERK methods for solving (4.6) will be analysed in
detail in the next section, which definitely confirms the existence of symplectic ERK
methods.

Theorem 4.1 If the coefficients of an s-stage ERK method satisfy the following
conditions:
blJSS; ' =58TSTIb=yJ, yeRji=1,..,s,

T I T —1= T ¢~ TQT 7/, . - (4.7)
b/ Jb; =b; JSS, aij+ajiSj STJb;, ih,j=1,...,s,

where S = " and S; = ¢“"™ fori =1, ..., s, then the ERK method is symplectic.
Here, y is an arbitrary real number (independent of i).

Proof We first denote
af (Yi) aY;
D; = X =

i dy ~ Ay

3 i

fori=1,...,s.If f = J7'VU(y), M = J~'Qin (4.1), then (4.1) is a Hamiltonian
system. Thus, M is the infinitesimal symplectic matrix. This leads to the symplecticity
of S and S; as they are exponential forms of AM for some A € R. Differentiating the
scheme (4.5) yields

3 L
X; =—=S,-—|—h2a,~ijX,~, 4.8)
Yo o ‘
fori =1,...,s,and
8y1 a -
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We then have

(%)Tj(g“yvé) STJS+hZ (biDiX;)T IS

+hZSTJbDX +h3( ZbDX ZbDX
i=l i=l

=J+h S biDiX;)TJS+h STJbD,X,+h2 (6 D;iX;)"J(b;D;X;). (4.10)
2 Z j)-

i=l i=1 j=1

Using Eq. (4.8), we obtain

s
(l;,'D,‘X,')TJSS;lx,' = (l;,'D,'X,*)TJS-I—hZ(l;,'D,‘X,')TJSSFIL_Z,'jD_,‘X_,‘, (411)
=
- — s -
(X,')TSi_TSTJb[D,'Xi =8TJb;D; X; +/’l2 (El,'ijXj)TSi_TST./b,'D,‘X,', (412)
j=1

which respectively give

s

(biDiX:)TJS = (i D X;)TJSS; Xy —h Y (b D Xi)TJSS; 'ai; D, X, (4.13)
j=1
- - S -
STJb;iD;iX; = (X))TS; TSTJb; D;X; — h Z (aijD; X ;)78 TSTJb; D X;. (4.14)

j=1
Substituting the new expressions of (l;i DiXi)T JSand STJb;D; X; in Egs.(4.13) and
(4.14) into (4.10) yields

AYIN\T  /dy1 s _ . - .
<%> J(%) =7 +h§<XiTDiniTJSSi Xi+X]S; TSTJbiDiXi>

s N s s
-y (XiTDiTl;iTJSSfléiijXj) -2y (X_}D_}aijjTSTJEiDixi)
i=1j=l i=1 j=1

s s s
+02 Y S XTDTBTIb; DX =T+ 0y XT(DJBT IS8T + 8 TSTIB D) X;
i=1 j=1 i=1

s N
+h2 Y XT DT (BT 7b; — BT IS8 aiy — al,S; ST B ) DX, (4.15)
i=1 j=I

Since f = J~!'VU(y) and D; =

, a direct calculation gives

af (Yi)
9

JD;i+DIJ =0, i=1,...,s,
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.. .97 . . .
on noticing that the Hessian 7 of U at Y; is symmetric fori = 1, ..., s. It then

follows from the conditions (4.7) that
0 d
(27 () =y,
Yo 9o
Therefore, the method with coefficients satisfying (4.7) is symplectic. (]

Remark 4.1 Here, Theorem 4.1 actually provides a class of sufficient conditions
for symplectic ERK methods. Moreover, it can be easily verified that the proposed
conditions will reduce to the classical symplectic conditions for RK methods when
M — 0. The details are analysed as follows. When M — 0, the matrices S = M
and S; = ¢“"™ fori = 1,...,s become identity matrices, and a;;, Ei fori,j =
1, ..., s are scalars (more precisely, they are products of the scalars and the identity
matrix). In this sense, the first equation of (4.7) holds automatically. The second one
is then identical to
l;,-EjJ = l;ié_lijJ +C_ljil;j.].

Hence o B B

which is exactly the classical symplectic conditions of RK methods [7, 8, 22].

4.3 Symplectic ERK Methods

The direct construction of symplectic ERK methods based on the order conditions
accompanying the symplectic conditions is always of high complexity. In spite of
this, we make an effort to find a class of ERK methods with the important structure-
preserving property. To achieve this goal, the “generalized Runge—Kutta methods”,
proposed in [17], are helpful and we are hopeful of obtaining some symplectic ERK
methods. We first introduce the following theorem, which can be found in [1, 17].

Theorem 4.2 Ifc = (ci,...,c)T, b= (by,...,bs)T and A = (a; j)sxs are coeffi-
cients of an s-stage RK method of order p, then the ERK method with the same nodes
¢, whose coefficients are defined by

Gij = a;je MM hy = e TOMM =1 s, (4.16)
is also of order p when applied to the stiff problem (4.1).

The mapping (4.16) actually gives an effective approach for constructing ERK
methods based on classical RK methods. It is rather attractive since RK methods have
already been well developed in the literature. It is noted that the order is obtained
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in the sense of the classical (nonstiff) order. However, we will show below that the
classical (nonstiff) order conditions are sufficient for the convergence order provided
a class of modified stiff order conditions is admitted.

As claimed by Berland et al. [1], the stiff order conditions are rather restrictive.
Here, we reconsider the stiff order conditions in a revised version, which does not
affect the convergence order of the ERK methods. In fact, the stiff order conditions
are derived from the estimation of the global error bound (see [10] for details). Using
the explicit form of (4.24) in [10], the expression of the global errors e, for ERK
methods (4.5) can be written as

ens1 =¢"™e, + h N (e,)en — W Ya(hM) f' (1)

— Y3 (RM) £ (1) = 1Y bi(hM) Ty i (hM) £ (1)

i=l

— W Yu(RM) £ (60) — h* Y " by (hM) Ju s i (hM) £ (1)
i—1 “4.17)

—h* Y b (hM)J, Y gy dura (hM) f (8)

i=1 j=1

3 B (MY Ko (hM) 1) + B,

i=l1

where J, and K, denote arbitrary square matrices, ¥; (A M) and v, ; (h M) are matrix-
valued functions of 4 M respectively defined by

s i—1
VM) = i (hM) = 3 By (4.18)
k=1 '
) s ijl
ViahM) = i (chM)c] = 3 aw(hM) (4.19)
J— :

k=1
and @ (z) is defined by

1 (1-6) 9/{71
_ 0 4o, k>1, 4.20
o (2) —/0 e *k— 1) = ( )

which has the recurrence relation

@o(z) = €. 4.21)

0 (2) — @i (0)
Yr+1(z) = —

By setting some terms in (4.17) as zero, the stiff order conditions can be derived
accordingly, just as the authors did in [10]. However, this results in restrictive
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algebraic conditions which are very difficult to satisfy in practice. Fortunately, a
careful observation from (4.17) can help us deal with the stiff order in a modified
version, in which the stiff order conditions are approximated satisfactorily by the
required order of the underlying integrator instead of the stiff order conditions. In
light of this approach, the revised stiff order conditions up to order four are obtained
and listed in Table 4.1. It is quite reasonable in applications to admit the new revised
stiff order conditions which can be thought of an extension of the conventional ones.
With the revised stiff order conditions, (4.17) can be simplified as

eni1 = e™Me, +hA (ep)e, + hsﬁn, (4.22)

which has no obvious reduction effect on the convergence order. This approach also
can be found in determining the order conditions for ERKN methods [30, 32].

The most important advantage of admitting the revised stiff order conditions is
that these conditions can be naturally deduced from the classical order conditions.
Here, we give an example to show how to achieve the fifth condition in Table 4.1,
based on the fourth (classical) order conditions. For convenience, we formally express
a;;(hM) and b; (hM) as

aij(hM) = Zag) S(hMY*, bi(hM) =Y BY (M) =1, s, (4.23)
k=0 k=0

. _(k . .
where the coefficients al.(j) and are real numbers. Moreover, it can be derived

from the recurrence relation (4.21) that

F()
bi

o (V) = —_— (4.24)
; (J+ k)

for any matrix V and k > 0. Hence, taking (4.19), (4.23) and (4.24) into account,
we have

24pu—v s
Zb (M) Iy, (hM) = Z ZZ (”)( i ay™ )~h“(M"J,lM“")4 (4.25)
k=1

1=0v=0i=1 C+p—w

The fifth condition Z‘;:O bi(hM)J, Yo (hM) = O (h?) in Table 4.1 then becomes
identical to

s

> b ( Z a}f)ck) =0, (4.26)

i=1
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Table 4.1 The revised stiff order conditions up to order four

No. Order Order conditions

Y1 (hM) = O(h*)

Y2 (hM) = 6(h%)

Yi(hM) = 6(h?)

Y3 (hM) = O(h?)

Y30 bi(hM) Jy 2 i (hM) = 6(h?)

Ya(hM) = 6(h)

>oii bi(hM)Jy 3 i (hM) = O (h)

Y1 bi(hM)Jy Y5y aij 2, j(RM) = 6 (h)
i1 bi(hM)c; K,y j(hM) = O(h)

Ol | Q||| =W —
B N N N VSR (SR SR

1 K} 3—v Kl
Z;)Z} (v)((;i_v)‘z =(1-v) ) z;b(o)( Zakack)
2
+b<‘>( i Zal(]?)ck) _ 4.27)

In can be easily verified that the two Eqs. (4.26) and (4.27) are satisfied, based on the
following conditions of order four [1, 10]:

Z b(O) 2 -, i i b(O)a(O)Ck Z b(O) 3

i=1 k=1

Y Hae = jz;;”g:%, 33 500 = L

i=1 k=1 i=1 i=1 k=1

The other conditions in Table 4.1 can be verified in a similar way and the details are
omitted here.

The discussions about the stiff order conditions is not pursued further here, since
we are mainly devoted to investigating the symplectic conditions for ERK meth-
ods, and developing symplectic ERK integrators in this chapter. In the sequel,
we will denote the coefficients of classical RK methods by ¢ = (cy,...,¢)T7,
b= (b1,...,b,)T and A = (a;;)s«s for convenience. The following theorem states
the main result of this chapter.

Theorem 4.3 If an s-stage RK method is symplectic, then the ERK method yielded
by (4.16) is also symplectic.
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Proof Inserting (4.16) into each term in (4.7) yields
I;LT‘]SSFI _ (bie(l—ci)hM)TJ(e(l—c,v)hM),
STTSTIb; = (e(l—C,')hM)TJ(bie(l—ci)hM)v
b Jbj = (bie! M) (pjel =M M), (4.28)
b JSS ai; + a;iS;TSTJEj = (i I=MMYT J (=DM (g, pCi—c )

+ (ajie(cj-fc,')hM)T(e(lfcj)hM)TJ(bje(lfc,-)hM).

Noting that the following identity holds
PTJP =1, (4.29)

provided P is symplectic, and that e#"™ is symplectic for any real 8 and infinitesimal
symplectic matrix M, it follows from (4.28) that
BIISST! = S;TSTIb; = by (e =MM)T g (=M = p, g,
EiTJI;j = (bie(l_ci)liM)TJ(bje(l_“-f)hM) =b;ib; (e_""hM)TJ(e_“-th) = biij(e("i_"")hM),
EiTJSSi_I&,-j + L_l;iSj_TST]Ej = (bia,‘j + bjaj,').](e(c"icj)hM),
(4.30)

which immediately leads to the satisfaction of the symplectic conditions (4.7) based
on those conditions for RK methods, i.e.,

b,’bj = b,‘d,’j + bjaj,-.
This completes the proof. O

Another interesting result about the “generalized Runge—Kutta methods” of [17]
is that if the corresponding RK method is symmetric, i.e., the coefficients of an
s-stage ERK method satisfy the following conditions

l—CS+1_i=Ci, i:l,...,S,
bi(hM) = "™by 1 _i(—=hM), i=1,...,s,
e=ent-dtMp _((=hM) = @;j(hM) + @gi1-i 51— (=hM), i,j=1,...,s,
(4.31)
then the ERK method yielded by (4.16) is symmetric as well. We refer the reader to
[3] for more details on this result.

Theorem 4.4 [fthe coefficients of an s-stage ERK method satisfy both the symplectic
conditions (4.7) and symmetric conditions (4.31), then the ERK method is symplectic
and symmetric.

Proof Under the assumptions of the theorem, the conclusion is quite clear. We there-
fore omit the details of the proof here. (]
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4.4 Numerical Experiments

In this section, we implement some numerical experiments to show the high accuracy
and good energy preservation of symplectic ERK methods stated in the previous
section. In our experiments, the corresponding RK methods are selected as follows:

e RK2: the implicit midpoint method of order two;
e RK4: the Legendre-Gauss collocation method of order four [8].

It should be noted here that both RK2 and RK4 are symplectic, and then ERK2 and
ERK4 obtained by the formula (4.16) share the same order as them by Theorem 4.2
and the same symplecticity as their corresponding RK methods by Theorem 4.3. Since
all these underlying methods are implicit, iterations are required in the implementa-
tion of these methods. The study of existence and uniqueness of numerical solutions
of ERK methods is entirely similar to that of implicit RK methods (see, e.g. [4, 16]),
and we shall therefore assume unique existence of solution in the remainder of this
chapter. As recommended by Hairer et al. (see VIIL.6 in [8]), fixed-point iteration is
used for the solution of the implicit RK methods, whereas the Newton iteration should
be considered for the two implicit ERK methods (see, e.g. [24, 27]). The iteration
will be stopped once the norm of the difference of two successive approximations is
smaller than 10'°, In all the experiments, the maximum norm is used for both the
global errors (GE) and the difference of two successive approximations during the
iterations. Throughout the numerical experiments, we point out that the matrix-valued
functions ¢y (V) (k > 0) are exactly evaluated. For larger problems, the Krylov sub-
space method is well known, and recommended in this case due to its fast conver-
gence. The details about Krylov subspace methods can be found in [9, 13].

As emphasised by the authors in [9, 12, 13], we are hopeful of showing higher
accuracy for the ERK methods than their corresponding RK methods in numerical
experiments, since they can exactly solve the homogeneous equation y'(f) = My,
and M always has eigenvalues of large modulus. Meanwhile, good energy preser-
vation is also expected due to the symplecticity of the underlying ERK methods.
Another point is that the convergence of iterations for the implicit ERK methods is
much better than that for the corresponding RK methods. The main reason is that
the occurrence of My in the RK methods when applied to system (4.1) will obvi-
ously decrease the convergence due to the large norm of M. Consequently, the faster
convergence for the ERK methods results in less consumed CPU time. On the basis
of the analysis stated above, we will focus on the previously mentioned advantages
of the symplectic ERK methods over their corresponding traditional symplectic RK
methods during our numerical experiments.

Problem 4.1 Consider the Duffing equation (see, e.g. [19])

§+w'q =kQ2q —q),
qg(0) =0, ¢0) =o,

with0 <k < w.
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Fig. 4.1 Results for Problem 4.1: the global errors with &~ = 1/40

Let p = ¢q’, 2= (p, ¢)7. Then the Duffing equation can be rewritten as

7)) =Mz+ f(2),

0 —w?
v=(17%):

f= (e -q.0)"

where

and

This is a Hamiltonian system with the Hamiltonian
1 1 k?
H(p.q) = —p* + -0 + — (g% — q%).
(p.q)=35p"+50°¢" + (" —q")

The analytic solution is given by
q(t) = sn(wt, k/w),

where sn is the Jacobian elliptic function.

This problem is solved on the interval [0, 100] with @ = 10, k = 0.03 and the
stepsize i = 1/40. The global errors for these methods are shown in Fig.4.1. It can
be observed from Fig.4.1 that these two ERK methods significantly display better
numerical behaviour in terms of accuracy than their corresponding RK methods.
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Fig. 4.2 Results for Problem 4.1: the energy preservation

Energy preservation behaviour is shown in Fig.4.2, from which it can be observed
that the obtained ERK methods show comparable energy preservation in compar-
ison with their corresponding RK methods. The CPU times (in seconds) are 0.52,
0.91, 3.26 and 3.34, respectively, for ERK2, ERK4, RK2 and RK4. This shows the
faster convergence and higher efficiency of ERK methods than the corresponding RK
methods. This also indicates the superiority of the two symplectic ERK methods.

Problem 4.2 Consider the Fermi—Pasta—Ulam problem (see, e.g. [8]) which is an
important nonlinear model for research on nonlinear dynamical systems in physics:

x"(@t) + Ax(t) = =V, U (x(1)), (4.32)
where
Ome 0mxm
A= <0m><m a)zlmxm) ’

m—1
1
Ulx) =7 ((x1 — )+ Y it = Xt — X — Xg)* 4 (o + x2m)4) .

i=1
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With y = x’, this problem can be expressed by the following Hamiltonian system:

Z(t) = Mz(t) + f(z(®)),

0-A
= ()

f=(- v o),

where z = (yT,xT)T,

and

with the Hamiltonian
1 2m w? m
_ 2 2
H() = 5 ;y,. + ;xm +U®x). (4.33)

Here, E is the identity matrix.
In this experiment, we choose

1
m=3, x1(00=1, yy(0) =1, x400) = —, y1(0) =1, o =100,
w

and zero for the remaining initial data. This problem is integrated on the interval
[0, 100] with the stepsize 7 = 1/200. As shown in Fig.4.3, the ERK methods give
much better accuracy than their corresponding RK methods in global errors. Good
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Fig. 4.4 Results for Problem 4.2: the energy preservation

energy preservation behaviour is also displayed by ERK2 and ERK4 in Fig.4.4. The
higher efficiency of the symplectic ERK methods than RK methods is supported by
their smaller CPU times (seconds), which are 2.09, 8.43, 29.20 and 30.20, respec-
tively, for ERK2, ERK4, RK2, and RK4.

Problem 4.3 Consider the sine-Gordon equation with the periodic boundary con-
ditions (see, e.g. [23])
u  3%u .
—_—— — —D < < >
o 932 sinu, —5<x<5,1t>0, (4.34)
u(=5,t) =u(s,1t).

Here, we use the Fourier pseudo-spectral discretisation (see e.g. [26]) for the spatial
derivative. Then it can be converted into the following ordinary differential equations:

d (U _(0M)\ (U —sin(U)
a(0)=E0 ) (5) ew

where U(t) = (u1(t),...,uy(@))T with u;(t) ~ u(x;,t), x; = =5 + i Ax for
i=1,...,N, Ax = 10/N, E is the identity matrix and the second-order spectral
differentiation matrix M can be found in [26]. It can be verified that — M is symmetric
positive semi-definite. The Hamiltonian corresponding to (4.35) is given by
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1 1
HU',U) = U0 + ZUT(=M)U — (cosuy +...4cosuy).

For this problem, we set the initial conditions as

N

U®©) =@, U©) =vN <0.01 + sin (%)) ,

i=1

with N = 64. Again, Fig.4.5 shows the much better accuracy of the two ERK
methods than their corresponding RK methods. The detailed behaviour of energy
conservation for each method is shown in Fig.4.6, which clearly displays compa-
rable performance in qualitative behaviour between the ERK integrators and their
corresponding RK methods. The CPU times (in seconds) are 0.86, 3.77, 5.59 and
6.50, respectively, for ERK2, ERK4, RK2 and RK4.

Problem 4.4 Consider the nonlinear Klein—Gordon equation with the periodic
boundary condition (see, e.g. [14, 28])

Up +u+u+u=0, 0<x<L, te(,T),
u(0,1) =u(L,t).

The initial conditions are given by

21
ux,00=A [1 + cos (Tx>i| , u;(x,0)=0,
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Fig. 4.6 Results for Problem 4.3: the energy preservation

where L = 1.28 and A is the amplitude. Similarly to Problem 4.3, if the Fourier
pseudo-spectral discretisation is applied to this problem, the semi-discrete ODEs

can be obtained:
d (U 0 M\ (U -U-U3
a(0)=GO)@)+(%7) ew

whose Hamiltonian is given by

HU'.v) = torv s Luremu + Loy Lot
2 2 2 4

For this problem, we set A = 20. As claimed in [14, 28], this equation is chal-
lenging for numerical methods, since the solution shows abrupt changes in both
time and space directions with a large amplitude. Similarly to [28], we also carry
out numerical simulations with the space stepsize Ax = 0.02 and the time step-
size h = 0.01. The good energy preservation for the two symplectic ERK methods
is shown in Fig.4.7, where the relative errors RGEH = Gg—OH are plotted for the
large value of Hy = 1.14 x 107 and amplitude A = 20. Moreover, we display the
numerical wave forms from the two ERK methods in Figs. 4.8 and 4.9, respectively.
It is shown that both the two ERK methods perform very well, since they preserve
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Fig. 4.8 Results for Problem 4.4: the numerical wave forms of ERK2 on different time intervals:
the left € [0, 1] and the right ¢ € [9, 10]

Fig. 4.9 Results for Problem 4.4: the numerical wave forms of ERK4 on different time intervals:
the left € [0, 1] and the right ¢ € [9, 10]

spatial symmetry as well as the continuity of the solution. Unfortunately, however,
the two corresponding RK methods cannot give effective numerical results, since the
iterations in the case of Ax = 0.02 and 2 = 0.01 are not convergent for both RK2

and RK4. The CPU times (in seconds) are 0.23 and 2.37, respectively, for ERK?2 and
ERK4.
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Fig. 4.10 Results for Problem 4.5: exact solutions and the global errors with # = 0.0l at T = 1

Finally, we turn to the important nonlinear Schrodinger (NLS) equations.

Problem 4.5 Consider the nonlinear Schrédinger (NLS) equation (see, e.g. [25])
iq = 4w +2lgPPq, 1€0,7),

on the interval x € [—10, 10] with periodic boundary conditions. The exact solution
is given by

q(x,t) = 27]675[2§X74({27ﬂ2)t+(¢0+%)]SCCh(an — 8¢nt — xgp),

where xg, @, ¢ and n are some constants.

For this problem, we respectively denote u# and v as the real and imaginary parts
of g. If the Fourier pseudo-spectral method is used for the spatial discretization, this
problem can be converted into the Hamiltonian system of the form

d (U\_(0 M\ (U 202+ VHV
dr (v) = (—M 0) (v) + (—2(U2 +vhu ) @437
whose Hamiltonian reads
1 1 1 2
HU,V) = 5UT(=M)U + VT (=M)V — E(UTU +VTV), (4.38)

where M is the second-order spectral differentiation matrix approximating the spatial
derivative, U(t) = (u1(t), ..., uy(@®))7,and V(¢) = (vi(¢), ..., vn(t))T. Note that
the multiplication of two vectors occurring in (4.37) is in the componentwise sense.

This problem is numerically solved with the given parameters xo = 0, @9 =
0, ¢=1,n=1,N =128 and T = 1. The real and imaginary parts of the exact
solution and the global errors for ERK2 and ERK4 with 2 = 0.01 at the endpoint
are plotted in Fig.4.10. It is worth mentioning that only numerical results for ERK
methods are plotted in Fig. 4.10, as their corresponding RK methods do not work due
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Fig. 4.11 Results for Problem 4.5: the energy preservation

to the appearance of non-convergence during the interactive process. This shows the
better performance and broader applicability of symplectic ERK methods over their
corresponding symplectic RK methods. Moreover, it can be observed from Fig.4.11
that both ERK methods show good energy preservation behaviour as well. The CPU
times (in seconds) are 0.20 and 0.57, respectively, for ERK2 and ERK4.

4.5 Conclusions and Discussions

Exponential Runge—Kutta methods are very attractive and practical in applications
since they always show better performance than classical RK methods in dealing
with stiff problems. However, when the underlying problem (4.1) is a Hamiltonian
system, the research work has not received much attention up to now. This motivates
the main theme of this work: effective integrators for this kind of Hamiltonian sys-
tems using ERK integrators. With respect to the construction of effective high-order
ERK methods, we investigated the structure-preserving property of the novel ERK
integrators such as the symplecticity in this chapter. To this end, sufficient conditions
for symplecticity were derived by a fundamental analysis of geometric integrators.
Furthermore, we presented a novel class of structure-preserving ERK methods; that
is the structure-preserving “generalized Runge—Kutta methods” (see Lawson [17]),
which can preserve symplecticity in the same way as their corresponding RK meth-
ods. In order to dispose of the restriction of the conventional stiff order conditions,
revised stiff conditions were proposed and investigated in detail. After the establish-
ment of the associated theory for structure-preserving ERK methods, we derived a
class of symplectic ERK methods. We took ERK2 and ERK4 as examples in this
chapter. Finally, we conducted some numerical experiments, including the approxi-
mation of a nonlinear Schrddinger equation, in comparison with the corresponding
symplectic Gauss-Legendre RK methods: RK2 and RK4, and the numerical results
(both the accuracy and behaviour of energy preservation) are quite promising, and
strongly support our theoretical analysis in this chapter. The numerical experiments
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demonstrate that our symplectic ERK methods are more efficient in many settings
than classical methods for the computation of nonlinear Hamiltonian systems.

It is noted that a new exponential scheme EAVF was proposed in the recent paper
[18] and summarised in Chap. 2, which preserves the first integral or the Lyapunov
function for the conservative or dissipative system. Therefore, it seems that the other
properties of structure preservation such as energy preservation and symmetry should
be investigated further for the development of ERK integrators. This is the point we
also wish to emphasise here.

In the previous four chapters we paid attention to first-order differential equa-
tions. In the next four chapters, we will turn to structure-preserving algorithms for
multi-frequency and multi-dimensional highly oscillatory second-order differential
equations which frequently occur in a wide variety of science and engineering appli-
cations.

The material of this chapter is based on the work by Mei and Wu [21].
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Chapter 5 ®)
High-Order Symplectic and Symmetric oo
Composition Integrators

for Multi-frequency Oscillatory

Hamiltonian Systems

This chapter presents symplectic and symmetric composition methods based on

Adapted Runge—Kutta—Nystrom (ARKN) and extended Runge—Kutta—Nystrom

(ERKN) integrators for solving multi-frequency and multi-dimensional oscillatory
1 1

Hamiltonian systems with the Hamiltonian H(p,q) = =pTp + EqT Kq + Ul(g),

2
where p = ¢ and K is a symmetric and positive semi-definite matrix. We first con-

sider the symplecticity conditions for multi-frequency and multi-dimensional ARKN
integrators. We then analyse the symplecticity of the adjoint integrators of the multi-
frequency and multi-dimensional symplectic ARKN and ERKN integrators, respec-
tively. On the basis of the theoretical analysis, and using the idea of composition
methods, we derive four new high-order symplectic and symmetric integrators. The
numerical results quantitatively show the advantage and efficiency of the high-order
symplectic and symmetric integrators.

5.1 Introduction

Geometric numerical integrators are designed specially for the numerical solution of
differential equations which possess some geometric/physical properties (Hamilto-
nian, divergence-free, symmetry, symplecticity, etc.) that should be respected by
numerical methods as much as possible. Readers are referred to [3, 4, 10, 13,
16, 19, 31] for this topic. Oscillation is also an important physical property. In
fact, differential equations having oscillatory solutions are frequently encountered
in many fields of the applied sciences and engineering, such as celestial mechan-
ics, theoretical physics, quantum chemistry and molecular dynamics. The study of
modelling and simulation for oscillatory problems is of particular interest in appli-
cations. A lot of theoretical and numerical analysis has been done in this field [10,
31]. A variety of methods and analytical tools arise in this area such as stroboscopic
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averaging methods, heterogeneous multiscale methods, the technique of modified
Fourier expansions. For these methods, readers are referred to [5-7, 9, 18] and the
references therein.

Among typical topics is the numerical integration of an oscillatory system of the
form

") + Kq(t) = 1)), t el T,
!q() q(1) = f(q(®)) € [ty, T 50)

q() =qo, ¢’ () = qy,

where K isad x d positive semi-definite matrix that implicitly contains the dominant
frequencies of the oscillatory problem and f : R — R?, ¢ € R?, ¢’ € R?. It should
be noted that (5.1) is a multi-frequency and multi-dimensional nonlinear oscillatory
problem. The design and analysis of numerical methods for nonlinear oscillators is
an important problem that has received a great deal of attention in the last few years.

It has now become a common practice in geometric numerical integration that
numerical algorithms should take advantage of the special structure of the under-
lying problem. In [29], the authors took account of the special structure of system
(5.1) brought by the linear term K g and proposed the so-called multi-frequency and
multi-dimensional ARKN integrators. An outstanding advantage of multi-frequency
and multi-dimensional ARKN integrators for (5.1) is that their updates are incorpo-
rated with the special structure of the system (5.1) so that they naturally integrate
exactly the multi-frequency oscillatory homogeneous system y” + Ky = 0. Very
recently, Wu et al. (see [30]) formulated a standard form of the multi-frequency and
multi-dimensional ERKN methods in which both the internal stages and updates
are incorporated with the special structure of the system (5.1). Therefore, the multi-
frequency oscillatory homogeneous system y” 4+ Ky = 0 can be exactly integrated,
not only by the updates but also by the internal stages of an ERKN integrator. The
ERKN integrators exhibit the correct qualitative behaviour much better than classical
RKN methods (see, e.g. [20, 22, 24, 26-29, 32]).

On the other hand, the idea of composition methods is quite useful to improve the
order of a basic method while preserving some desirable properties. It is well known
that numerical integrators of arbitrarily high orders can be achieved by composition
of an integrator with low order. Let ¢, be a basic method and y, . . ., y, real numbers.
We then call its composition

Vh = Qyh © -0 Py (5.2)
the corresponding composition method.
A more general case is to consider the composition of both the basic integrators

and their adjoint integrators with different stepsizes, i.e., to replace composition (5.2)
by the more general formula

Yn = Qa,n © goth 0---0 ‘p;zh O Qa,h © gozlh. (5.3)

The adjoint method of a method is defined as follows [11].
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Definition 5.1 The adjoint method @} of a method @, is defined as the inverse map
of the original method with reversed time step —#4, i.e., @, 1= CD:,l. A method with
D = Py, is called symmetric.

With regard to composition methods, readers are referred to [1, 2, 15, 17, 23,
33]. A systematic introduction of the idea for composition methods, including the
order conditions, can be found in [10].

This chapter focuses on the compositions of multi-frequency and multi-
dimensional symplectic ARKN and ERKN integrators. The remainder of this chapter
is organized as follows. In Sects. 5.2 and 5.3, we derive some properties for ARKN
and ERKN integrators. Based on these properties, we derive four novel high-order
symplectic and symmetric methods by using the composition of multi-frequency
and multi-dimensional symplectic ARKN and ERKN integrators, respectively. In
Sect. 5.4, numerical experiments are carried out, and the advantage and the effi-
ciency of the new methods is shown by the numerical results. The last section is
devoted to conclusions and discussions.

5.2 Composition of Multi-frequency ARKN Methods

To begin with, we consider the unconditionally convergent matrix-valued functions
which were first defined in [32]

o~ (CDFK
oK)= ———, 1=0,1. (5.4)
g(zk—l—l)!

Some properties of the matrix-valued functions (5.4) are given in the following
proposition, which can be proved in a straightforward way.

Proposition 5.1 For a symmetric and positive semi-definite matrix K, the ¢-
functions ¢;(K) forl =0, 1, defined by (5.4) satisfy:
(@)
¢ (K) + K¢i(K) = 1, (5.5)

where I is the identity matrix with the same dimension as M.
(ii)
$o(@*K)do(b*K) £ abK ¢1(a*K)$1 (@’ K) = do((a F b)*K),

(5.6)
b1 (B> K)o (a*K) + api (@*K)po(B*K) = (b + a)d1 (b + a)*K), Va, b € R.

In the recent paper (see [32]), the authors presented the following variation-of-
constants formula for the exact solution and its derivative for the multi-frequency
oscillatory system (5.1).

Theorem 5.1 If K € R¥*¢ is a positive semi-definite matrix and f : R? — R? is
continuous in (5.1), then the solution of (5.1) and its derivative satisfy
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t
q(t) = ¢o((t — 10)*K)qo + (t — 10)$1 ((t — 10)* K)q() + f (t —&)p1((t — &)°K) f(£)dE,
1o

t
q'(1) ==t —10)Kd1((t — 10)*K)qo + ¢o((t — 10)*K)q(, + f do((t — &)’ K) f(§)dE,
fo

(5.7)
for any real number ty, t, where f(E) = f(q(&)).

We note that if K is a symmetric and positive semi-definite matrix, K has the decom-
position: K = PTQ2?P = W? with W = PT£ P. However, (5.7) does not involve
the decomposition of matrix K. This point is important, especially for the computa-
tional issues of an integrator based on (5.7), since K is not necessarily diagonal or
symmetric in (5.1) and the decomposition K = W? is not always feasible.

It follows immediately from (5.7) that

q(ty + vh) = ¢o(vV*h>K) g, + he1 (V2 h>K)q,

+h? [ (v = Y1 ((v = )22 K) f (8, + hy)dy.
q'(tn + vh) = —vh K ¢1 (v’ h*K) g, + ¢o(v2hK)q,,

+vh [ ¢o((v — ¥)2h2K) f (8, + hy)dy,

(5.8)

forO <v < 1, and
q(ty + h) = ¢o(h*K)qn + hop1 (h*K)q,

+h? [ (1= )¢ (1 — ¥)*h2K) f(ty + hy)dy,
q'(ty +h) = —h K1 (h*K)q, + ¢o(h*K)q,,

+h [y ¢o((1 = )?*h*K) f (1, + hy)dy.

(5.9)

From (5.9), revising only the updates of classical RKN methods obtains the fol-
lowing s-stage multi-frequency and multi-dimensional ARKN integrators proposed
in [32]:

Qi =qu+cihg, + 1Y a;(f(Q)—KQ)), i=1,...s,

Jj=1

Gni1 = o(V)gn + h1 (Vg + 1> bi(V) f(Q)), (5.10)

i=1

Qi1 = bo(V)g, — hK ¢ (V)gu +h Y bi(V) f(Q0),

i=1

where, a;; € Rfori, j=1,..., s, the weights b;, b; : R¥*¢ — R4 fori =1,...,s
are matrix-valued functions of V = h%K.

A numerical method has order p, if for a sufficiently smooth Problem (5.1) the
conditions:

entt = qut — qUtn +h) = OGP and ¢y =gl —q't+h) = 6P (5.11)
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are satisfied, where ¢(z, + h) and ¢'(t, + h) are the exact solution of (5.1) and its
derivative at #, + h, respectively, g, and g, ,, are the one step numerical results
obtained by the method from the exact starting values g, = ¢g(t,) and g, = ¢'(t,)
(the local assumptions). The order conditions of the multi-frequency and multi-
dimensional ARKN integrators (5.10) have been investigated in [32].

The following theorem gives the adjoint integrator of a multi-frequency and multi-
dimensional ARKN method.

Theorem 5.2 The adjoint integrator of an s-stage multi-frequency and multi-
dimensional ARKN method (5.10) with stepsize h has the following form

0; = ($o(V) + csq1-i Vo1 (V))an + (61 (V) — cs1-100(V) ) gy,

+h? Zl dsy1-is+1-(£(Q)) —KQ;) +1h? Zl (B5(V) = es1-ib5(V)) £(Q ).
J= J=

dnt1 = $0(V)qn + he (V)g), + h? Zl b¥(V) f(Q)). (5.12)
dpp1 = —hKd1(V)gn + ¢o(V)gy, +h Zl bI(V)f(Q)),
where
bX (V) = ¢t (V)byi1—i (V) — ¢po(V)byi1_i(V),
(V) =d1(V)bsp1—i (V) — ¢o(V)bsi1—i (V) 5.13)

bi(V) = Voi(Vbg1-i(V) + ¢o(V)bs1-i(V),i =1,2,...,5.

Proof Exchanging g.i1 <> qu, q,,, <> ¢, and replacing h by —h in the ARKN
method (5.10) yields

Q,’ =gn+1 — C,‘hq’;Jrl + h2 XY: é,](f(Qj) — KQJ'), i = 1, 2, ey S,
j=1
Gn = Po(V)qni1 — h1 (Vg ) + b ; bi(V) f(Q0), (5.14)

g, =hKpr(V)gni1 + do(V)q, —h Y- bi(V) f(Q)).
i=1
It follows from (5.14) that

0i = (¢o(V) + i Vo1(V))gn + (¢1(V) — cigo(V))hg,, — h? Zl a;jKQ;
=
+h? Z] [aij — ci(do(V)b; (V) + Vo1 (V)b (V) + (d1(V)b; (V) — do(V)b;(V))]£(Q)), 5.15)
j: .
Gnr1 = Go(V)an + h1 (Vg + 12 Y (d1(V)bi (V) — g (V)b (V) £(Qi).

i=l
s

dnyr = —hK 1 (Vgn +do(V)gy +h 3 (do(V)bi(V) + Ve1(V)bi(V)) £(Qh).

i=l

Replacing all indices i and j by s + 1 — i and s + 1 — j, respectively, we obtain the
result of the theorem. (]
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From Theorem 5.2, it is easy to see that the adjoint integrator of an ARKN inte-
grator is not again an ARKN method.

If f(g) in (5.1) is the negative gradient of a real-valued function U(q) and K
is a symmetric and positive semi-definite matrix, let p = ¢’, and then (5.1) is in
fact identical to the following multi-frequency and multi-dimensional Hamiltonian
system

q' = Hy(p.q).
p'=—Hy(p.q), (5.16)

q(t) = qo, p(to) = po,

with the Hamiltonian

1 1
H(p,q) = Epr+§qTKq+U(q). (5.17)

The following theorem gives the symplectic conditions of a multi-frequency and
multi-dimensional ARKN method.

Theorem 5.3 Ifthe coefficients of an s-stage multi-frequency and multi-dimensional
ARKN method (5.10) satisfy the following conditions

bi(V)go(V) + bi(VIV$i (V) = d;, i=1,...s,
bi(V)¢1(V) — bi(V)¢0(‘_/) = cid; 1, i‘ = L....s, (5.18)
dia;; =0, i,j=1,...,s,

bi(V)bj(V) =b;(V)bi(V), i,j=1.....s,
whered; € R fori =1, ..., s, then the integrator is symplectic.

Proof With the notation of a differential 2-form used in [19], the symplecticity of
the methods (5.10) for (5.1) is identical to

d d
J J
Y dgli Adgny =) dgl Adq,.
J=1 J=1

We first consider the special case, where K is a diagonal matrix with non-
negative entries, i.e., K = diag(kyy, k22, - - - , kqq), then V = diag(viy, vaz, - - - , Vaa)

withv;; = h2kjj for j =1,...,d. Accordingly, ¢po(V), ¢1(V), b;(V) and b; (V) are
all diagonal matrices. Denote f; = f(Q;). The ARKN method (5.10) then becomes



5.2 Composition of Multi-frequency ARKN Methods 113

0/ =g/ +ahg + 1> Y ay(f] —ki 0] i=1.....s
J:
al = do0viNg] +d1(viDhg! + 12X bivin) f (5.19)
i=1
q = —hky 10y )q] + doing’ +hY bi(vi)f,

i=1

where the superscript indices J = 1,2, ..., d denote the Jth component of a vector.
Differentiating ¢, 41 and q,’l{r] and taking external products, we have

dg’ Adgl, = [63vs) +vi0i vy )ldg! Adg)

+h i[bi VNG +bi vy v (vy)Idg) Adf
=

+ Y b vy G (vig) — bi(vy o (vy)1dg,” Adf

i=1

+ 1Y bivibjvdf Adf

i=1
It follows from the identity ¢3(v;;) + vy s¢7(vs) = 1 that

’ ’ s —
g | Adg,’ =dg] Andg,” +h 2 1bi vy NP0 (vrs) +bivr)viid vs)Idg! Adf!

i=

+ h? Zl[bi CaDG1(vy0) = bi (v )Py Idg,’ Adf

+h3 Y by b vy f] A dfjj.
ij=1
(5.20)
Differentiating the first formula of (5.19) yields

dg) =dQ] —c;ihdq'y —h* Y aydf] —k;,dQY).  i=1,...s.
j=1

Thus,

dg] Adf! =dQ! ndf) —cihdg’] Andf/ —hZZZz,j(dfjJ —kydQDH AdS (5.21)
j=1
Substituting (5.21) into (5.20) gives

J J
dg, 1 A dgyu

=dg] A dq/i +h Z[(bi NP0 1) +bi vy (vyNIAQ! Adf

i=1
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s
+h Z vy sbi vy )aijo(vyy) + 5 bi (ij)ﬁij¢1(vu)]dQ]]- Adf
ij=1
N

+ Y by D¢ ) = by eivi1$1(vy ) = bi(vyeigo(vs )

i=1

- Ei(‘)]])(b()(v]])]dq,r{ Adf

+ i3 Z [bi (v )aijpo(vas) + bi(vy)aivr a1 (vyy) + bi(vy )b vy DIAfT A dfjj (5.22)

i,j=1

foreach J =1, ..., d. Summing over all J yields

d
J 1J
> dglyy Adg
J=1
s d

d
=Y dg] Adg'y + 1YY MBiwr NG + bi v e (vr)IAQ] Adf
J=1

i=1J=1

s d
+h Z Z[ijbi V1 0)aijo(vy ) + 5 bi (VJJ)aij¢l(VJJ)]dQJJ‘ Adf
ij=1J=1

s d
HREY N b D¢ (v ) = by eivi ¢ (v = bi(vy)eigo(v )
i=1J=1
— bivsgosNIdg’y AdSf
s d
+h3 Z Z[b; s )@ do vy ) + bi (v )aijvy o1 (vig) + by by NI f A dff~
i,j=1J=I
(5.23)
By the first and second equations in (5.18), the 4 term in the right-hand side vanishes

and (5.23) can be rewritten as

d
J J
Y dgly Adg'g
J=1
d ; K d K d
=D dai Addy +hY di YOI AdS +h Y didiy Yy vysdQ) Adf (5.24)
J=1 i=1 J=1 ij=1 J=1

s d
+10 Y Y lagpdi +bi vy by IS Ad ]
i,j=1J=1

Since

d BfJ d
af? ndof = (35 7(endel) naol =3
=1 1=l

af’

W(Qi)de AdQY,
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it follows from f = —VU that

d d af
D dfI ndQ! = 37 (5(0)dQ]) ndQ}
J=1 1,J=1 q
_ afj N 3f1 ) I J
= g(a—q,@,) aq—,(Q,))dQ,- AdQ; (5.25)
B 9°U 9°U ; ;
= Z; [- W(Qi) + W(Qi)]in A dQ;
=0

)

where the last term vanishes by the symmetry of the Hessian matrix.
Therefore, it follows from (5.25) and the assumptions (5.18) that

d d
J J
Y dg) Adgy, =) dg) Add'y.
J=1 J=1

For the general case, since K is a symmetric and positive semi-definite matrix, K
has the following decomposition:

K=PTQ’P=W?withW = PTQP, (5.26)

where P is an orthogonal matrix and £2 is a diagonal matrix with nonnegative diago-
nal entries which are the square roots of the eigenvalues of K. Accordingly, by using
the variable substitution z(t) = Pq(t), the system (5.1) is identical to the system

() + 2%2(t) = PF(PTz(t)), telt,T],
(5.27)
z(to) = zo = Pyo, q'(to) = q) = Pqy,

where f(q) = —=V,U(q), Pf(PTz(t)) = —PV,U(PTz()) = —V.U(PTz(1)).
Then the symplectic multi-frequency and multi-dimensional ARKN method, for
the case where K is diagonal with nonnegative entries, can be applied to the trans-
formed system. Furthermore, the methods are invariant under linear transformation.
Hence, the methods applied to the system (5.1) can be expressed in terms of z(¢) via
the multiplication by P and with the notation Z; = PQ;, z, = Pq,.
We then have
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(phqnﬂ) A Z de(kaan)

d
(p szqn+1) A Z: Z:(ijdqnﬂ)

M=
o
™M=

d

J o
Z dZn-H Ndz n+l —
J=1

~
Il
—_

I
M=~
™M~.

~
Il
I

(5.28)

I

M=~
M=
M=~ =

psips(dgl, Adgk )

~
Il
Il
o~
Il

I
M=
o
»Q

EEIA dqn+l

<
Il
—_

Likewise,

d d
> dzy AdZy =) dg Adg;. (5.29)

Therefore, it follows from (5.28) and (5.29) that

d d
J J
> dgl Adg'y =) dg) Adq,
J=1 J=1

The orthogonality of the matrix P = (py;i)axq 1S used in the proof of (5.28). The
proof is complete. 0

Remark 5.1 1t is clear from Theorem 5.3 that a symplectic ARKN method for a
single-frequency oscillatory Hamiltonian system cannot ensure itself to be again a
symplectic method when applied to multi-frequency and multi-dimensional oscilla-
tory Hamiltonian system, since a symplectic multi-frequency and multi-dimensional
ARKN method requires additional conditions in comparison with a symplectic
single-frequency ARKN method as shown in (5.18). With regard to symplecticity
conditions for single-frequency ARKN methods, readers are referred to [20, 21]. For
exactly the same reason, a symplectic ERKN method for a single-frequency oscil-
latory Hamiltonian system cannot be guaranteed to be a symplectic method when
applied to multi-frequency and multi-dimensional oscillatory Hamiltonian systems.

Remark 5.2 From the first two equations in symplecticity conditions (5.18), we can
solve b; (V), b; (V) explicitly:

bi(V) =di(¢o(V) +ci Vi (V)),

_ (5.30)
bi(V) =di(p1(V) —cigo(V)), i =1,2,....s

Thus, ifd; # Oforsomei,thenb;(V), b; (V) # 0, and the third equation of conditions
(5.18) indicates a;; = 0 for j =1, 2, ..., s. Therefore, stage i with nonzero b;(V)
and 15,- (V), is independent of internal stages. On the other hand, if d; = 0 for some
i, then b; (V) = b;(V) = 0 and the i -stage can neither contribute to the updates of
ARKN methods, nor to any other internal stages with nonzero b;(V) and b (V).
Hence, in the rest of this section, we always assume that d; # 0 fori =1,2,...,s.



5.2 Composition of Multi-frequency ARKN Methods 117

Before going on to the analysis of symplecticiy of the adjoint integrator of a multi-
frequency and multi-dimensional ARKN method, we present the following theorem.

Theorem 5.4 [fthe coefficients of an s-stage multi-frequency and multi-dimensional
ARKN method satisfy conditions (5.18), i.e., the method is symplectic, then, c; = ¢, =

s = Gy

Proof From (5.30), choosing arbitrary i and j, we have

bi(V)b; (V) = did;(¢o(V) 4+ c: V1 (V) (¢1(V) — c;jpo(V)),
b;(V)bi(V) = did;(¢o(V) 4 c; Vi (V) (¢1(V) — cigo(V)).
On noticing the fourth equation of conditions (5.18), we obtain
(do(V) 4+ ci V1 (M) (@1(V) — cjdo(V)) = (do(V) +c; Vo1 (V) (¢1(V) — cigo(V)),
or
(ci =) (g5 (V) + Vr(V)) =0.
Using (5.5), we have ¢; = c¢; for arbitrary i and j. (I

By Remark 5.2 and Theorem 5.4, we present the following conclusion.

Theorem 5.5 The multi-frequency and multi-dimensional symplectic ARKN method
has only one stage.

Proof From Remark5.2 we have a;; =0 for i,j=1,2,...,s, and from
Theorem5.4 we have ¢y = ¢ = - - - = ¢;. U

By Theorem 5.5, it can be verified that the order of a multi-frequency and multi-
dimensional symplectic ARKN cannot exceed two (see [20]).

We are now in a position to present the analysis on the symplecticiy of the adjoint
integrator for a multi-frequency and multi-dimensional ARKN method. It follows
from Theorems5.3 and 5.5 that a multi-frequency, multi-dimensional, symplectic
ARKN method has the following form

Q1 =qn + cihg,,
Gns1 = do(V)qu + hp1 (V)q,, + h*bi (V) £(Q)), (5.31)
dniy = G0V, — hKp1(V)gn + hbi (V) f(Q1),
where
bi(V) =di($o(V) + c1 Vi (V)),
bi(V) =di($1(V) — c1ho(V)),

and the corresponding adjoint integrator is given by
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1= (V) +c1Vi(V))gu + (41(V) — c1¢0(V))hg,,
Gni1 = $o(V)qn + h1(V)g, + h*b; (V) f(Q)), (5.32)
Gni1 = —hKo1(V)gy + ¢o(V)g, + hbi (V) f(Q)),

where _ _
bi(V) = o1(V)bi(V) — go(V)bi1(V) = crdi ],

bi(V) = Ver(V)bi(V) + ¢o(V)bi (V) = di 1.

By (5.32), we have the following result on the symplecticiy of the adjoint integrator
for a multi-frequency and multi-dimensional ARKN method.

Theorem 5.6 The adjoint integrator (5.32) of a multi-frequency and multi-
dimensional symplectic ARKN method (5.31) is symplectic.

Proof By Theorem 5.5, a symplectic ARKN method has only one stage. Hence, it is
easy to verify that its adjoint method is symplectic and we omit details. ([

From the analysis described above, it is clear that high-order symplectic ARKN
methods do not exist. Furthermore, since the adjoint integrator of an ARKN method is
not again an ARKN method, an ARKN method cannot be symmetric. To get through
this barrier, we can resort to the composition of ARKN methods to obtain high-order
symplectic and symmetric methods, although they are not ARKN methods any more.

Consider the following one-stage ARKN method of order two, which can be
thought of as an extended version of the Stormer—Verlet method [25]:

1
Ql =qn+ th,/zv
1
Gni1 = o(V)qn + d1(V)(hq)) + h* (1 (V) — §¢0(V))f(Q1), (5.33)
1
Gt = —hKG (V) + G0 (V)g; + h(@o(V) + V1 (V) Q).

It can be observed that (5.33) is a symplectic method and its adjoint integrator is also
symplectic by Theorem 5.6. If we let V. — 0 in (5.33), then (5.33) reduces to the
Stormer—Verlet formula for (5.1) or (5.16):

0 =g, + 14,
1 =4n 2qns

. h? 5.34
Gn+1 =qn+hqn+7g(Q1), (5.34)

‘1;/1+1 = q,’, + hg(Q1),
where g(g) = f(q) — Kq.

Using (5.33) as the basic method, we consider the fourth order symmetric com-
position of the form (5.3) with the coefficients (see, e.g. [10])



5.2 Composition of Multi-frequency ARKN Methods 119

1 21/3 1
20 —2my == g gy B =P =g Ty
(5.35)
We denote the composition of (5.33) with coefficients (5.35) by CARKNp4s6.
As pointed out in [10], for achieving a composition method of high order, the
solutions with the minimal number of stages do not give the best methods. Thus, we
consider the following fourth order symmetric composition coefficients given in [2]:

ap =B =

a; = P = 0.16231455076687, ar = B5 = 0.37087741497958,
a3z = fs = 0.059762097006575, oy = B3 = —0.40993371990193, (5.36)
as = fr = 0.23399525073150, as = B = 0.082984406417405.

We denote the composition of (5.33) with the coefficients (5.36) by CARKNp4s12.
Both CARKNp4s6 and CARKNp4s12 methods are symplectic and symmetric and
of order four.

5.3 Composition of ERKN Integrators

Another class of efficient methods for the oscillatory system (5.1) is the so-called
multi-frequency and multi-dimensional ERKN integrators (see [30]). ERKN inte-
grators are designed by taking advantage of the special structure brought by K¢ in
both the updates and the internal stages. In light of the variation-of-constants formula
(5.8)—(5.9) for (5.1), improving both the internal stages and updates of a classical
RKN method leads to the definition of ERKN integrators.

Definition 5.2 An s-stage multi-frequency and multi-dimensional ERKN integrator

with stepsize & for oscillatory system (5.1) is defined by

Qi = ¢o(ciV)gn + heid (] V)g, +h* Y aiy (V) f(Q)). i=1.....5,
j=1

dni1 = (V) + hdr (Vg + 12 S b (V) £(Q0),
i=1

Gy = —hK 1 (V)gu + do(V)q, + I éb,-(vai),

(5.37)
where b;, b; fori =1, ...,s,andg;; fori, j =1, ..., s are matrix-valued functions
of V. = h?K.

The order conditions for multi-frequency and multi-dimensional ERKN integra-
tors can be found in [26]. We are now concerned with the adjoint integrators of ERKN
integrators.
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Theorem 5.7 The adjoint integrator of an s-stage multi-frequency and multi-
dimensional ERKN integrator (5.37) with stepsize h has the following form:

s
Q; = ¢o(c;*V)gn + ;1 (P VOhg, + h* Y afi(V)f(Q)).i=1,2,....5,
Jj=1

Gur1 = Go(V)gn +het (Vg + b2 D BE(V) £(Q)).

i=l1

Gy1 = —hM@1(V)gu + do(V)g, +h Y i (V) f(Q)),
= (5.38)
where
C;k =1—cyt1-is

bE(V) = p1(V)bys1-i(V) — do(V)bes1—i(V),
bE(V) = Vi (V)bs1—i(V) + ¢o(V)bsi—i(V),
aj; (V) = ¢o(cyy VIBT(V) = coprii (g VIBS(V) + agpiispi—i(V),

i, j=1,2,...,s.

(5.39)
Proof The proof is similar to that of Theorem 5.2 and we omit the details. (]

From Theorem5.7, it can be observed that the adjoint integrator of a multi-
frequency and multi-dimensional ERKN integrator is again an ERKN integrator.

With regard to the symplecticity conditions of ERKN integrators, we have the
following theorem [28].

Theorem 5.8 An s-stage multi-frequency and multi-dimensional ERKN integrator
(5.37) is symplectic if its coefficients satisfy the following conditions:

Go(V)bi(V) + Vi1 (V)bi(V) = dipo(c}V), di € R, i =1,2,....5,
A (V)bi (V) — ¢o(V)bi (V) = cidigi(c}V), i=1,2,...,s,
b,(V)bI(V) +di(l,'j(V) = bJ(V)b,(V) +djaji(V), i, ] = l, 2, A I
(5.40)
where V. = h’K.

Remark 5.3 From the first two equations in symplectic conditions (5.40), we can
solve b; (V), b; (V) explicitly:

bi(V) = di (¢o(V)o(c; V) + c: Vi (V)i (ciV)),
bi(V) = di(pr(V)o(c] V) — cio(V)i(c;V)), i = 1,2,....5.

Thus, by (5.6), we have
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bi(V) = digo((1 — c)*V), bi(V) = di(1 —c)pi((1 —c)*V), i =1,2,...,5.
541

In what follows, we give an analysis of the symplecticiy of the adjoint integrator
of a multi-frequency and multi-dimensional ERKN integrator.

Theorem 5.9 [fthe coefficients of an s-stage multi-frequency and multi-dimensional
ERKN integrator satisfy conditions (5.40), i.e., the integrator is symplectic, then its
adjoint integrator (5.38) is also symplectic.

Proof 1t is sufficient to prove that the coefficients of (5.38) satisfy the symplectic-
ity conditions (5.40). In fact, by (5.39) and (5.40), the coefficients of the adjoint
integrator of a symplectic ERKN integrator satisfy

cf =1—coq1-is
[};‘(V) = Cyy1—idsr1-iP1 (03+1—iv)’
b¥(V) = dss1-i¢o(cl V),
ai*j(V) = Cs+l—jds+1—j¢0(cf+l—iV)¢‘(C62'+l—f V)
- c.g+1—id5+1—j¢1(Cf+1—iv)¢0(cs2+l—j V) + dsrizisi-i (V).
i,j=12,...,s.

We then have

Po(VIDX(V) + Vi (V)b;™ (V)

= do(V)dsr1-io(cry1_; V) + V1(V)espi—idspr—idr (ciyy_; V)
=dsp1-io((1 — c1-)°V) = dey1io(c?V), i = 1,2, ...,

L (V)bF(V) — go(V)BF(V) (5.42)
= p1(V)dsq1-ido(cryy_; V) — do(V)or1—idssi—idi (cpyy; V)

=dyy1-i(1 = o101 (1 — ¢511-)7V) = dyr1-icf 1 (cF2V),
i=1,2,...,s.

Let d} = d,41—;. Then, the first two conditions are satisfied in (5.40). Concerning
the third condition in (5.40), we have

bi(V)bI(V) +d}aj; (V) — (b5(V)b (V) +d}a}; (V)

= cyp1-ides1-i 1 (] V)dor1—jo(ciy V)
— cop1—jds i1 jd1(ciyy Vdepiido(clyy V)
+dyr-i(Cori-jdssi—jdo(ciyy Vi (ciy_;V)
— coprmids 1 1(ctyy  VIgo(ci iy V) +asiisi— (V)

—dyp1j(eo—idei—igo(cly Vi (cly V) (5.43)
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— Cyq1—jds1-i P (Cf+1_jV)¢0(Cf+1_,~V) + ag1-j541-i (V)
= dyy1-i (Cy1-jdsr1—jo(cii V) (Cf+1_j V) + ag1-is41-;(V))
— dst1-j (Cs+1—ids+1—i¢o(cf+1_j V)¢1(Cf+1_,~V) + as1-j541-i(V))
= dy1—idss1—j(Csr1—j — Co1-)P1((Cop1—j — C541-i)*V)
+dsp1-itor1—ist1-j (V) —dgy1-jasi1—js1-i (V).

By (5.41) and the third equation of (5.40), we obtain

dsr1-iasp1-isr1—; (V) —dsp1—jagri—jsp1-i(V)

= by1—j(V)bys1-i (V) = byy1-i (V)byi1—j(V)

= dyp1-idsp1- (1 = cor1-DP1((1 = i1 ))* Vo ((1 — c11-)° V) (5.44)
—dyy1-idy1-j(1 = 1)1 (1 = c1-)* Vo (1 — c541-7)7V)

= dyy1idyrrj(conii — con o1 ((eopii — e ) V).
Substituting (5.44) into (5.43) yields

bf(V)bI(V) + d}a],

i Yy

(V) = (b;(VIb{ (V) + dja};(V)) = 0.

i
The proof is complete. O

Section 5.2 remarks that the composition of an ARKN method is not again an
ARKN method. However, the composition of an ERKN integrator is still an ERKN
integrator, as shown in the next theorem.

Theorem 5.10 The composition of an s,-stage ERKN integrator with stepsize ah
and an s,-stage ERKN integrator with stepsize Bh is a new ERKN integrator with
s = §1 + s, stages and stepsize (o + B)h.

Proof Let the two ERKN integrators with stepsizes ai and Bh be

o 2 2,2 2 22 228NN 212 ,
Qi = ¢o(cia"hK)g, + ahcipi(c;ah”K)q, +a~h™ Y a;j(@”h*K) f(Q;),

j=1
i = 1, vy ST
i1 = Go(@N2K)qy + ahdpy (@2h2K)q) + 12 Y bi(@®h?K) £(Q).
i=1
S|
g = —ahK¢i(@*h*K)q, + ¢o(@*h*K)q, +ah Y. bi(@*h*K) £ (Q)),

i=1
(5.45)
and
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0% = do(cBH2 K )gn + Bhe 1 (B K) g, + BPR S a’ (B*h*K) f(Q%),
=1

j=

Gnr1 = Go(B*h*K)q, + Bhi (B*h*K)q, + B*h* > b¥(B2h*K) f(Q7),
i=1

4y = —BhK 1 (B*h*K)q, + ¢o(B*h*K)g), + Bh 5 b¥(B2h*K) £ (Q)).

i=
(5.46)
Denote them by ¢, and ¢} , respectively. Then ¢ o ¢ has the following form:

5]
0; = ¢o(Fa®h*K)gn + aheidy (Fa®h*K)g) + o*h? Y. a;j@®h2K) F(Q).
j=1

51
Gns1 = 0@ h2K)qn + ahdy (@>h*K)g), + a?h® Y bj(@2h?K) f(Q;),
i=1

py1 = —ahK1 (@ h*K)gn + ¢o(@*h*>K)q), + ah ,Szl bi@2h2K) £(Q)).
i=l N (5.47)
0F = do(c>B*h* K 41 + Bhef $1(c]2 B2 Ky + B Y afy (B2 K) f(Q7).
j=1

852 _
dn+1 = G0(B°H° K)Gnr1 + Bhé1 (B*h*K)d, g + B > BB K)F(Q)).

/ 2,2 05 2,2 2w g22 ¥
dpt1 = —BhK$1(B h"K)gny1 + ¢o (B h"K)q, | + Bh Z] by (B~h=K) f(Q))-

Let Q54i = Qf fori =1, ..., s, and s = 51 + 5,. Substituting the second and third
terms into the last three terms of (5.47), with some tedious computations and manip-
ulations, we obtain

51
0i = ¢o(cFa’h? K)gy + aheidy (o’ h? K)q), + o*h?® Y. a;;(a®h2K) f(Q;),
j=1

0 = do((e + ¢ B*H2K)gn + (@ + B (@ + R K)g) + h2 Y. s £(Q;).
=l (5.48)

i=s1+1,...,3 s,

dns1 = do((@ + B2 K)gn + (@ + Bhy (o + BPH2K)g) + (@ + B2 Y bi £(Q)),
i=1

Ghiy = (@ + BRK 1 (@ + B2H* K)gn + po (@ + B W K)g), + (a + B)h Y. bi £(Q,),
i=1

i=

where 4, 15,-, l;i for i, j=1,...,s are the algebraic compositions of the coeffi-
cients of the two ERKN integrators, that makes them the matrix-valued functions of
V =h’K. O

i=1,...

5 82,
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Table 5.1 The number of equations from order conditions for order p =1, ..., 8

Order p |1 2 3 4 5 6 7 8
Number of; 1 3 6 11 21 40 79 157
equations

It should be noted here that although there exist high-order symplectic and sym-
metric ERKN integrators, the order conditions together with the symmetry and sym-
plecticity conditions are very important for achieving a high-order symplectic and
symmetric ERKN integrator. Table 5.1 shows the number of equations that need to
be solved from order conditions. It can be observed that, as the order of the method
grows, the number of equations from the order conditions increases rapidly, not to
mention the equations from the symmetry and symplecticity conditions (the num-
ber of equations depends on how many stages the integrator uses; the number of
equations may be reduced but the number is still very large). Therefore, in practice,
the derivation of a high-order symplectic and symmetric ERKN integrator based on
order conditions, symmetry conditions and symplecticity conditions is very difficult.
However, it will be useful to generate high-order symplectic and symmetric ERKN
integrators by using a procedure of composition.

Consider the following one-stage ERKN integrator of order two, which is another
extended version of the Stormer—Verlet method [25]

WAV PO A
01 —¢0(Z)QI1 + 2 ¢1(Z)qn’

Wwov
dns1 = do(V)gn + &1 (V)(hg) + =-d1() f(Q), (5.49)
\%
Ghr1 = —hKd1(V)gn + ¢o(V)q), + ho(7)f(Q0),

It can be verified that (5.49) is symplectic and symmetric. We note that letting V- — 0
in (5.49) also gives the Stormer—Verlet formula (5.34).

Using (5.49) as the basic method, since it is symmetric, we consider the sixth
order symmetric composition of the form (5.2) with coefficients given in [33]

y1 = y7 = 0.78451361047755726381949763, y> = yg = 0.23557321335935813368479318,
y3 = ys = —1.17767998417887100694641568, y4 = 1.31518632068391121888424973.
(5.50)
We denote the composition of (5.49) with the coefficients (5.50) by CERKNp6s7.
The method CERKNp6s7 is symplectic and symmetric of order six. Moreover, it can
be seen from Theorem 5.10 that CERKNp6s7 is a seven-stage multi-frequency and

multi-dimensional ERKN integrator of order six.
We also consider the following eighth order symmetric composition coeffi-
cients [10]:
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y1 = Y15 = 0.74167036435061295344822780, y» = y14 = —0.40910082580003159399730010,
y3 = y13 = 0.19075471029623837995387626, y4 = y12 = —0.57386247111608226665638773,
¥s = y11 = 0.29906418130365592384446354, ys = y10 = 0.33462491824529818378495798,
y7 = Y9 = 0.31529309239676659663205666, yg = —0.79688793935291635401978884.

(5.51)

We denote the composition of (5.49) with the coefficients (5.51) by CERKNp8s15
which is a symplectic and symmetric ERKN integrator of order eight.

Remark 5.4 The second-order symmetric Gautschi-type method is also an alterna-
tive basic method for oscillatory problem. Take Deuflhard’s Trigonometric Method
(see [8]) for example, and let £2 = K'!/2. The one-step form of Deuflhard’s method
for (5.1) reads

hZ
G = cos(h2)g, + 27" sin(h2)q, + 5 (h2)™" sin(h2) £ (q.).

1
Gpy1 = — 82 sin(h2)g, + cos(h$2)q, + Eh(COS(hS?)f(qn) + f(@n+1)-

(5.52)
The method is also symmetric and symplectic, which makes it a good option as
the basic method. It is noted from the definition of the ¢-functions that Deuflhard’s
method can be reformulated as

Ql = qn,

h2
02 = ¢o(V)gn + ¢1(V)(hg,) + 7¢1(V)f(Q1),

02 (5.53)
Gnt1 = do(V)qn + d1(V)(hg,) + ?¢1(V)f(Q1),

h
Gpi1 = —hKo1(V)gun + ¢o(V)g, + §(¢0(V)f(Q1) + f(Q2)).

In other words, Deuflhard’s method can be viewed as a two-stage ERKN integrator
of order two with FSAL property (the last evaluation at any step is the same as the
first evaluation at the next step). Thus it only needs one function evaluation per step.

5.4 Numerical Experiments

In order to show the robustness and efficiency of the symplectic and symmetric
methods proposed in this chapter in comparison with the existing methods in the
scientific literature, we use four problems in numerical experiments. The methods
used for comparison are:

e CRKNp6s7: the composition of Stormer—Verlet method with coefficients (5.50);
e CRKNp8s15: the composition of Stéormer—Verlet method with coefficients (5.51);
e CDeuflhardp6s7: the composition of Deuflhard’s method with coefficients (5.50);
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e CDeuflhardp8s15: the composition of Deuflhard’s method with coefficients (5.51);
e SRKNp4s3: the three-stage symplectic Runge—Kutta—Nystrom method of order
four given in [11].

For each experiment, we will display the efficiency curves: accuracy versus the
computational cost measured by the number of function evaluations required by
each method and the energy error of each method. If the error is very large, we do
not plot the points in the figure of the numerical results.

Problem 1 Consider the orbital problem with perturbation

2e + &2
W +a=——5—a, a=1 g0 =0,

, 2e + &2 ,
G+ q=- 54 20 =040 =1+e

where r =,/ ql2 + q22. This is a Hamiltonian system with the Hamiltonian

1 T 1 T
H=-p p+-q9 Kq+U(g),
2 2
where 5
2¢e + ¢ 10
V@) =—--— 5 K:(m)'
3(q1+q2)2

The analytic solution is given by
q1(t) = cos(t + et), q2(t) = sin(t + &t).

The problem is solved on the interval [0, 1000] with ¢ = 1073. We take stepsizes h =
1/2/ for the methods CERKNpS8s15, CRKNp8s15, CDeuflhardp8s15, h = 1/213rl
for CERKNp6s7, CRKNp6s7, CDeuflhardp6s7, h = 6/(15 x 27) for CARKNp4s6,
h =12/(15 x 27) for CARKNp4s12, and h = 3/(15 x 27) for SRKNp4s3, where
j=0,...,3.

Figure5.1(i) shows the error of the position ¢ at t,,; = 1000 versus the com-
putational effort. We integrate this problem with stepsize 2 = 1.5 in the interval
[0, fona], tena =5 x 10' fori =0, ..., 3. Figure5.1(ii) shows the energy errors of
different methods.

Problem 2 Consider the Fermi—Pasta—Ulam problem, which can be expressed by a
Hamiltonian system with the Hamiltonian

1 T 1 T
H(p,q)=§p p+§q Kq+U(q),

where
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Orbital problem: The efficiency curves Orbital problem: The energy conservation
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Fig. 5.1 Results for Problem 1. (i): The logarithm of the global error (G E) over the integration
interval against the logarithm of the number of function evaluations. (ii): The logarithm of the
maximum global error of Hamiltonian GEH = max |H,, — Hy| against log;,(fena)

Ome OmXWl
k= <0mxm wzlmxm) ’

1 m—1
U(g) = 1 ((6]1 — @)+ Y (Gitt = Gurivt — @i — Gur)* + (G + q2m)4) .

i=1

Following [10], we choose v = 100 and

1
m=3 qO) =1 p0) =1 ¢0)="=, p0) =1 (5.54)

and choose zero for the remaining initial values.

The problem is integrated on the interval [0, 20] with stepsizes & = 0.08/2/
for the methods CERKNp8s15, CRKNp8s15, CDeuflhardp8s15, & = 0.08/2/*! for
CERKNp6s7, CRKNp6s7, CDeuflhardp6s7, & = 0.08 x 6/(15 x 27) for CARKN
p4s6,h = 0.08 x 12/(15 x 2/) for CARKNp4s12, and h = 0.08 x 3/(15 x 2/) for
SRKNp4s3, where j =0, ..., 3.

Figure5.2 (i) shows the error of the position ¢ at #,,; = 20 versus the compu-
tational effort. We integrate this problem with stepsize - = 0.01 on the interval
[0, fona], tena = 10 x 57 fori =0, ..., 3. Figure5.2(ii) shows the energy errors of
different methods.
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FPU: The efficiency curves FPU: The energy conservation
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Fig. 5.2 Results for Problem 2. (i): The logarithm of the global error (G E) over the integration
interval against the logarithm of the number of function evaluations. (ii): The logarithm of the
maximum global error of Hamiltonian G EH = max |H, — Hy| against log;( (fena)

Problem 3 Consider the sine-Gordon equation with periodic boundary conditions

9%u 9%u .

— = — —sinu, —1l<x<l1, t>0,
ot? ax2

u(—1,t) =u(l,r).

By semi-discretization on the spatial variable with second-order symmetric dif-
ferences, and introducing generalized momenta p = ¢’, we obtain a Hamiltonian
system with the Hamiltonian

1 1
H(p,q) = Epr + EqTKq +U(g),
where q(t) = (ui(t),...,uys(®))7 and U(g) = —(cos(uy) + ...+ cos(uy)) with
u;(t)y ~ulx;,t), x;, =—1+iAxfori=1,...,d, Ax =2/d, and

2 -1 ~1
-1 2 -1

- . (5.55)

-1 2 -1

-1 ~1 2
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sine-Gordon: The energy conservation
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Fig. 5.3 Results for Problem 3. (i): The logarithm of the global error (G E) over the integration
interval against the logarithm of the number of function evaluations. (ii): The logarithm of the
maximum global error of Hamiltonian G EH = max |H, — Hy| against log;,(fena)

We take d = 32 and the initial conditions as

q(0) = (1), p0) =vd (0.01 + sin<%>>

The problem is integrated on the interval [0, 10] with stepsizes & = 1/2/ for the meth-
ods CERKNp8s15, CRKNp8s15, CDeuflhardp8s15, i = 1/2/*! for CERKNp6s7,
CRKNp6s7, CDeuflhardp6s7,h = 6/(15 x 2/) for CARKNp4s6,h = 12/(15 x 2/)
for CARKNp4s12, and h = 3/(15 x 27) for SRKNp4s3, where j =1, ..., 4.

Figure 5.3 (i) shows the error of the position ¢ at #,,; = 10 versus the compu-
tational effort. We integrate this problem with stepsize 7 = 0.08 in the interval
[0, fona], tena = 10 x 57 fori =0, ..., 3. Figure5.3(ii) shows the energy errors of
different methods.

Problem 4 Consider the nonlinear Klein-Gordon equation (see, e.g. [12])

9%u
3
5 g tutuw =0, 0<x<L, t>0,

9%u

u(x,0) = A(1 + cos(¥x)),
u;(x,0) =0,
M(O, t) - M(L, t)7
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where L = 1.28, A = 0.9.

By the same semi-discretization on the spatial variable as Problem 3, and introduc-
ing generalized momenta p = ¢’, we obtain the corresponding Hamiltonian system
with the Hamiltonian

1 1
H(p,q) = 3P Tp+ 261T1<q+U(c1)

where g(t) = (1), ..., ug()T andU(q) L 4+ tut 4+ .o+ w2 + Lud with
u;(t) ~u(x;,t), x; —le fori=1,...,d, Ax =L/d,
2 -1 —1
| -1 2 -1
K=— ST . 5.56
- L (5.56)
-1 2 -1
—1 -1 2

and the initial conditions are

g(0) = (0.9(1 +cos(%)))il, p(0) = (o)fl

We take d = 32, and integrate the problem on the interval [0, 10] with stepsizes h =
1/2/ for the methods CERKNp8s15, CRKNp8s15, CDeuflhardp8s15, h = 1/2/+!
for CERKNp6s7, CRKNp6s7, CDeuflhardp6s7, h = 6/(15 x 27) for CARKNp4s6,
h =12/(15 x 27) for CARKNp4s12, and h = 3/(15 x 2/) for SRKNp4s3, where
j=3,...,6.

Figure 5.4(i) shows the error of the position ¢ at #,,4 = 10 versus the computa-
tional effort. We then integrate the problem with stepsize 4 = 0.08 on the interval
[0, fona], tena = 10 x 57 fori =0, ..., 3. Figure 5.4(ii) shows the energy errors of
the different methods.

It follows from the numerical results shown in Figs. 5.1, 5.2, 5.3 and 5.4 that,
overall, for the problems under consideration, the symmetric and symplectic com-
position methods based on ARKN and ERKN methods (extended Stormer—Verlet
method, Deuflhard’s method) give more efficient and accurate qualitative features
than the classical symmetric and symplectic composition methods based on the RKN
method (Stormer—Verlet method). In addition, the classical method SRKNp4s3 gives
the poorest results for both efficiency and energy conservation. This fact shows that
taking account of the oscillatory structure is a significant factor to be considered
in the numerical integration of oscillatory Hamiltonian systems. On the other hand,
from Figs.5.1 and 5.4, it is clear that for Problems 1 and 4, the symmetric and sym-
plectic composition method CRKNp8s15 of order eight is more efficient than the
ARKN-based symmetric and symplectic composition methods CARKNp4s6 and
CARKNp4s12 of order four. This means that apart from symplecticity, symmetry,
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Fig. 5.4 Results for Problem4. (i): The logarithm of the global error (G E) over the integration
interval against the logarithm of the number of function evaluations. (ii): The logarithm of the
maximum global error of Hamiltonian G EH = max |H, — Hy| against log;,(fena)

adaption to oscillation, the algebraic order cannot be ignored when designing efficient
numerical methods.

For a large stepsize, it can be observed from the results of the numerical experi-
ments that the composition methods based on ARKN methods and ERKN integrators
perform very well. However, the traditional composition methods give unsatisfactory
qualitative behavior. Therefore, the symmetric and symplectic composition methods
based on ARKN methods and ERKN integrators are more suitable for the long-term
integration of oscillatory Hamiltonian systems.

5.5 Conclusions and Discussions

For solving a multi-frequency and multi-dimensional oscillatory second-order initial
value problem of the form ¢” + Kq = f(g), multi-frequency and multi-dimensional
ARKN methods and multi-frequency and multi-dimensional ERKN integrators
are incorporated with the special structure brought by the linear term Kq. These
integrators exactly integrate the multi-frequency oscillatory homogeneous system
q" + Kq = 0. The sympletic conditions of multi-frequency and multi-dimensional
ERKN integrators were presented for second-order oscillatory Hamiltonian sys-
tems (see [28]). This chapter derived the symplectic conditions for multi-frequency
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and multi-dimensional ARKN methods. Furthermore, the symplectic conditions for
the adjoint integrators of multi-frequency and multi-dimensional symplectic ARKN
methods and symplectic ERKN integrators were analysed, respectively. We showed
that the adjoint method of the one-stage symplectic ARKN method is still symplectic.
The adjoint integrator of a multi-frequency and multi-dimensional symplectic ERKN
integrator is also symplectic. With these properties, we analysed and derived four
new high-order symplectic and symmetric methods by the composition of ARKN and
ERKN integrators. The numerical results support the theoretical analysis and show
that these new composition methods are more efficient than the composition methods
of traditional RKN methods when applied to multi-frequency and multi-dimensional
oscillatory Hamiltonian systems. Last but not least, we again point out that a sym-
plectic ARKN method or a symplectic ERKN integrator for a single-frequency oscil-
latory Hamiltonian system cannot ensure itself to be again a symplectic method when
applied to a multi-frequency and multi-dimensional oscillatory Hamiltonian system.

This chapter focused on symplectic and symmetric composition integrators of
RKN-type methods for multi-frequency oscillatory Hamiltonian systems. The next
chapter will be concerned with the construction of arbitrary order ERKN integrators,
including symplectic and symmetric ERKN methods.

The material of this chapter is based on the work by Liu and Wu [14].
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Chapter 6 ®)
The Construction of Arbitrary Order oo
ERKN Integrators via Group Theory

This chapter presents the construction of arbitrary order extended Runge—Kutta—
Nystrom (ERKN) integrators. In general, ERKN methods are more effective than tra-
ditional Runge—Kutta—Nystrom (RKN) methods in dealing with oscillatory Hamilto-
nian systems. However, the theoretical analysis for ERKN methods, such as the order
conditions, the symplecticity conditions and the symmetric conditions, becomes
much more complicated than that for RKN methods. Therefore, it is a bottleneck
to construct high-order ERKN methods efficiently. This chapter first establishes the
ERKN group £2 for ERKN methods and the RKN group G for RKN methods, respec-
tively, and then shows that ERKN methods are a natural extension of RKN methods.
That is, there exists an epimorphism 7 of the ERKN group £2 onto the RKN group
G. This epimorphism gives a global insight into the structure of the ERKN group by
the analysis of its kernel and the corresponding RKN group G. We also establish a
particular mapping ¢ of G into £2 that each image element is an ideal representative
element of the congruence class in §2. Furthermore, an elementary theoretical anal-
ysis shows that this mapping ¢ can preserve many structure-preserving properties,
such as the order, the symmetry and the symplecticity. From the epimorphism 7,
together with its section ¢, we may gain knowledge about the structure of the ERKN
group 2 through the RKN group G.

6.1 Introduction

We are concerned in this chapter with initial value problems (IVP) of second-order
oscillatory differential equations

YO+ My(t) = f(y(1)),
, , (6.1)
y(to) = yo, ¥'(to) = yys
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with M a (symmetric) positive semi-definite matrix and [|[M]| > 1, which fre-
quently arise in many aspects of scientific and engineering computing, such as celes-
tial mechanics, theoretical physics, chemistry and electronics. Effective numerical
methods for solving this type of problems are of great importance (see, e.g. [4, 7-10,
13, 14]). Using the oscillatory structure introduced by the linear term My in (6.1),
Yang et al. [34] proposed extended Runge—Kutta—Nystrom (ERKN) methods. Much
research effort on ERKN methods has been made and ERKN methods show notable
efficiency and higher accuracy than the traditional Runge—Kutta—Nystrom (RKN)
methods in dealing with (6.1) (see, e.g. [28, 29, 31, 32, 35, 36]). Itis clear that (6.1)
becomes a Hamiltonian system once f(y) = —VU(y), where U(y) is a smooth
potential function. The symmetric conditions and symplectic conditions for ERKN
methods have also been investigated [15, 16, 25, 27, 30]. However, it is very difficult
to obtain a high-order ERKN method with some important structure properties, even
though the order conditions, the symmetric conditions and the symplectic conditions
have been well established.

On the one hand, we have known an important property of ERKN methods, that
is, when M — 0, each ERKN method reduces to a classical RKN method. This prop-
erty implies that there exists an intrinsic relation between ERKN and RKN methods.
On the other hand, the structural properties such as symmetry and symplecticity of
RKN methods have been studied by many authors and very useful results have been
achieved [1-3, 19-21, 23, 24, 26]. Taking account of these two points, in this chapter
we attempt to clarify this intrinsic relation between ERKN and RKN methods by
introducing an epimorphism 7 from the ERKN group §2 to the RKN group G. In
particular, we establish a particular mapping 1 from G to §2. Consequently, the prop-
erties of ERKN methods including the order, the symmetry, and the symplecticity,
are inherited from the classical RKN methods via the mapping ¢.

The plan of this chapter is as follows. In Sect.6.2 we briefly review the classi-
cal RKN methods and then construct the RKN group G. In Sect. 6.3, the theories
associated with the ERKN group £2 are established. Especially, we show that there
exists an epimorphism 7 from §2 to G. In Sect. 6.4, we address the particular map-
ping ¢ from G to 2 in detail. It turns out that this mapping preserves the order, the
symplecticity, and almost the symmetry. In Sect.6.5 we carry out some numerical
experiments for the high-order structure-preserving ERKN methods derived from
the theoretical analysis in Sect.6.4. The last section is concerned with conclusions
and discussions.

6.2 Classical RKN Methods and the RKN Group

This section begins with an overview of the results on classical RKN methods for
second-order initial value problems

! Y1) = f(y()), ©2)

y(to) = yo. ¥'(to) = yg»
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where the right-hand-side function f does not depend on the derivative y” and time ¢.
As is well known, to approximate this autonomous system more efficiently than with
traditional Runge—Kutta (RK) methods, the so-called Runge—Kutta—Nystrom (RKN)
methods were proposed [18]. An s-stage classical RKN method with a stepsize & for
the problem (6.2) is defined as

Y,-:y,l—i—cihy,/l—i—hzZa,-jf(Yj), i:l,...,s,

j=1

N
Yus1 = Yu +hy, + 0> b f(V), (6.3)

i=1

Vipt = Vo +h Y bif(Y),

i=1

where a;;, 15,~, b; fori, j = 1,...,s are real constants. Usually, the RKN method
(6.3) can be briefly expressed in a Butcher Tableau

cr|am -+ dys

c A . . .
ET = Cs|dsl ~ " Uss 6.4)

BT |y o by

bl A bs

In order to establish an RKN group conveniently, we will specify an RKN method &
with a stepsize h by @;,. Then @,, and Dg), are regarded as two different elements
once y # B, even though they share the same coefficients. To construct a group
related to RKN methods, a binary composition is needed. Similarly to Hairer and
Wanner [11] in 1974, we consider the composition of two RKN methods but matching
allowance for their corresponding stepsizes.

We then introduce the following definition.

Definition 6.1 Suppose that @, is an s-stage RKN method defined by (6.3) for the
problem (6.2), @, is called an essential O-stepsize form of @), if the formula for
&, reads

Yi=yuteihy, + 02 Y ap f(Y), =1,

Jj=1

Vst = yu A0 bif(Yo), 6.5)

i=1

Ypi1 =Yy th Zbif(yi)~
i=1
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Accordingly, @j, is called an h-stepsize form of @, .

Remark 6.1 From Definition 6.1, the only difference is in the second equation com-
pared with (6.3). This is essential. That is, the equation

Yt = Y +hy, AR Y b f (V)

i=1
for @, has been changed into

Yast = yu A0 bif(Y),

i=1

in (6.5) for @;. This means that the numerical solution (y,41, 1) = PV, ¥;)
approximates the exact solution at ¢, + h, whereas (Yui1. ;) = @, (v, y;,) can
only approximate to (y(,), y'(¢,)) at t,. It is noted that if ¥, is a classical RKN
method, then ¥, is just the identity /. This implies that an RKN method ¥., with
the stepsize 0 is totally different from its essential O-stepsize form ¥, under our
new definition.

Suppose that @, and @ ,% are two RKN methods with s stages and s, stages, respec-
tively. '_I'heirc_oefﬁcier_lts are respectively denotedbyc = (cy, ..., ¢)7, b = (by, ...
by)Tob = (br,....b)T A = (a;), .,
b;kz)T’ b* = (b*’ e b;;)T’ AT = (a;})szxsz
<1§;', , and <D§h. Taking (yo, ¥,) as the starting value at #o and (yi, y;) as the updated

’

and ¢* = (c]",...,c;kz)T,b* = by, ...,

. We next consider the composition of

value after one step, we can express the composition law of (yi, y]) = ((Déh )
@,,) (Yo, ¥o) as

S1
Yi=y+ VCihY6+VthZaijf(Yj), i=1,...,s1,
=1

51
Vi = yo+vhyo+ VY bif(Y),
i=1

S
Vi =yo+rh Y bif(Y,
i=1

(6.6)

852
Yo =51 + Bty + B0 Y a f(), k=1,....5,
j=1

52
yi =31+ BhF, + B Y brf(Y)),

i=1

52
Vi =73+ Bhb} f(¥).

i=1
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Canceling y; and | from (6.6), we obtain the following simplified form

S
Y; :)’0+Vcih)’(/)+h221’2“ijf(yj)a i=1,..., s1
j=1

s1 52
Yk=y0+(V+/3€7§)hy6+h2(Z(72bj+Vﬂ67§bj)f(Yj)+Zﬂza}fjf(Yj)), k=1,....5
j=1 j=1

51 52
¥ =30+ (v + By + h2( (b + vBb £ (YD + Y B2BE (D)),

i=1 i=1

s1 52
o=+ h (D v fr + 0 B FT).

i=1 i=1

(6.7)

Now let us have a further discussion on the formula (6.7). If y 4+ 8 # 0, we observe
that (6.7) is just an RKN method ¥, 44, with the stepsize (y + B)h. Meanwhile,
by a careful calculation the Butcher tableau of RKN method ¥}, reads

ye/s  |y*A/8?
(ye+ Bc*) /8| AJs: B2A*/8?

b7/8% B2b*T /8% ©8)

ybT/8 BbTT/S

where § = y + 8, /Lj = yzl;j—}-yﬂc;"bj,l;j = yzl;j—f-yﬂbj fori=1,...,5, j=
1,...,s;,ande = (1, ..., )Tisthe s, x 1 vector of units. It is clear that the updated
value (y;, y;) just approximates the exact value at 7o + (y + B)h.

However, for the case of y + = 0, the formula (6.7) is no longer of classical
RKN type. In this case, @ é n© @; , 1s just an essential 0-stepsize RKN method, whose
corresponding h-stepsize form can be expressed in the following Butcher tableau

ye |y
ye+Bc| A B2A*
; (6.9)
bT B2b*T
ybT Bb*T

where A,- ; and b ; are the same as in formula (6.8). In this case, it should be noted
that >, yb; + >, Bbf =0wheny + 8 =0and ) ,b; = ) ; b¥ = 1. Although
this case is not significant in practice, it will be indispensable in the construction of
an RKN group in the remainder of this chapter.

Define

G :={Dy | D, is a classical RKN method for @ € R},
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Go = (@), | @, is the essential O-stepsize form of @y, and @y, € G with

Zi b,' = 0}, and G = G] UGO
We then have the following result.

Theorem 6.1 (G, o, 1) is a group with respect to the composition o and the
identity I.

Proof 1ltis clear that the composition o is associative, and for each element ® € G we
certainly have @ oI = I o ® = ©. Moreover, if @ and ¥ are two arbitrary elements
in G, from the formula (6.7) and the above analysis we know that @ o ¥ € G. This
shows the closure property of G under the product o. We next show that each element
in G is invertible.

For an s-stage RKN method A defined by (6.3), the existing results [19] have
revealed the existence of its adjoint method Aj. If the coefficients of the adjoint
method are denoted by ¢* = (¢}, ..., ¢)T, b* = (b%, ..., b5)T, b* = (b%, ..., b")T,
and A* = (a;kj)m, then they satisfy

c?‘ =1- Cs+1—i »
a*j =(- Cﬁ-lji)bs-&-l—j —bosioj + 1ot (6.10)
by =by1-j — bsy1-j ,

*
bj = bs+17j s

for 1 < 1i,j < s. Certainly A} belongs to G, and hence A*, € G. Furthermore,

from the definition of adjoint methods, we have A;l = A?*, straightforwardly.
Consequently, we have A;l € G, so does its essential 0-stepsize form A, namely,
A/h_1 € G. This completes the proof. O

Remark 6.2 Here, the above way of defining an RKN group has some nonessential
differences from that of the RK group defined by Hairer and Wanner [11]. These
differences actually rely on the following fact. If @, and ¥}, are two different RKN
methods and they are not adjoint to each other, then the composition @;, o ¥*, does
not belong to G| any more. Here ¥" denotes the adjoint method of ¥;,. That is why
we have additionally introduced Definition 6.1 and the set G. Likewise, it is also
needed to introduce another new definition (Definition6.2) when constructing the
ERKN group in the next section.

6.3 ERKN Group and Related Issues

6.3.1 Construction of ERKN Group

In this section, we are concerned with the group-structure analysis of the efficient
integrator for the oscillatory second-order initial problem (6.1). It seems that classical
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RKN methods could still be applied to these problems as numerical integrators,
since one may move the term My from the left-hand side to the right-hand side of
the differential equation and then the problem (6.1) can be also transformed to the
type of (6.2). However, when ||M]| > 1, RKN methods may not be very effective
methods for solving (6.1) and show bad numerical behavior. This is mainly caused
by the highly oscillatory effect introduced by the linear term My. Taking account
of this point, the extended Runge—Kutta—Nystrom (ERKN) methods were proposed
and designed especially for the oscillatory problem (6.1).

Based on the matrix-variation-of-constants formula [33], an s-stage ERKN
method [34] for IVP (6.1) is defined by

N
Y; = ¢o(c]V)yn + cihi (FV)y, +h* Y ay(V)F(Y)), i=1,....s,
j=1

Yrt = Go(V)yu +hy (V)y, + 1Y bi(V) f(Yo),

i=1

Vni1 = —hMe1(V)ya +¢o(V)y, +h Y bi(V) f(Yo).
i=1
_ (6.11)
Here, ¢y, ..., ¢, are real constants, b;(V), b;(V) and a;;(V) fori, j = 1,...,s are
matrix-valued functions of V = h?>M which are usually expressed in formal series
in terms of V

) b(2k) 00 5(2k) oo (2k)
bi(Vy=> vk (V)= L yk (V)= Y —L_vk (6.12
) Z(2/<)! V) Z(2k)! a; (V) Z(2k)! ©.12)
k=0 k=0 k=0
d
an i(_l)kvk
p;(V)y:=) ———  j=0,1,.... (6.13)
= 2k + ))!

The properties related to ¢; (V) for j = 0, 1, ... can be found in [31] and the details
are omitted here. We can also express the ERKN method (6.11) in a Butcher tableau

crlai (V) -+ ai (V)

< AV) : :
_E(V)T — Cy asl(V) ce ass(v) . (614)
b(V)T by(V) -+ by(V)

bi(V) -+ bs(V)

Proceeding in the same spirit as for RKN methods, we also introduce a new
definition for ERKN methods as follows.
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Definition 6.2 Suppose that ¥}, is an s-stage ERKN method defined by (6.11) for
the problem (6.1), ¥, is called essential O-stepsize form of ¥, if the formula for
¥, reads

Yi = g0 VIya + cihi (Vv + 12 ) ay(VF(Y), i=1,....s,

J=1

Yurt =Y+ Y Bi(V)F(Y),

i=1

Vst =¥y Hh Y bi(V)f (X)),

i=l1

(6.15)
Then ¥, is called an h-stepsize form of ¥,.

Suppose that T,} and T,% are two ERKN methods with s; stages and s, stages,
respectively. The coefficients of T,i are denoted as (c, b, b, A), and those of T,f are
additionally denoted with a star (c*, b*, b*, A*). We now consider the composition
of Y, and Y3,. After a careful calculation, we derive the scheme Y3, o Y}, as
follows

51
Y; = go(y>cIV)yo + yeihdi (P2 V)yg + 12 Yy A (VI i=1,.. 81,
j=1
Y = ¢o((y + B> V)yo + (v + BeDhd1 (v + B Vg
+ 1232 (25,2 VIg0 B2V + yBeih; (P VIgy (B2 V)) ()

j=1
5

+ Y BALENT)) k=1
Jj=1

M =00y +BV)yo + (v + Bhdr (v + B V)
+2( Z (v?b; (r>VIgo (B2V) + yBb; (v* V)1 (B2 V) £ (Y}) + Z BB (B2V) (),
j=1 i=1
Y= =+ BRMe(y + B V)yo + do((r + B’ V)G
+( Z (= V2 BVE; (2 V)d1(B2V) + ybi(r*V)go(B2V)) £ (Y)) + iﬁhi(ﬂzv),f(ﬁ))-

j=1 i=1

For the case y + 8 # 0, gives that the composition Y, o T, indicates a new
s, namely, an (s; + 55)-stage ERKN method with the stepsize & = (y 4+ 8)h, and
Butcher tableau
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ve/s  |v?A(?/8%V)/8°
(ve+BcH)/8| A(V/8H)/8*  B*A*(B*/5°V)/8

, (6.16)
BT(V/8)/8* B*bT(B>/5°V)/8
BT(V/§%)/8  BbT(B*/87V)/8

where

Ay (V) = y2bj(y*V)go(B*c?V) + yBeibi(y* V)i (B> V),
B;(V) = y?b;(y*V)o(B>V) + yBb; (y* V)1 (B*V), (6.17)
B;(V) = —y*BVb;(y*V)$i1(B>V) + yb;(y*V)do(B*V),

fori = 1,...,S2, ]= 1,...,S1.

If y + B = 0, the composition Y’ = Y3, o Y}, is also essential O-stepsize,
whose corresponding h-stepsize form can be expressed in the following Butcher
tableau

ve |vAWPY)
vetpct| A(V) PPAYBV)

, (6.18)
BT(V) p**T(B2V)
BT(V) Bb*T(B?V)

where A;;(V), B;(V), B;(V) have the same expression as (6.17) with ), ybfo) +

. Bb 0 = 0.
Define
2, =Py | P is an ERKN method for o € R},
20 = {P), | D, is the essential O-stepsize form of Py, Pon € $21 with

> b =0}, and 2 = 2, | 2.
Then we have the following theorem.

Theorem 6.2 (£2,0,1) is a group with respect to the composition o and the
identity I.

The proof is similar to that of Theorem 6.1, except that the coefficients of the adjoint
method of (6.11) can be expressed as
i =1—copi-i,
aj;(V) = do(clyy VIbj(V) = copiidi(ciyy Vb (V) + agiispi—i(V)
bi(V) = ¢1(V)by1—j(V) — o(V)byy1— (V)

bi(V) = Veir(V)bs1j(V) + ¢o(V)bs1 (V)
(6.19)

for I < i, j < s.Hence, we omit the details here.
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6.3.2 The Relation Between the RKN Group G
and the ERKN Group $2

In the previous sections, we have established the RKN group (G, o, I) and the ERKN
group (2,0, 1). A direct observation shows that when M — 0, the oscillatory
problem (6.1) becomes the traditional second-order initial value problem (6.2), and
the ERKN method (6.11) hence reduces to the RKN method (6.3). This point indicates
that there exists an inherent relationship between RKN methods and ERKN methods.
Thus, ERKN methods are usually regarded as an extension of RKN methods. In the
following, we will rigorously demonstrate this extension relationship.

In what follows, we will denote the coefficients of an RKN method in lower-case
by (c, b, b, a) and those of an ERKN method in upper-case by (C, B, B, A). As
ERKN methods depend on the matrix M, for each element ¥ € §2 we will denote it
as ¥ (M) to show this relevance if necessary. Then the word reduces can be defined
as a map

n: 2—G, n¥) = A!IiLnolI/(M), VWV eS.

As a continuation, we arrive at the following useful theorem.

Theorem 6.3 The map n is an epimorphism of the group S2 onto the group G.

Proof Suppose that &' and ¥ ? are two elements of £2 respectively with the stepsizes
yh and Bh, @' = n(¥"), and &2 = 5(¥?). From the composition laws (6.8) and
(6.9) of RKN methods and those of ERKN methods (6.16) and (6.18), it can be easily
verified that n(¥2 o ¥!) = @2 0 @' = n(¥?) o n(¥"). In addition, from the fact
that n(/) = I, we conclude that  is a homomorphism of §2 into G.

We next show that ) is surjective. Foreachelement @ € G, whichis denoted by the

coefficients (c, b, b, a), there exists ¥ € £2, whose coefficients can be expressed as
C=c, BV)=b®E, BWV)=bQE, AV)=a®E,, (6.20)

where ® is the Kronecker product, E, is an n x n identity matrix and n is the
dimension of square matrix M. Obviously the coefficients (C, B, B, A) define an
element in £2, and thus 7 is surjective. This completes the proof. ([

Corollary 6.1 Let K be the kernel of n, i.e. K = n~'(I), then K is a normal
subgroup of §2. Moreover, the induced map 1 is an isomorphism of the quotient
group 2 = §2 /K onto the group G.

Theorem 6.3 actually gives a global view of ERKN methods by connecting them
with classical RKN methods via the epimorphism map 7. From Corollary 6.1, the
map 1 defines a congruence relation = by the normal subgroup K, where

& =¥(mod K) if & 'oW eK.
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Then by finding a representative element ¥ for each congruence class ¥ € 2, we
can theoretically give all the elements in ¥, since for each ©® € ¥ thereexists I' € K
such that ® = ¥ o I'. This fact indicates that ¥ is the coset of ¥ relative to K, i.e.
¥ = ¥ o K. Hence it only remains to describe the normal subgroup K in detail.
This can be easily obtained from the following definition of K

K ={we b =0and b =0, ¥j}.

6.4 A Particular Mapping of G into 2

In Sect. 6.3, we have investigated the ERKN group as a whole. However, as mentioned
in the previous section, we can just have a theoretical description for each congruence
class ¥ € £2, and this is not associated with the important properties of the method,
such as the symplecticity, the symmetry and the order. Recalling Corollary 6.1 again,
and taking account of the fact that ¥ = W o K, it is of great importance to select
a representative element ¥ with favourable properties for the congruence class ¥,
even though we cannot give a detailed analysis for each element in ¥

Meanwhile, because n(a) = @ € G, @ inherits all the advantages of the ERKN
elements in ¥. Hence all the ERKN elements in ¥ cannot have better structural
properties than the reduced RKN element @. Taking account of this point, we may
find this appropriate representative element ¥ with the help of the corresponding
reduced RKN element @. In fact, what we are considering is to find a normal mapping
¢ from G into £2, so that ¢ (@) can preserve as many properties as the original RKN
method @ does. A direct result about the potential mapping ¢ is that it should be the
section of 1. That is, the composition n o ¢ = I is the identity on G. In this sense,
the underlying mapping defined by (6.20) may be a straightforward candidate for ¢.
Unfortunately, most properties cannot be preserved in this easy way, and we have to
reconsider a proper mapping ¢.

From the variation-of-constants formula (see, e.g. [31, 32]) for the problem (6.2)
and the problem (6.1), as well as the corresponding RKN method for (6.2) and ERKN
integrator (6.11), we consider the following mapping:

cla C| A(V)
p: G— £, Tt BV)T (6.21)
bT B(V)T

where
Aij(V) = aijpi((ci — c)*V),

Bi(V) = big1 (1 — c)*V),
B;(V) = bigo((1 — c)*V),



146 6 The Construction of Arbitrary Order ERKN Integrators via Group Theory

for 1 < i,j < s and s is the stage of the RKN method. This mapping naturally
maps a classical RKN method @ to an ERRK method ¢(®). Meanwhile, being a
representative element for the congruence class ¢ (@), we will show by the following
several theorems that ¢ (@) almost preserves all the properties that the original RKN
method @ has.

Theorem 6.4 If @ € G is symplectic, then o(®) € $2 is symplectic.

Proof From the definition of G, it is needed to verify that the result holds for all
RKN methods. Hence we can suppose that @ is an s-stage symplectic RKN method.
The results from Suris [26] and Okunbor and Skeel [19] show that the coefficients
of @ should satisfy the following symplectic conditions:

bi=(1—c)b;, 1<i<s,

0 g (6.22)
bibj + biaij; =bjb; +bja;;, 1=<i,j<=<s.

We next show that the ERKN method ¢ (@), whose coefficients C, A(V), B(V),
B(V) defined by (6.21), is symplectic. Although there is no sufficient and necessary
conditions for the symplecticity of ERKN methods, we will prove that ¢ (&) satisfies
the following conditions:

Po(V)Bi(V) + Vg1 (V)Bi(V) = digo(c] V), di €R,i=1,2, ...,
P (V)Bi(V) — do(V)Bi(V) = cidipi (] V), i=1,2,....5, (6.23)
BiBj+diAij=BjBi+deji7 i,j:l,Z,...,s,
which are sufficient conditions for symplectic ERKN methods originally proposed
by Wu et al. [30]. B B
The equations B; (V) = b;¢;((1 — ¢)?V)and B;(V) = bigo((1 —¢;)*V) exactly

give the first two equations of (6.23), with d; = b;. Then, inserting the expression
of A(V), B(V), B(V) into the the third equation of (6.23), we obtain

BiBj +d;Aij — (B;jBi +d;Aj)
=(1 = c)bibj1 (1 — c:)*V)o((1 = ¢;)*V) + biajji ((c; — ¢;)*V)
— (A = p)bibii (1 — ¢;)*V)go((1 — )’ V) + bjajipi ((c; — ¢;)*V))
=(bibj(c; — ¢;) + biaij — bja;i) 1 ((c; — c;)*V)
=0.

The last equation directly follows from (6.22). This completes the proof. (]

Theorem 6.5 If & € G is symmetric and the coefficients satisfy the simplifying
assumption b; = b;(1 — c¢;), then (D) € §2 is symmetric.
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Proof Similarly to Theorem 6.4, we only need to verify the case that @ is an s-stage
RKN method. Hence, we need to derive the symmetric conditions of ERKN methods
[16, 27]

¢i=1—cop1,

Aij(V) = ¢o(cty VB (V) — cpiipr (el VIBj(V) + Agri—igi—; (V)

Bj(V) = ¢1(V)Bs11-j(V) = ¢o(V)Bys1-;(V) ,

Bj(V) = V$1(V)Byy1—;(V) + ¢o(V) Byy1-;(V) |

(6.24)
from the symmetric conditions of RKN methods [12],
ci=1—coi-i,
aij = (1 = eyp1-)bsp1—j — byri—j + Asp1—ist1— » 625)

bj =bgy1—j —bgyi-;j,

bj=bsi1_;.

The first equation of (6.24) naturally holds. On noting that b; = b,,_; and b =
b;j(1 —cj), we have
¢1(V)Bsr1—j — do(V) Byg1—j

=by1—jp1(V)o((1 = 551-)*V) = bysi—j(1 — cgp1- o (V)1 (1 = co1-))*V)

=bjp1(V)do(c7V) — bjc;dp1(V)do(c;V)

=bj(1 —cj)p1((1 —c;)*V)

=B;(V).
and

Vi (V)Bsy1—j + ¢o(V)Boyi—j
=bys1-j(1 = 1= PV (VIP1 (1 = cs1-)° V) + byyi— o (VIdo (1 = €541-7)° V)
=b;(c;V1(V)$1(c3V) + do(V)do(c7V))
=bj¢o((1 —c)*V)
=B;(V).
These give the third and fourth equations of (6.24). Furthermore, it follows from
(6.25) and the simplifying assumption a;; = b;(¢; — ¢j) + as1—i54+1—j. We thus
have
Po(cy 1 VIBj(V) = cor1—idhi (511 VIB (V) + Agsi—isr1—j (V)
=b; (1 = ¢)do((1 = c)*V)$1((1 = ¢)*V) = bj(1 = )1 (1 = €)* Vo (1 — ¢)*V)
+ as41-is+1-jP1((ci — Cj)zV)
=(bj(ci — ¢j) + asr1-i541-7)P1((ci — c))*V),
=aij1((c; —¢;)*V)
=A;;(V),
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Fig. 6.2 Figure of tree 7 = (Wb, (b1 B0 (1)) x ©/

and consequently the second equation of (6.24) is satisfied. This completes the
proof. O

Remark 6.3 Although the condition bi = b;(1—¢;) required by Theorem 6.5, looks
like an additional simplifying condition, in fact this assumption is already contained
in the symplectic conditions for RKN methods in Theorem 6.4.

The following theorem is related to the order of a numerical method and the
corresponding order conditions. Hence it seems plausible to gain some knowledge of
special Nystrom tree (SNT) and simplified special extended Nystrom tree (SSENT),
which is respectively designed to deal with order conditions of RKN and ERKN
methods. Further details concerning SNT and SSENT can be found in [12, 35]. For
the convenience of the proof, we introduce the following two definitions and a basic
lemma, which will be used in the proof of the theorem later.

Definition 6.3 The degree of merge node d(7) on SSENT are recursively defined
as follows.

1.d(z) =0, ift € SNT;

2.d(t) = k + Z?zld(tj) + Zled(?i), if T = 71y X1 X -+ X 7T, X
(Wib i (byB)P (T) % -+ x (Wiby (b BL)P(T)) and 7;, T € SSENT, p; € N,
(see Fig.6.1).

Definition 6.4 If t = (W, b, (b4 B;)°(11)) x T’ (see Fig.6.2), then we define 7; to
be the first generation of 7. We recursively define that t,, is the nth (n > 2) generation
of 7, if there exists 7p € SSENT that 1, is the first generation of 7y and 7y is the
(n — 1)th generation of 7.
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Lemma 6.1 Ift =1 X 10, 171,72 € SSENT, then the order p(t), the sign s(t),
the density y (t), and the weight ®;(t) satisfy

p(t) =p(t1) + p(r2) — 1, s(7) =s(11) - 5(12),

6.26
@) =o)L YD iy ). 0
P(Tl) p(12)

This lemma can be directly obtained from the definition of order, density and sign
of an SSENT tree. Hence, we omit the remaining details of the proof here.

Theorem 6.6 If¥ < G is of order p (p > 1), then ¢(¥) € £2 is also of order p.

Proof Suppose that ¥ is an s-stage RKN method. The theorem can be stated as
follows.
If the order conditions [12]

Zb(b(r) - Yt eSNT,, m<p-1,
(p(r)+ Dy(r)’
6.27)
Zbiqﬁi(r) = —, YVt € SNT,,, m < p,
— y(7)
hold for W, then the order conditions [35]
° p(T)!
ZBicpi(r) m%(”“ + OMP=PD)Y) Ve SSENT,,, m<p—1,
. p(0)!
> Bidi(r) = —p(ry + OLP~ PO v € SSENT,. m < p,
/ y(T)s(7)
(6.28)

also hold for (&) under the mapping (6.21).

We will prove this theorem by induction. To this end, the degree of merge node
d(7) is used as an indicator. To show this in detail, we split the proof in two parts
with d(t) =0and d(r) > Oforall t € SSENT. As stated in [35], we should first
note that SNT is in fact a subset of SSENT. In the first part of the proof we will show
that foreach t € SNT,i.e. d(r) = 0, the statement of (6.28) holds.

Noting thats(t) = 1 holdsforallt € SNT, we canrewrite (6.28) as an equivalent
form

N

e . PO (= D! 21! o
ZBI. (1) = S GO T1TI YVt € SNT,,, 2l<p—m—2,

RN
S B® ) = 2O CVCD g o, d<pom—,
y(7) (p(1) +2D)!

(6.29)
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with the definitions of matrix-valued functions (6.12-6.13). Furthermore, taking
account of the mapping (6.21) and (6.12-6.13), we obtain the following equations

k) (—=DF
Aij :aij(C[—Cj)k2k+1,

~ob 7 ¢ (=DF (6.30)
By =bd=ep) o=

B =b;(1 - cpf(=1)F,

for the constants Agk), B;Zk), B’j@k) by comparing the corresponding coefficients of
each term V*. Inserting the new expressions of (6.30) into (6.29) gives

s

i} 1 p@!Q+ 1)

> bi(1—c)?@i(r) = LT e e SNT, A+1<p—1,
i (1 —¢i))" @i(7) SO (@ T 112D T€ m, m+2l+1<p

i=l 6.31)

- 1 oD
bi 1— i 2 @i = _—
; (= © y(t) (p(r) + 20)!

vVt e SNT;,, m+2+1<p.

This means that we only need show the correctness of (6.31) instead of (6.28).
Noting that @; (1) is the weight of SNT tree 7, then c,’f @; () will be the weight of

1 2 k

Considering Lemma 6.1, and noting that y (7g) = p(79) = k + 1, we then have

anew SNT tree 7’ = 1y x 7, where 70 =

1O 10 PO g = ey, (632)
p(to)  p(70) p(T)

py=p@) +k yE)=p@)-

For any k < 21, it can be deduced that k + p(t) < p,i.e. p(r’) < p. Thus, together
with the order conditions (6.27) for the special SNT tree 7" and (6.32), the following
equations

() = p) VT e SNTy. m+k+1<p—1,
; o) = S emThem Tk D € makti=r

Sb; ki) = — LD SNT, m k1< p.
; 2@ = TSt 7€ mrkti=r

(6.33)

are satisfied. Multiplying by (—1)¥C%, the two sides of (6.33) and summing over k
from O to 2/, we obtain
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21 s K
D =DECE Y hi(ckdim) = bi(1 = ) ®i(2)
k=0 i=1

i=1

—23 e Po)
Ty () (@) +hk+1)°

21

S (-nFch Z bi (i (v)) = Z bi(1 — ) ®; (1)

k=0 i=1 i=1

21
— Z(—l)ka L
— Py@(p(r) + k)

(6.34)
Comparing (6.31) with (6.34), it can be concluded that if the two conditions,

PO +(p@) +k+1)  (p(x)+1+2D)!

f}—nkk p(1) p(DI2L +1)!
21

(6.35)

me+m (p(r) +20)!

Z( 1k p(t) p(D!(2D!

hold for any p(7) < p, the Eq.(6.31) will be satisfied. Here C ; denotes the binomial

coefficient m It is clear that (6.35) is just a special case of the two identical
equations
121+ 1)!
2:( neck " _ M@+t N,
= (n+ R +k+1) (14 1+2D)
(6.36)
120)!
Z(— e P L CO L VAN
— n+ky  (n+2D!

Hence, the proof of this part is complete.
For the second part of the proof, we suppose that the order conditions for ¢ (¥)
hold for any d(t) = K (p(r) < p). This means that the equations

}:B¢<) gi)@mwy+ﬁm““%,
(6.37)
Z B;®;(t) = () )( )(pp(r) + ﬁ(hpfp(r)ﬂ)’

are satisfied fort € SSENT, d(r) = K (p(tr) < p). We turn to showing that (6.37)
also holds for any 7 € SSENT withd(r) = K + 1 (p(t) < p).
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Suppose that T € SSENT, p(tr) < p and d(r) = K + 1. It follows from
Definitions 6.3 and 6.4 that there must exist two integers / > 1, n > 0 and
a corresponding SSENT tree t, in t, where 7, with the particular form 7, =
(W4by (byBy)! (10)) is the nth generation of 7. Here, it is convenient to suppose
that 744 is the first generation of 7 for 1 < k < n — 1 and 1y is the the first
generation of t, that is

T = (Wibi (0B () x 71, 7 = (Wiby (b1 B (m + D) x 14y,

where 7/ may be some SSENT tree depending on 7. Using Lemma 6.1, we have the
following formula

s(t) = s(Teg1) - 5(T4),
o(t) = p(tiy1) + p(t, ) + 1,

) (6.38)
(1) = p(t) (p(Ter1) + 1)y (tes) —
P (Tppy)
Recursively iterating (6.38) implies that
sy =s() - [ s,
k=1
p(r) = p(tp) +n+ Y p(riy), (6.39)
k=1
" Ly (t)
y(@ =p@(p() + )y@) - [[e@ (o) +1) - [[ =2
k=1 k=1 P (Tiyr)

Modifying the SSENT tree T by merely replacing 7, with 7,, we obtain a new
tree 7 (certainly 7 will become a new one 7 and 7/ remains the same). Let § =
p(t,) — p(T,). Then it follows from (6.39) that

o s(Tp)
@ =570y
p(T) = p(@) = p(11) — p(T1) = = p(Ty) — p(Tp) =6, (640)
yG),, 6 T ' 5
y(T) = V(f)y( n)( p(f))( p(rn)+1 p(rk) (o) + 1)'

k:l

For 7, = (W+b+ (b+B+)l('C())) (see Fig.6.3), we can derive

s(ta) = (=1)'s(10),

p(t) = p(t0) + 21 + 2,

(p(w0) + 21 4+ 2)!
p()!2D!

(6.41)
v (t) = y(10)
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Fig. 6.4 Figure of tree 7,

We now consider 7, (see Fig.6.4) with the particular form

21—k folds k folds
—_— —

1.’n:I><I><---><I><(WerJr(b+B+)0(170><I><~~-><1))7 0<k<2l.

‘We then have

s(fn) = S(TO)»
p(Ty) = p(ro) + 21 + 2,

(6.42)
y(E,) = (,O(‘L'o) + k) (,0(1'0) +k+ l)(,o(fo) + 21+ 2) Zgg;
Combining (6.40) with (6.41-6.42), we derive the following equations
s() = s(1) - (1),
p(T) = p(), i.e.§ =0, (6.43)

(p(r0) + k) (p(70) + k + 1) (p(r0) = DI2D)!

y@=y@ (p(t0) + 21 + 1!

Keep in mind that the weights of 7 and 7 (k) (here we concretely denote the new
tree T as 7 (k) since it really depends on k) can be respectively expressed as
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1
®;(1) = ZZA AYE, = ZZAﬂaW(cM cU)Z’ - ) -,
pn=1 v=1 n=1 v=lI
(6.44)
®;(F(k) = Z ch “Apa,uct g,
n=1 v=l1

where A, E, are some summation depending on other branches of t. It follows
from (6.44) that
®i(1) = Z

k=0

(— 1)l+kc

21
T D;(T(k)). (6.45)

Moreover, from Definition 6.3, the equation d(7 (k)) = d(r) — 1 = K holds for any
0 < k < 21. By the assumption in this part we know that the order conditions (6.37)
are satisfied for such 7(k) (0 < k < 2[). Combining the Eq.(6.45) with the order
conditions for 7 (k), we have

Zqu(r)

(_

DFECS p(E(R)!

k=l

Z

0

(=

ZB@(T)

2l +1

d p—p(T (k)
ATT yEER)s(ER) Pt T O )
o (6.46)
+
)y Z Bi®; (7 (k)

(_1)1+kc21
2041

p(T(k))!

7 E 2y + O(hP~PEENFT)
V(T(k))s(‘[(k))d)p( wy +O( )

k=0

Taking account of the formula (6.43), which is related to T and the new SSENT tree
7(k), the equations in (6.46) imply that

(=D*C4 (p(x0) + 21 + 1! ~_p@!
)(p(0) +k +1)(p(z0) — DIQL+ D! y(D)s(7)

¢p(t>+l

ZM = Z < (o) +

+OHPPO),

ZM 0= Z < (o) + k

+ 0 hP~ ﬂ(f)+1)’

(6.47)
(=¥ (p (o) + 21 + 1! - p@!
)(p(0) +k + 1) (p(r0) = DI+ D! y(D)s(1)

Po()

by replacing s(7(k)), y (T (k)), p(T(k)) with s(t), y (), p(r). Comparing (6.47)
with (6.37), we observe that whether the order conditions are satisfied for  depends
on the following equation

21

,Z:(; (p(r0) +k

(=D*CE (p(0) + 21 + 1)!

= 6.48
)(0(t0) +k + 1) (p(70) — D12 + 1)! (49
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It has also been known that (6.48) is just a special case of the identity

i (—1*Ch(n + 20 + 1!

(n+k)(n+k+1)(n— DI+ 1)

= 1, }’l,leN+.
k=0

Hence, (6.37) also holds for any t € SSENT thatd(t) = K + 1 (p(7) < p).
Since both the base case and the inductive step have been demonstrated by the
above two processes, we have completed the proof of this theorem. [

The theorems established in this section essentially reveal the relation between
classical RKN methods and ERKN methods. An original and natural way to construct
certain high-order ERKN methods is based on the order conditions (6.28), by which
only general fifth/sixth order ERKN methods have now been found and it is quite
difficult to find an arbitrarily high order ERKN method due to the high complexity.
However, the theoretical results stated above can provide us with another simple
way to construct high-order ERKN methods. In this way, we only need to find
its corresponding reduced RKN method and these have been well studied in the
literature. Furthermore, ERKN methods with particular properties, such as symmetry
and symplecticity, can also be obtained via the mapping (6.21) and their reduced RKN
methods. Finally, we are able to obtain knowledge of ERKN methods by studying
RKN methods instead of ERKN methods themselves, especially in the construction
of high-order ERKN methods.

6.5 Numerical Experiments

In order to show applications of the results presented in the previous section, we
conduct some numerical experiments. First, we select some classical RKN methods
as follows:

e RKN3s4: the three-stage symmetric symplectic Runge—Kutta—Nystrom method
of order four proposed by Forest and Ruth [6];

e RKNT7s6: the seven-stage symmetric symplectic Runge—Kutta—Nystrom method
of order six given by Okunbor and Skeel [21];

e RKNG6s6: the six-stage Runge—Kutta—Nystrom method of order six given by
Papakostas and Tsitourasy [22];

e RKN16s10: the sixteen-stage Runge—Kutta—Nystrom method of order ten pre-
sented by Dormand, El-Mikkawy and Prince [5].

Then from the mapping (6.21), their corresponding ERKN methods are also obtained
with the individual properties maintained. We denote their corresponding ERKN
methods as ERKN3s4, ERKN7s6, ERKN6s6, and ERKN16s10, respectively.

During the numerical experiments, we will display the efficiency curves and the
conservation of energy for each Hamiltonian system. It should be noted that, the
numerical solution obtained by RKN16s10 with a small stepsize is used as the stan-
dard reference solution, if the analytical solution cannot be explicitly given.
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Problem 6.1 We first consider an orbital problem with perturbation [29]

g2 )
S q1(0) =1, ¢(0) =0,

, 2 +¢° :
=035 7200 =0, ¢;(0)=1+e¢,

Qi/ =—q1 —

where r = ,/q? + g3, and the analytical solution is given by
q1(t) = cos(t +¢et), qo(t) = sin(t + et),
with the Hamiltonian

_pitp gita 2t

H 5 5 T
3ai +93)>

We numerically integrate the problem on the interval [0, 1000] with ¢ = 1073,
It is clear from the efficiency curves in Fig.6.5a that ERKN methods are usually
superior to their corresponding reduced RKN methods with respect to the global error
(GE), and a high-order RKN/ERKN method also shows better performance than a
low-order RKN/ERKN method in dealing with an oscillatory problem. Figure 6.5b
demonstrates that symplectic methods (RKN3s4, RKN7s6, ERKN3s4, ERKN7s6)
show their good energy-conservation property for the Hamiltonian, while the other
methods without symplecticity lead to a linear energy dissipation on a long-term
scale. The detailed results on the energy conservation for ERKN3s4 and ERKN7s6
are shown in Fig.6.6. All these results from Figs.6.5 and 6.6 are consistent with
those of classical numerical methods, and show that ERKN methods obtained by the
map ¢ with the reduced RKN methods are remarkably efficient and effective.

Problem 6.2 We consider the Hénon—Heilse system

//+ - ,
{ql ai 014> 6.49)

@ +a=—q; + 43,

with the initial conditions ¢;(0) = /&, p2(0) = 1,¢2(0) = p;(0) = 0. The
Hamiltonian of the system is given by

1 1 1
H(p.q) = 5P} + P + 5 (ai +43) +4iq2 = 345.
We first integrate this problem on the interval [0, 1000] with different stepsizes.
The efficiency curves for each method are shown in Fig.6.7a, which indicate the
comparable efficiency for ERKN methods to their corresponding reduced RKN ones,
since ||M|| now nearly has the same magnitude as ||%||. This phenomenon also
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Fig. 6.5 Results for Problem 6.1: a The log-log plot of maximum global error G E against number
of function evaluations; b the logarithm of the maximum global error of Hamiltonian GEH =
max|H, — Ho| against log;((#) with the stepsize h = 1
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Fig. 6.6 Results for Problem 6.1: the global error for Hamiltonian of symplectic methods ERKN3s4
and ERKN7s6 with the stepsize h = 2
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Fig. 6.7 Results for Problem6.2: a The log-log plot of maximum global error GE against the
number of function evaluations; b the logarithm of the maximum global error of Hamiltonian
GEH = max|H, — Hy| against log;,(¢) with the stepsize h = 0.5

occurs in Fig. 6.7b, where the energy-conservation curve for each method is plotted.
Besides, we can also observe from Fig. 6.7 that the difference between symplectic
methods is a little more remarkable than that between non-symplectic ones. The
good energy-conservation property of symplectic ERKN methods (ERKN3s4 and
ERKN7s6) is clearly shown in Fig. 6.8, which demonstrates that the symplecticity is
maintained by the mapping ¢ very well.

Problem 6.3 We consider the sine-Gordon equation [ 13] with the periodic boundary
conditions
9%u 8%u . S<y<5 (>0
— = — —sinu, —-5<x<5,1t>0,
a2 9x? (6.50)
u(=5,1t) = u(5,1).

A semi-discretization on the spatial variable with the second-order symmetric dif-
ferences gives the following differential equations in time

d2U+MU—F(U) (6.51)
dr? N ' ’
where U(t) = (u(t),...,un(@))T with u;(t) ~ u(x;,t), x; = —5 + iAx for

i=1,...,N,Ax = 10/N, and
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F(U)=—sin(U) = —(sinuy,...,sinuy)7.

The corresponding Hamiltonian is given by
I 1 / ! 1
HU',U) = —U U+ 2UTMU (cosuy +...+cosuy).
For this problem, we take the initial conditions as

U©o) = (Y, U,(O):«/N(o.owsin(%))?v

i=1’
with N = 64. For the efficiency curves in Fig.6.9a, we integrate the problem for
t.na = 10 with the different stepsizes. Figure 6.9a shows the good efficiency and
accuracy of all the ERKN methods. In Fig.6.9b, all methods give rise to energy
dissipation even if the method is symplectic. This phenomenon is mainly caused by
the chaotic behavior of the problem, in which a sufficiently small perturbation may
lead to a significant error after a long time, and this increase is always exponential.
It can be observed from Fig. 6.10 that the numerical reference solution obtained by
RKN16s10 obviously shows notable difference between the initial interval [0, 100]
and the terminal interval [900, 1000]. Figure 6.11 gives a further demonstration that
the global errors of RKN7s6 and ERKN7s6 increase nearly in an exponential fashion



160

log, (GE)

6 The Construction of Arbitrary Order ERKN Integrators via Group Theory

RKN3s4
-3 —+—RKN7s6
—7— RKN6s6
SRR —&—RKN16510
5 ~x ~ ERKN3s4
—+ - ERKN7s6
% -0~ ERKNGs6
~+ ~ ERKN16s10
-7 \\
-8
-9
-10
-1 n LY
A A
+
-12 !

25 3

35

log, 0(Funcﬂon evaluations)

(a)

l0g, ((GEH)

-4
—6—RKN3s4 _—
-5 RKN7s6
~&—RKN6s6
o | 7 RKNt6s10 | - e - - - o
| -0 - ERKN3s4
K -A - ERKN7s6 /
~+ ~ ERKNGs6 A
}_ 4
8 ERKN16s10 ‘,~'
-9
-10
).
-1y
_12 L L L L L
0 05 1 15 2 25 3

log, (0

(b)
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Fig. 6.10 Results for Problem 6.3: The numerical reference solution in different interval obtained
by RKN16s10 with the stepsize 2 = 0.001

with time 7. This may lead to non-conservation for symplectic methods in practical
numerical computations.

Problem 6.4 We consider the Fermi-Pasta-Ulam problem (see, e.g. [10]), which
can be expressed by a Hamiltonian system with the Hamiltonian
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2m m
1 w? 1
H(y. x) =7 Z}’? t5 ZX,%H.,' + Z(()ﬂ — i)t
i=1 i=1 6.52)

m—1

+ Z(xi+l — Xmti—1 — X — xm+i)4 + (xm + .sz)4),

i=1

where x; represents a scaled displacement of the ith stiff spring, x,,4; is a scaled
expansion (or compression) of the ith stiff spring, and y;, y,,4; are their velocities
(or momenta).

The corresponding Hamiltonian system is given by

6.53
y/ _Hx(yv-x)a ( )

{x/ = H,(y, x),

which can be also written in the equivalent form of the oscillatory second-order
differential equations

x"(t) + Mx(t) = =V, U (x), (6.54)

where

y — x/’ M — <0m><m 0m><m > ,

2
0xcm @ Ly
m—1

1
Ux) = Z((xl — )+ )it = Xt — X = Xg)* 4 (o + x2m)4)-

i=1
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number of function evaluations; b the logarithm of the maximum global error of Hamiltonian
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In the experiment, we choose

1
m=3, x1(00=1, y1(0) =1, x400) = —, y1(0) =1, o = 200,
w

and choose zero for the remaining initial values. The numerical results are shown
in Fig.6.12. Similarly to Problem 6.3, we also integrate the equation over a short
interval with f,,; = 20 to decrease the influence of chaotic behavior. Both figures
show good efficiency in the global error and energy error for the ERKN methods.
In particular, symplecticity is also maintained by the map ¢, such as ERKN3s4 and
ERKN7s6 in Fig. 6.13 display a stable energy conservation in the sense of numerical
computation.

6.6 Conclusions and Discussions

In this chapter, we studied in greater depth the ERKN methods for solving (6.1) based
on the group structure of numerical methods. After the construction of the RKN group
and the ERKN group, we first presented the inherent relationship between ERKN
and RKN methods, that is, there exists an epimorphism 71 of the ERKN group onto
the RKN group. This epimorphism gives a clear and exact meaning for the word
extension from RKN methods to ERKN methods and describes the ERKN group in
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terms of the RKN group in the sense of structure preservation. Moreover, we estab-
lished the particular mapping ¢ defined by (6.21), which maps an RKN method to an
ERKN method. A series of theorems about the mapping show that the image element
can be regarded as an ideal representative element for each congruence class of the
ERKN group. That is, the image ERKN element almost preserves as many proper-
ties as the RKN element does. This mapping ¢ also provides us with an effective
approach to constructing arbitrarily high order (symmetric or symplectic) ERKN
methods, whereas the original way based directly on order conditions (symmetric or
symplectic conditions) is more complicated. Furthermore, the numerical simulations
in Sect. 6.5 strongly support our theoretical analysis in Sect. 6.4, and the numerical
results are really promising. The high-order structure-preserving ERKN methods
obtained in such a simple and effective way show better efficiency and accuracy than
their corresponding reduced methods (letting V = 0), namely, the RKN methods.

Remember that the exponential Fourier collocation methods for first-order differ-
ential equations were derived and analysed in Sect. 6.3. Accordingly, the next chapter
will present trigonometric collocation methods for multi-frequency and multidimen-
sional second-order oscillatory systems.

The material of this chapter is based on the recent work by Mei and Wu [17].
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Chapter 7

Trigonometric Collocation Methods for ez
Multi-frequency and Multidimensional
Oscillatory Systems

This chapter presents a class of trigonometric collocation methods based on Lagrange
basis polynomials for solving multi-frequency and multidimensional oscillatory
systems ¢”(¢) + Mq(t) = f (q (t)). The properties of the collocation methods are
investigated in detail. It is shown that the convergence condition of these methods is
independent of ||M||, which is crucial for solving multi-frequency oscillatory
systems.

7.1 Introduction

The numerical treatment of multi-frequency oscillatory systems is a computational
problem of overarching importance in a wide range of applications, such as quantum
physics, circuit simulations, flexible body dynamics and mechanics (see, e.g. [3, 5,
6, 8, 9, 32, 33] and the references therein). The main purpose of this chapter is
to construct and analyse a class of efficient collocation methods for solving multi-
frequency and multidimensional oscillatory second-order differential equations of
the form

" +Mqt) = f(qg®), g0 =qo, ¢'(0) =gy €0, tenal, (7.1)

where M is ad x d positive semi-definite matrix implicitly containing the dominant
frequencies of the oscillatory problem and f : RY — R? is an analytic function.
The solution of this system is a multi-frequency nonlinear oscillator because of the
presence of the linear term Mg. The system (7.1) is a highly oscillatory problem
when ||M|| > 1. In recent years, various numerical methods for approximating
solutions of oscillatory systems have been developed by many researchers. Readers
are referred to [12-14, 21-25, 31] and the references therein. Once it is further
assumed that M is symmetric and f is the negative gradient of a real-valued function
U (q), the system (7.1) is identical to the following initial value Hamiltonian system
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q(1) = V,H(q(), p(1)), q(0) = qo,

) ) (7.2)
p(t)=-V,H(q®), p®), p0) = po=q,

with the Hamiltonian

1 1
H(q,p) = EprJrEqTMquU(q). (7.3)

This is an important Hamiltonian problem which has seen studied by many authors
(see, e.g. [3-5, 8, 9)).

In [26], the authors took advantage of shifted Legendre polynomials to obtain a
local Fourier expansion of the system (7.1) and derived the so-called trigonometric
Fourier collocation methods. Theoretical analysis and numerical experiments in [26]
showed that the trigonometric Fourier collocation methods are more efficient than
some earlier codes. Motivated by the work in [26], this chapter is devoted to the
formulation and analysis of another trigonometric collocation method for solving
multi-frequency oscillatory second-order systems (7.1). We will consider a classical
approach and use Lagrange polynomials to derive a class of trigonometric collo-
cation methods. Because of this different approach, compared with the methods in
[26], the collocation methods have a simpler scheme and can be implemented at a
lower cost in practical computations. These trigonometric collocation methods are
designed by interpolating the function f of (7.1) by Lagrange basis polynomials,
and incorporating the variation-of-constants formula and the idea of collocation. It
is noted that these integrators are a class of collocation methods and they share all of
the important features of collocation methods. We analyse the properties of trigono-
metric collocation methods and study the convergence of the fixed-point iteration
for these methods. It is important to emphasize that for the trigonometric colloca-
tion methods, the convergence condition is independent of ||M ||, which is a crucial
property for solving highly oscillatory systems.

This chapter is organized as follows. In Sect.7.2, we formulate the scheme of
trigonometric collocation methods based on Lagrange basis polynomials. The prop-
erties of the obtained methods are analysed in Sect.7.3. In Sect.7.4, a fourth-order
scheme of the collocation methods is presented and numerical results confirm that
the method proposed in this chapter yields a dramatic improvement. Conclusions are
included in the last section.

7.2 Formulation of the Methods

We first restrict the multi-frequency oscillatory system (7.1) to the interval [0, /]
with any 4 > 0:

q" () +Mqt) = f(qg®), qO) =qo, ¢'(0) =gy t€[0,h]. (74
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With regard to the variation-of-constants formula for (7.1) given in [29], we have
the following result on the exact solution ¢ (¢) of the system (7.1) and its derivative
q'(t) = p():

1
q(t) = ¢o(t> M)qo + t1 (t*M) po + 1> /0 (1 =21 ((1 — 2> M) £ (q(t2))dz.

(7.5)
1
p(t) = —t M1 (> M)qo + ¢o(t* M) po + t /0 ¢o((1 = 2)**M) f(q(t2))dz,
where ¢ € [0, h] and
o0
(=DM )
i M = -— Y, = 0, 1 76
¢ (M) ;(Zl+i)! ! (7.6)
It follows from (7.5) that
1
q(h) = ¢o(V)qo + he1 (V) po + h? /0 (1 —2)¢1((1 = 2)*V) f(g(h2))dz,
(1.7)

1
p(h) = —hM1(V)go + ¢o(V)po + h/o ¢o((1 = 2*V) f(g(h2))dz,

where V = h’M.
The main idea in designing practical schemes to solve (7.1) is to approximate
f(g) in (7.7) by a quadrature. In this chapter, we interpolate f(q) as

flaEm) ~ > L& fale;h), £ €011, (7.8)
j=1
where
N X —c
Lo =[] - (7.9
- . Cj— Ck
k=1,k#j
for j = 1,...,s,are the Lagrange basis polynomials, and ¢y, . . ., ¢, are distinct real

numbers (s > 1, 0 < ¢; < 1). Then replacing f(g(£h)) in (7.7) by the series (7.8)
yields an approximation of g (h), p(h) as follows:

G(h) = go(V)qo + hey (V)po + h* > 11 f (d(c;h)).
= (7.10)
Plh) = =M1 (V)qo + do(V)po+h Y DL f(G(c;h)),
j=1
where

1 1
I ::/0 1;(2)(1 = 2¢1((1 = 2)2V)dz, b :=/0 1;(2)¢o((1 — 2)*V)dz. (7.11)
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From the variation-of-constants formula (7.5) for (7.4), the approximation (7.10)
satisfies the following system

q'(Eh) = pEh), 4(0) = qo,

. 7.12
FEh) = —MGEn + S L© faem), O =p. P

J=1

In what follows we first approximate f(g(c;h)), I,;, L, ; in (7.10), and then
formulate a class of trigonometric collocation methods.

7.2.1 The Computation of f(q(c;h))

It follows from (7.12) that g(c;h) fori = 1,2, ..., s, can be obtained by solving the
following discrete problems:

N
q"(cih) + Mg(cih) = le(ci)f(é(cjh)), G0) =qo, §'(0) = po. (7.13)
j=1
Set g; = q(c;h) fori = 1,2,...,s. Then (7.13) can be solved by the variation-of-
constants formula (7.5) in the form:
= ¢o(c]V)qo + cihgi (V) po + (ech)* Y 1o ;1 (@), i=1,2,....s,
j=1

where

1
L. 2=/ Liei)(1 —2)¢1((1 —2)ciV)dz, i,j=1,...,s. (7.14)
0

7.2.2 The Computation of 1,j, I j, Ic“J

With the definition (7.9), the integrals I, ;, I ;, I~C[,j appearing in (7.11) and (7.14)
can be computed as follows:

1
L= / [i(z)(1 — Z)¢1((1 — Z)ZV)dz

)21+1d (='V!

- H Z/ c]—k QL+ 1!

k=1,k#j 1=0
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_ 2743 (-n'vt = (1 (—D'v!
= Z( H +_Ck >(21+2)z _gl-’<21+3)(21+2)!’

=0 k=l.kzj C
s S 1 _ _1)lvl
ni= (1 1 —2)?V)dz = /ﬂl— 21, CDV
B A% -nvt & 1\ =DV
_§<kll_k[# ,—ck)(zz+1)' Z <2z+2)(21+1)v
1
L,;= / li(ci2)(1 = )¢ (1 = 2)*c}V)dz
0
= 1_[ i/ Gk () — g2ty CVEyy
— Jo cj—ck Q21+ 1)!

oo

= 55 — e\ (=D'(V) ¢ DGV
=Z< I ZZcfg—ck> (21 +2)! _glf(21+3> @l +2)

=0 k=lk#j /

ij=1,....s.

If M is symmetric and positive semi-definite, we have the decomposition of M as
follows:
M= PTW?P = 2} with 2y = PTWP,

where P is an orthogonal matrix and W = diag(A;) with nonnegative diagonal

entries which are the square roots of the eigenvalues of M. Hence the above integrals
become

1
I = PT/ Li)W ™ sin (1 — 2)W)dzP
0

1
PTdiag</ 1@ sin (1= Da)dz) P
0

1 1
L= PT/ 1j(z) cos (1 — 2)W)dzP = PTdiag</ 1(z) cos ((1 —z)kk)dz)P
0 0

1
PT/ 1j(ciz)(ciW) ™ sin (1 — 2)c; W)dz P
0

1
PTdiag</ (@) (er) ™ sin (1= Deiri)dz) P
0

i,j=1,...,s.



172 7 Trigonometric Collocation Methods for Multi-frequency ...

Here, it is noted that W~ sin ((1—2) W), (¢; W)~" sin ((1 —z)c; W) are well defined
also for singular W. The case A = 0 gives:

1 1
/ 1;(2)Ag " sin (1 — 2)Ax)dz = / 1j(z)(1 — 2)dz,
0 0
1 1
/ 1;(z) cos (1 — 2)Ax)dz = / lj(z)dz,
0 0

1

1
/ 1;(ciz)(cime) ™" sin ((1 — 2)cidi)dz = / li(ciz)(1 — z)dz,
0 0

which can be evaluated easily since /;(z) is a polynomial function. If A; # 0, they
can be evaluated as follows:

1
/ 1@ " sin (1 — 2)A)dz
0

1
1/xk/ 1;(z) sin (1 — 2)Ax)dz
0

1
1/A§/ 1;(z)d cos ((1 — 2)Ax)
0

1
1/A21;(1) — 1/231;(0) cos(rg) — 1/A§/ l'(2) cos ((1 — 2)Ai)dz
0

1
1/231;(1) — 1/231;(0) cos(hp) + 1/x2/ l(z)d sin ((1 — 2)Ax)
0

/A3 (1) — 1/231;(0) cos(re) — 1/A31(0) sin(r)

1
- 1/A2/ l7(z)sin ((1 — 2)Ax)dz
0
/231 (1) — 1/231;(0) cos(Ae) — 1/A31(0) sin(y)
— 1/A17(1) + 1/A417(0) cos(Ae) + 1/23157 (0) sin (i)

1
+ 1/ / 19 (2) sin ((1 = 2)Ay)dz
.

Ldeg(l;)/2]

= Y COEAER(I M) — 10(0) cosGu) — 1/0d 7D 0 sin(h) ).
k=0
fori =1,2,...,s, where deg(/;) is the degree of /; and |deg(/;)/2] denotes the
integral part of deg(/;)/2.
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Likewise, we can obtain

1
/ 1j(z) cos ((1 — z)kk)dz
0

|deg(l;)/2]
= Y (pFad <z§2"> (0) sin(hg) + 1 /Aklf"“)(l) -1 /le;z“”(O) cos(kk)),
k=0

1
f 1j(ciz)(cime) ™ sin (1 = 2)cidg)dz
0

ldeg(;)/2]
= > D@21 @) — 1790 coseirn) — 1/l 0 sintein) ),
k=0
(7.15)
fori, j=1,2,...,s.

7.2.3 The Scheme of Trigonometric Collocation Methods
We are now in a position to present a class of trigonometric collocation methods for
the multi-frequency oscillatory second-order oscillatory system (7.1).

Definition 7.1 A trigonometric collocation method for integrating the multi-
frequency oscillatory system (7.1) is defined as

Gi = ¢o(cIV)qo + cihg (V) po + (cih)* Y I i f(@G). i=1,2,....s,
j=1

G(h) = ¢o(V)go +he1(V)po + h* Y 11 £(G)),

J=1

Ph)y = —hM¢1(V)qo+¢o(VIpo+h Y _ Db, f(@)),

Jj=1

(7.16)
where £ is the stepsize and Iy ;, I j, I, j can be computed as stated in Sect.7.2.2.

Remark 7.1 In [26], the authors took advantage of shifted Legendre polynomials
to obtain a local Fourier expansion of the system (7.1) and derived trigonometric
Fourier collocation methods (TFCMs). TFCMs are a subclass of s-stage ERKN
methods presented in [29] with the following Butcher tableau:
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r—1 PR r—1 Y
ci| X I je,(V)biPi(cr) ... Y I, (V)bsPj(cs)
=0 =0
r—1 Y r—1 Y
cs| D11 j e, (V)D1Pi(ct) --+ D II . (V)b Pi(cs) (7.17)
Jj=0 Jj=0
r—1 — r—1 —
S IL (V)b Pi(cr) -+ Y 1L j(V)bsPj(cs)
j=0 j=0
r—1 — r—1 Py
S IL (V)b Pj(ct) -+ Y. 1L j(V)bsPj(cs)
j=0 j=0
where

1

I ;(V) :=/0 Pj(Z)(l_Z)¢l((l_Z)2V)dZ,
1

1L (V) := /0 Pi(2)¢o((1 — 2)2V)dz,

1
I1,.0(V) = / Bl — 9 ((1— 223 V)d-z.
0

r is an integer with the requirement: 2 < r < s, all f’l are shifted Legendre polyno-

mials over the interval [0, 1], and ¢;, b; forl = 1,2, ..., s are the node points and

the quadrature weights of a quadrature formula, respectively.
It is noted that the method (7.16) is also the subclass of s-stage ERKN methods

with the following Butcher tableau:

C1 [cl,l ICI’S
Cllent o I (7.18)
- L

by - Dy

where

1
5. 1=/0 1;(2)(1 = 21 ((1 = 2)*V)dz,
1
L, 3:f0 1;@po((1 — 2)*V)dz,
I
L= / li(cin) (1 = 21 (1 — 2)°¢] V)dz.
0

From (7.17) and (7.18), it follows clearly that the coefficients of (7.18) are simpler
than (7.17). Therefore, the scheme of the methods derived in this chapter is much
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simpler than that given in [26]. The obtained methods can be implemented at a lower
cost in practical computations, which will be shown by the numerical experiments in
Sect.7.4. The reason for this better efficiency is that we use a classical approach and
choose Lagrange polynomials to give a local Fourier expansion of the system (7.1).

Remark 7.2 'We also note that in the recent monograph [2], it has been shown that
the approach of constructing energy-preserving methods for Hamiltonian systems
which are based upon the use of shifted Legendre polynomials (such as in [1])
and Lagrange polynomials constructed on Gauss—Legendre nodes (such as in [10])
leads to precisely the same methods. Therefore, by choosing special real numbers
ci, ..., cs for (7.18) and special quadrature formulae for (7.17), the methods given
in this chapter may have some connections with those in [26], which need to be
investigated.

Remark 7.3 1t is noted that the method (7.16) can be applied to the system (7.1)
with an arbitrary matrix M since trigonometric collocation methods do not need the
symmetry of M. Moreover, the method (7.16) exactly integrates the linear system
q" + Mg = 0 and it has an additional advantage of energy preservation for linear
systems while respecting structural invariants and geometry of the underlying prob-
lem. The method approximates the solution in the interval [0, #]. We then repeat
this procedure with equal ease over the next interval. Namely, we can consider the
obtained result as the initial condition for a new initial value problem in the interval
[A, 2h]. In this way, the method (7.16) can approximate the solution in an arbitrary
interval [0, fepq] With feng = Nh.

When M = 0, (7.1) reduces to a special and important class of systems of second-
order ODEs expressed in the traditional form

") =f(g®), q0) =qgo. ¢ ©0)=gq) €0, tenl. (7.19)

For this case, with the definition (7.6) and the results of /; ;, I» ;, ic,, jinSect.7.2.2,
the trigonometric collocation method (7.16) reduces to the following RKN-type
method.

Definition 7.2 An RKN-type collocation method for integrating the traditional
second-order ODEs (7.19) is defined as

. e - .

qi = qo + cihpy + (Cih)zgzlj(g)f(ﬂh), i=12,...,s,

q(h) =qo+hpo+h2ill(l)f(é‘) (7.20)
p 277\3 I :

N S

Ph) = po+h ;l,(z)f(qj),

where £ is the stepsize.
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Remark 7.4 The method (7.20) is the subclass of s-stage RKN methods with the
following Butcher tableau:

e 11(% /2...1S(%1

[

A= (@ij)sxs C:S ll(%)/z ls(
i = ll<§)/2 ls(%
b n(3) ()

Thus, by letting M = 0, the trigonometric collocation methods yield a subclass of
RKN methods for solving traditional second-order ODEs, which demonstrates wide
applications of the methods.

/2 (7.21)

7.3 Properties of the Methods

T
For the exact solution of (7.2) at ¢t = h, let y(h) = (qT(h), pT(h)) . Then the
oscillatory Hamiltonian system (7.2) can be rewritten in the form

Y(ER) = F(y(Eh) = (_ ” q(g}f’)(ih}(q@h))> vo= (fj;) .
for 0 < & < 1. The Hamiltonian is
H(y) = %pr + %qTMq +U(q)- (7.23)
On the other hand, if we denote the updates of (7.16) by
o) = (37, pTw),

then we have

pEn) "
CED = —maen + L u©r@em) | ”Oz(p())- (7.24)
pe

The next lemma is useful for the subsequent analysis.

Lemma 7.1 Letg: [0, h] — RY have J continuous derivatives. Then
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1
/ Pi(D)g(thydt = O(h'),
0

where P;(t) is an orthogonal polynomial of degree j on the interval [0, 1].

Proof We assume that g(th) can be expanded in Taylor series at the origin for sake
of simplicity. Then, for all j > 0, by considering that P;(z) is orthogonal to all
polynomials of degree n < j:

1 S () 1
g ), o
/0 Pi(t)g(th)dt = ; oy h /0 Pi(t)t"dt = O(h/). .

7.3.1 The Order of Energy Preservation

In this subsection we analyse the order of preservation of the Hamiltonian energy.

Theorem 7.1 Assume that c; forl = 1,2, ..., s are chosen as the node points of an
s-point Gauss—Legendre’s quadrature over the integral [0, 1]. Then we have

H(o(h)) — H(yy) = O(h*™),

where the constant symbolized by O is independent of h.

Proof 1t follows from Lemma7.1, (7.23) and (7.24) that
1
H(w(h)) — H(yo) = h/O VH(w(Eh) o' (§h)dé
1 P(Sh)
_ = _ ra T 5 .
= h/() ((Mq(éh) f(Q(éfh)) > P(Sh)T> —MG(Eh) + Zl (E)f(q(cjh)) d§
1 s
=i [ penT (L 1@ e - F(aem))de.
j=1

Moreover, we have

CHD(GER) ) ey 2
Flaem) - Zl © 1 () = L ((“’fl)),) = e - aim.
j=1 ’ i=1

Here f“™D(G(&h)) denotes the (s + 1)th derivative of f (g (¢)) with respect to z. We
then obtain
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B Lo O (GEn)
H(w(h)) — H(yo) = —h/O pGER)T (n+ D!

=t [eh — coma
i=1

b e 1)(6]~(§h))|s_—; u
_ s+1 T | | .
= h /o pEh) ( Dl | I(E c;)dE.

Since ¢; for I = 1,2,...,s are chosen as the node points of a s-point Gauss—
s

Legendre’s quadrature over the integral [0, 1], [ ] (€ —¢;) is an orthogonal polynomial

of degree s on the interval [0, 1]. Therefore, using Lemma7.1 we obtain
H(w(h)) — H(y()) = _hS+1 ﬁ(hs) — ﬁ(h23+1).

This gives the result of the theorem. (|

7.3.2 The Order of Quadratic Invariant

We next turn to the quadratic invariant Q(y) = gT Dp of (7.1). The quadratic form
Q is a first integral of (7.1) if and only if pTDp 4+ qTD(f(g) — Mq) = 0O for all
p.q € R?. This implies that D is a skew-symmetric matrix and that gTD(f(q) —
Mgq) = 0 for any ¢ € R?. The following result states the degree of accuracy of the
method (7.16).

Theorem 7.2 Under the condition in Theorem?7.1, we have
Q@ (h) — O(yo) = O™,
where the constant symbolized by O is independent of h.

Proof From Q(y) = q7Dp and DT = —D, it follows that

1
Q(w(h) = Q(yo) = h/O VO(w(Em) T (Eh)dE

o ) p&h)
:h/O (= 2w, GEM™D) | _aren + 316 f(acesm) | 96
j=l

Since gTD(f(g) — Mg) = 0 for any ¢ € R¢, we have
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1 s
0(@(h)) — O(yo) = h/o GEnTD( = MaEn + Y1) £ (aesh) )ds
j=1

FEt(gEn))
(n+ 1!

1 s
=h /O G(ENT™D =t [eeh — e
i=1

1 FO(GER) e 1=
_ 1,5+1 T —
—h /0 aenp— L= E(é )

— ﬁ(l’ls+l)ﬁ(hs) — ﬁ(/’l23+1).

This completes the proof. O

7.3.3 The Algebraic Order

To emphasize the dependence of the solutions of y'(t) = F(y(¢)) on the initial
values, for any given 7 € [0, k], we denote by y(-, 7, ) the solution satisfying the
initial condition y(7, 7, ¥) = ¥ and set

oy(s, £, y)

D(s,1,y) = 55

(7.25)

Recalling the elementary theory of ODEs, we have the following standard result (see,
e.g. [11])

WOLY o5 F ). (7.26)

0

The following theorem states the result on the order of the trigonometric colloca-
tion methods.

Theorem 7.3 Under the condition in Theorem?7.1, the trigonometric collocation
method (7.16) satisfies
y(h) —wh) = O™,

where the constant symbolized by O is independent of h.

Proof 1t follows from (7.25) and (7.26) that
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hdy(h, T,
y(h) — w(h) = y(h,0,y0) —y(h, h, 0(h)) =_/ Md,

0 dt
. /"' [8y(h, ‘L',a)(‘L')) N By(h, r,a)(r))
o a7 oy

a)’(t)]dr

1
=i [ @b eh.w@m)[Floen) - o'en]a
0

1 0
= h/o @ (h.£h, w(Eh)) (f(c;(gh)) — ng lj(S)f(é(th))) @

We rewrite @ (h, £h, w(§h)) as a block matrix:
_  PuEh) @12(5h)
(h, &h, w(Eh) = <¢21($h) abzz(sh)) ’

where @;; (i, j =1, 2) are d x d matrices.
We then obtain

R e G 5 [1(6h — cihde
¥(h) — () = h !

FOaEm le=s
Jo (R wa)é “ [1(€h — cih)dé
i=1

s+ (5 s
I @n@h)% 16 - cde

— herl — hs+lﬁ(h3") — ﬁ(hZSJrl).

oy p D [ 1:[1 (& — cp)ds

The proof is complete.

7.3.4 Convergence Analysis of the Iteration

Theorem 7.4 Assume that M is symmetric and positive semi-definite and that f
satisfies a Lipschitz condition in the variable q, i.e., there exists a constant L such

that || f(q1) — f(g)Il = Lllg1 — q2ll. If

1

0<h< (7.27)

then the fixed-point iteration for the method (7.16) is convergent.
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Proof Following Definition 7.1, the first formula of (7.16) can be rewritten as
0 = do(c*V)(e ® qo) + hei (c*V)(e ® po) + h*A(V) f(Q), (7.28)
where ¢ = (¢1,...,¢)T, e = (1,....D7, O = (G1,-.-,45)7, f(Q) =
(f@DT..... f@GIT)T, A(V) = (a;;(V)),,, and a;;(V) are the block diagonal
matrices defined by
1
aij(V) := / 1i(ciz)(1 = 2)¢1 ((1 — 2)°c} V)dz,
0

po(c*V) = diag(do(ciV), ..., po(cIV))",
cp1(c?V) := diag(c191(c]V), ..., e (cIV)) .

It follows from Proposition 2.1 in [18] that ||¢; ((1 — 2)?cV)|| < 1. We then obtain

Jayy (V)] < /01 (@2 = 2)ldz.
Let
P(x) = ¢o(c*V)(e ® qo) + hegi (*V)(e ® po) + h*A(V) £ (x).
Then,
lp() = oWl = [R*AV) f(x) = RPAWV)FD|| < RPLIAM) Il Ix = Yl

1
<KL max / e = Dldz 1 — vl
s Jo

i,j=1,...,

which means that ¢ (x) is a contraction from the assumption (7.27). The well-known
Contraction Mapping Theorem then ensures the convergence of the fixed-point iter-
ation. This proof is complete. O

Remark 7.5 We note that the convergence of the methods is independent of || M||.
This point is of prime importance especially for highly oscillatory systems where
|M]|| > 1, which will be shown by the numerical results of Problem?2 in Sect.7.4.

7.3.5 Stability and Phase Properties

In this part we are concerned with the stability and phase properties. We consider
the test equation:

q"(t) + w*q(t) = —eq(r) with @*+¢ > 0, (7.29)
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where w represents an estimation of the dominant frequency A and & = A> — w? is

the error of that estimation. Applying (7.16) to (7.29) produces

q\_ 40

where the stability matrix S(V, z) is given by

S(V.2) = $o(V) = 2bT(VIN ' ¢o(?V) 91 (V)=2zbT(VIN~(c - ¢1(c*V))
T\ SV (V)=zbT(VIN T go(c*V) ¢o(V)—zbT(VIN~ (e - g1 (c*V)

with N = I + zA(V), (V) = (IM, o ILS)T, b(V) = (12,1, o 12,5.)T

Accordingly, we have the following definitions of stability and dispersion order
and dissipation order for our method (7.16).

Definition 7.3 (See [30]) Let p(S) be the spectral radius of S,
R, ={(V,2)|V > 0and p(S) < 1}

and
R,={(V,2)|V >0, p(S) =1and tr(S)% < 4det(S))}.

Then R, and and R, are called the stability region and the periodicity region of the
method (7.16) respectively. The quantities

S
¢ (L) = ¢ — arccos (%) d(&) =1—/det(S)

are called the dispersion error and the dissipation error of the method (7.16), respec-
tively, where { = +/V + z. Then, a method is said to be dispersive of order r and
dissipative of order s, if ¢(¢) = O’ and d(¢) = O(¢*+"), respectively. If
¢(¢) = 0and d(¢) = 0, then the corresponding method is said to be zero dispersive
and zero dissipative, respectively.

7.4 Numerical Experiments

As an example of the trigonometric collocation methods (7.16), we choose the
node points of a two-point Gauss—Legendre’s quadrature over the integral [0, 1], as
follows:

3—-43 3 3
1= 6f, = +6f. (7.30)
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Stability region of LTCM

\

Fig. 7.1 Stability region (shaded area) of the method LTCM

Then we choose s = 2 in (7.16) and denote the corresponding fourth-order method
as LTCM.

The stability region of this method is shown in Fig. 7.1. Here we choose the subset
V €10, 100], z € [-5, 5] and the region shown in Fig. 7.1 only gives an indication
of the stability of this method.

The dissipative error and dispersion error are given respectively by

2 2

d(z>=8—2)2;4+m;5), $() = —

24(s + w 2)2 ¢+ 0Eh.

6(s +w
Note that when M = 0, the method LTCM reduces to a fourth-order RKN method
given by the Butcher tableau (7.21) with nodes in (7.30).
In order to show the efficiency and robustness of the fourth-order method LTCM,
several other integrators in the literature we select for comparison are:

e TFCM: a fourth-order trigonometric Fourier collocation method in [26] with ¢; =
3y =3B =y =12, r =2,

e SRKMI1: the symplectic Runge—Kutta method of order five in [20] based on Radau
quadrature;

e EPCMI1: the “extended Lobatto IIIA method of order four” in [15], which is an
energy-preserving collocation method (the case s = 2 in [10]);

e EPRKM1: the energy-preserving Runge—Kutta method of order four (formula (19)
in [1]).

Since all of these methods are implicit, we use the classical waveform Picard
algorithm. For each experiment, first we show the convergence rate of iterations for
different error tolerances. Then, for different methods, we set the error tolerance as
10~'¢ and set the maximum number of iteration as 5. We display the global errors
and the energy errors once the problem is a Hamiltonian system.
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Table 7.1 Results for Problem 1: The total CPU time (s) of iterations for different error tolerances
(tol)

Methods tol = 1.0e—006 |tol = 1.0¢—008 |tol = 1.0e—010 |zrol = 1.0e—012
LTCM 6.8215 8.8964 8.8500 10.5551
TFCM 9.7892 9.7553 9.9806 13.0105
SRKM1 67.0230 64.1777 75.9390 86.8317
EPCM1 104.4341 112.9710 126.4438 145.6188
EPRKM1 56.2409 64.3123 75.2503 84.9962

Problem 1 Consider the Hamiltonian equation which governs the motion of an
artificial satellite (this problem has been considered in [19]) with the Hamiltonian

1 1« (9193 + 4294)° 1

Hq. p)=5p"p+ 55q7a+( -—=),
@.p)=5p'P+574'q+ pe, 2

where ¢ = (g1, 92,93,94)T and r = q7q. The initial conditions are given on an
elliptic equatorial orbit by

o V3001 T 1 l+es /3 1 AT
= 2 (= 1= =50) 0 =5 /K2 (1 25 500)
0 2( 22 Po=73 2 22

Here M = 7 and « is the total energy of the elliptic motion which is defined by
K = Kz%g‘p‘"z — Vo with Vy = —#. The parameters of this problem are chosen as
7o
K? =3.98601 x 10°,rg = 6.8 x 103, e = 0.1, A = %K212R2, J, = 1.08625 x
1073, R = 6.37122 x 10°. First the problem is solved on the interval [0, 10*] with
the stepsize h = % to show the convergence rate of iterations. Table 7.1 displays the
CPU time of iterations for different error tolerances. Then this equation is integrated
on [0, 1000] with the stepsizes 1 /2 fori =2,3,4,5.The global errors against CPU
time are shown in Fig. 7.2i. We finally integrate this problem with the fixed stepsize
h = 1/20 on the interval [0, fenq], and teng = 10, 100, 10°, 10*. The maximum global

errors of Hamiltonian energy against CPU time are presented in Fig. 7.2ii.

Problem 2 Consider the Fermi—Pasta—Ulam problem [9].
Fermi—Pasta—Ulam problem is a Hamiltonian system with the Hamiltonian

2m , m
Hyox) =13 07 + 4 Y, + 4o = xn)?
=1 i=1
m—ll '
+ 3 (Xip1 — X1 — Xi — X))+ (o + xzm)4],
i=1

where x; is a scaled displacement of the ith stiff spring, x,,.,; represents a scaled
expansion (or compression) of the ith stiff spring, and y;, y,,+; are their velocities
(or momenta). This system can be rewritten as
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Problem 1: global error Problem 1: energy error
r 5,
8 —#-LTCM 1. —LTCM
o <-TFCM 1|<-TFCM
= SRKM1 -=SRKM1
1l EPCM1 0.5 EPCMA1
<~ EPRKMT ~<-EPRKMH
O,
— o T
& W -05
° -1 S
[=2) — —1t
o \\ (=)
I} \ o
-1.5¢
| \
-3 \\\ ol
4
-4 25 F
= 0 1 2 35 5 5 4
log, ,(cpu time) log, ,(cpu time)

) (ii)

Fig.7.2 Results for Problem 1. i The logarithm of the global error (G E) over the integration interval
against the logarithm of CPU time. ii The logarithm of the maximum global error of Hamiltonian
energy (G E H) against the logarithm of CPU time

x"(t) + Mx(t) = =VU(x), 1t € [to, fendl,

where

0 0
M — mxmVvmxm ,
<0m><ma)2]m><m >

1 m—1
U(X) = ZI:(XI - xm+l)4 + Z (xi+1 — Xm4i—1 — Xi — xm+i)4 + (xm +x2m)4:|-

i=1

Following [9], we choose
1
m=3, x1(0) =1, y1(0) =1, x4(0) = P y4(0) =1,

with zero for the remaining initial values.

First, the problem is solved on the interval [0, 1000] with the stepsize h = ﬁ
and v = 100, 200 to show the convergence rate of iterations. See Table 7.2 for the
total CPU time of iterations for different error tolerances. It can be observed that
when w increases, the convergence rates of LTCM and TFCM are almost unaffected.
However, the convergence rates of the other methods vary greatly as @ becomes
large.

We then integrate the system on the interval [0, 50] with v = 50, 100, 150, 200
and the stepsizes h = 1/(20 x 2y for j =1,...,4. The global errors are shown
in Fig.7.4. Finally, we integrate this problem with a fixed stepsize 4 = 1/100 on
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Table 7.2 Results for Problem 2: The total CPU time (s) of iterations for different error tolerances
(tol)

Methods tol = 1.0e—006 | tol = 1.0e—008 | tol = 1.0e—010 |0l = 1.0e—012
LTCM (w = 100) 7.1570 9.7010 9.6435 12.2449
LTCM (w = 200) 7.5169 10.0160 9.2135 11.1672
TFCM (w = 100) 7.6434 10.3224 10.3341 12.7998
TFCM (w = 200) 7.8861 11.1322 10.0578 12.3621
SRKMI (@ = 100) 32.0491 39.4922 48.5822 57.0720
SRKMI (@ = 200) 58.2410 70.5585 86.1757 99.6403
EPCM1 (w = 100) 50.8899 70.5920 87.9782 102.9839
EPCM1 (w = 200) 121.2714 149.7104 189.4323 220.1096
EPRKMI1 (w = 100) 31.0881 39.0050 47.6389 56.4456
EPRKMI1 (w = 200) 55.2205 68.8459 82.5919 98.5277

the interval [0, fenq] With feng = 1, 10, 100, 1000. The maximum global errors of
Hamiltonian energy are presented in Fig.7.4. Here, it is noted that some results are
too large, and hence we do not plot the corresponding points in Figs.7.3 and 7.4. A
similar situation occurs in the next two problems.

Problem 3 Consider the nonlinear Klein-Gordon equation [17]

%’—g%:—ﬁ—u, O<x<L, t>0,
u(x,0) = A(l 4 cos(Zx)), u;(x,0) =0, u(0,1)=u(L,1),

with L = 1.28, A = 0.9. Carrying out a semi-discretization on the spatial variable
by using second-order symmetric differences yields

LY L MU = FU), 0<t < tea,

dr?

where U(t) = (ul(t), . ..,uN(t))T with u; (t) ~ u(x;,t) fori =1,..., N,

2 —1 -1
-1 2 -1
1
_sz . c. °.
-1 2 -1
-1 -12 ).
with Ax = L/N,x; =iAx, FU) = (—u} —uy, ..., —u3 —uy)' and N = 32.

The corresponding Hamiltonian of this system is

1 1 1 1 1 1
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Problem 2: global error with =50 Problem 2: global error with =100
or or
—#LTCM
1t <J-TFCM 1t
-5 SRKM1
_of EPCM1
- EPRKM1 -2
-3r
m m
[C] O]
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Fig.7.3 Results for Problem 2. The logarithm of the global error (G E) over the integration interval
against the logarithm of CPU time

We choose N = 32. The problem is solved on the interval [0, 500] with the stepsize
h = ﬁ to show the convergence rate of iterations. See Table 7.3 for the total CPU
time of iterations for different error tolerances. We then solve this problem on [0, 20]
with stepsizes h = 1/(3 x 2/) for j = 1, ..., 4. Figure 7.5i shows the global errors.
Finally this problem is integrated with a fixed stepsize 2 = 0.002 on the interval
[0, feng] With feng = 107 fori = 0, 1, 2, 3. The maximum global errors of Hamiltonian
energy are presented in Fig.7.51i.
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Problem 2: energy error with ® =100
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Fig. 7.4 Results for Problem 2. The logarithm of the maximum global error of Hamiltonian energy
(GEH) against the logarithm of CPU timelabelfig

Table 7.3 Results for Problem 3: The total CPU time (s) of iterations for different error tolerances

(tol)
Methods tol = 1.0e—006 |tol = 1.0e—008 |tol = 1.0e—010 |tol = 1.0e—012
LTCM 5.9325 7.9263 8.1816 10.0602

TFCM 6.5318 8.7008 8.8934 10.7489
SRKM1 24.1600 29.4173 34.5310 39.5161
EPCMI 37.2757 46.4011 53.1403 66.2339
EPRKMI 22.6571 27.8341 33.5435 39.4533
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Problem 3: global error Problem 3: energy error
OSLrem 45
_1|<-TFCM 5l
-5 SRKM1
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Fig.7.5 Results for Problem 3.i The logarithm of the global error (G E) over the integration interval
against the logarithm of CPU time. ii The logarithm of the maximum global error of Hamiltonian
energy (G E H) against the logarithm of CPU time

Problem 4 Consider the wave equation
Py a() U 4+ 92u = f(t,x,u), O<x<1, t>0,

w0,0) =0, u(l,1)=0, u(x,0)=a), wu(x,0)=0

with a(x) = 4x(1 —x), f@t, x,u) =u’ —a*>(x)u’ + % sin?(20¢) cos(10z). The
exact solution of this problem is u(x, ) = a(x) cos(10¢). Using semi-discretization
on the spatial variable with second-order symmetric differences, we obtain

LU L MU = F(1,U), UO0) = (a(x1), ..., aGey-))T, U'0) =0, 0 < 1 < fepa,

where U(t) = (u1(t), ..., uy—1())" with u;(t) ~ u(x;, 1), x; = i Ax, Ax = 1/N
fori=1,...,N —1,

2a(xy) —a(xy)
—a(xz) 2a(x2) —a(xz)
M:921N71+A—x2 s
—a(xy—2) 2a(xy_2) —a(xy_3)
—a(xy-1) 2a(xy—1)

and

F(tv U) = (f(t,.X1,M1), e f(tstflqufl))T-
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Table 7.4 Results for Problem4: The total CPU time (s) of iterations for different error tolerances

(tol)

Methods tol = 1.0e—006 |tol = 1.0¢—008 |tol = 1.0e—010 |zrol = 1.0e—012
LTCM 1.8980 1.8737 2.1212 2.3196

TFCM 1.9213 1.9345 2.2227 2.3736

SRKMI1 13.8634 16.6963 19.0854 22.6142
EPCM1 23.5110 28.1288 32.2263 36.8443
EPRKM1 13.5526 17.2289 18.8744 23.0066

Problem 4: global error

S LTCM
_4| < TFCM
-5-SRKM1
EPCM1
—6|-<-EPRKM1

-12}

e S

1
Iogw(cpu time)

-14
0

Fig. 7.6 Results for Problem 4: The logarithm of the global error (G E) over the integration interval
against the logarithm of CPU time

The problem is solved on the interval [0, 100] with the stepsize h = % to show the
convergence rate of iterations. See Table 7.4 for the total CPU time of iterations for
different error tolerances. Then, the system is integrated on the interval [0, 100] with
N =40andh =1/2/ for j =5,...,8. The global errors are shown in Fig.7.6.

Remark 7.6 1t follows from the numerical results that our method LTCM is very
promising in comparison with the classical methods SRKM 1, EPCM1 and EPRKM1.
Although LTCM has a similar performance to TFCM in preserving the solution and
the energy, it can be observed from Figs. 7.2i, 7.3 and 7.5i that LTCM performs a bit
better than TFCM in presenting the solution. Moreover, it follows from Tables 7.1,
7.2,7.3 and 7.4 that LTCM has a better convergence performance of iterations than
TFCM. This means that LTCM can have a lower computational cost when the same
error tolerance is required in the iteration procedure.

Remark 7.7 From Figs.7.2ii, 7.4 and 7.5ii, it can be observed that the energy-
preserving Runge—Kutta method EPRKM1 cannot preserve the Hamiltonian energy,
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and the errors seem to grow with the CPU time when the stepsize is reduced. The
reason for this phenomenon may be that EPRKMI1 does not take advantage of the
special structure introduced by the linear term Mg of the oscillatory system (7.1)
and its convergence depends on || M ||. The method LTCM developed in this chapter
makes good use of the matrix M appearing in the oscillatory systems (7.1) and its
convergence condition is independent of || M||. This property enables LTCM to per-
form well in preserving Hamiltonian energy, although it is not an energy-preserving
method.

7.5 Conclusions and Discussions

It is known that the trigonometric Fourier collocation method is a kind of collocation
method for ODE:s (see, e.g. [7, 9, 10, 16, 28]). In this chapter we have investigated a
class of trigonometric collocation methods based on Lagrange basis polynomials, the
variation-of-constants formula and the idea of collocation methods for solving multi-
frequency oscillatory second-order differential equations (7.1) efficiently. It has been
shown that the convergence condition of these trigonometric collocation methods is
independent of || M ||, which is crucial for solving highly oscillatory systems. This
presents an approach to treating multi-frequency oscillatory systems. The numerical
experiments were carried out, and the numerical results show that the trigonometric
collocation methods based on Lagrange basis polynomials derived in this chapter
have remarkable efficiency compared with standard methods in the literature. How-
ever, it is believed that other collocation methods based on suitable bases different
from the Lagrange basis are also possible for the numerical simulation of ODEs.
The material of this chapter is based on the work by Wang et al. [27].
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Chapter 8 ®)
A Compact Tri-Colored Tree Theory e
for General ERKN Methods

This chapter develops a compact tri-colored rooted-tree theory for the order condi-
tions for general ERKN methods. The bottleneck of the original tri-colored rooted-
tree theory is the existence of numerous redundant trees. This chapter first introduces
the extended elementary differential mappings. Then, the new compact tri-colored
rooted tree theory is established based on a subset of the original tri-colored rooted-
tree set. This new theory makes all redundant trees no longer appear, and hence the
order conditions of ERKN methods for general multi-frequency and multidimen-
sional second-order oscillatory systems are greatly simplified.

8.1 Introduction

Runge—Kutta—Nystrom (RKN) methods (see [12]) are very popular for solving
second-order differential equations. This chapter develops the rooted-tree theory
and B-series for extended Runge—Kutta—Nystrom (ERKN) methods solving general
multi-frequency and multi-dimensional oscillatory second-order initial value prob-
lems (IVPs) of the form

YO +My@)=f(y®),y®), telt Tl

8.1)

y(to) = yo,  ¥'(to) = g,
where M is a d x d constant matrix implicitly containing the dominant frequencies
of the system, y € R?, and f : R x RY — R, with position y and velocity y’ as
arguments. In the special case where the right-hand side function of (8.1) does not
depend on velocity y’, (8.1) reduces to the following special second-order oscillatory
system

© Springer Nature Singapore Pte Ltd. And Science Press 2018 193
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Y@ +My@)= f(y®), 1€l T, ©2)
y(t0) = yo, ¥ (1) = yo. '
Furthermore, if M is symmetric and positive semi-definite and f(q) = —VU(q),

then, withg = y, p = y’, (8.2) becomes identical to a multi-frequency and multidi-
mensional oscillatory Hamiltonian system

{p/(t) =—-V,H(p(1),q()), p(t) = py, (8.3)
gt = V,H(pt).q(1), qto) =q,. '

with the Hamiltonian
1 T 1 T
H(p,q) = PPt Mq +U(g),

where U (q) is a smooth potential function. For solving the multi-frequency, multi-
dimensional, oscillatory system (8.3), a large number of studies have been made (see,
e.g. [6, 25, 28]). The methods for problems (8.1) and (8.2) are especially important
when M has large positive eigenvalues, as in the case where the wave equations is
semi-discretised in space (see, e.g. [11, 14, 26, 27, 29]). Such problems arise in a
wide range of fields such as astronomy, molecular dynamics, classical mechanics,
quantum mechanics, chemistry, biology and engineering.

ERKN methods were proposed originally in the papers [23, 32] to solve the special
oscillatory system (8.2). ERKN methods work well in practical numerical simulation,
since they are specially designed to be adapted to the structure of the underlying
oscillatory system and do not depend on the decomposition of the matrix M. ERKN
methods have been widely investigated and used in numerous applications in the
fields of science and engineering. For example, the idea of ERKN methods has been
extended to two-step hybrid methods (see, e.g. [8, 9]), to Falkner-type methods (see,
e.g. [7]), to Stormer—Verlet methods (see, e.g. [17]), to energy-preserving methods
(see, e.g. [11, 15, 24]), and to symplectic and multi-symplectic methods (see, e.g.
[14, 16, 19, 20]). Meanwhile, further research on ARKN methods, including the
symplectic conditions and symmetry, has been carried out in the following papers
[10, 13, 21, 22, 31].

In a recent paper [33], ERKN methods were extended to the general oscillatory
system (8.1), and a tri-colored tree theory called extended Nystrom tree theory (EN-
T theory) was analysed for the order conditions. Unfortunately, however, the EN-T
theory is not completely satisfactory due to the existence of redundant trees. For
example, there are 7 redundant trees out of 16 trees for third order ERKN methods.
In practice, in order to gain the order conditions for a specific ERKN method of order
r, one needs to draw all the trees of order up to r first, and then from them select and
delete about half of the redundant trees. This will lead to inefficiency in the use of
the EN-T theory to achieve the order conditions for ERKN methods.

Hence, in this chapter, we will present an improved theory to eliminate all such
redundant trees. In a similar approach to the case of the special oscillatory system
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(8.2) in [30], extended elementary differentials are required, and we will discuss this
in detail in Sect. 8.4.

This chapter is organized as follows. We first summarise the ERKN method for
the general oscillatory system (8.1) in Sect.8.2, and then in Sect. 8.3 we illustrate
drawbacks of the EN-T theory proposed in [33]. In Sect. 8.4, we introduce the set of
improved extended-Nystrom trees and show how this relates to other tree sets in the
literature. Section 8.5 focuses on the B-series associated with the ERKN method for
the general oscillatory system (8.1), and Sect. 8.6 analyses the corresponding order
conditions for the ERKN methods, when applied to the general oscillatory system
(8.1). In Sect. 8.7 we derive some ERKN methods of order up to four, exploiting the
advantages of the new tree theory. The numerical experiments are made in Sect. 8.8.
Conclusive remarks are included in Sect. 8.9.

8.2 General ERKN Methods

To begin with, we summarise the following general ERKN method based on the
matrix-variation-of-constants formula (see [23]) and quadrature formulae.

Definition 8.1 (See [33]) An s-stage general extended Runge—Kutta—Nystrom
(ERKN) method for the numerical integration of the IVP (8.1) is defined by the
following scheme

N
Y; = go(fV)yn + it (€] VIhy, + 0> Y @i (VIf (Y, Y],  i=1,...s,
j=1

N
hY] = —¢;V1(c]V)y, + do(cFV)hyy +h* Y ai; (V) F (Y], Yh, i=1...s,

j=1

Ynt1 = 00(V)yy + ¢1(VIhyy, +h* > bi(V) f(¥;, Y)),

i=1

hyh ey = =Vor(V)y, +do(VIhyy +h> D by (V) f(¥;. Y]),

i=1

8.4)
where ¢o(V), ¢1(V), a;j(V),a;;(V),b;(V)and b; (V) fori, j =1, ..., s are matrix-
valued functions of V = h2M, and are assumed to have the following series
expansions

+oo =(2k) +oo  (2k)

=S~ Yk ooy = S Yk
aj (V) = kZ:Oj 2oV V) = g 2o
B o0 1 (2h) ) +o0 b(Zk) . +00 (—1)" )
bi(V)=>" 2o ) => MR =va

k=0 k=0 k=0
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with real coefficients Ezi(jZk), a,-(fk), 5;21‘) , bi@k) fork=0,1,2,....

The ERKN method (8.4) in Definitions 8.1 can also be represented compactly in
a Butcher tableau of the coefficients [4]:

crjan(V) app(V) --- aig(V)|an (V) app(V) - - a1 (V)
2 |az (V) an(V) -+ ax(V)|ax (V) an(V) --- axy (V)
: : e : e (8.5)
Cg asl(v) asZ(V) e &ss(v) asl(V) asZ(V) e ass(V)

|b1(V) by(V) -+ by(V) [ bi(V) by(V) -+ by(V)

In essence, ERKN methods incorporate the particular structure of the oscillatory
system (8.1) into both the internal stages and the updates. Throughout this chapter,
we call methods for the general oscillatory system (8.1) general ERKN methods, and
standard ERKN methods, for the special case (8.2).

8.3 The Failure and the Reduction of the EN-T Theory

The EN-T theory for general ERKN methods was presented in the recent paper [33]
in which some tri-colored trees are supplemented to the classical Nystrom trees (N-
Ts). The idea of the EN-T theory comes from the fact that the numbers of the N-Ts
and of the elementary differentials are completely different. The paper [33] tried to
eliminate the difference and then to make one elementary differential correspond
to one tree uniquely. Unfortunately, however, the paper [33] did not succeed on
this point. For example, the two different trees shown in Table 8.1 have the same
elementary differentials .Z (7)(y, y').

Moreover, the great limitation of the EN-T theory is the existence of great numbers
of redundant trees that cause trouble in applications. For example, in Table 8.2 (left),
there are seven EN-Ts but five of them are redundant since their order p(t), density
y (1), weight @;(7), and the consequent order conditions can be implied by others

for the general ERKN methods (8.4).
Here, it should be pointed out that it is not necessary that one tree corresponds
to one elementary differential. In other words, one tree may correspond to a set

Table 8.1 Two EN-Ts which have the same elementary differentials .7 (t)(y, y')
EN-Ts P y P; o F

<f 4 4 c[-zzja.((-)) 3 f;z}(—My,f)

tj

G 4 8 ay;ay

[98)

f5 =My, )
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Table 8.2 Some EN-Ts and the redundance

EN-Ts 0 y D; o F
l 2 2 ci 1 Oy
| 2 2 ci 1 19 =My
v 3 3 c? 1 f(yz}? (. y)
2 ’
Y 3 3 2 2 fO(=My.y)
2
Y 3 3 c? 1 f(y,)y,(—My,—My)
'<> 3 3 ? 1 FP(=my)
é 3 3 ? 1 f9(=my)
EN-Ts P y D; o F
l 2 2 ci 1 Oy
UMy
V 3 3 ci2 1 f(yzy) (. y)

+2f0(— My, y)

+

S5y (= My, —My)
(=)
+fy (- My')

of elementary differentials. For example, just as shown in Table 8.2, the sum of
the products of the coefficient &(t) and the elementary differentials .% (t)(y, y’) is
meaningful. In fact, we have

O+ £ (—My) = D;l,f(¢0(h2M)y + g1 M)y do(h>M)y — hMp, (h2M>y),

namely, f (yl) y+f ;1) (—My) is the first-order derivative of function f with respect
to h, at h = 0, where the function f is evaluated at point (§, §") with

§ = ¢o(F*M)y + p1(h*M)hy/, (8.6)
¥ = go(W*M)y — hMep (> M)y. 8.7

Thus, in Table 8.2, we can choose these two bi-colored trees to respectively represent
the sums, and omit all trees with meagre vertices. In this way, we can get rid of the
redundance as shown in Table 8.2 (right).
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On the other hand, although almost all tri-colored trees are redundant, there indeed
exist tri-colored trees which are absolutely necessary in the research of order con-
ditions for the general ERKN methods (8.4). For example, the fifth tree which is
tri-colored in the fifth line in the Table2 in [33] undoubtedly works for the order
conditions. In a word, the theory for the general ERKN methods (8.4) is a tri-colored
tree theory, but it is based on a subset of the EN-T set.

Hence, it is quite natural that this chapter starts from the Nth derivative of the
(m+n)
ym n

series expansions and some related knowledge, readers are referred to [1, 30]. In what

follows we will denote this derivative as D} f ;73;,’1).

function f withrespectto i, ath = 0. For details about multivariate Taylor
5.5)

Remark 8.1 The dimension of the matrix D}’ f(y',',’fy“,f,’) isd x d"™ Ifzisad™™ x 1

matrix, the dimension of D" f (m+f,f)z isd x 1.

Remark 8.2 1f the matrix M is null,

N (m+n) (m+n+N) /
thymy’" f7n+N/n ( 1"'ay7z)’
_,_/
N fold

where f ('Zf,(,l;,fv ) is evaluated at the point (y, y'), and (-, --- , -) is the Kronecker
inner product (see [30]).

Remark 8.3 1In the special case (8.2) where the function f is independent of y’,

D,ivf(y',f‘,;,f)z is exactly DY £z in [30].

At the end of this section we give the following first three results of D} f (ym;’,f)z,

which contribute significantly to our understanding of the extended elementary dif-
ferentials (see Definition 8.3 in Sect. 8.4).

DSz = Lot (v.z) + Sl (- my.z).

DEfz = fUtit (v, v 2) + S P ( = My.z) + 2 2 (o - My, 2)
+ SO (= My =My z) + £ (- My ),

DGz = fUt D (v, vy 2) + 3O (v v —My.2)
+3f i (y/, —My, —My, Z) + f('T/'Zﬁ)( — My, —-My,—My, Z>
+ 3 (y .—My, Z) + 3, ( - My, —My, Z)
+ 3, (y =My, Z) + 3f('"+ffizz)< — My, -My Z)

+ fOD (= My )+ i (aly. ).
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Table 8.3 Four theory systems for second order differential equations

IVPs Methods Trees (graphs) Compact (T/F)
1 Y'=5(yY) General RKN N-Ts T
methods
2 y'=f() Standard RKN | SN-Ts T
methods
3 y' +My= General ERKN | EN-Ts F
f(y.y) methods
4 y'+My= Standard ERKN | SSEN-Ts T
f(y) methods

8.4 The Set of Improved Extended-Nystrom Trees

In the study of order conditions for second-order differential equations, there are
four theory systems listed in Table 8.3, where the abbreviation “SSEN-T” is for
simplified special extended Nystrom-tree [30], and here the word “compact” should
be interpreted as meaning that any order condition derived from a tree belonging the
underlining rooted tree set cannot be obtained by another from the same rooted tree
set.

The first two systems are very famous in the numerical analysis for ODEs, where
the second is a special case of the first one. The rooted tree sets in these two systems
are all bi-colored tree sets with the white vertex and the black vertex. The last two
systems are constructed on tri-colored rooted tree sets by adding the meagre vertex
to the graph of bi-colored trees. Similarly, the last system is the special case of the
third.

Moreover, when the matrix M is null, the third is identical to the first, and the
fourth to the second. In a word, the last two systems are the extensions of the first
two systems respectively. However, the extension of the first system is not satisfied
yet, since the last section in this chapter states that the third system is not compact. In
order to make the extension better, a compact theory will be built to replace the third
one, by introducing a completely new tri-colored rooted tree set and six mappings
onto it. In this section, we will define the new tree set and study the relationships to
the N-T set, the EN-T set, and the SSEN-T set.

8.4.1 The IEN-T Set and the Related Mappings

In what follows, we will recursively define a new set named the improved extended-
Nystrom tree set, and define six mappings on it.

Definition 8.2 The improved extended-Nystrom tree (IEN-T) set, is recursively
defined as follows:
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Table 8.4 Tree W, By (b4 By)?(t) (left), and tree W (b4 B4 )P (7) (right) in Definition 8.2

Q7 @Tm+ 1
\DTern

Fig. 8.1 The mode of the trees in the IEN-T set

(a) o, l belong to the IEN-T set.

(b) If 7 belongs to the IEN-T set, then the graph obtained by grafting the root
of tree 7 to a new black fat node and then to a new meagre node, --- (p
times), and then to a new black fat node and then last to a new white node,
denoted by W, B, (b B;)?(t) (see Table 8.4), belongs to the IEN-T set for
Vp=0,1,2,....

(c) If T belongs to the IEN-T set, then the graph obtained by grafting the root of tree
T to a new black fat node and then to a new meagre node, --- (p times), then
last to a new white node, denoted by W, (b, B)”(t) (see Table 8.4), belongs to
the IEN-T set for Vp =0, 1, 2, .. ..

(d) Ifzy, ..., 7, belong to the IEN-T set, then 7; x - -- x 7, belongs to the IEN-T
set, where ‘X’ is the merging product [4].

Each tree 7 in the IEN-T set can be denoted by

TI=Te X+ X Ty ><<W+B+(b+B+)P‘ (7:1)> X - X (W+B+(b+B+)”'" (rm))
—— ——
N —fold
X (Wi (bs B (@) %o (Wi by B (T ),
(8.8)
where 7, = l Figure 8.1 gives the mode of the trees in the IEN-T set.

On the basis of Definition 8.2, the following rules for forming a tree t in the
IEN-T set can be obtained straightforwardly:

(i) The root of a tree is always a fat white vertex.
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(i) A white vertex has fat black children, or white children, or meagre children.

(iii) A fat black vertex has at most one child which can be white or meagre.

(iv) A meagre vertex must has one fat black vertex as its child, and must have a
white vertex as its descendant.

Definition 8.3 The order p(t), the extended elementary differential % (t)(y, y’),
the coefficient a(7), the weight @;(7), the density y (r) and the sign S(r) on the
IEN-T set are recursively defined as follows.

1. p(0)=1,%(0)= f,a(o0)=1,P;(0)=1,y(0) =1and S(o) = 1.
2. For t € IEN-T denoted by (8.8),

P =14N+3 (1+2p p(r,-)) + 3 (204 o)

. =D s (( MYPF (@), (=M F (Ts) ).
where py+i =¢qi,i =1,--- ,n,and (-, - - - , -) is the Kronecker inner product
(see [30]),
— 1 ) o(T - (Tt 1
e a@®=(p@®-Dl 5" ll'I ((1+2pl+p(r,>)'> 1;[ ((2q,+p<rm+l>>'> AR
where Ji, - - - , J; count the same branches,

m n S

. ¢,-(r>:cfv~k£11(2a<2”“¢ @) 11 (20525 ne0).

m
_ AR2pit+pENly () ) . Qqi+p @m+i DY Tmti)
e v(@®=p- Hl ( 2pto(m)! ) 1_[1 ( 240! Cons)! )
1= =
m n

o @ =TT (D7s@) - 1T (D75 ).

i=1 i=1

0 0
where Y =0and [[ = 1.
k=1 k=1

Definition 8.4 The set IEN-T,, is defined as
IEN-T,, = {t : p(r) =m, T € IEN-T}.

Remark 8.4 The order p(t) is the number of the tree 7’s vertices.

Remark 8.5 The extended elementary differential .% (1) is a product of (—M)? (p
is the number of meagre vertices between a white vertex and the next coming white
vertex), and D} f ;’fﬁ;’,’? (N is the number of end vertices from the white vertex, m
is the number of the non-ending black vertices from the white vertex, and n is the
number of the meagre vertices from the white vertex). We will see that the extended
elementary differential is not only one function but a weighted sum of the traditional

elementary differential.

Remark 8.6 One IEN-T corresponds to one extended elementary differential .% (7).
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Remark 8.7 The coefficient o(t) is the number of possible different monotonic
labelings of t.

Remark 8.8 The weight @; (t) is a sum over the indices of all white vertices and of all

end vertices. The general term of the sum is a product of [15‘” ) for W,o.B,(byBy)P (1),

of ai(jzp ) for Wi (b+B+)? (1) (p is the number of the meagre vertices between the
white vertices i and j), and of ¢}" (m is the number of end vertices from the white

vertex i).
Remark 8.9 One IEN-T corresponds to one weight @;(7) .

Remark 8.10 The density y (t) is the product of the density of a tree by overlooking
the differences between vertices, and (2;,;)15 where p is the number of the meagre
vertices between two white vertices.

Remark 8.11 The sign S(t) is 1 if the number of the meagre vertices is even, and
—1 if the number of the meagre vertices is odd.

Table 8.5 makes a list of the corresponding mappings: the order p, the sign S, the
density y, the weight @;, the symmetry « and the extended elementary differential
Z for each 7 in the IEN-T set of order up to 4.

8.4.2 The IEN-T Set and the N-T Set

In this subsection, we will see that with the disappearance of meagre vertices the
IEN-T set is exactly the N-T set. In fact, in this case, each tree t in the IEN-T set has
the form shown in Fig 8.2, and the rules to form the tree set are straightforwardly
reduced to:

(i) The root of a tree is always a fat white vertex.
(i1) A white vertex has fat black children, or white children.
(iii) A fat black vertex has at most one child which must be white.

In this case, from Remarks 8.4-8.10, the order p(t), the coefficient «(7) and the
density y(t) are exactly the same as the ones on the N-T set respectively. If M is
null, the weight @; (7) and the extended elementary differential .% (t)(y, y’) on the
IEN-T set are exactly the same as the ones on the N-T set respectively, too. In fact,
from Definition 8.3, with the disappearance of meagre vertices, these two mappings
are recursively defined respectively, for T denoted by Fig. 8.2, as follows:

&;(r) =) - H (i@;%(n)) : H (iaij¢;(rm+k)),
k=1 j=1 k=1 j=I

F (@) = DY fUs (F @, F @wen)),
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Table 8.5 IEN-Ts and mappings of order up to 4 and the corresponding elementary differentials

on the N-T set

No. | IEN-Ts|p |S b; a F F
on the N-T set
1 |o 1|1 1 1| f f
2 l 2 |1 ci 1 | Df Ly
0 1
3 ] 2 |1 Y al) I ot
Y A 2 1 | Dif WO YN
s Y s b 0y, a? U Difys 1,00 )
0) (0
o ¥ 5 S a%a® U (| D)
~(0
7 { 3|1 Y, a) 1 fhr fif
0 1
8 { 3001 a0 N futyy
0) (0 1 1
9 ‘{ 301 Yieayay v | fOr0 s £ty f
o |4 3 1| Dif ARGy
n s 2y a 30 D) f FOL YY)
0) (0 2 3
[ s | aYjeaal 3 DU I
0) (0) (0 3
N s Yiwayalal UL FS ) Fo o f )
14 Q 4 1 ay;ay 3| DifVr ' )
0) (0 2
15 G 4 1 Ycaay 30 fO D Il )
0) (0
16 ({} 4 |1 aYeaial 3 | DU Fef | £ G )
0) (0) (0 2 1
17 (QJ 4 1 2 kla:(j)“:(k)“(z) 3 f(y’)y’(f’ f;’)f) f,vlcy’(fy'f’ )
18 ({f 4 |1 aYjalc 3 DLFYDLE | YY)
0) (0 2
19 ‘{f 4 |1 Yiwagaee |3 fO DL | Y )

(continued)
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Table 8.5 (continued)

8 A Compact Tri-Colored Tree Theory for General ERKN Methods

No. | IEN-Ts | p S y D; o F F
on the N-T set
20 5 4 11 |24 | ae 1| fPDLf LY
-(0) (0 1
21 § 4124y a0a N I f
0) - (0 1
22 § 4 1 24|y aal) I S fhf
0) (0 1 1
23 § 4 124y alaQa (1 fO YDl Sy
0) (0) (O 1 1 1 ’
2 § a1 24 Y 0aPaQa 1 f DV Rrr s
25 § 4 112 |y a@ 1 f;l,)(fM)f -
0 1
26 y 412 el L FY D f L)
27 Y) 4 1 12 g 2 YDV | AL
0) (0) (0 1 2
28 Y 4 112 | Xl adQd 1 f DS | F D

Fig. 8.2 The form of the trees with meagre vertices disappearing
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Table 8.6 Tri-colored Trees which are appended to the set N-T5 to form the set IEN-T}

3

Clearly, the IEN-T set is really an extension of the N-T set (see, Table 14.3 on p.
292 in [4]). It can also be seen from Tables 8.5 and 8.6 that one 4th order tree, six
5th order trees are appended to the N-T set to form the IEN-T set. All these special
and new appended trees have a meagre vertex (or some vertices) which correspond
to nothing in the N-T set. In fact, the weights @; in Table 8.6 are all the functions

of c"zi(jzk) and ai(jZk), high-order derivatives of a;; (V) and a;; (V') with respect to &, at
h=0.

8.4.3 The IEN-T Set and the EN-T Set

First of all, we note that there are just five mappings defined on the EN-T set in the
paper [33], while there are six mappings on the IEN-T set in this chapter. In the paper
[33], the authors introduced the signed density y (t), but in this chapter we replace
y(7) by the product of the two mappings, the density y (t) and the sign S(7).

The IEN-T set is a subset of the EN-T set, once one overlooks the (extended)
elementary differential .% () on them.

8.4.4 The IEN-T Set and the SSEN-T Set

From the rules of the IEN-T set and of the SSEN-T set (see [30]), if the function
f in the system (8.1) does not containing y’ explicitly, the IEN-T set is exactly the
SSEN-T set.

8.5 B-Series for the General ERKN Method

In Sect. 8.4 we presented the IEN-T set, on which six mappings are defined. With
these preliminaries, motivated by the concept of B-series, we will describe a totally
different approach from the one described in [33] to deriving the theory of order
conditions for the general ERKN method.
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The main results of the theory of B-series have their origins in the profound paper
[2] of Butcher in 1972, and then are introduced in detail by Hairer and Wanner [5]
in 1974. In what follows, we present the following two elementary theorems.

Theorem 8.1 With Definition 8.3, f(y(t + h), y'(¢t + h)) is a B-series
hr@—1
FOG+n, Y+ = GO YT @0,

Te€lEN-T

Proof First, we expand f(y(t + h), y'(t + h)) at point (3, §), with the definitions
of (8.6) and (8.7).

®m ®n
R D S R s OC N CURRIEE) M T CA O
m>0,n>0
(8.9)
(m+n)

where the second term f in this series is the matrix-valued function of 4.
5.3

ymy/n

Definition 8.3 ensures that f(y(¢t + h), y'(¢t + h))isaB-series. In fact, if f(y (¢ +
h), y'(t + h)) is a B-series, from the matrix-variation-of-constants formula with =
1, (see [33]), and from the properties of the ¢-functions (see e.g. [25]), we have

Y +h) =5 = [ (1= p1((1 = 22V) f(y(t + h2). y' (¢ + h2))dz
Lp(T)=1

= ¥ Jo=2¢i((1 - 2)*V)Erpydz (hf’(f“‘a(r)ﬁ(r)(y,y@)

telEN-T
= Y dpon(V)-hPOMa@)F (@), y)
TelEN-T rye (41
N relEN— sz() (p(THlH”)'hp «OF 0.3,
(8.10)
and Ciey ©
’ A/ AL T or 7
Yie+h =y = 3 > oot Ne@F @)y, y). (8.11)
TelEN—T ¢>0

Taking the Taylor series of f(y'ff;,ff) ~_ath =0, and from (8.10) and (8.11), the
3.5
Eq. (8.9) becomes

/ _ N ptm) ((=M)P1a(r)F (1) ()
JO@+h), y@+h) = NZn:m TG%\; T N'(m+n)'D Ly ( (+1+2pl "

EMPr () F (T) () (=MD (T )T (Tng1) (Y) (M) 0 (Tnin) F (Tnn) (§)
(o (Tn)+14+2pn)!t (P (Tm1)+2q1)! e (P (Ti4n)+2¢0)! ’
(8.12)
where

m

s=N+Y Cp+p@)+ 1+ Z(zqk + P (Twi))-
k=1 k=1

By Definition 8.3, the proof is complete.
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Theorem 8.2 Given a general ERKN method (8.4), by Definition 8.3, each f (Y;, Y})
is a series of the form

fnyh= >

T€lEN-T

where a;(t) = @;(t) - y () - S(1) - a(T) - F(T) (Y0 ¥,)-

Proof Inasimilar way to the proof of Theorem 8.1, we expand f (Y, Y¥/) at (3, §") for
the general ERKN method (8.4), where § = ¢o(c7V)y, + ¢1(c;V)cihy), and §' =
¢>0(ch) y, —cihM¢, (cizV) ¥,,, and obtain the Taylor series expansion as follows:

FLY) = Z (m+n), £ ,(hzzau(V)f(Y 7)™ @ (h Y as )
J

(8.13)

) is afunction of ¢; 4. Then the Taylor series expan-

where the second term f .,
Yy

mia) _ath = 0is given by

sion of f i 5.3

(m+n)

_Z : hN Y R (8.14)

(3.3 N>0

Definition 8.3 ensures that each f(Y;, Y/) fori =1,...,s is a B-series. In fact,
the third and fourth terms in the Eq. (8.13) are given by

p / Z'di(j 7 T
WY aNfY,Y) = Y ¥ = amhe e (o), (8.15)
T€lEN-T p>0
and
BY @Yy = Y Y B g, o), (8.16)
TelEN-T ¢>0

We then obtain

_(2p) 5@pm)
vy (m+n) Zj 4 MP1 Z, MPm

SO Y= 2 ) ity D £ 9552 (S (zpl)v"f(fl) ~~~~~ or p @i (),

50 £y

P 2@ (Tt p<rmin)' <2qn)'“f(”"+”>)

(8.17)
where s = N + Z(Zpk + o)+ 1D+ Z(qu ~+ p(Tm4x))- Using Definition 8.3,
k=1 k=1

we complete the proof.
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8.6 The Order Conditions for the General ERKN Method

Theorem 8.3 The scheme (8.4) for the general multi-frequency and multidimen-
sional oscillatory second-order initial value problems (8.1) has order r if and only
if the following conditions

N
Zl;i(V)S(r)y(r)¢l-(r) = p(@Pp(ryr1 + OW ~PE), Vo € IEN-Tyy, m <r — 1,
i=1

(8.18)

N
Y bi(VIS@y@®i(1) = p(0)$p(r) + OK PO, Ve € IEN-Tyy, m <,
i=1
(8.19)

are satisfied.

Proof 1Tt follows from the matrix-variation-of-constants formula, Theorems 8.1 and
8.2 that

Vo1 = $o(V)y, + hpr(V)y,
pe@+1 S 820
> S LAV @aF @, ¥y, (8.20)
A

TelEN-T

Yy +h) =¢o(V)y+hei(V)y'
zP(O-1

1
PO+ F , / 1—7)———&((1 — 2)V) dz.
+r€%-1‘ vOF O ¥ 0( Z)()0(1)—1)!(}5'(( V) dz

(8.21)
Comparing the Eqgs. (8.20) with (8.21) and using the properties of the ¢-functions,
we obtain the first result of Theorem 8.3. Likewise, we deduce the second part of the
theorem.

Theorem 8.3 in this chapter and Theorem4.1 in [33] share the same expression.
However, it should be noted that there exist redundant order conditions in [33], while
any order condition in this chapter cannot be replaced by others, provided the entries
a;j(V),a;;(V),b;(V) and b; (V) in the general ERKN method (8.4) are independent.
Obviously, the elimination of redundant order conditions makes the construction of
high-order general ERKN methods (8.4) much clearer and simpler.

It is easy to see that Theorem 8.3 implies the order conditions for the standard
ERKN methods in [23, 30] when the right-hand side function f does not depend
on y'. It is noted that, if the matrix M is null, Theorem 8.3 reduces to the classical
general RKN method when applied to y” = f(y, '), since the IEN-T set is exactly
the N-T set in this special case.
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8.7 The Construction of General ERKN Methods

In this section, using Theorem 8.3, we present some general ERKN methods (8.4) of
order up to 4. The approach to constructing new methods in this section is different
from that described in [33].

8.7.1 Second-Order General ERKN Methods

From Theorem 8.3 and the three IEN-Ts with order no more than 2 which are listed
in Table 8.5, for an s-stage general ERKN method (8.4) expressed in the Butcher
tableau (8.5), we have the following second order conditions:

S

> BiV) = a(V) + O ib,m — $1(V) + O(hD),

l—

Z (V)i = ¢a(V) + O(h), Zb<V>a<°>—¢2<v>+o<h)
i=1 i=1

©

Comparing the coefficients of 4° and /, we obtain 4 equations:

s s s s
1

PILEEED SULER NI SITLTE N B

i=1 i=1 i=1 i=1

It can be observed that these equations are exactly the second order conditions for
the following traditional RKN method

Y =y, +cihy, + hzzaw)( YYD = MY)), =1,
j=1
Y—yn—i-hza@)( D-MY;). i=1es,
(8.22)

yn+l = yn +hy:1 +h2251(0)<f(Y1, Yi/) - MYi)’
i=1

Yoor =y + 0B (f V) = MY;),

i=I

applied to the initial value problems (8.1), with the tableau
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—(0) —(0) ~0)| _(0) (0) 0)
I Y
C2ldyy Ay =+ Aoy |Ayy Ayy * v g
T R (8.23)
—(0) —(0) ~(0 (0) (0) 0
Cs|dg Qg - cz_gs) ag; Ay - as(,s)
b}‘” bg” A bgo) bé‘” o b®

This means that we can easily solve (Ci, 5;1(_”’ 1(10)’ b(O) b(O)

general RKN method. For example, from the explicit 2 stage second-order general
RKN method with the Butcher tableau

) in terms of a classical

wio O
(e}

(8.24)

I A

l

we can obtain 2 stage second-order explicit general ERKN methods. Two examples
are given below.

N—
Jklw
= WIN

Example 1 The first 2 stage second-order explicit general ERKN method (8.4) has
Butcher tableau

o |
2 27
30 |51 (8.25)
1737171
it
Example 2 The Butcher tableau of the second one is
0 |
i oo 390(5V) . (8.26)

Lg(V) 33V Lgo(V) Lao(bv)

8.7.2 Third-Order General ERKN Methods

From Theorem 8.3 and 9 trees in the set of IEN-T,,, (im < 3) in Table 8.5, for an
s-stage general ERKN method (8.4) expressed in the Butcher tableau (8.5), we have
the third order conditions as follows:

;b V) = a(V) + 0082), ;b V)i = ¢5(V) + O(h), ; ,é Bi(V)a® = g (v) + Oh),
; Bi(V) = $1(V) + O, g b (V)i = $2(V) + 02, ; é bi(V)a? = g2(v) + O (1),
i bi(V)e2 = 2¢3(V) + O(h), é é bi (V)i a‘ ) = 263(V) + O(h), é ,g] é} b,(V)afIO’alk =2¢3(V) + O(h),
Z b (V)a) = ¢3(V) + O (), g i bi(V)acj = ¢3(V) + O(h). i > 3 5i(VaPa® = g3(v) + 0h).

~.
I
Il

~
Il
-
Il
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Equating coefficients for each power of 1, we obtain 13 equations, where 12 equations
are exactly the third order conditions for the classical general RKN method (8.22)
with the Butcher tableau (8.23)

N

Y by (®i(r) = ———., YT eN-T,, m <2, (8.27)
= p() +1
Zb§°>y(r)q>,-(r) =1, VreN-T,, m<3. (8.28)
i=1

The extra equation is 5> = —1. We can solve (ci, al.a) b, b ) from the

i=1
Eqgs. (8.27) and (8.28) via a classical general RKN method. We can then find bi(z)
from the extra equation. Using this approach, we can complete the construction of
the general ERKN methods of order three. For example, from the explicit 3 stage
third-order general RKN method with the Butcher tableau

(8.29)

we can construct the 3 stage third-order explicit general ERKN methods straightfor-
wardly. The three examples are listed below.

Example 3 The first 3 stage third-order explicit general ERKN method (8.4) is
expressed in the Butcher tableau

P y
i\ I o | iy 21 : (8.30)
RIRLO[T = V) 30 = 5V) U +5V)

Example 4 The Butcher tableau of the second 3 stage third-order explicit general
ERKN method (8.4) is given by

| |
0 ol
U= V) U= HV) 01U = 1V) §U = §V) 41

1
6

Example 5 The third 3 stage third-order explicit general ERKN method (8.4) is
denoted by the Butcher tableau
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? 0 Lo (L V)

2 2P0z

o) 0 [ =p(V) 200(kV) - (8.32)
L) 20(1v) 0 Lgo(v) Ego(bvy L1

8.7.3 Fourth-Order General ERKN Methods

From Theorem 8.3 and Table 8.5, comparing the coefficients of the power of &
of (8.18) and (8.19), for an s-stage general ERKN method (8.4) with the coefficient

(C_l,'j V), a;;(V), bi(V), b; (V)) displayed in the Butcher tableau (8.5), we can obtain
41 fourth order conditions, in which 36 conditions are as follows:

S 1
Y by (®i(r) = ———, VT eN-T,, m <3, (8.33)
— p(T) +1

N
> by @ ®i(r) =1, ¥t eN-T,, m <4. (8.34)

i=l1

The remaining 5 conditions are

ZZb(O) @ _%’ ibf2)=— Z pPe, ==,
i=1

i=1 j=I1
(8.35)

s

@40 1 o _ 1
ZZb — b=

i=1 j=I1 i=1

For each specific classical general RKN method of order four, we can solve for

(ci, Ezi(]p), l(]o), bfo) b(o) ) from (8.33) and (8.34), since these 36 conditions are exactly

the order conditions for the classical general RKN method (8.22) with the Butcher
tableau (8.23). Then we can find (a @ b(z) b(z)) from conditions (8.35). In this way,

we construct the general ERKN methods (8.4) of order four.

In what follows, we will construct explicit 4 stage fourth order general ERKN
methods from the following explicit 4 stage fourth-order classical general RKN
method (8.22) with the Butcher tableau

(8.36)

O Owv—
| OLI—
—_

(e 1\8)

O oo —00|—
S O
AN—= | D=

—_— = O

=
=
A=
=
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Some general ERKN methods of order four constructed in this approach are shown
below.

Example 6 The Butcher tableau of the first explicit 4 stage fourth-order general
ERKN method (8.4) is given by

(1)‘ 11 ‘ 11

Y 0 0 51

2 8 2

10 0 i 0 0 —1v
SO V) U= V) G =BV 0G0 = 3V) 20— V) 30— V)

(8.37)

Example 7 The second explicit 4 stage fourth-order general ERKN method is
expressed in the Butcher tableau

(1)‘ 1 ‘1 1

2 o

1 1y 0 0 51

ﬂ 0 0 1 0 0 -3V
La—ivyla—Lvyla-Lvyolla—1vy2a—-1v)2u—1lv) L
6 6 6 24 6 24 6 2 6 8 6 8 6

(8.38)

Example 8 The third explicit 4 stage fourth-order general ERKN method (8.4) has
the Butcher tableau as follows:

0 |

11 1 1

?‘?ff)l(;}‘/) ‘54’( V) 1

§‘§¢1(ZV) 0 ‘ 0 2l - (839)
10 0 3GV) | 0 0 do(zV)

11 (V) 21 (GV) 21 (GV) 0 2do(V) 20(GV) 20(3V) 21

8.7.4 An Effective Approach to Constructing the General
ERKN Methods

In the paper [33], in order to construct 4th order general ERKN methods for the
systems (8.1), the authors first considered all 62 graphs of the EN-Ts (see Tables
1 and 2 in [33]), and then selected and deleted 34 redundant trees. Finally, they
obtained 28 non-redundant EN-Ts (see Tables 3 and 4 in [33]). With these 28 EN-
Ts, the authors in [33] achieved special 4th-order conditions, and then the authors
derived a 4th-order ERKN method under two auxiliary simplifying assumptions.
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Obviously, as shown in the paper [33] more than half of the construction effort
was spent on drawing the redundant trees. In a word, the process described in the
paper [33] is difficult to follow since the number of the redundant trees in the EN-T
set is large.

However, in this chapter, these 28 trees can be directly obtained since 27 of them
are exactly the classical N-Ts as shown in Sect. 8.4.2. In this way, it becomes quite
easy to get the 4th-order conditions for the general ERKN method (8.4). Then using
expansions of these order conditions, and equating each power of /2, we can see that
most are exactly the order conditions for the classical general RKN method (8.22).
This approach to constructing the general ERKN integrators is very effective and
efficient in practice, as shown in the previous sections where 2nd, 3rd and 4th order
general ERKN methods are constructed as examples.

8.8 Numerical Experiments

In this section, some numerical experiments are implemented to illustrate the poten-
tial of the general ERKN methods (8.4) in comparison with the others in the litera-
ture. The criterion used in the numerical comparisons is the base-10 logarithm of the
maximum global error (log,, [MGE||) versus the base-2 logarithm of the stepsizes
(log,(h)). The following 11 methods are used to solve the general system (8.1) for
the comparison:

e RKN2: The 2 stage second-order general RKN method (8.24).

e ERKN?2a: The first 2 stage second-order general ERKN method (8.25) given in
Sect. 8.7 of this chapter.

e ERKN2b: The second 2 stage second-order general ERKN method (8.26) given
in Sect. 8.7 of this chapter.

e RKN3: The 3 stage third-order general RKN method (8.29).

e ERKN3a: The first 3 stage third-order general ERKN method (8.30) given in
Sect. 8.7 of this chapter.

e ERKN?3b: The second 3 stage third-order general ERKN method (8.31) given in
Sect. 8.7 of this chapter.

e ERKN3c: The third 3 stage third-order general ERKN method (8.32) given in
Sect. 8.7 of this chapter.

e RKN4: The 4 stage fourth-order general RKN method (8.36).

e ERKN4a: The first 4 stage fourth-order general ERKN method (8.37) given in
Sect. 8.7 of this chapter.

e ERKN4b: The second 4 stage fourth-order general ERKN method (8.38) given in
Sect. 8.7 of this chapter.

e ERKN4c: The third 4 stage fourth-order general ERKN method (8.39) given in
Sect. 8.7 of this chapter.
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Problem 1: Effici curves with small stepsiz o Problem 1: Effici curves with big stepsiz
T T T T T T T T T T T T T T

logy, [ MGE||
logy [|IMGE]||

_| v RKN2
— -9~ ERKN2a ;/ ~'~ ERKN2a
10 —— ERKN2b [ 5f v ERKN2D
& RKN3 O RKN3
R -6~ ERKN3a =+~ ERKN3a
- — ¢ — ERKN3b — & —ERKNSD
£ —%— ERKN3c | | —O—ERKNG
12 % RKN4 B % RKNA
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— % — ERKNdb — % — ERKN4b
¥ ERKN4c —%— ERKN4c
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8 75 7 65 -6 55 5 45 -4 35 3 2 8 16 14 12 A 08 06 04

logy b logy

Fig. 8.3 Problem | integrated on [0, 300]
Problem 1 We consider the damped equation
my” + by +ky =0,

as one of the test problems. When the damping constant b is small we would expect
the system to still oscillate, but with decreasing amplitude as its energy is converted
to heat. In this numerical test, the problem is integrated on the interval [0, 300]
with m = 1, b = 0.01, k = 3 and the initial conditions (y(O), y/(O)) = (l, O). The
analytic solution to the problem is given by

_oot, A/12 —0.012 0.01 . A/12-0.012
y(i)=e 2 (COS( 1)+ sin( t))
2 V12 -0.012 2

The numerical results are displayed in Fig. 8.3, where the small stepsizes for the meth-
ods are h = zl] for j =3,..., 8 and the big stepsizes are h = £ for j =2,...,6.

Problem 2 We consider the initial value problem

36 .: .
13 —12 12¢ 3 2 ?sm(t)+24sm(51)
”t+( ) r:—( >/t—|—2 ,
PO PO )0 — 2 §in(r) — 36 sin(51)

with the initial values y(0) = (¢, )T and y'(0) = (—4, 6)7. The analytic solution is
given by
sin(z) — sin(5¢) + € cos(t)
Y = (sin(t) + sin(5¢) + 8008(5t)> ’
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R 2: Effi ien‘cy curves w‘ith small P‘roblem‘z: Effic‘iency cl‘Jrves wilh big s‘tepsize‘s
v <&
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D Qi — & —ERKN3b | |
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ke — % — ERKN4b
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logh logy h
Fig. 8.4 Problem 2 integrated on [0, 300]

In the numerical experiment, we choose the parameter value ¢ = 107> and integrate
this problem on the interval [0, 300]. The numerical results are displayed in Fig. 8.4.
The small stepsizes are h = 2% for j =3, ..., 8 and the big stepsizes are h = é for
Jj =2, ...,6.Inthis numerical test with the big stepsizes, the classical general RKN
methods (RKN2, RKN3 and RKN4) give disappointing numerical results. Thus we
do not depict the corresponding points in Fig. 8.4.

Problem 3 Consider the damped wave equation with periodic conditions (wave
propagation in a medium, see e.g. Weinberger [18])

ax2

u(—1,1) =u(l,t),

Pu sl —%u_ fu), —1l<x<l,1>0,

where f(u) = —sinu, (i.e., the damped sine Gordon equation) and § = 1. A semi-
discretization in the spatial variable by second-order symmetric differences leads to
the following system of second-order ODE:s in time

U+MU=FU,U), 0<t =ty
where U(t) = (ul(t), e ,uN(t))T with u; (t) ~ u(x;,t) fori =1,..., N,

2 —1 -1
-1 2 -1

-1 2 -1
-1 -1 2
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Fig. 8.5 Problem 3 integrated on [0, 300]

Ax =2/N, x; = —1+iAx and F(U,U) = (f(uy) — 8tiy, -+, fun) — Siy)".
Following the paper [3], we take the initial conditions as
2N \\T
v))

with N = 64 and integrate the problem on the interval [0, 300] with small stepsizes
h = 2—1, for j =5,...,8 and with big stepsizes h = lfﬁ for j =5,6,8,10. The
numerical results are displayed in Fig. 8.5. In this numerical test for the big stepsizes,
the classical general RKN methods (RKN2, RKN3 and RKN4) all behave badly,

yielding large errors.

U = (r.--.7)", Ui =VN(001 +sin(%),~~- ,0.01 + sin (

It can be observed from Figs. 8.3, 8.4 and 8.5 that

The general ERKN methods perform more efficiently than the classical general
RKN methods.

The higher order general ERKN methods are more efficient than the lower ones.

As the stepsize decreases, the difference among the general ERKN methods of the
same order becomes negligible.

The general ERKN methods behave perfectly for the large stepsizes.
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8.9 Conclusions and Discussions

In this chapter, we have established an improved theory for the order conditions for the
general ERKN methods designed specially for solving multi-frequency oscillatory
system (8.1). The original tri-colored tree theory and the order conditions for the
general ERKN methods presented in the paper [33] are not satisfied yet due to the
existence of large numbers of redundant trees. This chapter has succeeded in making a
simplification, by defining the IEN-T set on which some special mappings (especially
the extended elementary differential mapping) are introduced.

This simplification of the order conditions for the general ERKN methods when
applied to the oscillatory system (8.1) is of great importance. The new tri-colored
tree theory and the B-series theory for the general ERKN methods when solving
the general system (8.1) reduce to those for standard ERKN methods when solving
special system (8.2), where the right-hand side vector-valued function f does not
depend on y’ (see [23, 30]).

This successful simplification makes the construction of the general ERKN meth-
ods much simpler and more efficient for the system (8.1). In light of the reduced tree
theory analysed in this chapter, almost one half of algebraic conditions in the paper
[33] can be eliminated. Furthermore, in this chapter, from the relation between the
theories of order conditions for the general RKN method and for general ERKN
method, we propose a simple approach to constructing new integrators. The numer-
ical results show that the general ERKN methods are more suitable for long-term
integration with a large stepsize, in comparison with the RKN methods in the litera-
ture.

The previous eight chapters concentrated on numerical integrators of oscilla-
tory ordinary differential equations, although their applications to partial differential
equations were implemented as well. However, in the next four chapters we will turn
to structure-preserving schemes for partial differential equations.

The material of this chapter is based on the work by Zeng et al. [34].
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Chapter 9 ®)
An Integral Formula Adapted to e
Different Boundary Conditions for

Arbitrarily High-Dimensional Nonlinear
Klein—-Gordon Equations

This chapter is concerned with the initial-boundary value problem for arbitrarily
high-dimensional Klein-Gordon equations, posed on a bounded domain £2 C R?¢
for d > 1 and subject to suitable boundary conditions. We derive and analyse an
integral formula which proves to be adapted to different boundary conditions for
general Klein—-Gordon equations in arbitrarily high-dimensional spaces. The formula
gives a closed-form solution to arbitrarily high-dimensional homogeneous linear
Klein—Gordon equations, which is totally different from the well-known D’ Alembert,
Poisson and Kirchhoff formulas.

9.1 Introduction

Nonlinear phenomena appear in many areas of scientific and engineering applica-
tions such as solid state physics, plasma physics, fluid dynamics, gas dynamics, wave
mechanics, mathematical biology and chemical kinetics, which can be modelled by
partial differential equations (PDEs). For the past four decades, there has been broad
interest in a class of nonlinear evolution equations that admits extremely stable solu-
tions termed solitons (see, e.g. [1, 2, 5, 6, 8, 16, 21, 27]). An important and typical
example of such equations is the Klein—-Gordon equation which can be expressed in
the form:

Us(X,1) —a*AUX, 1) = g(U(X,1)), XeR, to<t=<T,
U(X, 1) = Up(X), (9.1)
Ui(X, 1) = Ur(X),

where g is a function of U, U : RY xR — R withd > 1, representing the wave
displacement at position X € R? and time ¢, and
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g(UX,0) = =G'(U) = —dG (),

for some smooth function G (U). The general Klein—-Gordon equation can be written
as

Ui(X,t) —a’AU X, 1) = =G'(UX,1)), XeR, tg<t=<T,
U(X, 1) = Up(X), 9.2)
Ui(X, 1) = U (X).

The Klein—Gordon equation was derived in 1928 as a relativistic version of the
Schrodinger equation describing free particles. However, the Klein—Gordon equation
was named after the physicists Oskar Klein and Walter Gordon, and proposed in
1926. The model describes relativistic electrons and correctly represents the spinless
pion, a composite particle [17]. Here, it is assumed that (9.1) is subject to the given
boundary conditions, such as Dirichlet boundary conditions, or Neumann boundary
conditions, or Robin boundary conditions. Equation (9.1) is a natural generalization
of the linear wave equation (see, e.g. [16]). A simple model of (9.1) withd = 1 and
g = 0 is the homogeneous one-dimensional undamped wave equation,

Uy —a* U =0, x,<x<xp, tg<t<T,
U(x, 1) = uo(x), (9.3)
Ui(x, 10) = ui(x),

subject to the Dirichlet boundary conditions
U, t) =a), Uy, 1) =B@0), th =t =T,

where a means the horizontal propagation speed of the wave motion.

In the numerical simulation it is well known that the method of lines is an effective
approach to solving partial differential equations such as nonlinear wave equations.
Using the method of lines [20], the semidiscretisation of (9.1) in space in the one-
dimensional case suggests semi-discrete differential equations, namely, a system of
second-order ordinary differential equations in time. Using this approach, each one-
dimensional nonlinear wave equation can be converted into a system of second-order
ordinary differential equations in time:

q"(t)+Mqt) =g(g().q'®)), t € [to, tend],

9.4)
q(to) = qo, 4’ (to) = g,
where g : R” x R™ — R is assumed to be continuous and M is am x m positive
semi-definite constant matrix. The solution of system (9.4) is a nonlinear multi-
frequency oscillator. Such an oscillatory system has received a great deal of attention
in the last few years (see, e.g. [3, 10, 12, 14, 24, 31]).
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With regard to the exact solution of the system (9.4) and its derivative, the authors
in [29, 32] established the following matrix-variation-of-constants formula which in
fact is a semi-analytical expression of the solution of (9.4), or an integral formula
for the oscillatory system (9.4).

Theorem 9.1 If g : R x R™ — R™ is continuous in (9.4), then the solution of
(9.4) and its derivative satisfy

q(t) = ¢o((t — 10)>M)qo + (t — 10)1 ((t — 10)>M)q;
+ f (t — )1 ((t — $)*M)E(q(0). ¢'(©))de,
f0 9.5)
q'(t) = —(t — to))My ((t — 10)*M)qo + do((t — 10)*M)q;,

+ / do((t — O*M)g(q(©0). 4'©))dz,

for ty, t € (—o0, +00), where the unconditionally convergent matrix-valued func-
tions are defined by

o0

(—DFm* .
p;(M) =) ————  j=0,1,.... (9.6)
i ; Qk + j)!

Much attention has been paid to the matrix-variation-of-constants formula to develop
new integrators such as ARKN (Adapted Runge—Kutta Nystrom) methods, ERKN
(Extended Runge—Kutta Nystrom) methods, Gautschi-type methods, and trigono-
metric Fourier collocation methods for solving (9.4) (see, e.g. [9-13, 15, 22, 23, 25,
26, 29-32, 34]).

In practice, there exists a very small class of nonlinear PDEs that can be solved
exactly by analytical methods. One such method is the well-known inverse scatter-
ing method (see, e.g. [4]), also called the inverse spectral transform, which is, for
nonlinear PDEs, a direct generalization of the Fourier transform for linear PDEs.
Regrettably, the inverse scattering method can solve the initial value problems for a
very small class of nonlinear PDEs (see, e.g. [8]) with the requirement that U and
various of its derivatives tend to zero as || X || — oo. For this reason, one therefore
might think that the set of solvable nonlinear PDEs has “measure zero”, and that lin-
ear PDEs and solvable nonlinear PDEs could be considered as belonging to a class in
which solutions can be added in some function spaces (see, e.g. [16]). On the other
hand, it is known that a formal solution to arbitrarily high-dimensional Klein—-Gordon
equations may be valuable in understanding new nonlinear physical phenomena and
investigating novel numerical integrators for the simulation of nonlinear phenomena.

As stated above, nonlinear PDEs in general cannot be solved explicitly. Fortu-
nately, however, we note that the mathematical structure of (9.1) is similar to (9.4),
observing the fact that —M in (9.4) can be regarded as a discrete operator of the
Laplacian A in the one-dimensional case of the nonlinear wave equation based on
the method of lines. This observation motivates us to derive and analyse an integral
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formula for the general Klein—Gordon equation (9.1) posed on a bounded domain
2 C R? for d > 1 equipped with the requirement of suitable boundary conditions.

The outline of this chapter is as follows. In Sect.9.2, we analyse and derive an
integral formula for (9.1). In Sect. 9.3, for the one-dimensional Klein—-Gordon equa-
tions, we show in detail the consistency of the integral formula with the corresponding
Dirichlet boundary conditions and Neumann boundary conditions, respectively. In
Sect.9.4, for arbitrarily high-dimensional Klein—Gordon equations, we prove the
consistency of the formula with the underlying Dirichlet boundary conditions, and
Neumann boundary conditions, respectively. To show the applications of the for-
mula, illustrative examples are presented in Sect.9.5. The last section is devoted to
conclusions.

9.2 An Integral Formula for Arbitrarily High-Dimensional
Klein—-Gordon Equations

9.2.1 General Case

It is known that A is an unbounded operator which is not defined for all v € L?(£2).
In order to model boundary conditions, we restrict ourselves to the case where A is
defined on a domain D(A) C L?(£2), such that the underlying boundary condition is
satisfied. For example, we will consider the one-dimensional Klein—Gordon equation
of the form

Uy — a*Au = fw), xel0,I'],t=>1,

9.7)
u(x, to) = @1(x), u;(x, 1) = @a(x), x € [0, I'],

subject to the periodic boundary condition
u(,1) =u(l', 1),

where I" is a fundamental period with respect to x, where A = 92 and f(u) =
—V'(u) is the negative derivative of a potential function V (i). We then have

D(A) = {v(x) : ¥v € L*([0, I']) and v(0) = v(I")}.

The functions in D(A) are continuously differentiable and satisfy the underlying
boundary condition.

In what follows, we will present an integral formula for the arbitrarily high-
dimensional Klein—Gordon equation (9.1). To this end, we first define the formal
operator-argument functions as follows:
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¢(A) = YN .] = 0’ 15 DR (98)
! ; 2k + j)!

where A is an operator defined on a normed space, such as the Laplacian defined on
a subspace D(A) of L2(£2), and in this case, the operator-argument functions ¢; (A)
for j =0, 1, ... defined by (9.8) are bounded. Accordingly, ¢;(A) in (9.8) can be
called Laplacian-argument functions defined on D(A). Besides, A can also be a
linear transformation such as a matrix and in the particular case of A = —M, where
M is a positive semi-definite constant matrix, (9.8) reduces to the matrix-valued
functions (9.6) which have been widely used in the study of ARKN methods and
ERKN methods for solving oscillatory or highly oscillatory differential equations
(see, e.g. [32]).
It can be observed that (9.8) is obtained from replacing —x by A in

o (—Dfxk
pj(x) =) ——— j=0,1,2,...,
! kg 2k + j)!

and all ¢;(x) are bounded for any x > 0. Each of these operators has a complete
system of orthogonal eigenfunctions in the complex Hilbert space L*(£2). Because
of the isomorphism between L? and ¢2, the operator A on L?(£2) induces a cor-
responding operator on £2. An elementary analysis which is similar to that for the
exponential differential operator presented by Hochbruck and Ostermann in [15]
can make sure that the Laplacian-argument functions defined on D(A) depending
on different boundary conditions are bounded operators with respect to the norm
Il - 1222y« 12(s2)» where £2 is the space region under consideration. The details can
be found in [18]. It is noted that the exponential differential operator has the proper-
ties of a semigroup which are required for analysis. However, the operators defined
by (9.8) do not have the semigroup property, but this is not needed in our analysis
here.

Some useful properties of Laplacian-argument functions (9.8) are established in
the next two theorems.

Theorem 9.2 Suppose that A is the Laplacian defined on a subspace D(A) of
L?(R2). The Laplacian-argument functions ¢y and ¢, defined by (9.8) satisfy:

d
d¢
d

d¢

[¢o((t — 0)’a”A)] = —(t — O)a’ Ay ((t — £)’a” A),
(9.9)
[t — D1 ((t — O)?a*A)] = —¢o((t — ¢)*a*A), 1, ¢ eR.
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Proof
d 5 5 d x (t— )2k 2k Ak
t— A = —
gLl —ora’a)] = Z; oo
i (t — {)2/( 1 ZkAk
= 2k — 1)!
X (1 — £)HKH g2 AR
- Z Qk + 1)!
= —(r = 0)a’Ap((t = ©)’a’A).
The second formula of (9.9) can be proved in a similar way. ]

Theorem 9.3 For a symmetric negative (semi-) definite operator A, the ¢-functions
defined by (9.8) satisfy:

®

X 2k Ak
2 _ a A
do(a*A) = k; a0

S — A\2k__1\k

o aZkAk S (a /_A)zk(_l)k 1 .
b1(@2A) = k; iy > = sin(av/—A), a # 0.

o Gkt ay/=4
(9.10)
(ii)
(@’ Q) — a*Agla*A) =1, 9.11)
Po(@*A) — I = a’ Ay (a*A). 9.12)
(iii)
$7(a*A) — o(a® A)a(a* A) = po(a*A),
Po(@*A)g1(a*A) — a* A1 (a* A)ga(a® A) = $1(a*A), 9.13)
1
7 (81(@*4) —a®Ag;(a4)) = pa(a’A),
(iv)

d& = ¢j42(a’2),

/ (1= &) ( 2(1—5)2 )€/
(9.14)

2 1— 2A Jj
/' ¢o(a*( j!é) ) dE = ¢;11(a2 ).

Proof These results can be derived straightforwardly and we omit the details of the
proof for the sake of brevity. (]
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We are now in a position to present an integral formula for the initial-value problem
of the general arbitrarily high-dimensional Klein—-Gordon equation (9.1).

Theorem 9.4 If A is a Laplacian defined on a subspace D(A) of L*($2) and g(U)
in (9.1) is continuous, then the exact solution of (9.1) and its derivative satisfy

UX, 1) = ¢o((t — 10)*a> A)U(X, to) + (t — 10)p1 ((t — 10)*a*> A) U, (X, 1)
- / (t — &)1 (t — §)%a*A) f(§)de,
U'X,t) = (t — to)a* Ay ((t — t0)*a* A)U(X, 1) + ¢o((t — t)*a> A) U, (X, to)

+ / dol(1 — £)2a>A) F(&)de

(9.15)
for ty,t € (—00, +00), where f(§) = g(U(X, §)), and the Laplacian-argument
functions ¢o and ¢ are defined by (9.8).

Proof We first let
Y(X. )= (UX, 1), U(X, )",

Yo(X) = (Up(X), Ui (X))",
F(Y(X.n) = (0,g(UX, 1)),

0 I
W= (azA O)'

Then the initial value problem (9.1) can be rewritten in a more compact form

and

{ Yi(X, 1) = WY (X, 1) + F(Y (X, 1)), ©.16)

Y(X, 1) = Yo(X), t=>1.

From the well-known result on inhomogeneous linear differential equations, the
solution at ¢ > 1y of the system (9.16) has the form

Y (X, 1) =exp ((t —t9)W)Yo(X) + / exp ((t —EW)F(Y(X, 1t —§))d§.

1
’ 9.17)
It follows from a careful calculation that

2 2 4 A2
2 aA 0 3 0 aA 4 a’A 0
W _( 0 a2A>’ W= <a4A2 0o ) W= 0 a*A? )’

0 a*A? a®A? 0 0 aAd
5 6 __ T _
W= <a6A3 0 )’ W= ( 0 a%4a3 )’ W= atat o ’
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An argument by induction leads to the result that, for each nonnegative integer k, we

have .
14+(=1)F 1—(=DF
Wk B +(2 ) (a2A)|.k/2J (2 ) (aZA)\_k/ZJ
= 17(271)*' (a2 A) K21+ 1+(;1)k (@A)2 ]’

where | k/2] denotes the integer part of k/2, and then we have

0 _ k
exp ((t —t)W) = > %W’C
k=0 ’

2 4 3
I+ 85024 4 EOD @202 4 — 1)1 + 6+ )
= ’ 3" 2 ’ 4
t—1)a?a+ G @22 4.0 1+ G 2a 4 242 4

B ¢o((t — 10)%a>A) (t — 10)¢1((t — 19)%a* A)
T\ —t0)a’Ap ((r —10)%a%A)  ¢o((t —19)%a’A) '

(9.18)
Inserting the result of (9.18) into Eq. (9.17) yields

(U(x, z)) _ ( do((t 10)%a4) (t —10)$1((t — ro)2a2A)) ( U(X, 1) )
Ui(X,1) (t —10)a’ Ay ((t — 10)2a?A)  ¢o((t — 19)*a> A) Ui (X, 1)

N f’( do((r —£)*a*A) (z—s>¢1(<r—s>2a2A)>< 0 ) i
o \ (= 8)a>A¢) ((t = £)%a*A)  o((t — £)%a®A) g(U(X. )

=( ¢o(<r—ro)zazA)u(x,rm+<r—ro)¢1((z—ro>2a2A2U,(x, 10) )
(t — 1)a® A1 ((t — 10)*a* A)U (X, 1) + o ((t — 10)*a> A) U (X, 1)

S =&)¢1(t = 6)*a”A) f (£)dg
2l 2.2 4\ F :
Sy 0((t = §)7a”A) f(£)dé
This gives the form of (9.15) exactly and completes the proof. ]

Let U"(X) = U(X,t,) and U;'(X) = U,(X, t,) represent the exact solution of
(9.7) and its derivative with respect to ¢ at t = ¢,. It follows immediately from (9.15)
with the change of variable £ = 1, 4 hz that

U™ (X) = ¢o(h*a> A)U"(X) + hey (h*a® A) U (X)
1
+ h? / (1 —2)¢1((1 — 2)*h*a*A) f(2)dz,
0

9.19
U (X) = ha® Agy (hPa®> A) U™ (X) + ¢o(h*a”> AU (X) ©-19

1
+ h / do((1 — 2)’°h*a*A) f(2)dz,
0

where £ is the temporal stepsize.

Remark 9.1 In comparison with the matrix-variation-of-constants formula (9.5) for
(9.4) based on the method of lines for solving one-dimensional nonlinear wave
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equations, the formula (9.15) is a formal solution to the Klein—-Gordon equation
(9.1), whereas the matrix-variation-of-constants formula (9.5) is a formal solution
to (9.4) but not a formal solution to (9.1). Thus, significant progress has been made
on integral representations of solutions of the arbitrarily high-dimensional Klein—
Gordon equation (9.1).

9.2.2 Homogeneous Case

We now turn to the special and important homogeneous case.
If g(U) =0, then (9.1) reduces to the following homogeneous linear Klein—
Gordon equation:
Uy —a*AU =0,
U(X, 1) = Up(X), (9.20)
Ui(X, t0) = U (X),

and then (9.15) becomes

U(X, 1) = ¢o((t — 10)°a* A)Up(X) + (t — to)1 ((t — to)*a* A)U; (X)),

U'(X, 1) = (1t — t9)a” A ((t — 10)*a® A) Up(X) + ¢o((1 — 10)°a” A) Uy (X)),

9.21)
which integrates (9.20) exactly. This means that (9.21) expresses a closed-form solu-
tion to the arbitrarily high-dimensional homogeneous linear Klein—Gordon equation
(9.20). This fact shows that (9.21) possesses the additional advantage of energy
preservation and quadratic invariant preservation for the homogeneous linear Klein—
Gordon equation (9.20). Another key point is that, compared with the seminal
D’ Alembert, Poisson and Kirchhoff formulas, the formula (9.21) doesn’t depend
on the evaluation of complicated integrals, whereas the evaluation of integrals is
required by the D’Alembert, Poisson and Kirchhoff formulas.

9.2.3 Towards Numerical Simulations

For the purpose of numerical simulations, we rewrite the Klein—Gordon equation
9.1) as

Ue(X,1) = g(UX, 1)) +a*AU(X,1), XeRCR! t>1

(9.22)
UX,10) = ¢1(X), Ui(X,10) = p2(X), X e€LUa,
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where

32
A:Z?.
i=1 i

It follows from Theorem 9.4 that the solution to (9.22) is given by
t
UX, 1) =UX, 10) + (t — 10)Ui(X, 10) +/ t—0g(UX, 0)de,
o

U/(X. 1) = U(X. 1) + / §(UX. 0))dz,

to

X e 2U082,

ie.,
UX,1) =<p1(X)+(t—to)<pz(X)+/ t—0)g(U(X, 0))de,

Ui(X. 1) = g2(X) + / $(UX. )z,

4]

X e U082,

or
1
U"N(X) = U(X) + hU"(x) + h* / (1 = 28(UX, t, + zh))dz,
0

1
Urti(x) = U"(X) + h/ g(UX, 1, + zh))dz,
0
XefRUois,

where U"(X) = U (X, t,) and

gUX.0)=35(UX.0)+a*AU(X. Q).

(9.23)

(9.24)

(9.25)

Then, for each fixed X € £2 U 052, approximating the integrals in (9.25) by using a

quadrature formula yields a semi-analytical explicit RKN-type integrator.

Applying the modified midpoint rule (replacing &(U"*2(X)) by §(U"(X) +

h ~
EU[’(X))) in the integrals in (9.25), we obtain

2
U (X) = U"(X) + hU(X) + %g(ﬁ"m - gﬁf(xn,

Ut (X)) = U/ (X) + hg (0" (X) + 20,”(?0%

(9.26)



9.2 An Integral Formula for Arbitrarily High-Dimensional Klein—-Gordon Equations 231

where U "(X)~U"(X)=U(X,t,). This is the well-known Stormer—Verlet for-
mula, and we call (9.26) the SV-scheme for (9.22). Hence, the SV-scheme is a sym-
plectic integrator of order two.

In applications, (9.1) is defined on bounded domains on the boundary of which
some physical conditions must be prescribed. These boundary conditions can be of
different sorts. We will consider the most classical ones: Dirichlet boundary con-
ditions, Neumann boundary conditions, and Robin boundary conditions. In what
follows, we pay attention to the consistency of the formula (9.15) with the corre-
sponding boundary conditions under suitable assumptions.

9.3 The Consistency of the Boundary Conditions for
One-dimensional Klein—-Gordon Equations

We now consider the initial problem in the one-dimensional case withu : R x R —
R given by

2
Uy —a - Au= f(u), x3<x<=x,t>1ty,
t fw), x 0 9.27)
u(x, to) = @1(x), u (x, o) = p2(x), x; <x < x,
where f(u(x, 1)) = —G’(u) for some smooth function G (u). From Theorem 9.4,

the solution of (9.27) satisfies
u(x, ) = ¢o((t — t9)*a> A (x) + (t — 1)1 ((t — t0)*a* A)gr(x)
+ f -0t - £)’a* ) f(¢)de,
u'(x, 1) = (Oz — to)a® Ay ((t — t0)*a*>A) g1 (x) + ¢o((t — 10)*a* A)pa (x)

+ / do((1 — 0)2a>A) F(¢)de.

(9.28)
2

0 ~
where A = Py and f(¢) = f(u(x,?)).

9.3.1 Dirichlet Boundary Conditions

Firstly, we consider the nonlinear wave equation (9.27) with the Dirichlet boundary
conditions:

u(x;, t) =at), ulx,t)=p(I), t=>t. (9.29)
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The next theorem shows the consistency of the formula (9.28) with the Dirichlet
boundary conditions (9.29), i.e.,

(1) = [9o((t = 10202 A)01(6) + (1 = 1) (1 = 10)*a>A)2(x)

)
X=X]

+ f (t = O (1 = %a*4) [ (¢)de |

B = [¢0((t = 020> 2)01() + (1 = 1) (1 = 10)*a>A)2(x)

+ f (t = O (1 = %a*2) f(¢)de |

X=X,

Theorem 9.5 Assume that a(t), B(t), and f (u (x, t)) are sufficiently differentiable
with respect to t. Then the formula (9.28) is consistent with the Dirichlet boundary

conditions (9.29).

Proof Using the initial conditions, we obtain
alty) = i(x), o' (o) = pa(x), Blto) = i1(x,), B'(t0) = pa(xy).
It follows from (9.27) that

Uy =a’ Au+ f(u)

N {Ol”(to) = a*Ap1(x) + f (u(x1, 10)),
B (t0) = a® Ay (x,) + f (u(xs, 19)),

u§3) = a’Au, + Sl )

a (1) = a*> Ay (x) + [ (ulx1, 10)),
B (o) = a* Apa(x,) + f/ (u(x,, 10)).

ul? = a* A%+ a*Af () + £ (u)

a®(ty) = a* A1 (x) + @ Af (ux, 1)) + £ (u(x1, 10)),
BD (1) = a* A1 (x,) + @ Af (u(x,, 10)) + £ (u(x,, 10)),
ul = a* A%u, + P Afl ) + P )

a® (1) = a* A’pr(xp) + @ Af, (u(xi, 10)) + £ (ulxi, 10)),
B (t0) = a* Ao (x,) + @ Af (u(x,, 10)) + £ (u(x,, 10)),
u® = a® Au+a* A fu) +a* AfP ) + £ w)

@@ (t0) = a® A1 (x)) + a* A% f (u(x, 10))
+a® AfP (uCx, 10) + £ (i, 1)),
B (o) = a® Ay (x,) + a* A% f (u(x,, 10))
+a2Af,(2) (u(x,, to)) + f,(4) (u(x,, to)),

=

=

=
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u” = a® Au, +a* A’ fl () + > AFD ) + £ ()

aD(10) = a® Ay (x)) + a* A% f (u(x;, 10))
+a*Af° )(M(Xz, f0)) + £ )(M(xz, 1)),

B (1) = a® Ay (x,) + a* A% f) (u(x,., 10))
+a? AP (uxr, 10)) + £ (ux,r, 10)).

=

An argument by induction leads to the results

k
a® (1) = a®* Ay () + Y DA £ (u(x, 10)),
j=1

. (9.30)
0[<2k+1)(t()) — a2kAk<p2(x;) + Zaz(k*j)Akfjf[(zjfl) (M(X[, tO))’
j=1
and
k .
B (1) = a™ Ay (x)) + Y a®* D A (D (ux,, 1)
=1
! . 9.31)
B (1) = a* Ar gy () + Y a®* D AN £ (u(x, 1)),
j=1
fork=1,2,....

The Taylor expansion of «(¢) and B(¢) at the point #, gives

oo _ k _
at) = Z %a(k)(to) - Z (t —10)% a@ (1) + Z (t — 1) (2k+])(t0)

= ! = (2k)! 2k + 1)!
() = i (t —tO)kIB(k)(t )= Z (r— ﬁ(Zk)( f0) + Z (t —19)%k ﬁ(Zk—H)(t )
Pl 0 Pt (2k)' 2k + 1)! 0’
(9.32)
Inserting the results of (9.30) and (9.31) into (9.32) yields
a(t) = {#0((t = 102a A1 () + (1 = 101 (1 = 10a> A) g2 ()
(t —1)* 2k—j) pk—j 2=
+ Z [~ 20! Zl" AT () 9.33)

(t — 1)+

TR 21:aQ(k_j)Ak_jﬁm_”(”(xsfo))]}
=

s
X=X




234

and

Let
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do((t — t9)*a*A) g1 (x) + (t — to)¢1 ((t — t0)*a* A) g (x)

+Z[(t—to) Z 26D AT 1T (4 (x, 1))
k=1

B(1) =

e,

(9.34)

(t _ t0)2k+

+ W Zl:az(kfj)Akfjft(ijl) (u(x, fo))]}
j=

X=X,

Ferp) 2 / (t — 01 (1 — £ A) F(¢)de.

It is easy to see F'(x, o) = 0, and a careful calculation gives

t ~
Fl(e.) = / do((t — £%a>A) F(c)dz

1o
= F/(x,1) =0,

t ~
F20, 0 = flux,n) + / (= )a’Adi (1 — %> A) f(¢)d¢
1o
= F2 1) = f(ux, 1)),

t ~
FO@. 0 = £ (ulx. ) + / a? Ado((t — £72a*A) F(¢)dz

fo

= FP (. 10) = f] (ulx, 10)),
t
F,(4)(x, = f,(z)(u(x, n) +a2Af(u(x, n) +/ (t — {)a4A2¢>1((1 — ()2,;2A)f(§))d§
fo
= FY,10) = £ (ulx, 10)) + > Af (ulx, 1)),

t
FOw, 0 = 2 (ulx, ) + a>Af] (ulx, 1)) +/ a* Ao ((t — £)%a*A) F(¢)d¢
o
= FO 1) = £ (ulx, 10)) + a>Af) (u(x, 10)),
FOW 0= e, n) +aafP (ux,0) + a* A2 f (u(x, 1))
t ~
(t — 0)a® A%y ((t — ©)*a® 4) f(¢)d¢

0]
= FO%, 10) = £ (ux, 10)) + a>Af2 (ux, 10)) + a* A2 f (u(x, 10))),
FP 0,0 = (0@, 0) +a®AfP (e, ) + a* A2 f] (ux, 1)
t ~
+ [ @ Bn( - e ) F(c)ae

0]
= th (x, 1) = ,(5) (u(x, to)) + azAf,m (u(x, to)) + a4A2f,'(u(x, to)),
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An argument by induction then gives

k
k — ) Ak—j 22
F2 1) =Y a® D AT (2772 (u(x, 1))
j=1
k .
FP (1) =Y D AT 1270 (uix, 1)), k=12,
j=1

The Taylor expansion of F'(x,t) att =t is

Fe.1) :Z(f 1) F(k)(x,to)_z(t . )F(k)( 0)

= =
_ ki:: (t (2kt<)>? F(x 1) + Z (t(z_kti)zlk)tl FHD (5 40)
i [(t — 1) Z 20h 451 15D . ) (9.35)
pa (2k)!
Inserting the result of (9.35) into (9.33) and (9.34) yields
alt) = [¢0((t — 10)%a>A) 1 (xX) + (t — 1) ((t — 10)%a> A)pa (x)
+ / -0 - ora’a)f(e)ac]|
BO) = [d((t — 107 )1 (0) + (1 — 1)1 (1 — 10)°a> A) 2 (x)
+ / - om( - ora’a)f(e)ac]|
The proof is complete. O

9.3.2 Neumann Boundary Conditions

We next consider the nonlinear wave equation (9.27) with the Neumann boundary
conditions

u ou
Sl =r@, -] =80, 9.36)
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Theorem 9.6 Assume that y(t), §(t), and f (u (x, t)) are sufficiently differentiable
with respect to t. Then the formula (9.28) is consistent with the Neumann boundary
conditions (9.36).

Proof From the initial conditions,we have
y(to) = @i (x),  ¥'(t0) = @3(x1), 8(t0) = @1(x,), 8 (t0) = @5 (x,).

Calculating the derivative of u with respect to x in (9.27) gives

Bu 2 3_u i
(a)n -4 A(ax) @) @ <x<xnt>n, (9.37)

ou , ou; ,
—(x, 1) = ¢1(x), —(x,00) = 0(x), X <x =< X,
ax dx

0
Letv = _u We then have the following initial-boundary problem
X

Vi = a2 Av+ f(u), X1 <Xx <X, t> 1,
v(x, 1) = @1 (x), vi(x,10) = @3(x), x <x <X, (9.38)
vix, ) =y (), vix,, 1) =68(), t=1,

where

z )
F = Fiux, ) = o f(utx.0),

For the transformed initial-boundary value problem (9.38), after an analysis sim-
ilarly to that in Sect.9.3.1, we conclude that

7 (1) = [9o((t = 102 )¢ (0) + (1 = )1 ((1 = 10)%a> A) g} (x)

)
X=X

+ / (1 = )1 (0 = %a*4) f(¢)de |

5(1) = [¢0((t = 100> 2)9 () + (1 = 1) (1 = 10)%a> A)@3(x)

9
X=x,

+ / (1 = )1 (1 = %a*4) f(¢)de |

where f(g“) = fx’(u(x, g“)).
The proof is complete. (]

Another direct proof can be found in Appendix 1 of this chapter.
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9.4 Towards Arbitrarily High-Dimensional Klein—-Gordon
Equations

Let £2 be a bounded Lipschitz domain in RY. We next consider the initial valued
problem of the arbitrarily high-dimensional nonlinear Klein—-Gordon equations

(9.39)

Uy —a*AU = f(U), X e, t>t,
UX, 1) =p1(X), U(X,19) = (X)), Xe22U0a52.

The integral formula for (9.39) is given by
UX, 1) = ¢o((t — t0)°a* A)p1(X) + (t — o)1 ((t — 10)*a”> A) g2 (X)

+ f (- 061 — 02 A) FOe,
U'(X, 1) =O(z — 10)a* Ay ((t — 10)*a*A) g1 (X) + ¢o((1 — 10)*a* A) g2 (X)

+ / do((t — 0> A) F(©)de,

fo

where f(¢) = f(U(X, ¢)).

(9.40)

9.4.1 Dirichlet Boundary Conditions

Firstly, we consider the arbitrarily high-dimensional nonlinear Klein—-Gordon equa-
tion (9.39) with the Dirichlet boundary condition:

UX,t) =a(X,t), Xe€d2,t>1. (9.41)
Theorem 9.7 Assume that «(X,t) and f(U(X, t)) are sufficiently differentiable

with respect to t. Then, formula (9.40) is consistent with the Dirichlet boundary
condition (9.41).

Proof From the initial conditions, we obtain
a(X, 10) = p1(X), (X, 1) =¢@2(X), X €082.

It follows from (9.39) that
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U, =a’AU + f(U)
= o/ (X, 1) = [a®Api (X) + F(UX, )],
U =a’AU, + £/ (U)
= o (X, 10) = [a* Apa(X) + £/ (U X, 10))]
U® =a* AU + a*AfU) + £2U)
= (X, 10) = [a* 201 (X) + @ AF (U X, 1) + P (UK, 10))]] 0
U® = a* AU, + P Af/U) + £ U)
= o) (X, 1) = [a*A0(X) + & Af (UX, 10) + £ (U X, 10))] ]
U© = a AU + a* A2f (U) + 2 ALP U) + £2(U)
= o,7(X, 10) = [a* A1 (X) + a* A2 f (U(X. 1) + a* Af,2 (U(X. 10))
+ fz(4)(U(X’ IO))]‘a.Q’
U7 =a" AU, +a* A f/(U) + >AfP W) + £2U)
= o (X, 1) = [a® A (X) + a* 27 £ (U (X, 1)) + &> AfD (U (X, 10)
+ (UK )]0

An argument by induction leads to the results

k
a® (X, 1) = a* A (X) + Y a® D AT TP (U(X 1)
j=1
k .
a(2k+1)(X’ tO) — aZkAk(pz(X) + Zaz(k*])Ak*j ‘f[(2]71)(U(X, tO))’
j=1

(9.42)

fork=1,2,...,and VX € 052.
Inserting the results of (9.42) into the Taylor expansion of «(X, #) with respect
to ¢ at the point 7y gives

a(X, 1) = {¢o((r — 10)?a* A)p1(X) + (t — t9)1 ((t — 10)*a*> A) g2 (X)

. Z [(t —1p)* Z a**=D AT £ (U (X 1))
=1

(2k)! (9.43)

N (t — tg)H! i 2(k—j)Ak—jf(2j_l)(U(X f))]”
(2k + 1)! jzla t - *
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Let ,
F(X,1) & / (t = O ((t = £)%a* 4) ().
It is easy to see
F(X, 1) =0,

and

Fl(X, 0= [ t ¢o((t — ©)%a*4) f(£)dg
= F (;, t0) =0,
FP X, 0= f(UX, D)+ /mta — 0)a? Ay ((t — )2a2A) F(£)d¢
= FP (X, 1) = f(UX. 10)).
FOX.0 = fl(UX.0)+ /t: a® Ago((t — £)%a® 4) f(£)de
= FY X, 10) = f](UX. 1)),
FOX, 0= ;P UX. ) +dAf (UK. D) + tt(z —0)a* A% (¢t — 0)%a*4) f(0)de
= FY X 10) = ([P (UX. 1) +a*2 f(UO(X, 10).
FOX. 1) = (U, 1) +a?Af, (UK. D) + /l a* 220 ((r — 0)%a*A) F(¢)de

0]
= FO X, 1) = [P (UK, 1) + PAF (U X, 1),

FOu,n =P n)+darP U, n)+a*a? (UK, 1)

+ ,ol (t = 0)a® My (1 — )% 4) F(©)dg
= FO%, 10) = (UK 10) + a>AfP (UK, 19) + a* A2 £ (U (X, 1)),
FPx, 0= U, n)+aafP (U, n) +a* a2 £ (U X, 1)
+ ftot a® Mo ((t — 0)*a® 4) f()d¢
= Fx, 1) = (UK, 1)) + a2 af P (U X, 1)) + a* 22 £ (U (X, 1)),

Likewise, an argument by induction yields the following results
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k
2k 2k—j) ak—j p(2j—=2
F (X 1) =Y D AT (272 (U(X, 1))
Jj=1

k
FX VX o) =) a0 A (0 (U (X)), k=12,
j=1

The Taylor expansion of F (X, t) att =ty is

. o (t — 1% o 0) ! F kD
FX,n =Y ~———F"X, ro>+Z— X 1)

£ 2h)! 2k + 1)!
[ (1 — 1o)* 2k—j) pk—j §2j=2)
Z[ a0 Za AT (R (U(X, 1)) (9.44)
=1 =1
o \2k+1 K )
n (t(zkt-oy)l)' 3 @26 AT £ (U, to))]-
=

Inserting the result of (9.44) into (9.43) gives
a(X, 1) = go((t — 10)*a® A)p1(X) + (1 — 1)1 ((t — 10)*a® A) p2(X)

+/ t — ¢ ((t — 9)*a*A) f(©)dg, X € 082,

The proof is complete. O

9.4.2 Neumann Boundary Conditions

We next consider the arbitrarily high-dimensional nonlinear wave equation (9.39)
with the following Neumann boundary condition:

VU -n=y(X,t), X e€ds2, (9.45)

where n is the unit outward normal vectors on the boundary 052.

Theorem 9.8 Assume that y(X,t) and f(U(X, t)) are sufficiently differentiable
with respect to t. Then the formula (9.40) is consistent with the Neumann boundary
conditions (9.45).

Proof Using the initial condition, we have

y(X,t0) = Vo1 (X) -n 2 ¢1(X), y/(X,t9) =Vga(X)-n= g (X), VX €df.
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Calculating the directional derivative of U with respect to X in (9.39) yields

{ (VU ), =@ A(VU 0) + FUX0). X €2, 1= 0.46)

(VU -n)(X, 10) = g1(X), (VU -n)(X,10) = $=(X), X € 2UL2,

where f(U(X,1)) = Vf(U(X,1) - n.
It follows from (9.46) that

(VU -m), = a*A(VU -n) + f(U)

= y/'(X, 10) = [a*A51(X) + F(UX, )], 0>
(VU -0)” = &2A(VU -m) + f/(U)

= )/;(3)(X, fo) = [02A¢2(X) + f/(U(X, IO))] ’39’
(VU -0) = a*22(VU -n) + PAF(U) + f2 (V)

= 7P, 10) = [a* 226 (X) + P AF (UK. 1) + F2 (UK. )]0
(VU -n)® =a*A(VU -n) +a*Af/(U) + 7O ()

= 70 (X, 1) = [a* 225 (X) + @A f (UK, 1) + 7 (U 10)]],
(VU -n)” =a® A (VU -n) +a* 22 F(U) + a*A [P (U) + 7 ()

= ¥ O (X, 1) = [a°A3G1(X) + a* A F(U (X, 10)) + a2 AT (U(X. 1))

+ AU )]0

(VU -n)” =a®4%(VU ), +a* 22 f/(U) + A f2(U) + 77 ()

= 1" (X, 10) = [a° 2@ (X) + a* A2 F/ (U (X, 10)) + A (U (X, 10)
+ 17U )]0

This leads to the results

k
. ) ak—j F@j=2
WX ) = a A (X) + ) AT FETI (UK ).

/= (9.47)

k
y2 VX 1) = a* A G (X) + ) DA FETV (U (X 1),

j=1

fork=1,2,...,and VX € 012.
Inserting the results of (9.47) into the Taylor expansion of y (X, t) with respect
to ¢t at the point ¢ = f, gives
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242
_ ad (l—lo)k ) _ > (t_IO)(Zk) (2k)
y(X,t) = kg(; TV; (X, 1) = ;W)’z (X, 10)
©(f — 1g) @+
+k2_;—(2k+1)! v (X 10)
= {60(( = 02 2)G1(0) + (¢ = 1)1 (( = 10?2 2)f2(0)  (9.48)
X — 1) 2k—j) pk—j F2j=2)
+Z[W2a DA FPI72(U (x, 1))
k=1 Coj=1
(= 10 N iy akeg 7D
2k + 1! ;a A el
Let

Fx.n 2 / (t — 01 ((t — 02a> A) F(UX. 0))dz.

Similarly to the case of Dirichlet boundary conditions, we can obtain

F(X, %) =0, F/(X, 1)) =0,

and

k
FOO(X 1) = Zaz(k—j)Ak—jﬁ(ZJ_z)(U(X, 1)),
j=1

k
FPV (X 1) =) DA f70(U(X 1), k=1.2,....
j=1

The Taylor expansion of F (X, t) at the point 7, with respect to  is

~ ad (t — [0)2k =~ (2k) = (- 1‘0)2k+l - (2k+1)
F(X, [):Z—Ft (X’tO)+ZWFZ (X, t0)
k=1 ’

P (2k)!

AT (t — 1) . 2k—j) ak—j F2j=2)

= [W Z a AT (U(x. 1)) (9.49)
k=1 o j=1

(t — 10)2k+1 a 2k—j) k—j FQ2j=1)
- E a ARTT £ (U(x, to)) .
2k + 1)! o ]}

Comparing the result of (9.48) with (9.49), we obtain
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y (X, 1) = ¢o((t — 10)°a” A) g1 (X) + (t — 10)p1 ((t — 10)*a” A) G2 (X)
+ / o (1 = 0)a”A) F(UX, 0))d¢
= qﬁ:)((t —10)°a*A)(Ver(X) - m) + (t — 1)1 ((t — t0)*a*A) (Vg2 (X) - m)
+ / - Ot = 0)?a*A)(VF(UX, ©)) - m)dg
= VI;)(X, t)-n, VX €0S2.

This proves the theorem. (]

9.4.3 Robin Boundary Condition

In what follows we consider the arbitrarily high-dimensional nonlinear wave equation
(9.39) with the following Robin boundary condition:

VU -n+AU = B(X,1), X eds2, (9.50)

where n is the unit outward normal vector on the boundary 02 and X is a constant.

Theorem 9.9 Assume that (X, t) and f (U (X, t)) are sufficiently differentiable
with respect to t. Then, the formula (9.40) is consistent with the Robin boundary
condition given by (9.50).

The proof of Theorem 9.9 is similar to that in the recent paper [33] and we omit
the details here.

Remark 9.2 As stated in Sects.9.3 and 9.4, one need not care about the boundary
conditions when the formula (9.15) is used directly since the formula is adapted to
Dirichlet boundary conditions, Neumann boundary conditions, and Robin bound-
ary conditions, respectively. In fact, (9.15) presents an exact analytical formal of
the true solution to the initial-value problem of arbitrarily high-dimensional Klein—
Gordon equations subject to the given boundary conditions, under the appropriate
assumptions.

9.5 Illustrative Examples

To show applications of the integral formula presented in this chapter, we next present
some illustrative examples.

Problem 9.1 We first consider the following two-dimensional equation
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s = (Uyy + y)) = @? sin(@(x — 1)) sin(wy), ©.51)
ul,—o = sin(wx) sin(wy), u,|;—o = —w cos(wx) sin(wy). '
Applying (9.15) to Problem 9.1 yields
u(x, y, 1) =¢o(t*A) sin(wx) sin(wy) — wtd, (> A) cos(wx) sin(wy)
+ o’ f (t — O)p1((t — £)*A) sin(w(x — ¢)) sin(wy)dg,
0 (9.52)

uy(x, y, 1) =t Agy (1> A) sin(wx) sin(wy) — wdo(t>A) cos(wx) sin(wy)

o /0 Go((t — )2 A) sin((x — ¢)) sin(@y)dz.

It follows from a careful calculation that
$o(12 A) sin(wx) sin(wy) = sin(wx) sin(wy) cos(v2wt),

. 1 . .
— wtd, (tzA) cos(wx) sin(wy) = ——= cos(wx) sin(wy) sm(«/ia)t),

7
o / (1 = OB (1 — 0 A) sin(w(x — £) sin(@y)d¢
0

- % /O sin(v2w (1 — £)) sin(w(x — ¢)) sin(wy)de.
We then have

u(x,y,t) = sin(wx) sin(wy)cos(ﬁwt) — L cos(wx) sin(wy) sin(ﬁa)t)

V2
+ % /o sin(x/zw(t —¢)) sin(w(x — ¢)) sin(wy)d¢
= sin(w(x — 1)) sin(wy).

(9.53)
Likewise, we can obtain

u(x, y,t) = —wcos(w(x —t)) sin(wy). (9.54)

Problem 9.2 We next consider the three-dimensional linear homogeneous equation:

{ Uy = az(uxx +uyy +uz), (9.55)

3
Uli=0 = x° + vz, Usli=0 = 0.

Applying (9.15) to Problem 9.2, we can obtain the analytical solution straightfor-
wardly:
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ulx,y,z,t) = ¢0(t2a2A)(x3 + yz) = x4+ vz + 3a%1%x,

(9.56)
u(x,y,z,1) = ta’ Ap; (t*a*> A) (x> + yz) = 6a’tx.

We note that from Poisson’s or Kirchhoff’s formula (see, e.g. [7]) the solution to
(9.55) can be expressed in the form

1 0 3
u(x,y, z,t) = //(x + yz)dS, (9.57)
s

da’t 3t
where S is the sphere of radius a centered at (xo, Yo, 20). The calculation of the
integral in (9.57) is quite complicated.

Problem 9.3 We next consider the following the initial valued problem of one
dimensional linear Klein—Gordon equation (see, e.g. [19])

S5 S5
Uy —Uyy = —U, —— <x<—,1>0,
8 8 . S 9.58)
u(x,0) =cos(4x), u,(x,0) =5cos(4x), e <x < <
subject to the Dirichlet boundary conditions
S5 S5t
u(—?,t) =0, u(?,t) =0. (9.59)

The exact solution of the initial-boundary valued problem (9.58) and (9.59) is given
by
u(x,t) = cos(4x) (cos(5t) + sin(5¢)) . (9.60)

Applying the SV-scheme (9.26) with the stepsize 7 = 0.001 to this initial-boundary

valued problem, we obtain the numerical results, together with the true solution and
the global error, which are shown in Fig.9.1. It can be observed from Fig.9.1 that

X1

2% 9 2
' A
A% A8 N
30.1\ “ =“(\ “ £ &\\\
VY v WY N
_%\\\A “ > < » 2 = 55
05\ _—0 N 05N 0
t Q-2 X 1 0-2 o t 02 "

Fig. 9.1 The exact solution (left), the numerical solution (middle) and the global error (right)
obtained by SV-scheme (9.26) with the stepsize & = 0.001, for Problem9.3
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the results show second-order behaviour of the SV-scheme (9.26). This indicates that
the integral formula (9.15) is also helpful in gaining insight into developing efficient
numerical integrators for Klein—Gordon equations.

9.6 Conclusions and Discussions

In this chapter, we considered the initial-boundary value problem of arbitrarily high-
dimensional Klein—-Gordon equations (9.1), posed on a bounded domain £2 C R¢
for d > 1 and equipped with various boundary conditions. We first defined the
bounded operator-argument functions (9.8) which are restricted in a subspace D(A)
of L?(£2), and then established an integral formula (9.15) for the Klein—Gordon equa-
tion in arbitrarily high-dimensional spaces. Thus, this chapter has made progress in
research on integral representations of solutions of the arbitrarily high-dimensional
Klein—Gordon equation (9.1). Another key aspect is that we showed in detail the
consistency of the integral formula with Dirichlet boundary conditions, Neumann
boundary conditions, and Robin boundary conditions, respectively. In other words,
the integral formula (9.15) for (9.1) is completely adapted to the underlying bound-
ary conditions under appropriate assumptions. If g(U) = 0, then (9.1) reduces to the
arbitrarily high-dimensional homogeneous Klein—-Gordon equation (9.20). Then, the
integral formula (9.15) becomes (9.21), which integrates (9.20) exactly. In compar-
ison with the seminal D’ Alembert, Poisson and Kirchhoff formulas, formula (9.21)
doesn’t depend on the evaluation of complicated integrals, whereas the evaluation of
integrals is required by the D’ Alembert, Poisson and Kirchhoff formulas. To show the
applications of the integral formula, some illustrative examples were also presented
in Sect.9.5.

Before the end of this chapter, we make a comment on the operator-variation-
constants formula for PDEs. Once the operator-variation-constants formula is estab-
lished for the underling PDEs, some structure-preserving schemes can be derived and
analysed based on the formula. For example, Chaps. 10 and 11 will show the details
for nonlinear wave equations. It is also believed that this approach to dealing with
nonlinear wave PDEs can be extended to other PDEs, such as Maxwell’s equations
(see Yang et al. [35]). Further work on this research is in progress.

The material of this chapter is based on the work by Wu and Liu [28].

Appendix 1. A Direct Proof of Theorem 9.6

Proof Tt follows from (9.37) that
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ou 22
(55), = «a(5e) + Fw
{ y"(t0) = a® Ag{(x) + J{(u)
8" (t0) = a*Ap|(x,) + f(u),

(27 = 2a() +

ox/t ox/t
{ YO (to) = a>Agh(x) + fg(“)
89 (w) = a*Agy(x,) + £/ (u),

(%):4) 4A2(§ )+a2Af(u) + 7P
y D (t0) = a* A%} () + a2 AF () + £ (u).
8@ (1) = a* A% (x,) + a2 AF(u) + £ (u),

(3_1):5) - a4A2(2_Z>; +a*Aflw) + 2w
{ y O (to) = a* A%} (x)) + a* A (u) + f7(w).
§9(19) = a* A%} (x,) +a2Af/(u) + ﬂ(3)(u),
(8_”>(6) a643<g ) +a4A2f(u) +a2Af,(2)(u) n f(4)(u)

ox /¢
y©(to) = a®A3¢|(x)) + a* A% f (u)

+a2Af(2)( ) f(4)( )
8@ ty) = a®Mgj(x,) + a* A% f(u)
+a2Aﬁ(2)( )+ﬁ(4)( )

(?TZ),G) - “6A3<§_Z> +a* A f ) + AT w) + 7O )
y Vo) = a® A () + a* 42 f (u)
+a2Af<3>( )+ 7O (u).

8D (ty) = a®Adp 5 (X )+ a*A? ft(u)
—i—azAf,m( )+fz(5)(“)7

After an argument by induction we obtain the following results

k
y(2k) _ a2kAk(p; ) + Zaz(kfj)Akfjft(zjfz) (u)
=1
! 9.61)

k
y D = g Ak ) + ) @ E D AT FETV W), k=12,
j=1
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and

k
5(2k) (to) = azkAkgz)i(xr) + ZaZ(k—j)Ak—jle]—Z) (u)
j=1
k .
8(2k+1)(t0) — aZkAk(pé(xr) + Za2(k*J)Ak7] f‘t(zjfl) (M), k = 1’ 2’ L
Jj=1

(9.62)

Inserting the results of (9.61) and (9.62) into the Taylor expansion of y(¢) and 5(¢)
at point #( yields

7 (1) = {g0(( = 026> 2)¢1 () + = 1)1 (1 = 10)*a*A) p3(¥)

ot — )% k=) Ak—j F2j=2)
+k2=1:[ 20! Z PATT ) (9.63)

(l _ lo)2k+

2k—j) rk—j FQ2j—=1)
Tk ;“ DA w) )

)
X=X

and
8(t) = {¢o((t — 10)2a* A) @[ (x) + (t — 1)1 (1 — 10)*a> A) @) (x)
n i [M i Q26— Ak FOID ()
ot e o t 9.64)
(t —1)**! . 2k—j) Ak—j F2j=1)
M ;“ DA W]
Let

F(x,1) & f (t — O ((t — 19)%a*A) f(¢)d¢

fo

As deduced for the Dirichlet boundary conditions in Sect.9.4.1, it can be shown
that

F(Zk) Z 2(k— j)Ak jf(2] 2)( )

j=1

(2k+1) ZaZ(k D pAk= /f(21 1)() k=1,2,....
j=1

(9.65)

Inserting (9.65) into the Taylor expansion of F(x,1) at the point ¢ = 1y gives
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~ _ ad (r— l()) ~(k) (t — tO) ”‘(k)
F(x,t) = Z m Z !

k k=2

Il
o

t— 1)k - r—f -
(@t — 1)~ )% Feb 4 Z (t — 19)*F F(2k+1)

E'qg

2k Qk+Dr !
Zi[(t—to) Z 2) phi 12 () 000
P (2k)!
Comparing the results of (9.66) with (9.63) and (9.64) yields
7 (1) = [90((t — 1072 8)¢ (1) + (1 — 1)1 (1 — 10)%a> A) 9} )
+ / - on(@ - P a) flogae]|
5(t) = [¢0((t — 10)2a> A)g| (x) + (t — to)1 ((t — 10)°a> A) g} (x)
= [[e-on(e-oea o]
This finishes the direct proof. O
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Chapter 10 ®)
An Energy-Preserving and Symmetric ez
Scheme for Nonlinear Hamiltonian Wave
Equations

In this chapter, we derive and analyse an energy-preserving and symmetric scheme
for nonlinear Hamiltonian wave equations, which can exactly preserve the energy
of the underlying Hamiltonian wave equations. To this end, we first define and dis-
cuss the bounded operator-argument functions on the underlying domain. We then
introduce an operator-variation-of-constants formula, based on which we present an
energy-preserving scheme for nonlinear Hamiltonian wave equations. The scheme
preserves the energy of the original continuous Hamiltonian system exactly. In com-
parison with the existing work on this topic, such as the well-known Average Vector
Field (AVF) formula for Hamiltonian ordinary differential equations, the energy-
preserving scheme avoids the semi-discretisation of spatial derivatives and exactly
preserves the Hamiltonian of the original continuous Hamiltonian wave equation.
This point is very significant in comparison with the AVF formula, since the AVF
formula can preserve only the energy of Hamiltonian ordinary differential equations.
Hence, the main theme of this chapter is to establish a scheme which can exactly
preserve the energy of the nonlinear Hamiltonian wave equation. The chapter is also
accompanied by some examples.

10.1 Introduction

Nonlinear wave or heat equations arise frequently in a wide variety of applications,
which can usually be expressed in suitable nonlinear Hamiltonian forms, and par-
tial differential equations with a Hamiltonian structure are important in the study
of solitons. Hamiltonian systems have some characteristic properties such as inner
symmetries and energy conservation. However, there are no general methods guar-
anteed to find closed form solutions to nonlinear Hamiltonian systems. Over the last
20 years, geometric numerical integration has become an important area of numeri-
cal analysis and scientific computing. Structure-preserving integrators have received
much attention in recent years and have applications in many areas of physics, such
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as molecular dynamics, fluid dynamics, celestial mechanics, and particle acceler-
ators. An integrator is said to be structure-preserving if it preserves one or more
physical/geometric properties of the system exactly. In this chapter, we pay attention
to an energy-preserving scheme for the nonlinear Hamiltonian wave equation of the
form

Uy — a*Au = S, =1,

(10.1)
u(x, o) = @1(x), u(x, 10) = 2(x),
where A = 92, and f(u) = —V’(u) is the negative derivative of a potential function
V (1) with respect to u.
The nonlinear wave equation (10.1) in this chapter is assumed to be subject to the
following periodic boundary condition

ulx,t)y=ulx+1,1), (10.2)

where I is the fundamental period in x.

It is known that A is an unbounded operator which is not defined for every v €
L*([x, x + I']).Inorder to model periodic boundary conditions, we restrict ourselves
to the case where A is defined on the domain

D(A) ={v(x): Vv e L2([x, x+ ') andv(x) =v(x + I')}. (10.3)

We consider (10.1) with independent variables (x, t) € [x;, x,] x {t > f} and
suppose that I” = x, — x; is the period. Let v = (u, p)T with p = u,. The nonlinear
wave equation (10.1) can be thought of as an infinite dimensional Hamiltonian system
of the form

SH
hv=J—, Vve A (10.4)
Y%
This is equivalent to
ur=p,
e =a’Au+ f(u), (10.5)

u(x, to) = g1(x), p(x,to) = p2(x),

where the Hamiltonian

1 [
H(u, p) := E/ [p* + a*u +2V(w)]dx (10.6)
X1

is defined on the infinite dimensional “phase-space” % := ¥ x L*([x;, x,]), where
YV = {u cu e H' ([x;, x,]) and u(x;) = u(x,)}, and the non-degenerate antisymmet-
ric operator J represents a symplectic structure: the variables v = (u, p)T are “Dar-
boux coordinates” (see, €.g. [1]). The Hamiltonian system (10.4) preserves the energy
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(or the Hamiltonian) because J is skew-adjoint with respect to the L? inner product,
ie.,

X,
/ uJudx =0, Yu e A. (10.7)

X1

The conservation of the energy (or the Hamiltonian) is one of the most important
properties of the nonlinear Hamiltonian wave equation (10.1), i.e.

E(t)= %/ (17 (e, ) + @*ul(x, 1) + 2V (u(x, 1)) ]dx = E(t),  (10.8)

X

or
H(u, p)=Hu. p)|,_,. (10.9)

for the Hamiltonian system (10.5).

The nonlinear Hamiltonian wave equation (10.1) arises in a wide variety of appli-
cation areas in science and engineering such as nonlinear optics, solid state physics
and quantum field theory. Its description and understanding are of great importance
both from the theoretical and practical point of view, and it has been investigated by
many authors (see, e.g. [2, 8-11, 18, 26, 28, 35, 38]). This equation is the relativistic
version of the Schrodinger equation [6, 7, 30]. Such a problem appears naturally in
the study of some nonlinear dynamical problems of mathematical physics, includ-
ing radiation theory, general relativity, the scattering and stability of kinks, vortices,
and other coherent structures. This equation is the basis of much work in studying
solitons and condensed matter physics, in investigating the interaction of solitons in
collisionless plasma and the recurrence of initial states, in lattice dynamics, and in
examining nonlinear phenomena.

Many authors have investigated energy preservation for semi-discrete Hamilto-
nian wave equations via classical spatial discretisation approximations. Usually, the
semi-discrete systems are of the form

(10.10)
y(to) = yo, ¥ (t0) =y},

{ Y6+ My(t) = g(v(1), 1 € [0, T,
where M € R"™ ™ is a positive and semi-definite matrix (not necessarily diagonal
or symmetric, in general). The solution of the system (10.10) exhibits nonlinear
oscillations. When such oscillations occur, effective ODE solvers for (10.10) can be
used, such as Gautschi-type methods (see, e.g. [16]), trigonometric Fourier colloca-
tion methods (see, e.g. [34]), and extended Runge—Kutta—Nystrom (ERKN) methods
(see, e.g. [42, 43]). With regard to the discrete energy-preserving method, the AVF
formula is very popular (see, e.g. [3, 19, 21-25, 40]). However, the AVF formula
cannot exactly preserve the energy of the original continuous Hamiltonian wave
equation. In general, the discrete energy is different from the original energy of the
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continuous Hamiltonian wave equations. This means that the AVF formula based
on classical discrete approximations cannot preserve the energy of the Hamiltonian
wave equations exactly. This motivates an energy-preserving scheme for nonlinear
Hamiltonian wave equations, which can exactly preserve the energy of the nonlin-
ears Hamiltonian wave equation (10.1). It should be noted that, in this chapter, all
essential analytical features are present in the one-dimensional case (10.1), although
the discussions are equally valid for high-dimensional nonlinear Hamiltonian wave
equations.

The outline of this chapter is as follows. Some preliminaries are given in Sect. 10.2.
In Sect. 10.3, we introduce an operator-variation-of-constants formula for the non-
linear Hamiltonian wave equation (10.1), which is an analytical expression of the
solution to the nonlinear Hamiltonian wave equation (10.1) expressed in a nonlin-
ear integral equation. We then dicuss an energy-preserving scheme and analyse its
properties in Sect. 10.4. Some illustrative examples are presented in Sect. 10.5. The
last section is devoted to conclusions.

10.2 Preliminaries

This section presents some preliminaries in order to gain an insight into an exact
energy-preserving scheme for the nonlinear Hamiltonian wave equation (10.1) sub-
ject to the periodic boundary condition (10.2).

To begin with, we define the following operator-argument functions:

S k

A .
$;(A) :Z(2k—+j)!’ Jj=01,.... (10.11)

k=0

For example, A is the Laplace operator defined on D(A) in (10.3) and in this case,
the operators defined by (10.11) is bounded on the subspace under the Sobolev norm
Il - llz212 (see, e.g. [17, 20]). Accordingly, ¢;(A) for j =0, 1,...1in (10.11) are
called operator-argument functions. Besides, A can also be related to alinear mapping
such as a positive semi-definite matrix M € R"*” and in this particular case of A =
—M, (10.11) reduces to the matrix-valued functions which have been widely used in
ARKN methods (Adapted Runge—Kutta—Nystrom methods) and ERKN (Extended
Runge—Kutta—Nystrom methods) methods for the numerical solution of oscillatory
or highly oscillatory differential equations (see, e.g. [12—14, 29, 31, 32, 40, 41, 43,
441). These kinds of oscillatory problems have received a great deal of attention in
the last few years (see, e.g. [4, 1417, 34]).

In this chapter, some useful properties of these operator-argument functions are
only sketched below for the sake of brevity.

Theorem 10.1 For a symmetric negative (semi) definite operator A, the bounded
¢-functions defined by (10.11) satisfy (9.10)—(9.14) in Chap. 9 and
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do(m?a® A)po(n*a® A) + mna® Apy (m*a* A) gy (n>a® A) = ¢o((m + n)?a® A),
mao(n>a> A)g1 (m*a® A) + ngo(m?a® Ay (n>a® A) = (m + n)¢1 ((m + n)?a> A).
(10.12)

Proof These results are evident. ([

Theorem 10.2 Suppose that A is a Laplacian defined on the domain D(A). The
bounded operator-argument functions ¢y and ¢, defined by (10.11) satisfy (9.9) in
Chap. 9.

Proof The results have been shown in Chap. 9. ]

Some properties of the periodic functions are stated blow.

Theorem 10.3 Assuming that u(x,t), v(x, t) are any sufficiently smooth periodic
functions with respect to the variable x, i.e. u(x + I',t) = u(x,t), and I' is the
fundamental period, then the following properties hold:

(i) Forallk,1 =0,1, ..., we have

Fux + 1) = *u(x, 1), dux+ 1) =dlux,1). (10.13)

(ii) Applying integration by parts to the periodic functions u(x, t), v(x, t) yields

/ af"u(x,t).v(x,z)dxzf u(x, 1) - 3%v(x, r)dx,
X

X
/ Ay x, 1) - v(x, H)dx = —/ u(x, ) - 3% v(x, nydx, k=0,1,2,...,

N . (10.14)
where the length x, — x; of the interval [x;, x,] is the period I" or any nonnegative
integer multiple of I'.

(iii) For any function f(-), the composite function f (u (x, t)) is also a periodic
function with respect to the variable x, and the fundamental period is I'.

10.3 Operator-Variation-of-Constants Formula
for Nonlinear Hamiltonian Wave Equations

The next theorem presents the operator-variation-of-constants formula for the non-
linear Hamiltonian wave equation (10.1).

Theorem 10.4 If f (u) is continuous in (10.1) and A is the Laplace operator defined
onthe subspace D(A) C L?, then the exact solution of (10.1) and its derivative satisfy
the following equations
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u(x, ) = ¢o((t — to)*a* Ayu(x, to) + (t — to)1 ((t — t0)*a* A)u, (x, to)

+ / t — O)¢i((t — O)*a*A) f(9)de,

fo

up(x, 1) = (t — to)a” Ay ((t — t0)*a> A)u(x, 10) + ¢o((t — 10)°a” A)u, (x, 1o)

+ / do((1 — 0)2a>A) F(0)de,

(10.15)
for x € [x1, x,], ty, t € (—00, +00), where f({) = f(u(x, ;‘)), and the bounded
operator-argument functions ¢o(-) and ¢, (-) are defined by (10.11).

Proof (10.15) solves the Eq. (10.1) exactly. In fact, this can be verified by directly
inserting the formula (10.15) into the wave equation (10.1). The details of the proof
for this theorem can be found in Appendix A of this chapter. (]

Moreover, it can be proved that the operator-variation-of-constants formula
(10.15) for the nonlinear Hamiltonian wave equation (10.1) is completely consis-
tent with Dirichlet boundary conditions, Neumann boundary conditions, and Robin
boundary conditions, respectively, under suitable assumptions. Readers are referred
to the recent papers by Wu et al. [37, 39].

Letu"(x) = u(x, t,) and u} (x) = u,(x, t,) represent the exact solution of (10.1)
and its derivative with respect to ¢ at t = ¢,. It follows immediately from (10.15)
with the change of variable £ = 1, 4 hz that

W (x) = ¢go(h2a> A)u™(x) + hepy (h2a> A)ul (x)

12 [ (= 2)¢ ((1 = 2)2h%a>A) f(u(x, 1, + h2))dz,
u ™ (x) = ha? Apy (h2a® A)u™(x) + ¢o(h*a® A)ul (x)

+h [ ¢o((1 — 2*h2a®A) f (u(x, 1, + h2))dz,

(10.16)

where £ is a time stepsize.

It is noted that the Eq.(10.15) or (10.16) is not a closed-form solution to the
nonlinear Hamiltonian wave equation (10.1), but a nonlinear integral equation. In
order to gain an energy-preserving scheme for (10.1), a further analysis based on
(10.16) is still required.
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10.4 Exact Energy-Preserving Scheme for Nonlinear
Hamiltonian Wave Equations

In this section we establish an exact energy-preserving scheme for nonlinear Hamil-
tonian wave equations.

In light of the operator-variation-of-constants formula (10.16), it is natural to
consider the following scheme:

{ U (x) = ¢go(h*a? A)u" (x) + hey (h*a* A)ul! (x) + b1, (x), (10.17)

ul ™ (x) = ha* Agy (h*a* A)u" (x) + ¢o(h*a® A)ul (x) + hlr(x),

where & is the stepsize, and I, (x), I>(x) are undetermined functions such that the
following condition of energy preservation

E(ty41) = E(t,) or H@"', p"™™=H@u", p"),

is satisfied exactly, where p = u,. It follows from (10.17) that

{ uz“(x) = qbo(hzazA)uﬁ (x) 4+ ho, ¢y (hZaZA)u;’(x) + h20. 1 (%), (10.18)

MI;—H(X) — haza.x¢1 (h2a2A)u;(x) + ¢O(h2a2A)u;1(x) + h[2(x)

To begin with, we compute

H@™', pthy = H@'™ u) = %/ " [ () + @ (1) + 2V (™! (1)) ]dx.

: (10.19)
Inserting (10.18) into (10.19), a careful calculation yields

H@u"t!, uf‘“) = % / ' [(Po(hzazA)u;l ~¢o(h2a2A)u;1 +a2h8X¢1(h2a2A)u7 ~h31y¢1(h2u2A)u7]dx

X1

2 Xy
+ % / [ha*d. 1 (R2a” A)u't - hox g (h*a* Al + do(hPa® A)u't - do(h2a” A)u't]dx
X
+/ ' [hu26X¢1(h2u2A)uﬁ ~¢o(h2a2A)u7 + az(t)o(hzazA)uﬁ ~h8x¢1(h2(12A)u7]dx
X1

X
+%/ [go(h*a® A} - hIr(x) + a*hdedy (hPa® A)ul! - W29, 1) (x) ]dx
Xl

+ad® /x, [hdcp1 (hPa A)ut - hI(x) + o (R2a* A)u’ (x) - 23, Iy (x) ]dx
Xy

+%/ ' [hzlz(x)~12(x)+a2h48X11(x)‘Bxll(x)]dx—i-/ ' V" (x))dx.
X/ X1

(10.20)
Applying Theorem 10.3 to (10.20) gives
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1 Xr
H@"™ ™y = E/ [#5(h*a* A) — h?a® AgT (h?a* A)Jul! - ul!dx

Xr
/ [¢§(h2a2A) — hzazAd)f(hzazA)]uﬁ - ulydx
X
Xr
+a*h | [ox¢1(h*a® A)go(h*a® A) — go(h*a* A)dpy (BPa” A)ult - ulldx

X

+/ [po(h*a*A)u} - hIp(x) + a*hdy ¢y (R2a” A)ul - h*8, 11 (x)]dx

+a2/ [hdxg1 (h*a” A)u - hIp(x) + ¢o(hPa® A)ult(x) - h*dx 1y (x)]dx

1

+ / [hzlz(x).Iz(x)+a2h4axll(x).Bxh(x)]dx-i-/ "Vt ().

x| X1
(10.21)

| =

On noticing Theorem 10.1, (10.21) reduces to

H@" ul*hy = % [ [} ()2 + a® W (x))? +2V (u" (x)) Jdx

x|
Xr

+/ [po(R2a*A)ul - hIr(x) + a*hdcgr (BPa” A)ul - h*3, 11 (x)]dx
X

+a? /“‘7’ [h8x¢l (hZQZA)M: ~hil(x) + ¢O(h2612A)u;(x) ) hzaxll (x)]dx
X

+ % /x' [P L) - L) +a®h*9, 1 (x) - 31y (x)]dx + /x,- [V@"™™ (x)) = V(" (x))]dx.

. K (10.22)
In what follows, we calculate

V'th — vt = / dv(d —ou" + ru"'H / @t —uny. F(A =" + ru"'H)d
0

A (M}H—l _ un) . va
(10.23)
where |
If = / f((l — T)Mn + TMn_H)dT.
0
The first equation of (10.17) gives
u"(x) — u" (x) = [po(h*a* A) — I]u" (x) + hepy (hPa® A)ul (x) + h* I (x) (10.24)

= h*a*d, o (h*a® A)u' (x) + hy (hPa® A)ul (x) + h* I (x).
Inserting (10.24) into (10.23) yields
V™) = vy = —h*a*d, ¢ (h*a* Al (x) - Iy — hepy (h*a* A)ul (x) - T — h* [ (x) - I .
(10.25)

Then the scheme (10.22) can be rewritten by
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H@™!, iy = %/:r [(] (x))* + a” (W} (x))* + 2V (@" (x))]dx + Z" (10.26)

= HW" u}) + 7",
where
R" =h /X, [po(h?a® A)ul (x) - I (x) + a*h*d 1 (RPa* A)ul* - 9.1y (x) — ¢ (hPa® A)ul (x) - Iy ]dx
X7
+ a’h? /X' [8:1 (R2a” A)ut - L(x) + do(hPa> A)u't (x) - 81y (x) — deda (hPa® A)ult (x) - Iy ]dx
x|

+ hzf ' [%(Iz(x) L) +H2a8 1 (x) 011 () = D (x) - I dx.

(10.27)
It follows from the results of Theorem 10.3 that

F" = h /X' [¢o(h*a*A) L (x) — h*a® Agy (h*a” A) Iy (x) — ¢y (h*a* A) 7] - ulf (x)dx

X1

+a*h? /x,- [Ag1 (RPa* A) L (x) — Ago(h*a? A) 11 (x) — Aga(h*a* A)I ¢ ] - u't (x)dx

X1

X q
+ hZ/ [E(Iz(x) ch(x) = h*a®AL(x) - [ (x)) — L1(x) - I7]dx.

1 (10.28)
The above analysis gives the following important theorem immediately.

Theorem 10.5  The scheme (10.17) exactly preserves the energy (10.8) or the
Hamiltonian (10.9), i.e.,

E(ty) = E(t,) or H@"™, p"™Y=H@w", p"), n=0,1,..., (10.29)
if and only if #" = 0.

Based on Theorem 10.1, the following theorem gives a sufficient condition for
the scheme (10.17) to be energy-preserving exactly.

Theorem 10.6 If

1
Li(x) = ¢o(h*a* A) /0 F(A = Du"(x) + ru" ' (x0))d,
(10.30)

1
L(x) = ¢1(h*a*A) /0 F(A = Du"(x) + T (x))dr,

then the scheme (10.17) exactly preserves the energy (10.8) or the Hamiltonian
(10.9).

Proof Ttis clear from (10.28) that if the following three equations
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po(h*a* A) L (x) — W*a> Agy (WPa”> A) 1 (x) = ¢ (h*a”A) I, (10.31)
o1 (hPa* A) L (x) — go(h*a* A) I, (x) = ¢ (h*a* A) Iy, (10.32)
I v
3 / (L(x) - L(x) = BPa® AL (x) - I;(x))dx = / Li(x)-Ipdx,  (10.33)
X X1
are satisfied, then #" = 0 forn =0, 1, .... Hence, we have

E(ty41) = E(t,) or H@"™, p"™" = Hw", p").

The difference of (10.31) times ¢;(h?a®A) and (10.32) times ¢ (h*a*A) is
[03(h%a® A) — h?a® A3 (h?a® A) |11 (x) = [¢7 (h*a® A) — do(h*a® A) o (R2a® A) 1.
Likewise, the difference of (10.31) times ¢0(h2a2A) and (10.32) times

h’a’¢, (h2a2A) gives

[¢5(h?a*A) — h?a* Ag7 (h*a” A) | L (x)
= [po(h*a* A)¢1 (h*a*A) — h*a® Ay (h*a® A) gy (h*a*A) 1.

Using Theorem 10.1, we obtain
Li(x) = o(h*a*A)ly, L(x) = ¢ (h*a*A)I;. (10.34)

It can be verified that under the condition (10.34) and Theorem 10.2, the equation
(10.33) is also valid. Therefore, (10.30) are sufficient conditions for (10.17) to be an
energy-preserving scheme. (]

We are now in a position to present the following energy-preserving scheme for
Hamiltonian PDEs.

Definition 10.1 The exact energy-preserving scheme for the nonlinear Hamiltonian
wave equation (10.1) is defined by

u" (x) = go(h*a> A)u" (x) + hepy (h*a® A)uf (x)
1
+ h2¢2(h2a2A)/ F(A = Du"(x) + Tu" (x0))dx,
0

10.35
uf“(x) = ha’A¢, (hzazA)u”(x) + ¢0(h2a2A)u:'(x) ( )

1
+ hey (h*a*A) / £ =ou"x) + tu (x))dr,
0

where 4 > 0 is a time stepsize, ¢o(h?a>A), ¢1(h*a*A), and ¢, (h*a® A) are bounded
operator-argument functions defined by (10.11).
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Since there is a very close similarity between the behaviour of solutions of
reversible and Hamiltonian systems [27], in what follows, we show the symmetry of
the energy-preserving scheme (10.35).

Theorem 10.7 The energy-preserving scheme (10.35) is symmetric in time.

Proof 1t follows from exchanging u"*!(x) <> u"(x), u"*!(x) <> u"(x) and replac-
ing h by —h in (10.35) that

W (x) = go(h2a> A)u" (x) — hpy (Wa> A+ (x)

1
+ h2¢2(h2a2A)/ £ =D (x) + Tu" (x))dr,
0

ul (x) = —ha® Agy (h*a* A)u" ' (x) + g (RPa® A)ut' (x) (1030
— hey (h*a*A) /01 £ =D (x) + T (x))dr.
From (10.36) and Theorem 10.1, it follows that
u" ™ (x) = go(h*a> A)u" (x) + hey (h*a® A)uf (x)
+ ¢y (ha” A) fl F(A =" (x) + T (x))dr,
0 (10.37)

uf“(x) = ha*A¢, (hzazA)u" x) + d)o(hzaZA)u;’(x)

1
+ he (h*a*A) f F(A = ou" M (x) + tu" (x))dr.
0

Letting £ = 1 — 7, we have

1

1
/ F(A =" (x) + u" (x))dr = / FET0) 4+ (1 — & (x))dg
0 0
1
=/ (=" (x) 4 tu" (x0))dr,
0
which shows (10.37) is exactly the same as (10.35).

Therefore, the conclusion of the theorem is proved. O

Remark 10.1 The extension of the scheme (10.35) to the general high-dimensional
nonlinear Hamiltonian wave equation

{un(x, H—dAuX, )= fuX,n), XeRCR 1n<t=T, (10.38)

u(X, 10) = ¢1(X), u (X, 10) = 92(X), x€2U082,

with the corresponding periodic boundary conditions, is straightforward (see [20]),
where
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d
A=>"0r.
i=1

Remark 10.2 Tt is noted that the new approach described above for dealing with
(10.1) is totally different from classical discrete approximations such as variational
methods, and the method of lines (see, e.g. [26]), since the semidiscretisation of the
spatial derivative is now avoided. Compared with classical discrete approximations,
this approach to solving (10.1) is exact for the space variable x.

Remark 10.3 1t can be observed that when the solution of the initial-boundary value
problem (10.1) and (10.2) is independent of the spatial variable x, the system (10.1)
becomes a Hamiltonian ordinary differential equation and, in this case, (10.35)
reduces to the average vector field (AVF) method. Besides, when the spatial interval
is divided into a set of finite points with a fixed spatial stepsize via the classical dis-
crete approximations, then the — A is replaced by a symmetric semi-definite positive
matrix which is from a discrete operator, such as the second-order central difference
operator, (10.35) reduces to the adapted average vector field (AAVF) methods [44].
In other words, the exact energy-preserving scheme (10.35) is an essential extension
of AVF to Hamiltonian wave equations based on the operator-variation-of-constants
formula (10.15).

Theorem 10.8 IfV = V(au), where a # 0, then

-1
w1 (x) — u(x)

1
/ F((1 = ") + T () de = (Ve @) = Vi @)
0

Proof

1 1
/ £ =" () + T (x))de = f/ V! (o((1 = D" () + T () )de
0 0
7(1 | dV(oz((l — D (x) + m"+1(x)))
a (u 1 (x) — un(x)) _/0 dr
~1

(V (au"+1(x)) - V(au” (x))>,

dr

= u"*l(x) _ u”(x)

From Theorem 10.8 we obtain the main result of this chapter.

Theorem 10.9 An exact energy-preserving and symmetric scheme for the nonlinear
Hamiltonian wave equation (10.1) is given by

u"t(x) = go(h*a” A)u" (x) + hey (h*a” A)u] (x) — h*¢py (h*a® A) J, (x),
ul ™ (x) = ha* Agy (BPa® A)u" (x) + ¢o(h*a* A)ul! (x) — hey (h*a® A)J, (x),
(10.39)
where h > 0 is a time stepsize, do(h2a’A), ¢y (h2a* A), ¢r(h*a®A) are bounded
operator-argument functions defined by (10.11), and
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1% (u”“(x)) — V(u" (x))

urH—l (X) —yn (x)

Jo(x) = (10.40)

Here, it can be observed that, if u"™'(x) — u" (x) = 0, then J,(x) in (10.39) is g,
which can be understood as

dV(u”(x))

Jn(x) = du

= —f(u”(x)). (10.41)
Proof The conclusion of the theorem can be proved directly by applying Theorem
10.8 to the energy-preserving scheme (10.35). ([

Theorem 10.9 establishes the exact energy-preserving scheme (10.39) for the
nonlinear Hamiltonian wave equation (10.1) with the periodic boundary condition
(10.2). In the special case f(u) = a(x), thatis V(1) = —a(x)u + B(x) and J,,(x) =
—o(x), the formula (10.39) yields the exact solution of the underlying problem.

If f(u) =0, then (10.1) becomes the homogeneous linear wave equation:

Uy —a’*Au =0,

(10.42)
u(x, fo) = @1(x), u;(x,t0) = @2(x),

and accordingly, from Theorem 10.1, (10.39) reduces to

u"(x) = go(h*a> A)u" (x) + hey (h*a® A)uf (x)
= go((n + 1*h*a*> A)p1(x) + (0 + Dhei ((n + D*h*a® A)pa (),
u/ " (x) = ha* Agy (h*a® A)u" (x) + ¢o(h*a” A)ul (x)
= (n+ Dha?Adi ((n + 1)*h2a* A) g1 (x) + do((n + 1)*h2a> A (x),
(10.43)
which exactly integrates the homogeneous linear wave equation (10.42). This implies
that (10.43) possesses an additional advantage of energy preservation and quadratic
invariant preservation for the homogeneous wave equation (10.42). Besides, com-
pared with the well-known D’ Alembert, Poisson and Kirchhoff formulas, the for-
mula (10.43) is independent of the computation of integrals and presents an exact
closed-form solution to (10.42).

10.5 TIllustrative Examples

With regard to applications of the scheme (10.39) or (10.43), we now give some
illustrative examples.

Problem 10.1 Consider the homogeneous linear wave equation
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Uyp = Uxx, X € (O, 2), t > 0,

1 (10.44)
u(x,0) =sin(wrx), u;(x,0) = ) sin(x),

subject to the periodic boundary conditions u(L,t) = u(0,t) where the period
L=2.

After a careful calculation, it is easy to see that (10.43) directly gives the analytic
solution of Problem 10.1 and its derivative

u(x,t) = sin(mwx) cos(mt) — L sin(rr x) sin(rt),
o ' (10.45)
u;(x,t) = —msin(wx)sin(wt) — 5 sin(rx) cos(irt),

on noticing that
52

¢o(t )s1n(7tx) = sin(wx) cos(mt),

1 I . .
tp(t —)( 5 sm(nx)) = ~om sin(rx) sin(7rt),

and

52
¢1 (2 —) sin(wx) = —m sin(wrx) sin(rwt).

Problem 10.2 We consider the following two dimensional homogenous periodic
wave equation

(10.46)

Uy — az(u“ +uy,) =0, (x,y) €(0,2) x(0,2),7r >0,
ul;—o = sin(3wx) sin(4my), u,l;— =0.

Applying the formula (10.43) (A = 8)% + 8y2 in this case) to (10.46) leads to

2 2 . .

ulx,y, t) = t“a“A)sin(3wx) sin(4wy),

(x,y,1) ¢o(2 )22( .) ( .y) (10.47)
u,(x,y, t) =ta"A¢p; (t a A) sin(3wx) sin(4my).

It follows from a simple calculation that
, v, 1) =sin(3 in(4 51),
u(x,y,t) = sin( J"rx) sin( J"ry) cos( .) (10.48)
u;(x,y,t) = —=5sin(3wx) sin(4my) sin(5¢).

Problem 10.3  Consider the following non-homogeneous linear periodic wave
equation
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b4 bid
Uy — Uyy = COSX, xe(—,Zn—i——), t >0,

4 4 (10.49)
ul;—o = sinx, u;|,—o = 0.
Applying (10.39) to (10.49) gives
2 . 2 2
u(x,t) = t“A)sinx +t t“A)cosx,
(x, 1) = o )2 | #a( 2) (10.50)
u;(x, 1) =tAp(t"A)sinx + tgp (1~ A) cos x.
Then a simple calculation yields
u(x,t) = (sinx — cos x) cost -+ cos x,
0 =( . ) . (10.51)
u;(x,t) = —(sinx — cosx)sint,

which is exactly the solution of the problem (10.49).

Remark 10.4 The main purpose of this chapter is to establish a general framework
for an exact energy-preserving scheme for nonlinear Hamiltonian wave equations,
although we cannot achieve a closed-form solution for the nonlinear Hamiltonian
wave equation (10.1). Consequently, we do not consider further computational issues
in detail in this chapter.

10.6 Conclusions and Discussions

Energy-preserving schemes have a long history, and can date back to Courant,
Friedrichs, and Lewy’s work [5]. In this chapter, we considered the properties of
energy-preserving schemes and presented an exact energy-preserving scheme for
the nonlinear Hamiltonian wave equation (10.1) equipped with the periodic bound-
ary condition (10.2), which is in fact identical to the infinite dimensional nonlinear
Hamiltonian system (10.4) or (10.5). We first defined the bounded operator-argument
functions (10.11) and analysed their properties, then established an operator-
variation-of-constants formula for the nonlinear Hamiltonian wave equation (10.1).
The proposed energy-preserving scheme is based on the operator-variation-of-
constants formula which avoids the semidiscretisation of the spatial derivative and
exactly preserves the energy of the original continuous Hamiltonian wave equa-
tion (10.1). This energy-preserving scheme (10.35) is a significant generalisation of
the AVF formula and the AAVF formula (see, e.g. [33, 40]) as stated in Remark
10.3, since both the AVF formula and AAVF formula can preserve only the semi-
discrete energy of the continuation Hamiltonian PDEs (10.1). In fact, both the AVF
formula and AAVF formula are designed specially for Hamiltonian ordinary differ-
ential equations. In applications, such Hamiltonian ODEs in time can be obtained
from Hamiltonian PDEs by the discretisation of the spatial derivative via classical
discrete approximations such as variational methods, and the method of lines. Fur-
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thermore, we have also derived an exact energy-preserving and symmetric scheme
(10.39) for the nonlinear Hamiltonian wave equation (10.1) with the periodic bound-
ary condition (10.2), which avoids the evaluation of the integral

1
/ F(A = Du"(x) + ru" ™ (x))de
0

in the exact energy-preserving scheme (10.35). Therefore, we have in fact derived an
exact energy-preserving and symmetric scheme (10.39) for the nonlinear Hamilto-
nian wave equation (10.1), although the closed form solution to (10.1) is not acces-
sible (even though it exists).

Last but not least, the extension of scheme (10.35) to the general high-dimensional
nonlinear wave equation (10.38) is straightforward, as stated in Remark 10.1. All
essential analytical features presented for (10.1) are applicable to high-dimensional
nonlinear Hamiltonian wave equations (10.38).

It should also be noted that the operator-variation-of-constants formula for wave
equations makes it possible to systematically incorporate the inner structure prop-
erties of the original continuous system into numerical schemes in the design of
structure-preserving integrators for nonlinear wave equations. Chapter 11 will try to
demonstrate this point.

The material of this chapter is based on the work by Wu and Liu [36].
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Chapter 11 )
Arbitrarily High-Order Time-Stepping e
Schemes for Nonlinear Klein—Gordon
Equations

This chapter presents arbitrarily high-order time-stepping schemes for solving high-
dimensional nonlinear Klein—Gordon equations with different boundary conditions.
We first formulate an abstract ordinary differential equation (ODE) on a suitable
infinite—dimensional function space based on the operator spectrum theory. We then
introduce an operator-variation-of-constants formula for the nonlinear abstract ODE.
The nonlinear stability and convergence are rigorously analysed once the spatial dif-
ferential operator is approximated by an appropriate positive semi-definite matrix.
With regard to the two dimensional Dirichlet or Neumann boundary problems, the
time-stepping schemes coupled with discrete Fast Sine/Cosine Transformation can
be applied to simulate the two-dimensional nonlinear Klein—Gordon equations effec-
tively. The numerical results demonstrate the advantage of the schemes in comparison
with the existing numerical methods for solving nonlinear Klein—-Gordon equations
in the literature.

11.1 Introduction

The computation of the Klein—Gordon equation which has a nonlinear potential
function, is of great importance in a wide range of application areas in science and
engineering. The nonlinear potential gives rise to major challenges. In this chapter,
we begin with the following nonlinear Klein—-Gordon equation in a single space
variable:

u,l—azAuzf(u), o<t <T, xef2, (1L1)
u(x, to) = @1(x), ui(x, 10) = g2(x), x € 82,

and suppose that the initial valued problem (11.1) is supplemented with the following
periodic boundary condition on the domain 2 = (—x, )

© Springer Nature Singapore Pte Ltd. And Science Press 2018 269
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ulx,t) =ulx +2m,1t), (11.2)
where u(x, t) represents the wave displacement at position x and time ¢, A = %

and f (u) is a nonlinear function of u chosen as the negative derivative of a potential
energy V(u) > 0. Generally, there are various choices of the potential function
f(u) to investigate solitons and nonlinear phenomena. For instance, the following
sine—Gordon equation

Uy — a*Au + sin(u) = 0, (11.3)

is well known, and other nonlinear potential functions also appear in the literature
such as f(u) = sinhu and polynomial f(u). Moreover, if u(-,t) € H'(2) and
u, (-, 1) € L¥2(£2), energy conservation becomes another key feature of the Klein—
Gordon equation, i.e.,

E@t) = %/ (u} + a®|Vul® + 2V (u))dx = E(tp). (11.4)
2

This is an essential property in the theory of solitons. Accordingly, it is also signifi-
cant to test the effectiveness of a numerical method in preserving the corresponding
discrete energy.

In a wide variety of application areas in science and engineering, such as non-
linear optics, solid state physics and quantum field theory [10, 23, 53], the non-
linear wave equation plays an important role and has been extensively investi-
gated. In particular, the nonlinear Klein—Gordon equation (11.1) is used to model
many different nonlinear phenomena, including the propagation of dislocations in
crystals and the behavior of elementary particles and of Josephson junctions (see
Chap. 8.2 in [24] for details). Its description and understanding are very impor-
tant from both the analytical and numerical aspects, and have been investigated
by many researchers. On the analytical front, the Cauchy problem was investi-
gated (see, e.g. [7, 13, 26, 36]). If the potential function satisfies V(u) > 0
for u € R, the global existence of solutions for the defocusing case, was estab-
lished in [13], whereas if the energy potential satisfies V(u) < 0 for u € R,
the focusing case, possible finite time blow-up was shown in [7]. With regard to
the numerical methods, there have been proposed and studied a variety of solu-
tion procedures for solving the nonlinear Klein—Gordon equation. For instance, the
energy-preserving explicit, semi-implicit and symplectic conservative standard finite
difference time domain (FDTD) discretisations were proposed and analysed in [1,
9, 25, 38, 44]. As far as the finite-difference method is concerned, on the basis
of standard finite-difference approximations, a three-time-level scheme was derived
by Strauss and Vizquez in [47]. Jiménez [35] derived conservative finite differ-
ence schemes with some analogous discretisations to that used in [47] for the non-
linear term. Other approaches, such as the finite element method and the spectral
method, were also studied in [17, 18, 27, 50]. With respect to finite-element tech-
niques, Tourigny [50] proved that the use of product approximations in Galerkin
methods subject to Dirichlet boundary conditions does not affect the convergence
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rate of the method. Guo et al. [27] developed a conservative Legendre spectral
method. Dehghan et al. used radial basis functions, the dual reciprocity boundary
integral equation technique, the collocation and finite-difference collocation meth-
ods for solving the nonlinear Klein—-Gordon equations, or coupled Klein—-Gordon
equations (see, e.g. [20-22, 37]). Although many numerical methods have been
derived and investigated for solving the nonlinear Klein—-Gordon equation in the lit-
erature, in general, the existing numerical methods have limited accuracy, and little
attention was paid to the special structure brought by spatial discretisations. This
motivates the main theme of this chapter, which is to consider arbitrarily high-order
Lagrange collocation-type time-stepping schemes for efficiently solving nonlinear
Klein—Gordon equations.

The plan of this chapter is as follows. In Sect. 11.2, based on the operator spec-
trum theory, we first formulate the one-dimensional nonlinear Klein—Gordon equa-
tion (11.1)-(11.2) as an abstract second-order ordinary differential equation on an
infinite-dimensional Hilbert space L2(£2). Then, the operator-variation-of-constants
formula for the abstract equation is introduced, which is in fact an integral equation
of the solution for the nonlinear Klein—Gordon equation (11.1)—(11.2). In Sect. 11.3,
using the derived operator-variation-of-constants formula, we calculate the nonlin-
ear integrals appearing in this formula by Lagrange interpolation. This leads to a
class of arbitrarily high-order Lagrange collocation-type time-stepping schemes.
Furthermore, an investigation of the local error bounds is made, which arrives at
the simplified order conditions in a much simpler form. Section 11.4 is devoted to
semidiscretisation. This process enables us to take advantage of the properties of
the undiscretised differential operator .« and incorporate the special structure intro-
duced by spatial discretisations with the new integrators. The main theoretical results
of this work are presented in Sect. 11.5. We use the strategy of energy analysis to
study the nonlinear stability and convergence of the fully discrete scheme. Since
these fully discrete schemes are implicit, iterative solutions are required in practical
computations. Therefore, we use fixed-point iteration and analyse its convergence in
this section. In Sect. 11.6 we apply the Lagrange collocation-type time integrators to
the two-dimensional nonlinear Klein—Gordon equations, equipped with homogenous
Dirichlet or Neumann boundary conditions. In a similar way to the one-dimensional
periodic boundary case, the abstract ordinary differential equations and the operator-
variation-of-constants formula are established on the infinite-dimensional Hilbert
space L2(£2). In Sect. 11.7, we are concerned with numerical experiments, and the
numerical results show the advantage and effectiveness of our new schemes in com-
parison with the existing numerical methods in the literature. The last section is
devoted to brief conclusions and discussions.

In this chapter, all essential features of the methodology are presented in the one-
dimensional and two-dimensional cases, although the schemes to be analysed lend
themselves with equal ease to higher dimensions.
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11.2 Abstract Ordinary Differential Equation

Motivated by recent interest in exponential integrators for semilinear parabolic prob-
lems [30-32], and based on the operator spectrum theory (see, e.g. [6]), we will for-
mulate the nonlinear problem (11.1)—(11.2) as an abstract ordinary differential equa-
tion on the Hilbert space L?(£2), and introduce an operator-variation-of-constants
formula. To this end, some bounded operator-argument functions will be defined
and analysed in advance, because these are essential to introducing the operator-
variation-of-constants formula.
To begin with, we define the functions

o (DR
i(x) = —\ j=0,1,2,..., Vx=>0. 11.5
¢;(x) ;(Zkﬂ)! j (11.5)
It can be observed that ¢;(x), j = 0, 1,2, ... are bounded functions for any x > 0.

For example, we have

sin(y/x)
VO
with ¢;(0) = 1, and it is obvious that [¢;(x)| < 1 for j = 0,1 and Vx > 0. For

an abstract formulation of problem (11.1)—(11.2), we define the linear differential
operator <7 by

Po(x) = cos(v/x), ¢1(x) =

(11.6)

(V) (x) = —a*vy (X). (11.7)

It is known that the linear differential operator <7 is an unbounded operator and not
defined for every v € L?(£2). In order to model the periodic boundary condition
(11.2), we consider .2/ on the domain:

D(&/) = {v € H*(2) : v(x) = v(x +2m)} . (11.8)

Obviously, the defined operator <7 is positive semi definite, i.e.,

2 2
(;z%v(x), v(x)) = | o) - vx)dx = a2/ V(x)dx > 0, Ww(x) € D(F).
0 0

Here, (-, -) denotes the inner product of L?(£2) and integration by parts, or Green’s
formula, has been used. Moreover, we note the important fact that the operator
o/ has a complete system of orthogonal eigenfunctions {e”‘x Tk o€ Z} in the
Hilbert space L?(£2), and the corresponding eigenvalues are given by a?k?, k =
0,+1, %2, ... (see,e.g.[49]). From the isomorphism between L?(£2) and > = {x =

(Xi)iez Y. |xi |2 < +oo}, the operator <7 induces a corresponding operator on 2
i€eZ
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(see,e.g.[6, 32]). Then, it can be observed that the functions (11.5) imply the operator
functions
¢;(tel) . L*(2) — L*(2),

for j =0,1,2,... and t > 1 as follows:

o0

¢t () = Y gita’k)e™, for v(x)= Y D' (11.9)

k=—00 k=—00

‘We next show that the defined operator functions are bounded. To do this, we need
to clarify the norm of the function in L?(£2), which can be characterised in the
frequency space by

oo
I =27 ) [0l (11.10)

k=—00

The details can be found in [46]. Therefore, we have

i, (2.7 v
6t 1220y 202 = SUP IIIT <supl,;(ta’k)| <y;, (1111
[viI#0 121y

where y; are bounds on the functions |¢;(x)| for j = 0,1,2,... and x > 0. For
instance, we may choose Yy = y; = 1 and then

ot 1720y r2y <1 and 1t 720y 1200y < 1. (11.12)
By defining u(¢) as the function that maps x to u(x, ):
u) =[x = ux, 0],

we now can formulate the systems (11.1)—-(11.2) as the following abstract ordinary
differential equation on the Hilbert space L?(£2):

' (0) + ut) = f(u@®) (11.13)

u(to) = @1(x), u'(1p) = g2 (x). '
With this premise, we are now in a position to present an integral formula for the
nonlinear Klein—Gordon equation (11.1)—(11.2). The solution of the abstract ordinary
differential equations (11.13) can be given by the operator-variation-of-constants
formula summarised in the following theorem.
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Theorem 11.1 The solution of (11.13) and its derivative satisfy
u(t) = do((t — t0)>. )ulty) + (t — to)1 ((t — t0)> )u' (1)
+ /lt(t — 01 ((t = 0°) f(u(©))de,
u'(t) = — (ro— t0)./ 1 ((t — t0)>. )u(to) + do((t — t0)> )u' (ty)
T / o( = 07) F(u(@)de,

(11.14)

fort € [ty, T, where ¢0((t — tO)Zﬂ) and ¢, ((t — t0)2£f) are bounded functions of
the operator <f .

Proof Applying the Duhamel Principle to Eqs.(11.1) or (11.13), we have

u(t) _ 7 (t—1) u(tp) /l 7 (1=0) ( 0 >
(u/(t)) = ! <u’(t0)> + f € f(u({)) de, (1115)

7= (o)

After expanding the exponential operator through its Taylor series, we obtain

where

6/(f to) __ Z /k(t — tO)k

An argument by induction leads to the following results

H(=D* k2] 1=(=D* _k/2]
oo S5 A

_ 1—(—|)k%\_k/2j+l 1+(—1)dek/2J
2 2

where |k/2] denotes the integer part of k/2. According to the definition of ¢;(27)
and a careful calculation, we obtain

e/am):( po((1 = 10)*7) (l—lo)¢>1((l—l0)2£7)>
—(t —10) TP (1 —10)° ) Po((t — 10)* ) '

The conclusion of the theorem can be obtained straightforwardly by inserting the
expansion into (11.15). O

Remark 11.1 Although equation (11.1) is one-dimensional in space, the method of
analysis introduced in this section can be extended to the considerably more important
high-dimensional Klein—Gordon equations

Uy —a’Au= fu), t>1ty, xel[-mnrl, (11.16)
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d -
where u = u(x,t) and A = ) %, with periodic boundary conditions. In latter
i=1
case, if we define the operator as the form &/ = —a? A, the same operator-variation-
of-constants formula as (11.14) for (11.16) can be achieved as well. An application

of this approach can be found in a recent paper [56].

Remark 11.2 For the nonlinear Klein—-Gordon equation, the formula (11.14) is a
nonlinear integral equation which reflects the changes of the solution with time z. It
will be helpful in deriving and analysing novel numerical integrators for the nonlinear
Klein—Gordon equations. However, if the right-hand function f does not depend on
u,ie.,

(11.17)
u(x, 1o) = @1(x), u,(X, 1) = e2(x),

iu,t —a*Au = fx, 1), to<t<T, xe2,
this is a linear or homogenous ( f (x, t) = 0) wave equation. The closed-form solution
to the linear problem (11.17) can be obtained by using the operator-variation-of-
constants formula.

As an illustrative example, we consider the following two-dimensional homoge-
nous periodic wave equation

= a* (e +1tyy) =0, (x,y) € (0,2) x (0,2),1 >0, (1L18)
u|;—o = sin(3mx) sin(4my), u;],—o = 0. '
The homogeneous problem is equipped with periodic boundary conditions
ux+ Ly, y, 1) =ulx,y+Ly, 1) =ulx,y,1) (11.19)

with the fundamental periods L, = % and L, = 1. Applying the formula (11.14) to
(11.18) leads to

u(x,y,t) = ¢o(t*e) sin(3rx) sin(4ry), (11.20)
ur(x,y, 1) = ta> Agy (1227 ) sin(3mx) sin(4my). )
It follows from a simple calculation that
u(x,y,t) = sin(3wx) sin(4wy) cos(5¢), (11.21)
u,(x,y,t) = =5sin(3zx) sin(4ry) sin(5¢), '
which is exactly the solution of problem (11.18) and its derivative.
‘We next consider the following nonhomogeneous linear wave equation
Ui — (Uxy +uyy) = 77 sin(w (x — 1)) sin(ry)
. . i (11.22)
Ul;=0 = sin(zwx) sin(wy), u;|,=0 = —m cos(mwx) sin(wy),
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and suppose that the problem is subject to the periodic boundary conditions

u(x+L,y,t)=ulx,y+L,t)=u(x,y,t), (11.23)
with the fundamental periods L = 2. Applying formula (11.14) to (11.22) yields
u(x, y,t) =do(t>A) sin(x) sin(rwy) — e (12 A) cos(rrx) sin(rry)

+ 7’ [0 (t — O ((t — 0)*A)sin(r(x — ¢)) sin(wy)de,

ur(x, y, 1) =t A (12 A) sin(rrx) sin(rwy) — o (t>A) cos(rrx) sin(rr y)

. fo Jo((t — 02 A) sin(r (x — £)) sin(ry)de.

(11.24)
It follows from a careful calculation that

¢Q(t2A) sin(mrx) sin(mry) = sin(zwx) sin(wy) cos(\/znt),

. 1 . .
— Tty (2 A) cos(rx) sin(wy) = ———=cos(mwx) sin(wry) sm(\/zm),

NG
72 /0 (t = O ((t — 0)*A) sinr(x — ¢)) sin(ry)de

- %/0 Sin(v27 (1 — ¢)) sin(r(x — ¢)) sin(ry)de.

We finally obtain the exact solution

u(x,y,t) =sin(mwx) sin(ry) cos(«/int) — L cos(mrx) sin(mry) sin(«/znt)

NG
+ %/O Sin(v27 (1 — ¢)) sin(x (x — ¢)) sin(ry)de

=sin(w(x — 1)) sin(wy),
(11.25)
and its derivative
U (x,y,t) = —mcos(r(x —t))sin(wy). (11.26)

11.3 Formulation of the Lagrange Collocation-Type
Time Integrators

In light of the useful approach to dealing with the semiclassical Schrodinger equa-
tion (see [8]), this analysis will omit the standard steps of first semidiscretising in
space and then approximating the semidiscretisation. In this section, based on the for-
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mula (11.14), we devote ourselves to constructing arbitrarily high-order Lagrange
collocation-type time integrators for the nonlinear system (11.13) in the infinite-
dimensional Hilbert space L?(£2). Furthermore, the local error bounds for the con-
structed time integrators will also be considered in detail.

11.3.1 Construction of the Time Integrators

From Theorem 11.1, the solution of (11.13) and its derivative at time ,,.1 = t,, + At
for n =0,1,2,... are given by

w(tnr1) =go(V )ulty) + Aty (¥ )u' (1)
1
+ At2/ (1 = 2¢1((1 = 2*7) ft, + zAD)dz,
0

11.27
U (thy1) = — At ¢ (qf/)u(tn) + ¢0(7/)u,(tn) ( )

1
+ At / ¢o((1 = 2)*7) f (t, + zAt)dz,
0

where ¥ = At2o/ and f(t, + zAt) = f(u(t, + zA0)).
In what follows, we pay our attention to deriving efficient methods for approxi-
mating the following two nonlinear integrals:

1
I = / (1= 2¢1((1 = %) f(ta + 241z,
0 (11.28)

1
I, := / ¢o((1 — Z)”f/)f(tn + zAt)dz.
0

We clgoose non-confluent collocation nodes cy, ..., ¢, and approximate the func-
tion f(#, + zAt) involved in the integrals in (11.28) by its Lagrange interpolation
polynomial at these quadrature nodes

Flt+ 240 =310 Ftn + A0 + Rty + 241)

i=1

s (11.29)
=Y L@ f (ultn + ;i AD) + Ryt + 2A1).
i=1
Here, [;(z) fori = 1,2, ..., s are the well-known Lagrange basis polynomials
L@ =[[—<L, i=12...s (11.30)
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It is obvious that there exists a constant 3 satisfies 1max 0max1 |l;(z)| < B. Moreover,
<i<s 0<z<

the interpolation error on [0, 1] is given by

Ry(ty + 241) = f(ty + 2488 = Y 1:(2) f(ty + c: A1)
i=1 (11.31)
Ats o

= Tf,‘”(tn +E" AW, (2), E" € (0, 1),

where w;(z) = l_[ (z —¢;) and f,(j )(t) denotes the jth order derivative of f (u (t))
i=1
with respect to .
Suppose that the following approximations have been given:
u =ulty), U™ =~u(t, +c;At).

Replacing f (z) in (11.27) by the Lagrange interpolation (11.29) yields approxima-
tions to the exact solution and its derivative at time 7,

w' T =¢o(V)u" + Aty (¥ )u" + A1 Z bi(V)fU™), (11.32)

i=1

W= — At ) (V)" + go(V )" + ALY bi(V) fU™), (11.33)

i=1
where b; (¥) and b; (¥) are determined by
1
bi(V) = / (1 —2)¢1 (1 — 2*7)1i(2)dz, (11.34)
0
1
bi(V) = / ¢o((1 — 2)*¥)l;i(2)dz. (11.35)
0

It follows from (11.12) that
16: N 22y 2(2) = (max, i) < B and [|bi(Nl22)r2(2) < omax i ()] < B,
and this means that b;(#") and b, (¥) are uniformly bounded.

Moreover, we note that the basis /;(z) fori = 1, ..., s are polynomials of degree
at most s — 1, the coefficients b; (¥") are linear combinations of the functions

1
/ (1 =21 (1 = 2*)2/dz = I'(j + Dpja(¥), (11.36)
0

and the coefficients b;(¥) are linear combinations of the functions
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1
/ ¢o((1 —2°)2/dz = I' (G + D1 (¥), (11.37)
0

where I'(j + 1) is the Gamma function with I"(1) = 1 (see, e.g. Abramowitz
and Stegun [3]). Recall that, the Gamma function I"(j + 1) satisfies the following
recursion

rg+b=;rg=--=j.

It remains to determine the approximation U™ In a similar way to the formula
(11.32), we replace At by c; At to define the internal stages:

U™ = ¢o(ci¥ )u" + c; Aty (c;V )u™ + c; At Zaij(”f/)f(U"j), (11.38)

j=1

where it is required that the weights a;;(?) are uniformly bounded. The weights
a;;(¥) will be determined by suitable order conditions, and we will derive these
order conditions in Sect. 11.3.2.

On the basis of the above analysis and the formula (11.27), we present the fol-
lowing Lagrange collocation-type time-stepping integrators for the nonlinear system
(11.13).

Definition 11.1 A Lagrange collocation-type time-stepping integrator for solving
the nonlinear system (11.13) is defined by

W= o ()" + Aty (V)u" + Ar? Zbi NFW™,
i=l

W = At ¢y (V)" + o (V)" + ALY Bi(0) fUM),
i=1

s
U = go(c V" +eidigy (9" + A Y Jai(NfWM), P=12s,
j=1

_ (11.39)
where b;(¥') and b; (¥') are defined by (11.34) and (11.35), respectively, and a;; (¥)
are uniformly bounded.

11.3.2 Error Analysis for the Lagrange Collocation-Type
Time-Stepping Integrators

In this subsection, we will analyse the local error bounds of the Lagrange collocation-
type time discretisations (11.39) for the nonlinear system (11.13). Our main hypoth-
esis on the nonlinearity f is described below.
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Assumption 1 It is assumed that (11.13) possesses a sufficiently smooth solution,
and that f : D(&/) — R is sufficiently often Fréchet differentiable in a strip along
the exact solution.

Assumption 2 Let f be locally Lipschitz-continuous in a strip along the exact solu-
tion u(t). Thus, there exists a real number L such that

If (@) — f(w®)Il < Llv(e) —w®)|| (11.40)
forall t € [ty, T] and max (||v(t) —u@®|, [lw) — u(t)||) <R.

Inserting the exact solution into the time integrators (11.39) yields

wtas1) = Go(V)ultn) + Aty () (ta) + AP Y b (1) f(ty + i A + 8",
i=1

W (teg1) = = At $1 (¥ )ultn) + o (V) () + At Y b () f(ta + ¢ At) + 8",

i=1

s
Uty + ¢i At) = ¢o(c7V )u(tn) + ¢ At (77 ) (1) + T ALY " aij (V) f(tn + ¢ At) + A™,
=1

i=1,2,...,s,
(11.41)
where b; (¥') and b; (¥) are defined by (11.34) and (11.35), respectively, and aij (V)
are uniformly bounded.
Applying the Lagrange interpolation polynomial (11.29) to the nonlinear integrals
in the operator-variation-of-constants formula (11.27), and comparing with the first
two equations of (11.41), we obtain the residuals "' and 8"+

n+tl Apst? ol , o )
= e / (1 =21 (1 — 2*Y)wy (2)dzf; (ut, + &" A1),
: 0

(11.42)
ATl 2 ) n
s = M [0 do((1 — 2°V Yws(2)dzf,” (u(tn + E" A1)).
It follows from (11.42) that
18" < €1 A2 and |87 < C AT, (11.43)
where {
_ (s)
C = o1 anax st(z)ltgt% I (w®)l (11.44)

is a constant.
In order to clarify the representation of the residuals A™, we expand f (¢, + zAt)
into a Taylor series with remainder in integral form:
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s k—1 k—1 s z
; AT s At / 20 -1
Ih+zAL) = - 1)+ tha+oAt)(z—o0)' do.
Flta+z40) ;_1 oty | A o ane—o)
(11.45)

On the one hand, inserting the Taylor formula (11.45) into the right-hand side of the
operator-variation-of-constants formula gives

Uty + ¢ At) = po(FV)ulty) + ci Aty (e (tn) + Y ek Ak 1 (29 7t
k=1
ST2APT2 z
+ 7/ 1 -2¢1(1 —z)z“V)/ 79y + oci Atz — 0)* " dodz.

(s—=D! Jo 0

(11.46)

Substituting the Taylor formula (11.45) into the right-hand side of the last equations

fori =1,2,...,s of (11.41) yields

u(ty + c; At) = ¢o(c;? )u(ty) + c; Aty (c ?“//)u’m)

+ZC Atkﬂzau(%) 1)'f(k l)(tn)

A Y o) f "9 + 0 A (e; — 0y do 4+ A"
a;; w+ o ci—0o o .
(s _ 1)! = J o t J
(11.47)
Subtracting (11.46) from (11.47), we obtain
s k—l
ni k- F(k—1)
A =§C?Alk+l ( l¢k+l(c V) — Zau(y)( 1),) I (tn)
C§+2Ats+2 z
+’7/ (1—2)¢: (1 —1)2’7/)/ Tt + ¢ Atz — o)~ 'dodz
(s = D! 0
2Atv+2 s cj o
- Za,j(”f/)/o 8t + 0 An)(cj —0) " do.
By the following order conditions:
s kfl
> (v )( Y =y (), k=1,2,...,5, i=12,...,5,
j=1
(11.48)

the residuals A™ can be explicitly expressed as:

u_cart 2 26 51
A =S—1)' / (1 — Z)¢1 ((1 - Z) 7/) / fz (tn + UCiAt)(Z - 0) dO’dZ
— 1) 0 0

N

o /C,f ~t(s) oA oY o
(s—l)!;af( )0 fi 't +0AD)(c; —0) do

CizAl‘hLz

(11.49)
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Likewise, we can deduce the following results

i cart? - ) +2

ni i s s s s s
14"l = S5 e +v ;Ci)z(fi% IO @)l < CGAF?, i=1,2,...,s,
(11.50)

where the constant C; is given by
1 =+ sy ()

= t 11.51
2= oy e (®)Il, (11.51)

and y is the uniform bound on a;;(¥') under the norm || - || 2(2)<12(2)-

Concerning the local error bounds of the Lagrange collocation-type time-stepping
integrators (11.39), we have the following result.

Theorem 11.2 Suppose that f,(‘v) € L>(0, T; L*(2)). Under the local assumptions
of u = u(t,), u" = u'(t,), the local error bounds of the time integrators (11.39)
satisfy the following inequalities

lu(tarr) — u" < 242BLY LAY + (18",
! (11.52)
' (tgr) = u™ ) < 24081 | A™ ||+ (18",
i=1
where the residuals §"t', 8"+ and A™ are explicitly represented by (11.42) and
(11.49), respectively.

Proof Tt follows on subtracting (11.39) from (11.41) that

uni) =t = A2 Y )l + a0 — F@) + 8",
i=1

u (tyg1) —u" = At ZBZ-(“//)G@,, + ¢ At) — f(U”")) + 8
i=1

N
w(ty + i At) = U™ = ;A Y aij() (fta + ¢ A1) = FWU)) + A", i =1,2,...5.
j=1

(11.53)
By taking norms on both sides of the Eq.(11.53) and using Assumption 2, the first
two equations yield

s
i) = " <A Y 1B N 2@y 120) 1 F (n + e A = FUH ]+ 118"

i=1

5
SAPBLY lulty + ci Aty — UM || + 18",
i=1

(11.54)
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and

s
(1) = w1 <Ay 1B ) 2@y 202y 1 F G + ci A = FQU™I+ 187

i=1

<ABL Z [l (t,, + ci At) — U”i|| + ||8/n+1 I
i=1
(11.55)
The last equations of (11.53) give

s
ety + ci A) = U™ || <c7 A2 @i (D)l 2oy 1200 |1t + ¢ AD = FWUM)]| + A"
j=1

s
SGAPYLY lulty +ej A = UM+ 1AM, i=1.2.....5,
j=l1
(11.56)
where y is the uniform bound on ¢;; (#) under the norm || - || .2(2)«r2(s2). Summing

up the results of (11.56) for i from 1 to s, we obtain

s 5 N s
D o llulty+ e A = U™ < APYLY 6] Y fulty +c; A0 = UM [+ A"

i=1 =1 j=1 i=1
(11.57)
If the sufficiently small time stepsize At satisfies Aty L Y ¢? < %, namely,
i=1
(11.58)
then we have
D Nty +cidn U™ <2 A", (11.59)
i=1 i=1

Inserting (11.59) into the right-hand sides of inequalities (11.54) and (11.55) yields
the following results

lu(tnr) — u" | <2A2BLY " A™ | + 8", (11.60)

i=1
and

I (ta 1) — u"™ | <2ABLY | AM |+ (157 (11.61)

i=1

The statement of the theorem is proved. (]
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Using the estimate of the residuals 8!, §”+! and A" in (11.43) and (11.50), and
inserting them into (11.52), the following corollary clarifies the local error bounds
of the Lagrange collocation-type time integrators (11.39).

Corollary 11.1 Under the condition of Theorem 11.2, the local error bounds of the
time integrators (11.39) can be explicitly presented as

lu(tprr) —u ) < CLAPT? and |/ (ty)) — u™ | < C AT, (11.62)

where C, = (C; + 2CysBLA?), and Cy, C, are defined as (11.44) and (11.51),
respectively.

Remark 11.3 The weights b;(¥), b;(¥) and a;;(7) of the time integrators (11.39)
are determined by (11.34), (11.35) and the order conditions (11.48) with appropriate
nodes ¢; fori = 1,2,..., s, respectively.

Remark 11.4 Furthermore, from the analysis of the local error bounds for the time
integrators (11.39), it can be observed that there is a term 0max1 |ws(2)| appearing in
<z<

the constant C;. In order to minimise the constant C, it is wise to choose the nodes
{ci}i_, as the Gauss-Legendre nodes in this chapter.

Remark 11.5 Here, we should point out that the limitation on the time stepsize
(11.58) is only a sufficient condition for our theoretical analysis. It is also important
for the analysis of the stability and convergence for the proposed fully discrete
schemes.

11.4 Spatial Discretisation

The proposed arbitrarily high-order Lagrange collocation-type time-stepping inte-
grators (11.39) are expressed in terms of operator in the infinite dimensional Hilbert
space L2(£2). In order to obtain proper numerical schemes, it remains to approxi-
mate the differential operator 7 with an appropriate differentiation matrix A acting
on an M-dimensional space. Furthermore, it is our ideal choice to approximate the
differential operator 7 by a positive semi-definite matrix A, in such a way that we
can achieve a reasonable and rigorous nonlinear stability and convergence analysis.
Fortunately, much research has been done on the spatial derivatives of nonlinear sys-
tem (11.1) with periodic boundary conditions (11.2), from which it is easy to choose
a suitable positive semi-definite differential matrix.

In this section, we mainly consider the following two types of spatial discretisa-
tions.

1. Symmetric finite difference (SFD) (see, e.g. R. Bank, R.L. Graham, J. Stoer,
R. Varga, H. Yserentant [5])
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As an option, we use the finite difference approximation to approximate the oper-
ator .27 by the following 9-diagonal differential matrix:

=205 8 -1 8 -1 -1 8 -1 8
72 5 5 315 560 560 15 5 5
8 -—205 8 -1 8 -1 -1 8 -1
5 72 5 5 315 560 56 15 5
-1 8 -205 § -1 8 -1 N
3 2 ¥ 2 § IR AU
315 5 5 72 5 5 15 560 560
-1 8 -1 8 =205 8 -1 8 I
560 315 5 5 72 5 5 315 560
2
—a
Asfa = 735 . P
-1 8 -1 8 =205 8 -1 8 —1
4 S N T B
560 560 315 5 5 72 5 5 315
8 -1 -1 8 -1 8 -205 8 -l
315 560 560 315 5 5 72 5 5
-1 8 -1 -1 8 -1 8 =205 8
5 315 560 560 315 5 5 72 5
8 -1 8 -1 -1 8 -1 8 =205
5 5 315 560 560 315 5 5 72 MxM

In general, the finite difference method is a local approximation and has limited
accuracy. The accuracy of this approximation for the space derivative is of order
eight with O (Ax?), and the differential matrix A, ra 18 positive semi definite.

2. Fourier spectral collocation (FSC) (see, e.g. J. Shen, T. Tang, L. L. Wang [46]
and J. S. Hesthaven, S. Gottlieb, D. Gottlieb [29])

Spectral methods are global in character, where the computation at any given
point depends not only on the information at neighboring points, but on the infor-
mation from the entire domain. The Fourier spectral collocation method is our other
choice, which can be presented as a limit of local finite difference approximations of
increasing orders of accuracy (see, e.g. J. S. Hesthaven, S. Gottlieb, D. Gottlieb [29]).
The entries of the second-order Fourier differentiation matrix A rec = (axj) mxm are

given by

DM . o (=i .

U in=2 (%) k # j,

agj = (11.63)

M? 1 _

= T k=j.
The main appeal of spectral methods is that they exhibit spectral convergence to
approximate <7 : the error decays faster than O (M%), Va > 0 for sufficiently large
M. In terms of classical concepts, the method is of an infinite order. Similarly, the
differential matrix A r, is also a positive semi-definite matrix.

It has been noted that the energy conservation is a crucial property of the nonlinear
Klein—Gordon equations (11.1)-(11.2). After approximating the operator <7 by a
positive semi-definite differential matrix A, there is also a corresponding energy
conservation law, which can be characterised in the following form:

Et—Ax /(t)2+a2AxD NIP+A iv(.t)— —E'(t) (11.64)
()=7||M l T” u@)|l xj=l ujt)) == Et), (1L
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where the norm || - || is the standard vector 2-norm and Ax = % is the spatial
stepsize. Actually, this energy can be regarded as an approximate energy (a semi-
discrete energy) of the original continuous system. Therefore, in the part of the
numerical experiments, we will also test the effectiveness of our methods to preserve

the semi-discrete energy (11.64).

11.5 The Analysis of Nonlinear Stability and Convergence
for the Fully Discrete Scheme

The nonlinear stability and error analysis for the fully discrete scheme over a finite
time interval [#, T'] will be investigated in this section. The main strategy used in
this section is the popular energy analysis method. Here, it is noted that, throughout
this section || - || presents the vector 2-norm or matrix 2-norm (spectral norm).

11.5.1 Analysis of the Nonlinear Stability

In this subsection, we will show the nonlinear stability of our time-steeping integra-
tors (11.39), once the differential operator <7 is replaced by a differential matrix A.
Suppose that the perturbed problem of (11.13) is

{v @)+ v(t) = f(v(®), t€lt, T, (11.65)

v(to) = ¢1(x) + @1(x), V(o) = @2(x) + @2(x),

where ¢;(x), ¢2(x) are perturbation functions. Letting () = v(¢) — u(¢) and sub-
tracting (11.13) from (11.65), we obtain

{ ')+ @) = f(v@) = f(u@®), 1€lt,Tl, (11.66)

n(to) = ¢1(x), n'(to) = 2(x).
In general, the operator <7 is approximated by a symmetric, positive semi-definite,
differential matrix A in the sense of structure preservation. Then, there exists an
orthogonal matrix P and a positive semi-definite diagonal matrix A such that

A= PTAP.

By defining the matrix D = PTA%P, we obtain the decomposition of matrix A
as A = D?. The bounded operator functions ¢ I (t*./) are replaced by the matrix
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functions ¢; (12 A). Similarly to the boundedness of the operator functions, we also
have

16,0 A =l (822 0)) <37 =012, (11.67)
Applying our time-stepping integrators (11.39) to (11.66), we obtain

"= g0 (V)" + Aty (V)" + A bi(V)(f (V) = fUM)),

i=1

"= —AtAG (V0" + (V)" + At Y i (V)(f (V') = fU™).

i=1

VI — UM = o (7 V)" + i Aty (cF V)" + ¢ Al Za,-j(V)(f(V”j) - f(@U")),
j=1

i=1,2,...,s,
(11.68)

where V = At?A and b;(V) and 15,-(V) are defined by (11.34) and (11.35), respec-
tively. Likewise, we have

1o; (W < {ax ll:(z)| < B and [b;(V)| < [nax ;)| < B,

which are uniformly bounded.
We rewrite the first two formulae of (11.68) in the following matrix form:

Dnn+1 B D" s /1 ' < 0 )
( n/nJrl ) _Q< r}/n >+;At 0 .Q,(Z)dZ f(Uni) _f(Vm) ’

(11.69)
where
_ $o(V)  AtD¢1(V)
“= (—ArD¢1<V> po(V) ) (170
and
2@ =@ $o((1=22V) A1 =2)Dgi((1 = 2)?V)
ROEEE —Ar1 = Dg (1= 2V) (1 = V) ’
(11.71)
fori = 1,...,s. Before the stability analysis, we state a property of the operator-

argument functions ¢y and ¢1, and bound the spectral norm of matrices §2 and £2;(z)
for i =1,2,...,s.
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Lemma 11.1 The bounded operator-argument functions ¢o(A) and ¢1(A) defined
by (11.5) satisfy
B3 (A) + Adi(A) =1, (11.72)

where A is any positive semi-definite operator or matrix.

Proof Lemma 11.1 can be obtained by a direct calculation based on (11.12). We
omit the details of the proof. ]

Lemma 11.2 Assume that A is a symmetric positive semi-definite matrix and that
V = At A. Let the matrices 2 and 2;(z) for i = 1,2, ..., s be defined by (11.70)
and (11.71), respectively. Then, the spectral norms of matrices §2 and $2;(z) satisfy

1£2Il=1 and ||2;D)| =)l =B, Vzel0,1], i=12,....5, (1173)

where B is the uniform bound for the Lagrange basis |1;(z)|.

Proof 1t is straightforward to verify that

oTo - <¢§(V> +Ov¢%<V) 2 +0V¢%(V)) ’
and
2/ @2k =) (‘25“ Q(}z> ,
where

Q' = ¢5((1 = *V) + (1 = 2*Vei (1 — V),
2P = 2((1—2>V) + (1 — 22V (1 — 2)*V).

It follows from Lemma 11.1 that
272 = Luxow, and 2i(2)72;(2) = I} () bawxam- (11.74)
We then have
122] =1 and [2;()| =) <pB, Vzel0,1], i=1,2,...,5s.

The conclusion of the lemma is proved. (I

Theorem 11.3 Supposing that the nonlinear function f satisfies Assumption 2 and
that the operator </ is approximated by a symmetric positive semi-definite differential
matrix A. Then, if the sufficiently small time stepsize At satisfies (11.58), we have
the following nonlinear stability results
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" < exp ((1 +4sB8L)T) (g1 | + VI DG + 12 11%),
™|l < exp (1 +4sBL)T)(I1g1 ] + VI D112 + 121%),

where y is a uniform bound for ||a;; (V)||.

(11.75)

Proof 1t follows from taking the I, norm on both sides of the first formula (11.68)
and (11.69) that

I < W+ A+ A28 S (LF () = £,
i=I

(11.76)

VID R+ 12 < VIDn 1> + I 12+ AB D (1LF (V™) = FWUm™l).
i=1

(11.77)

Then summing up the results, we obtain

" 0+ VD 2+ [l 112 <l |+ V1D 12 + ™ 1> + Atlln™ |

+ A1+ A0 Y (IF (V™) = FWU™]).
i=1
(11.78)
Applying Assumption 2 to the right-hand side of the inequality (11.78), we obtain

" 0+ VD 2+ 1l 112 <l |+ VID 12 + ™ 11> + Atlln™ |

+ At + ALY  (IV" = U™ ).
i=1
(11.79)
Likewise, it follows from the last equations in (11.68) that

s
IV = Ul <l + At |+ AR Y llag (V- 1L (V) = FU)]

J=1

N
<"l + At || + G APY LY IV — UM, i=1,....s.
j=1

(11.80)
Then, summing up the results of (11.80) between i from 1 to s, we obtain

DIV = Y (I el ) + APy LY e Y v = UL
i=1

i=1 i=1  j=I
(11.81)
This gives
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(1-aryL ic%) Z v U < Z (7" + e Arl™).  (11.82)
i=1 i=1 i=1
If the sufficiently small time stepsize At satisfies (11.58), then we have
i v —um < 2i ("Il + ¢ Atlln™1l). (11.83)
i=1 i=1

Inserting (11.83) into (11.79) yields

I 1D R 4 2

s
<l I+ 1D 1> + I 12 + Atllg™ | + 24t (1 + ADBL Y (IIn" 1| + i Atn™ ).

i=1
(11.84)

An argument by induction leads to the following result

I 4+ DR + 12 <(1+ At(L+45BD))" (1% 4+ 1Dn0112 + I 2)
<exp (T(1+4s8D) (@1 + VDG I” + [6217).

(11.85)
Thus, the following inequalities are derived
"1l < exp (1 +4sB8L)T) (@11l + VI D@ + [1£2112), (11.86)
"Il < exp (1 +4sBL)T)(I1g1 ] + v IDGi I + 16211%).
The conclusions of the theorem are proved. ]

11.5.2 Convergence of the Fully Discrete Scheme

As is known, the convergence of the classical methods for linear partial differential
equations is governed by the Lax equivalence theorem: convergence equals consis-
tency plus stability [33]. However, the Lax equivalence theorem does not directly
apply to nonlinear problems.

In this subsection, the error analysis of the fully discrete scheme for nonlinear
problems will be discussed. Based on some suitable assumptions of smoothness and
spatial discretisation strategies, the original continuous system (11.1) or (11.13) can
be discretised as follows:

(11.87)

U'(t)+ AU@t) = f(U@®)) +8(Ax), t € [t, T],
Ul(t) = g1, U'(ty) = ¢a,
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where A is a positive semi-definite differential matrix,
T
Ut) = (u(xr, 1), u(xa, 1), ..., u(xp, 1))

and
o= (@r(x), @1 (x2), . ()

for [ =1,2.

Here, it should be noted that § (Ax) is the truncation error produced by approxi-
mating the spatial differential operator 27 by a positive semi-definite matrix A. For
example, if we were to approximate the spatial derivative by the classical fourth-order
finite difference method (see, e.g. [5, 39]), then the truncation error 6 (Ax) would be
I8(AX)|| = O(Ax*).

Applying a time-stepping integrator (11.39) to the semi-discrete system (11.87)
yields the following results

Ultws1) = ¢o(V)U (1) + At (V)U'(ta) + A Y b (V) f(U (1 + ¢ A1) + R',

i=l

U/(IVH»I) = _AZA¢1 (V)U(ln) + ¢0(V)U,(tn) + At ZEI'(V)f(U(tn +ci Ar)) + Rm+1’

i=1

Uty + ci A1) = ¢o(cV)U (tn) + c; Aty (P V)U' (1) + cF Ar? Za,-j(V)f(U(t,, +cjAD) + R,
Jj=1

i=1,2,...,s,
(11.88)
where the truncation errors R"!, R”+! and R™ can be explicitly represented as
n+1 Art? ol 2 (s) n

R = T./o (1 = 2)¢1((1 = V) ws @)dzf;” (U ta + E" A1) (11.89)

1
+ At2/ (1 =21 ((1 —2)*V)8(Ax)dz, (11.90)

0

. AZH»I 1 ) ©)

R = - / $o((1 — 2)*V)ws (2)dzf;™ (U (1 + £" A1) (11.91)

toJo

1
+At/ do((1 — 22V)8(Ax)dz, (11.92)

0
and
) C§+2Ats+2 1 z
=S 2 [ aea-22) [0+ oqan)e - o) ldos
=D Jo 0
CizAl‘“H—z d € (s) s—1
— a,-j(V)/ 1 (U(tn +aAt))(cj —0) 'do
(s—D! 4 0

Jj=1

1 K
+clAr? /0 (1= 2)¢1((1 = 2%} V)8(Ax)dz — ] A Y a;j(V)5(Ax).
j=1

(11.93)
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Under some suitable assumptions of smoothness, the truncation errors Rt Rl
and R™ satisfy

i 1 )
[R™ < CrAr T + EAﬂna(Ax)n, R < CrAr ™! + At||s(Ax) |,

(11.94)
and

[R"| < CLAL T2+ AP +s)|I8(AX)|, i=1,2,...,s, (11.95)

where the constants C; and C; are determined by (11.44) and (11.51), respectively.
Omitting the small terms R"*!, R”+! and R™ in (11.88) and using u = u(x;j, 1),
we obtain the following fully discrete scheme

W= go(V)u" + At (VIu™ + Ar? Zb,—(V)f(U""),
i=1

W = —AtAG (V" + go(Vu™ + At Y b (V) F(U™),

i=1

s
U™ = go(c]VIu" + ¢ A1 (T VIu"™ + AP Y " aip(V)F(UY), i=1,2,...,5.
Jj=1

(11.96)

We next consider the convergence of the fully discrete scheme (11.96) for non-
linear problems. To this end, we denote e;? =u(xj, t,) —u’ m

jo ej = ut(-xj7 tn) - u/]n
and E;.” =u(xj,t, +c;At) — U}” forj=1,2,...,M,ie.,e"=U(t,) —u", " =
U'(t,) —u™ and E" = U(t, + c¢; At) — U™. Subtracting (11.96) from (11.88), and

on noticing the exact initial conditions, we get a system of error equations expressed
in the form

"= go(V)e" + Atg (Ve + A Y b,-(V)(f(U(tn +¢iAD) — f(U"i)) + R

i=1

= _AtAg (V) + (V)™ + At ZEi(V)(f(U(tn +ciAD) — f(U’”')) + R

i=1

E" = ¢o(2V)" + ¢ Aty (V)" + P AR aij(V)<f(U(tn +ciAn) — f(U’“')) 4+ RM,
j=1

i=1,2,...,s,
(11.97)
with the initial conditions ¢® = 0, ¢® = 0.
In what follows, we quote the following discrete Gronwall inequality, which plays
an important role in the convergence analysis for the fully discrete scheme.

Lemma 11.3 (See, e.g. [48]) Let u be positive and ay, by, (k = 0,1,2,---) be
nonnegative and satisfy
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ar < (1 + pAt)ag— + Atby, k=1,2,3,...,

then

k
a < exp(ukAt)(ao—i- Athm), k=1,2.3,....

m=1

Theorem 11.4 Under the Assumptions | and 2, and suppose that u(x,t) satisfies
some suitable assumptions on smoothness. If the time stepsize At is sufficiently small
and satisfies (11.58), then there exists a constant C such that

le"ll < CT exp ((1 +4sBL)T)(Ar* + [5(AX)])),

11.98
le” | < CT exp ((1 4 4sBL)T)(Ar* + [8(Ax)]I), ( )

where C is a constant independent of n, At and Ax.

Proof The first two equations of the error system (11.97) can be rewritten in the
compact form

Det! De" S 1 0 DR"F!
( el ) =-Q< o )+ At;/() £2;(z)dz (f(U(tn +C,'At)) _ f(U'”')> + ( Rntl >’

(11.99)

where £2 and £2;(z) are defined by (11.70) and (11.71), respectively.
It follows from taking the /; norm on both sides of the first formula (11.97) and
(11.99) that

s
le™ < fle" + Atlle™ || + A2B > 1 f (Ut + i AD) — W™ + [R™],

i=1

N
VIDe TR + e+ < VIDem |2 + e 2 + Atg Y J11f (Ut + i An) — f(U™)]

i=1

+ \/||DR"+1 12 + | R+ 2.
(11.100)

Then, summing up the results of (11.100) and using the Assumption 2, we obtain

1
le" )+ VIDe 2 + [le 1> < e[| + Atlle™ || + v/ [ Dem||> + |||

N
+ Ar(1+ AnBL Z LE" | + IR + VIDR > + | R 2.
i=1
(11.101)
Likewise, taking the /; norm on both sides of the last equations of the error system

(11.97) yields

IE™ || < "l + i Atlle™ | + ; APy LY IE" [+ IR, i=1,2,...,s.
i=1
(11.102)
Summing the results of (11.102) for i from 1 to s gives
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D UEM <Y el +ciAtle™ [+ IR )+ APyLY e Y IEY||. (11.103)

i=1 i=1 i=1  j=I
Under the condition (11.58), we obtain

DOIEMI =2 dle"ll +cidrle™ ) +2 ) IR"]. (11.104)
i=1 i=1 i=l

Inserting (11.104) into (11.101) yields

1
le" M+ VI De 2 + e+ |12 < [le" || + Atlle” || + V[ Der > + e |12

+24t(1+ ANBL Y (lle"| + ciAtlle™ ) + |R" || + VIDR™ |2 + [ R +1||2
i=1

:
+24t(1+ ADBLY " [R™].
i=1
(11.105)
It follows from the inequality (11.105) that

le" M1+ VIIDen 2 + [l 12 < (14 Ar(1+4sBL))(le" | + V1 De™ |1 + lle™ 17)

s
IR+ VIDRATZ + R 42411+ ADBL Y IR
i=1

(11.106)

We note that the truncation errors R"+!, R”+! and R" satisfy (11.94) and (11.95),
respectively. Then, there exists a constant C satisfying

IR+ VIDR™2 + [R™H2 + 24t (1 + ADBL Y [|R™|| < CAt(AL + [|5(Ax)]).
i=1
(11.107)
Applying the discrete Gronwall inequality (Lemma 11.3) to (11.106) yields

le" | + v/ IDe™ |2 + |le™]|?> <exp (nAt(l —|—4s,3L))<||eO|| + 1 De|? + ||e)|?

+ CnAt(Ar + ||8(Ax)||)).
(11.108)
Therefore, we obtain the following estimates:

lle"ll < CT exp ((1+4sBL)T)(AF + [15(A0)),

11.109
le” || < CT exp ((1 4 4sBL)T)(Ar* + [8(Ax)]). ( )

The conclusions of the theorem are confirmed. O
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11.5.3 The Convergence of the Fixed-Point Iteration

The previous subsections derived and analysed the fully discrete scheme. However,
the scheme (11.96) is implicit in general. Therefore, iteration is required in practical
computations. Fortunately, a wide range of iterative methods (see, e.g. [34, 42, 52])
can be chosen for (11.96). Here, we will use the fixed-point iteration for the implicit
scheme and analyse its convergence.

Actually, the iteration is needed only for the computation of the internal stages.
The iterative procedure of the fixed-point iteration for (11.96) can be read as

Ul = ¢o(c;Vu" + ¢; Aty (] V)u'™,

U[’,‘7’1+1] = ¢Q(C Viu" +c1At¢1(c Vu" + ¢; Atzza,J(V)f(U[m]
j=1
i=12,...,5, m=0,1,2,...,
(11.110)
and

W= go(V)u" + Aty (V)u" + Ar? Zbi(mf(v'“‘),

i=I

(11.111)

Wt = —AtAG (V)" + go(V)u™ + At Y bi(V) f(U™).
i=1

Theorem 11.5 Let the nonlinear function f satisfy the Assumption 2. If the time

stepsize At satisfies the condition (11.58), the iteration procedure determined by
(11.110) and (11.111) is convergent.

Proof According to Assumption 2 and (11.110), the following inequalities can be
obtained

10y — Ul se?AﬁZnal,(V)n LF W) = FUE_ DI
j=1

<A’y Lc? Znu[m] Upi_yll, i=1,2,....s
j=1

(11.112)

Then, summing over i in (11.112) yields

Y UG = Upi_yll < At yLZ ZIIU[m] Ul (11.113)
i=1
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An argument by induction then gives the following result:

N s N

. . m . .
S ||U[';,;]—U[’:;_1]||§(At2yL§ cf) S g - Ul (11.114)
i=1 i=1 i=1

The limitation of the time stepsize (11.58) leads to

N

: ni ni . 1 - ni ni
ml—lll&-loo(z Uy = U[mfu“) = him o ; IUf — Uyl = 0. (11.115)

i=1

Therefore, the iterative procedure (11.110)—(11.111) is convergent.

11.6 The Application to Two-dimensional Dirichlet
or Neumann Boundary Problems

The problem considered in (11.1) is the one-dimensional case, and is equipped
with the special periodic boundary conditions (11.2). However, our approach can
be extended to the considerably more important high-dimensional Klein—Gordon
equations. The computational methodology developed in this chapter is very use-
ful and has potential applications in solving more sophisticated multi-dimensional
solitary wave equations. In this section, we mainly concentrate on discussing the
application of our time-stepping schemes (11.39) to the two-dimensional nonlinear
Klein—Gordon equations equipped with Dirichlet or Neumann boundary conditions.
There has been a considerable amount of recent discussions on the computation of
2D sine—-Gordon type solitons, in particular via different finite difference and finite
element methods, splitting algorithms and predictor—corrector schemes (see, e.g. [2,
4, 11, 12, 19, 45]).

The two-dimensional nonlinear Klein—-Gordon equation under consideration is
expressed by

U — @ Uy +uyy) = f(u), (x,y)€R, tg<t<T, a6
M(x’)’»to)zwo(%}’)’ ”z(X,y,to)Z‘Pl(x’Y), (xv)’)EQ, -

where f (1) is anonlinear function of u chosen as the negative derivative of a potential
energy V (u). Here, we suppose that the 2D problem (11.116) is defined on the spatial
domain £2 = (0, ) x (0, ) and supplemented with homogenous Dirichlet boundary
conditions:

u@,y,) =u(@m,y,t) =0, u(kx,0,t)=ulx,7,t)=0, VteltT],
(11.117)

and homogenous Neumann boundary conditions:
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3 3
" 0, & =0, Vielw T (11.118)

a x=0,7 5 )y:O,n

For an abstract formulation of the problem (11.116), the linear differential operator
27 now should be defined as

(@) (x,y) = —a”(9; 4 0;)v(x, y). (11.119)
Likewise, .« is an unbounded symmetric and positive semi-definite operator but not

defined for every v € L?(£2). For our further analysis, the inner product of the space
L*(£2) is defined as

(u,v) = /‘” /” u(x, y)v(x, y)dxdy. (11.120)
o Jo

In order to model the homogenous Dirichlet and Neumann boundary conditions,
the operator 7 should be defined on different function spaces respectively. In what
follows, we will analyse the the two-dimensional case.

11.6.1 2D Klein—-Gordon Equation with Dirichlet Boundary
Conditions

The operator <7 is defined on the following domain
D(o/) = H*(2) N HL (). (11.121)

In this case, the functions sin(mx +ny) are orthogonal eigenfunctions of the operator
4/ corresponding to the eigenvalues a®(m? + n?), m,n = 1,2, .... The functions
of the operator <7 can be defined as:

¢t )v(x,y) = Z Z Dmn®j (a®(m* 4+ n*)t) sin(mx + ny) (11.122)
m=1 n=1

o0 o0

for v(x,y) = Y. 3 P, sin(mx + ny) € L*(£2), where all $,,,, are the Fourier
m=1n=1

coefficients of v(x, y). In order to show the operator functions ¢;(t.<7) for any V¢ €

[to, T] are bounded, we will characterise the L> norm in the frequency space as

b4 bid 7.[2 o0 0 )
||v||2=/ / v y)Pdedy = == 3 0% ol (11.123)
0 0

m=1 n=1
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Lemma 11.4 The functions of the operator < defined by (11.122) are bounded
operator under the norm || - || 122y 120, i-€.,

¢ (t )12 2)122) = Vi (11.124)

where y; are the bounds of the functions ¢;(x) for j = 0,1,2,... for x > 0,
respectively.

Proof For any function u(x, y) € L?(82), its Fourier series can be expressed as

u(x, y) = Z Zﬁm,n Sin(m-x + ny)
m=1 n=1

Considering the definition of the norm, we obtain

o0 o0
g (ttyul)> = Z Z liim.n |16 (a®(m® +n?)1) 2 <sup|¢,(a m? D)2 ul) <y F ).

7'[
4
Thus, we deduce the following inequality

g (el _

<y2, j=0,1,2,....
[lue || £to ||M||2 !

2
llo; (I'Q{)”Lz(.Q)(—LZ(.Q) =

The conclusion of the lemma is proved. (]

The following lemma shows that the operator functions ¢; (/) for j = 0, 1,
2, ... are symmetric.

Lemma 11.5 The bounded operator functions ¢;(t</) for j =0, 1,2, ... are sym-
metric operators with respect to the inner product (11.120).

Proof For any functions u(x, y), v(x, y) € L*(£2), we have

@ (1 ), v) = / / (17 )u(x, y)v(x, y)dxdy

Zoooo

Z_Zzum nvm n¢ 2(m2+n2)t)’

m=1 n=1

and

(u, qﬁj t,xzf / / u(x,y)qu(t,Q/)v(x,y)dxdy

:%ZZ mann¢j a (m +n2)t)



11.6 The Application to Two-dimensional Dirichlet ... 299
Hence, we have

((])j(t;zf)u, V) = (u,@(t;zf)v), j=0,1,2,....

The symmetry of the bounded operator functions is proved. (]

11.6.2 2D Klein—-Gordon Equation with Neumann Boundary
Conditions

In this case, we define the operator <7 on the domain
D) ={ve H*(2) :v, =0, vy =0, (x,y) € 082} (11.125)

The orthogonal eigenfunctions of the operator .7 are cos(mx + ny), and the cor-
responding eigenvalues are a’(m? + n?) form, n = 0,1,2,.... We define the
operator functions of .7 as:

¢t v(x, y) = Z Z Dmnj (a*(m* + n)t) cos(mx + ny), (11.126)

m=0 n=0

o0 o0
for v(x,y) = Y. Y Dnn.cos(mx + ny) € L*($2), where ¥,,, are the Fourier
m=0n=0
coefficients of v(x, y). Similarly, the L? norm can be characterized in the frequency
space by

T g 2 00 0
T ~
||v||2=f / |v<x,y)|2dxdy=—4§ > " Pl (11.127)
0 0

m=0 n=0

In what follows, we show the boundedness of the operator functions ¢;(t.27) for
j=0,1,2,... by the following Lemma.

Lemma 11.6 The functions of the operator </ defined by (11.126) are bounded
operator under the norm || - || 12(2)12(0), i-€.,

;)2 2)122) < Vj> (11.128)
wherey; arethe bounds of the functions ¢ (x), j = 0, 1,2, ... forx > 0, respectively.

Proof For any function u(x, y) € L?(£2), its Fourier series can be expressed by

oo

o0
u(x,y) = Z lim.n COS(Mx + ny).
=0

m=0n
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Considering the definition of the norm, we obtain
7T o0 o0
It = - Z Z iimn |21 (@® m*+n?))* < sup ¢, (@ +n)) 2 lul® < v lull®.
—0n=0 1>

Hence, we deduce the following inequality

g, (el _

sup <y:, j=0,1,2,....
llull£0 [|ue]|? !

2
lo; (t%)”Lz(Q)eLz(Q) =

The conclusion of the lemma is proved. (I

Similarly, the following lemma shows that the operator functions ¢;(t/) are
symmetric for j =0, 1,2, ....

Lemma 11.7 The bounded operator functions ¢ (1<) for j =0, 1,2, ... are sym-
metric operators with respect to the inner product (11.120).

Proof For any functions u(x, y), v(x, y) € L*(£2), we have

(@(r%)u, V) :/ / oy (t.sz/)u(x, y)v(x, y)dxdy

g2 XX

Z—Zzurnnvmil¢] 2(m +n2)t)

m=0 n=0

and

(u, ¢; (wz/)v) =/ / u(x, y)o; (tszf)v(x, y)dxdy
”T Z > Py (@ (m? + n?)i).
m=0 n=0
We then have

(@ (1 u,v) = (u,¢;(t/)v), j=0,1,2,....

The statement of the theorem is confirmed. O

11.6.3 Abstract ODE Formulation and Spatial Discretisation

Similarly to the one dimensional periodic boundary problem (11.1)—(11.2), by defin-
ing u(t) as the function that maps (x, y) to u(x, y, t):

u(t) =[x, y) = ulx, y, 0],
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we can formulate the two-dimensional problem (11.116) equipped with the Dirich-
let boundary conditions (11.121) or Neumann boundary conditions (11.125) as the
following abstract ODE on the Hilbert space L?(£2):

{ M//(t) + JZ{M(I) = f(u(t))» (11 129)

u(ty) = @1 (x, y), u'(to) = @2(x, y).

Theorem 11.6 The solution of the abstract ODE (11.129) and its derivative satisfy
u(t) = ¢o((t — 10)> 7 Ju(to) + (t — 10)¢ ((r — 10)* 7 ) (t0)
+ [ =000 - o) e,

(11.130)
u'(t) = — (t — to) 1 ((t — 10)> )ulto) + do((t — 10)>. )u' (t9)

+ f do((t — )* ) f(u(0))de,

where ¢0((t — to)z;af), o3} ((t — to)zxzf) are bounded functions of the operator </ for
vt € [ty, T1.

Based on the above analysis, it is straightforward to extend our time-stepping inte-
grators (11.39) to two-dimensional nonlinear Klein—Gordon equations with Dirichlet
or Neumann boundary conditions. Moreover, we note that the orthogonal eigen-
functions of the operator </ for Dirichlet and Neumann boundary problems are
sin(mx) sin(ny) and cos(mx) cos(ny), respectively. In order to reduce the computa-
tion caused by the spatial discretisation, we focus much more on choosing Fourier
spectral methods. The numerous related researches on the discrete Fast Cosine / Sine
Transformation have been widely studied in the literature (see, e.g. [14-16, 43]). The
corresponding spatial discretisation methods are the discrete Fast Sine Transforma-
tion for the underlying Dirichlet boundary problem, and the discrete Fast Cosine
Transformation for the underlying Neumann boundary case.

11.7 Numerical Experiments

In this section, we derive three practical time integrators and illustrate the numerical
results for one dimensional Klein—Gordon equation with periodic boundary condi-
tions and two-dimensional sine—-Gordon with homogenous Dirichlet or Neumann
boundary conditions. It is clear that our time integrators (11.39) are determined by
(11.34), (11.35) and (11.48) with appropriate nodes ¢; fori = 1,2, ...,s. More-
over, we note from our error analysis that there is a term [max |ws(2)| involved in
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the constant C;. In order to minimise the constant Cy, here and in the following, we
choose Gauss-Legendre nodes.
In the first example, we choose the two-point Gauss-Legendre nodes,

3-3 3+4/3
] = 6 5 C) = 6 9

(11.131)

and the corresponding time integrator determined by (11.34), (11.35) and (11.48) is
denoted by GLC2.
For the second example, the following three-point Gauss-Legendre nodes

_5-15 1 54415

= , = - 11.132
€ 10 &) €3 10 ( )
together with (11.34), (11.35) and (11.48) determine the three-point time integrator
which is denoted by GLC3.

For the third example, we take the four-point Gauss-Legendre nodes

| — /152430 | — /1522430
o=—"—2_ = ol
2 2 (11.133)
1+ 15—24/30 1+ 15+2/30
=—"2 = S
2 2

and denote the corresponding time integrator determined by (11.34), (11.35) and
(11.48) by GLCH.

For comparison, in what follows, we briefly describe a collection of classical finite
difference and the method-of-lines approximations of the nonlinear Klein—Gordon
equation. The methods are listed below:

1. The standard finite difference schemes (see, e.g. [9, 25, 48])

Letu;? be the approximation of u(x;,#,) (j =0,1,...,M,n=0,1,..., N)and
introduce the finite difference discretisation operators

u'tt — 2u’ + u?il

_ n n
2y = 2ulj +uj,
A At?

Ax?

ull
2.on _ Jjtl
and Su’; =

Here, we consider three frequently used finite difference schemes to discretise the
problem (11.1)—(11.2) as follows:

e Explicit finite difference (Expt-FD) scheme

Siut — a5’ = fuh);
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e Semi-implicit finite difference (Simpz-FD) scheme

a2

53'}—2

(Siuf;“ + 8§u_';’1) = f);
e Compact finite difference (Compt-FD) scheme

Ax? a?

(82Mn+1 +82Mn_1) _ (1 + A_x252)f(un)
12 A A 12

2. The method-of-lines schemes

Firstly, we approximate the spatial differential operator ./ to obtain a semi-
discrete system of the form

u”(t) + Au(t) = f(u()), (11.134)

where A is a symmetric and positive semi-definite matrix. Then, we use an ODE
solver to deal with the semi-discrete system. There are many different ODE solvers
for the semi-discrete system (11.134). Here, the time integrators selected for com-
parisons are:

o (GAS2s4: the two-stage Gauss time integration method of order four presented
in [28];

o LIIIB4s6: the Labatto IIIB method of order six presented in [28];

e JRKN2s4: the two-stage implicit symplectic Runge-Kutta-Nystrom (IRKN)
method of order four derived in [51];

e IRKN3s6: the three-stage implicit symplectic Runge-Kutta-Nystrom (IRKN)
method of order six derived in [51];

o ERKN?3s4: the three-stage extended Runge-Kutta-Nystrom (ERKN) time inte-
gration method of order four for second order ODEs proposed in [54];

o SMMERKNS5sS: the five-stage explicit symplectic multi-frequency and multi-
dimensional extended Runge—Kutta—Nystrom (ERKN) method of order five with
some small residuals for second order ODEs proposed in [55].

It is noted that we use fixed-point iteration for all of the implicit time integration
methods in our numerical experiments. We set the error tolerance as 10713, and
put the maximum iteration number m = 1000 in each iteration procedure. Here, it
should be pointed out that, if the error produced by a method is too large for some
time stepsize At, then the corresponding point will not be plotted in the figure.

All computations in the numerical experiments are carried out by using MATLAB
2011b on the the computer Lenovo ThinkCentre M8300t (CPU: Intel (R) Core (TM)
15-2400 CPU @ 3.10 GHz, Memory: 8 GB, Os: Microsoft Windows 7 with 64 bit).
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11.7.1 One-dimensional Problem with Periodic Boundary
Conditions

Problem 11.1 We consider the sine—~Gordon equation

2 2

Ou oy Ou = i t 11.135
m(-x’ )—@(x,t)——sm(u(x, ))a ( . )

on the region —20 < x <20 and 0 <t < T, subject to the initial conditions
w(x,0) =0, u(x,0)= 4sech<x/\/1 n c2)/\/1 T,
where ¥ = 1/4/1 + ¢2. The exact solution of this problem is given by

u(x,t) = 4arctan (c’1 sin(ct/v/ 1+ c¢)sech(x/v/1 + CZ)) .

This problem is known as the breather solution of the sine-Gordon equation (see,
e.g. [39]), and represents a pulse-type structure of a soliton. The parameter c is the
velocity and we choose ¢ = 0.5. The potential function is V(u) = 1 — cos(u).

In Figs. 11.1 and 11.2, we integrate the sine—~Gordon equation (11.135) over the
region (x, t) € [—20, 20] x [0, 100] using the time integrator GLC4 coupled with
the eighth-order symmetric finite difference (SFD) method and the Fourier spectral
collocation (FSC) method. The graphs of the errors are shown in Figs. 11.1 and 11.2
with the time stepsize At = 0.01 and several different values of M. The numerical
results demonstrate the accuracy of the spatial discretisation, and also indicate that the
Fourier spectral collocation method is much better to discretise the spatial derivative
than the eighth-order finite difference method. Therefore, it is evident that the Fourier
spectral collocation method is the best choice to discretise the spatial variable for
this problem.

wrror

efror
o
efror
\ —
-
-—
—
—

Fig. 11.1 The graphs of errors for the sine—~Gorden equation obtained by combining the time
integrator GLC4 with eighth-order finite difference spatial discretisation for the time stepsize At =
0.01 and several values of M = 100 (left), 200 (middle), and 400 (right)
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Fig. 11.2 The errors produced by combining the time integrator GLC4 with spatial discretisation
by the Fourier spectral method for the time stepsize Az = 0.01 and several values of M = 100 (left),
120 (middle), and 200 (right)
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Fig. 11.3 The logarithms of the global error (GE) obtained by comparing our new schemes with
the standard finite difference schemes (a) and the method-of-lines schemes (b) against different
time integration stepsizes. ¢ The conservation results of the GLCs with spatial discretisation by
Fourier spectral collocation method (M=400). The time stepsize At = 0.1 for T = 1000

In Fig. 11.3a and b, the problem is integrated over the region (x, t) € [—20, 20] x
[0, 100] with different time stepsizes At and the spatial nodal values M. We compare
our methods with the standard finite difference schemes in Fig. 11.3a. We choose
M = 1000 for the finite difference schemes Expt-FD, SImpt-FD and Compt-FD and
M = 200 for the time integrators GLCs coupled with the Fourier spectral collocation
method (GLC-FSC). The logarithms of the global errors GE = |u(t,) — u" |l
against different time stepsizes At = 0.1/2/~! for j = 1,2,3,4 are displayed
in Fig. 11.3a. In comparison with the method-of-lines schemes, we first discretise
the spatial derivative by the Fourier spectral collocation method with fixed M =
200, and then integrate the semi-discrete system with different time stepsizes At =
0.4,0.3,0.2 and 0.1. The efficiency curves are shown in Fig. 11.3b.

Besides, in Fig. 11.3c, the problem is discretised by the Fourier spectral collocation
method with the fixed M = 400. We then integrate the semi-discrete system over
the time interval ¢ € [0, 1000] by the derived time integrators GLCs with the time
stepsize At = 0.1. The numerical results in Fig. 11.3c present the error of the semi-
discrete energy conservation law as a function of the time stepsize calculated by
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Table 11.1 The total numbers of iterations for different error tolerances with M = 400 and
At = 0.1 for T = 100.

IRKN2s4 |IRKN3s6 | GAS2s4 | LIIIB4s6 |GLC2 GLC3 GLC4
1076 2038 1996 4161 9309 1988 1988 1992
1078 2056 7967 7732 5745 2000 2000 2000
10~10 2063 7579 8587 13519 2993 2993 2999
1012 2063 9508 45739 21820 3000 3000 3000

E(t), where log,(EH) = log,(| E(tn) — E(to)l). We also display the total numbers
of iterations in Table 11.1 when applying the different methods with different error
tolerances to this problem for showing the efficiency of the fixed-point iteration in
actual computations.

In conclusion, the numerical results demonstrate that the time-stepping integrators
derived in this chapter have much better accuracy and energy conservation. They are
more practical and efficient than existing methods in the literature.

Problem 11.2 We consider the nonlinear Klein—Gordon equation

3%u 232u 3
m(x,t)—a ﬁ(x,t)+au(x,t)—bu (x,t) =0, (11.136)

on the region (x, t) € [—20, 20] x [0, T'], subject to the initial conditions

2a 2a
u(x,0) = 7sech()\x), u;(x,0) =ch Fsech()»x) tanh(Ax),

with A = /=% and a, b, a® — ¢* > 0. The exact solution of Problem 11.2 is
given by

2a
u(x,t) = \/;sech(k(x —ct)). (11.137)

The real parameter /2a/b represents the amplitude of a soliton which travels with
the velocity c. The potential function is V(u) = %u® — 2u*. The problem can be
found in [39]. We consider the parameters @ = 0.3, b = 1 and ¢ = 0.25 which are
similar to those in [39].

The Klein—Gordon equation 11.2 is solved by using the time integrator GLC4
coupled with the eighth-order symmetric finite difference method and the Fourier
spectral collocation method. The graphs of errors are shown in Figs. 11.4 and 11.5
with the fixed time stepsize Ar = 0.01 and several values of M. The numerical
results in Figs. 11.4 and 11.5 indicate that the Fourier spectral collocation method
as a spatial discretisation method is much more accurate than the eighth-order finite
difference method.
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Fig.11.4 The graphs of errors for the Klein-Gorden equation obtained by combing the time integra-
tor GLC4 with the eighth-order finite difference spatial discretisation for the time stepsize At = 0.01
and several values of M = 500 (left), 1000 (middle) and 2000 (right)
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Fig. 11.5 The errors produced by combining the time integrator GLC4 with spatial discretisation
by the Fourier spectral collocation method for the Klein-Gorden equation with the time stepsize
At = 0.01 and M = 200 (left), 400 (middle) and 800 (right)
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Fig. 11.6 The logarithms of the global error (GE) obtained by comparing our new schemes with
a standard finite difference schemes and b the method-of-lines schemes against different time
integration stepsizes. ¢ The energy conservation results for the GLCs with spatial discretisation by
the Fourier spectral collocation method (M =200). The time stepsize At = 0.05 for T = 100

In order to compare our methods with the classical finite difference schemes and
the method-of-lines methods, we integrate the problem over the region [—20, 20] x
[0, 10] with different time stepsizes At and spatial nodal values M. In Fig. 11.6a, we
compare our methods with the classical finite difference schemes against different
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Table 11.2 The total numbers of iterations for different error tolerances with M = 800 and
At =0.1for T = 100

Tolerance | IRKN2s4 |IRKN3s6 | GAS2s4 | LIIIB4s6 |GLC2 GLC3 GLC4
1076 2396 2000 5207 5566 686 686 975
108 3871 3000 8585 7551 707 707 994
10710 6460 4568 12600 10659 1038 1038 1464
10-12 9462 6139 16327 13800 1085 1085 1491

time stepsizes At = 0.08/2/~! for j = 1,2, 3, 4. We use M = 1000 for the finite
difference schemes Expt-FD, SImpt-FD and Compt-FD and M = 600 for the time
integrators GLCs coupled with the Fourier spectral collocation method. We plot
the logarithms of the global error in Fig. 11.6a. We discretise the spatial variable
of the problem by the Fourier spectral collocation method with fixed M = 800 and
integrate the semi-discretised system with the different time stepsizes At = 0.4/2/~!
for j =1, 2,3, 4. The efficiency curves are depicted in Fig. 11.6b. The errors of the
semi-discrete energy conservation law as a function of the time-step calculated by
E(r) are presented in Fig. 11.6¢c. Furthermore, the total numbers of iterations for
different error tolerances are listed in Table 11.2.

It can be seen that the numerical results again indicate that our time-stepping
integrators have higher precision than existing methods in the literature, and the
qualitative property of energy preservation is also quite promising.

11.7.2 Simulation of 2D Sine-Gordon Equation

In this subsection, our time integration method GLC4 coupled with Discrete Fast
Cosine / Sine Transformation is used to simulate the two-dimensional sine-Gordon
equation:

Uy — (Uxx +uyy) = —sin(u), t >0, (11.138)

in the spatial region 2 = (—a, a) x (—b, b). The problem is equipped with the
following homogeneous Dirichlet or Neumann boundary conditions, namely,

e Dirichlet boundary conditions:
u(xa, y, t) =u(x,£b,t) =0; (11.139)

e Neumann boundary conditions:
ux(£a,y,t) =u,(x,xb, 1) =0. (11.140)

The initial conditions are
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M(x,y’O)Zf(xy}’), ut(x’y’o)zg(x’y)- (11141)

It is known that different initial conditions lead to different numerical phenomena.
In what follows, we will use our method to simulate three different types of circular
ring solitons. The initial conditions and parameters are chosen similarly to those in
[12, 45].

Problem 11.3 For the particular case of circular ring solitons (see, e.g. [12, 45]),
we select the following initial conditions:

f(x,y) = 4arctan (exp (3 —Vx2+ yz)), glx,y) =0, (11.142)

over the two-dimensional domain (x, y) € [—14, 14] x [—14, 14]. The simulation
results and the corresponding contour plots at the times ¢t = 0,4, 8, 11.5, 13 and 15
are presented in Figs. 11.7 and 11.8 in terms of sin(x/2) for the mesh region size
400 x 400 and time stepsize At = 0.1. It can be clearly observed from Fig. 11.7 that
the ring soliton shrinks at the initial stage (r = 0), but oscillations and radiations
begin to form and continue until time r = 8. Moreover, it can be seen from the graphs
that a ring soliton is nearly formed again at time + = 11.5. In Fig. 11.8, the contour
maps depict the movement of the soliton very clearly. The CPU time required to
reach t = 15 is 668.056765 seconds.

sin(u/2)

14

sin{u/?)
sin{uZ)

d 44 14 i . : A4 14 7 A4 .14 7
(d) T=115 (e) T=13 ) T=15

Fig. 11.7 Circular ring solitons: the function of sin(u/2) for the initial condition and numerical
solutions at the times t = 0,4, 8, 11.5, 13 and 15, successively
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sin(u/2), T=0 sin(u/2), T=4 sin(u/2), T=8

1(@

=n -7 0 7 14 =n -7 0 7 14 =n -7 0
X X

<
=

sin(u’2), T=13 sin(u/2), T=15

_14
4 -7 0 7 14
X

Fig. 11.8 Circular ring solitons: contours of sin(u/2) for the initial condition and numerical solu-
tions at the times t = 0, 4, 8, 11.5, 13 and 15, successively

Problem 11.4 Furthermore, if we choose the following standard setting:

x+3)2+ O +7)2

f(x,y)=4arctan(exp(4_ )) “10<x<10, —7T<y<7,

0.436
4=V +3)2+ G +7)?
e(x,y) = 4.13sech(exp< (x 0.;36 O+7 )) “10<x<10, - T<y<7,
(11.143)
and extend the solution across the sides x = —10 and y = —7 using the symmetry

properties of the problem, the phenomenon of the collision for two circular soliton
will be occurred (see, e.g. [12, 45]). We compute solutions over the domain (x, y) €
[—30, 10] x [—21, 7] with the mesh region 800 x 400 and time step Ar = 0.1.
The simulating results, as the function of sin(x/2), are depicted in Fig.11.9 and
Fig. 11.10. The numerical results in Fig. 11.9 demonstrate the collision between two
expanding circular ring solitons, in which two smaller oval ring solitons bounding
an annular region emerge into a larger oval ring soliton. The contour maps given in
Fig.11.10 show the movement of solitons much clearly. The CPU time required to
reach t = 10 is 953.263314 s.



11.7 Numerical Experiments 311
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Fig. 11.9 Collision of two ring solitons: the function of sin(ux/2) for the initial condition and
numerical solutions at the times r = 0, 2, 4, 6, 8, and 10, successively

sin(u/2), T=0 sin(u/2), T=2

sin(u/2), T=4
7 7 7,
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of i 0
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—
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Fig. 11.10 Collision of two ring solitons: contours of sin(u«/2) for the initial condition and numer-
ical solutions at the times t = 0, 2, 4, 6, 8, and 10, successively
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Problem 11.5 Finally, for collisions of four circular solitons, we take

4-V +32+ (v +3)

f(x,y)=4arctan<exp( )), —10 <x,y <10,

0.436
glx,y) = 4.13 , —10<x,y<10.
cosh(exp ((4 — VG +372+ (v +3)) /0.436))
(11.144)
The simulation of the problem over the region [—30, 10] x [—30, 10] is based on
an extension across x = —10 and y = —10 due to the symmetry of the problem

(see, e.g. [12, 45]). The size of mesh region used is 800 x 800 in space with the time
stepsize At = 0.1. The numerical results are presented in Figs.11.11 and 11.12 in
terms of sin(u/2) at the times t = 0, 2.5, 5,7.5, 9 and 10. Similarly to the case of
the collisions for two circular solitons, the collision between four expanding circu-
lar ring solitons are precisely demonstrated in Fig. 11.11. The smaller ring solitons
bounding an annular region emerge into a large one. Again, the contour maps plotted
in Fig. 11.12 clearly show the movement of solitons. The CPU time required to reach
t = 101is 2492.677810 s.

sin(ui2)
=

20

20 Mg

2w

(d) T=75 (e) T=9 (f) T=10

Fig. 11.11 Collision of four ring solitons: the function of sin(u/2) for the initial condition and
numerical solutions at the times r = 0, 2.5, 5, 7.5, 9, and 10, successively
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sin(u/2), T=0 sin(u/2), T=2.5 sin(u/2), T=5

>-10 >-10 >-10
-20 -20 -20
4 -20 -10 0 10 4 0 % -20 -10 0 10
X X
sin(ui2), T=7.5 sin(u/2), T=10
10 10, 10,

-20] -20] -20|

% -20 -10 0 10 % -20 -10 0 0 % -20 -10 0 10

Fig. 11.12 Collision of four ring solitons: contours of sin(u/2) for the initial condition and numer-
ical solutions at the times t = 0, 2.5, 5, 7.5, 9, and 10, successively

11.8 Conclusions and Discussions

In this chapter, the nonlinear Klein—Gordon equation (11.1)—(11.2) was firstly intro-
duced as an abstract ODE on the Hilbert space L*(£2) on the basis of the opera-
tor spectral theory. Then, the operator-variation-of-constants formula (11.14) was
derived based on the well-known Duhamel Principle, which is in fact an integral
equation of the solution for the nonlinear Klein—Gordon equation. Using the formula
(11.14) and keeping the eventual discretisation in mind, a novel class of time-stepping
methods (11.39) has been derived and analysed. It has been shown that under the
simplified order conditions (11.48) and chosen suitable collocation nodes the derived
time-stepping integrator can have arbitrarily high-order. The spatial discretisation is
implemented, following a Lagrange collocation-type time-stepping integrator. This
allows us to consider a suitable spatial approximation and gives us a great degree
of flexibility when handling nonlinear potentials. The stability and convergence for
the fully discrete scheme were rigorously proved after spatial discretisation. Since
the fully discrete scheme is implicit and iteration is required, we used the fixed-
point iteration (11.110)—(11.111) in practical computation and analysed the conver-
gence of the iteration. Moreover, we also showed that our time-stepping integrators
coupled with discrete Fast Sine / Cosine Transformation can efficiently simulate
the important two-dimensional Klein—Gordon equations, equipped with Dirichlet
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or Neumann boundary conditions. The numerical experiments carried out in this
chapter clearly demonstrate that the time-stepping schemes have excellent numeri-
cal behaviour in comparison with existing methods in the literature. Last but not least,
we again emphasize that all essential features of the methodology are present in the
one-dimensional and two-dimensional cases in this chapter, although the schemes
discussed equally lend themselves to higher-dimensional case. Moreover, remember-
ing the eventual discretisation in space, applying a two—point Hermite interpolation
to the nonlinear integrals that appear in the operator-variation-of-constants formula,
we also can design different time schemes (see [40]).
The material of this chapter is based on the work by Liu and Wu [41].
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Chapter 12 ®)
An Essential Extension of the e
Finite-Energy Condition for ERKN

Integrators Solving Nonlinear Wave

Equations

This chapter is devoted to an essential extension of the finite-energy condition for
extended Runge—Kutta—Nystrom (ERKN) integrators when applied to nonlinear
wave equations. We begin with an error analysis of ERKN integrators for multi-
frequency highly oscillatory systems y” + My = f(y), where M is positive semi-
definite, ||M|| > max{1, ||g—{||}. These highly oscillatory problems arise from the
semi-discretisation of conservative or dissipative nonlinear wave equations. The
structure of M and the initial conditions are dependent on the particular spatial dis-
cretisation. A finite-energy condition for the semi-discretisation of nonlinear wave
equations is introduced and analysed. This is similar to the error analysis for Gaustchi-
type methods of order two, where a finite-energy condition bounding amplitudes of
high oscillations is satisfied by the solution. These ensure that the error bound for
ERKN methods is independent of || M ||. Since stepsizes are not restricted by frequen-
cies of M, large stepsizes can be employed by our ERKN integrators which may be of
arbitrarily high order. The numerical experiments presented in this chapter demon-
strate that our results are really promising, and consistent with our analysis and
predictions.

12.1 Introduction

The study of numerical methods for highly oscillatory problems has become increas-
ingly important in recent decades. A major source of such problems is the spatial
discretisation of nonlinear wave equations, such as Klein—Gordon equations, which
have received a great deal of attention in both their numerical and analytical aspects.
In this chapter, we pay attention to an essential extension of the finite-energy condi-
tion for ERKN integrators and applications to nonlinear wave equations.

We commence with a system of multi-frequency highly oscillatory second-order
differential equations
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Y@+ My@t) = f(y@), tel Tl

, , (12.1)
y(to) = yo, ¥ (to) = Yo,

where M € R?*? is a positive semi-definite matrix (not necessarily diagonal or sym-
metric, in general) with || M || > max{1, || % |I}. This type of problem occurs in many
aspects of science and engineering, among which the spatial discretisation of non-
linear wave equations by finite difference methods or spectral methods provides a
large number of practical applications. In dealing with these oscillatory problems,
the adapted Runge—Kutta—Nystréom (ARKN) methods and ERKN integrators were
respectively proposed by Franco [5] and Yang et al. [43] as developments of clas-
sical Runge—Kutta—Nystrom (RKN) methods. As shown in the literature (see e.g.
[5, 7, 22, 41]), based on the internal stages of traditional RKN methods, the ARKN
methods adopt a modified form of updates given by

st = Go(V)yn + 1 (V)y, +h* Y Bi(V) f(Y),
i=1

Vo1 = —hMe1(V)ya + o (V)Y +h Y Bi(V)f (X)),

i=1

where V = h2M, b0, @1, B; and B; are matrix-valued functions of V. However,
as distinct from the ARKN methods, in light of the variation-of-constants formula
for (12.1), the ERKN methods not only have a new form of updates, but also adopt
a new form of internal stages given by

Y; = ¢o(CIV)yu + Cihy (CFV)yy + 1Y Ay (V) f(Y)),

j=1

to achieve a high level of harmony with the oscillatory structure of the problem
(12.1). An ERKN method can be represented compactly in the Butcher tableau of

coefficients B B
ci|A (V) - A (V)

iA(V) : : o
[BYV) = A (V) - Ay (V) (12.2)
b'V) Bi(V) -+ B,(V)

By(V) - Bs(V)

Well-known examples of explicit ERKN integrators are the Gautschi-type methods
of order two [1, 8-12, 14]. As we will show in (12.12) in Sect. 12.2, Gautschi-
type methods can be displayed in a Butcher tableau, which is exactly the form of
ERKN methods. From this observation, ERKN integrators also can be thought of as
generalized Gautschi-type methods.
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Among other effective numerical methods for solving the oscillatory problem are
the exponentially (or functionally) fitted methods, such as the the exponentially fitted
Runge—Kutta (EFRK) method [28], the exponentially fitted Runge—Kutta—Nystrom
method (EFRKN) (see, e.g. [6]) and the functionally-fitted energy-preserving method
[19]. As stated in the literature, the applications of these methods highly depend on
the choice of a fitted frequency w. For example, when solving the problem (12.1),
both EFRK methods and EFRKN methods require symmetry of M and the pre-
ferred fitted frequencies may be inferred from the diagonalisation of the matrix M.
Fortunately, however, the symmetry of M is not necessary for ERKN methods as
we have mentioned above. This implies ERKN methods have a broader range of
applications for solving oscillatory problems once M is not symmetric. An essential
relation between ERKN methods and exponentially fitted methods is that the ERKN
methods are consistent with the exponentially fitted Runge—Kutta—Nystrom methods
(EFRKN), provided that M is symmetric. This point has been definitely proved by
Wau et al. [36]. It is noted that the energy-preserving methods have also been devel-
oped for solving oscillatory Hamiltonian PDEs (see, e.g. [3, 18, 19, 42]) in recent
years.

As a class of structure-preserving algorithms, ERKN integrators display some
important properties in dealing with the multi-frequency and highly oscillatory sys-
tem (12.1). The most notable one is that the multi-frequency and highly oscillatory
homogeneous equation y” + My = 0 can be exactly integrated by both the updates
and the internal stages of ERKN integrators. Another one to merit our attention
is their superiority over the classical RKN methods in numerical behaviour, such
as the local truncation error, the global error, dispersion and dissipation. However,
this superiority in errors for ERKN integrators is usually supported by a variety of
numerical experiments in applications, noting that only a few studies of theoretical
analysis (see, e.g. [9, 11, 14, 17, 32]) have been conducted, in which some further
restrictions are needed on the variable y, y”, and the right-hand side function f of
the system (12.1).

Meanwhile, it should be noted that Gautschi-type methods of order two have been
successfully applied to oscillatory second-order differential equations [8, 14], among
which the Ferm—Pasta—Ulam problem [13] is the most notable one. An observation
from the Ferm—Pasta—Ulam problem leads to the finite-energy condition, which plays
a very important role in effectively solving oscillatory second-order differential equa-
tions (see, e.g. [14]). For example, it is shown that a large time-step can be used for
these explicit methods when applied to oscillatory differential equations (see e.g.
[8]). Long-time energy conservation for these methods also can be achieved with
this condition (see e.g. [12]). The most important result is that, under the finite-
energy condition, the error bounds of Gautschi-type exponential methods of order
two are proved to be independent of || M || (see, e.g. [9, 11]). This point is crucial to
the underlying multi-frequency highly oscillatory problem. The so-called Gautschi-
type exponential integrators also have been applied to the Klein-Gordon equation in
the nonrelativistic limit regime (see, e.g. [1]) and the references therein.

With this observation, and the fact that Gautschi-type methods are special ERKN
methods of order two, we further investigate an extension of the finite-energy condi-
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tion in this chapter. Using an analogical methodology, we pay attention to nonlinear
wave equations, for which the appropriate spatial discretisation plays a similar role to
the finite-energy condition for ERKN methods. Furthermore, the finite-energy con-
dition for ERKN integrators could be naturally derived for nonlinear wave equations
by a suitable spatial discretisation, whose differentiation matrix M is symmetric and
positive semi-definite. We then prove that the error bounds for ERKN methods are
entirely independent of ||M||, when applied to the semi-discrete wave equations.
This result is completely consistent with those stated in [9, 11]. Moreover, another
promising result is that large stepsizes are allowed for explicit ERKN methods. This
point is supported by the numerical experiments in this chapter, where corresponding
classical RKN methods could hardly be employed with the same stepsizes.

This chapter is organised as follows. In Sect. 12.2, we briefly summarise the ERKN
integrators in dealing with the multi-frequency highly oscillatory problems, and some
results on error analysis are included as well. In Sect. 12.3, we obtain error bounds
independent of || M || for ERKN integrators when applied to conservative or dissipa-
tive nonlinear wave equations. We conduct numerical experiments in Sect. 12.4, and
the numerical results support our theoretical analysis presented in this chapter. The
last section is concerned with conclusions and discussions.

Throughout this chapter, the dimension of the system (12.1)is d, i.e., y, ¥ € R?.

12.2 Preliminaries

In this section, we first summarise the results on ERKN integrators for the second-
order oscillatory autonomous system (12.1). To this end, we introduce the following
unconditionally convergent matrix-valued functions

o (—DFVE
p;i(Vy:=) ———  j=0,1,.... (12.3)
! ;(Zk—i—])!

The definition of ERKN integrators is given below.

Definition 12.1 (See, e.g.[39]) An ERKN integrator for the second-order oscillatory
initial value problem (12.1) is defined by

Y = ¢o(C7V)yu + Cihgr (CIV)y, + h* Y Aj(V)F(Y)), i=1, .5,
j=1

Yrt = Go(V)yu +hpi (V)y, + 1> Y Bi(V) f(Y)),

i=1

Vg1 = —hM1(V)yu + do(V)y, +h Y Bi(V) f(Yy),

i=I

(12.4)
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where Cj, ..., C; are real constants, B;(V), B;(V) fori =1, ..., s, and A;; (V) for
i, j =1,..., s are matrix-valued functions of V = WM.

ERKN integrators can be expressed in Butcher tableaux (12.2). However, for con-
venience, in the remainder of this chapter, we denote the coefficients of an ERKN
integrator in upper-case (C, B, B, A). Some useful properties related to the uncondi-
tionally convergent matrix-valued functions ¢;(V) for j =0, 1, ... are established
in [39], and summarised below.

Proposition 12.1 (See [39]) The matrix-valued functions ¢;(M) defined by (12.3)
satisfy:
1. }&[imoqu(M) = ﬁ]forj = 0,1, ..., where I is the identity matrix;

2. All¢;(M) for j =0,1,..., are bounded when M is positive semi-definite, i.e.
l¢;(M)|| < ¢, where ¢ is a constant depending on ||M|| in general. However,
an important and special case is that ¢ is independent of | M|| provided M is
symmetric and positive semi-definite;

3.

(] 201 — 2M) i

/ (1= ) (x ]f' OME 4y — gyrM), xR,

A !

| (12.5)

1 2 _ 2 J

./ do(*(1 "é') M)t dt = ¢ (M), x€R,

0 J:

forj:O,],....

We then quote the following theorem, which is related to the order conditions for
ERKN integrators.

Theorem 12.1 (See [44]) An s-stage ERKN integrator (12.4) is of order p if and
only if the conditions

N
_ p(0)! _
Bi®;(1) = ——~ OhP=PO)Y, Vi e SSENT,, m<p—1,
; i0i(0) = S o + O ), Vre e m<p

N '
> Bidi(1) = p(@)! bo(ry + OWPPOY vr € SSENT,,, m < p,
< y@s(D)

(12.6)

are satisfied.

Here, the definitions and properties associated with the order p(t), the sign s(7), the
density y (7), and the weight @;(t) can be found in [44].

As stated in [15, 32], we also admit the following two assumptions throughout
the error analysis in this chapter, but restrict them to a more relaxed setting.

Assumption 3 [t is assumed that the solution y(t) of (12.1) and its derivative y'(t)
are sufficiently smooth and uniformly bounded with respect to t.
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Assumption 4 It is assumed that all the occurring derivatives f® (y) (with respect
to y) of f(y) are uniformly bounded.

Remark 12.1 We note that the uniform bound is established with a particular norm.
For the vectors y(t), y'(t) and the vector-valued function f(y), we naturally use the
Euclidean norm || - ||,. Remember that each derivative f*)(y) can be regarded as a
k-linear mapping [13]

PGB RY'x...xR! — RY, (12.7)
—_—
k—fold

where d is the dimension of the problem (12.1). In this sense, we can take the induced
norm ||| - |[:

1PN =sup {I /OO vl s il =1i =1k}, (128)

subordinated to the Euclidean norm | - ||, for f®(y). In the special case that f'(y)

is a negative semi-definite matrix, it is known that the induced norm ||| - ||| is just
the spectral norm. In the remainder of this chapter, we will denote all norms by the
uniform symbol || - || for convenience, if there is no confusion.

An earlier error analysis has been made in part by Wang et al. [32] for explicit
ERKN methods. We briefly summarise the results below.

Theorem 12.2 (See [32]) Under suitable assumptions, the explicit ERKN methods
converge for 0 < nh < T — to when applied to the problem (12.1). In particular, the
numerical solution and its derivative satisfy the following error bounds

leall < CiA7,

lleyll < Cah?,

where Ci and C, depend on T and |M]||, and they are independent of h and n.
However, if M is symmetric and positive semi-definite, then C is also independent
of | M].

Even though this result seems promising, a stronger restriction on the function
f has been implicitly used. That is, all occurring derivatives of f (especially the
total derivatives of f(y(#)) with respect to t) are assumed to be uniformly bounded.
This stronger restriction assumption exactly leads to the conclusion that the norms of
the high-order derivatives (with respective to t) of the exact solution y(y) are inde-
pendent of ||M||. Hence, the global error bounds are independent of || M ||. Another
consequence of the result is that the s-stage explicit ERKN integrators of order p are
restricted to those with s < 3 and p < 3, and hence the accuracy of the numerical
methods is limited.

If the m-th derivatives of the exact solution y(#) to the problem (12.1) are bounded
by
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y™m @)y = oMY, m,keNT, (12.9)

then both the local truncation error bound and the global error bound must be depen-
dent on || M||. In the case of multi-frequency highly oscillatory ODEs, (12.9) always
holds with the given initial conditions (yo, y,). In this sense, the global error bound
for ERKN integrators depends on || M || since the derivatives of f(y) are involved with
M. Fortunately, however, when M is symmetric positive semi-definite, the earlier
seminal work on error analysis had discussed the so-called finite-energy condition
(see,e.g. [8,9, 11, 12, 14]):

1 / 2 1 2 1 2 2
Elly(t)ll +5||9y(t)|| SEK, (2% =M). (12.10)

With the condition (12.10), it has been proved that the global error bound for the
Gaustchi-type exponential integrators of order two is independent of || M ||. The next
theorem confirms this point.

Theorem 12.3 (See [9]) In (12.1), let M = §2? be an arbitrary symmetric positive
semi-definite matrix. Suppose that f, f, and f,, are bounded in the Euclidean norm
or the norms induced by the operator Euclidean norm, respectively. Moreover, it
is assumed that the solution y(t) satisfies the finite-energy condition (12.10). Then,
under suitable assumptions for the even analytic functions ¥, ¥, and ¥, we have
the following estimation of global errors

ly(tn) = yull < CR?, 1, € [10, T, (12.11)

Jor the Gaustchi-type exponential integrators, where the constant C only depends on
T, K, C, NI, 1 fyll and || fyyll, and C is a small constant independent of || M|].

Since the Gaustchi-type integrators of order two described therein are exactly explicit
ERKN integrators of order two with the Butcher tableau

o 0 0
AV aflewy o
bW =gy o0 (12.12)
b(V) 1 1
3% V) 3% (V)

where ¥, ¥, and ¥; are matrix-valued functions respectively fixed for different
Gaustchi-type integrators, we also make an attempt to find suitable conditions such
that the error bound for ERKN integrators is independent of || M ||, when applied to
nonlinear wave equations. With this idea and observation, in what follows we will
concentrate our attention on nonlinear wave equations, which can be converted to
the form of (12.1) by an appropriate spatial discretisation.
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12.3 Error Analysis for ERKN Integrators Applied
to Nonlinear Wave Equations

‘We now consider the wave equation

32u(x, 1)

P —a’Au(x,t)= f(u), xeD, tp<t=<T,

u(x, to) = @(x), ui(x,t0) = ¥(x), xeD, (12.13)

B(x)u(x,t)=0, xe€aD,

where a means the horizontal propagation speed of the wave motion, D is a spatial
domain with boundary d D, A is the Laplacian operator and B(x) is a linear boundary
operator. Here, we suppose that the problem (12.13) is well-posed and satisfies the
conditions described in the recent papers [34, 35]. As shown in [34, 35], the exact
solution u(x, t) and its derivative u,(x, t) satisfy

u(x, 1) = ¢o((t — t9)*a>A)p(x) + (t — to)1 ((t — t0)*a* A)r (x)
+ / (0 — 61 (1 — £ A) F(©)de.
u (x,1) = (t — to)a” Ay ((t — 10)*a* A)p(x) + ¢o((t — 10)*a> A) P (x)

+ / ¢o((t — 0)*a*A) f(0)de,

(12.14)
under some regularity conditions, where f(¢) = f(u(x, ¢)), and the operator deter-
mined by the Laplacian-argument functions ¢;(A) are defined by

°° k

A
$j(A) =) ———, j=0,1.... (12.15)
! ; 2k + !

It can be seen that (12.15) is obtained from replacing z by A in the functions

& k

Z
i)=Y ——— j=0,1,2,..., (12.16)
! kg 2k + j)!

and all ¢;(z) for j =0,1,2,... are bounded for any z < 0 (note that, here, the
definition of ¢; (z) for (12.14) is different from (12.3) for (12.4) and there are minus
signs in (12.3)).

It is known that A is not defined for every v € L2(D). In order to model the
boundary conditions, we restrict ourselves to the case where A is defined on the
domain £2(A) C L*(D), and the underlying boundary condition is satisfied. We
then consider the linear differential operator .2/ defined by (&7v)(x) = a’>Av(x).
The operator has a complete system of orthogonal eigenfunctions in the Hilbert
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space L*(D). The operator on L*(D) induces a corresponding operator on £2 due to
the isomorphism between L? and £2. An elementary analysis which is similar to that
for the exponential operator presented by Hochbruck and Ostermann [16], implies
that the Laplacian-argument functions ¢;(A) are bounded operators with respect to
the norm || - || .2(py12(D)-

In general, the domain §2(A), the eigenvalues and the eigenfunctions of the oper-
ator A will depend on the specified boundary conditions. As an example, we prove
that the operators ¢;(A) for j =0, 1, ... defined by (12.15) are bounded for peri-
odic boundary problems with D = [0, 27 ]. In this case, the operator A is defined on
the domain

2(A)={ve H (D) :v(x) =v(x +2m)}.

The operator has a complete system of orthogonal eigenfunctions {e’** : k € Z} inthe
complex Hilbert space L?(D), and the corresponding eigenvalues are —k?, k € Z.
The functions ¢;(z) for j =0,1,..., defined by (12.16) allow us to define the
operators:

¢;(tA) : L*(D) - L*(D) (12.17)
given by
Gt M) = Y i (—kDe™ for v(x) = Y e,
k=—00 k=—00

Clearly, the functions ¢ (z) for j = 0, 1, ... are bounded forany z < 0,i.e.|¢;(z)| <
1 for j =0,1,.... We then show that the functions ¢;(z) define the bounded oper-
ators ¢;(tA) forany ¢ > 0.

Theorem 12.4 The operators ¢;(A) defined by (12.15) and (12.3) are bounded
operators under the norm || - || .2(pyr2(p), i.€.,

lp; M 2py—r2py < vj» t =0, (12.18)

where y; are the bounds of the functions ¢;(x) withx < Ofor j =0, 1,2, ..., respec-
tively.

Proof Before presenting the proof for the boundedness of the operators ¢;(rA) for
j=0,1,2, ..., we first clarify the inner product of the space L*(D) expressed by

(u,v):/ u(x)v(x)dx, Vu,ve L*(D). (12.19)
D

For any function v(x) € L%(D), its Fourier series can be represented as

o0
v(x) = Z D't
k=—00
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The norm of the function in L2(D) can be characterized in the frequency space by

W= [ eorar= 3 (12.20)
D

k=—00

Therefore, we have

o0
gt wl* = D [Pugps (=KD < sug|¢,i(—k2r>|2 AIF < vEIvIE (221
1>

k=—00

where y; are the bounds of the functions ¢ (z) withz < Ofor j =0, 1,2, .... Hence,
it follows from the definition of operator norm and (12.21) that

llg; @A)V

i M)l L2 2py =
! LDy L2D) vizo vl

<suplpj(=k*N| <yj, j=0,1,2,....1>0.
t>0

(12.22)
The conclusion of the theorem is proved. O

The boundness of ¢ (A) for other boundary conditions can be proved in a similar
way.

Remark 12.2 Here it should be noted that the operators ¢;(A) for j =0, 1, ... are
well-defined and bounded on the Hilbert space L*(D).Each bounded operator ¢; (A)
is an indivisible whole and on no account can one think that it can be thought of as
any finite sum of the Laplacian A successively operated one by one. In fact, all the
operators defined by (12.15) are bounded operators, and completely different from
the Laplacian. Therefore, it is of great importance to keep it in mind that each operator
¢;(A) defined by (12.15) is well-defined and bounded on the space L*(D).

On the basis of the above analysis, we define u(¢) as the function that maps x to
u(x,t):
u(t) =[x+ u(x,1)].

Then the system (12.13) can be formulated by an abstract second-order ordinary
differential equation on the infinity-dimensional function space L?(D),

{u (1) = u@) = f(u®), o<1 =T, (12.23)

u(ty) = ¢(x), u'(ty) = ¥ (x).

Approximating the operator —¢7 in (12.23) by the differentiation matrix M (with
some manipulation if necessary), we obtain an initial value problem of ODEs:

(12.24)

U'(t) + MU = f(U), t €, T,
Ul(ty) = Uy, U'(1y) = Uj,.
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For the applications of ERKN integrators to (12.24), it is required that the differen-
tiation matrix M is positive semi-definite. It is easy to fulfill this requirment, since
the suitable difference discretisation (see, e.g. [21]) and the well-known Fourier
or Chebyshev pseudospectral spatial discretisation yield positive semi-definite dif-
ferentiation matrices M. In what follows, we assume that the spatial approxima-
tion used here is consistent with the original PDEs, and that U (¢) is convergent to
u(t) = u(x, t). Note that the matrix M and the initial values (Uy, U)) of (12.24) are
simultaneously generated by the underlying spatial discretisation.

Another point which should be especially emphasized is that if we replace the
operator —¢7 by the differentiation matrix M in (12.14), then the solution U (¢) of
(12.24) and its derivative U, () can be exactly expressed as follows:

U(t) = ¢o((t — 10)*M)Up + (t — o)1 ((t — t0)* M) U,
- / t —O)¢i((t — M) f(©)de,
Ui(t) = —(t — to) My ((t — 10)*M) Uy + o ((t — 10)*M) Uy,

+ / do((t — 0’ M) F(0)dc.

(12.25)

where f(¢) = f(U(x, ).
We now turn to an important property of the nonlinear wave equations (12.23).
By denoting

H@u) = _/u f(s)ds
0

(the function H (u) is assumed to be positive since H (1) is only used through its
gradient here), we obtain that

E=E@lt) = %f ((u)? + a*(u)? + 2H (w))dx, (12.26)
D

is conserved during the evolution of the wave equation, when suitable boundary con-
ditions, such as periodic or homogeneous Dirichlet or Neumann boundary conditions
are prescribed. For the case where f explicitly depends on ¢, i.e., f = f(¢, u), itis
noted that E(¢) is no longer conserved and the wave equation is then dissipative.
Thus, after a suitable spatial discretisation for (12.13) we can give an approximate
relation between the continuous energy and the discrete energy for (12.24):

1 1 1
“NU'OP+ 212U~ f (W) + a*u)?)dx, (2% =M). (12.27)
2 2 2 /b

Then, the finite-energy condition (12.10) is easily satisfied, since the constant K in
(12.10) can now be roughly chosen as
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K= \/2(|E(l0)| +|/ H (u(t0))dx ).
D

for both the conservative and dissipative nonlinear wave equations. Here, it should be
noted that, though the constant K depends also on the boundary condition according
to its formula, this could be neglected by virtue of Assumption 3. This point is the
essential idea behind our fundamental error analysis of ERKN methods for efficiently
solving conservative or dissipative nonlinear wave equations. The fact that the finite-
energy condition (12.10) can be satisfied by our ERKN methods motivates the study
of global errors for ERKN methods. This implies that we are hopeful of obtaining
the same results of global errors for ERKN methods of arbitrary order as those for
Gaustchi-type exponential integrators of order two.

Theorem 12.5 Under Assumptions 3 and 4, if the matrix M in (12.24) is symmetric
positive semi-definite and the spatial discretisation is consistent with the original
equation and convergent to the exact solution, then the spatial discretisation error
satisfies

IU@) —u@®] < Ca7t, (12.28)

where T is the maximal spatial stepsize, C, is a constant depending on T but inde-
pendent of ||M||, and k is a positive integer number depending on the spatial dis-
cretisation.

Proof Let r; be the natural restriction operator on the space grids and p(t) stand for
the maximal distance in the grids. We denote u.(t) = r;u(x, t). By denoting

d%u. (1)
dr?

ul(t) =

=rely (X, 1),

we introduce the space truncation error
8(t) = —Mu.(t)+ f(u (1)) — u’r/(t) = azrrAu(x, t) — Mu,(t). (12.29)

It is trivial to obtain that ||§(¢)|| — 0 as o(t) — 0 uniformly in 7 due to the consis-
tency of the spatial discretisation with the wave equation. It follows from (12.29)
that §(¢) is only involved with the spatial discretisation. Hence it can be estimated
by

I8 < T, (12.30)

where k is some positive integer depending on the spatial discretisation, and C is a
constant independent of || M.
If we denote

n(t) =U@) —u (1),

then the spatial discretisation error 7(¢) is the solution of the system
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n"(t) = =MU@) + f(U) + Mu:(t) — f(u:(1)) + 8(0),

ie.,

0 (1) + Mn@t) = G@)n(t) + (), (12.31)

where

1
G(t)=/ F'(u(t) + 0n(t))do
0

and F'(-) is the Jacobian of f(-). The application of the variation-of-constants for-
mula to (12.31) yields

n(t) = ¢o((t — 10)*M)no + (t — to)¢1 ((t — t0)* M),

! ~ (12.32)
+ / t — O (t — )’ M)G(¢)de,

where 19 = n(t0), 1y = n'(to) and G(¢) = G(E)N(5) +(%).

It follows from Assumption 4 that || F’|| < L, where L is a constant independent of
|M]||. On noting that n(fy) = U (ty) — u.(tp) = 0 and n'(tp) = U'(ty) — u’.(t) =0,
we then obtain

Il = | / (t — 01 ((t — OPM)G(@)de |

1
< Lln@| - || —t)*- f (1 =01 ((1 = Ot — to)*M)d¢ ||
* (12.33)
IO - [ — 10)? - / (1= )1 (1 — £ — 10> M)de |
0

< LIT —t)* - In@®]l - 12t — 10)*M) ||
+ CIT — to]* - o ((t — t0)* M) || 7"

The last inequality follows from Proposition 12.1 (4) and (12.30). Since M is
symmetric and positive semi-definite, ||¢((t — 10)>M)|| is uniformly bounded and
independent of || M|| on the basis of Proposition 12.1. Consequently, (12.33) gives
In(t)]| < Cot*, where C, is dependent on T but independent of || M ||. This completes
the proof. (]

As the mesh partition in the space discretisation increases for (12.23), || M || will
increase in (12.24). The larger || M || is, the higher the accuracy will be in the spatial
approximations. This argument implies that

U(it) - u(t) as ||M| — oo. (12.34)

Since the derivatives of u.(t) are entirely independent of ||M ||, the exact solution
U (¢t) to (12.24) and its high-order derivatives (with respect to ¢) are also independent
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of || M || due to the convergence stated by (12.34). This leads to the uniform boundness
and the independence of || M| for all occurring derivatives of f (t) = f(U), which
has been stated by Assumption I in [32]. With this insight into the underlying problem,
and following the analysis in [32], we present the following important result on the
global error bounds for ERKN integrators when applied to nonlinear wave equations
(12.13).

Theorem 12.6 Let M be real symmetric and positive semi-definite. Suppose that
initial-boundary value problems (12.13) are well-posed and conservative (or dis-
sipative), and a suitable spatial discretisation for (12.13) leads to (12.24). Then,
applying a p-th order ERKN integrator to the semi-discrete problem (12.24), we
have the global error bound

1Uy = u(@)Il < WUy = U@+ U (1) — u(@)l < Cih? + Cot,  (12.35)

where C| and C, are dependent on T but independent of || M|, h and t are time and
spatial stepsizes respectively, and k is a positive integer determined by the spatial
discretisation.

Proof We begin with the fact that the high-order derivatives of U (¢) are independent
of | M]], as (12.34) claims. We denote f(t) = f(U(t)). Since the high-order total
derivatives £ (1) = %f(U(t)) are the combinations of f®(U) = %f(U) and
U@ (1), it can be deduced that all £ (r) are bounded and independent of || M || based
on Assumption 4. From the variation-of-constants formula (12.25) for (12.24) and
the definition of the ERKN integrator (12.4), under the local assumptions U,, = U (t,,)
and U, = U’(t,), the local truncation error Tbl ri n Satisfies

Tirgn = Ut +1) = Ups
1 s
= h2/ (=i ((1=0)V) f(©)de —h* Y Bi(V) f(U")
0 i=1
=S (6000 - B ND) 700 (1230
= ]+2 k J‘ n
Jj=0 k=1
= 1 SN 2 - C/{ 7
= CH 4 3T (000 = T BT ) .
i=p k=1
where C is independent of || M||. The second identity of (12.36) follows from [32]
and third identity holds because the ERKN integrator is of order p. Thus, (12.36)
gives
I Tgrinll < Kih*,

where K is independent of || M ||. Likewise, we can obtain

IT2 kgl = 1U/ (6 + 1) — Upy | < Kah?H,
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where K is independent of || M||.
We next analyse the global error of ERKN methods when applied to the nonlinear
wave equation (12.13). To this end, we denote
E'=u(ty+ch)—U", e, =u(ty)—U, e, =u(t,)—U.
It follows from a Taylor expansion in time at 7, that

enet =po(V)ew + i (V)e, + 2 Y Bi(V)(f (uty + i) = F(UD))

i=1

1
+ K h? T 4 C’hzf (1 —2)¢1((1 — 2)*V)dzr?,
0

€1 = = KM@ (V)e, + do(V)e, +h Y Bi(V)(f (ults + i) = £(UD))

i=1

1
+ therl + éh/ ¢0((1 — Z)ZV)dZTq’
0

E"=go(2V)en + cihdr(@2V)ey + 12 Y Ay (V) (£ (e + b)) = FU))
j=1

1
+ Kih?th écth/ (1 —2)¢1((1 — 2)%c]V)dzr?,
0

i=1,2....,5s.

(12.37)
Furthermore, we rewrite the first two equations in (12.37) as the matrix-vector form:

Qen-H _ ¢0(V) th)](V) Qen
€l —h2¢:1(V)  do(V) e,
hi h2 BV (f (wtty + i) = £(U7))
B f(utty + i) — £(U7))

i=1

1 _ )
e [P0
0

(12.38)

¢o((1 = 2)*V)

Due to the finite-energy condition (12.10), taking the 2_norm of both sides of (12.38)
and the first equation in (12.37) and summing up the results leads to
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llens1ll + \/Ilefmll2 + 12ent11? < lleall +/lleylI* + 12e, 112 + Alle, |

+hLB+B+B) Y |E|+ Clh(hp + rq).
i=1

(12.39)

Likewise, by taking the /?>-norm of both sides of the last equations in (12.37)
yields

IE'N < lewll + cihlle, | + H*LA Y NET| + Coh(h” +77),  (12.40)

J=1

If the time stepsize h satisfies h < ﬁ, the inequality (12.40) implies

SOIEN = 25(leall + hlley )+ 2Cash (A7 +77). (1241

i=1

Inserting (12.41) into (12.39), we obtain

lensrll + \/II€§,+1I|2 + 12¢e,111% < (1 + Csh) (IIenII +/lley I + I|96n||2>

n Cgh(h” + r‘?).

(12.42)
It then follows from the well-known discrete Gronwall inequality that

leall +/ llej 12 + 12e, |12
< exp (Canh) (neon +/lleg12 + I 2e0ll? + Canh (h” + rq)> (12.43)

< C3T exp (C4T) (hf’ + r").
This means that

leall <C(R7+177),
(12.44)
lle,, I sC(hP + r‘f).

The constant C is only involved with the spatial discretisation, and hence independent
of |M||.

This completes the proof. (]
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The discussion about the convergence of the discretisation in space for (12.34)
and that of the full discretisation for (12.35) can be found in [29], in which the authors
discussed the convergence of Method of Lines (MOL) when applied to PDEs. Here
we assume the convergence and give our main attention to the analysis of global error
bounds. This theorem reveals that the bound of the global error is independent of
||M || when the semi-discrete wave equation (12.24) is numerically solved by ERKN
integrators. It is noted that (12.24) is a multi-frequency oscillatory system. The result
is a natural extension of that for Gaustchi-type exponential integrators of order two
[9, 11], though the analysis for Gaustchi-type exponential integrators is carried out
by a different approach. Furthermore, it gives a physical description of the finite-
energy condition, namely, this condition essentially originates from an appropriate
spatial discretisation for the conservative or dissipative wave equation. Another point
which should be noted is that although one has a similar result for classical RKN
methods when applied to (12.24), it is not recommended to use them in practice
because of the larger global error bound for RKN methods compared with ERKN
integrators. Moreover, totally different from Gaustchi-type exponential integrators
and the generalized Gaustchi-type exponential integrators, i.e., ERKN integrators,
classical RKN methods are not designed specially for solving multi-frequency highly
oscillatory problems, and the original idea of classical RKN methods takes no account
of the oscillatory structure introduced by the term MU in (12.24). Finally, as stated
in [39], ERKN methods always have a larger stability region than the corresponding
RKN methods in dealing with the oscillatory problem (12.24). Hence, large stepsizes
are also allowed by ERKN methods when solving nonlinear wave equations, whereas
the corresponding RKN methods may behave badly with the same stepsizes as those
for ERKN methods. This point will be demonstrated by the numerical experiments
in the next section.

12.4 Numerical Experiments

In our numerical simulations, we prefer to use explicit ERKN methods rather than
implicit ones due to the easy manipulation of the former, even though both of them
have the same properties as stated in Theorem 12.6. Here, the key point is that
implicit ERKN integrators require iterative solutions, whereas explicit ERKN inte-
grators avoid the complexity brought by the iterative procedure. The explicit ERKN
integrators are selected as follows:

e ERKN?3s4: the three-stage ERKN method of order four given in [40];
e ERKNT7s6: the seven-stage symplectic ERKN method of order six given in [23].

It is known that an ERKN method reduces to an RKN method when M — 0. Thus,
the degenerate ERKN methods are assigned as the corresponding RKN methods,
which are denoted by RKN3s4 and RKN7s6, respectively. It will be observed from
the numerical experiments that the numerical behaviour of ERKN methods is much
better than that of the corresponding RKN methods. Although the Gaustchi-type
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exponential methods of order two mentioned in previous section are well known, we
do not consider them in the numerical comparison due to their limited accuracy.

Problem 12.1 Consider the Duffing equation (see e.g., [20])

§+w’q =K Q2q° — q).
qg(0) =0, ¢0) =o,

with 0 < k < w. It is a Hamiltonian system with the Hamiltonian

_12 122 k_2 2 _ 4
H(p,q)—zp +2wq +2(q q").

The analytic solution is given by
q(t) = sn(wt, k/w),

where sn is the Jacobian elliptic function.

The problem is solved on the interval [0,1000] with k = 0.03. In this problem, we
investigate the influence of || M || on the global errors for ERKN integrators in the case
of traditional ODEs. Figure 12.1 gives the numerical results obtained by ERKN3s4
and ERKN7s6 with the different stepsizes when applied to Problem 12.1. As shown
in Fig. 12.1, the larger || M || (= w?*) becomes, the larger the global errors are for both
the two ERKN integrators. It is very much in accordance with the conclusion that the
global error bounds of ERKN methods are usually dependent on || M ||, when applied
to the general oscillatory problem (12.1), where M is independent of the initial
conditions o, yj. A similar result is given in Fig.12.2, where the same stepsizes
are respectively used for the corresponding RKN methods. Note that the case of
o = 201s not plotted in Fig. 12.2b for RKN7s6, since the scheme is unstable with the
stepsize h = 1/10. It is shown that the RKN methods give disappointing numerical
solutions in the high-frequency case (w = 20), whereas the ERKN methods are robust
and give satisfactory numerical solutions of high accuracy with the same stepsizes.
Moreover, the results of ERKN methods are also much more accurate than those
of classical RKN methods in the low-frequency case of w = 5. Finally, we plot the
efficiency curves in Fig. 12.3a for all the four methods, where the ERKN methods
show higher efficiency than the corresponding RKN methods. As shown in Fig. 12.3b,
the numerical convergence orders of the selected numerical methods are 4.00, 5.99,
4.21 and 5.93 respectively for RKN3s4, RKN7s6, ERKN3s4 and ERKN7s6, which
demonstrate the high consistency of their numerical convergence order with the
theoretical convergence order.

Problem 12.2 (Breather soliton) We consider the well-known sine-Gordon equa-
tion (see e.g. [25])

9%u 92u .
— = —— —sinu, (12.45)
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Fig. 12.1 The log-log plot of maximum global error G E against ¢ with different w for Problem
12.1: a the result for ERKN3s4 with the stepsize & = 1/40 (left); b the result for ERKN7s6 with
the stepsize h = 1/10 (right)
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Fig. 12.2 The log-log plot of maximum global error G E against ¢ with different w for Problem
12.1: a the result for RKN3s4 with the stepsize 7 = 1/40 (left); b the result for RKN7s6 with the
stepsize h = 1/10 (right)

on the region —10 < x < 10 and —20 < ¢ < 20, with the initial conditions

u(x, —20) = —4 arctan (c_lsech(/cx) sin(ZOC/c)),
4k cos(20ck)sech(kx)
1 + ¢=2sech®(icx) sin?(20ck)’

u;(x, —20) =
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Fig. 12.3 Numerical results for Problem 12.1 with w = 5: a The efficiency curves, i.e., the log—
log plot of maximum global error G E against the consumed CPU time (left); b The numerical
convergence order, i.e., the log—log plot of maximum global error G E against the stepsize & (right)

and the boundary conditions
u(—10, 1) = u(10, 1) = —4 arctan (c~'sech(10k) sin(c1)),
where k = 1/+/1 + ¢2. The exact solution is given by
u(x,t) = —4arctan (c’lsech(/cx) sin(c;ct)),

which is known as the breather solution of the sine-Gordon equation.

For the spatial discretisation of Problem 12.2, we use the Chebyshev pseudospec-
tral discretisation [27]. The parameter c is selected as ¢ = 0.5, and the total number
of spatial mesh grids is denoted by N. During the experiment, we choose various
values of N for the two ERKN integrators, and hence the value of | M|| varies with
N. As shown in Fig.12.4, the larger N is, the larger ||M| becomes. Fortunately,
however, the large || M| is, the better accuracy becomes for the global error. This
result strongly supports our analysis in Sect. 12.3, which shows that the global error
bounds of ERKN integrators are independent of || M| when applied to the under-
lying nonlinear wave equations. For the stepsize & = 1/64, the global errors of the
two RKN methods are too large to plot here. This means that the two correspond-
ing RKN methods are unstable with the stepsize 7 = 1/64. To exclude the possible
influence of spatial discretisation on the accuracy of numerical solutions, we select
N = 200 and plot the efficiency curves in Fig. 12.5a by varying the stepsize h, where
the higher order ERKN method gives higher efficiency. Note that only the numerical
results of the two ERKN methods are plotted in Fig. 12.5a, since the corresponding
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Fig. 12.4 The log-log plot of maximum global error GE against ¢ with the time stepsize h =
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Fig. 12.5 Numerical results for for Problem 12.2 with N = 200: a The efficiency curves, i.e., the
log—log plot of maximum global error G E against the consumed CPU time (left); b The numerical
convergence order, i.e., the log—log plot of maximum global error G E against the stepsize & (right)

RKN methods give unstable numerical solutions for such large N. The numerical
convergence orders of the two ERKN methods are respectively 4.01 and 5.89 for
ERKN3s4 and ERKN7s6, as shown in Fig. 12.5b.
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Problem 12.3 (Single soliton) We consider the nonlinear Klein—Gordon equation

(see e.g., [2])
0°u ,0%u

W —a ﬁ = —au +bu3, (1246)

on the region —10 < x < 10 and 0 < ¢ < 10, with the initial conditions

2a
u(x,0) =,/ 7sech(kx),
2a
u;(x,0) =ci,/ 7sech()»x) tanh(Ax),

and the boundary conditions

2a
u(—10,1) =,/ 7sech()\(—10 —ct)),
u(10,t) =,/ 2;sech()»(lo —ct)),

where A = /% The exact solution is given by

2a
ulx,t) = \/;sech(k(x —ct)).

= = N=240

log,,(GE)
109, ,(GE)

(a) (b)

Fig. 12.6 The log—log plot of maximum global error G E against ¢ for Problem 12.3 with different
pairs (N, |[M])): (180, 5.4002 x 10%), (240, 1.7066 x 10%), (300, 4.1664 x 10%), (360, 8.6392 x
10%). a The result for ERKN3s4 with the stepsizei = 1/24 (left). b The result for ERKN7s6 with
the stepsize 1 = 1/12 (right)
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Fig. 12.7 Numerical results for for Problem 12.3 with N = 400: a the log—log plot of maximum

global error G E against the consumed CPU time (left); b the log—log plot of maximum global error
G E against the stepsize h (right)

With regard to the spatial discretisation of this problem, we use the Chebyshev
pseudospectral discretisation. In this experiment, we take the parameters a = 0.3,
b =1 and ¢ = 0.25, as in [2]. Various values of N are selected for the two ERKN
methods. As shown in Fig. 12.6, a large value of || M| always implies higher accu-
racy for the global error, which is entirely similar to the result obtained in Problem
12.2. The result obtained here also supports our analysis in Sect. 12.3 that the global
error bounds of ERKN integrators are independent of || M| when applied to wave
equations. Similarly to the case in Problem 12.2, the global errors for RKN3s4 and
RKN7s6 are not plotted here, since instability and nonconvergence occur for the two
RKN methods with the corresponding stepsizes & = 1/12 and h = 1/24, respec-
tively. Similarly to Problem. 12.2, we also plot the efficiency curves in Fig.12.7a
for the fixed N = 400, from which it can be observed that ERKN3s4 gives better
performance when the accuracy is lower than 10~#, while the higher order method
ERKN7s6 is preferred for the high accuracy case. The two corresponding RKN meth-
ods are omitted in this figure due to their instability for N = 400. Fig. 12.7b shows
the numerical convergence order of the two ERKN methods, which are respectively
3.91 and 5.86 for ERKN3s4 and ERKN7s6.

12.5 Conclusions and Discussions

Highly oscillatory problems have a very wide range of applications such as celestial
mechanics, nonlinear dynamical systems, quantum chemistry and molecular mod-
elling. The computation of highly oscillatory problems has generated a large num-
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ber of different numerical approaches and algorithms. High accuracy and structure
preservation for numerical methods are very important when applied to highly oscilla-
tory Hamiltonian systems. In this chapter, in order to gain an insight into the extension
of the finite-energy condition for ERKN integrators we further discussed the error
estimation for ERKN methods when applied to nonlinear wave equations. Since the
solutions of (12.1) are high-frequency oscillators, due to the existence of the linear
term My, the error bounds for numerical methods depend on || M || in general. How-
ever, we have shown the error bounds for ERKN integrators are independent of || M ||
when applied to conservative or dissipative wave equations. This result is of great
importance for ERKN integrators, i.e., the so-called generalised Gautschi-type meth-
ods. Furthermore, we conducted numerical experiments which clearly demonstrate
this point. These numerical simulations firmly support our theoretical analysis.

To sum up, motivated by the seminal work on the error bound based on the analysis
of the finite-energy condition (see, e.g. [8, 9, 11, 12, 14]), the intensive study of
this chapter has successfully achieved the extension of the finite-energy condition
for ERKN integrators when applied to nonlinear wave equations. Meanwhile we
have obtained a new result on the error analysis of ERKN integrators. It is believed
that the new investigation of error analysis has led to further insight into ERKN
integrators when applied to the initial-boundary value problems of nonlinear wave
equations (12.13). In particular, it is noted that the multi-frequency highly oscillatory
Hamiltonian system with the Hamiltonian

H(q,p) = %pp + %qu +U(9)
has been efficiently solved by the ERKN integrators in the literature (see, e.g. [4,
11-14, 23, 26, 30, 31, 33, 36-39]) from the accuracy to the qualitative behaviour
of the symplecticity preservation, energy preservation, symmetry preservation etc.
in long-term numerical simulation of nonlinear wave equations (12.13).

To conclude, we emphasise that all essential features of the analysis of this chapter
were presented in the case of one-dimensional nonlinear wave equations, but the
arguments naturally extend to the higher-dimensional case.

The material of this chapter is based on the work by Mei et al. [24].
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