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Abstract

In this paper, a novel class of exponential Fourier collocation methods (EFCMs) is
presented for solving systems of first-order ordinary differential equations. These so-called
exponential Fourier collocation methods are based on the variation-of-constants formula,
incorporating a local Fourier expansion of the underlying problem with collocation meth-
ods. We discuss in detail the connections of EFCMs with trigonometric Fourier colloca-
tion methods (TFCMs), the well-known Hamiltonian Boundary Value Methods (HBVMs),
Gauss methods and Radau ITA methods. It turns out that the novel EFCMs are an es-
sential extension of these existing methods. We also analyse the accuracy in preserving
the quadratic invariants and the Hamiltonian energy when the underlying system is a
Hamiltonian system. Other properties of EFCMs including the order of approximations
and the convergence of fixed-point iterations are investigated as well. The analysis given
in this paper proves further that EFCMs can achieve arbitrarily high order in a routine
manner which allows us to construct higher-order methods for solving systems of first-
order ordinary differential equations conveniently. We also derive a practical fourth-order
EFCM denoted by EFCM(2,2) as an illustrative example. The numerical experiments
using EFCM(2,2) are implemented in comparison with an existing fourth-order HBVM,
an energy-preserving collocation method and a fourth-order exponential integrator in the
literature. The numerical results demonstrate the remarkable efficiency and robustness of
the novel EFCM(2,2).
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1. Introduction

This paper is devoted to analysing and designing novel and efficient numerical integrators
for solving the following first-order initial value problems

u'(t) + Au(t) = g(t, u(t)), u(0) = uo, t € [0, tendl, (1.1)

where g : R x R — R? is an analytic function, A is assumed to be a linear operator on
a Banach space X with a norm |||, and (—A) is the infinitesimal generator of a strongly
continuous semigroup e *4 on X (see, e.g. [27]). This assumption of A means that there exist
two constants C' and w satisfying

He*tAHXM <Ce*t, t>0. (1.2)

An analysis about this result can be found in [27]. It is noted that if X is chosen as X = R¢
or X = C%, then the linear operator A can be expressed by a d x d matrix. Accordingly in
this case, e %4 is exactly the matrix exponential function. It also can be observed that the
condition (1.2) holds with w = 0 provided the field of values of A is contained in the right
complex half-plane. In the special and important case where A is skew-Hermitian or Hermitian
positive semidefinite, we have C = 1 and w = 0 in the Euclidean norm, independently of the
dimension d. If A originates from a spatial discretisation of a partial differential equation, then
the assumption of A leads to temporal convergence results that are independent of the spatial
mesh.

It is known that the exact solution of (1.1) can be represented by the variation-of-constants
formula

u(t) = e Hug + /0 e~ DA (7 u(r))dr. (1.3)

For oscillatory problems, the exponential subsumes the full information on linear oscillations.
This class of problems (1.1) frequently rises in a wide variety of applications including engineer-
ing, mechanics, quantum physics, circuit simulations, flexible body dynamics and other applied
sciences (see, e.g. [10,16,24,27,39,41,44,47]). Parabolic partial differential equations with their
spatial discretisations and highly oscillatory problems are two typical examples of the system
(1.1) (see, e.g. [30-34,42]). Linearizing stiff systems u'(¢) = F(¢,u(t)) also yields examples of
the form (1.1) (see, e.g. [15,25,28]).

Based on the variation-of-constants formula (1.3), the numerical scheme for (1.1) is usually
constructed by incorporating the exact propagator of (1.1) in an appropriate way. For example,
interpolating the nonlinearity at the known value g(0,ug) yields the exponential Euler approx-
imation for (1.3). Approximating the functions arising by rational approximations leads to
implicit or semi-implicit Runge-Kutta methods, Rosenbrock methods or W-schemes. Recently,
the construction, analysis, implementation and application of exponential integrators have been
studied by many researchers, and we refer the reader to [3,11-13,16,37,45], for example. Ex-
ponential integrators make explicit use of the quantity Au of (1.1), and a systematic survey of
exponential integrators is referred to [27].

Based on Lagrange interpolation polynomials, exponential Runge-Kutta methods of collo-
cation type are constructed and their convergence properties are analysed in [26]. In [40], the
authors developed and researched a novel type of trigonometric Fourier collocation methods
(TFCMs) for second-order oscillatory differential equations ¢”(t) + Mq(t) = f(q(t)) with a
principal frequency matrix M € R4*¢. These new trigonometric Fourier collocation methods
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take full advantage of the special structure brought by the linear term Mg, and its construction
incorporates the idea of collocation methods, the variation-of-constants formula and the local
Fourier expansion of the system. The results of numerical experiments in [40] showed that the
trigonometric Fourier collocation methods are much more efficient in comparison with some al-
ternative approaches that have previously appeared in the literature. On the basis of the work
in [26,40], in this paper we make an effort to conduct the research of novel exponential Fourier
collocation methods (EFCMs) for efficiently solving first-order differential equations (1.1). The
construction of the novel EFCMs incorporates the exponential integrators, the collocation meth-
ods, and the local Fourier expansion of the system. Moveover, EFCMs can be of an arbitrarily
high order, and when A — 0, EFCMs reduce to the well-known Hamiltonian Boundary Value
methods (HBVMs) which have been studied by many researchers (see, e.g. [6-8]). It is also
shown in this paper that EFCMs are an extension of Gauss methods, Radau ITA methods and
TFCMs.

The paper is organized as follows. We first formulate the scheme of EFCMs in Section 2.
Section 3 discusses the connections of the novel EFCMs with HBVMs, Gauss methods, Radau
ITA methods and TFCMs. In Section 4, we analyse the properties of EFCMs. Section 5 is
concerned with constructing a practical EFCM and reporting four numerical experiments to
demonstrate the excellent qualitative behavior of the novel approximation. Section 6 includes
some conclusions.

2. Formulation of EFCMs

In this section, we present the formulation of exponential Fourier collocation methods
(EFCMs) for systems of first-order differential equations (1.1).
2.1. Local Fourier expansion

We first restrict the first-order differential equations (1.1) to the interval [0, h] with any
h > 0:
u'(t) + Au(t) = g(t, u(t)), u(0) = ug, t € [0,hl. (2.1)

Consider the shifted Legendre polynomials {P }32 satisfying

1
/ Pi(x)Pj(x)dz = 0,5,  deg(P;) =4,  i,j>0,
0

where 0;; is the Kronecker symbol. We then expand the right-hand-side function of (2.1) as

follows:
oo 1
g(&h,u(Eh)) Z i (&)kj(h,u), £€[0,1]; kj(h,u) ::/ P;(T)g(th, u(th))dr. (2.2)
Jj=0 0

The system (2.1) now can be rewritten as

o0

u' (Eh) + Au(éh) = Z Ekj(h,u) u(0) = up. (2.3)
=0

The next theorem gives its solution.
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Theorem 2.1. The solution of (2.1) can be expressed by
u(t) = po(—tA)ug +t i Ii(tA)k;(t, u),
=0
where t € [0, h] and
1;(t4) = / By(z)e(-9Maz = /2511 Z 1y (-4),

Here the p-functions (see, e.g., [24,25,27,28]) are defined by:

1 (1-0) ok—1
po(z) = €7, wk(2)=/0 e (kfl)!da’ k=1,2,....

Proof. Tt follows from the variation-of-constants formula (1.3) that
t
u(t) = e ug + / e~ Ag(r u(r))dr
0
1
= po(—tA)uo +1 / e~ =D g( 2t u(2t))dz.
0

Replacing the function g(zt,u(zt)) in the integral by (2.2) yields

o0

u(t) = po(—tA)uo +t/ —(1=2) Z 2)k;(t, u)d
=0
—tA)ug +t2/ A=A Gk (E, u),
which gives the formula (2.4) by letting I;(tA) fo (1=2)tAq.

According to the definition of shifted Legendre polynormals in the interval [0, 1]:

\/23—+Z()(J+k) o)k,  j=01,..., xel0,1],

we arrive at

1
Ij(tA):/ Pj(z)e"(1=2)t4q
0
d k
[P oren

\/2j+1Z(1)”k<k>< N )/0 ZRe=(1=2)tA g,

k=0

mz J+k7]j+k]i'),<ﬁk+1( tA).

(2.4)

(2.6)
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2.2. Discretisation

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

We now consider truncating the Fourier expansion, a technique which originally appeared
in [8]. This can be achieved by truncating the series (2.4) after n (n > 2) terms with the stepsize
hand V := hA:

a(h) = V)ug + hz I;(V)kj(h, @) (2.7)

which satisfies the following initial value problem:

@' (&h) + Au(h) :Z &kj(h,a), @(0) = uo.
7=0

The key challenge in designing practical methods is how to deal with ;(h, @) effectively. To
this end, we introduce a quadrature formula using &k abscissae 0 < ¢; < ... < ¢, <1 and being
exact for polynomials of degree up to m — 1. It is required that m > k in this paper, and we
note that many existed quadrature formulae satisfy this requirement, such as the well-known
Gauss—Legendre quadrature and the Radau quadrature. We thus obtain an approximation of
the form

ZblP c)g(eh, aleh)), j=0,1,...,n—1, (2.8)

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

k
Aj(h,a) = k;(h Z g(ch,a(cih))

~

:/O P;(T)g(Th,u(Th)) g(cih, a(cih)).

||M?r

Since the quadrature is exact for polynomials of degree m — 1, its remainder depends on the
m-th derivative of the integrand P;(7)g(Th, u(Th)) with respect to 7. Therefore, we obtain

|r=cw(T)dr,

m

c/l dm g(rh u(m)))

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

ﬁj(k)(r) =0 for k > 7, we obtain, for 0 < j <n —1,

1 1
A;(hi) =C / B(0)3™ (Ch)w(r)drh™ + Cm / B (Chyw(r)drhm !

1
et c@) /O PO(¢)gm =D (Chyw(r)drh™ =T = O(h™),
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with the notation §*)(Ch) = g™ (Ch,@(Ch)). This guarantees that each Aj;(h,) has good

accuracy for any j = 0,1,...,n — 1. Choosing k large enough, along with a suitable choice of
c, by for 1 =1,2,...,k, allows us to approximate the given integral x;(h, %) to any degree of
accuracy.

With (2.7) and (2.8), it is natural to consider the following numerical scheme
n—1 k
v(h) = o(~V)ug +h > _ LV Z g(ch, v(eih)),
7=0 =1
which exactly solves the initial value problem as follows:
n—1 k N
v'(€Eh) = —Av(Eh) + Z Z biP;(c1)g(cih,v(cih)),  v(0) = uo. (2.9)
3=0 1=1

It follows from (2.9) that v(¢;h) for i = 1,2,..., k satisfy the following first-order differential
equations:

1 k
V' (eih) + Av(cih) = Pi(c;) Zb Pi(c))g(cih,v(cih)),  v(0) = uo. (2.10)
=0 1=1

3
|

Letting v; = v(c;h), (2.10) can be solved by the variation-of-constants formula (1.3) of the form:

n—1

k
v; =po(—¢;V)ug + cihz Lic,(V Z gleh,v), i=1,2,...,k,
=0 =1

where

(2.11)

1
\/2]+ Z —ci) ()(J—;;k)/o Zhe=(1=2)eiV g

/25 +1 Z 712'),%0“1( V).

2.3. The exponential Fourier collocation methods

We are now in a position to present the novel exponential Fourier collocation methods for
systems of first-order differential equations (1.1).

Definition 2.1. The k-stage exponential Fourier collocation method with an integer n (denoted
by EFCM(k,n)) for integrating systems of first-order differential equations (1.1) is defined by

= po(—c;V uo—l—cthbl(Z e 13 cl> (chyv), i=1,...,k, (2.12a)
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k n—1
o(h) = po(=V)uo + b > b (D L) Pi(e) ) gleih, w), (2.12b)
=1 j=0

where h is the stepsize, V := hA, 13j for j =0,1,...,n — 1 are defined by (2.6), and ¢, b
for 1l = 1,2,...,k are the node points and the quadrature weights of a quadrature formula,
respectively. Here, n is an integer which is required to satisfy the condition: 2 <n <k. I;(V)
and Ij ., (V) are determined by

BV) = VAT T (-7 g (1),

Lo (V) = (=1Y /2] 1 12(_01.)16%%“(_@1/).

Remark 2.1. Clearly, it can be observed that the EFCM(k,n) defined by (2.12) exactly inte-
grates the homogeneous linear system v’ 4+ Au = 0, thus it is trivially A-stable. The EFCM(k,n)
(2.12) approximates the solution of (1.1) in the time interval [0, h]. Obviously, the obtained
result v(h) can be considered as the initial condition for a new initial value problem and w(t)
can be approximated in the time interval [k, 2h]. In general, the EFCM(k,n) can be extended to
the approximation of the solution in an arbitrary interval [0, Nh], where N is a positive integer.

Remark 2.2. The novel EFCM(k,n) (2.12) developed here is a kind of exponential integrator
which requires the approximation of products of ¢-functions with vectors. It is noted that
if A has a simple structure, it is possible to compute the @-functions in a fast and reliable
way. Moveover, many different approaches to evaluating this action in an efficient way have
been proposed in the literature, see, e.g. [1,2,4,22,23,27,35,36]. Furthermore, all the matrix
functions appearing in the EFCM(k,n) (2.12) only need to be calculated once in the actual
implementation for the given stepsize h. In Section 5, we will compare our novel methods with
some traditional collocation methods (which do not require the evaluation of matrix functions)
by four experiments. For each problem, we will display the work precision diagram in which
the global error is plotted versus the execution time. The numerical results given in Section 5
demonstrate the efficiency of our novel approximation.

3. Connections with Some Existing Methods

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

3.1. Connections with HBVMs and Gauss methods

Hamiltonian Boundary Value methods (HBVMSs) are an interesting class of integrators,
which exactly preserve energy of polynomial Hamiltonian systems (see, e.g., [6-8]). We first
consider the connection between EFCMs and HBVMs.
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It can be observed that from (2.11) that when A — 0, I;(V) and I, (V) in (2.12) become

I; == I1;(0) /1}3()(1 L =0,
. — (z)dz =
S o 7 0, j>1,

1
Ljci = 1., (0) =/ Pj(ciz)dz.

0

This can be summed up in the following result.

Theorem 3.1. When A — 0, the EFCM(k,n) defined by (2.12) reduces to

k n—1
vy =uo + cithl<Z ijciﬁj(cl))g(clh,vl), i=1,2,...,k,
=1  j=0

k

v(h) =uo + hz big(cih, ),
=1

(3.1)

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

C1

A= @ = (b7 S Plen) f5 P, (3.2)
Ck

‘ by b

This method is exactly the Hamiltonian Boundary Value Method HBVM(k,n) using the discreti-
sation researched in [6-8] for the first-order system

' (t) = g(t,u(t)), u(0) = up.

From the property of HBVM(k,n) given in [8], it follows that HBVM(k,k) reduces to a k-
stage Gauss-Legendre collocation method when a Gaussian distribution of the nodes (¢q, - -+, ¢g)
is used. In view of this and as an straightforward consequence of Theorem 3.1, we obtain the
connection between EFCMs and Gauss methods. This result is described below.

Theorem 3.2. Under the condition that c;, by forl =1,2,... k are chosen respectively as the
node points and the quadrature weights of a k-point Gauss—Legendre quadrature over the interval
[0,1], then the EFCM(kk) defined by (2.12) reduces to the k-stage Gauss method presented
in [20] when A — 0.

3.2. Connection between EFCMs and Radau ITA methods
The following theorem states the connection between EFCMs and Radau ITA methods.
Theorem 3.3. Choose c;, by forl =1,2,...,k respectively as the node points and the weights

of the Radau-right quadrature formula. Then the EFCM(kk) defined by (2.12) reduces to a
k-stage Radau ITA method presented in [18] when A — 0.
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Proof. Tt follows from Theorem 3.1 that when A — 0, the EFCM(k,k) defined by (2.12)

reduces to (3.1) with n = k. According to [18], the shifted Legendre polynomials {P;}32,
satisfy the following integration formulae

/ Py(t)dt = & Py (x) + %]30(1),
0

xr
| Put)dt = s Pra(a) = 6 Prca(w). =Lk
0
/ Pe 1 (t)dt = BpPr_1(x) — &1 Pp_o(x),
0
where 1 1
= 1 T oz
These formulae imply
o Po(mydr .. [t By (r)dr b1Py(c1) ... bsPy(cs)
A= : : : :
(fk ﬁO(T)dT e fock ﬁk_l(T)dT blﬁk—l(cl) . bsﬁk—l(cs)
:WXkQa

where the matrix W is defined by
wij:ﬁj_l(ci), ’L',j=1,...,k3,

and the matrices X, () are determined by

3 & ~ -

fl 0 —fg blPo(cl) . bsPO(Cs)
X = . Q= : : . (33)

Sk—2 0 =& biPr_i(c1) ... bsPr_i(cs)
k-1 Bk

Based on the fact that the Radau-right quadrature formula is of order 2k — 1, we obtain that
polynomials P, (z)P,(z) (m +n < 2k — 2) are integrated exactly by this quadrature formula,
ie.,

k 1
S biBou(e)Paes) = / Pou(2) P (2)d = Gy,
i=1 0

which means W = I. Therefore,

A=WX, W1
Consequently, (3.2) now becomes
C1
A=WX, W1
Ck
by e b

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

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

q"(t) + Mq(t) = f(qt),  q(0)=qo, ¢'(0)=qp (3.4)

has been developed and researched in [40]. These methods can attain arbitrary algebraic order
in a very simple way, which is very important for solving systems of second-order oscillatory
ODEs. This part is devoted to clarifying the connection between EFCMs and TFCMs.

We apply the TFCMs presented in [40] to (3.4) and denote the numerical solution by
(vr, ur)T. According to the analysis in [40], it is known that the numerical solution satis-
fies the following differential equation

: ur(¢h)
vr(eh) \' _ ol E
(onteny ) =\ -t + 5 B©) 3 P(en)f(or(eah) 3

with the initial value
(07 (0),ur(0))" = (g0, 90)-
By appending the equation ¢’ = p, the system (3.4) can be turned into
I
(5 () ) (2)-(2) o
p(t) M 0 p(t) fla@) )7\ p(0) a0
We apply the EFCM(k,n) defined by (2.12) to the first-order differential equations (3.6) and

denote the corresponding numerical solution by (vg,ug)T. From the formulation of EFCMs
presented in Section 2, it follows that (vg,ug)T is the solution of the system

/ 0
Conten )+ Cor o) Coiien ) = LS oo £ mbicostomiany | 07

with the initial value

(ve(0),ug(0))" = (g0, )T

It is obvious that the system (3.7) as well as the initial condition is exactly the same as
(3.5). Therefore, we obtain the following theorem.

Theorem 3.4. The EFCM(k,n) defined by (2.12) reduces to a trigonometric Fourier collocation
method given in [40] when it is applied to solve the special first-order differential equations (3.6),
namely, the second-order oscillatory differential equations (3.4).

Remark 3.1. It follows from Theorems 3.1-3.4 that EFCMs are an effective extension of HB-
VMs, Gauss methods, Radau ITA methods and TFCMs. Consequently, EFCMs can be regarded
as a generalization of these existing methods in the literature.
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4. Properties of EFCMs

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

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

Lemma 4.1. Let f : [0,h] — R? have j continuous derivatives in the interval [0, h]. Then, we
obtain [} P;(r)f(rh)dr = O(h7).

As a consequence of this lemma, we have
1 ~ .
ey (hv) = / B, ()g(rh, v(rh))dr = O(1).
0

4.1. The Hamiltonian case

Consider the following initial-value Hamiltonian systems
u'(t) = JVH(u(t)), u(0)=ug (4.1)
with the Hamiltonian function H(u) and the skew-symmetric matrix J. Under the condition
that
JVH(u(t)) = g(t, u(t)) — Au(t), (4.2)

the Hamiltonian systems (4.1) are identical to the first-order initial value problems of the form
(1.1). The following is an important example (see, e.g. [14,40]):

1 1
H(p,q) = PP+ 5 M+ Ul(q),

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

)0 )G =Cvta )

which is exactly a first-order differential system of the form (1.1).

In what follows, we are concerned with the order of preserving the Hamiltonian energy when
EFCMs are applied to solve the Hamiltonian system (4.1)—(4.2).

Theorem 4.1. Let the quadrature formula in (2.12) be exact for polynomials of degree up to
m — 1. Then, for the EFCM(k,n) when applied to the Hamiltonian system (4.1)—(4.2), we have

H(v(h)) = H(ug) + O(R™)  with r = min{m, 2n}.
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Proof. Tt follows from (2.9) and (4.2) that

H(o(0) = Hug) = b | VI o(en)™ (eh)de

[ i) (B Y uBieg(ah i) - Afeh) )
0 §=0 1=1

I
-

n

k
g(v(Eh) - Av(en)) ' (€)Y buPj(e)glerh, v(eih)) - Av(fh)) dg

AR

3 " (o(olen) - Avtem) "I (sto(en) — Av(eh))de
n—1 k

+ h/o1 (Q(U(gh)) - AU(‘fh)>TJ(z_: 133(5) blﬁj(C[)g(Clh,’U(Clh)) — g(v(gh)))df.

Since J is skew-symmetric, we have

/0 " (stotem) — av(en)) " (g(olen) — Aoen))de = o

Thus

1 n— k
[ V@) (X PO 3 P engtean.otem) - g(o(eh) )

7=0 =1
1 n—1 N k N +o0 R
=h /O VH(v(éh))T<Z 5(€) > biPi(er)g(eih, v(erh)) — ZPj(ém-(h,v))dg
j=0 =1 j=0

+oo
PO (1.0) + 3 Py (€, 0) ) de

§=0
n—1 .1 N +oo .1 N
S / VH(u(Eh)T By (€)deD; (hv) — h'Y / VH(0(eh)" By (€)dér; (1, v).
j=070 j=n"0

From Lemma 4.1, we have

H(v(h)) — H(uo)

n—1 [e%s}
=—hY O x k")~ 1Y OH x hi) =Oh") + O(h*"H),
j=0 j=n

which shows the result of the theorem. O
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4.2. The quadratic invariants

Quadratic invariants appear often in applications and we thus pay attention to the quadratic
invariants of (1.1) in this subsection. Consider the following quadratic function

Qu) =uTCu

with a symmetric square matrix C. It is an invariant of (1.1) provided uTC(g(t,u) — Au) =0
holds.

Theorem 4.2. Let the quadrature formula in (2.12) be exact for polynomials of degree up to
m — 1, then

Q(v(h)) = Q(up) + O™ with r = min{m,2n}.

Proof. Tt follows from the definition of quadratic function @ that

L oty < [ IQEED) o [

= [ aquen) = [ FHGE e~ on [ uremen(enae
n— k

PA(©) Y Py enateah, vlah) — Av(eh) )

j=0 =1

(
o | 1 vT(&h)C(g(fhw(fh)) ~ Aven)

- k
+ Z Pi(&) > biPj(c)gleh, v(eih)) — g(Eh, v(gh))) de.

1 n—1 k
—2n [ orenc( X PO Y- by (aateah.v(an) - alh.v(eh) ) de
0 j=0 =1

~

n—1 1 “+o0 1 N
—-3hY | orem HECA, () =21 | eremPi@ascr, o)

n—1 00
=— QhZ O(h? x k™= — 2hZO(hJ' % hi) = O(h™ 1) + O(h2 ),

Jj=0 j=n

which proves the theorem. ]
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4.3. Algebraic order

As the importance of different qualitative features, a discussion of the qualitative theory of
the underlying ODEs is given. Therefore, in this subsection, we analyse the algebraic order of
EFCMs in preserving the accuracy of the solution u(t).

To express the dependence of the solutions of

' (t) = g(t, u(t)) — Au(t)
on the initial values, we denote by u(-,#, @) the solution satisfying the initial condition u(Z, #, @) =

@ for any given t € [0, h] and set

D(s,t,0) = ———"—. (4.3)

Recalling the elementary theory of ordinary differential equations, we have the following stan-
dard result (see, e.g., [21])

QLD (s, 1) (o(7,7) — A0, (14)

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

Theorem 4.3. Let the quadrature formula in (2.12) be exact for polynomials of degree up to
m — 1. Then we have

u(h) —v(h) = O(K™™Y)  with r = min{m,2n},
for the EFCM(k,n) defined by (2.12).
Proof. Tt follows from Lemma 4.1, (4.3) and (4.4) that

u(h) = v(h) = u(h,0,uq) — u(h,h,v(h)) = _/O wﬁ

hrou(h, T, v(T) ou(h,T,v(7)) ,
:7/0 | ( af( Ly <aa( )”(7)}‘”

D (. €h, v(En)) [g(6h, vigh)) — Av(en) — o' (¢h) | de

8

.
= [ 0 hoten) | S By )~ vteh)

<.
I
o

n—1

k
Pi(¢ Z biPj(c1)g(cih, v(clh))JrAv(fh)]df

7=0

+
3
[

n

"U)

1 =N k ~
:h/o q>(h,gh,u(5h))[ P;(€)k;(h,v) — Z 1P (c))g(cih, u(clh))]dg

<.
I
o

<.
I
o

+
8

:h/01<1>(h,£h,v(£h))[ P;(€)r;(h,v) + z:: }dg

n =

<.
I
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+oo 1 n—1 1
=h3. /0 @ (h, €h, v(€R)) Py (§)dgrs (hyv) + h Y /0 ®(h,&h, v(€h)) Py (€)dEA (h,v)

n—1

(2: O(h? x h?) }:mmXWﬂOOmwﬁ+owmw
= pard
:O(hmin{m,2n}+1).
The proof is complete. O

Remark 4.1. This result means that choosing a suitable quadrature formula as well as a
suitable value of n in (2.12) can yield an EFCM of arbitrarily high order. This manipulation is
very simple and convenient, and it opens up a new possibility to construct higher-order EFCMs
in a simple and routine manner.

Remark 4.2. It is well known that rth-order numerical methods can preserve the Hamiltonian
energy or the quadratic invariant with at least rth degree of accuracy, but unfortunately it
follows from the analysis of Subsections 4.1 and 4.2 that our methods preserve the Hamiltonian
energy and the quadratic invariant with only rth degree of accuracy.

4.4. Convergence condition of the fixed-point iteration

It is worthy noting that usually the EFCM(k,n) defined by (2.12) constitutes of a system of
implicit equations for the determination of v;, and the iterative computation is required. In this
paper, we only consider using the fixed-point iteration in practical computation. Other iteration
methods such as waveform relaxation methods, Krylov subspace methods and preconditioning
will be analysed in a future research. For the convergence of the fixed-point iteration for the
EFCM(k,n) (2.12), we have the following result.

Theorem 4.4. Assume that g satisfies a Lipschitz condition in the variable u, i.e. there exists
a constant L with the property:

lg(t,u1) = g(t, u2)l| < L [Jur = ual| -

If

0<h<

LC7'2(eW—1) (45)

= max ci|bj|7

1,j=1,

then the fized-point iteration for the EFCM(kn) (2.12) is convergent. Here, C and w are
constants independent of A. For a quadrature formula, generally speaking, not all of the node

points ¢; (i =1,...,k) are equal to zero, and this ensures that mlax cilbj] # 0.
i,j=

Proof. Following Definition 2.1, the first formula of (2.12) can be rewritten as
Q= e Vug+hA(V)g(ch, Q), (4.6)
where ¢ = (c1,...,¢c)7, Q@ = (v1,..., )T, A(V) = (ai;(V))exr and a;;(V) are defined as

az] - C’L Z Il cl -Pl Cj)
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It follows from (2.6) that |P;| < v/2j + 1. We then obtain
n—1 I
lag; (VI < eilb 3 V2T + 1 / P(ei2)][|e= 0227 dz
1=0 0

n—1 1
< ci|bj|2(21+1)/ He_(l_Z)C*VHdz.
=0 0

Furthermore, we get

n—1
llai; (V)| < eilbs] Y (20 +1) C/ W1=2) 4y = Ceilb;|r? (e — 1) Juw,
1=0
which yields
Cr?(e¥ —1
AWV §7( ) max cilbjl.
w i,7=1,

Let
o(x) = e Vug 4+ hA(V)g(ch, z).

Then we have
lo(z) — o)l = [[RAV)g(ch, z) — RA(V)g(ch, y)|| < L [[AV)| [z — |

Cr?(e” — 1)
<hL—"—- 1b;] | —
= o, max ailblflr — gl

which shows that ¢(z) is a contraction under the assumption (4.5). The well-known Contraction

Mapping Theorem then ensures the convergence of the fixed-point iteration. O

In what follows, we discuss the convergence of the fixed-point iteration for the HBVM(k,n)
(3.1) for solving (1.1). When the HBVM(k,n) (3.1) is applied to solve

u'(t) = g(t,u(t)) — Au(t), u(0) = uy,

the scheme of HBVM(k,n) becomes

vzu0+clh2bl<z ]3 cl) gleth,v) — Avy), i=1,...k,
—UQ—I—thl Clh U[ Avl). (4.7)

The first formula of (4.7) is also implicit and it requires the iterative computation as well. Under
the assumption that g satisfies a Lipschitz condition in the variable w, in order to analyse the
convergence for the fixed-point iteration for the formula (4.7), we denote the iterative function
by

’(ﬂ(.ﬁ) =uo + hA(g(Ch,.ﬁ) - AI),
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- n—1_
where A = (G4 )kxk and @;; = ¢;b; Y I ¢, P/(¢;). Then we have
=0

(@) =)l = ||hA(g(ch, 2) = Az) = hA(g(ch,) - Ay)
<L |[4] e = yll + b |[ 4] 141 12— o)

< (LAl max | [le =yl

3,7=1,
which means that if .
T+ AN, max Jag]

4,j=1,-,

0<h<

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

Remark 4.3. It is very clear that the convergence of HBVM(k,n) when applied to u'(t) =
g(u(t))—Au(t) depends on || A]|, and the larger || A|| becomes, the smaller the stepsize is required.
Whereas, it is of prime importance to note that from (4.5), the convergence of EFCM(k,n) is
independent of |A||. This fact implies that EFCMs have the better convergence condition
than HBVMs, especially when ||A]| is large, such as when the problem (1.1) is a stiff system.
This point will be numerically demonstrated by the experiments carried out in next section.
We also note that an efficient implementation of HBVMs has been considered in [7] and this
technique is suitable for stiff first—order and second—order problems.

5. A Practical EFCM and Numerical Experiments

As an illustrative example of EFCMs, we choose the 2-point Gauss—Legendre quadrature as
the quadrature formula in (2.12), that is exact for all polynomials of degree < 3. This means
that k£ = 2 in the k-point Gauss—Legendre quadrature and this case gives

_3-V3 3+V3

= 5.1
6 s Co 6 5 ( )

1 b1 = b2 =

1 1
2’ 2
Then we choose n = 2 in (2.12) and denote the corresponding exponential Fourier collocation
method as EFCM(2,2). After some calculations, the scheme of this method can be expressed

by

o= po(-erV o + ¢ (VEai(-aiV) + (3 = 2VB)ga(-ea?) )glerh, vn)

+ 3 —62\/§h((p1(—c1V) — 902(—01V))g(02h, v2), (5.2a)
v = po(—c2V)uo + Lﬁh(@l(*@‘/) — SDQ(*CQV))Q(Clh,, v1)
+ % ( - \/5801(*02‘/) + 3+ 2\/5)902(*02‘/))5](02}1, va), (5.2b)

o(h) = o~V Yo + 5 (1 + VB)er(~V) — 2Bea(~V) ) lerh, )
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(0= VB (V) + 2B (V) ) glesh, va). (5.2¢)

When A — 0, the method EFCM(2,2) reduces to HBVM(2,2) given in [8], which coincides
with the two-stage Gauss method given in [20]. Various examples of EFCMs can be obtained
by choosing different quadrature formula and different values of n, and we do not go further on
this point in this paper for brevity.

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

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

e HBVM(2,2): the Hamiltonian Boundary Value Method of order four in [8] which coincides
with the two-stage Gauss method in [20];

e EPCMb5s4: the fourth-order energy-preserving collocation method (the case s = 2) in
[17] with the integrals approximated by the Lobatto quadrature of order eight, which is
precisely the “extended Labatto IITA method of order four” in [29];

e EERKDS5s4: the explicit five-stage exponential Runge-Kutta method of order four derived
in [25].

It is noted that the first three methods are implicit and we use one fixed-point iteration in
the practical computations for showing the work precision diagram (the gloal error versus the
execution time) as well as energy conservation for a Hamiltonian system. For each problem,
we also present the requisite total numbers of iterations for implicit methods when choosing
different error tolerances in the fixed-point iteration. In all the numerical experiments, the
matrix exponential is calculated by the algorithm given in [1].

Problem 1. We first consider the Hénon-Heiles Model which is created for describing stellar
motion (see, e.g., [9,20]). The Hamiltonian function of the system is given by

1 1 1
H(p,q) = 507 +p3) + 5(a1 +¢3) + a1 — gqi’-

This is identical to the following first-order differential equations

q1 00 -1 0 Qn 0
q2 00 0 -1 Q2 0
pm | Tl ro0 o e |7 20
P2 01 0 0 P2 -4 + ¢

The initial values are chosen as

(01(0),42(0), p1(0), p2(0)) = (&ooi)

It is noted that we use the result of the standard ODE45 in MATLAB as the true solution for
this problem and the next problem. We first solve the problem in the interval [0, 1000] with
different stepsizes h = 1/2%, i = 2,3,4,5. The work-precision diagram is presented in Figure
5.1 (i). Then, we integrate this problem with the stepsize h = 1.5 in the interval [0, 3000]. See
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Table 5.1: Results for Problem 1. The total numbers of iterations for different error tolerances (tol).

Methods tol =1075 | tol =1078 | tol = 10710 | tol = 10~12
EFCM(2,2) 2000 2000 2000 3000
HBVM(2,2) 2000 3000 3769 4000

EPCMbs4 2000 3000 4000 4999

Problem 1: the work-precision diagram Problem 1: energy conservation

0
_2 _2
g :
-4 Q 3
o S
(o] (o]
= ke
EFCM(2,2) -
6K 4 “K-EFCM(2,2)
<}HHBVM(2,2) < HBVM(2.2)
<> EPCM5s4 2 EPCMSBs4
_gl S EERKSs4 -5 £} EERK5s4
1 -0.5 0 0.5
Ioglo(CPU time) 0 10t00 2000

(i)
Fig. 5.1. Results for Problem 1. (i):
integration interval against the execution time. (ii): The logarithm of the global error of Hamiltonian
GEH = |H, — Hy| against t.

(i)

The log-log plot of the maximum global error (GE) over the

Figure 5.1 (ii) for the energy conservation for different methods. We also solve the problem in
[0,10] with h = 0.01 by the three implicit methods and display the total numbers of iterations
in Table 5.1 for different error tolerances (tol) chosen in the fixed-point iteration.

Problem 2. The Fermi—Pasta—Ulam problem is an important model for simulations in statis-
tical mechanics which is considered in [14,19,20,43,46]. It is a Hamiltonian system with the
Hamiltonian

w2 m

1
= 2 Th 1 [(391 — Tyg1)?
=1

2
. 2 =

12m
H(w,y):§l§yi+

(2
1

+ Z (Ii+1 — Tm4i—1 — Tj — xm—i—i)4 + (xm + x2m)4i|-
=1

This results in

/
x 021 x2m I > < x > ( 0 >
+ = ) te Oaten ) 5.3
( Yy ) < M 02'rn><2'm Yy 7VU(Z) [ d] ( )
where
o Omxm  Omxm
M= ( 0rxm W2Im><m ) ’

m—1

1
U(x) = Z |:(I1 - $m+1)4 + ; (Ii+1 — Tm4i—1 — Tj — xm—i—i)4 + (xm + x2m)4i|-
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Table 5.2: Results for Problem 2. The total numbers of iterations for different error tolerances (tol).
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Methods tol =1075 | tol =1078 | tol = 10710 | tol = 10~12
EFCM(2,2) 2000 2080 2998 3027
HBVM(2,2) 6801 9291 10980 13912

EPCMbs4 9937 11925 14844 16945

Problem 2: the work—precision diagram
0 0

Problem 2: energy conservation

“K-EFCM(2,2)
G -05 <}HBVM(2,2)
- £ EPCM5s4
-1 +EERK5s4
o -2 E\ -15
©)
= &
g g
= g -25
“K-EFCM(2,2)
-4t |<FHBVM(2,2) -3
£EPCMS5s4 a5
: -} EERK5s4
15 2 2.5 3 -4 ‘ ‘
log, ,(CPU time) 0 5(t)0 1000

(i) (i)
Fig. 5.2. Results for Problem 2. (i):
integration interval against the execution time. (ii): The logarithm of the global error of Hamiltonian
GEH = |H, — Hy| against t.

The log-log plot of the maximum global error (GE) over the

We choose

and choose zero for the remaining initial values. The system is integrated in the interval [0, 10]
with the stepsizes h = 1/2%, k = 3,4,5,6. We plot the work-precision diagram in Figure 5.2
(i). Then, we solve this problem in the interval [0,1000] with the stepsize h = 1/10 and present
the energy conservation in Figure 5.2 (ii). Here, it is noted that we do not plot some points
in Figure 5.2 when the errors of the corresponding numerical results are too large. Similar
situation occurs in the next two problems. Furthermore, we solve the problem in [0, 10] with
h = 0.01 to show the convergence rate of iterations for the three implicit methods. Table 5.2
lists the total numbers of iterations for different error tolerances.

Problem 3. Consider the semilinear parabolic problem (which has been considered in [25])

Ou 0%u

E(xvt) - W(Zat)+ +@(£C,t)

1+ u(z,1)?
for € [0,1] and ¢ € [0, 1], subject to homogeneous Dirichlet boundary conditions. The source
function ®(x,t) is chosen in such a way that the exact solution of the problem is u(x,t) =
(1 — z)et.

We discretise this problem in space by using second-order symmetric differences with 1000
grid points. The problem is solved in the interval [0, 1] with different stepsizes h = 1/2%, i =
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Methods tol =1075 | tol =1078 | tol = 10710 | tol = 10~12
EFCM(2,2) 40 50 60 73
HBVM(2,2) 86 86 86 86

EPCMbs4 87 87 87 87

731

Table 5.3: Results for Problem 3. The total numbers of iterations for different error tolerances (tol).

Problem 3: the work—precision diagran

O ErcM2,2)
<FHBVM(2,2)
15 epcMmssa
£} EERK5s4

IoglO(GE)
o

b7 18 19 2 21
IoglO(CPU time)

Fig. 5.3. Results for Problem 3. The log-log plot of the maximum global error (GE) over the integration
interval against the execution time.

2,3,4,5. The work-precision diagram is presented in Figure 5.3. Then, the problem is solved
in [0,1] with h = % to show the convergence rate of iterations. See Table 5.3 for the total

numbers of iterations for different error tolerances.

Problem 4. In what follows, we consider a stiff partial differential equation: Allen—Cahn
equation. Allen—-Cahn equation (see, e.g., [15,32]) is from the area of reaction-diffusion systems
and it is

Up — ElUgy = U — U, T € [-1,1]

with € = 0.01 and initial conditions
u(z,0) = 0.53z + 0.47 sin(—1.57z), w(—1,t) =—1, wu(l,t)=1.

We use a 30-point Chebyshev spectral method and then yield a system of ordinary differential
equations
U — AU =U - U>.

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

differentiation matrix A. Note that the differentiation matrix A in this example is full.

111
100° 200° 500

Time evolution for Allen-Cahn equation of different methods are presented in Figures 5.4 and
5.5. It is noted that the numerical results of HBVM(2,2) and EPCMb5s4 are too large for
some stepsizes and thus there is no picture for this case, which means that these methods
cannot provide a satisfying simulation for this problem. It can be observed from Figure 5.5
that EERK5s4 does not produce a satisfying approximation uniformly, and when the stepsize

First, we solve this problem in the interval [0, 70] with different stepsizes h =
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Table 5.4: Results for Problem 4. The total numbers of iterations for different error tolerances (tol).

Methods tol =1075 | tol =1078 | tol = 10710 | tol = 10~12
EFCM(2,2) 400 435 608 800
HBVM(2,2) 526 793 1095 1644

EPCMb5s4 886 1449 2826 4346

EFCM(2.2) with h=11100

EFCM(2,2) with h=1/200

EFCM(2.2) with h=1/500

EPCM5s4 with h=1/100 EPCMSs4 with h=1/200 EPCM5s4 with h=1/500

0 ' 0 "
- e 1 /
60 / 1 60 1
40 0 40 \\\ 0
20 N7 20
b0 x t04 X
Fig. 5.4. Time evolution for Allen-Cahn equation. The z axis runs from * = —1 to = 1 and the

t-axis runs from ¢ = 0 to t = 70.

is decreased, it gives a good approximation. However, our method EFCM(2,2) produces a
consistent good approximation no matter which stepsize is chosen. Then, the problem is solved
in [0,100] with h = 0.16/2¢, i = 0,1,2, 3. For this problem, we use the result of the standard
ODE15s in MATLARB as the true solution. The work-precision diagram is presented in Fig. 5.6.
Finally, we solve the problem in [0, 1] with h = Wlo to show the convergence rate of iterations.

See Table 5.4 for the total numbers of iterations for different error tolerances.

From the results, it can be clearly observed that the novel method EFCM(2,2) provides
a considerably more accurate numerical solution than other methods and preserves well the
Hamiltonian energy when solving Hamiltonian systems. Moreover, our method EFCM(2,2)
requires less fixed-point iterations than both HBVM(2,2) and EPCMb5s4, which is important in
long-term computations.

Problem 4 is an important example for numerical solution of stiff PDEs which shows that
implicit exponential-type integrators are worth studying further.
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HBVM(2.2) with h=1/100 HBVM(2.2) with h=1/200 HBVM(2.2) with h=1/500

1
-1 i /ﬁ1
60 <
b\ b7
N
to04

X

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

Fig. 5.5. Time evolution for Allen-Cahn equation. The z axis runs from z = —1 to x = 1 and the
t-axis runs from ¢ = 0 to ¢t = 70.

Problem 4: the work—precision diagrarm

-4.94
S SK-EFCM(2,2)
<}HBVM(2,2)
-4.95 £-EPCM5s4
-5 EERK5s4
T -4.96
Q
9
8 a9
F—k—*
-4.98
49 -0.5 0
Ioglo(CPU time)

Fig. 5.6. Results for Problem 4. The log-log plot of the global error (GE) over the integration interval
against the execution time.

6. Conclusions

In this paper, we formulated and analysed the novel methods EFCMs for solving systems
of first-order differential equations. The novel EFCMs are an efficient kind of exponential
integrators, and their construction takes full advantage of the variation-of-constants formula, the
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local Fourier expansion and collocation methods. We discussed the connections with HBVMs,
Gauss methods, Radau ITA methods and TFCMSs. It turned out that the first three traditional
methods can be attained by letting A — 0 in the corresponding EFCMs, and applying EFCMs
to the second-order oscillatory differential equation (3.4) yields TFCMs. The properties of
EFCMs were also analysed and it was shown that the new EFCMs can reach arbitrarily high
order in a very convenient and simple way. A practical scheme of EFCMs was constructed in this
paper. The numerical experiments were carried out and the results affirmatively demonstrate
that the novel EFCMs have excellent numerical behaviour in comparison with some existing
effective methods in the scientific literature.

This is a preliminary research on EFCMs for first-order ordinary differential equations and
the authors are clearly aware that there are still some issues which will be further considered:

e The error bounds and convergence properties of EFCMs for linear and semilinear problems
will be discussed in another work.

e For the EFCM(k,n) (2.12), it is assumed that k& > n in this paper. EFCMs with k£ < n will
be discussed and this case maybe not affect the computational cost associated with the
implementation of the methods for some special systems. Some equations and unknowns
in the methods may be removed and we will consider the efficient implementation of the
novel EFCMs in a future research.

e We only consider the fixed-point iteration for the EFCMs in this paper. Other iteration
methods such as waveform relaxation methods, Krylov subspace methods and precondi-
tioning as well as their actual implementation for EFCMs will be analysed in future.

e The shifted Legendre polynomials are chosen as an orthonormal basis to give the Fourier
expansion of the function g(¢,u(t)). We observe that a different choice of the orthonormal
basis would modify the arguments presented in this paper. The scheme of the numerical
methods as well as their analysis is then modified accordingly. Different choices of the
orthonormal basis will be considered in future investigations.

e Another issue for future exploration is the application of our methodology in other differ-
ential equations such as Schordinger equations and other stiff PDEs.
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