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1. Introduction

In the last decade there has been a lot of research on the construction of numerical methods specially designed for the
integration of problems with oscillatory or periodic solution when the frequency is known in advance. Such methods include
exponentially/trigonometrically fitted methods, phase fitted methods and amplification fitted methods.

We consider systems of second-order ODEs of the form

y//(x) =f(X,y(X)), X € [X()’X]? y(XO) = Yo, y,(XO) =.VE)7 (1)
with periodic or oscillating solution. Such problems arise in different fields such as celestial mechanics, astrophysics and
molecular dynamics.

Many categories of numerical methods have been developed for the numerical solution of the special problem (1) among
them are the well known Runge-Kutta-Nystrém (RKN) methods.

Exponentially fitted RKN methods have been studied by Simos [ 1], Van de Vyver [2], Franco [3], Kalogiratou and Simos [4].

Here we construct new trigonometrically fitted RKN methods following the approach introduced by Simos [5] for
Runge-Kutta methods. These methods integrate exactly the test equation y” = —w?y.

In Section 2 we give the necessary conditions for such methods. In Sections 3 and 4 we modify two existing RKN methods
of fifth and sixth order and derive four new methods. Numerical results are presented in Section 5 where we apply the new
methods as well as the classical methods for the computation of the eigenvalues of the Schrodinger equation with different
potentials such as the harmonic oscillator, the doubly anharmonic oscillator and the exponential potential.
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2. Trigonometrically fitted RKN methods

A RKN method is defined by

N
Yns1 = Yo+ hy, + 0 Y bifi

i=1
S
Yos1 =Yp+h Y _bifi (2)
i=1
where
i—1
fi=f (xn + cih, yn + chy), + h? Zagﬁ)
j=1
with the following associated Butcher tableau:

1
Cy | a21
C3 | 31 a3

G | Gs1 A -+ U551

by by .- bsy b
/ / / /
bl bz e bs—] bs
or in matrix form
c|A
b
—5
where Ais s x s matrix ¢, b, b’ and e are s size vectors, withe = (1, 1,..., 1).

We define the operators L(x) and Lp(x) as follows:

L) =y(x+h) —yx) —hy' () = h* Y bi¥]' (), (3)
i=1
Ip(x) =y x+h) —y® —hY_bY/ (), (4)
i=1
where

i1
Yi(x) = y(x) + cihy (x) + h? ZaUYj”(x), i=1,2,...,s.
=

The following definitions of quadrature order and exponential order can be found in [6].

Definition 1. The method has exponential order p if the associated operator L vanishes for any linear combination of the
functions

exp(woX), exp(w1X), . .., eXp(wpx),
where wj; are real or complex numbers.

The following remark is due to Lyche [7].

Remark. If w; = wfori =0, 1,...,n,n < p, then the operator vanishes for any linear combination of

exp(wx), x exp(wx), X exp(wx), ..., X" exp(wx), eXp(Wn41X), . . . , eXp(wpX).

Conditions for the modified RKN methods are given in the following theorem.
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Theorem 1. Method (2) is of exponential order p if the following conditions are satisfied:

s—1
cosv —1=—v” Y (=) (b.A e,
k=0
sinv =2
— —1=—1*) (=D bACon*,
v k=0
s (5)
cosv — 1= —v” Y (Db A" C.e)v*,
k=0
San

—1
Z( Db Ale)v*

k=0

wherev = wihfori=0,1,...,p.

Remark. If w, = w, = wforq,r €0, 1,..., p then the following additional conditions are required:
s—2
cosv — 1= —v” Y (=1)*(2k + 3)(b.A*.C.e)v*,
k=0
sm v !

Z (=¥ 2k + 2)(b.A*.e)v?,

=0

(6)
s—2
cosv —1—wvsinv=—v>» (=1)*2k+ 3)(b' A*.C.e)v*,
k=0
l . .
cosv 4 0¥ Z (—1)(2k 4 2) (b .Al.e)v*.

k=0

On the basis of the above result we construct four specific methods: two methods based on the fifth-order method [8]
and two methods based on the sixth-order method [9] developed by Dormand et al.

3. Methods based on the RKN method of fifth algebraic order

We shall consider the following fifth-order method with four stages (Hairer [8], p. 285)
1 2 1 3 2

Cc; = —, 3= —, =1, a3 = ——, a4 = —, gy = ——.
2 5 3 3 4 31 27 41 10 42 35

We shall construct two methods with first and second exponential order.

3.1. The first trigonometrically fitted method

The conditions of first exponential order are

cosv — 1= —(b.e)v? + (h.A.e)v* — (b.AA.e)v® + (b.A.AA.€)VS,
MY 1 (b.Cop® + (bAC.e)* — (hAAC.en®,

v
cosv—1=—(b.C.e)v> + (b .A.C.e)v* — (b .AA.C.e)v°,
San 7 / 2 / 4 / 6
= (b'.e) — (b .Ae)v? + (b .AAe)v* — (b AAA)E,

we also impose the following algebraic order conditions
1 1 , , 1
be=—, b.c.e= —, b.e=1, b.ce=—.
2 6 2

Then the method integrates exactly the functions

{1,x, %%, x>, cos(wx), sin(wx)} .
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The coefficients b and b’ of the method are

by = 121 = (v (50" — 138v* 4 420) — 30v (3v* — 16) cos(v) + (—9v* + 318v* — 900) sin(v)) ,
v

5
by = (—4v° +2910° 4 30 (6v° — 37) cos(v)v — 1140v + 3 (6v* — 217v> + 750) sin(v)) ,
v

by = 2;)5 (v (v* = 22v* + 180) — 10v (v* — 12) cos(v) — (v* — 42v* + 300) sin(v)) ,

by = > (v (v* = 20) — 10v cos(v) — (v* — 30) sin(v))

405
and
b, = i (=300 + 96v* — 12v* + (300 — 106v> + 3v*) cos(v) + (160 — 30v>)vsin(v)) ,
v
5
by =g (=750 4 222v° — 22v* 4 (750 — 217v* + 6v*) cos(v) + (370 — 60v*)vsin(v)) ,
v
by = 2; S (=300 + 72v* — 6v* + (300 — 42v° + v*) cos(v) + (120 — 10v*)vsin(v)) ,
v
-5
b= (30 — 6v® + (—30 4 v*) cos(v) — 10vsin(v)) .
v

We shall refer to this method as New5a.
3.2. The second trigonometrically fitted method

For second exponential order we require Eq. (7) to be satisfied and the following additional conditions should hold:

cosv — 1 = —3(b.C.e)v? + 5(b.A.C.e)v* — 7(b.AA.C.e)0°,

MY o(be) — 4(bAe)® + 6(b.AA) —8(bAAAENS,

and
cosv—1—vsinv = —=3('.C.e)v*> +5(0b".A.C.e)v* —7(b'.A.A.C.e)0°,

SNV L cosv = 2(be) — 4(b Ae)v® + 6(b AAe) — 8 AAAeNS.
v

Then the method integrates exactly the functions
{1, x, cos(wx), sin(wx), x cos(wx), x sin(wx)} .

The coefficients of this method are

by = 6;35 (2100v — 13200° + 34v° + (46500 — 2100v° + 92v° — v7) cos(v)
+ (—6750 + 4620v% — 546v* + 11v%) sin(v))

b, = %(—114001) + 552003 — 280v° + (—22350v + 913503 — 5300° + 7v7) cos(v)
+ (33750 — 20205v% + 2610v* — 770%) sin(v))

by —9 (180v — 4003 + (270v — 560 + v°) cos(v) + (—450 + 156v% — 11v*) sin(v))

- 28v°
-5

by = 875(—401) + (=50v + v®) cos(v) + (90 — 11v?) sin(v))
v

and
-1
b, = oo (4500 - 2100v? + 54v* + (—4500 + 33000% — 474v* + 100°) cos(v)
v
+ (—3450v + 1680v% — 82v° 4 v7) sin(v))
-1
by = Jggyr (722500 +91200° — 420v" + (22500 — 14670v” + 22200" — 700°) cos(v)
v

+ (16800v — 7335v> + 460v° — 7v7) sin(v))
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/ 9 2 2 4 3 5 .
b = a0 (=300 + 60v* + (300 — 120v* + 10v*) cos(v) + (210v — 46v° + v°) sin(v))
v
5
by = 55 (60+ (=60 +10v%) cos(v) + (=40v + v) sin(v)).
v
We shall refer to this method as New5b.

4. Methods based on an RKN method of sixth algebraic order

Also we shall consider the sixth order with six stages method developed by Dormand et al. [9]:

1 3 7 17 : -1
G =—, =, 4 =—, s = —, =1, as; = ,
27 10 710 *7 10 >7 25 6 179200

637 —7 225437 —30073 65569
a4 = ——, g = —, g = ——, sy = ———————, as3 = ————,
1™ 6600 27 110 > ™ 1968750 27 281250 >3 7 281250
L 151 5 Lo 38 V55
17 2142’ 2~ 116° ™ 1368’ %~ 168

and we shall construct two methods with first and second exponential order.

4.1. The first trigonometrically fitted method

In this case the conditions of first exponential order are

cosv — 1= —(b.e)v> + (b.A.e)v* — (b.AA.e)v° + (b.AAAe)W — (bh.AAAAW'’ + (bAAAAAEC)VZ,

MY (b.Co? + (bAC.v* — (BAAC.)W + (bAAAC.eW — (bAAAAC. ),
v

cosv—1=—(b'.C.e)v> + (b .A.C.e)v* — (b .AA.C.e)v® + (b AAA.Ce)v® — (b AAAALC.e)v'°,
sSmv (b'.e) — (b Ae)v® + (b AAe)v? — (b .AAAeW® + (b AAAAe)E — (b .AAAAAC)V®
v

we also impose the following algebraic order conditions

1 1 1 , , 1
b.e=—, b.ce=—, b.c.ce=—, be=1, b.ce=—,
2 6 12 2
/ 1 / 1
b'.c.ce= —, b'.c.cce= -
3 4

and we set bg = 0.
Then the method integrates exactly the functions

{1,x, %, %%, x*, cos(wx), sin(wx)} .

The coefficients of the method are

1
by = W(lgsoooo +524520v% — 10834v* + 527v° — 40(49500 — 27477v* + 680v*) cos(v)
v
—2v(1306800 — 117237v% + 680v?) sin(v)),
1
by, = W(—495000 — 9453002 + 1676v* + 29v° + 40(12375 — 5928v? + 145v*) cos(v)
v
+2v(289575 — 25068v* + 145v%) sin(v)),
1
by = TN (495000 + 21330v% + 389v* 4 266v° — 20(24750 — 8091v? + 190v*) cos(v)
v
— (430650 — 33171v? + 190v%) sin(v)),
1
by = 57—(495000 — 1250700 + 4519v* + 46v° + 20 (—24750 + 561v° + 10v*) cos(v)
v
+ v (—133650 — 759v* 4 10v*) sin(v)),
—15625 ) 4 2 2y ¢
5 = 5310106 (2640 — 628v° + 23v* + 20(—132 4 5v°) cos(v) + v(—792 + 5v) sin(v)) ,

bs =0
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b, = (443361600v — 45758124v> + 525717v° — 60740’
+ (—383961600v + 41729004v> + 75615v° — 2000v”) cos(v)
+20(—2970000 — 9892584v* + 188385v* + 2000v°) sin(v))/1071/p,

b, = 5(v(—165369600 + 17019864v> — 199782v* 4 2687v°)
+2v(70804800 — 7661772v? — 19155v* + 4000°) cos(v)
— 40(—594000 — 1826712v% + 33645v* + 400v°%) sin(v))/1044/p

by = —5(v(—131155200 + 13353048v° — 127494v* + 8390°)
+2v(53697600 — 5707404v* — 30675v* + 400v°) cos(v)
— 40(—594000 — 1392984v% + 22125v* + 4000°) sin(v))/1368/p

b, = —5(74131200v — 8647848v> + 176634v> — 2329’
+ 2v(—48945600 + 6018804v> — 99795v* + 400v°) cos(v)
— 40(—594000 + 1209384v% — 46995v* 4+ 4000°) sin(v))/504/p

b, = 3125(v(—7543800 + 947250v> — 18447v* + 80v°) cos(v) — 2v(—2583900 + 312075v* — 6741v* + 73v°)
+20(—118800 + 184950v> — 7887v* + 80v°) sin(v))/28101/p

by = v(59400 — 6366v% + 73v* + (—59400 + 6786v> — 40v*) cos(v)
+40v(—753 + 20v%) sin(v)) /p,

p = v°(—180 + 11v?).

We shall refer to this method as New6a.

4.2. The second trigonometrically fitted method

For second exponential order we require Eq. (8) to be satisfied and the following additional conditions should hold:

cosv — 1= —3(b.C.e)v? +5(b.A.C.e)v* —7(b.AA.C.e)v%, +9(b.AAA.C.e)v® —11(b.AAAA.Ce)',
sin
Moy _ 2(b.e) — 4(b.A.e)v® + 6(b.AA.e)v? —8(b.AAA.V® +10(b.AAAA NV —12(b.AAAAA)VY,
v
cosv—1—vsinv = —3(.C.e)v> +5(b'.A.C.e)v* — 7(b'.A.A.C.e)v®
+9(b'. AAA.Ce)v® —11(b' AAAA.Ce',
sinv

+cosv = 2(b.e) — 4(b' .A.e)v® + 6(b .AAe)v* —8(b'.AAA.e)°
—10(b'.AAAAe)E — 12(b AAAAAe)®

v

we also impose the following algebraic order conditions

and we set bg = 0.
Then the method integrates exactly the functions

{1, x, cos(wx), sin(wx), x cos(wx), x sin(wx)} .

The coefficients of this method are

1
by = — (8 (—163350000 + 142114500 — 3942810v* + 1012690°
1= 12058008 &8 ( + v + )

+ (1306800000 — 1080723600v* + 81675090v* — 1312859v° 4 4760v°) cos(v)
— 3v (—540144000 + 124957470v° — 4117519v* + 333200°) sin(v))

1
b, = ———— (217800000 — 28584600v> + 5283800v* — 101094v°
17226006

+ (—217800000 + 165254100v* — 13143410v* + 229883v° — 870v®) cos(v)
+3v (—81856500 + 19544470v* — 687503v* + 6090v°) sin(v))

1
by = ———(4(—16335000 + 2920995v% — 379962v* + 1193215
5 = 77160 N Y v V)

+ (65340000 — 37983330v* + 2934261v* — 50236v° + 190v°) cos(v)
— 3v (—19656450 + 4433451v> — 151316v* + 13300°) sin(v))
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by =

5

~ 562020° (
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55 4 (—495000 + 54615v> + 1256v*) + (1980000 — 124410v> — 3143v* + 200°) cos(v)
v

+ (895950v + 2739v> — 4200°) sin(v))

—15625 2 2 4 .
—10560 + 1256v° + (10560 — 992v* + 5v*) cos(v) + (5016v — 105v°) sin(v))

bs =0

by

bg

———————(6/(101721312000 — 564539184002 + 3465000v* + 2615773v°)
777546005
+2 (—305163936000 -+ 549031111200 — 393277500v* — 60536619v° + 9656000°) cos(v)
+ v (—381097807200 + 175829029200 + 394914990v* — 19141729v° + 965600°) sin(v))
—————(6 (93174840000 — 5007736800v> — 9830700v* + 2827993v°)
378972005
+2 (—279524520000 + 49649252400v° — 2044449000 — 63736299v° + 9976000v°) cos(v)
+ v (—348776604000 + 15281402400v° + 445718640v* — 19880609v° + 99760v°) sin(v))
———(6/(35218260000 — 17149572000 — 16924050v* + 1110569v°)
248292006
+2 (—105654780000 + 18013584600v* -+ 70423650v* — 29812167v° + 4408000v°) cos(v)
+ v (—131392206000 + 4880145600v° + 236061420v* — 8941397v° + 44080v°) sin(v))
57905 3 (1143450000 — 854370000 + 1626975v* + 8488v°)

v
+ (—3430350000 + 7441335000 — 28049175v* + 212616v° + 1600v°) cos(v)
+ v (—2202997500 + 171000000v> — 3151605v* — 172v° + 800v®) sin(v))

—-3125 ) 4
—————(12(2277000 — 184275v* + 4244v*)
61822205

+4 (—6831000 + 1551825v> — 68067v* + 800v°) cos(v)
+ v (—17658000 + 1520490v> — 35219v* + 160v°) sin(v))

1
v = (—118800 + 6366v” + 2 (59400 — 10923v* + 200v*) cos(v)
v

+ v (74880 — 3793v* + 20v*) sin(v)).

We shall refer to this method as New6b.

5. Numerical results

1645

We shall use our new methods for the computation of the eigenvalues of the one-dimensional time-independent
Schrédinger equation. The Schrédinger equation may be written in the form

1
—5W+V®y=w,xemmLﬂ®=ﬂm=0

(9)

where E is the energy eigenvalue, V (x) the potential, and y(x) the wave function. The problems used are the harmonic
oscillator, the doubly anharmonic oscillator and exponential potential. For all problems we use w = +/B(x). We compare
the numerical results produced by the new trigonometrically fitted methods New5a, New5b, New6a and New6b with those
obtained from the corresponding classical RKN methods Meth5 and Meth6 and the eighth-order RKN method [10] as well
as the trigonometrically fitted methods constructed by the authors [7] Trig5 and Trig6. The last two methods are developed
using each stage integration of the trigonometric functions.

5.0.1. The harmonic oscillator

The potential of the one-dimensional harmonic oscillator is

V(x) 1k2
X) = —KX
2

we consider k = 1. The integration interval is [—R, R].
The exact eigenvalues are given by

1
En:n+5, n=0,1,2,....
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Table 1
Absolute error (x 10~) of the eigenvalues of the harmonic oscillator with step size h = 0.1.
Meth5 Trig5 New5a New5b Meth6 Trigb New6a New6b Meth8
E1o 8 0 0 0 0 0 0 0 0
Eso 4140 4 5 6 46 0 0 1 0
E100 - 12 20 21 768 2 0 5 6
E1s0 = 12 45 48 = 6 2 9 12
Ea0 - 27 77 84 - 18 4 15 79
Ezso - 99 114 131 - 342 7 20 590
Esoo = = 154 187 = 1173 12 28 2209
Esso - - 192 248 - 3849 18 34 6126
Ea0 - - 223 312 - 2744 26 40 -
Ess0 - - 228 368 - 4552 38 48 -
Eso0 - - 4472 3795 - - 381 273 -
Esso - - - - - - 719 486 -
Eso0 - - - - - - 461 279 -
Eeso = = = = = = 1013 680 =
E700 - - - - - - 2185 1254 -
Table 2
Absolute error (x 107) of the eigenvalues of the harmonic oscillator with step size h = 0.05.
Trigh New>5a New5b Meth6 Trigb New6a New6b Meth8
Ea00 5 5 5 7564 0 2 2 25
Eso0 21 8 8 7564 0 0 5 47
Eso0 59 11 10 = 1 2 12 50
E700 134 15 16 - 2 0 0 30
Esoo 268 22 24 - 2 3 0 308
Eg00 497 24 27 - 9 3 0 983
E1000 857 28 33 = 73 2 8 =
Table 3
The absolute error (x 107°) of the eigenvalues of the doubly anharmonic oscillator with step size h = 0.1.
Meth5 Trig5 New5a New5b Meth6 Trigb New6a New6b Meth8
E4 41 13 4 2 0 0 1 0 0
Eg 294 38 10 7 2 5 1 0 0
Eg 1298 88 10 17 11 6 3 1 0
Eqo 4306 180 25 36 42 4 7 1 0
I2P) - 336 160 68 122 0 15 1 0
E1a - 588 513 110 299 8 29 10 3
E - 950 1278 160 657 31 49 29 6
Eis - 1414 1690 269 - 71 80 65 11
Exo - - - 248 - 130 122 130 17
Ey - - - 255 - 130 177 234 21
Eyy - - - 209 - 442 246 393 17

In Table 1 we give the absolute error of several eigenvalues up to E4 computed with step size h = 0.1. The integration
interval ranges from R = 5 to R = 24. Both new methods give very accurate eigenvalues. In Table 2 we proceed with the
computation of higher state eigenvalues up to E1ggg with h = 0.05 again for the new methods, especially Trig6, while the
classical methods failed. For Table 2 the integration interval ranges from R = 22 to R = 46.

5.0.2. The doubly anharmonic oscillator
The potential is
1
Vx) = Exz 4 Axt 4 apx®

and we take A1 = A, = 1/2. The integration interval is [—R, R]. In the following Tables 3 and 4 we give the computed
eigenvalues up to Eqg with step h = 0.1 and up to E34 with step h = 0.05. The integration interval is [—3, 3]. Performance
of all methods considered is similar with that of the harmonic oscillator.

5.0.3. The exponential potential

The exponential potential is
V(x) = exp(x)
with boundary conditions ¥ (xyin) = 0 and ¥ (xmax) = 0. We have used 50 points in the interval of integration [0, 7 ].
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Table 4
The absolute error (x 10~5) of the eigenvalues of the exponential potential.
Meth5 Trig5 Newb5a Meth6 Trigb New6a

Es 97 22 11 1 5 0
Eg 757 66 31 8 15 0
Eo 3817 153 67 41 36 2
Ei; - 313 116 164 80 1
Ei4 - 564 193 511 141 6
Es - 967 270 1418 254 7
Eig - 1566 352 3512 419 21
Exo - 2447 381 7963 678 38

6. Conclusions

In this work we have produced conditions for modified RKN methods following Simo’s approach for first and second
exponential order. On the basis of these conditions we constructed four new modified methods based on classical RKN
methods of fifth and sixth algebraic order. We have applied the new methods to the computation of the eigenvalues of
the Schrédinger equation. The numerical evidence is that our new methods have superior performance in comparison
to the corresponding classical RKN methods as well as the eighth-order RKN method. Additionally we note that in these
problems the new methods are more accurate than the methods produced by the authors using at each stage integration of
the trigonometric functions.
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