Chapter 1 )
Oscillation-Preserving Integrators Shethie
for Highly Oscillatory Systems

of Second-Order ODEs

In this chapter, from the point of view of Geometric Integration, i.e. the numer-
ical solution of differential equations using integrators that preserve as many as
possible the geometric/physical properties of them, we first introduce the concept
of oscillation preservation for Runge—Kutta—Nystrom (RKN)-type methods and
then analyse the oscillation-preserving behaviour of RKN-type methods in detail.
This chapter is also accompanied by numerical experiments which show the
importance of the oscillation-preserving property for a numerical method, and the
remarkable superiority of oscillation-preserving integrators for solving nonlinear
multi-frequency highly oscillatory systems.

1.1 Introduction

This chapter focuses on oscillation-preserving integrators for ordinary differential
equations and time-integration of partial differential equations with highly oscil-
latory solutions. As is known, one of the most difficult problems in the numerical
simulation of evolutionary problems is to deal with highly oscillatory problems, and
here we refer to two important review articles on this subject by Petzold et al. [1]
and Cohen et al. [2]. These type of problems occur in a variety of fields in science
and engineering such as quantum physics, fluid dynamics, acoustics, celestial
mechanics and molecular dynamics, including the semidiscretisation of nonlinear
wave equations and Klein—-Gordon (KG) equations. The computation of highly
oscillatory problems contains numerous enduring challenges (see, e.g. [1-8]). It is
important to note that standard methods need a very small stepsize and hence a long
runtime to reach an acceptable accuracy for highly oscillatory differential equations.
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In this chapter, we focus on the following initial value problem of nonlinear multi-
frequency highly oscillatory second-order ordinary differential equations

{y” +My=f(y,y), tel0,TI,
(1.1)

y(0) =yo, Y(0) =y,

where y € R?, and M € RY*? is a positive semi-definite matrix that implicitly
contains the dominant frequencies of the highly oscillatory problem and ||M| >

max {1, of

dy
to the number of degrees of freedom in the space semidiscretisation such as

semilinear wave equations, and then ||M| will tend to infinity as finer space
semi-discretisations are carried out. Among typical examples of this type are semi-
discretised KG equations (see, e.g. [9-11]).

In the case where M = 0, (1.1) reduces to the conventional initial value problem
of second-order differential equations

}. In some applications, the dimension d of the matrix M refers

{y” = f(y,y), t€l[0,T],
(1.2)

y(©0) =yo, Y'(0) =y

As is known, the standard RKN methods (see [12]) are very popular for solving
(1.2). However, it may be believed that the standard RKN methods were not
initially designed for the nonlinear multi-frequency highly oscillatory system (1.1).
The standard RKN methods, including symplectic and symmetric RKN methods
may result in unfavorable numerical behaviour when applied to highly oscillatory
systems (see, e.g. [10, 13]). As a result, various RKN-type methods for solving
highly oscillatory differential equations have received a lot of attention (see, e.g.
[1,2,6,8, 11, 13-28]).

In designing numerical integrators for efficiently solving (1.1), the so-called
matrix-variation-of-constants formula plays an important role, which is summarised
as follows:

Theorem 1.1 (Wu et al. [25]) If M € R4 s q positive semi-definite matrix and
f: RY x RY — R? in (1.1) is continuous, then the exact solution of (1.1) and its
derivative satisfy the following formula

t A
y(t) =po(t*M)yo + t1 (t* M)y, + fo (t — D1 ((t — T)*M) f(r)dx,

t

Y (t) = — tMey (2 M) yo + do(t* M)y + fo ¢o((t — 1)2M) f (1)dr,
(1.3)
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fort € [0, T], where
f@ = fy@.y'®)

and the matrix-valued functions ¢o(V) and ¢1(V) of V € R4*? are defined by

o]

. B (_1)kvk
$i(V) —]; T (1.4)

fori=0,1,2,---.

Remark 1.1 Actually, the matrix-variation-of-constants formula (1.3) provides an
implicit expression of the solution of the nonlinear multi-frequency highly oscil-
latory system (1.1), which gives a valuable insight into the underlying highly
oscillatory solution. The formula (1.3) also makes it possible to gain a new insight
into the standard RKN methods for (1.2) (see Sect. 1.2 for details).

If f(y,y") =0, (1.3) yields

{ y(t) =go(t*M)yo + 11 (2 M)y}, s

Y(0) = — 1M1 (1> M) yo + po(1* M)y,
which exactly solves the system of multi-frequency highly oscillatory linear homo-

geneous equations

y// + My — O,
(1.6)

y(0) =yo, ¥'(0) = yp,
associated with the nonlinear highly oscillatory system (1.1).

Assume that both y(z,) and y'(z,) at t = 1, € [0, T] are prescribed, it follows
from the formula (1.3) that

Yty + 1th) = po(*V)y(t)
M A
T w1 G2V)Y () + 1 fo (= 061 (1 — 02V f(1n + £h) de.

Y (ty + ph) = — uh My (1> V) y (1)

M ~
+ o V)Y (ty) + h fo do((e — *V) f(ta + ¢h) dg,
(1.7)
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where V = h?M and 0 < 1 < 1. The special case where i = 1 in (1.7) gives
l ~
Y(tn +h) = ¢o(V)y(tn) + h1 (V)Y (ta) + hz/() (1= 2)¢1((1 = 2)°V) f (1 + h2)dz,

l A
¥ (tn + ) = —hMS1 (V)Y (i) + o (V)Y (1) + fo Go((1 — 2V 1 + ho)dz.
(1.8)

Remark 1.2 'We here remark that since the formula (1.3) is an implicit expression
of the solution of the nonlinear multi-frequency highly oscillatory system (1.1), the
formula (1.7) with 0 < @ < 1 exposes the structure of the internal stages, and
(1.8) expresses the structure of the updates in the design of an RKN-type integrator
specially for solving the nonlinear multi-frequency highly oscillatory system (1.1).

In applications, an important special case of (1.1) is that the right-hand side function
f does not depend on y/, i.e.,

:y” +My=f(, t€l0,T],
, , (1.9)
y(0) =yo, y(0) =y
The case where M = 01in (1.9) gives
!y” =f(). 1€[0,T],
, , (1.10)
y(0) =yo, y(0) =y

Remark 1.3 Here it is important to realise that the matrix-variation-of-constants
formula (1.3) is also valid for the nonlinear multi-frequency highly oscillatory
system (1. 9), and so are the formulae (1.5), (1. 7) and (1. 8), provided we replace
f@ = f(y@). ¥'(©)) appearing in (1.3) with f(2) = f(y(x)).

Obviously, the formula (1.5) implies that if y, = y(#,) and y,, = y'(#,), then we
have

Y(tn + cih) =¢o(c}V)yn + cihd1 (7 V)y,,

(1.11)
Y (t + cih) = — cihM1 (¢ V) yu + o (¢ V) v,
forany t,, t =t, +c;h € [0,T], where h > 0and0 < ¢; < lfori =1,---,s.
In what follows, it is convenient to introduce the block vector which will be used
in the analysis of oscillation preservation in Sect. 1.4:

A

Y=, DT, (1.12)

s
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where
Yi = y(ty + cih),

express the exact solutions to the multi-frequency highly oscillatory linear homoge-
neous equation (1.6) att = t, + ¢c;h fori = 1,---,s. It is clear from (1.11) and
(1.12) that Y is a block vector, which can be expressed in the block-matrix notation
with Kronecker products as

Y = ¢0(C*® V(e ® yn) + h(C ® [)$1(C> @ V)(e ® yp), (1.13)
wheree = (1,1,--- ,1)Tisan s x 1 vector,
C = diag(cy, -+, c5)
is an s x s diagonal matrix, and the block diagonal matrices are given by

$0(C* ® V) = diag(go(clV), -+, do(c2V)),
(C ® In)¢1(C* @ V) = diag(c1¢1(c]V), -+, esp1(c2V)).

Ift =1, + h, namely, ¢; = 1, the formula (1.11) is identical to

Y(tw +h) =¢o(V) yn + hp1 (V)

(1.14)
Y (tn +h) == hMe1(V)yn + do(V) -

Historically, the ARKN methods and ERKN integrators were successively proposed
and investigated in order to solve the highly oscillatory system (1.1) and (1.9),
respectively. Although both ARKN methods and ERKN integrators were proposed
and developed from single frequency to multi-frequency oscillatory problems in
chronological order, throughout this chapter we are only interested in nonlinear
multi-frequency highly oscillatory systems.

1.2 Standard Runge-Kutta—Nystrom Schemes
from the Matrix-Variation-of-Constants Formula

It is interesting to point out that the formula (1.7) provides an enlightening approach
to standard RKN methods for solving second-order initial value problems (1.2)
numerically, although Nystrom established them in 1925 (see Nystrom [12]). To
clarify this, using the matrix-variation-of-constants formula (1.7) with M = 0, we
are easily led to the following formulae of integral equations for second-order initial
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value problems (1.2):

M n
V(oo + 1) = y(t) + uhy' (t) + 2 / (14— 2)f (1o + h2) dz,
0

., (1.15)
¥ tn + ) = ¥ (1) + b f Fltw + ho) dz,
0
forO < u < 1, and
1 ~
y(tn +h) = y(tn) + hy'(t,) + hz/ (I —2) f(tn + hz)dz,
0 (1.16)

1
Yty +h) =y (t,) +h f fy + hz) dz,
0

for u = 1, where f(v) := Fr), ym).

Clearly, the formulae (1.15) and (1.16) contain and generate the structure of
the internal stages and updates of a Runge—Kutta-type integrator for solving (1.2),
respectively. This indicates the standard RKN scheme in a quite simple and natural
way compared with the original idea (with the block vector (yT, y'T)T regarded as
the new variable, (1.2) can be transformed into a system of first-order differential
equations of doubled dimension, and then we apply Runge—Kutta methods to the
system of first-order differential equations, accompanying some simplifications).
Approximating the integrals in (1.15) and (1.16) by using a suitable quadrature
formula with nodes ¢y, --- , ¢s, we straightforwardly obtain the standard RKN
methods (see Nystrom [12]) as follows.

Definition 1.1 An s-stage RKN method for the initial value problem (1.2) is
defined by

N
Yi =y + cihy;, +h226_lijf(Yj, Y),i=1,---,s,
=1
N
Yi/:y;,+hzaijf(Yj,Y;), i=1,---,s,
1
’ s (1.17)
Yl = Ya +hyy + 12 bi f(Y;, Y)),
i=1

N
Vo1 =vn+h Y bif(¥i, Y],

i=1

where a;;, a;j, b;, b;, cijfori, j =1,---,s are real constants.
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The standard RKN method (1.17) also can be expressed in the partitioned Butcher
tableau as follows:

cLap -+ ayg ap -+ A
cA A =Csas1"'assas1"'ass
bT bT by -+ by by - by

where b = (51,-~- ,I;S)T, b = (b, ---,b)Tand ¢ = (c1,---,c5)T are s-
dimensional vectors, and A = (a;;) and A = (a;;) are s X s constant matrices.

1.3 ERKN Integrators and ARKN Methods Based
on the Matrix-Variation-of-Constants Formula

The integration of highly oscillatory differential equations has been a challenge for
numerical computation for a long time. Much effort has been focused on preserving
important high-frequency oscillations. The adapted RKN (ARKN) methods and
extended RKN (ERKN) integrators were proposed one after another.

1.3.1 ARKN Integrators

What is the difference between a standard RKN method and an ARKN method for
(1.1)? Inheriting the internal stages of standard RKN methods (ignoring the matrix-
variation-of-constants formula (1.7)) and approximating the integrals appearing
in (1.8) by a suitable quadrature formula with nodes cy, -- - , ¢s to modify only
the updates of standard RKN methods yields the ARKN methods for the nonlinear
multi-frequency highly oscillatory system (1.1).
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Definition 1.2 (Wu et al. [29]) An s-stage ARKN method with stepsize 4 > 0 for
solving the multi-frequency highly oscillatory system (1.1) is defined by

N
Yi = yu+heiyy + 02y a(f(Y;.Y) = MY)),  i=1- s,
j=1

N
Y =y, +h Y aij(f(Y, Y) — MYj), i=1,.s
j=1

Vit = Go(V)yu + ht (Vv + 123 Bi(V) f(¥:, Y)),

i=1

Vo1 = —hM@ 1 (V)yn + oV, + 1Y bi(V) f(Y;. Y)),

i=1

(1.18)
where a;;,a;j,¢; fori,j = 1,---,s are real constants, and Ei(V), b; (V) for
i =1,---,s in the updates are matrix-valued functions of V = h2M. The ARKN

method (1.18) can also be denoted by the partitioned Butcher tableau

¢ ajy -+ dis  ajl -+ Qg
c A A — Cs Qs1 -+ dgs dgl -+ dss
bT(V) bT(V) bi(V) -+ bs(V) bi(V) -+ by(V)

In the block-matrix notation with Kronecker products, (1.18) can be expressed as

Y=e®yu+hc®y, + (AR 1)(f(X,Y) — (I, ® M)Y),
Y=e®y, +h(AQ 1) (f(Y.Y) — (I, ® M)Y),

Ynt1 = do(V)yn + ht (V)y,, + B2bT(V) £ (Y, Y,

Ynar = —hM@1(V)yn + ¢o(V)y, + hbT(V) f (Y. Y)),

(1.19)

where e is an s x 1 vector of units, and the block vectors involved are defined by
Y = (YIT,... ,YT)T’ Y = (Y{T’ oo YS’T)T,

fY)=(f, Y)T, -, (X, YDT)T.
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It is noted again that the internal stages of an ARKN method are the same as those
of standard RKN methods, and only its updates have been modified. Concerning
single-frequency ARKN methods, readers are referred to [14, 30], and the research
on symplectic ARKN methods can be found in [31, 32]. Besides, Franco was the first
to attempt to extend his single-frequency ARKN methods in [14] to multi-frequency
systems (1.9), but his order conditions are based on single-frequency theory (see
[30, 33]).

It is also important to emphasise that the internal stages and the updates for
an RKN-type method when applied to (1.1) should play the same role in the
approximation based on its matrix-variation-of-constants formula (1.7), and the
well-known fact that

Yi & y(ty + cih), Y/ =~y (tn + cih),
fori=1,---,s and

Vb1 X Y(tag1) = Yo + 1), Yoy Y (tngr1) = ¥ (ta + h).

Unfortunately, from this point of view, it can be observed from (1.18) that the
internal stages of an ARKN method are not put on an equal footing in the light
of the matrix-variation-of-constants formula (1.7). This means that the revision or
modification of an ARKN method for the multi-frequency highly oscillatory system
does not go far enough and is still far from being satisfactory from both a theoretical
and practical perspective. This key observation motivates ERKN integrators for the
nonlinear multi-frequency highly oscillatory system (1.9), which can also be thought
of as improved ARKN methods.

1.3.2 ERKN Integrators

Since we have mentioned that the ARKN method is still not satisfactory due to its
internal stages, it is natural to improve both the internal stages and updates of an
RKN method in the light of the matrix-variation-of-constants formulae (1.7) and
(1.8) with f @)y=rf (y(; )). To this end, approximating the integrals appearing in
the formulae by using a suitable quadrature formula with nodes c1, - - - , ¢5 leads to
the following ERKN integrator for the nonlinear multi-frequency highly oscillatory
system (1.9).
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Definition 1.3 (Wu et al. [25]) An s-stage ERKN integrator for the numerical
integration of the nonlinear multi-frequency highly oscillatory system (1.9) with
stepsize & > 0 is defined by

N
Yi = ¢o(c]V)yn + cihgr (T V)yy + 12 Y ay(V)f(¥)), i=1,-.s,

j=1

Yt = G0(V)yu +he1(V)y, + Y bi(V) f(¥),

i=1

Vg1 = —hM@L(V)yn + do(V)yy +h Y bi(V) f(Yy),
i=1

(1.20)

where ¢; fori = 1,---,s are real constants, b; (V), Bi(V) fori =1,---,s, and
a;j(V)fori, j =1,---,s are matrix-valued functions of V = hM.

The scheme (1.20) can also be denoted by the following partitioned Butcher
tableau

cr app(V) - ais(V)

c AV) ey an(V) - a(V)
bT(V) = bi(V) - bs(V)
bT(V) by(V) -+ bs(V)
It will be convenient to express the equations of (1.20) in block-matrix notation in
terms of Kronecker products
Y = ¢o(C*® V)(e ® ya) +h(C ® I)¢1(C* @ V)(e ® y,) + h*A(V) f(Y),
Yar1 = o(V)yn +hd1(V)y, + 2T (V) f (1),

Vg1 = —hMo1(V)yn + ¢o(V)y, +hbT (V) f(Y),
(1.21)
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wheree = (1,1, -+, 1)Tisans x 1 vector of units, c = (¢, -+ ,cs)Tisans x 1
vector of nodes, C = diag(cy, - -, ¢s) is an s x s diagonal matrix, and the block
vectors and block diagonal matrices are given by

Y f)
Yy=\|:1, fM=| [,
Y, fXs)

$o(C? ® V) = diag(¢o(clV), -+, go(c2V)),
(C ® In)¢1(C* @ V) = diag(cig1(cIV), -+, espr1(c2V)).

Here, it should be remarked that both internal stages and updates of an ERKN
integrator have been revised and improved in terms of the matrix-variation-of-
constants formulae (1.7) and (1.8) with f(¢) = F(y(©)). This class of ERKN
integrators has been well developed, and we will further present their stability and
convergence analysis in Chap. 3. Moreover, we will also make an attempt to discuss
ERKN integrators combined with Fourier pseudospectral discretisation for solving
semilinear wave equations in Chap. 3.
If f(y) =0in (1.9), then accordingly (1.20) reduces to

Yi = ¢o(c?V)yn + cihdpr(FV)y,, i=1,--- s,

Yt1 = do(V)yn + hep1 (V)y,, (1.22)
Y1 = —hM1(V)yn + ¢o(V)y,.

In terms of Kronecker products with block-matrix notation, (1.22) can be expressed
by
Y = ¢0(C? @ V)(e® yn) + h(C ® 1)$1(C* @ V) (e ® y,),
Ynt1 = do(V)yn + hd1(V)y,, (1.23)
Vet = —hMP1(V)ya + do(V)y,.
It follows from (1.13) and (1.14) that both the internal stages and updates of

an ERKN integrator exactly solve the multi-frequency highly oscillatory linear
homogeneous equation (1.6) on noticing the fact that

Y=Y, yur1 = Y(tat1), Yoiy = ¥ (tns1). (1.24)

It is worth pointing out that (1.24) is an essential feature of ERKN integrators,
especially for the effective treatment of nonlinear multi-frequency highly oscillatory
systems and this property inherits and develops the idea of the Filon-type method
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for highly oscillatory integrals (see, e.g. [34, 35]), since the dominant oscillation
source introduced by the linear term My has been calculated explicitly.

It is known that energy-preserving methods can be expressed as so-called contin-
uous stage Runge—Kutta methods. Here, from the perspective of the continuous-
stage Runge—Kutta methods (see, e.g. [36—41]), it is also worth noting that
continuous-stage ERKN integrators for (1.9) have not received enough attention.
We will next introduce the definition of continuous-stage ERKN integrators.

Definition 1.4 A continuous-stage ERKN integrator for solving the nonlinear
Hamiltonian system (1.9) is given by

1
Yo = g0(22V)yn + Thet (22V)y, + h2 / Aey(V) f(Yo)do, 0<t<I,
0
1 —_
Yust = do(V)yn + hdr (V)3 + i /0 Be (V) (Yo)dr,

1
Vhar = —hM@1(V)yn + go(V), + h fo be(V) f(¥r)dr,

(1.25)

where b.(V), b;(V) are matrix-valued functions of 7 and V, and AT,J(V) is a
matrix-valued function depending on 7, 0 and V.

We will further discuss continuous-stage extended Runge—Kutta—Nystrom meth-
ods for highly oscillatory Hamiltonian systems in Chap. 2. Continuous-stage Leap-
frog schemes for semilinear Hamiltonian wave equations will be investigated in
detail in Chap. 12.

1.4 Oscillation-Preserving Integrators

It is well known that efficiency is often an important consideration for solving
multiple high-frequency oscillatory ordinary differential equations over long-time
intervals, although standard RKN methods are popular and effective for second-
order ordinary differential equations in many applications. One needs to select
an appropriate mathematical or numerical approach to track the high-frequency
oscillation in order to use larger stepsizes over long-time intervals.

In the last few decades, geometric numerical integration for differential equations
has received more and more attention in order to respect their structural invari-
ants and geometry. The geometric numerical integration for nonlinear differential
equations has led to the development of numerical schemes which systematically
incorporate qualitative features of the underlying problem into their structures.
Accordingly, first of all, a numerical algorithm should respect the highly oscillatory
structure of the underlying continuous system (1.1) or (1.9), in the sense of Geomet-
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ric Integration. On noticing that the Filon-type method (see, e.g. [34, 35]) for highly
oscillatory integrals is very successful, and the idea behind this method is that the
oscillatory part involved in these integrals must be calculated explicitly, this point is
also essential for efficiently solving the nonlinear multi-frequency highly oscillatory
system (1.1) or (1.9). This idea for exponential or trigonometric integrators, in fact,
has been used for decades by many authors (see, e.g. [4, 15, 16, 42-46]).

It is noted that a comprehensive review of exponential integrators can be found
in Hochbruck and Ostermann [46], in which Gautschi-type methods, impulse and
mollified impulse methods (see, e.g. Grubmiiller et al. [47]), multiple time-stepping
methods (see Hairer et al. [15], Chapter VIII. 4), and adiabatic integrators (see
Lorenz et al. [48]) were reviewed in detail for the highly oscillatory second-order
differential equation, and for the singularly perturbed second-order differential
equation, respectively. Hence, in this chapter, we won’t cover them again.

Here, it is clear that high oscillations are brought by the linear part My of (1.1)
or (1.9) which should be solved explicitly and exactly for an efficient numerical
integrator. Therefore, it will be convenient to introduce the concept of oscillation-
preserving numerical methods for solving the nonlinear highly oscillatory system
(1.1) or (1.9). Taking into account the significant fact that the internal stages Y;
fori = 1,---,s, must be nonlinearly involved in the updates y,; and y,’, 4 at
each time step for an RKN-type method when applied to (1.1) or (1.9), we present
the following definition of oscillation-preserving numerical methods for efficiently
solving the nonlinear multi-frequency highly oscillatory system (1.1) or (1.9).

Definition 1.5 An RKN-type method for solving the nonlinear multi-frequency
highly oscillatory system (1.1) or (1.9) is oscillation preserving, if its internal stages
Y; fori = 1,.--,s, together with its updates y,4+; and y,’, 4 at each time step
explicitly and exactly solve the highly oscillatory homogeneous linear equation (1.6)
associated with (1.1) or (1.9). Apart from this, if only the updates of an RKN-type
method can exactly solve the highly oscillatory homogeneous linear equation (1.6),
then the RKN-type method is called to be partly oscillation preserving.

Theorem 1.2 An ERKN integrator is oscillation preserving, but an ARKN method
is partly oscillation preserving, and a standard RKN method is neither oscillation
preserving, nor partly oscillation preserving.

Proof In the light of Definition 1.5, it is very clear from (1.22) or (1.23) that an
ERKN integrator is oscillation preserving.

Unfortunately, an ARKN method is not oscillation preserving due to its internal
stages. In fact, applying the internal stages of the ARKN method (1.18) to (1.6)
gives

N
Yi = yn + cihy, — thzainj,
j=1
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fori =1, ---,s, which leads to
Y=e®@y+h(CRI)e®y) —h* (AR I)(I; @ M)Y, (1.26)
where e is an s x 1 vector of units,
h(C ® 1) = diag(hci 1y, - - , hesly),
and ® represents Kronecker products. We then obtain
Y= (L®L+h A LI QM) (¢®y+h(C®IL)edy))

= (I, ®@ I +h AR 1)U, & M) (e ® yn)

(I, ® It + WA ® 1)Uy ® M) ' h(C ® L) (e ® y)), (1.27)

provided det (IS QI+ h* (A I ® M)) # 0. In comparison with Y defined
in (1.13), this implies that

Y #7 =¢o(C2® V)(e® yu) + h(C @ IN$1(C2R@ V)(e® Y.

ie.,
Yi # Yi = ¢o(c] V) yn + cihgi (V) vy,
fori = 1,---,s, onnoticing the fact that
(CRIN$IC*®V) =1 (C? @ V)(C® La)
and
po(c7V) # 1 (c7V),
fori = 1,---,s. Therefore, it follows from Definition 1.5 that an ARKN method

cannot be oscillation preserving, although it is partly oscillation preserving due to
its updates. Since the internal stages of standard RKN methods are the same as those
of ARKN methods, a standard RKN method is not oscillation preserving. Moreover,
in a similar way, it can be shown that the updates of a standard RKN method cannot
exactly solve (1.6). This implies that a standard RKN method is neither oscillation
preserving nor partly oscillation preserving, because both its internal stages and
updates fail to exactly solve the highly oscillatory homogeneous linear equation
(1.6) associated with (1.1) or (1.9).

The proof is complete. O
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Clearly, it follows from (1.25) that a continuous-stage ERKN method for (1.9) is
also oscillation preserving.

Theorem 1.2 presents and confirms a fact that an ERKN integrator possesses
excellent oscillation-preserving behaviour for solving the nonlinear highly oscilla-
tory system (1.9) in comparison with RKN and ARKN methods.

With regard to the construction of arbitrary order ERKN integrators for (1.9),
readers are referred to a recent paper (see [18]). Concerning the order conditions of
ERKN integrators for (1.9), readers are referred to [26, 49].

1.5 Towards Highly Oscillatory Nonlinear Hamiltonian
Systems

As is known, Hamiltonian systems have very important applications. Nonlinear
Hamiltonian systems with highly oscillatory solutions frequently occur in areas
of physics and engineering such as molecular dynamics, classical and quantum
mechanics. Numerical methods used to treat them also depend on the knowledge
of certain other characteristics of the solution besides high-frequency oscillation.

We now consider the initial value problem of the nonlinear multi-frequency
highly oscillatory Hamiltonian system

{5[+Mq=f(q), tel0,T],
(1.28)

q(0) = g0, q(0) = qo,

where M is a d x d symmetric positive semi-definite matrix and f : R — R? is a
continuous nonlinear function of g with f(g) = —VU (q) for a real-valued function
U (g). Then, the highly oscillatory Hamiltonian system (1.28) can be rewritten as the
standard format

p=-V4H(p.q),
. (1.29)
q=VpH(p,q),
with the initial values ¢ (0) = go, p(0) = po = ¢o and the Hamiltonian
| L.
Hp.q)=,p'p+ ,4"Mq+U(q). (1.30)

It is well known that two remarkable features of a Hamiltonian system are the
symplecticity of its flow and the conservation of the Hamiltonian. Consequently,
for a numerical integrator for (1.29), in addition to oscillation preservation, these
two features should be respected as much as possible in the spirit of geometric
numerical integration. In the development of symplectic integration, the earliest
significant contributions to this field were due to Feng Kang, who was a pioneer
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in stressing the importance of using symplectic integrators when the equations to be
solved are Hamiltonian systems (see [50-52]). It is also worth noting the earlier
important work on symplectic integration by J. M. Sanz-Serna, who first found
and analysed symplectic Runge—Kutta schemes for Hamiltonian systems (see Sanz-
Serna [53]). For the survey papers and monographs on numerical approaches to
dealing with nonlinear Hamiltonian differential equations with highly oscillatory
solutions, readers are referred to [1, 2, 13, 15, 54, 55].

1.5.1 SSMERKN Integrators

Symplecticity is an important characteristic property of Hamiltonian systems and
symplectic methods have been well developed (see, e.g. [15, 52, 53, 56-60]).
Symplectic ERKN methods for highly oscillatory Hamiltonian systems have been
analysed (see Wu et al. [24]). Symplectic and symmetric multi-frequency ERKN
integrators (SSMERKN integrators) have been proposed and analysed for the
nonlinear multi-frequency highly oscillatory Hamiltonian system (1.29) in Wu et
al. [49].

We now state the coupled conditions of explicit SSMERKN integrators for
(1.29).

Theorem 1.3 An s-stage explicit multi-frequency ERKN integrator for integrating
(1.29) is symplectic and symmetric if its coefficients are given by

¢i=1—cs41-i, di=dsy1-; #0, i=1,2,---,s,

bi(V) = digo(cl,_; V), i=1,2---.s,

bi(V) =dicgr1-ipi(ct, V), i=1,2,-,s,

p 1 7 7 . . . .

aij(V) = d (bi(V)bj(V) - bi(V)bj(V)), i>j, i, j=1,2,---,s.
1

(1.31)

The detailed proof of this theorem can be found in Wu et al. [49]. It is noted
that when V. — 0,4, the ERKN methods reduce to standard RKN methods for

1
solving Hamiltonian systems with the Hamiltonian H (p, q) = ) pTp+U(qg). The
following result can be deduced from Theorem 1.3.

Theorem 1.4 An s-stage explicit RKN method with the coefficients
Ci:l—CS+1,i, di:ds+17i750, i=1,2,---,s,
bi =d;, b =dicsr1-i, i=1,2,---,5s, (1.32)

1 - _
C_lijzd(bibj—bibj), P>, i, j=1,2-,s,

i
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1
is symplectic and symmetric. In (1.32), d; fori = 1,2,---, s—; , are real

numbers and can be chosen based on the order conditions of RKN methods or other

s+ 1 s 4+
requirements, where \‘ 5 J denotes the integer part of )

The proof of Theorem 1.4 can be found in [49].

Theorem 1.5 An SSMERKN integrator is oscillation preserving. However, a sym-
plectic and symmetric RKN method is neither oscillation preserving, nor partly
oscillation preserving.

Proof 1t follows directly from the definition of oscillation preservation (Definition
L.5). O

Hence, we conclude from Theorem 1.5 that a symplectic and symmetric RKN
method may not be a good choice for efficiently solving the nonlinear multi-
frequency and highly oscillatory Hamiltonian system (1.29) due to its lack of
oscillation preservation, whereas an SSMERKN integrator is preferred. This point
will also be observed from the results of numerical experiments in Sect. 1.7.

With regard to energy-preserving continuous-stage extended Runge—Kutta—
Nystrom methods for nonlinear Hamiltonian systems with highly oscillatory solu-
tions, see Chap. 2 for details.

1.5.2 Trigonometric Fourier Collocation Methods

Geometric numerical integration is still a very active subject area and much work has
yet to be done. Accordingly, the exponential/trigonometric integrator has become
increasingly important (see, e.g. [8, 13, 15, 20, 61-64]). The original attempts at
exploring exponential/trigonometric algorithms for the oscillatory system (1.28)
with the special structure brought by the linear term Mg were motivated by many
fields of research such as mechanics, astronomy, quantum physics, theoretical
physics, molecular dynamics, semidiscrete wave equations approximated by the
method of lines or spectral discretisation. The exponential/trigonometric methods
take advantage of the special structure to achieve an improved qualitative behaviour,
and produce a more accurate long-time integration than standard methods.

We next consider the highly oscillatory system (1.28) which is restricted to the
interval [0, h] :

g@) + Mq (1) = f(q@)), q(0) = qo. ¢(0) = qo. 1€[0,n].  (1.33)



18 1 Oscillation-Preserving Integrators for Highly Oscillatory Systems of Second-. ..

It follows from the matrix-variation-of-constants formula that the exact solution of
the system (1.33) and its derivative satisfy

1
q(h) = o(V)qo + he1 (V) po + h* /O (1 —2)¢1((1 — 2)2V) £ (q(hz))dz,

1
p(h) = =hM¢1(V)qo + ¢o(V) po + h/O po((1 —2)*V) f(q(h2))dz,
(1.34)

for stepsize h > 0, where V = WM.

Choose an orthogonal polynomial basis {13]-}7‘;0 on the interval [0, 1]: e.g.,
the shifted Legendre polynomials over the interval [0, 1], scaled in order to be
orthonormal. Hence, we have

1
/ P;i(x)Pj(x)dx = &;;, deg (Pj) =/, i,j>0,
0

where §;; is the Kronecker symbol. The right-hand side of (1.33) can be rewritten
as

o - 1 -
flgEh)) = ZPJ(S)V/'(Q), § €[0,1]; vi(q) 2=/0 Pj(7) f(q(th))dr.
=0
(1.35)

For the sake of simplicity we now use y;(q) to denote the coefficients y; (h, f(q))
involved in the Fourier expansion.

We now state a result which follows from (1.34) and (1.35), and the proof can be
found in Wang et al. [8].

Theorem 1.6 The solution of (1.33) and its derivative satisfy

q(h) = go(V)go + h¢1(V)po +h* Y 11 jv;(q).
= (1.36)

p(h) = —=hM¢1(V)go + do(V)po + h Y I jvi(q),
j=0

where

I I
5. :/0 Pi@(1 = 2)¢1((1 = 2)*V)dz, b 3=/0 P;(2)¢o((1 —2)*V)dz.
(1.37)
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Naturally, a practical scheme to solve (1.28) needs to truncate the series (1.35)
after » (r > 2) terms and this means replacing the initial value problem (1.28) with
the following approximate problem

q'h) = p&Eh),  4(0) = qo,

., i = L (1.38)
P& = —MGEn) + Y Pi®)y;(@. pO) = po.
j=0

We then obtain the implicit solution of (1.38) as follows:

r—1

G(h) = ¢o(V)go +h¢1(V)po +h> Y 11.jvj (@),
= (1.39)

r—1

plh) = —hM1(V)go + do(VIpo +h Y L. jvi(@).
j=0

The analysis stated above leads to the following definition of the trigonometric
Fourier collocation methods.

Definition 1.6 (Wang et al. [8]) A trigonometric Fourier collocation (TFC)
method for integrating the oscillatory system (1.28) or (1.29) is defined by

r—1 k

vi = ¢o(c;V)qo + cihr (V) po + (cih)* Y 11 jo; Y biPj(en) f(vr),
j=0 =1

r—1 k
v(h) = ¢o(V)go +hd1 (V)po + 1> 1 ;> biPj(er) f (),
j=0 =1
r—1 k

u(h) = —=hM¢1(V)go + ¢o(V)po+h Y Ioj ¥ biPj(cr) f (),

j=0 =1

(1.40)

where /£ is the stepsize, r is an integer satisfying 2 < r < &, }3/ are defined by

B - iU ik |
Pj(x):(—1)f\/2]+1]; <£) <J L )(—x)k, j=0,1,---, x € [0, 1],
(1.41)
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and ¢;, by forl = 1,2,.-- ,k, are the nodes, and the quadrature weights of a
quadrature formula, respectively. /1 j, I2j, and Iy j ., are well determined by the
generalised hypergeometric functions (see Wang et al. [8] for details):

m
" . -~ 1—{(061')1
F 1,062, ", th}: 1=
mn[ﬂlaﬂ?.a“"ﬂ' Z "

n»

x' . (1.42)

Al
=0 l—[(ﬂi)z
i=1

In (1.42), the Pochhammer symbol (2); is recursively defined by (z)o = 1 and (z); =
z2(z+1)---(z+1—1), I € N, and the parameters ¢; and §; are arbitrary complex
numbers, except that §; can be neither zero nor a negative integer.

Remark 1.4  We remark that ¢o(V) and ¢1(V) defined by (1.4) can also be
expressed by the generalised hypergeometric function ¢ F;:

w=oFi |1~ | a=om |3~ |. (1.43)
2’ 2’

The other ¢;(V) for j > 2 can be recursively obtained from ¢o(V) and ¢1(V)
(see, e.g. [54]). This hypergeometric representation is useful, and most modern
software, e.g., Maple, Mathematica, and Matlab, is well equipped for the calculation
of generalised hypergeometric functions.

Remark 1.5 Although the TFC method (1.40) approximates the solution g (), p(¢)
of the system (1.28) or (1.29) only in the time interval [0, &], the values v(h), u(h)
can be considered as the initial values for a new initial value problem approximating
q(t), p(t) in the next time interval [A, 2A]. In such a time-stepping routine manner,
we can extend the TFC methods to the interval [(i — 1)h, ik] for any i > 2 and
finally obtain a TFC method for g(¢), p(¢) in an arbitrary interval [0, Nh]. For
more details, readers are referred to Wang et al. [8].

Concerning the order of TCF methods, we assume that the quadrature formula
for yj(g) in (1.35) is of order m — 1. Then the order of TFC methods is of order
n = min{m, 2r}. The details can be found in Wang et al. [8].

Theorem 1.7 The TFC method (1.40) is oscillation preserving.

Proof Clearly, it follows from the definition of TFC method (1.40) that the TFC
method (1.40) is a kind of k-stage RKN-type method, and both its internal stages
and updates exactly solve the system of multi-frequency highly oscillatory linear
homogeneous equations (1.6). Consequently, the TFC method (1.40) is oscillation
preserving. O
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It is worth mentioning that the TFC method (1.40) is based on the variation-of-
constants formula and a local Fourier expansion of the underlying problem, via the
approximation of orthogonal polynomial basis. The approximation of orthogonal
trigonometric basis is another possible strategy in the effort to solve (1.33).

1.5.3 The AAVF Method and AVF Formula

It is known that one of the important characteristic properties of a Hamiltonian
system is energy conservation. The study of numerical energy conservation for
oscillatory systems has appeared in the literature (see, e.g. Hairer et al. [65, 66], Li
et al. [7]). In particular, the average-vector-field (AVF) formula (see, e.g. [67, 68])
for (1.10) is of great importance, once (1.10) is a Hamiltonian system.

It follows from the matrix-variation-of-constants formula (1.3) that the solution
of (1.28) and its derivative satisfy the following equations:

t A
a(6) =go(:2M)go + 161 (> M) po + /0 (1 — O ((t — ©)*M) F(©)dz,

t
p(t) = — tM¢1(t*M)qo + ¢o(1*M) po + /0 do((t — O)*M) £ (0)dg,
(1.44)

where 7 is any real numbers and f () = f(g(©)).
The formula (1.44) motivates the following integrator with stepsize 4 of the form:

gnt1 = do(V)gn + he1 (V) p, + h*101,

1.45
Pn+1 = —hMp1(V)gn + ¢o(V) pn + hIQza ( .

where V. = h*M, and 1Q", 1Q? can be determined by the energy-preserving
condition at each time step:

H(pu+1, qn+1) = H(pn, qn)-

We now state a sufficient condition (see, e.g. Wang and Wu [21]) for the scheme
(1.45) to yield energy preservation.

Theorem 1.8 If

1 1
10" = ¢2(V)A F((1=0)gn + Tgur1)dr, 10% = ¢1(V)A F((1 = D)gn + tgnt1)dr,
(1.46)
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then the scheme (1.45) exactly preserves the Hamiltonian (1.30), i.e.,

H(pnt1.qnv1) = H(pn, gn), n=0,1,---. (1.47)

Thus, we state the adapted average-vector-field (AAVF) method (see [21, 23]) as
follows:

Definition 1.7 An adapted average-vector-field (AAVF) method with stepsize & for
the multi-frequency highly oscillatory Hamiltonian system (1.28) is defined by

1
gnt+1 = Po(V)qn + hp1 (V) pn + h2¢2(V)/O (1= 0)gn + Tqn1)dr,

1
Pn+1 = —hM@1(V)qn + ¢o(V) pn + h¢1(V)/0 (1 =1)gn + Tqny1)dr,
(1.48)

where ¢o(V), ¢1(V) and ¢(V) are determined by (1.4).

It follows from Theorem 1.8 that the AAVF method (1.48) is energy preserving.
It can be observed that when M = 0 in (1.48), the AAVF method reduces to the
well-known AVF formula for (1.10) with y = ¢ and f(g) = —VU(q) (see, e.g.
[67, 68]):
h2 1
) /0 f((l —T)gn + tq,,+1)dt,

1
Pn+1 = Dn + h[) f((l —T)qn + TQn+1)d77~

dn+1 = qn + hpn +
(1.49)

Remark 1.5.1 This class of discrete gradient methods is very important in Geo-
metric Integrators, and the first actual appearance of the integrator that came to be
known as the AVF method was in [68]. On the basis of this idea, we will analyse
linearly-fitted conservative (dissipative) schemes for nonlinear wave equations
in Chap.8. We also consider the volume-preserving exponential integrators for
different vector fields in Chap. 6. Furthermore, we will present energy-preserving
integrators for Poisson systems in Chap. 4 and energy-preserving schemes for high-
dimensional nonlinear KG equations in Chap. 9.

Many physical problems have time reversibility and this structure of the original
continuous system can be preserved by symmetric integrators (readers are referred
to Chapter V of Hairer et al. [15] for a rigorous definition of reversibility). The
AAVF methods were also proved to be symmetric (see, e.g. [21]). However, it
follows from the definition of oscillation preservation (Definition 1.5) that an AAVF
method is neither oscillation preserving nor is the AVF method. Fortunately, an
AAVF method is partly oscillation preserving due to its updates, and the result is
stated as follows.
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Theorem 1.9 The AAVF method for (1.28) is partly oscillation preserving.

Proof Similarly to the AVF method, the AAVF method defined by (1.48) is also
dependent on the integral and, in practice, the integral usually must be approximated
by a numerical integral formula (see, e.g. [23]), a weighted summation of the
evaluations of function f at s different values ¥; = (1 — tj)gy + Tigny1 for
i = 1,---,s, which can be regarded as the internal stages of the AAVF method.
Obviously, the updates of an AAVF method can exactly solve the highly oscillatory
homogeneous linear equation (1.6), but the internal stages cannot. The proof is
complete. O

Remark 1.6 It is worth mentioning that in a recent paper, the AAVF methods have
been extended to the computation of high-dimensional semilinear KG equations.
Readers are referred to Chap.9 for details. Moreover, long-time momentum and
actions behaviour of the AAVF methods for Hamiltonian wave equations are
presented in Chap. 14. Furthermore, the global error bounds of one-stage ERKN
integrators for semilinear wave equations are analysed in Chap. 7. We also discussed
the resonance instability for AAVF methods (see [54]).

1.6 Other Concerns Relating to Highly Oscillatory Problems

Gautschi-type methods have been intensively studied in the literature, and general
ERKN methods for highly oscillatory problems have been proposed. Here, it is also
important to recognise that the numerical solution of semilinear Hamiltonian wave
equations is closely related to oscillation-preserving integrators.

1.6.1 Gautschi-Type Methods

This section starts from the Gautschi-type methods which have been well investi-
gated in the literature (see, e.g. [4, 16, 69]). Gautschi-type methods for the nonlinear
highly oscillatory Hamiltonian system (1.29) can be traced back to a profound paper
of Gautschi [43]. Gautschi-type methods are special explicit ERKN methods of
order two (see [10]). An error and stability analysis of the Gautschi-type methods
can be found in [16]. Thus, Gautschi-type methods are oscillation preserving in
the light of Definition 1.5. However, it is noted that ERKN methods for the highly
oscillatory Hamiltonian system (1.29) can be of an arbitrarily high order which can
be thought of as generalised Gautschi-type methods.
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1.6.2 General ERKN Methods for (1.1)

We next turn to the general ERKN methods for solving nonlinear multi-frequency
highly oscillatory second-order ordinary differential equations (1.1).

Definition 1.8 (You et al. [27]) An s-stage general extended Runge—Kutta—
Nystrom (ERKN) method for the numerical integration of the IVP (1.1) is defined

by

s
Yi = ¢o(cfV)yn + i1 (FVOhy, +h* Y aij(V)F (YY), i=1, s,
j=1

s
Y] = =iV (] V)yn +do(] Iy, + 12 Y aij(V)F(¥;, ¥)), =15,
j=1

st = Go(V)yn + @1 (V)hy, + 1> Y bi(V) f(¥i, Y)),
i=1

hyyy = =Vo1(V)ya +do(Vhy, +h2 > bi(V) f (i, Y)),

i=1

(1.50)

where ¢o(V), ¢1(V), ai;j(V), a;j(V), b;(V) and b;(V) fori,j = 1,--- s, are
matrix-valued functions of V = hZM.

The general ERKN method (1.50) in Definition 1.8 can also be represented
briefly in a partitioned Butcher tableau of the coefficients:

c A(V) A(V)
bT(V) bT(V)

cr a1 (V) app(V) ---ais(V) ann(V) aip(V) --- ais (V)

¢z ax1(V) apn(V) -+ axs(V) ax(V) an(V) --- ax(V)

Do : .o : R (1.51)
_ Cs as1(V) asa(V) -+ ass(V) as1(V) as2(V) - -+ ass(V)

b1(V) ba(V) -+ by(V) bi(V) ba(V) -+ by(V)

Obviously, the general ERKN method (1.50) for the nonlinear multi-frequency
highly oscillatory system (1.1) is oscillation preserving in the light of Definition
1.5. The general ERKN method (1.50) can be of an arbitrarily high order and the
analysis of order conditions for the general ERKN method (1.50) can be found in
[13, 28].
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1.6.3 Towards the Application to Semilinear KG Equations

We note a fact that one of the major applications of oscillation-preserving integrators
is to solve semilinear Hamiltonian wave equations such as semilinear KG equations:

u,t—azAuzf(u), to<t<T, xe€82,
_ (1.52)
u(-xv tO) = (/)l(x)v ul(xs tO) = (/)2(x)7 X € Qv

where u(x, t) represents the wave displacement at position x and time ¢, and the
nonlinear function f(u) is the negative derivative of a potential energy V (1) > O:

Vu)=— /“ f(o)do.
0

Here, suppose that the initial value problem (1.52) is subject to the periodic
boundary condition on the domain 2 = (—m, ),

u(x,t) =ulx +2m,t), x € (—m, ], (1.53)

where 27 is the fundamental period with respect to x. It is known that, as a
relativistic counterpart of the Schrodinger equation, the KG equation is used to
model diverse nonlinear phenomena, such as the propagation of dislocations in
crystals and the behaviour of elementary particles and of Josephson junctions (see
[70] Chap. 2). Its efficient computation, without a doubt, induces numerous enduring
challenges (see, e.g. [9, 11, 71]).

In practice, a suitable space semidiscretisation for semilinear KG equations can
lead to (1.9), where the matrix M is derived from the space semidiscretisation. If
we denote the total number of spatial mesh grids by N, then the larger N is, the
larger || M || becomes. This means that the semidiscrete wave equation is a highly
oscillatory system. In our recent work (see Mei et al. [10]), it has been proved under
the so-called finite-energy condition that the error bound of ERKN integrators when
applied to semilinear wave equations is independent of || M ||. This point is crucial
to the numerical solution of the underlying semilinear KG equation.

Another approach to the numerical solution of KG equations is that we try to
gain an abstract formulation for the problem (1.52)—(1.53), and then deal with it
numerically. To this end, we first consider the following differential operator <7
defined by

(V) (x) = —avyy (x). (1.54)

In (1.54), &7 is a linear, unbounded positive semi-definite operator, whose
domain is

D(F) = {v e H'(2):v(x) = v(x + 2n)} .
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Fortunately, however, the operator ./ has a complete system of orthogonal eigen-
functions {e‘k" tk e Z} and the linear span of all these eigenfunctions

X :=lin{e'* : ¢ € Z} (1.55)

is dense in the Hilbert space L?(£2). We then obtain the orthonormal basis of
eigenvectors of the operator <7 with the corresponding eigenvalues a?¢? for £ € Z.
Define the bounded functions through the following series (see [72])

o0

. (=1)JxJ
B (x) ._;(szrk)!, keN for Vx>0. (1.56)

Accordingly, these functions (1.56) can induce the bounded operators
dr(tel) . L*(2) — L*(2)

forke Nandf <t < T:

o]

o (1 )v(x) = Z Ve (ta’ 2™ for v(x) = Z Deelt*, (1.57)

{=—00 {=—00

and the boundedness follows from the definition of the operator norm that

i (.97 yv|?
lgx(t)|I2 = sup , < osup |t <y (1.58)
lizo vl t0<I<T

where || - ||« is the Sobolev norm || - || 12(2)12(g2)» and yx for k € N are the uniform
bounds of the functions |¢y (x)| for k € N and x > 0. With regard to the analysis for
the boundedness, readers are referred to Liu and Wu [72].

We are now in a position to define u(¢) as the function that maps x to u(x, t),
u(t) := [x — u(x,t)], and in this way the system (1.52)—(1.53) can be formulated
as an abstract second-order ordinary differential equation

{u”(t) +dut) = f(u@®), 10<t<T,
(1.59)

u(ty) = @1(x), u'(to) = ¢2(x).

on the closed subspace

X = {u(x, ) € X | u(x, ) satisfies the corresponding boundary conditions} C L*(R2).
(1.60)
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With this premise, the solution of the abstract second-order ordinary differential
equations (1.59) can be expressed by the following operator-variation-of-constants
formula (see, e.g. [73-75]).

Theorem 1.10 The solution of (1.59) and its derivative satisfy the following
operator-variation-of-constants formula

u(t) = go((t — 10)* )ulto) + (t — t0)p1 ((t — t0)> )u’ (t0)
t
+ / t — )1 ((t — 0)2e) f (u(0))de,
fo

(1.61)
u'(t) = — (t — t0) 1 ((t — 10)* )ulto) + ¢o((t — 10)* 7 )u’ (t0)

t
+ f do((t — 0)2) f (u(D))de.
0]

for ty <t < T, where both ¢0((t — to)z.;zf) and ¢ ((t — to)zﬂ) are bounded
operators.

Remark 1.6.1 We here remark that the special case where f(u) = 0, the operator-
variation-of-constants formula (1.61) yields the closed-form solution to (1.59).
Moreover, the idea of the operator-variation-of-constants formula (1.61) also pro-
vides a useful approach to the development of the so-called semi-analytical ERKN
integrators for solving high-dimensional nonlinear wave equations. See Chap. 13 for
details.

According to Theorem 1.10, the solution of (1.59) and its derivative at a time
point t,41 = t, + At, n € N are given by

1 ~
w(tni1) =po (¥ )ulty) + Atdy (¥ )u' (1) + Ar? /O (1 —2)¢1((1 — 2*7) f(2)dz,

1 ~
W (tag1) = — AL 1 (P )ulty) + do(¥)u' (1) + AI/O do((1 — z)z“//)f(z)dz,
(1.62)

where 7 = A2/ and f(2) = f(u(ty + zA1)).
If the nonlinear integrals

1 1
I = / (1-2¢1((1 —2)*7) f(z)dz and I := / do((1 — 227 f(2)dz
0 0
(1.63)
are efficiently approximated, then we are hopeful of obtaining some new integrators

based on (1.62). For example, using the operator-variation-of-constants formula
(1.62) and the two-point Hermite interpolation, we developed a class of arbitrarily
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high-order and symmetric time integration formulae (see Chap. 10). The preserva-
tion of symmetry by a numerical scheme is also very important because the KG
equation (1.52) is time reversible. Hairer et al. [15] have emphasised that symmetric
methods have excellent long-time behaviour when solving reversible differential
systems. Therefore, the preservation of time symmetry for a numerical scheme is
also one of the favourable features.

Here it is worth emphasising that since .2 is a linear, unbounded positive semi-
definite operator, it is a wise choice to approximate the operator ./ by a symmetric
and positive semi-definite differentiation matrix M on a d-dimensional space when
spatial discretisations of the underlying KG equation are carried out, and this will
assist in structure preservation.

It is noted that a symmetric and arbitrarily high order time integration formula
can be designed in operatorial terms in an infinite-dimensional function space 2~
(see, e.g. [73, 74]). Using this approach, we also consider symplectic approxima-
tions for semilinear KG equations in Chap. 11. In practice, the differential operator
o/ must be replaced with a suitable differentiation matrix M so that we may obtain
a proper full discrete numerical scheme. Fortunately, there exist many research
publications discussing the replacement of spatial derivatives of the semilinear KG
equation (1.52) with periodic boundary conditions (1.53) in the literature. Thus, it is
not a main point in this chapter. Here, however, again it is notable that the operator
&/ should be approximated by a symmetric and positive semi-definite differentiation
matrix M and the norm of M will change with the accuracy requirement of spatial
discretisations. The higher the accuracy of spatial discretisations is required, the
larger || M| will be. This implies that the spatial structure preservation is required
for the full discretisation of KG equation (1.52). A full discretisation for the KG
equation (1.52) with periodic boundary conditions (1.53) is spatially structure-
preserving if the operator <7 is approximated by a d x d symmetric and positive
semi-definite differentiation matrix M, and the norm of M, || M|, tends to infinity
as d tends to infinity, where d is the number of degrees of freedom in the space
discretisation.

Obviously, the global error of a fully discrete scheme for the KG equation
(1.52) depends on the accuracy of both time integrators and space discretisations.
As the mesh partition in the space discretisation increases for (1.59), ||[M|| will
increase, and the larger || M| is, the higher the accuracy will be increased in space
approximations.

Remark 1.7 Actually, the family of matrices {M;«4} approximates the infinite-
dimensional, unbounded, operator <7. ||Mgx4| tends to infinity with d, where d
is the dimension of the matrix Myxg; i.e., the number of degrees of freedom in
the spatial discretisation. Consequently, the family of matrices {M;4} inherits the
unbounded property of 2. This objectively reflects an important fact that the norm
of the differentiation matrix My, could be arbitrarily large, depending on the
requirement of computational accuracy, and the corresponding system of second-
order differential equations must be a multi-frequency highly oscillatory system
once high global accuracy is required. In this case, an oscillation-preserving time
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integrator is needed for the numerical simulation of semilinear wave equations,
including the KG equation (1.52), during a long-time computation. Moreover, the
accuracy of the oscillation-preserving time integrator will be required to match
that of the space discretisation. Hence, oscillation-preserving ERKN integrators of
arbitrarily high order are favourable in applications, especially when applied to the
semidiscrete KG equation, and high-accuracy time integrators will be required for
the underlying PDEs in practice.

1.7 Numerical Experiments

This section concerns numerical experiments, and we will consider four problems
which are closely related to (1.1) or (1.9). Since explicit methods are cheaper (use
less CPU time in general) than implicit methods, we use three explicit RKN-type
methods and two implicit methods. These methods are chosen as follows:

* ERKN3s4: the explicit three-stage ERKN method of order four presented in [18]
(with its Butcher tableau given by Table 1.1);

* ARKN3s4: the explicit three-stage ARKN method of order four proposed in [76]
(with its Butcher tableau given by Table 1.2);

* ERKNT7s6: the explicit seven-stage ERKN method of order six derived in [77]
with the coefficients

¢s =1 —c3 =0.06520862987680341024,
c6e = 1 — 2 =0.65373769483744778901,
¢7 =1—c1 =0.05586607811787376572,
cq = 0.5,

ds = 0.26987577187133640373,

ds = dz = 0.92161977504885189358,

de = dr = 0.13118241020105280626,

d7 = di = —0.68774007118557290171,

bi(V) = dics_ip1(c3_; V), bi(V) = digo(ci_;V).
fori=1,2,---,7,

aij(V) =dj(ci — cp)¢i((ci —cj)*V),

for i =2,3,---,7, j=1,2,---,i—1;
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Table 1.2 Butcher tableau of ARKN3s4

1

0 0
8
23 71
0
42 441
11 2641 4123
12 14058 18744
2024¢, (V) — 59043 (V) + 80644 (V)  —1617¢2(V) + 147003 (V) — 28224¢4(V)
1349 2201
2024¢1 (V) — 5904¢, (V) + 8064¢3(V)  —1617¢1 (V) + 14700¢, (V) — 28224¢3(V)
1349 2201
1
0
8
23
0
4
11
0
12
138¢>(V) — 1356¢3(V) + 4032¢4 (V)
589
138¢1 (V) — 13560, (V) + 4032¢3(V)
589
Table 1.3 Butcher tableau of ) r=1 R ) r=1 R
TFCr2 ct cyby Y- I Piler) ciba Y- I je Pi(c2)
j=0 j=0

r—1 e r—1 e
¢ b 'Zo I j.e, Pi(c1) c3by Zoll,_/,czP_/(Cz)
j= j=

r—1 e r—1 e

> I, jb1Pj(cr) I, jby Pj(c2)
Jj=0 j=0

r—1 e r—1 e

> b, jb1Pi(cr) > b, jbyPj(c2)
j=o j=0

TFCr2: the TFC method (1.40) of order four described in [8] (with its Butcher
3-V3 3443

tableau given by Table 1.3 with the coefficients ¢; = 6 6

2

1
by =by = 5’ andr = 2);
TFCr3: the TFC method (1.40) of order six described in [8] (with its Butcher

. . . 5- V15 1
tableau given by Table 1.4 with the coefficients c; = 10 ,C = 2,C3 =
54415 5 4 5

,bi1= _ b= ,b3= __,andr =3).

o T g T g b= geandr=3)

We remark that an ERKN method reduces to an RKN method when M — 0.

Hence, the reduced method ERKN3s4 is assigned as the corresponding RKN
method, which is denoted by RKN3s4. In the numerical experiments, we use fixed-
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Table 1.4

c1

2

3
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Butcher tableau of TFCr3
) r—1 A
ciby Y- It e, Pilcr)
j=0

r—1 A
by Y. 1 je Pilen)
Jj=0

r—1 A

Abr Y. 1 e Pilen)
j=0

r—1 .

> 1, jbi Pj(cr)

j=0

r—1 .
> I jbi Pj(c)
j=0

r—1 A
Aby Y 1 e Pile2)
i=o

r—1 A
Aby Y 1 je, Pilc2)
=0

r—1 A
Aby Y 1 e Pile2)
j=0
r—1 A

> N,jb2Pj(c2)

Jj=0

r—1 A
> Djb2Pj(c2)
j=0

r—1 .
b3 3 11 e Pj(c3)
i=o

r—1 .

e3b3 3 11 e, Pj(c3)
j=0

) r—1 .

c3b3 Y- 11 jey Pi(c3)
j=0

r—1 A

> I, jb3Pj(c3)

j=

r—1 A
> b jb3Pj(c3)
=0

point iteration for the implicit TFC methods. We set 1016 as the error tolerance and
10 as the maximum number of each iteration. It will be observed from the numerical
experiments that the numerical behaviour of the ERKN methods and TFC methods
is much better than that of the ARKN and RKN methods.

In these methods, the matrix-valued functions ¢; (V), fori = 0,1, ... ,4, are
defined by (1.4).

Problem 1.1 Consider the Duffing equation (see, e.g. [10, 13, 78, 79])

§+o%q =k*2q° - q),
g(0) =0, §(0) = o,

where 0 < k < w. As is known, this is a Hamiltonian system with the Hamiltonian

12 1 2 2 k2 2 4
H(p,q)=2p +2wq + 2(61 —q").

The analytic solution is given by
q(t) = sn(t, kjw),

where sn denotes the Jacobian elliptic function (see, e.g. [80]).

Problem 1.1 is solved on the interval [0, 10000] with k¥ = 0.03 and v = 50.
Figure 1.1a presents the global errors results (in logarithmic scale) with the stepsizes

0.1
h = Y for j = 1,---,4. We here remark that some global errors for RKN3s4

are too large to be plotted in Fig. 1.1a due to its instability and nonconvergence
with the stepsize 7 = 0.05. In the next problems, similar situations are encountered
and the corresponding points are not plotted either. We also show the global errors
against the CPU time in Fig. 1.1b. It can be observed from these figures, ERKN3s4,
ERKN7s6 and TFC methods are much more accurate than ARKIN3s4 and RKN3s4,
and RKN3s4 gives disappointing accuracy in comparison with the other methods,
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although it is a symplectic and symmetric method. This observation implies that
the property of oscillation preservation for numerical methods is also of great
importance in Geometric Integration. What can we learn from this observation?
This experiment demonstrates that for a nonlinear highly oscillatory differential
equation, the most important consideration should be the oscillation preservation
when concerning numerical solutions.

Meanwhile, we also show the curves of the Hamiltonian error growth with

1
h= as the integration interval is extended in Fig. 1.1c for all the methods, where

the ERKN methods and TFC methods show better numerical energy preservation
than the reduced RKN method: RKN3s4, and ARKN3s4 method. It follows
from Fig. 1.1c that both the ERKN and RKN methods can preserve the energy
approximately, whereas the ARKN3s4 method cannot. In fact, it is clear from
Fig. 1.1c that the energy of the ARKN3s4 method grows as the integration interval
is extended. This is because both the ERKN and RKN methods are symplectic and
symmetric methods, whereas the ARKN3s4 method is not a symplectic method.
Another important aspect is that, just as its algebraic accuracy, the accuracy of
energy preservation of RKN3s4 method is also disappointing, even though RKN3s4
method possesses both favourable properties of symplecticity preservation and
symmetry preservation. It is worth noting that, although the TFC methods are not
symplectic, they are oscillation preserving and preserve the energy approximately.
Hence, we should take full account of the oscillation-preserving structure in the
design of numerical methods for efficiently solving a highly oscillatory nonlinear
Hamiltonian system, although we cannot ignore the other structures.

Problem 1.2 Consider the sine-Gordon equation (see, e.g. [81])

92u 92u .
a2 T oax2 MW

on the region —10 < x < 10 and 79 < ¢ < T with the initial conditions

u(x, ) = — 4arctan(cflsech(/<x) sin(—fock)),
4k cos(—tgck)sech(k x)

ur(x, o) = )
t(x. f0) 1 + ¢2sech?(kx) sin®(—tock )

and the boundary conditions
u(—=10,t) = u(10,1) = —4arctan(cflsech(10/c) sin(c;ct)),
where k =1/ V1 + ¢2. The exact solution is

u(x,t) = —4arctan (c_lsech(icx) sin(c;ct)).
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4. The global errors ) The global errors
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Fig. 1.1 Results for Problem 1.1. (a) The log-log plot of global error GE against 4. (b) The log-log
plot of global error GE against CPU time. (¢) The logarithm of the global energy error GE against ¢

For this problem, we use the Chebyshev pseudospectral discretisation with 240

spatial mesh grids and select the parameter ¢ = 0.5, which leads to a discretisation

of the type (1.9). This equation is solved on the interval [0, 100]. Figure 1.2a, b
1

ok for

on the

show the global errors results (in logarithmic scale) with the stepsizes h =

1
k = 1,---,4. We then integrate this equation with the stepsize h = 10

interval [0, 10000] and the numerical energy conservation is presented in Fig. 1.2c.
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o The global errors 5. The global errors
< RKN3s4
-+ ARKN3s4
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Fig. 1.2 Results for Problem 1.2. (a) The log-log plot of global error GE against 4. (b) The log-log
plot of global error GE against CPU time. (¢) The logarithm of the global energy error GE against ¢

Again it can be observed from the numerical results that the numerical behaviour
of ERKN methods and TFC methods is much better than that of ARKN3s4 and
RKN3s4. In summary, an oscillation-preserving numerical method gives much
better results than those methods which are not oscillation preserving. In particular,
the symplectic and symmetric RKN3s4 performs badly and leads to completely
disappointing numerical results in this numerical experiment.
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Problem 1.3 Consider the semilinear wave equation

0%u 9%u
972 —a(x)ax2~|—92u=f(t,x,u), O<x<l1, t>0,

u(x,0)=a(x), u/(x,0)=0,
u,1) =0, u(l,tr)=0,
where
a(x) = 4x(1 —x)

and

>(x)

Ftox,u) =ud —a?@ud+ ¢ A sin(20¢) cos(10¢).

The exact solution of this problem is
u(x,t) = a(x)cos(10r),
which represents a vibrating string.

Differently from Problem 1.2, we now consider semidiscretisation of the spatial
variable with second-order symmetric differences, and this results in

2
C:ig + MU =F(@t,U), U®©)=(ax)), . alxy-))", U©0)=0, (1.64)
where U (t) = (ul(t),-~- ,uN,l(t))T with u; (t) ~ u(x;,t), x; = iAx fori =

1,---,N—1,and Ax =1/N.

2a(x1) —a(xy)
| —a(xz) 2a(xy) —a(x2)
M=9211v—1+sz ,
—a(xy—2) 2a(xy—2) —a(xy_2)
—a(xy—1) 2a(xy-1)

and

F(tv U) = (f(l,)Cl,l/ll), Tty f(tstflqufl))T~
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Fig. 1.3 Results for Problem 1.3. (a) The log-log plot of global error GE against /. (b) The log-log
plot of global error GE against CPU time

(1.64) is a highly oscillatory system, but not a Hamiltonian system. We solve this
0.1
problem on the interval [0, 10] with N = 256 and h = Y forj =1, ---,4. The

global errors are shown in Fig. 1.3. Once again, it can be observed from Fig. 1.3
that the numerical behaviour of the oscillation-preserving ERKN methods and TFC
methods is much better than the others. In Fig. 1.3, the global errors figures of both
ERKN methods and TFC methods almost coincide with each other.

We next consider a damped wave equation. For this problem, we choose time
integrators as follows:

* ERKN3s3: the explicit three-stage ERKN method of order three proposed in [27]

and denoted by the Butcher tableau

0

W N W =

0 0

0
3

2
0

3

0

0 0
0 0
0 0

b1(V) ba(V) b3(V) b1(V) ba(V) b3(V)
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where
9

bi(V) =¢1(V) — 2¢>2(V) +9¢3(V),
ba(V) =6¢2(V) — 18¢3(V),

3
b3(V) =— 2¢2(V) +9¢3(V),
- 9
bi(V) =h2(V) — 2<253(V) +994(V),
by (V) =643(V) — 18¢4(V),
- 3
b3(V) =— 2¢3(V) +9¢4(V).

* ARKN3s3: the explicit three-stage ARKN method of order three given in [82]
and denoted by the Butcher tableau

0 0 0 0 0 0 0
bl 0 0 ! 0 0
2 2 8
1
1 -1 2 0 0 0
2

b1(V) ba(V) b3(V) bi(V) ba(V) b3(V)
where

b(V) =¢1(V) = 3¢2(V) + 4¢3(V),
by (V) =4¢a(V) — 8¢3(V),
b3(V) = = ¢2(V) + 43(V),

- 3
b(V) =¢2(V) — 2¢3(V),
ba(V) =¢3(V),

- 1
b3 (V) =, ¢3(V).
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* RKN3s3: the explicit three-stage RKN method of order three with the Butcher
tableau

000000O0

1100100

1
1-120_00
2

[\
o]

121111
6 364612

Problem 1.4 Consider the damped wave equation (see, e.g. [27, 82])

9%u n u 9%u Fw) | 1 120
— =fw), —-1l<x<l1, t>0,
ot? Jt ax2

u(=1,1) = u(l, 1).

A semidiscretisation in the spatial variable by using second-order symmetric
differences yields the type of (1.1)

U+MU=FU,U), (1.65)
where U (1) = (ul(t),--- ,uN(t))T with u;(t) ~ u(x;,t), x; = —1 + iAx for
i=1,---,N, Ax =2/N,

2 —1 -1
-1 2 -1
= A2 S ,
-1 2 -1
-1 -1 2

and
FWU,U) = (fu) —itr, -+, flun) —in)".

In this experiment, we consider the damped sine-Gordon equation with f(u) =
— sinu and with the initial conditions

i=1

U =mY,. U0 = JN(0.01 + sin(ZZi))N
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0 The global errors 0 The global errors
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Fig. 1.4 Results for Problem 1.4. (a) The log-log plot of global error GE against 4. (b) The log-log
plot of global error GE against CPU time

0.1
This equation is integrated on [0, 100] with N = 256 and h = ; fori =2,3,4,5.

The global errors against the stepsizes and the CPU time are shown in Fig. 1.4.
It can be observed again from the results that the oscillation-preserving integrator
ERKN3s3 performs much better than the other methods. It is easy to see that the
ERKN3s3 integrator provides a considerably more accurate numerical solution than
other methods.

1.8 Conclusions and Discussion

In practice, nonlinear second-order differential equations with highly oscillatory
solution behaviour are ubiquitous in science and engineering applications. The
overarching question now is how to preserve high frequency oscillations in the
numerical treatment of nonlinear multi-frequency highly oscillatory second-order
ordinary differential equations (1.1) or (1.9). This chapter presented systematic
oscillation-preserving analysis, which began with the concept of oscillation preser-
vation for RKN-type methods, and then analysed oscillation-preserving behaviour
for RKN-type methods, including ERKN integrators, TFC methods, AVF methods,
AAVF methods, ARKN methods, symplectic and symmetric RKN methods, and
standard RKN methods, designed to solve the initial value problem of nonlinear
multi-frequency highly oscillatory second-order ordinary differential equations
(1.1) or (1.9). It was found that the ERKN integrators and TFC methods are
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oscillation preserving, whereas neither the ARKN methods nor the standard RKN
methods, including symplectic and symmetric RKN methods, and AVF methods,
are oscillation preserving. However, ARKN and AAVF methods are partly oscilla-
tion preserving. An oscillation-preserving integrator shows much better numerical
behaviour than those methods which are not oscillation preserving when applied
to nonlinear multi-frequency highly oscillatory second-order ordinary differential
equations. The least favourable results are for the RKN method, in comparison with
the ARKN method and ERKN method when solving nonlinear multi-frequency
highly oscillatory problems. Here the most interesting conclusion is that the
oscillation-preserving property depends essentially on the internal stages rather
than the updates of an RKN-type method when applied to highly oscillatory second-
order systems. This chapter also mentioned the potential developments of ERKN
integrators and TCF methods for the nonlinear multi-frequency highly oscillatory
second-order ordinary differential equation (1.9).

An important concern relating to oscillation-preserving integrators is to effi-
ciently solve a semidiscrete nonlinear wave equation, which usually is approximated
by a system of nonlinear highly oscillatory second-order ordinary differential
equations derived from a suitable space discretisation of semilinear wave equations
such as KG equations, i.e., the operator <7 appearing in (1.59) is approximated by a
d x d symmetric and positive semi-definite differentiation matrix M. Therefore, the
analysis of oscillation-preserving behaviour for RKN-type methods in this chapter
is also significant for numerical PDEs. In this case, the standard RKN method, in
comparison with an oscillation-preserving integrator such as the ERKN method,
may not be a satisfactory choice for efficiently dealing with such highly oscillatory
problems.

This chapter focuses on highly oscillatory second-order differential equations
(1.1) or (1.9). Other highly oscillatory systems will also be discussed in this
monograph. For instance, in Chap. 5, using exponential collocation methods, we
will deal with the following highly oscillatory system:

q")—Ng' ()+Tq(t) = -VU(q(1)), q(0) = g0, ¢'(0) = g, t €0, T],

where N is a symmetric negative semi-definite matrix, 7" is a symmetric positive
semi-definite matrix, and U : R — R is a differentiable function.

Last, but not least, we believe that the oscillation-preserving concept introduced
and analysed in this chapter for numerical methods for solving nonlinear multi-
frequency highly oscillatory differential equations is significant and interesting
within the broader framework of the subject of Geometric Integration. The results
of numerical experiments in this chapter have strengthened the impression that an
oscillation-preserving integrator is required when efficiently solving a nonlinear
multi-frequency highly oscillatory system, or a semidiscrete nonlinear wave equa-
tion.

The material in this chapter is based on the work by Wu et al. [83].
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