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Abstract In this paper, trigonometrically fitted multi-step Runge-Kutta (TFM-
SRK) methods for the numerical integration of oscillatory initial value problems
are proposed and studied. TFMSRK methods inherit the frame of multi-step
Runge-Kutta (MSRK) methods and integrate exactly the problem whose solu-
tions can be expressed as the linear combinations of functions from the set of
{exp(iwt), exp(—iwt)}, or equivalently the set {cos(wt), sin(wt)}, where w repre-
sents an approximation of the main frequency of the problem. The general order
conditions are given and four new explicit TFMSRK methods with order three and
four, respectively, are constructed. Stability of the new methods is examined and
the corresponding regions of stability are depicted. Numerical results show that our
new methods are more efficient in comparison with other well-known high quality
methods proposed in the scientific literature.
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1 Introduction

In this paper, we are concerned with the effective numerical integration of the initial
value problem of first-order differential equations in the form

(@)= f(t,y@®), telt,Tl,

y(t0) = yo, W

whose solution has a oscillatory character, where y € R4, f i lto, T] x RY — R4 ig
sufficiently differentiable. Such a problem often arises in different fields of applied
sciences such as celestial mechanics, molecular dynamics, quantum mechanics, and
electronics [1-4]. Regarding the oscillatory feature of the problem (1), researchers
have proposed to develop integrators with frequency-dependent coefficients by some
techniques like trigonometrical/exponential fitting (see [5—-9]). Early presentations
of these techniques are due to Gautschi [10] and Lyche [11]. Since then, a lot
of exponentially fitted linear multi-step methods have been proposed. Recently, in
the context of Runge-Kutta (RK) methods, exponentially fitted methods have been
considered, for instance, in [12, 13], while their trigonometrically fitted version
has been developed by Paternoster in [14]. All of these methods integrates exactly
first-order system (1) whose solution can be expressed as linear combination of func-
tions from the the set of functions {exp(iw?), exp(—iwt)} or equivalently the set
{cos(wt), sin(wt)}.

Multi-step Runge-Kutta (MSRK) methods have been developed by Burrage [15,
16]. In fact, multi-step Runge-Kutta methods belong to the class of general lin-
ear methods considered by Butcher [17]. Further more, a general class of two-step
Runge-Kutta methods that depend on stage values at two consecutive steps was stud-
ied by Jackiewicz et al. [18, 19]. For further study of general two-step Runge-Kutta
methods, we see [20-25]. An advantage of the MSRK methods over classical RK
methods is that they can reach higher order with fewer function evaluations

Inspired by the previous work, in this paper, we will extend the idea of trigono-
metrical fitting to MSRK methods. The rest of this paper is organized as follows:
In Section 2, we restate the general formulation of MSRK methods for the initial
value problems (1). In Section 3, trigonometrical fitting conditions and algebraic
order conditions for trigonometrically fitted MSRK (TFMSRK) methods are pre-
sented. In Section 4, the stability properties are analyzed. With the order conditions,
four new explicit TFMSRK methods of order three and four, respectively, are con-
structed in Section 5. In Section 6, numerical experiments are carried out and the
numerical results show the robustness of the new methods. Section 7 is concerned
with conclusions and discussions.

2  Multi-step Runge-Kutta methods

Multi-step Runge-Kutta (MSRK) methods for the first-order differential system (1)
are given in the following definition (see [15, 16]).
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Definition 1 An s-stage /-step Runge-Kutta method for the numerical integration of
the problem (1) is defined as

l K
Yi =Y wikyn—ks1 +h Y aijf (ta+cjh,Yj), i=1--s,

k:ll j:ls )
Yntl = 2 MYn—tt1 +h D bi f (ta +cih, i),
k=1 i=1
where ¢;, u;k, aij, ni, and b; with i,j = 1,---,s, k = 1,---,[ are all real

coefficients.

The method (2) can also be expressed briefly in the Butcher-type tableau as

C1 | i1 - uyp | a11 co. Qs
clU | A : R : :
v T —
n b Cs Us1 e Us as1 e Asg
|m - m | by - by

or equivalently by the quintuplet (c, U, A, n, b). In the rest of this paper, under the
following conditions

I !

uip =1, n =1, 3)
> >
k=1 k=1

we restrict ourselves to the autonomous case of the form

Y@ =fy@), telt, Tl
- (4)
y(t0) = yo.
The conditions for an MSRK method (2) to have algebraic order of accuracy p have
been investigated in [4, 15, 16] by using the theory of B-series. Firstly, the reader is
referred to those references for all the definitions and notations. As it is usual in the
case of RK methods, the local truncation error can be expanded in the form

he® ! s
Vg ) =ynp1 = Y ——a(t) (1 - (1 —k)P? — Zbiwi’(r)) F@0)(y (),

!
teT 'O(t)' k=1 i=1
(5)
where the values ¥/ (¢) are given recursively by
I K
vi() =Y m =D+ " ay v,
k=1 j=1
and
/ _ / —

W =0, ¥ =1, ©

Vi) = pO [l ¥,  fort=In,-- tu] €T

The set T of rooted trees ¢, functions p(¢), a(z) and F(¢)(y) are defined in [3, 4].
Therefore, we restate the conditions for an MSRK method having order p as follows
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Theorem 1 For exact starting values (the local assumptions) y,_j+1 = y(tn+(—k+
Dh), k=1,---,1, the MSRK method (2) is convergent of order p if and only if

l s
L= "m =P+ biy(0), (7)
k=1 i=1

where p(t) < pandt eT.

3 Trigonometrically fitting conditions and order conditions

The idea of constructing methods which integrate exactly a set of linearly indepen-
dent functions different of the polynomials has been proposed by several authors [12,
13]. This idea consists of selecting the available parameter of MSRK method (2) in
order to make the method exact for a linear space of functions with basis

fz(w](t)v(pz(t)av(pr(t))a r=<s.

In such case, the following conditions should be satisfied

l K
Om(tn + cih) = 3 wix@m(tn + (=k + Dh) +h Y a;j@), (t, + cjh),
k=1 j=1
i=1,---,s, m=1,---,r,
1 K
Om(ty +h) = Z Nk@m (tn + (—=k + 1)h) +h Z bi‘p;n(tn +ch), m=1,---,r
k=1 i=1

When F contains only polynomial functions up to a certain degree (u,, (1) = t"*1)
the corresponding methods are the standard multi-step Runge-Kutta methods. Here,
we consider the following exponential functions as reference set of functions:

F1 = (exp(iwt), exp(—iwt) ), with i2=—1.

This leads to the following equations

/ s
exp (Ficjv) = Y ujexp (£i(l —k)v) £iv Y a;jexp (icjv), i=1,---,s,

k=1 j=1
1 K
exp (£iv) = > nrexp (Fi(l — k)v) £iv Y b; exp (£icjv), v = wh.
k=1 i=1 8)
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With the Euler formula exp(£iv) = cos(v) % isin(v), (9) are equivalent to the
following trigonometrical fitting (TF) conditions:

1 s
sin (c;v) = Y ui sin (1 — k)v) +v Y ajj cos (c;v),
k=1 j=1
1 K
cos (cjv) = Y ujrcos (1 —k)v) —v ) a;jsin(cjv), i=1,---,s,
k=1 j=1 (9)
/ s
sin(v) = Y nrsin (1 — k)v) + v > b; cos (cjv),
k=1 i=1

1 K
cos (v) = > nrcos (1 —k)v) —v Y b; sin (c;v).
k=1

i=1

An MSRK method (2) satisfying the TF conditions (9) will be called a trigonometri-
cally fitted MSRK (TFMSRK) method.

Now we study the order of accuracy for TFMSRK methods. In order to analyze
the conditions so that the local truncation error satisfies

Yty + 1) = yup1 = O(RPTY),

we must have in mind that u;i, a;;, Nk, and b; also vary as the functions of the step-
size (they vary as functions of v = wh). So we have the following theorem on the
algebraic order.

Theorem 2 For exact starting values (the local assumptions) y,—x+1 = y(t,+(—k+
Dh), k=1,---,1, the TFMSRK method (2) is convergent of order p if and only if

I K
1= m =D+ byl 0) + 0Pt =r®), (10)

k=1 i=1

where p(t) < pandt €T.

Proof The “if” part is an immediate consequence of (5) and (10). Next we prove
the “only if” part. If a TFMSRK method is convergent of order p, the conditions (5)
imply that

1 N
1= "1 =)D =" by (t) = OhPT1=r ), (11)
k=1 i=1

for p(t) < pandt € T. In the conditions (11), ng, b;, and ¥; depend on v = wh,
which means that w and % appear in the form v. So the result is achieved. [

Remark 1 As it may be observed, when the parameter v = hw — 0, conditions (10)

become the same as the standard conditions (7) for p-th order multi-step Runge-Kutta
methods.
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Remark 2 When p becomes bigger, the number of independent conditions to be
satisfied for order p becomes larger. In this case, the simplifying conditions

Zal] ] - a-‘rl ( a+1 Zulk(l k)a+l)a a=071527”' (12)

k=1

can reduce the number of independent order conditions. The first and most important
simplifying condition is

s l
dap=ci— Y uix(1—k).
j=1 k=1

For more simplifying conditions, we see [4, 15, 16].

Now we list the p-th order conditions (10) up to trees with p(z) < 4.
®  For the SN- trees T (p(t) = 1) and r with p(t) = 2, we have
Yhi=1- Z (1 —k) + 0@P),

i=1 =1

!
Z bi (Z ui(1 —k) + Z ai_;) =3 (1 - > m( —k)z) +0@rh.
i=1 k=1 j=1 k=1
e  For the SN-trees t with p(t) = 3, we have

s 1 s 2
-z:lbi (kzl uir(1 —k) + Zl aij> =3 ( Z k(1 —k) )+ 0(1}/’72),
i= = j=
K 1 K K
zbi(zuiku—k)uzzai_,(zu,m—m +Ta ))

j=1 =1

(1 - Z N (1 — k) ) +0@r2).

e  For the SN trees t with p(t) = 4, we have

3
Zbi(z uip (1 —k) + Z%j) = 4( Z'}k(lfk)4)+0(vp 9,
i=1 i

=1

K 1 s
> b (Z uir(1—k)+ Z au) (kZ uir(l— k> +2 Z aij (kZ ujr(l —k) +k2 ajk))
k=1 =1 j=1 =1 =1

1
i (1 - X - k>4) + 0P,

b;

(%
(-
(&

1

j=1
l
> me(l— k)4) +00P),

k=1

1 K 2
Z uig (1 7k)2 +3 Z aij (Z ujk(l —k)+ Z afk) )
k=1 k=1
>

M-

s ]
uir (1 —k)3 +3 Z ajj (kzl ujk(l —k)2 +2 Z ajk (Z ukq(l —q)+ Z akq>>)

i=1  \k=1 j=1 k=1 q=1 g=1

!
=1 (1 -3 (- k)“) + 0@,

k=1

To end this section, we present some properties related with the algebraic order
reached by the TFMSRK methods.
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Proposition 1 An TFMSRK method satisfies the following relations

s i

Yobi=1=Y m( -k + 0@?,

i=1 i

s 1

> bici = % 1-— Z (1 — k)2> + 0(?),
ijl k=1 (13)
> aij =ci = Z”zk(l—k)-FO(vz)

j=1 k=1

s i

Y aijej =3 (C? > uir(l — k)2> 00,
Jj=1 k=1

Proof First of all, we prove the second expression. Using the final condition given in
(9) and express the trigonometric function, we have

(— 1)m 2m . (_l)mUZm s ”
Z 2m)! ( Z”"(l -k’ ) - 2;) Qm + 1! (-vZbec? +1)~
n— i=1

m=0

With (3) in mind, the above formula can be expressed as

2 m o 2m l
-7 < Z k(1 —k) > Z ( (]Q)m)l (1 - Z k(1 _k)zm)
k=1
My 2m

= —? Z bici + Z D7 o <—v2 3 b,-cizm> ,
i=1 i=1

and therefore,

K l
1
Zb,-c,- =5 (1 = m(1— k)2> + 0(v?).
i=1 k=1
The other expressions can be proved in a similar way. O

Proposition 2 An TFMSRK method satisfies the following relations

1
Zb Zu,k(l —k)—l—Za,] = % (1 - mal _k)z) + 0.
i=1 k=1

and therefore it has algebraic order at least two.

Proof Combining the second and third conditions of (13) yields

K 1 K K
Zbi Zuik(] —k)—i—Zaij :Zbi (Ci+0(v2))
i=1 k=1 =1

i=1

s l
= bici+ 00 = % (1 =D m( - k)2> + 0.
k=1

i=1
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From the above result and the first condition of (13), the order conditions (10) are
satisfied for p = 2 and the TFMSRK method has algebraic order at least 2. O

4 Stability

In order to analyze the stability of TFMSRK methods in this paper, following [26],
we choose to consider the following linear scalar problem

Y'(@) = ry(@), (14)

where A is a complex parameter such that Re(A) < 0. Applying a TFMSRK method
(2) to the problem (14) yields

l
Y = Z Ukyn—k+1 + HAY,
k=1

l

Yatl = Y MkVn—k41 + HBTY,
k=1

where H = Ah and Uy is the k-th column of the coefficient matrix U. Elimination of
the vector Y delivers the recursion
1
Ynrt = D mi(H, v)ynp41 =0, (15)
k=1
where
my(H,v) =g+ Hb' (I — HA) ‘U, k=1,---,1.

The stability properties of TFMSRK methods (2) are determined by the characteristic
equation

I
g = mu(H v)E " =0, (16)
k=1
The behavior of the numerical solution will depend on the eigenvalues r; (H, v), i =
1,---,1 of the characteristic (16). Geometrically, the characterization of stability

becomes a three-dimensional region in (Re(H), Im(H), v) space for a TFMSRK
method.

Definition 2 For the TFMSRK method (2) with the characteristic (16), the region of
the three-dimensional space

Q:: {(Re(H),Im(H),U):|rk(H,U)|<1, k:113l}
is called the region of stability. And any closed surface defined by lm]?xl |re (H, v)| =
<k<

1 is a stability boundary of the method.

Remark 3 For a TFMSRK method, the three-dimensional stability region in
the(Re(H), Im(H), v) space is not very intuitive. In this paper, we will present a
selection of sections through the three-dimensional stability region by planes where
v is constant.
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5 Construction of explicit TFMSRK methods

In this section, we focus our attentions on the construction of the explicit TFMSRK
methods. We will consider explicit TFMSRK method of the form

Yi = Yu—k+i» k=1,-~_',l,

! i—1
Yi= Y tikynoi1t +h Y aii £ (Y;), i=1+1,---,5,
k=1 =1 (17)

1 s
Yn+1 = Z NkYn—k+1 + h Z bif(Yi)-
k=1 i=1

Remark 4 We note that after the starting procedure, the methods only require the
evaluation of f(y,), f(Y;41),---, f(¥Yy)ineach step (s—/+1 function evaluations).

As an example to demonstrate the process of constructing the algorithm, we only
consider two-step Runge-Kutta (TSRK) method which under the conditions (3) can
be equivalently expressed as follows:

Y = Yn—1, Y, = Yn>

i—1
Yi= (U —up)yn +uiyn-1+h 3 aij f(Y;), i=3,-.s
j=1
N
Y1 = (L= O)yn +Oyn—1 +h Y bi f(¥)).

i=1

(18)

5.1 The case of s = 3

The order conditions for the explicit trigonometrically fitted TSRK (TFTSRK)
methods (18) of order three are

3
Y. bi=146+00%,
i=1
3 i—1
Yobi|—ui+ Y aij )| =50-6)+0@Y,
i=1 j=1
3 i—1 2 (19)
S b | —ui + al-,-> =1(1+6)+ O(v),
i=1 j=I
3 i—1 j—1 {
Zlbi ui +2 Zlaij —uj +kzlajk =3(1+6)+0().
1= Jj= =
Here, we select
c3=1, uz=1, 6=1. (20)

Using the TF conditions (9) and the following order condition

3
Zbi=l+9,
i=1
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we obtain the coefficients as follows:

az1 =0, azxn = W» (1)
by = —U’:)Ségg'(’z), by =2+ csc? (%) <—1 + W) , by=b.

It is also interesting to check the algebraic third order conditions for the method

3 3 i—1
1 2
Ybhi=14604+00%, Ybi|l-ui+ Y aj|=50-0) %+,
i=1 i=1 j=I1
3 i-1 2 1 5
v
Yobi|—uit+ Y aj) =3(14+0) -5+,
i=1 =1
3 i—1 j-1 ' 2
v
SDbilui+2> aij|—uj+ Y aj =31+ +z+-.
i=1 j=1 k=1
v=1 v=2
2 2
1 1
T T
E° E°
-1 -1
-2 -2
-4 -3 -2 -1 0 -4 -3 -2 -1 0
Re(H) Re(H)
v=3 v=4
2 2
1 1
T T
E° E°
-1 -1
-2 -2
-4 -3 -2 -1 0 -4 -3 -2 -1 0
Re(H) Re(H)
Fig. 1 Sections through the stability region for the method ETFTSRK3S by plane v = 1,2,3,4,
respectively
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For small values |v| — 0, the above formulae (21) are subject to heavy cancellations
and in that case the following Taylor series expansions must be used:

2 4 6 8
_ _ CR ..
as = 0 azy = 2-F+g - 25820 +waw T

bi=3+5% 99 + 2520 + 75600 + 2395008 +- (22)

by =3 — E - 1260 - 37800 - 1197504 +- b3 = by.

Generally, we use the Taylor expansion (22) when |v| < 0.01. In the other TFMSRK
methods and the other trigonometrically fitted methods in the numerical experiments
of the paper, we take the same threshold about the use of the Taylor expansion.

We denote the method (18) determined by (20) and (22) as ETFTSRK3S. Sections
through the stability region for the method ETFTSRK3S by plane v = 1,2, 3,4,
respectively, are depicted in Fig. 1.

5.2 The case of s = 4

Under the first simplifying condition, the order conditions for the explicit trigono-
metrically fitted TSRK (TFTSRK) methods (18) of order four are reduced to

4 4
Zlb, =140+ 00", Zlbici =11-0)+ 00,
1 1=

a0

i—1
S bic? =1(1+60)+ 00, 2 bi <ul +2y al,c,) =1140) + 0,
i=1 i=1 j=
4 1 i—1 1
> bic} = 3(1-6) + 0(v), S b (w123 aije; ) = $(1=0)+0(),
i=1 i=1 Jj=1
4 i-1 .
Zbi —ui+32aijc? 21(1_9)4‘0(”)’
i=1 j=1
4 i—1 j—1 1
Zbi —u,-—i—SZa,-j uj+22ajkck 22(1—9)+0(v).
i=1 j=1 k=1
(23)
In this subsection, we select the following parameter
ca=1, us=1, 6=1. (24)

Using the TF conditions (9), the first simplifying condition and the following order
conditions

4 4 |
X;bi=1+9, Xl:biCiZE(l—Q),
1= 1=
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we obtain the coefficients as follows

—(1 4+ ¢3)v + c3vcos(v) + vcos(czv) + sin(v) + sin(ezv) — sin((1 + ¢3)v)

a1 = v(—2 + 2 cos(v) + vsin(v)) ’

_ - (1 4+ ¢3)vcos(v) 4+ vcos((1 + ¢3)v) + sin(v) + sin(czv) — sin((1 + C3)U)
4= 0(—2 + 2cos(v) + vsin(v))
s = —1 + cos(v) + cos(czv) — cos((1 + ¢3)v) — c3v sin(v)

—2 4 2cos(v) + v sin(v)
ag) = cos (4Y) esc (¥) cse (2(1 +e3)v) (v — s1n(v))/v
2(v cos(v) + sin(v)(—1 4 v cot(c3v) — csc(c3v) sin(v)))

agp = v(—1 + cos(v) + cot(czv) sin(v) — csc(c3v) sin(v))
_ sin(v)(—v + sin(v))
3= (=1 + cos(c3v)) sin(v) + (—1 + cos(v)) sin(c3v)))’
(25)
and
_ vosin@) — 2(V\ ([, sin() B B
b= v —vcos(v)’ by =2+ocsc (2)( I+ y ), b3 =0, by = by.
(26)

(24), (25), and (26) form a one-parameter family of explicit fourth order methods
depending on c3. It is also interesting to check the algebraic fourth order conditions
for the family of methods

4 4 .
Zlb,=1+9, Zbc,=2(1 0), 2bic5=%(1+g)+z_5+.,"
1= i—
4
2 b “z+ZZazc = L1 46) + (=T +10e3)0? + -,

) 3 135
i=1
: 3 1
Z g =7(-0),
Z i—1
Zbcl Ml-f-ZZalc 10—+ 214 +---,

) 4 27

i=1 ]_
4
> b —u,+32a,~,] =11 -0+ &2 —5c3+ 50> +- -,

I
\

M-
&

—u,+32a,/ (u/+22a/kck)> :%(1—9)4—(%—%3)1)24_..._

j=1

For small values |[v] — O the above formulae (25) and (26) are subject to heavy

cancellations and in that case the Taylor series expansions must be used. The choice
of

27)

| =

Cc3 =
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gives a TFTSRK method of order four with coefficients

3 3t 19! 113v° 108310°
“1= ¢~ 640 T 179200 T 86016000 T 264920280000 T
9 3302 89v* 437v° 841918
az = g — + - - +e
8 640 ' 179200 86016000 264929280000
| 9w 27v? 2700 20108
“3 =1~ 760 " 24800 ~ 7168000 © 22077440000 =
4 132 257v* 59300 2149108
=57 550 T 181440 T 7257600 T 4598415360 T 28)
2 Tvr 11t 0 1908
4“2 =37 750 T 20160 © 345600 1532805120 |
8 1702 79t 30700 153108
“3=9 7270 T 90720 3628800 328458240 |
b1=l+v—2+ vt + v + v’ + .-
37790 " 2520 ' 75600 ' 2395008 ’
4 v2 vt Vo v8
b2=_ b3=0, b4=b1.

3745 1260 37800 1197504

We denote the method (18) determined by (24), (27), and (28) as ETFTSRK4SLI1.
Sections through the stability region for the method ETFTSRK4SL1 by plane v =
1, 2, 3, 4, respectively, are depicted in Fig. 2.

Selecting
=7 (29)
gives another method of order four with the coefficients
63 14702 427v* 6517v° 1237578
a| = — = + - + +ee
64 4096 ' 655360 1258291200 ' 2214592512000
147 73502 5950% 7525706 947657v8
axp = — — + - + +ee
64 4096 ' 131072 1258291200 @ 2214592512000
81 441v*  1701v* 136290° 17856908
“3= 337 2048 T 327680 209715200 © 369098752000 ’
8 472 1331v* 4453706 23848108
@1 =57+ 550 T 1128960 541900800 39239811072 30)
10 7v? 52104 31100 14629108
442779 T 1080 1451520 33177600 588597166080 ’
32 230 2083wt 29593v° 12253308
43763 T 1890 2540160 406425600 21021327360 ’
ol v
390 ' 2520 ' 75600 ' 2395008 ’
4 2 vt v v8
b2=3745 " 1260 300 1197304 T =0 ba=tu

@ Springer



250 Numer Algor (2017) 76:237-258

We denote the method (18) determined by (24), (29), and (30) as ETFTSRK4SL2.
Sections through the stability region for the method ETFTSRK4SL?2 by plane v =
1, 2, 3, 4, respectively, are depicted in Fig. 3.

Similarly, we take

1
=3 3D
and obtain
B 2v* 1030° 25603v"
1= 57T 45927 T 93002175 T 859340007000 T
16 42 2890° 167857v"
92 = 57 T 243 T 76545 186004350 5156040582000
11 42 13v* 8300 142398
3= 377 243 T 229635 186004350 5156040582000 |
1 70?2 34t 1270 164908
@1 =5%570 " 25515 T 1968300 | 545612760 T 32)
16v:  520* 101v° v8
442 = 35 T 25515 | 3444525 T 136403190 |
30 1302 2t 431v° 55108
as3 = 5 — + - - R
2 90 ' 2835 4592700 181870920
b 1 v? vt v v8
'=3%50 " 2520 T 75600 T 2395008 T
2 4 6 8
[ L o 0 . by=0, by=bh,

3 45 1260 37800 1197504 +

We denote the method (18) determined by (24), (31), and (32) as ETFTSRK4SL3.
Sections through the stability region for the method ETFTSRK4SL3 by plane v =
1, 2, 3, 4, respectively, are depicted in Fig. 4.

6 Numerical experiments

In this section, in order to show the competence and superiority of the new methods
compared with the well-known methods in the scientific literature, we use six model
problems. The criterion used in the numerical comparisons is the decimal logarithm
of the global error (GE) versus the computational effort measured in the decimal loga-
rithm of the number of function evaluations required by each method. The integrators
we select for comparison are

e ETFTSRK4SL1: The four-stage explicit TFTSRK method of order four derived
in Section 5 of this paper;

e ETFTSRK4SL2: The four-stage explicit TFTSRK method of order four derived
in Section 5 of this paper;

e ETFTSRK4SL3: The four-stage explicit TFTSRK method of order four derived
in Section 5 of this paper;
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Fig. 2 Sections through the stability region for the method ETFTSRK4SL1 by plane v = 1,2,3,4,
respectively

e EFRK4BI1: Exponentially fitted explicit Runge-Kutta methods of order four
introduced by Vanden Berghe in [12];

e EFRK4B2: Exponentially fitted explicit Runge-Kutta methods of order four
derived by Vanden Berghe in [13].

e ETSRKA4SLI1: The four-stage explicit two-step Runge-Kutta methods of order
four underlying ETFTSRK4SL1;

e ETSRKA4SL2: The four-stage explicit two-step Runge-Kutta methods of order
four underlying ETFTSRK4SL2;

e ETSRKA4SL3: The four-stage explicit two-step Runge-Kutta methods of order
four underlying ETFTSRK4SL3;

e KUTTA4S4P1: The classical four-stage four-order explicit Runge-Kutta meth-
ods given in II.1 of [3], pp. 138;

e KUTTA4S4P2: The classical four-stage four-order explicit Runge-Kutta meth-
ods given in II.1 of [3], pp. 138.
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Fig. 3 Sections through the stability region for the method ETFTSRK4SL2 by plane v = 1,2, 3,4,
respectively

In each step, the number of function evaluations required by ETFTSRK4SL1, ETFT-
SRK4SL2, ETFTSRK4SL3, ETSRK4SL1, ETSRK4SL2, and ETSRK4SL3 is three,
whereas the corresponding numbers for EFRK4B1, EFRK4B2, KUTTA4S4P1, and
KUTTA4S4P2 are four.

Problem 1. Consider the linear test problem used in Ref. [27]

Y +wly = w? — Dsint, 1 € [0, fenal,
yO) =1, YO =w+1,
whose analytic solution is given by
y(t) = cos(wt) + sin(wt) + sin(z).

In our numerical test, we choose w = 5 as the fitting parameter. This problem has
been solved in the interval [0, 100] with the step sizes h = 1/ 2J for ETFTSRK4SL1,
ETFTSRK4SL2, ETFTSRK4SL3, ETSRK4SL1, ETSRK4SL2, and ETSRK4SL3,
h = 1/(3 - 2/72) for EFRK4B1, EFRK4B2, KUTTA4S4P1, and KUTTA4S4P2,
where j = 3,4, 5, 6. The numerical results are presented in Fig. 5.
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Fig. 4 Sections through the stability region for the method ETFTSRK4SL3 by plane v = 1,2,3,4,
respectively

Problem 2. Consider the linear periodic problem used in Ref. [28]

y' +y=0.001e", t €0, nal,
y(0) =1, y(0)=0.9995i,

with analytic solution
y(t) = (1 — 0.0005ir)e™ .

This problem has been solved in the interval [0, 1000] with the fitting parameter w =
1 and the step sizes & = 1/2/ for ETFTSRK4SL1, ETFTSRK4SL2, ETFTSRK4SL3,
ETSRK4SL1, ETSRK4SL2, and ETSRK4SL3, 1 = 1/(3 - 2/~2) for EFRK4B1,
EFRK4B2, KUTTA4S4P1, and KUTTA4S4P2, where j = 0, 1, 2, 3. The numerical
results are presented in Fig. 5.

Problem 3. We consider the two-dimensional problem in [29]

, 13 —12\ [ fi) _ (1 oy = (4
y+<_12 13>y—(f2(t)>, y(O)—<O), y(O)—<8),
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Problem 1: The efficiency curves Problem 2: The efficiency curves
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Fig. 5 Efficiency curves for Problems 1 (leff) and 2 (right)

in which fi(t) = 9cos(2t) — 12sin(2t), fo(t) = 12cos(2t) + 9sin(2t), whose
analytic solution is given by

N = sin(z) — sin(5¢) 4+ cos(2t)
Y =\ in() — sin(5¢) + sin(2r) |-

In this test, we choose w = 5 as the fitting parameter. This problem has been
solved in the interval [0, 1000] with the step sizes # = 1 /21 for ETFTSRK4SL1,
ETFTSRKA4SL2, ETFTSRK4SL3, ETSRK4SL1, ETSRK4SL2, and ETSRK4SL3,
h = 1/(3 - 2/7%) for EFRK4B1, EFRK4B2, KUTTA4S4P1, and KUTTA4S4P2,
where j = 3,4, 5, 6. The numerical results are presented in Fig. 6.

Problem 4. We consider the Duffing equation

" 425y = 2k%y3 — K2y, t €0, tonal,
{y+ y y y [0, fenal (33)

y©0) =0, Y0 =w,

where k = 0.03. The exact solution of this initial-value problem is y(t) =
sn(wt; k/w), the so-called Jacobian elliptic function. In this test, we choose the fre-
quency w = 5 as the fitting parameter. This problem has been solved in the interval
[0, 100] with the step sizes & = 1/2/ for ETFTSRK4SL1, ETFTSRK4SL2, ETFT-
SRK4SL3, ETSRK4SL1, ETSRK4SL2, and ETSRK4SL3, h = 1/(3 - 2/72) for
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Problem 3: The efficiency curves Problem 4: The efficiency curves
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Fig. 6 Efficiency curves for Problems 3 (left) and 4 (right)

EFRK4B1, EFRK4B2, KUTTA4S4P1, and KUTTA4S4P2, where j = 3,4, 5, 6. The
numerical results are presented in Fig. 6.

Problem 5. A perturbed system was studied in [30]. As an example of a system we
consider

W =25y — €O 3D Fefi), O =1 ¥ 0) =0,
Vo= =250 — € + 1) +efa(x), mO0) =€, (0 =5,
where
f1(x) =1+ €2 + 2esin(5x + x2) + 2 cos(x?) + (25 — 4x?) sin(x?),
Hx)=1+ €2 4 2esin(5x + x2) — 2sin(x?) + (25 — 4x?) cos(x?).
In our test, we choose ¢ = 1073 and choose the frequency w = 5 as the fitting

parameter. The analytical solution is given by:
y1(x) =cos(5x) + € sin(xz), y2(x) = sin(5x) + € cos(xz).
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Problem 5: The efficiency curves Problem 6: The efficiency curves
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Fig. 7 Efficiency curves for Problems 5 (left) and 6 (right)

This problem has been solved in the interval [0, 100] with step sizes h = 1/ 27
for ETFTSRK4SL1, ETFTSRK4SL2, ETFTSRK4SL3, ETSRK4SL1, ETSRK4SL2,
and ETSRK4SL3, h = 1/(3 - 2/72) for EFRK4B1, EFRK4B2, KUTTA4S4P1, and
KUTTA4S4P2, where j = 2, 3, 4, 5. The numerical results stated in Fig. 7.
Problem 6. Consider the periodically forced nonlinear equation governing a periodic
motion of low frequency with a small perturbation of high frequency

V' +y = —y> 4 (cos(x) + sin(10x))> — 99¢ sin(10x),
y(0) =1, y'(0) = 10e,

with € = 10~*. The exact solution is

y(x) = cos(x) + e sin(10x).
In our test, we choose the main frequency w = 1 and integrate the equation in the
interval [0, 100] with the step sizes h = 1/2/ for ETFTSRK4SL1, ETFTSRK4SL2,
ETFTSRK4SL3, ETSRK4SL1, ETSRK4SL2, and ETSRK4SL3, h = 1/(3 - 2/72)

for EFRK4B1, EFRK4B2, KUTTA4S4P1, and KUTTA4S4P2, where j = 2, 3,4, 5.
The numerical results are shown in Fig. 7.
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7 Conclusions and discussions

We present and study trigonometrically fitted multi-step Runge-Kutta (TFMSRK)
method in this paper. These methods integrates exactly first-order systems (1) whose
solution can be expressed as linear combination of functions from the set of functions
{exp(iwt), exp(—iwt)}, or equivalently the set {cos(wt), sin(w?)}. The order condi-
tions for TFMSRK methods are derived. Based on the order conditions, four new
explicit TFMSRK methods of orders three and four, respectively, are constructed.
The results of the numerical experiments confirm that our new methods work more
efficiently than the high quality methods we select from the scientific literature.

The determination of the frequency w for a trigonometrically fitted method is a
critical issue, because the coefficients of the method depend on w. The knowledge
of an estimation to the unknown frequency is needed in order to apply the numerical
method efficiently. For the technique of frequency choice in trigonometrically fitted
methods, the reader is referred to [31, 32].

Acknowledgments The authors are sincerely thankful to the anonymous referees for their constructive
comments and valuable suggestions.
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