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Abstract

Structure-preserving algorithms and algorithms with uniform error bound have constituted
two interesting classes of numerical methods. In this paper, we blend these two kinds of meth-
ods for solving nonlinear systems with highly oscillatory solution, and the blended algorithms
inherit and respect the advantage of each method. Two kinds of algorithms are presented to
preserve the symplecticity and energy of the Hamiltonian systems, respectively. Long time
energy conservation is analysed for symplectic algorithms and the proposed algorithms are
shown to have uniform error bound in the position for the highly oscillatory structure. More-
over, some methods with uniform error bound in the position and in the velocity are derived
and analysed. Two numerical experiments are carried out to support all the theoretical results
established in this paper by showing the performance of the blended algorithms.

Keywords Nonlinear Hamiltonian systems - Highly oscillatory systems - Symplectic
algorithms - Energy-preserving algorithms - Uniform error bound - Long-time conservation

Mathematics Subject Classification 65105 - 65P10 - 65L.20 - 65L.70

1 Introduction

It is known that nonlinear Hamiltonian systems are ubiquitous in science and engineering
applications. In numerical simulation of evolutionary problems, one of the most difficult
problems is to deal with highly oscillatory problems, since they cannot be solved efficiently
using conventional methods. The crucial point is that standard methods need a very small
stepsize and hence a long runtime to reach an acceptable accuracy [25]. In this paper we
are concerned with efficient algorithms for the following highly oscillatory second-order
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differential equation
() = 1Bi(t)+ F(x(1)), x(0)=xo, (0)=x, t€[0,T], (1

where x(1) € R4, Bisad x d skew symmetric matrix, and it is assumed that F(x) is a
smooth function and is the negative gradient of a real-valued function U (x). In this work,
we focus on the case where 0 < & « 1. Under this case, the solution of this dynamic is
highly oscillatory. We note that with p = x — il?x, the Eq. (1) can be transformed into a
Hamiltonian system with the non-separable Hamiltonian

2

1 1 -
H(x,p)=§‘p+fo + U(x). 2)

2¢
It immediately follows that the energy of (1) is given by

1
Ex,v) =2 +Uw), 3
with v = x. This energy is exactly conserved along the solutions, i.e.
E(x(t),v(t)) = E(x(0), v(0)) forany ¢ € [0, T].

We denote in this paper by | - | the Euclidean norm. If the system (1) is two dimensional and
the matrix B appeared there depends on x, it has been shown in [5] that x () — x(0) = O(¢).
Therefore, all the methods presented in this paper can be extended to the two dimensional
system (1) with a matrix é(x) by rewriting (1) as

B(x(1) ; B(X(O)))'C(t).

1~
X(t) = EB(X(O))J‘C(t) + F(x() +

Hamiltonian systems with highly oscillatory solutions frequently occur in physics and
engineering such as charged-particle dynamics, Vlasov equations, classical and quantum
mechanics, and molecular dynamics [2, 5, 6, 15, 20-22, 24, 29, 30, 36, 40]. In the recent
few decades, geometric numerical integration also called as structure-preserving algorithm
for differential equations has received more and more attention. This kind of algorithms is
designed to respect the structural invariants and geometry of the considered system. This idea
has been used by many researchers to derive different structure-preserving algorithms (see,
e.g. [14, 17, 25, 44]). For the Hamiltonian system (2), there are two remarkable features:
the symplecticity of its flow and the conservation of the Hamiltonian. Consequently, for a
numerical algorithm, these two features should be respected as much as possible in the spirit
of geometric numerical integration.

The numerical computation of highly oscillatory system contains numerous enduring
challenges. In practice, the numerical methods used to treat (1) are focus on charged-particle
dynamics and can be summarized in the following three categories.

a) The primitive numerical methods usually depend on the approximation of the solution
besides high-frequency oscillation and structure preservation characteristics such as the Boris
method [1] as well as its further researches [20, 34]. This method does not perform well for
highly oscillatory systems and cannot preserve any structure of the system.

b) Some recent methods are devoted to the structure preservation such as the volume-
preserving algorithms [27], symplectic methods [26, 37, 38, 41], symmetric methods [21]
and energy-preserving methods [2—4, 35]. In [22], the long-time near-conservation property
of a variational integrator was analyzed under the condition 0 < ¢ < 1. Very recently, some
integrators with large stepsize and their long term behaviour were studied in [23] for charged-
particle dynamics. All of these methods can preserve or nearly preserve some structure of
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the considered system. However, these methods mentioned above do not pay attention to
the high-frequency oscillation, and then the convergence of these methods is not uniformly
accurate for €. Their error constant usually increases when ¢ decreases.

¢) Accuracy is often an important consideration for highly oscillatory systems over long-
time intervals. Some new methods with uniform accuracy for ¢ have been proposed and
analysed recently. The authors in [24] improved asymptotic behaviour of the Boris method
and derived a filtered Boris algorithm under a maximal ordering scaling. Some multiscale
schemes have been proposed such as the asymptotic preserving schemes [15, 16] and the
uniformly accurate schemes [5, 6, 18]. Although these powerful numerical methods have
very good performance in accuracy, structure preservation usually cannot be achieved.

Based on the above points, a natural question to ask is whether one can design a numerical
method for (1) such that it has uniform error bound for ¢ and can exactly preserve some struc-
ture simultaneously. A kind of energy-preserving method without convergent analysis was
given in [40]. It will be shown in this paper that this method has a uniform error bound which
has not been studied in [40]. In a recent paper [7], a kind of uniformly accurate methods has
been demonstrated numerically to have a near energy conservation but without theoretical
analysis. Very recently, the authors in [42] presented some splitting methods with first-order
uniform error bound in x and energy or volume preservation. However, only first-order meth-
ods are proposed there and higher-order ones with energy or other structure preservation have
not been investigated. More recently, geometric two-scale integrators have been developed in
[43] but the methods only have near conservations. A numerical method combining uniform
error bound and structure preservation has more challenges and importance.

In this paper, we will derive two kinds of algorithms to preserve the symplecticity and
energy, respectively. For symplectic algorithms, their near energy conservation over long
times will be analysed. Moreover, all the structure-preserving algorithms will be shown to
have second-order uniform error bound for 0 < ¢ < 1 in x. Meanwhile, some algorithms
with first-order or higher-order uniform error bound in both x and v will be proposed. Com-
pared with the existing analysis techniques, the main differences and contributions in the
proof involve in two aspects. a) We transform the system and the methods, and then the sym-
plecticity and long time energy conservation are shown for the transformed methods. These
transformations make the analysis be more ingenious and simpler. b) For the convergence
analysis, to make good use of the scheme of methods, two different techniques named as the
re-scaled technique and modulated Fourier expansion are taken. According to the scheme of
methods, we choose the suitable analytical technique and make the necessary modifications
to make the proof go smoothly.

The remainder of this paper is organised as follows. In Sect.2, we formulate three kinds
of algorithms. The main results of these algorithms are given in Sect.3 and two numerical
experiments are carried out there to numerically show the performance of the algorithms. The
proofs of the main results are presented in Sects.4—6 one by one. The last section includes
some concluding remarks.

2 Numerical Algorithms

Before deriving effective algorithms for the system (1), we first present the implicit expression
of its exact solution as follows.
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Theorem 2.1 (See [24].) The exact solution of system (1) can be expressed as
X(tn + h) = x(ta) + ho1 (AQv(ty) + h* /0](1 = De1((1 = Q) F (x(t, + h1))dT,
v(tn +h) = @o(h2)v(ty) + h /01 @o((1 = D)) F (x(t, + ht))dT, 4)
where Q = éé, h is a stepsize, t, = nh and the @-functions are defined by (see [28])

1
fﬂo(Z):eZ, (Pn(Z):/ e(lfa)z o, n=1,2,....
0

(n— 1)!d

In what follows, we present two kinds of algorithms which will correspond to symplectic
algorithms and energy-preserving algorithms, respectively.

Algorithm 2.2 By denoting the numerical solution x, =~ x(t,), v, = v(t,) with n =
0,1, ..., an s-stage adaptive exponential algorithm applied with stepsize h is defined by:

S
Xi = xn + cih@i(cihQuv, +h? Y i (W) F(X;), i=1,2,...,s,
i=1

s
Xnt1 = Xy + ho1(hQ)v, + h* Y Bi(hQ)F (X)), (5)
i=1

S
Unt1 = @o(hS2)va +h 37 i (hQ)F (X)),
=
where o (hS2), B; (hS2), y; (hS2) are matrix-valued functions of hS2.
As some practical examples, we present three explicit algorithms based on the conditions
(27) of symplecticity given below. The coefficients are obtained by considering the s-stage
adaptive exponential algorithm (5) with the coefficients fori = 1,2,...,s, j=1,2,...,1,

aij = aij(ci — cp)p1((ci — L), Bi = bi(1 —c)p1((1 — c;)hQ),

Vi = bipo((1 — ¢;)hQ), (6)

where (c1, c2,...,¢5), (b1,ba, ..., by)and (ajj)sxs are coefficients of an s-stage diagonal
implicit RK method. It can be checked easily that if this RK method is chosen as a symplectic
method, then the corresponding coefficients (0) satisfy the symplectic conditions (27) given
below. We omit the details of calculations for brevity. We first consider

1
Symplectic Method 1 (SM1) : s =1, c; = =

, by =1.
> 0

The adaptive exponential algorithm whose coefficients are given by this choice and (6) is
denoted by SM1. For s = 2, choosing

1
Symplectic Method 2 (SM2) : ¢1 =0, co =1, ay; = 7 bi=—,bh=1

vields another method, which is called as SM2. If we consider

1 3 1 1
Symplectic Method 3 (SM3) : ¢| = = e=s by =by = >

then the corresponding method is referred to SM3.
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Remark 2.3 1t is remarked that the following integrator for solving (1) has been given in [24]

Xnt1 = X + ho1 (hQ)v, + Sh2W(hQ)F,,
Uns1 = @o(h)vy + Sh(Wo(hQ)F, + W1 (hQ) Fyp1),

where F, = F(x,) and ¥, Wy, ¥ are matrix-valued functions of h<2 satisfying ¥ (0) =
Wo(0) = ¥;(0) = 1. For this scheme, convergence is researched but the structure preser-
vation such as symplecticity or energy conservation has not been discussed. It is noted that
Algorithm 2.2 given by (5) contains (7) and thence the results of SM1-SM3 also hold for
(7). In this paper, we will study not only the convergence but also the symplecticity and long
time energy conservation for (5). It will be shown that SM1-SM3 are all symplectic and have
a good near conservation of energy over long times, which are also true for the algorithm (7)
presented in [24].

We also note that it will be shown in this paper that SM1-SM3 are all second order and
they have similar long time conservations. Higher-order methods can be derived but their
long term analysis is very complicated and challenging. We hope to make some progress on
this aspect in our future work.

)

The following algorithm is devoted to the energy-preserving methods which are designed
based on the variation-of-constants formula (4) and the idea of continuous-stage methods.

Algorithm 2.4 An s-degree continuous-stage adaptive exponential algorithm applied with
stepsize h is defined by

1
X: =x, + hC:(hQ)v, + hz/ A (hQ)F (Xs)do, 0<t <1,
0
1 -
Xat1 = Xn + oy (hQ)v, + b2 / B.(hQ)F(X,)dr, ®
0

1
vnst = o(hQvy + h /0 B (h)F (X, )dx,

where X is a polynomial of degree s with respect to t satisfying Xo = x,, X1 = Xp+1. Cq,
B., B, and A¢ o are polynomials which depend on h2. The C.(h2) satisfies C,(h2) =
cip1(cih2), wherec; fori = 1,2, ..., s+ 1 are the fitting nodes, and one of them is required
to be one.

As an illustrative example, we consider s = 1, ¢ =0, ¢z = 1 and choose

Cr =1 -0 +7191(hQ), Are = t02(hQ), B; = 2(hQ), Br = ¢1(hQ).
This obtained algorithm can be rewritten as

Energy-preserving  x,41 =X, +ho (h2)v, + h202(h Q) fol F(xn + 0 (Xn41 — Xn))do,
Method 1 (EMI):  v,41 = ¢o(hQ)v, + he1 () [} F (xn + 0 (tnt1 — xn))do,

9
which is denoted by EM 1.

Remark 2.5 1t is noted that EM1 of Algorithm 2.4 has been given in [40] and it was shown to
be energy-preserving. However, its convergence has not been studied there. In this paper, we
will analyse the convergence of each algorithm. It will be shown that some methods have a
first-order or higher-order uniform error bound in both x and v and the others have a second-
order uniform convergence in x for 0 < ¢ < 1. In contrast, many classical methods such as
Euler method, Runge—Kutta (-Nystrom) methods often show non-uniform error bounds in
both x and v, where the error constant is usually proportional to 1/&* for some & > 0.
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We remark that the above four methods will be shown to have uniform error bound only
in x. In order to obtain some methods with the same uniform error bound in both x and v,
we derive the following algorithm.

Algorithm 2.6 For constant F = Fy € R3, the variation-of-constants formula (4) reads

Xty + h) = x(ty) + ho1 (A (ty) + h* 92 (hQ) Fo,
v(ta + h) = @o(hQ)v (1) + he1(h2) Fo.

Based on this, we consider the following algorithm

Method 1 (MI): X1 = x, + ho1(hQ)v, + k202 (hQ) F (x,),
U1 = @o(h)v, + ho1 (W) F (xp,).

This method is referred to M1.

By the simple M1 and parareal algorithms (see [31]), we formulate some higher order
methods. For solving the second-order system (1), the parareal algorithm uses two propaga-
tors: the fine propagator F and the coarse propagator G, where classically F uses a small
(fine) time step 6t and G a large (coarse) time step At. In this paper, we consider M1 with
At = h as the coarse propagator and denote this propagator by

) oty (X + ho1(hQ) v, + B2 2 (hQ) F (x,)

[Xp415 Vpg1] = gt,, ([xns va]) = < 00(h) vy + hoy (hQ) F (xy) . (10)

For the fine propagator F, we also choose M1 with a small time step 0 < 8t < h and refer
to it as

(g5 Vngt] = Fo* (s val) = FH g 0000 Fo ¥ (s va), (11)
where 5
F s ] o (5T 01 BID0 + 8120 (1R F (x)
fn A 90 (8tQ2)vy + 811 (81Q2) F (x) ’
For solving (1), the parareal algorithms compute for iteration index k = 0,1, ... and n =
0,1,..., % — 1, and with [xg, vé] = [x0, vo]

Parareal Method (PM): [x T 1; vit11 = Go ' (o5 oy D) + Fot (Lo vh D) — G (ks vR D).

n+1° “n+1 n» “n n> Yn

(12)

The initial guess {[xg; vg]}nz 1 can be random or generated by the G-propagator. We shall
refer to (12) by PM. As two examples, we choose k = 1,8t = h?> and k = 2,8t = h> and
denote them by parareal method 1 (PM1) and parareal method 2 (PM2), respectively.

Remark 2.7 1t is noted that M1 is a kind of exponential integrators and compared with the
methods given in [43], it has simple scheme. The aim of presenting M1 is to derive higher-
order methods with uniform error bounds and simple scheme. For the higher-order uniformly
accurate methods, more complicated formulations are needed and we refer to [8, 18, 43] for
some recent work on this topic.
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3 Main Results and a Numerical Test
3.1 Main Results

The main results of this paper are given by the following four theorems. The first three
theorems are about structure preservations of the methods for the Hamiltonian system (2)
and the last one concerns uniform error bound for the format (1).

Theorem 3.1 (Symplecticity of SM1-SM3) Consider the methods SM1-SM3 of Algorithm
2.2 where pp4+1 = V41 — éBx,,_H. In this case, for the non-separable Hamiltonian (2), the
map (Xn, pn) = (Xn+1, Pn+1) determined by these methods is symplectic, i.e.,

dxy41 Ndppy1 =dx, Adp, for n=0,1,....

Theorem 3.2 (Energy preservation of EM1 [40].) The method EM1 of Algorithm 2.4 pre-
serves the energy (3) exactly, i.e.

E(xpt1, vnt1) = E(xp,vy) for n=0,1,....

Theorem 3.3 (Long time energy conservation of SM1-SM3.) Consider the following
assumptions.

e [t is assumed that the initial values xo and vy := Xo are bounded independently of ¢.
e Suppose that the considered numerical solution stays in a compact set.
e A lower bound on the stepsize

h/e >co >0

is required.

e After diagonalization of E/s, denote the obtained diagonal matrix by iS2. Consider the
notationsk = (k1, ka2, ..., k1), w = (o1, w2, ..., @) := (diagonal elements offZ), k-
w = ko) + kywy + ... + kjwy and the resonance module

M=tkeZ : k-w =0} (13)

Assume that the numerical non-resonance condition is true

h 1
| sin(2 (k - )] > cvh for k € Z\M with > |k;| < N
j=1

forsome N > 2 and ¢ > 0. The notations used here are referred to the last part of Sect. 5.
For the symplectic methods SM1-SM3 of Algorithm 2.2, it holds that
|E(xp, vn) — E(x0, v0)| = Ch (14)

for0 < nh < h=N*L The constant C is independent of n, h, &, but depends on N, T and
the constants in the assumptions.

Remark 3.4 1t is noted that M1 and PM1-PM2 do not have the above energy conservation
property. The reason is that they are not symplectic and symmetric methods. It will be seen
from the proof given in Sect. 5 that symplecticity and symmetry play an important role in the
analysis.
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Table 1 Properties of the obtained methods

Methods Symplecticity Symmetry Energy property Convergence
Symplectic Method (SM1) Yes Yes Near conservation /42 in x and % inv
Symplectic Method (SM2) Yes Yes Near conservation 42 in x and hg—z inv
Symplectic Method (SM3) Yes Yes Near conservation /42 in x and % inv
Energy-preserving Method No Yes Exact conservation /2 in x and he—z in v
(EM1)
Method (M1) No No No h in both x and v
Parareal Method (PM1) No No No h?2 in both x and v
Parareal Method (PM2) No No No 53 in both x and v

Remark 3.5 Ttisnoted thatin Theorem 3.3, alower bound on the stepsize i > coe¢ is presented.
At first glance, it seems that this contradicts with the fact that a small stepsize is needed in
the methods for highly oscillatory problems. From Theorem 3.6 given blew, it follows that
the symplectic methods SM1-SM3 have the accuracy O(h?) in x and O(h?/¢) in v. Thus if
one only concerns the accuracy in x, large stepsizes can be used for the symplectic methods
and Theorem 3.3 shows that under this case, the methods still have a long-time near energy
conservation. If a small stepsize is used to keep a good accuracy in both x and v, the energy
behaviour of the symplectic methods can be derived with the help of backward error analysis
(Chap. IX of [25]).

Theorem 3.6 (Convergence.) Assume that the initial value of (1) is uniformly bounded w.r.t
&, F(x) is smooth and uniformly bounded for all &, and the solution of (1) stays in a uniformly
bounded set. For the methods M1 and PM of Algorithm 2.6, the global errors are bounded
by

MI: |xp — x| S hy e — v(t)] S A, (15a)
PM: |xk — x| < R 6, ok — v(t,,)’ <K st (15b)

where 0 < nh < T. The convergence of the energy-preserving method EM1 of Algorithm
2.4 is
EMI: |y = x(0)] S B2, Jog = v(t)] S WP /e. (16)

Here we denote A < B for A < C B with a generic constant C > 0 independent of h or n or
& but depends on T and the bound of F. For the symplectic methods SM1-SM3 of Algorithm
2.2, under the conditions of Theorem 3.3,

SMI-SM3:  |xy — x(t)l S 12, oy = v(t)| S WP /e, a7

where the error constants are independent of n, h, ¢, but depend on T, the bound of Fy and
the constants in the assumptions of Theorem 3.3.

In the Sects. 4-6, we will prove Theorems 3.1, 3.3-3.6, respectively. For the dimension d,
itis required that d > 2 since B is a zero matrix once d = 1, and then the system (1) reduces
to a second-order ODE X (7) = F (x(¢)) without highly oscillatory solutions.

Remark 3.7 For the seven methods presented in this paper, concerning the symmetry [25], it
is easy to check that all of them except M1 and PM1-PM2 are symmetric. Their properties
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SMI: energy conservation with ¢ = 0.05 o SM2: energy conservation with = 0.05 o SM3: enery conservation with = = 0.05

log, |(ERR)
log, ,(ERR)
log, ((ERR)

0 2 4 6 8 10
t x10* t x10*

SM2: energy conservation with & = 0.005 o SM3: energy conservation with ¢ = 0.005

log, ((ERR)
log, ,(ERR)
log, |(ERR)

“o 2 4 6 8 10
t x10* t x10*

Fig. 1 The relative energy errors (ERR) against ¢ for our symplectic SM1-SM3

are summarized in Table 1. All of these observations will be numerically illustrated by a test
given below. Ones can choose the appropriate algorithm according to their interest.

o If uniform (in &) error bound is needed in both x and v, M1 and PM1-PM2 are most
appropriate and these three algorithms provide different uniform accuracy from the first
order to the third order.

e If ones only focus on uniform error bound in x, the symplectic or energy-preserving
methods are good choices. EM1 can preserve the energy exactly but it is implicit. Sym-
plectic methods SM1-SM3 have similar numerical behaviour. They are explicit, preserve
the symplecticity and have a good near conservation of energy over long times. Ones can
choose the preferred method depending on their demands.

3.2 Numerical Tests

In this part, we carry out two numerical experiments to show the performance of the derived

methods.

Problem 1 As an illustrative numerical experiment, we consider the charged particle system

of [20] with an additional factor 1/¢ and a constant magnetic field. The system can be

expressed by (1) with d = 3, where the potential U (x) = xf - x% + xf/S + xg + x§ and

0 0202

B=|(-02 0 1 |.The initial values are chosen as x(0) = (0.6, 1, —1)T and v(0) =
—-02-10

(—=1,0.5,0.6)T. It is noted here that we use the four-point Gauss-Legendre’s quadrature to

the integral involved in the numerical flow EM1.

Energy conservation We take ¢ = 0.05, 0.005 and apply our seven methods as well as

the symplectic Euler method (denoted by SE), the exponential Euler method (denoted by

EE) [28] and the explicit exponential Runge—Kutta method (denoted by ERK) of order

two [28] to this problem on [0, 100000] with & = e. The standard fixed point iteration

is used for EM1 and we set 10719 as the error tolerance and 10 as the maximum number of
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EMI: energy conservation with ¢ = 0.05 0 EMI: energy conservation with ¢ = 0.005
2 2

~ 4 —~ 4
4 ©
i &
o .
g g
2 3 = 8

10 -10 "

12 ’ . . . . 12 . . . .

0 2 4 6 8 10 0 2 4 6 8 10
t x10* t x10*

Fig.2 The relative energy errors (ERR) against ¢ for our energy-preserving EM 1

M1: energy conservation with e = 0.05 PM1: energy conservation with & = 0.05
200 250
150 T 200 i
z 7 150 ‘
% 100 5
g &, 100 Jr
o 50 o
o J 2 g ‘
by
0 0
50 . . . 50 . . . .
0 5 10 15 20 0 2 4 6 8 10
t t
MI: energy conservation with ¢ = 0.005 10 PM1: energy conservation with € = 0.005
¥
6 8 +
g’ o
5 g °
= =
g g 4
° k]
2 2
4 0
0 50 100 150 200 0 5 10 15

t t

Fig.3 The relative energy errors (ERR) against ¢ for our M1 and PM1

iterations. For the other methods, they are explicit and the iteration is not needed. The relative
errors ERR := (E(xp, vy,) — E(x0, v0))/ E (xg, vo) of the energy are displayed in Figs. 1-4.
According to these results, we have the following observations. SM1-SM3 (Fig. 1) have near
energy conservation over long times, EM1 preserves the energy very well (Fig. 2) but others
show a bad energy conservation (Figs.3—4). We do not show the result for PM2 since it has
a similar behaviour as PM1.

Convergence For displaying the results of convergence, the problem is solved on [0, 1]
and the global errors errx := W errv = W of each method for different &
are shown in Figs. 5-8. It is noted that we use the result of HOODESolver given in [32] as the
true solution. It follows from these results that M1 and PM1-PM2 have uniform convergence
in both x and v (Fig.5) and the other our methods have a uniform second-order error bound
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EE: energy conservation with ¢ = 0.05

0 ERK: energy conservation with ¢ = 0.05

SE: energy conservation with £ = 0.05
200 T T T T 60
¥ 50 T L
150 | ‘\ -0.5
[ 40 i 4t
g g |z -
Z 100 | @ 30 I i
w | w | w45t
e / 2 5 | e
g % g 8 Ll
/ 274
o 10 /] f
PRI 2
0 T P U SUTUUROR S Sl | 25)
-50 -10 -3
0.2 0.4 06 0.8 1 12 0 5 10 15 0 20 40 60 80 100
t t t
00 SE: energy conservation with ¢ = 0.005 EE: energy conservation with ¢ = 0.005 | ERK: energy conservation with ¢ = 0.005
1
300 "'
3 | o
w w
= 200 | )
8 | g
100 f ]
/ 2 35
# ¥
0 Lirrsmrssmssssmertepresmerentye’ 3 | | | | 4b | |
0 0.05 0.1 0.15 0.2 0 20 40 60 80 100 0 20 40 60 80 100

t t

Fig.4 The relative energy errors (ERR) against ¢ for the existing methods SE, EE and ERK

The errors in x of PM1 The errors in x of PM2

The errors in x of M1

IS & S
Iogm(errx)
RN

Iogm(errx)

&

45 -8
- -35 -3 -2.5 -2 -1.5 2. E
log,(h) log,,(h)
. The errors in v of M1 1 The errors in v of PM2 -
-1.5¢
_ 27
g
& 25t
=3
e}
e Ll
-35
4 5 -8
-4 -35 -3 -25 -2 -15 -25 -2 -15 -1 -05 -25 -2 -15 -1 -05
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Fig.5 The errors in x (errx) and v (errv) against 4 for our M1 and PM1-PM2 (the slope of the dotted line for
M1 is one, for PM1 two and for PM2 three)

in x (Figs.6-7), which agree with the results stated in Theorem 3.6. The existing method SE
behaves very poor in the accuracy of both x and v and the exponential integrators EE, ERK
have a uniform error bound in x (Fig. 8).

Resonance instability Finally, we show the resonance instability of the proposed methods.
This is done by fixing ¢ = 1/2'° and showing the errors at T = 1 against //¢ in Fig. 9. It
can be observed that PM1 gives a very poor result!, M1 shows very well but other methods
have a good behavior for values of i/e except integral multiples of w. SM3 shows a not

I PM2 and SE also behave very badly and we omit their numerical results for brevity.
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Fig.6 The errors in x (errx) and v (errv) against / for our symplectic SM1-SM3 (the slope of the dotted line
is two)
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Fig. 7 The errors in x (errx) and v (errv) against i for our energy-preserving EM1 (the slope of the dotted
line is two)

uniform result close to 47, other methods EM1 and SM1-SM2 close to even multiples of
7. This means that SM3 appears more robust near stepsize resonances and other methods
behave very similar away from stepsize resonances.

Problem 2 The second test is devoted the system (1) with a large dimension d = 32, where
the nonlinear function F(x) = —sin(x) and B is chosen as a skew-symmetric tridiagonal
matrix with Bj’jJrl = j/dfor j = 1,2,...,d — 1. We consider the initial values x(0) =
(0.1,0.1,...,0.D)T and v(0) = (0.2,0.2,...,0.2)T. This problem is firstly solved with
& = 0.05 and & = 0.1. The relative energy errors are presented in Fig. 10. PM2 has a similar
behaviour as PM1 and thus we do not show its result for brevity. Then we integrate this
problem on [0, 1] and the global errors in x and v are displayed in Figs.11-14. All the
numerical observations remain the same as before.
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Fig.8 The errors in x (errx) and v (errv) against & for the existing methods SE, EE and ERK (the slope of the
dotted line for SE, EE is one and for ERK is two)
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Fig.9 The global errors (GE) of x against /1/¢

4 Analysis on Symplecticity (Theorem 3.1)

In this section, we will prove the symplecticity of SM1-SM3 given in Theorem 3.1.
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Fig. 10 The relative energy errors (ERR) against ¢ for all the methods
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Fig. 11 The errors in x (errx) and v (errv) against 4 for our M1 and PM1-PM2 (the slope of the dotted line
for M1 is one, for PM1 two and for PM2 three)
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Fig. 12 The errors in x (errx) and v (errv) against 4 for our symplectic SM1-SM3 (the slope of the dotted line
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Fig. 13 The errors in x (errx) and v (errv) against A for our energy-preserving EM1 (the slope of the dotted
line is two)

4.1 Transformed System and Methods

Due to the skew-symmetric matrix B, it is clear that there exists a unitary matrix P and a
diagonal matrix 2 such that

= PiQPH,

m‘bal

where

N diag(—a;, —@0-1, ..., —01,0,01, ...,01-1,01), d =214+1, (18)
| diag(—@y, @11 ..., —@1, @1, ..., @1, 8, d=2I,

with the integer / > 1. With the linear change of variable

@) = PHx@), () = PR, (19)
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Fig. 14 The errors in x (errx) and v (errv) against & for the existing methods SE, EE and ERK (the slope of
the dotted line for SE, EE is one and for ERK is two)

the system (1) can be rewritten as

d X _ 017 X 0 fo _ PH)CO
dl(ﬁ)_<OQi> (17>+(F()Z) © oo ) = \pHxg ) (20)
where F(¥) = PHF(PX) = —V;U(PX). In the rest parts of this paper, we denote the vector
x by

(xfl,xle,...,xil,xo,xl, ...,xlil,xl)T, d=2+1,
X = 21

G xR AT, d=2I,
and the same notation is used for all the vectors in R? or C? and for the diagonal matrix in

R4*4 or C4*4_ For example, 2~/ is referred to —d;. According to (19) and the property of
the unitary matrix P, one has that fork = 1,2, ...,/

i, 3% e R if they exist. (22)

The energy of this transformed system (20) is given by
1 ~12 ~ 1 ~2 ~ ~ o~
E(x,v)zival +U(Px):§|v| + U(PX) := E(X, V).

For this transformed system, we can modify the schemes of SM1-SM3 accordingly. For
example, the scheme (5) has a transformed form for (20)
Ri = % + ciho (cih )Ty + 12 il (WD F(X ), i=1,2,....5,
j=
g1 = T + ho1 (hQD)Ty + h? 21 Bi (W) F (X)), (23)
i=
Bt = @o(h)i, +h 3 yi (D) F(X,).

i=
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We summarise the relationships as follows:

PHorP

System (1) Transformed System (20)

Method Method

Hor
SM1-SM3 2L

Transformed SM1-SM3 24)

Denote the transformed method (23) by

- - s .
X! =% + cihoi (c;hQIDT] +h* Y o (WQDF!, i=1,2,....5,
j=l1
~ - S ~ . ~
i =5+ hoi QD] + 12 Y Bi(hQIDF (25)
i=1
5. s ~ -
07y, = "5 R Y QT
i=1
where the supgrscript index J for J = —I[, ~—l + 1,..., [ denotes the J-th entry of a vector or
a matrix and FiJ denotes the J-th entry of F'(X;) as the scheme of (21). It is noted that when
d =21, J = 0 does not exist. With the notation of differential 2-form, we need to prove that
(see [25])

[

!
D dxly Adpi =) dx) Adp;.
J=1 J=1

We compute

l i l -
Zldxr{+1 /\dp},]+1 = Zldir{Jr] /\dpy{+1 = Zld(Pin+1)J Ad(Pﬁ11+1)j
J=— J=— J=—

1 1
=y (x

_ _. I )
l I(PJ+I+1,i+1+1de+1)) A (kzl(PJ+l+1,k+l+1dPﬁ+1))
J=— i=—

I _
_ - ~k
> 2 Prrsvivi+1 Prirtkwi+1dX, g Ad Py )
1i=Zi1k=2

_ / _
Zi ~i zJ ~ ]
dx,  Adp, | = ledxn_,_1 ANdpyqs

Il
g~

J

M~

-~

l

! [
where PH P = I is used here. Similarly, one has 3" dx/ Adp] = 3 dx] Adp;. Thus
J==I J=—I

I o
we only need to prove Y. dX/ , Adpil., = Y dx] Adp].ie.
=1 =2

1 _ l _ .
ledir{Jrl AdT — % led)znjﬂ AT )
== == 26)
1 _ l _ - (
= 3 d¥/ AdY -1 S dE] AdQiF)).
J=—I J=—I

4.2 Symplecticity of the Transformed Methods

In this part, we will prove the following lemma.
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Lemma 4.1 The result (26) is true if the following conditions are satisfied

vj(K)—KBj(K)=d;l, dj €C,
yi (K)[@1(K) = cjgi(c; K)] = Bj(K)le ™ + Kgi(K) — ;K1 (c; K)],

_ 1 -
By (K) = S KBi(K)B; (K) = i ()l (K) = KBj(K)] @7
1 _ _
= Bj(K)yi(K) + EKﬂj(K)ﬂi(K) — o (K)[yi (K) + KB (K)],
wherei,j=1,2,...,s,and K = h<i. Here @1 denotes the conjugate of 1 and the same

notation is used for other functions.

Proof In view of the definition of differential 2-form (see [25]), it can be proved that for
J=—1,-1+1,...,1,

di] A dv] =dx] Adv) and dF) A dE] iR

In the light of the scheme (25) and the fact that any exterior product A appearing here is real,
it is obtained that

_ 1 - ~ - 1 - ~
di] o Adii,, — 5d)z,{H ANdQTiE] ) = dE] Adb] — Edi,{ Ad(Qix]

+h Y lyi(K7) — K7 Bj(K')d%] AdF]
j=1

1 ~ _
+he g1 (K7) = S0 i1 (K)o (K15 n db)] (28)
+h2 S (g1 (K )y (KT) = By (K e ™8 = n g1 (K7)B; (K )1dT] ndF
j=1
K B 1 ~ _ = -
+* DD 1K)y (KY) = ShQifi (KB (KA F! A dF],
i,j=1

where the fact that eX” — 1h 2/ ip1(K’) = I is used here. On the other hand, from the first s
equalities of (25), it follows that

N
%] =dX] — cihgi(ciK')dv;] —h* > e (K))dF]
j=1
fori =1,2,...,s. Wethenobtainfor j =1,2,...,s
- ~ = ~ - ~ S ~ ~
d%] NdF] =dX{ NdF] —cjhgi(c;K7)dv] ndF] —h* > aji(K))dF ndF].
i=1
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Inserting this into (28) and summing over all J yields

Z di]  Adb)L — = Z di] o A d(@7i%]L )
J=—1 J——l

de AT — = de Ad(QiE])

J=—I1 J——l
K l B
+hY 0 Y Iy (KY) — K7 Bj(K)dX] ndF] (290)
j=1J=—I
l
+h 1K g (k) — %KJ@(KJ)QDl(KJ)]d;,{ Adi; (29b)
J=-1
s 1
Y [@1(1(’);/,»(1&) — Bk K — K/ G1(KT)Bj(KY) (29¢)
j=1J=—I
—¢;@1(c;KDy;(K)) — Klﬁ‘(KJ)]] dv! A dﬁj’ (29d)
ey Z (B (K = Sh& B )5 (K (29¢)
i,j=1J=—1
— i (Kl (k) = K B (K|dF/ A dF. (29)

o Prove that (29a)=0. _
Based on the first s conditions of (27), F(x) = —V;U(Px) and (26), it can be verified

thatd):(JJ- /\dl:"jj :dX/! /\dFjJ.Thus, one has

l ~ ~
Z [)’j(KJ) — K'Bj(KNdX] ndF]

=d; defAde d; deJ/\dFJ——d ZdFJ/\dXJ

J_—l J=—I1 J=—I
aFf(X ! 2
= —d; z ( ) dXHh ndX] =—d; ¥ l(—aag(aif))de ~ndX! =0.
J, =

o Prove that (29b)=0.
Using the property of v,,, we have
dv;! Adv! = —dv) Adb), did Adi? =0,
and
X' G (K7) - %K%(K’m (K7 =K g1k~ - %K*’@ (K~ Dp1(K™).
Therefore, it follows that

[

S 1K gk )—2KJ<Z)1(K Yo1(K)1dT] A di] = 0.
J=-1

o Prove that (29¢)-(29f)= 0.
In the light of all the identities after the previous s ones in (27), the last two terms (29c¢)-
(29f) vanish.
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The results stated above lead to (26). m]

Based on the results of Lemma 4.1, it can be verified straightforwardly that the coefficients
of SM1-SM3 satisty (27). Therefore, these methods are symplectic.

5 Analysis on Long-time Energy Conservation (Theorem 3.3)

In this section, we will show the long time near-conservation of energy presented in Theorem
3.3 along SM2 algorithm. We first derive modulated Fourier expansion (see, e.g. [10, 19, 22,
24]) with sufficient many terms for SM2. Then one almost-invariant of the expansion is
studied and based on which the long-time near conservation is confirmed. The proof of other
methods can be given by modifying the operators L(h D), L(hD) (32) and following the way
given below. We skip this proof for brevity.

5.1 Reformulation of SM2

Using symmetry, the algorithm SM2 can be expressed in a two-step form

Xng1 = 2 + Xu1 = h(@1 (hQ) — @1 (—hD)v, + 3h2 (91 (hQ) + @1 (—=hQ)) F,
Xng1 — Xuo1 = h(@1 (hQ) + @1 (—h))vy + 37 (91 (hQ) — @1 (—hQ)) F,.
(30)
with F,, := F(x,), which yields that
a(hQ)XnH—z;zn"'Xn—l — ‘B(hQ)QXnHz—hxn—l + )/(hQ)Fn,

— £ — 2 — £ 2018)e1(=5)
Whefe“(f) = o1(E)—g1 (&)’ /3(5) = o1&+ (=E)’ J/(%‘) - le(g)i(ﬁ]z(ié.)-

For the transformed system (20), it becomes
&) 2tk — i Q)iQ T T 1 () F, (31)

smc2( )’ ﬂ(?’-‘) sinl(g) ’ 77(5) =
£ csc(€) with sinc(§) = sin(§)/€. Based on (31), we define the operator

where the coefficient functions are given by a(§) =

LhD) = a(h) =242 _ B )i 5 ", (32)

where D is the differential operator.
Before we derive the modulated Fourier expansion for SM2, we need the following nota-
tions. We collect the diagonal elements of 2 (18) in the vector

(o, ..., —o1,0,01,...,0)T, d=21+1,
o =
(=g, ..., —01,01,...,0)T, d=2I.

It is noted that @ = O(1/¢). In this paper, the notation k is used to describe a vector in R¢
and as stated in the previous section, its components are denoted by

G LR kY T DT, a=2041,
Sl et R, DT, da =2,

and the same notation is used for all the vectors with the same dimension as k. For example,

w! is referred to @;. In this paper we also use the notations

k| =3 k], k-w =Y ke,
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and the resonance module M = {k € Z? : k- w = 0}. Denote () by the unit coordinate
vector (0,...,0,1,0,...,0)T € R? with the only entry 1 at the j-th position. The set N'*
is defined as follows. For the resonance module M, we let K be a set of representatives of
the equivalence classes in Z/\ M which are chosen such that for each k € K the sum |k|
is minimal in the equivalence class [k] = k + M, and that with k € K, also —k € K. We
denote, for the positive integer N, N = {k € K : |k| < N}, N* = M\{(0, ..., 0)}.

5.2 Modulated Fourier Expansion

We first present the modulated Fourier expansion of the numerical result X,, and v,, for solving
the transformed system (20). In the rest parts of this paper, we consider d = 2/ 4 1 and all
the analysis can be modified to d = 2/ without any difficulty.

We will look for smooth coefficient functions g:k and 7 such that for ¢ = nh, the functions

) =Y eCTGO + Ran @, 0@ = Y SCT RO+ Sin®), (33
keN* keN*

yield a small defect R, S when they are inserted into the numerical scheme (31).

Lemma 5.1 Under the conditions of Theorem 3.3 and for t = nh, the numerical results %,
and v, produced by (31) satisfy

Go= > MO+ Run@®). Tu= D CT @) + Shn ). (34)
keN* keN*

The coefficient functions [y have the bounds

&of —0<1) &y =00, y=0m. i =om,

~ > = 5 (35)
G =omd)., i =0m. 0, =0m). i, =omd,
and we have the following results for the coefficient functions 1y
~ < ~+j ho
iilo) = &0y + O, i) = sm(ijfmf +0Mm),
ﬁ?ij) =i®; sinc(h&)j)g&h + O(h), ﬁ{j) = m)]{j + O(h), n(_ 1w]§ y T O(h).
(36)
A further result is true
o= 0w, i =0m") for Ikl > 1. (37)
The remainders in (34) are bounded by
Ryn @) =O0@hY),  Sn() = 0@ h" [e). (38)

The constants symbolised by the notation O are independent of h, €, but depend on cg, ¢
appeared in the conditions of Theorem 3.3.

Proof The proof is presented by using the technique of the modulated Fourier expansion [19,
25] and it involves the construction of the series and the analysis of the coefficients and the
truncation. For brevity, we present the key steps here and the details are referred to some
related works [21-24, 42, 43].

e Proof of (34). Inserting the first expansion of (33) into the two-step form (31), ¢xpanding
the nonlinear function into its Taylor series and comparing the coefficients of e/*' @) we
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obtain
LDz =76 (Fiop+ Y L F™ 0@,
s(a)= 0
(39
LD +ihk - o) = 7(hQ) > —,F“"’(;«)»(;)a, lk| > 0,
s(o)=k '
where the sum ranges over m > 0, s(x) = Z ajwitha = (a1, ...,a,)and0 < |o;| < N,
J_
and (;:)a is an abbreviation for (qu e ;‘am ). This formula gives the modulation system for

the coefficients ¢ of the modulated Fourier expansion. Choosing the dominating terms and
considering the Taylor expansion of £

L(hD) = —Q* csc(hQ)(ihD) — %fzz csc? (%hfz)(ihD)z +

L(hD +ih(k - @)) = 2sin (%h(k @) Q% esc (%m) csc(h<2) sin (%h(ﬁ — (k-a)D))
. 1 = ~2 1 ~ ~ .

— sin (Eh(Q —2(k - @)))Q2" csc (EhQ) csc(hQ)(GhD) + ...,

L(hD +ih((£j) - @) = £&] cse(hd;)(ihD) — %5)2 csc?(hdd; /2)(ihD)? + . ..,

J

the following ansatz of Zx can be obtained:

;ij —h%&; Aho;) + 70 0 0

;(0) 8 gm2j( hw]) (‘7: J () +... )a C(O) ‘7:0 ( ) +.

Lio K ij(hwj jO i R2@jAe)) —jO )

§<j) 81sm2( ha))(]: O+ ) §< J) —81sm2( hw)( —J ()+)’

pt QAL

& = 16sin(1 1) sin(3h(Q—(k-w) 1)) sin(3 h(k-w) 1) ( ) for |k| > 1,

(40)

where j = 1,2,...,1, A(x) =2 sincz(%x), all the F and so on are formal series, and the

dots stand for power series in +/7. In this paper we truncate the ansatz after the O(hV+1)
terms. On the basis of the second formula of (30), one has

TP G _
Up = (o1 (he) o1 (—ihD) (Xnt1 — Xn—1)

= Zhsinc(h®) Fnr1 —

172 _01hQ)—gi (—ihQ) F(i
2 i n e ingy T ) (41
Xn— 1)— 1htan( QVF (%y).

Inserting (33) into (41), expanding the nonlinear function into its Taylor series and comparing
the coefficients of ¢!®"@) one arrives

= L(hD)%() —71htan( sz)(F(; Nt D F(’”)(c D@a),

s(a)=0 (42)
ik = LO:D + ih(k - w»ck——lhtan( @ > F““’(; D@as k| > 0.
s(a)=k
where
L(hD) = %(ew — e D)y,

2h sinc(h€2)

In asame way as [21-24, 42, 43], this formula gives the modulation system for the coefficients
7k of the modulated Fourier expansion by choosing the dominating terms and by the Taylor
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expansion of £

L(hD) = Qesc(hQ)(hD) + éfz csc(hQ)(hD)* + ...,

LD +ih((£])) - @)* = +id; + @; cot(hd;)(hD) + . ..,

LD +ih(k - @)) = isin(h(k - @))Qcsc(hQ) + cos(h(k - @) Qesc(h) + . . ..
Under the above analysis, the construction of Ek and 7y, is presented and this proves (34).
e Proof of (35)-(37). For the first-order and second-order differential equations appeared in

(40), initial values are needed and we derive them as follows.
According to the conditions X (0) = X and v, (0) = vg, we have

57 = Lol () + 0.

7 =20, + 0,
17() = ﬁ(o 0)+0O(e) = § (0) + 0(8)
¥ = n{o OF 0 +0() = £y ) +1d;E0,(0) + Oe),

By 7 =i (0)+n (0)+(’)(8)—§ j(O) i@t (0)+O(8)

(43)

Thus the initial values g:% 0) = O1) and ZO (0) = O(1) can be derived by considering
the first and third formulae respectively. Accordmg to the second equation of (43), one
gets the 1n1t1a1 value ;“ el (0) = OQ). It follows from the fourth formula that { (O)
ial)_ (T){ (0) + (9(2)) O(¢), and likewise one has { _] 1(0) = O(e).

J

With the ansatz (40), we achieve the bounds

Ll = = o), E< =00, fy=0m). ) =o0m,
~ ~ 5
G =omd), =00, 10, = 0w, i, =0n).
According to the initial values stated above, the bounds
Lol =0, I =0m. ,=0om. i =owm.

are obtained. Moreover, based on the above bounds and the relationship (42), the coefficient
functions 7 are bounded as (36). With these results and considering (40) and (42) for |k| > 1,
a further result (37) is deduced by the same arguments in [23, 24, 42, 43].

e Proof of (38). Define

- - A 1 A=
81t + h) =Xp(t + h) — Xp (1) — ho1 (1h) v, (2) — EhZW] (1R F (x5 (1)),
- o ~ 1 o~ Lo~
8a(t 4+ h) =Up(t + h) — "0, (1) — S0 H) Fr (D) = ShF Gt + h)
fort = nh. Considering the two-step formulation, itis clear that §; (t+h)+81 (t —h) = o).
According to the choice for the initial values, we obtain §;(0) = O(hN*2). Therefore, one
has 8, (1) = O(hN*+?) 4 O(thN+1). Using this result and (41), we have 8, = O(h"). Then

let R, = %, — X, (t) and S, = ¥, — 05, (¢). With the scheme of SM2, the error recursion is
obtained as follows:

Ryt I hg1(GhQ) \ [ R, 1 heiTu Ry 81
5 = in$y g |tk + :
Sn+1 0 e Sn 2 ooy R + Tyt RYH—I 8
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where '), := fol Fy(%n + TR,)d. Similar to [23, 24, 42, 43], solving this recursion and the
application of a discrete Gronwall inequality gives (38). O

Using the relationship shown in (24), the modulated Fourier expansion of the method
SM2 is immediately obtained.

Lemma 5.2 The numerical results x, and v, produced by SM2 admits the following modu-
lated Fourier expansion

= 30 €T g0+ 0PhY), v = 37 E P ) + OGhN ),
keN* keN*

where ¢ = P& and g = Pfj. Moreover;, we have {_y = & and 11— = Tik.
5.3 An Almost-Invariant

Denote E = (g: k) KEN*" An almost-invariant of the modulated Fourier expansion (33) is given
as follows.

-

Lemma 5.3 There exists a function E[](t) such that

EL1(0) = E[Z10) + OGh™). (44)

Meanwhile, this function has the form
= Lo 2 Igm o lj 2 1ej ]2 -
EE10) = 3 [ty 0 + 3202 (& 0f +[52,0f ) + v oo + om.
j=1

Proof According to the analysis of Sect. 5.2, it is deduced that
7 (R LMD)Fy = F(%n) + ORY),
where we use the denotations X, = Y Xpx with Xy = eltk-o)t g:k. Multiplication of this

keN™
result with P yields

Py ') LhD)PRPX, = P () L(hD) PPy,
= PF (%) + Oh"*?) = F(xp) + O™,
where xp = Y xp i Withxy p = ei(k'w)’gk. Rewrite the equation in terms of x;, x and then

keN*
one has

Py Y Q)LD P Xy = =V, URF) + OKN),

where /() is defined as

- 1
UE = U0 + D — U (0000
s(a)=0 "~

with X = (x4.k) ; +- Multiplying this equation with (%, )" and summing up yields

Y1 B A d. .
> (k) TPF T (M LMD) PPy + U = omM).
keN* !
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Denoting ¢ = () v and switching to the quantities ¥, we obtain

O™y =" (tx —itk- @) x) TPy (RQ LMD +ih(k - w)) PP + L@

keN* dt
[N d -
=3 (@ —ik- o)) TP WLMD + ihk - @) Pl + S UQ)
keN* dt

=> (G —itk-@)5) PR PY QLMD +ih(k - w)) PP P + d U(g)
keN*
= 3 (- ik 0)8) TP GO LEBD ikt o)+ U,
keN*
(45)
In what follows, we show that the right-hand side of (45) is the total derivative of an expression
that depends only on 4:1< and derivatives thereof. Consider k = (0) and then it follows that

L(hD)Ey = ihMyZioy + WMoty +ih3Mat) + ..., where M, € R4 forn = 1,2, ...

By the formulae given on p. 508 of [25], we know that Re( )T[,(h D){ is a total deriva-
tive. For k # (0), in the light of

LD +ih(k - @)k = Nolk + ihNiZx + h>Nolx + i N3l + . . .,

where N, € R4*? forn =0, 1, ..., it is easy to check that Re(gk)TJ?_l(hQ)ﬁ(hD +ih(k -
@)k andRe(i(k-@) &) "7~ (h ) L(hD+ih(k-w))Zx are both total derivatives. Therefore,

there exists a function £ such that %6 [E](t) = OhM). It follows from an integration that
(44) holds.
On the basis of the previous analysis, the construction of £ is derived as follows

ELE10) = ~ Gy )T 2sinc(3hQ) oy (1) +UC @) + Oh?)
— 2O )1 (i) + o1 (—ih)e (%)
1 ! cbj 2 sinc? ( ha)j)
~S" %
+2J_§ h " g1 Ghivy g1 (—ihio;) + o1 (—ihas ;)1 (hivy) (¢} (t)‘ + [ (t)’
1 2 1 .y 2 e
> [y 52 (&0 + [z 0 + v i) +om.

5.4 Long-Time Near-conservation

Considering the result of £ and the relationship (36) between ¢ and 7, we obtain

! 2 .
1 = 5 [y Z (Jefyw| )+ UPH () + Oh)
I

+ (80 @)

710 (tn) | %)+ UPHE (1)) + O,

+ ‘n i ()

= 31l + 33 ([0

(46)
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We are now in a position to show the long-time conservations of SM2.
In terms of the bounds of the coefficient functions, one arrives at

~ 1. 2o 2
ECin, va) = B 0) = 3 [y () + |7 @| )

2 1d .
+ = 1y (tn)
2]2(‘ ) (47)

+ U Pz 0y (12)) + O(h).

A comparison between (46) and (47) gives £ [E](tn) = E(xy, vy) + O(h). Based on (44) and
this result, the statement (14) is easily obtained by considering nh™N <1 and

E(xp, vn) = S[Ef](tn) +O() = ELENta-1) + OGN ) + Oh)
= g[g](t,l_z) +20N Y + O = . ..
= E[Z1(10) + nOMNTYY + O(h) = E(xo, v0) + O(h).

6 Analysis on Convergence (Theorem 3.6)

In this section, we discuss the convergence of the algorithms stated in Theorem 3.6. The
proof will be firstly given for EM1, M1 and PM by using the averaging technique and then
presented for SM1-SM3 by using modulated Fourier expansion.

6.1 Proof for EM1, M1 and PM
6.1.1 Re-scaled System and Methods

In order to establish the uniform error bounds, the strategy developed in [9, 42] will be
used in the proof. This means that the time re-scaling 7 := /¢ is considered and ¢(t) =
ex(t), w(r) = ev(t), where the notations ¢(t) := x(¢), w(r) := v(¢) are used. Then the
convergent analysis will be given for the following long-time problem

. _ . = Z
g(t) = ew(r), w(r) = Bw(t)+eF(q(r)), T €[00, - 1, 48)

q(O) = qo = X0, u}(O) = wo := Vg,

where ¢ (resp. w) is referred to the derivative of ¢ (resp. w) with respect to 7. The solution
of this system satisfies [|g ||z 0,7/s) + lwllzo,7/6) S 1 and for solving (48), the method
EM1 becomes

2.2

5 B 1
Gns1 =qn + £ATQ1(ATB)w, + o2 (ATB) /0 F(pgn + (1 — p)gni1)dp,
(49)

_ ool
wyy1 =2 Bw, + Arw](ArB)/O F(pgn + (1 — p)gn+1)dp, 0<n < AT
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where At is the time step At = 1,41 — 7, and ¢, = q(t,), w, = w(zy,) is the numerical
solution. The variation-of-constants formula of (48) reads

q(th + AT) = q(1) + e ATt (ATQw(Ty)

1
+e?Ar? /0 (1= p)p1((1 = P)ATQ)F (q(ta + pAT))dp,

1
w(ty, + At) = @o(ATQw(Ty) + 8Ar/0 @o((1 — p)ATQ)F(q(ty + pAT))dp. (50)

6.1.2 Local Truncation Errors

Based on (49), the local truncation errors &/ and &Y of EM1 for0 <n < w% are defined as

q(Tus1) =q(t) + Atepi(ATB)w(t,)
282

~ 1
+ o2 (ATB) /0 F (0q(ta) + (1 — p)q(Tus1)) dp + £,

_ ol
w(tus1) =e2"Buw(,) + Atep (AIB)/O F(pq(ty) + (1 — p)q(ty11))dp + &,
(51)

By this result and the variation-of-constants formula of (48), we compute

1 -
& =eAt / e O RN
0
N 1
- eAm(ArB)/O Fq(m) +0(q(tus1) — q(m))do

1
=&Y At (hB)FY(z,) — e Aty (ATB)F(q(1a))
Jj=0

1
— e?At?p1(ATB) / [oa—F(q(rn»w(rn)]da+0<82Ar3)
0o dq

[N 1 ~ 0F
=eAT’0(ATB)F V(1) — Eszmzwl(ATB)@@(rn))w(rn) + O(*ATd),

where F (&) = F(q(§&)) and F) denotes the jth derivative of F with respect to t. By this
definition, it follows that

A1) IF dg oF
FYo () = af(q(fn))*(fn) = —(q(m))ew(ty).
q dr dq

Consequently, the local error becomes

n

£V = e*AT(p2(ATB) — %wl (Ar@)%(g(rn»w(rn) + 0(e*ATY) = O(e*ATY),

where the result (pz(ArE) — %gol (Aré) = O(AT7) is used here. Similarly, we obtain o2
gl = O AT?). (53)

Remark 6.1 It is noted that for M1, the local truncation errors are
£V = O’ AT?), &1 = O(e*AT?). (54)
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6.1.3 Error Bounds

Define the error of the considered scheme

el :=q(ty) —qn, ¢ =wy) —w,, 0<n<—.

eAt

We first prove the error bounds of re-scaled EM1 and M1.

Lemma 6.2 The convergence of re-scaled EM1 is given by
a vl SerATh 0 < ! 55
legq| + lee, | S AT, _n<E. (55)

For the re-scaled M1, its global error becomes

M Yi1<eAr, 0< d 56
len ]+ leyy] S €A, _n<E. (56)

Proof In this part, we will first prove the boundedness of EM1: there exists a generic constant
Aty > 0 independent of ¢ and n, such that for 0 < At < Ary, the following inequalities
are true:

T
lgnl < llgllze©,1/e) + 1, |wp| < llwllze@,r/e) +1, 0<n =< AT 57

Forn = 0, (57) is obviously true. Then we assume that (57) is true up to some 0 < m < %,
and we shall show that (57) holds for m + 1.
For n < m, subtracting (51) from the scheme (49) leads to

el | =l + Atepi(ATB)eY +nl + &1, e’ =erTBe 4l +EY, 0<n <m, (58)

where we use the following notations
Ar2s2 ol
nl = 5 wz(ArB)/O [F (pq(ta) + (1 = p)q(tas1)) — F (pgn + (1 — p)gns1)] dp.

Ny =A18¢1(Ar§)/01 [F (pq(tn) + (1 = p)q(tas1)) — F (pgn + (1 = p)gus1)] dp.
From the induction assumption of the boundedness, it follows that
i) < AT%e? (lef| + lepl) . )| S Ave (lefl +leiy ). 0<n<m. (59
Taking the absolute value (Euclidean norm) on both sides of (58) and using (59), we have
led 1+ ley il — ledl —ley| SAte (ley |+ led| + lef 1) + 17 +1E, 0<n<m.

Summing them up for 0 < n < m gives

m

m
lef il +lemi il S Ate Y (lef |+ led] + el 1) + > (11 + 1&7]) -
n=0 n=0

In the light of the truncation errors in (52) and the fact that mAte < 1, one has

m
2
lef i1+ lem | S Ate > (lef| + led| + lef 1) +eAT?,
n=0
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and then by Gronwall’s inequality arrives at

T
q 2
el + lemy] S eAT”, O§m<E. (60)
Meanwhile, concerning

gm+1] < 1g@nrD| +lef il Twnit] < Tw @)l + lep 1],

there exists a generic constant Atg > 0 independent of ¢ and m, such thatfor0 < At < Ary,
(57) holds for m + 1. This completes the induction.
We rewrite (58) as

eZ+1 =el 4+ Arq)l(Aré)(se;‘)) +ul + &1, (cey ) = eArB(se}f) +en) + €&

Following the same way as stated above, (55) is arrived. We note that for M1, the global error
given in (60) becomes (56).

In what follows, we derive the error bound for re-scaled PM.
Lemma 6.3 For the error bound of re-scaled PM, it satisfies
10713 W] = [a (@) w(E)]| < C((eATY ! +e87) (1 + ligo; wol), — (61)
where we denote by C > 0 a generic constant independent of At or §t or n or ¢.

Proof Firstly, for the coarse propagator (10), we compute

GI AT ([g; w]) — GI AT (1g; w])‘

| [ I eAtpi(ATB) s e? AT’ (ATB) (F(q) — F(§))
“(o po(ATH) ) (lg: w) = (g 1) + ( eATh1(ATE)(F(g) — F(@)
<(1+£A1)[[g: w] — [§: W] + (e*AT*/2 + eAT)L | — G,

with HFqH < L, which gives

GutAt(lg; w)) - GEFAT(G: WD| < (1 + CoAD) llgs wl — (G @] (62)
Similarly, we have the same result for the fine coarse propagator (11)

|Fat (s w]) — FesT(g @D < (1 + Cesr) llg; w] — [3; B
Then by the induction, it is immediately derived that

n 8 n 8 -~
)f;jgljl)& o rr o FI ([q; w]) — FUTMT oo FEHT(G: b))

< (1+ Cest)" |[g: w] — [§; W], m= 5.

On the other hand, it can be seen that (1 + CsSr)% =1+ (CSS‘L’)% + O(At) < C. Thus
\H;W([q; wl) — FortAT([g; w])] < Cllg; w] — [§; W]|. Letting [§; @] = [0; 0] in this

result and (62) yields the boundedness

Tn

GutAt(lg; w)| = Cllgiwll, |[FE+a7(gs wh| = Cligs wll.
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For the exact solution of (48), it is assumed that there exists a propagator £ such that
[q(7); w(r)] = &j[g(0); w(0)]. Moreover, based on (50), there exists a constant C > 0,
such that

T
€519 (0); w(O)]| < Cllg(0); w(O)]], T €][0, it (63)
Define

¢d([q: w]) = G2 A ([q: w]) — EX AT ([g; w),
el ([q; w]) = FIrA% ([g; w]) — ETA ([g; w).

Using the same argument as stated in the part of local truncation errors, it is obtained imme-
diately that there exists a constant C > 0, such that,

le9 (lg; w) — eZ(1g; wD)| < Ce2AT? |[g; w] — [§; ]|,

|7 (Iq: w]) — &7 (13 D])| < Ce2Arst llg: w] - [3: @]l 64
Letting [g; w] = [0; 0] gives
led ([lq; wD| < Ce2 A |[g; wll, |ef (g; w)| < Ce? ATt |[g; w]l. (65)

Now we are in a position to prove the statement (61) by induction over j > 0. In the light
of the result (56) of M1, this statement is obvious for j = 0. In what follows, it is assumed
that (61) is true for j and we will prove it for j + 1. From the definition of the method, it
follows that

lg) 1wt = [q@a)s w1 = G0+ (g s wit D) + Fo (g wil)

= G g wi ) — £ (g (T); w(@))).
In order to prove the result, we split this form as follows

[g 7t w1 = [ @ns); w(Tar)]

=g ([ wit' D — GI (g (tn); w(m)]) + (EFH — G ) (g wil)
— (€I = G ([q(1a); w(T)]) — (EFH = F) (g wi)
+ (E = For (g () w(m)]) — (E —ff',’“)([ (Tn); w(Ta)])
=G (lgf s witD — G (g (n): w(m)D) — e (g wil) + eff (lg(zn): w(T)])
+e (gl wi)) — e ([q(mn): w(m)D) + ¢ ([q(T): w(T))).

By triangular inequality and the results (62)-(65) stated above, it is obtained that

1 +1
llg7 1wl T = g @ w(m)|

< |gme g™ wi ) = 65 (g (@) w(z)D| + e
e (g wiD = e (@) w(z)D| + e

= (1+Cea) |lg/ s wi ™1 = [g @) w(m)]| + CAT lg]: w]l — [g(@); w(w)]|

(Lgs wiD — ef (g (@); w(z)D)|

+ CAtdte? ‘[q,,; w1 — [q(ty); w(rn)]’ + CAT8Te? [[q(T); w(T)]l -
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The boundedness of the exact solution as well as the induction hypothesis (61) allow to get

a5 Wi = 1@ )s w(me ]| = (1 + CeAD) [lg] s i+ = [g(@): )]

+ CAT(AT +87)((eAT)/ T + 85‘[)8 (1 + |[go; woll) + CATSTE? [g0: wol| -

Aslong as (AT + &/ At/ 4+ 87)(1 + |[g0; wol|) < 1, we have

j+1 1
‘[‘I,J,_t]v ,/,il] g (Tn+1); w("—'n-ﬁ-l)]‘

5(1+C5Ar)‘[ I it — [q(rn);w(rn)]]
+ CeAt((eAT) 2 +287) (1 + |[q0; woll),

from which we get (61) for j + 1 from the discrete Gronwall lemma. O

6.1.4 Proof of the Results for the Methods Applied to (1)

By considering the grids in the 7 variable and 7 variable, it is obtained that for the original
system (1) and the re-scaled system (48), x(t,) = q(7,) and v(t,) = w(t,). Moreover, by
comparing (9) with (49), we know that the numerical solution x,, v, of (9) is identical to
qn, Wy, of (49). Therefore, the result (55) yields the uniform error bound in x given in (16)
and also shows the non-uniform error in v of (16). The results (15a) of M1 and (15b) of PM
are direct results of (56) and (61), respectively.

6.2 Proof for SM1-SM3

For SM1-SM3, the above proof cannot be applied since their local truncation errors will lose
a factor of ¢ in (52) and (53). This motivates us to consider modulated Fourier expansions
(see, e.g. [19, 22, 24, 25, 40]) for analysis in this part. The proof will be briefly shown for
SM2 and it can be modified for the other two methods easily. Since the result is given under
a lower bound on the stepsize, here the truncation error of modulated Fourier expansion is
measured under /.

6.2.1 Decomposition of the Numerical Solution

Now we turn back to the SM2 given in (31) and consider its modulated Fourier expelnsion
(33). In order to derive the convergence, we need to explicitly present the results of ¢ and
Nk with |k| < 1. In the light of (39) and the properties of L(k D), we obtain

cy; —h20;Ah®;) [~ - Sps s +j
Lol = M(F(;“(m)+F”(§<0>)(§<j>’§<—j>)+--~) g

O Bisin2(Lhaj)
:O - I Ind Ind 0
Loy = (F(C<0))+F (§<0))(§(j>v§(—j>)+...) ,
. 3o Ahd;) Lo .
J = ! . F' N+
&) —l6sin2(%hcbj)sin(h£)j)( €O +---)
- h2 - ..
U — N
&) —4sin2(hd)j/2)( Coegy +---)
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s hPRjAMD)) -, - - ,

joo e Ane;) g S

37 Sisinz(%h&)j)( Go)ey) + )
. h2a~)~A(hd)') - .

Jo— NI F . ],

2

&y = h—(ﬁ/@m)&— AR

DT _4sin?(h@; /2) ]
i o Ahd; Y .
&y = @2, (F'@Co)E—j) +---)". (66)

—165in?(5h@;) sin(hé;)

Then the following results

~0 20 ~tj hd; =+j ~0 o~ . ~ \Z0

i) = @) + O, 77((){ = r(hg.)j);(o)’ +O(h), 7y jy = i@ sinc(h@ ;)P ;) + Oh),

~j L~z . h o~ ——j e . ho~
i)y =i6;E0, +O(h lltan(zwj)‘ ). iy = =iii )y + O (h “tan(f“’f')’ )

(67)
are easily arrived by considering (42) as well as the property of L(h D).

6.2.2 Decomposition of the Exact Solution

Following the result given in [24], the exact solution of (20) for ¢ = nh admits the following
expansion

i)=Y C @) +di), 5= Y N () +dy (), 68)
keN™* keN*

where the defects are bounded by J,; (1) = 0D, c?,;(t) = O(e). The functions ji; with
|k| < 1 are given by

P - - . . 4
f) = == (F (i) + F" (o) gy i-jp) + )7,
Flw;
i (i B ~ 0
“?0) = (F (i) + Fo (o) (@gy —jy) + .- ) s
——j 1 L _
gy = Y (F'(opivgy +--) 77,
J
1 -
~0 - - 0
Ay =~z (F' oy +..)"
J
oy 1~ .
) = i) (F'(opingy +---.)"
. TP B
Hip = i, P B+ ) g
1 -
~0 - ~ 0
Ajy =~ (F o) ip +..2)
J
Al =;(ﬁ/(ﬂo)ﬂ he)! (69)
(=J) _202 (O (=j) T -2 )
J

and the functions vy with |k| < 1 are

Doy = oy, D)) = @A)y + i) = Hid ) + O). (70)
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The initial values are the same as those of the numerical solutions.

6.2.3 Proof of the Convergence

Looking closely to the Egs. (69) and (66), which determine the modulated Fourier expansion
coefficients, it is obtained that ¥* () — %, (r) = O(h?). Similarly, with (70) and (67), one has
T*(1) = O (1) = O(h3). According to the above results and the defects of modulated Fourier
expansions, we have the following diagram:

Exact solution (X (nh), v(nh)) Numerical solution (X, 0,,)

1«9(;12),0(/12/5)) 1@(;12),0(;12/8))

Modulated Fourier expansion (x*, ﬁ*)(OMhz))Modulated Fourier expansion (X, Up)
The error bounds
(nh) — %, = O(h%),  (nh) — o, = O(h?/¢)
are immediately obtained on the basis of this diagram. This obviously yields

x(nh) — x, = O(h%),  v(nh) — v, = O(h?/¢)

and the proof is complete.

7 Conclusions

Structure-preserving algorithms constitute an interesting and important class of numerical
methods. Furthermore, algorithms with uniformly errors of highly oscillatory systems have
received a great deal of attention. In this paper, we have formulated and analysed some
structure-preserving algorithms with uniform error bound for solving nonlinear highly oscil-
latory Hamiltonian systems. Two kinds of algorithms with uniform error bound in x were
given to preserve the symplecticity and energy, respectively. Moreover, some methods with
uniform error in both x and v were derived. Long term energy conservation of symplectic
methods were also discussed. All the theoretical results were supported by two numerical
experiments and were proved in detail.

Last but not least, it is noted that all the algorithms and analysis are also suitable to the non-
highly oscillatory system (1) with ¢ = 1. The algorithms are also applicable to the strongly
damped Helmholtz-Duffing oscillator, strongly damped wave equation, eardrum oscillations,
elasto-magnetic suspensions, and other physical phenomena [13, 33, 39]. Meanwhile, there
are some issues brought by this paper which can be researched further. For the system (1)
(not two dimensional) with a matrix B(x) depending on x, how to get uniformly accurate
structure-preserving algorithms? This point is challenging and will be considered in future.
Another issue for future exploration is the extension and application of the methods presented
in this paper to the Vlasov equations under strong magnetic field [5, 6, 11, 12].
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