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A new implicit Runge-Kutta-Nystrom method with variable coefficients is developed for
solving the periodic initial value problem of the differential equation ¥/ = f(t,y). The
proposed method, whose coefficients are functions of the frequency and the stepsize, in-
tegrates exactly the equation, if the solution is a periodic function with a single Fourier
component and the frequency is known. On the other hand, the order of accuracy of the
method is shown to be 4 for the case that an estimated frequency, instead of the exact
one, is applied to evaluate the coefficients, as well as for that the solution is non-periodic.
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1. Introduction

An important class of initial value problems which can arise in practice consists
of problems whose solutions are known to be periodic. A number of numerical
methods for this class of problems have been developed (see e.g. [1], [5], [7], and
[8]). Only few of them, however, take advantage of special properties of the solution
that may be known in advance. If the frequency of the solution, or a reasonable
estimate for it, is known in advance, then the methods which take it as a priori
knowledge are advantageous.

The purpose of this paper is to construct the 4-stage implicit Runge-Kutta-
Nystrom method which takes the frequency of the solution as a priori knowledge.
The Runge-Kutta-Nystrém method proposed here, whose coefficients are functions
of the frequency and the stepsize, gives the exact solutions of the initial value prob-
lems, if the solutions are periodic and their frequencies are known in advance. On
the other hand, if the solutions are not periodic, then the order of accuracy of
the method is shown to be 4, when the coefficients are real and analytic functions
of v = wh. Moreover, we analyze the two errors, phase and amplification errors,
of the Runge-Kutta-Nystr6m method for the case that the exact frequency is un-
known. We discuss further the fixed coefficients implementation which reduces the
computational cost.
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2. Trigonometric Runge-Kutta-Nystrém (TRKN) Method

2.1. Trigonometric order
Let us consider a special class of second-order initial value problem of the form

y” = f(ta y)’ y(to) = Ca y,(to) =1 (1)

For solving equation (1), instead of applying conventional Runge-Kutta or linear
multistep methods to the equivalent 1st-order system, which has the dimension
twice that of equation (1), the direct application of the Runge-Kutta-Nystrom
method to equation (1) is more efficient, particularly when the equation is stiff
and therefore implicit methods are necessary to solve it.

The Runge-Kutta-Nystrom method takes the form

L
Yn+1 ='!/n+hy:;+hzzzjf(tn+cjh’yj)’ (2)
i=1
S
Vo1 =Us+h D bif(ta +c;hY;),
j=1

]
Y; = yn+cihtly + B2 ajef(tn + kb, Yi), j=1,2,...,s.
k=1

As in the case of Runge-Kutta methods, this can be represented in the Butcher
array

C1 | a1 @12 -+ Q1s
C2 a21 a22 te azs
Cs as1 Ag2 et Ags
bp b bs
bl b2 e bs

Although various Runge-Kutta-Nystrom methods have been proposed (see, e.g,
[3]), none of the methods have been developed for the specialized situation that the
solution of the problem is periodic and the frequency is known. For such problems, it
is appropriate to discuss the accuracies using the notion of the trigonometric order,
which was first introduced by Gautschi [1] for linear multistep methods. Accord-
ing to Gautschi [1] we describe briefly the trigonometric order of linear multistep
methods. Consider the linear multistep method

k k
Yy =hd_Bifs, 3)
=0 i=0
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for solving the first order equation ' = f(t, y). If the difference operator

k
Lly(8); k] := ) _{a;y(t+ jh) — hBy/ (¢ + jh)} (4)

=0

associated with the multistep method annihilates trigonometric polynomials up to
degree r, i.e.,

L[cos(qwt); h] = Lsin(qwt); h] =0, ¢=1,...,r,
Lcos((r + 1)wt); h) #0, Lisin((r + 1)wt); h] # 0,

then the linear multistep method is said to be of trigonometric r. For the Runge-
Kutta-Nystrom method, the trigonometric order is defined in an obvious manner
analogous to that for the linear multistep method.

DEFINITION 2.1. An s-stage Runge-Kutta-Nystrom method is said to be of
trigonometric order r relative to the frequency w, if all the relations

y(t+cjh) =y(t) + c;hy/ (t) + B2 Y _auy”(t +ech), F=1,...,5+1,
k=1
(5)

y(t+h)=y ) +h Z bry” (t + cxh)
k=1

are satisfied by the functions y(t) = cos(mwt) and sin(mwt) (m = 1,...,r), and
not satisfied by y(t) = cos((r + 1)wt) and sin((r + 1)wt), where we set as41, = bk
(k=1,...,s) and cg4+1 = 1. In addition, if the method is of trigonometric order > 1,
we will call the method trigonometric Runge-Kutta-Nystrém (TRKN) method.

Hereafter we are only concerned with the method of trigonometric order 1,
and examine the order of accuracy of the method, when the coefficients, which are
the functions of v = wh, are real and analytic in the neighborhood of v = 0. The
order of accuracy of the TRKN method is also important in the sense that it tells
us at what rate the numerical solution converges to the exact solution, when the
solution of (1) is not periodic, or when the solution is periodic but the coefficients
are evaluated using an approximate frequency.

2.2. Order of accuracy of TRKN method
The order of accuracy of the Runge-Kutta-Nystrom method is defined to be
p = min{p1, po} for the integers p; and p, satisfying

y(tn+1) —Yn+1 = O(hpl+l)a yl(tn+1) - y:z+1 = O(hm+l)’ (6)

where yn41 and y;, ., are the numerical solutions given by the method under the
conditions that y, = y(t,) and ), = y'(t»). The order condition for conventional
Runge-Kutta-Nystrom methods has been thoroughly studied by Hairer and Wanner
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[2] and Hairer, Ngrsett and Wanner [3]. Here we will show that the order of accuracy
of the TRKN method is at least 2.

We assume here that the abscissae c¢; are independent of w, and that the
coeflicients a;x and by, are real functions of v = wh and analytic in the neighborhood
of v = 0. Let the Taylor series expansions of the coefficients be

ajk = a(k) + a(l)l/ + agk)z/2
b = b + b,(j’u +6P0% 4
Then for these expansions we have the following lemma:

LEMMA 2.2. For the coefficients aj, and by of the TRKN method, there exist
the relations

l+l
Z kck - J+1)) l=1,2, j=1,2,...,3+1,
(7)
Zb(O)l 1_%7 l=1,2

Proof.  First we show the relation on aj;. The substitutions y(t) = cos(wt)
and y(t) = sin(wt) in the first of (5) yield

s

1 - o o]
Lo 0GY) _ $™ 3™ i cos(eu)

1=0 k=1
j=1,...,8+1, (8)

o o] s

cjv — sin(c
—(Jzz E a()ylsm (cev),
v?
1=0

which means that ag.[k) = 0 for odd [l. Expanding cos(c;¥) and sin(c;v) into the
Taylor series, and collecting the same powers of v, we have

Ao+ A v + Ag vt 4 =0,

9
Bo’jll + BlyjI/3 + BQ’J’VS +..= 0, ( )

where A, ; and B,, ; are the constants given by

A (=1)me™ a2 i E (-1 (2m ~21) 21
™ T Tom+2)l — — (21) ko
(10)
Bm ) ( l)m 2m+3 f: - (2m 21) 2z+1.
4 = 2m+3 2l+1)' @ik k

=0 k=1

The first relation of (7) is derived from Ag ; =0 and By ; = 0.
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Next we show the relation on b in the same way. The substitutions y(t) =
cos(wt) and y(t) = sin(wt) in the second of (5) yield

smu ZZb()z/ cos(cgv),

k=11=0
1-— 1—cosv 2 - ()
Z Z b( )t sin (ckv),
k=1 =0

from which we have b(l) = 0 for odd I. As before, expanding cos(cxv) and sin{cgv)
into Taylor series and collecting the same powers of v, we have

Co+C1v2+Covt +..- =0,

12
D0U+01V3+D22/5+"'=0, ( )
where C,, and B, are the constants given by
( m 8 ( )
b 2m—21 2l
™ (2m + 1)! ; Z-:l 20)!
(13)
G I N N G VT o) 211
D, = —
2m+2)! g 1(2l+1)'b k
The relation on by, is derived from Cy = 0 and Dy = 0. n

To analyze the local error, it is convenient to associate the difference operators

Li{y(t); B} := y(t + c;h) — y(t) — c;shy/ (t) — b Z ar;y”(t +csh),  (14)
k=1
ji=1,...,s+1,

M{y(t);h} =y (t+h) —y'(t) —hY_y"(t+cxh), (15)
k=1

with the TRKN method, where y(t) is assumed to be not necessary periodic but suf-
ficiently often differentiable. If y(¢) is the solution of (1) then between the operators
and the local errors there exist the relations

T; :=y(t + c;h) = Y; = Li{y(t); h}

+h?Yap(f(t+ ceh,y(t+ cxh) — f(E,YR)), G=1,2...,5+1,
k=1 (16)
T':=y'(t+h)—yp1 = M{y(t); h}

+h > be(F(t+ cxh,y(t + ceh)) — f(E V),

k=1
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where we set Y1 = yn+1. We have therefore the inequalities

Ty < (1L rajji)-‘(wj{y(t);w A |Tk|),
k#j

| Tot1] < | Lo {y(); B} + R2L D [bel [Tk, (17)
k=1

T} < |M{y(t); A} +hL Y |be] [Tk,
k=1

where we assume that function f(¢,y) satisfies the Lipschitz condition with respect
to y, and L is the Lipschitz constant. Using the inequalities we will analyze the
orders of the local errors.

Let p; and o denote the orders of local errors T; and T”, respectively, i.e.,

T; = O(h*?), T = O(h%).
Note that p; and p; in (6) can be expressed in terms of p; and o as
P1 = ps+1 — 1, pp=0—1. (18)
Moreover, let A; and p denote the orders of operators L; and M, respectively, i.e.,
Li{y(t);h} = O(h™),  M{y(t);h} = O(h*).

Then we find from (17) that

pi= min{Aj, in;n {rx} +2}, i=12,...,8s+1,
1<ks (19)

o= min{p, 115111;1_23{pk} + 1}.

We have immediately from (19) that p; < A; for all j, so that

min{p;} < min{2;}.
For the minimum of p;, denoted by pn,, we have

min{p;} = pm = Am,
since if this is not the case we have from (19) the contradiction that

Pm =,§rgg{pk}+22pm+2>pm-

The fact that min;{p;} = A, together with min;{p;} < min;{);}, imply

15111'2?“{’)]' b=, o () (20)
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Next we will analyze the orders of operators L; and M using the result.

Assuming that the Taylor series expansion of y(¢) and those of the coefficients
ajx and by have a common interval of convergence, and using the results of Lemma
2.2, we have in the interval

l+1
L; {y h} = Z T { i 1 Z Z a(2m)ci: IUZm} hl+1y(l+1)(t)
( + k=1m=0
G - © 4 @2 2, (2)
=132~ (a5 +ajv®+---) o Wy 2 ()
k=1
c O, o O, 2 3,3
{55~ ( wee +aglckr? +--0) b B3y () +
k=1

=—< aﬁ) V2 %y (t) (Ea Ck) VRO @)+, (21)
k

M{y(t);h} = i(l { Z ib(zm) -1 2m}h, @41 g
I=1 k=1m=0
= {1 - i(bgﬂ) n bf)Vz 4. ‘)} hy®(#)

k=1

1 s
+ {— - Z(bfco)ck + b}cz)ckl/2 + - )} R2y®(t) +

k=1

= - (Z b,(f)) hy@(t) — (Z b,(f)ck) V2@ )+ (22)

k=1 k=1
This means that the orders of L;{y(t); h} and M{y(t);h} are at least 4 and 3,
respectively, i.e., A; > 4 and g > 3. Therefore we have from (19) and (20) that
pi>4(=1,...,8+1)and o > 3, so that p; > 3 and pz > 2 in (6). We have thus
proved the following theorem:

THEOREM 2.3. Let p be the order of accuracy of the TRKN method, then
p=>2.

Although Theorem 2.3 shows that the order of accuracy p of any TRKN method
is at least 2, it is not clear that the method can have p > 3. Next we will show that
p = 3 and 4 can be attained by imposing additional conditions on the coefficients,
and present the method that has p = 4. First we will prove two lemmas.

LEMMA 2.4. For some integer ¢ > 0, if the coefficients ajx of the TRKN
satisfy the condition

22

D L =0,1,...,g—-1 23
;aﬂcck (2l+1)(2l+2)’ l 07 ’ yq ) ( )



32 K. Ozawa

then
2q+2

Za(o)c2q_ ) )
kTR T (29 +1)(29+2)

Similarly, if for some integer ¢ > 0
2143

W T 1=0,1,...,q-1 4
Z“ch @ro@rs o Obeoeh 24)

then
29+3

Za(0)02q+1 % .
Pl (2q +2)(2¢ +3)

Proof. 'We will show only the first part of this lemma, since the second part
can be proved in a straightforward manner. It is easily seen that (23) means

2142

(0) 2t __ 6 =0.1 _
Za}kck ——-214"1)(2[—_'*'2), l Ly g 17

Zaﬁn)czl— k>0, 1=0,1,...,q—-1,

so that the value of A, ;, which is defined by (10), at m = q is given by

A . = (—l)chq+2 _ zq: Za(2q 21) 21
I (2 + 2)! 2

2q+2 s
(1) (-1 NORE"
(2¢+2)!  (2q)t & *

The first assertion thus holds, since A4 ; = 0. From By ; = 0 we can also show that
the second assertion holds. [

The next lemma can be proved in the same way.

LEMMA 2.5. For some integer q > 0, if coefficients by satisfy
- 1
el =—— 1=0,1,...,q—1,
Z kCr 2l+ 17 3 q

then

1
b V2 =
g kT 2g+1
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Similarly, if for some integer ¢ > 0

2 = 1=0,1,...,q—1
Zbc 2l+2 0,1,...,¢—1,

then

8
Zb(o) 2041 _ _ 1
et 2q +2

The next theorem provides a sufficient condition for the TRKN method has
order of accuracy > 3.

THEOREM 2.6. In addition to condition (5), if we impose the condition

Y b =1, (25)
k=1

on b, then the order of accuracy p satisfies p > 3.

Proof. From the result of Lemma 2.5 we have

>td =3
k=1

Applying the result and that of Lemma 2.2 to operator M, we can find that the
order of operator M is at least 4, i.e., y > 4, so that we have from (18) and (19)
that ¢ > 4 and p, > 3, since in this case A;’s remain fixed. Thus the assertion
holds. |

The next theorem provides a sufficient condition for the existence of the TRKN
method of order of accuracy > 4.

THEOREM 2.7. In addition to condition (5), if we impose the conditions
S 8 1 8 1
Zbkzl, Zb’“=§’ Zbkck: 5 (26)
k=1 k=1 k=1

on by and by, then p > 4.

Proof. It suffices to prove that operators L,,1 and M are of orders at least
5. First we show ps41 > 5. From the result of Lemma 2.4 for j = s + 1, we have
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This result and that of Lemma 2.2 lead to ps41 > 5, since

- 3,(3 4, (4
Loty = ( Zbkck)h G () + (3 1 Zbkc)hy( () +
_ (ZES)C’“) 2h3y(3) _ 2 (Z bk ) 1/2h4y(4)(t) S
k=1

Next we show g > 5. From the result of Lemma 2.5, we have

1 2 1
SHd=1 Yua-i

k=1 k=1

and therefore
1 3 (4) 1 4,(5) (¢
M= ——Zbkc Ry (t) + 3 ——Zbkc Riy®) (8) +
1 8
=3 (Z bf)cz) vy (t) (Z b(2) 3) 2hty®)(t) +
k=1

The assertion of the theorem thus holds. [ ]

Next we will propose the implicit TRKN method of trigonometric order 1
satisfying condition (26). In order to construct such a method it is necessary that
s > 4, since there exist four equations to be satisfied with b;’s. Here we propose
the 4-stage implicit TRKN method of this class, which will be called TRKN41.

We can easily see from the discussions above that the condition

mec = Zb(z)ck = (27)

is necessary for TRKN41 to have p > 4. We will make it clear in the later section
that this condition does not hold for TRKN41, i.e., the order of accuracy of the
method is exactly 4.

3. Derivation of TRKN41 Method

3.1. Coefficients of TRKN41 method
If we write down condition (5) for s = 4 and r = 1, then we have
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( 4
cos(civ) — 1+ v? Zai]‘ cos(c;v) =0, i=1,...,4,
=1
4
sin(c;v) — cv + v Zaij sin(¢;v) =0, i=1,...,4,
=1
R
cosv — 14+ 1% ij cos(c;v) =0,
< o (28)
siny — v + 1/ Zl_)j sin(c;v) = 0,
i=1
4
siny — v Z b; cos(c;v) =0,
J=1
4
cosv—1+v ij sin(c;v) = 0.
\ Jj=1

The coefficients b;’s are uniquely determined by conditions (26) and (28), if ¢;’s are
different from each other, since there exist four equations for four unknowns. For
¢;’s it will be natural to take the equally spaced abscissae such that

c1=0,¢c2=1/3, c3=2/3, ca=1. (29)

In our case, this choice of ¢;’s leads to that a;; =0 (j = 1,...,4), and therefore we
can reduce the total cost of evaluating stages, since the 1st stage becomes explicit.
For other a;; (i > 1), on the other hand, there exist only two equations for four
unknowns, so that we set a;; = 0 except for a;; and a;; this choice of a;;’s enables
us to evaluate the second, third and fourth stages in parallel after the evaluation
of the first stage, if parallel computers are available.

For b;’s, there exist three equations for four unknowns, so that we take by as
a free parameter, say by = a.

We show the coefficients derived in this way, which are analytic at v = 0,
together with their power series expansions. These expansions are useful to avoid the
losses of significance by cancellation which arises in the evaluations of the coefficients
for small v.

_ —6cos (%) + 2vsin (%) + 6 .cos (%) - vsin (%) —2cosv+2

b =
! 2u (5sin (%) — 4sin (23—") + sin 1/)
11, 1, 31
B 30
st 1200” t 131420 T 5&7s6e5600° T (30)
1 31 1 31
= b == — 2 4 _ 6 ... 31
by =5 =01 =3~ 1120” " 181a00° ~ 587865600° T (31)
bs = by (32)

by = I (33)
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a2

Q22

31

as2

a3z3

a41

a42
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cos (%) + (20— 1/2)vsin (%) — cos (%) — avsin (%)

2vsin (§) (cos (¥) — 1)
—8a+1 1

+ L ...
8 1440 ' 181440 = 587865600

A (34)

—(1 + av®)sin (g) +((~a+1/2)v*~1)sin (Z'i) +vcos (—231) + (a® + 1)siny — v

21/251n( )(cos( )—1)
12041, ~2400+1, 168a-1 , 3360a+1

4 2160 N 163296 881798400 (35)

((a—1/2)v? +1)sm(§)—ucos( )+(a1/ +1)sm(2”) (av? + 1)sinv +v

21/25111( )(cos( )—1)

2o+l %a—1, —1680a+1, 960a-13 g
6
8§ " sea ¥ 1632960 ~ ' 251942400 (36)
a (free parameter) (37)
—vcot (‘3’) +3
32
101, 2, 1,
1 38
97 T 36a5” * Gese0s” T 31000725° T (38)
—3sin (%) +v
3v2sin (%)
1 7, 31, 127
54 " 20160” " 11022480 T 39680028007 T (39)
—2vcot (%) +3
32
4 16 , 128 256
2 4
57 T 3645 T Geso05” * 31000725° (40)
(41)
—3sin (%ﬁ) )
3v2sin (%)
2 14 , 124 254
77 " 3645 T Geso05” T 310007257 (42)
—vcotv+1
1/2
11, 2 1,
2 il —_ 4
sts” Yot tams T (43)
0 (44)

a3 = 0 (45)
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—sinv +v
44 = B
vesmmv
17 5, 31, 12T
=5 1360” " 15120” T60as00” T (46)

From the expressions above we have

. 2) 1
b2 = —— #0,
;kc’“ 3240 7

therefore M = O(h®), which means that TRKN41 has p = 4.

3.2. Numerical example
The following examples show the power of TRKN41 for periodic or approxi-
mately periodic problems.

Ezample 3.1. Let us consider the equation

y"(t) = —y(t) + e cost, (47)

whose solution is given by
y(t) = cost + 0.5etsint. (48)

We integrate this equation from ¢ = 0 to 10 by TRKN41 with w = 1 and a = 0, by
using the double precision IEEE arithmetic. The errors at ¢ = 10 for various values
of € are shown in Table 1.

Table 1. Errors at ¢t = 10 of TRKN41 with w=1and a = 0.

€ h =0.200 h =0.100 h = 0.050

10~ | -4.108e-10 -2.378e-11 -1.317e-12
107% | -4.108e-09 -2.379e-10 -1.315e-11
1073 | -4.108e-08 -2.379e-09 -1.314e-10
1072 | -4.108e-07 -2.379e-08 -1.314e-09
107! | -4.108¢-06 -2.379e-07 -1.314e-08

The first term on the right-hand side of (48) can be represented exactly by
TRKN41 for any stepsize h > 0, but the second term, which is proportional to €, can
never be represented exactly. Therefore, the errors of the method are proportional
to ¢, as shown in Table 1.

Ezample 3.2. Let us consider the well-known two-body problem (see [4] or
[6]):
W =-un/@+3)¥% v = —w/0] + )% (49)
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1+e
l1—e

y1(0) =1—¢, 1(0)=0, %2(0)=0, y3(0) =

b

where e is an eccentricity. The exact solution of the problem is given by
yi(t) = cosu — e, ya(t) = V1 - e?sinu, (50)
where u is the solution of Kepler’s equation
u=t+esinu.
When e =0
y1(t) = cost, ya(t) =sint,

so that the method with w = 1 is expected to be particularly accurate for the
problems with small e. Here we integrate equation (49) from ¢ = 0 to 20 for e =
0, 0.01, 0.1, and 0.5, by using TRKN41 with w = 1. We evaluate the maximum
errors
o28%, (1.0 — 91 (k)| + |42, = 32(nh)]),

where 31, and yg , are the numerical approximations to y;(nh) and ya(nh), re-
spectively. The results are compared with those of the 2-stage Gauss Runge-Kutta
method (see Table 2, 3).

Table 2. Maximum errors of TRKN41 with w =1 and a = 0.

h=0.200 h=0.100 h =0.050

e=0.00 [ 1.209e-14 4.638e-14 2.169e-13
e =0.01 | 9.668e-05 6.210e-06 3.919e-07
e =0.10 | 7.646e~-04 6.030e-05 4.150e-06
e =0.50 | 3.003e-01 6.445e-03 1.486e-04

Table 3. Maximum errors of the 2-stage Gauss Runge-Kutta method.

h=0.200 h=0.100 h =0.050

e=0.00 | 5.839e-04 3.658e-05 2.290e-06
e =0.01 | 5.93%e-04 3.623e-05 2.266e-06
e =0.10 | 8.345e-04 5.238e-05 3.278e-06
e=0.50 | 2.121e-02 1.493e-03 9.551e-05

As the tables show, TRKN41 always yields the exact results for the problem
with e = 0.00; the values corresponding to e = 0.00 in Table 2 must be the accumu-
lations of roundoff errors. In addition, as has been expected, for the problem with
e = 0.01, the results by the TRKN41 are more accurate than those by the 2-stage
Gauss Runge-Kutta.
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4. Phase and Amplification Errors of TRKN41

From the point of view of algebraic errors, the result given by TRKN41 will
be satisfactory for any periodic problem, even if an inexact value of w is used to
evaluate the coefficients, since the order of accuracy of the method is proved to be 4.
However, it is often the case that high accuracies in the phase and/or amplitude of
the solution are required, when the solution is periodic. In this section we investigate
the orders concerning the two errors, the phase and amplification errors, when an
inexact value of w is used to evaluate the coefficients. Hereafter, we denote the
coefficients of the Runge-Kutta-Nystrom method by a;;(v?), b;(v?), and b;(v2) to
emphasize the dependences on v2.

Let us consider the test equation

I/

y'=—w?y, y(0) =10, ¥'(0)= o, (51)
where the exact solution is given by

/
y(t) = yo coswt + (%) sinwt.

Here we assume that we can never know the exact frequency w, but know an
estimate, say @. If we integrate the test equation by TRKN41, whose coefficients
are evaluated by using @, then the numerical solution satisfies

Yn = R™(y2. 72 Yo
Grenls)

b (7?)

bT(7?)

where

mﬁﬁ%=P—ﬂ< >U+ﬂmﬁ»*v (53)

ai; -+ 0G4 1 ¢
1 1 1 0
= . I= . A= Cy=|l el
01 01 1 C3
a41 o Q44 1 ¢4

b(@?) = (1(7%), b2(7%), b3(P%), ba(P*))T,

b(7) = (01(®), B2(P%), ba(7%), Ba(P®))".
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Notice that the amplification factor R(v?,7?) satisfies

RG22 = ( cosv u‘lsinzx> , (54)

—vsinv  cosv
since the method gives the exact solution for (51) if ¥ = v.

Assuming that the eigenvalues of R(v2,7?), say A; and A2, are complex con-
jugate for small h, then we have

I/\1|2 = |)\2|2 = det R(I/2,I//\2)
Re(A1) = Re(A2) = %traceR(uz,Tﬁ).
Therefore, the quantities ¢(v?, 72) and ¥(v2,?) defined by

$(v2,7%) =1 — {det Rp2, %)}/, (55)

(56)

trace R(v?, D?) )

Y(v?,9?) = v — arccos
L) 2 {det R(v?,72)}*/?

denote the amplification and phase errors, respectively. According to van der
Houwen and Sommeijer [8] we define the orders of these two errors:

DEFINITION 4.1. For TRKN41, assuming 0 < D/v < oo, if ¢(¥?,7?) =
O(h?*1) and %(v%,0?) = O(R™*!), then the method is said to be dissipative of
order q and dispersive of order .

We will analyze these two orders. Let us denote R(v?,7?) by
R(V2,l72) =P- I/2Q(V2,f/\2), (57)

where
b (7?2
QA 7%) = ( @ )> (I+240%)"'V

Then g¢;j, the ijth element of Q(12,#?), is given by

- - 1- I/2(121 - 1- 1/2(131 + 1- 112(141
=b
q11 1+ b2 17 720 T T ass T 1T 120,
1 2 w? (80a(w? — &?) + bw? — 202
S 1wty o (B0 ) Lt 1 o), (58)
2 24 2160
5262 5363 5404

It

Nz 14+ v2a3; 1+4+1v2a33 14+ v2ay
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1 —5w?(24a +5) + 25%(60a — 1) , 4
= = h

6+ 3240 (59)

N 35w*(600a + 17) — T0w?%?%(294a + 5) — 204(210c + 1)

1224720

h* + O(h®),

1- I/2021 1- u2a31 1-—- 1/2(141
1+ v2ag, 3]. + v2ag3;3 4 1+ v2a44
2 2 55 2 _ 28A2
w2 4 WO = 2807) a L oy, (60)

=1 h?
Gh+ 3240

g21 = by + by

baco bscs bycy
1+ 1v2a9; 1+ 0v2a33 1+ v2ay
1 2 2 2 _ ar~2
w w?(95w* — 68w )h4+0(h6). (61)

L Wy
2 24h + 19440

Using from (57) to (61), we have

Il

q22

1—det R(v*, %) = (qu1 + @22 — 21)v? — (q11022 — g21q12)V*

Uit 9720 wh
1 414 60a(w2 - az) - 10(‘12 + 02 416 8
~12wh 1630 w*h® + O(h®),
T (/0)°
=l -] - 6 p6 8 2
1944{(w) l}w +O(h®), (62)
which leads to that
1— {det R(uz,iﬂ)}l/2 = %{;(’# — 1)wSh® + O(h8), (63)

where we set ¥ = &@/w. Thus we have proved the following theorem:

THEOREM 4.2. TRKNA41 with the coefficients evaluated at & is dissipative of
order 5, if ¥ # w.

Next we consider the phase error of the numerical solution by TRKN41 method.
At first we set

1 ~
—traceR(v?,7?)

{det R(?,7%)}*

cosV =

Using from (57) to (61), we have

1 o 1
EtraceR(lﬁ,vz) =1- §V2(Q11 + g22)
_ Lioo, 1 44
1

~ 9410 {360a(1 — &%) + 70 — 43x%} w®h® + O(R®), (64)
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and using this and (63), we have

1 — K2 — 96K2
C037=1——1—w2h2+iw4h4_ 20a(1 — K?) + 35 — 26k

2 24 6480
which leads to that

wlh® + O(h®), (65)

COSV — COST = ﬁ(ﬁOa +13)(1 — k%)wBhS + O(K®). (66)

Taking into account the expansion

oS vV

(cosv — cosT) + — (cosv — cos ﬁ)2 +e (67)

V—T = ——
sinv 2sin” v

we have

W2, 7?) = —3%0(6004 +13)(1 - K2)whS + O(RT). (68)

In this expression, if a = ~13/60 the order of 1(v2,?) is improved by 2, and then
the result, which is derived by tedious manipulation, is given by

) 1
2 52\ _ 2 2\ ThH7 9
Y, 0%) = 272160(296 103&°)(1 — kK )w A" + (h”). (69)

Thus we have proved the following theorem:

THEOREM 4.3. TRKN41 with the coefficients evaluated at & is dispersive of
order 4 and 6, if o # —13/60 and o = —13/60, respectively.

Ezample 4.1. Let us consider the equation
y" = —(1+ 0.01y%)y + 0.01 cos3 ¢, (70)

y(0)=1, ¢'(0)=0,

Table 4. Errors E of TRKN41 with o = 0 and o = —13/60.

a=0 o =—13/60
—log,(h/7) E (log, |E|) E (log, |E)
2 ~1.87e-02(-5.74) | 1.07e-02(-6.54)

1
-1.64e-03(-9.35) 3.15e-04(-11.6)
-1.07e-04(-13.2) 7.86e-06(-17.0)
-7.01e-06(-17.1) 1.46e-07(-22.7)
.47e-07(-21.1) | -1.05e-09(-29.8)
~2.82e-08(-25.1) | -3.70e-10(-31.3)
-1.77e-09(-29.1) | -3.24e-11(-34.8)
-1.11e-10(-33.1) | -2.28e-12(-38.7)
10 -6.96e-12(-37.1) | -1.62e-13(-42.5)

E :=y, — y(t,), where t, = nh = 8.257

W 0 N O O d W
|
NS
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where the exact solution is y(¢) = cost. Here we integrate the equation from ¢ = 0
to t = 8.25m by TRKN41 with o = 0 and o = —13/60, and evaluate the algebraic
errors, since it seems to be difficult to detect the dispersive order from numerical
experiments (see [8] and [9]). The algebraic errors evaluated at the point ¢ = 8.257
for varying stepsize h = w/2" (i = 2,...,10) are shown in Table 4.

As mentioned above, although all the values in Table 4 are not the phase errors
but the algebraic errors, we can easily find that the higher dispersive order method,
the method with @ = —13/60, gives more accurate results than does the lower
order dispersive method; the observed convergence rate of the algebraic error of the
higher dispersive order method is initially almost O(h®).

5. Fixed Coefficient Implementation of TRKN41

If TRKN41 is implemented as a variable stepsize mode, then we must re-
evaluate the coefficients once the stepsize has been changed. This leads to a con-
siderable amount of work, if the stepsize is changed frequently. In order to avoid
this re-evaluation, we could fix the values of the coefficients, even if the stepsize
has been changed; we will refer to this implementation as “fixed coefficient mode.”
It should be noticed that in this mode, although trigonometric conditions (5) is
invalid, condition (26) is still valid, since the latter condition does not include the
stepsize h explicitly. Note also that this condition is the order condition for conven-
tional Runge-Kutta-Nystrom methods to have order 2 [3]. Therefore if the method
is implemented in this mode, then the method is not trigonometric but has order
of accuracy 2. Here we will consider in detail the fixed coefficient mode.

Let us assume that the coefficients of TRKN41 are evaluated at fixed 7, say
Vo. Here we denote by Tn(&{)z) the local truncation error at t = 4, in this mode,
ie.,

Tn(%z) = (y(tns1) — yn+1,y,(tn+1) - y:z+l)Ta

where y, = y(t,) and y}, = y/(¢.) are assumed. If we expand Tn(°%) into the power
series in h such as

Ta(?) = t§7(33) + 0 @)k + 5 DR + -, (71)
then the coefficients ¢ (D2) (i =0,1,...) must satisfy
M @2) = M @2) = i @2) =0, forall D >0
and
#§(93) =V (98) = 0@), 7§ -0,

since, the method is effectively of algebraic order 4, if the method is implemented
as “variable coefficient mode.” The above result shows that although the order of



44 K. Ozawa

accuracy of the method in the fixed coefficient mode is, in general, 2, it becomes
4 only when the coeflicients are evaluated at 79 = 0. Therefore, & = 0 is the best
choice for the cases that the exact frequencies are unknown or the solutions are
not periodic; if we take & = 0 then 7 is always 0 for any stepsize h so that the re-
evaluation of the coefficients is unnecessary, even in the case of variable coefficient
mode.

In each of the power series expansions given by from (30) to (46), if we take the
first term as the value of the coefficient corresponding to ¥ = 0, then the Butcher
array of the method corresponding to @ = 0 is given by

0 0 .
1/3 | 1/27 1/54
2/3 | 4/27 2/27
1 1/3 1/6
-a+1/8 3a+1/4 -3a+1/8 a
1/8 3/8 3/8  1/8

This method is shown to be of order 4 also by the order condition derived from
SN-trees [3].
Ezample 5.1. Let us consider again the two-body problem (49). Here we solve

the problem with e = 0 for the following five cases:
1. Fixed coefficient mode:

e V=0(w=0)
o 7=0.125
o v =0.25

Table 5. Errors of TRKNA41 for the two-body problem (49) with e = 0.

logy h log, E

V=0 v=0125 v=025)|0=h VU=2h
-2.00 { -7.90 -8.31 -45.8 -45.8 -6.27
-3.00 | -12.3 -45.9 -10.7 -45.9 -10.7
-4.00 | -16.5 -14.9 -12.6 -44.5 -14.9
-5.00 | -20.6 -16.7 -14.7 -43.4 -19.1
-6.00 | -24.7 -18.7 -16.7 -44.4 -23.1
-7.00 | -28.8 -20.8 -18.7 -44.8 -27.2
-8.00 | -32.8 -22.8 -20.8 -41.8 -31.2
-9.00 | -36.8 -24.8 -22.8 -41.5 -35.2

E := maxo<nn<20(|y1,n — y1(nh)| + |y2,n — y2(nh)])



A Four-stage Implicit Runge-Kutta-Nystréom Method 45

2. Variable coefficient mode:
e U=h(w=1)
o U=2h(0=2)

The errors for these two modes are shown in Table 5.
We can easily find from the table that the errors in the fixed coefficient mode
behave like O(h*) only for the case U = 0.

6. Conclusion

In this paper we have proposed the implicit Runge-Kutta-Nystrom method
with variable coefficients for solving the periodic initial value problem. The method
always gives the exact solution of the problem, when the solution consists of a
single Fourier component with known frequency. Moreover, for the method we have
analysed the errors in phase and amplitude. Finally we have investigated two types
of implementations: the fixed coefficient and variable coefficient implementations.
The order of accuracy of our method is 4 for the cases that the exact frequency
is unknown, and for the cases that the coefficients of the method are evaluated at
v = 0 and remain fixed. Higher trigonometric order Runge-Kutta-Nystrém methods
and the stepsize control strategy for the present method will be treated in future
reports.
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