Chapter 2
ARKN Methods

In this chapter, we study the adapted Runge—Kutta—Nystréom (ARKN) methods,
proposed by Franco (2002), for the system of second-order oscillatory differential
equations y” + w’y = f(y,y’), where @ > 0. Based on the internal stages of the
traditional RKN methods, ARKN methods adopt a new form of updates, where the
special oscillatory structure of the system is incorporated. Order conditions are de-
rived by means of the Nystrom tree theory. The symplecticity conditions for ARKN
methods are obtained. It is shown that ARKN methods cannot be symmetric. Fi-
nally, on the basis of the matrix-variation-of-constants formula, we develop multi-
dimensional ARKN methods for more general equations y” + My = f(y, y') with
a positive semi-definite (not necessarily symmetric) principal frequency matrix M.
A notable feature of multidimensional ARKN methods is that they integrate exactly
the homogeneous system y” + My = 0. These methods do not rely on the decom-
position of M so that they are applicable to the oscillatory systems with a positive
semi-definite (but not symmetric) matrix M.

2.1 Traditional ARKN Methods

It is now conventional to require numerical algorithms to preserve the qualitative
behavior of the true solution as much as possible when applied to a differential equa-
tion. However, for a second-order differential equation with an oscillatory solution,
classical RKN methods often produce unsatisfactory numerical behavior since they
fail to take account of the particular structure of the problem. In this section, we
investigate ARKN methods for systems of second-order perturbed oscillators.

We start with the second-order initial value problem

{y”+w2y=f(y,y/), ®>0, x €&[xo, Xendl, 2.1)

y(xo) =yo, ¥ (x0) =y,

where y e R? and f: R x R? — R?. We assume that the principal frequency
w is known or can be accurately estimated in advance. In the pioneering work [7],
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28 2 ARKN Methods
Gonzilez et al. propose the idea of adapting RKN methods to the special structure
of the system (2.1). Franco [5] continues to reform the updates of the classical RKN
methods and proposes the so-called ARKN methods (Runge—Kutta—Nystrom meth-

ods adapted to perturbed oscillators (2.1), see (2.3)). The following work can be
found in [1, 3, 4, 15].

2.1.1 Formulation of the Scheme

Applying the well-known variation-of-constants formula to (2.1) gives the following
integral equations:

y(xn +h)=do(v)y(x,) + é1 (V)hy/(xn)
Xn+h
+/ (n +h —2)¢1 ((xn + 7 — o) £ (y(2). ¥ (2)) dz,

hy (% + h) = —v2P1 (1) y(x) + Po (V)Y (x5)

Xp+h
~|—h/ " $o((xn +h —2)o) f(y(2), ¥ (2)) dz,
" 2.2)
where
sin(§)
&

Approximating the integrals in (2.2) by quadrature formulae leads to Franco’s
definition of ARKN methods.

$o(§) = cos(§), ¢1(5) = ; vV =ho

Definition 2.1 An s-stage ARKN method for the initial value problem (2.1) is de-
fined by the following scheme:

N
Y =yn+cihy, +h* Y ai(f(¥).Y]) —?Y)), i=1,...5s
j=1

s
Y=y, +h) ay(F(Y;.Y) —oY;). i=1...s
=1

(2.3)
N
Y1 =G0 yn +hp1 W)y, + 0> b () f(Yi, /),
i=1
N
Vi1 = —ove1()yn + gy, +h Y biw) (¥, Y)),
i=1
where ¢;, a;j, a;j, i, j =1, ..., s are real constants and bi(v),bj(v),i=1,...,sare

even functions of v = hw.
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The ARKN method (2.3) can also be expressed in the Butcher tableau as

cil an -+ aig ap -+ A

Cs| Gg1 -+ dgs ds1 ° dgs

bT () bT(v)

bi(v) -+ by(v) bi(v) -+ bs(v)

2.1.2 Order Conditions

The ARKN method (2.3) is said to be of order p, if for the sufficiently smooth
problem (2.1) the following conditions are satisfied:

ens1 = Y0+ =yue1 = O (W) and )y =y Guth) =y, = O(hT),

where y(x, + h) and y'(x,, + h) are the exact solution of (2.1) and its derivative at
X, + h, respectively, and y,11 and y,/Z 41 are the numerical results obtained by the
method from the exact starting values y, = y(x,) and y, =y’ (x,).

In order to express order conditions for ARKN methods, we define the scalar
¢-functions (see [5])

2k

$;(v) = Z( l)k(Zkv-‘r S forj=0.1... (2.4)

It can be seen that

. 1 .
l}l_l;lloqu(l)):ﬁ, for j=0,1,...,
| | 2.5)
i) = —<(J By ¢j_2(v)>, forj=2,3,....

Theorem 2.1 The necessary and sufficient conditions for an ARKN method to be of
order p are given by

p

bTwy@ (1) — p(()) Gpey(v) = O(RP~POTY) - fort e UNT, (2.6)
q=2

T ( ) —p)—1 p=2

b'(W)AD(1) — G )¢p(t)+2(v) (hp P ), fort e U NT,, 2.7

q=2
T 10( )" . —p()+2 P
b ()P (1) — ()¢p(,) 1) =O(rP=PDOF2) | forte UNT, (2.8)

q=2
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p—1
BT (VAP (1) — y(( )) Doy 11(0) = O(hP~PD), forte | NT,. (2.9)
q=2

Theorem 2.2 The condition (2.6) in Theorem 2.1 implies the condition (2.7) and
the condition (2.8) implies the condition (2.9).

The proofs of Theorem 2.1 and Theorem 2.2 can be found in [18]. From these
theorems, we arrive at the following conclusive theorem.

Theorem 2.3 An ARKN method has order p if and only if the following conditions
are satisfied:

bY@ @) — (( )) bpy(v) = OMP=POTY - fort e UNT (2.10)
q=2
and
p+1
bY@ (1) — p(()) bpy—1(v) = OP~POT2) - fort e UNT,,. (2.11)
q=2

Remark 2.1 1tis obvious that, when w — 0 (v — 0), the scheme (2.3) reduces to the

classical RKN scheme and ¢, ) (v) — ﬁ. Accordingly, (2.10) and (2.11) become

14

ET(O)CI)(I):%, forteL)zNT,
q_
p+1

bT0¢t=—, rrel| |NT,,
O =0 U

which are exactly the order conditions for the classical RKN methods (see Chap. 1).

Here and hereafter, when order conditions are used to derive the coefficients of a
method, the higher-order terms are usually omitted.

We also note that the ARKN method (2.3) for the autonomous equation (2.1) is
applicable to the non-autonomous equation

17 2 /
Yi+w'y=f(x,y,y), x€I[x0,Xendl,
{ ( ) - 2.12)

y(xo) =yo, ¥ (x0)=
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In fact, by appending x to the dependent variables, we can transform Eq. (2.12) into
a system of the autonomous form (2.1) as follows:

u//+a)2u :g(u, u/)v X € [-x()’-xend]v
(2.13)

u(xo) = (xo, yo) ' ' (x0) = (1, )"

where u(x) = (x,y()DT and g(u,u’) = (@x, f(x,y,y)")T. Applying the
method (2.3) of order p (p > 2) to the autonomous differential equation (2.13)
yields

Xi =x, +cih,
N
Yi = yn +cihy, +h2ZC_lij(f(va Y;, Yj/) —szj),
=1

Xi=1, (2.14)

N
V=30 Y (£(X. YY) V),
j=1

i=1,...,s,

and

X1 = Go(W)xn +hd1 () + 1Y bi(w) (@ X),

i=1

Y1 =go(W)yn +hp1 W)y, + 12D bi(w) f(Xi, Yi, YY),
= 2.15)

X1 =~V (0%, + Po(v) +h Y bi(w) (@’ X;),

i=1

Vg1 = —0v@1 W)y + o)y +h Y bi(w) f(Xi, ¥, ¥/).

i=1

Then the following order conditions from Theorem 2.3:

Y by =g +OR"T), Y b =ga(v) + O(hP73),

i=1 i=l1

Y b =g+ O(hF), Y b =) + O

i=1 i=l1
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imply that

Xpp1 = (¢0(v) +2) b (v))xn +h <¢1 ) +1° Zlh(v)q)

i=1 i=1

= (400 +2(B20) + O(0™)))xs + h(91(0) + 7 ($30) + O (h772))
=x, +h+O(h""),

,,+1=—wv(¢1(v) Zb(u))xn ¢0(v)+vzzb(‘))cz)

i=1
=—ov($10) = ($10) + O (h")))xn + (o) + 2 (6200) + 0 (1))
=1+ 0(h"*),
where the property ¢o(v) + v?¢2(v) = ¢1(v) + v2¢3(v) = 1 is used. Thus we have

Yni1 =y(&n +h)+ OhPT) and y) | =y (x, + h) + O(hPT) since the method
considered is of order p.

2.2 Symplectic ARKN Methods

In a wide range of physical applications from molecular dynamics to nonlinear wave
propagation (after semi-discretization), an important class of problems has the form

{é—i_wzq:f(q)v (S [t()vtend]v (2 16)
q(t0) =qo. 4 (t0) = qo,
where “g” and “g” denote time derivatives. The solution to the system (2.16) is

oscillatory. Assume that the function f has the form f(q) = —VU(g) for some
smooth function U(g). Then the system (2.16) is a Hamiltonian system with the
Hamiltonian

1
H(p, q)——p p+ q Tq+ U@,

2
where p = 4.

In this section we focus on the symplecticity conditions of ARKN methods for
separable Hamiltonian systems. It turns out that symplectic ARKN (SARKN) meth-
ods cannot have algebraic order greater than two, and explicit SARKN methods can
have only one stage.
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2.2.1 Symplecticity Conditions for ARKN Integrators

For the system (2.16), the ARKN method (2.3) takes the form

N
Qi = qn+cihgn +h2Y @i (f(Q) —*Q)). i=1....5,
j=1

Gnr1=B0(W)qn + hd1 ()G +h> Y bi () £(Qi), 2.17)

i=1

hius1 = —07P1(0)gn + G0 +h> D bi () £(Q0).

i=1

Its Butcher tableau is given by

ci| ayg -+ ais

£ A Cs &xl C_lsx
T = b ) by)
bT(v) bi(v) -+ by(v)

The following theorem presents the symplecticity conditions for ARKN meth-
ods.

Theorem 2.4 (Shi and Wu [14]) An s-stage ARKN method (2.17) is symplectic if
its coefficients satisfy the following conditions:

bi () (o (v) + v2cip1 (V) = bi (V) (1 (V) — cio(1)).
bi () (b (v) — aijgo(v)) — v?b; (v)aijp1 (v)
=b;j()(bi (v) — @jigo () — v2b;(M)aji1 (v),
(b (V)po (V) + V2B (W1 (1)) ai; = (b W)Po(v) + 12D (V)1 (1)) aji
fori,j=1,...,s.

(2.18)

In the sequel to this and the next subsections, the variable (v) in b and b is
suppressed for convenience.

Proof The argument is similar to that of Sanz-Serna and Calvo in [13] in the proof of
symplecticity conditions for the classical RKN methods. To show the symplecticity
of the method (2.3), it suffices to verify

d d

qur{—i-] N qunj Adgy,
J=1 J=1
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where the symbol “A” is the exterior product, and the superscript “J” indicates
component indices.
In fact, by direct computation, we obtain

dgl i Adg) = (5(v) + 17T (v)) dg; Adg,)

+ 1y (bigo(v) + bV 1 (v)) dg;l Adf;
i=1

+h2 ) (1(w)bi — go()bi)dg;) Adf)

i=1
)
+h3 Zéib,-df/Adf.f, (2.19)
i,j=1
where fi] = f7(Q;). From the definition of ¢o(v) and ¢; (v), we have
P () + v i) =1
and hence

N
dg;l g Addyy =dgy Adgy +h Y (bigov) +biv*$1 () dg; Adf!

i=1

+h Y (¢10bi — go(bi) dg, Adf)

i=1
$ -
+h Y bibjdff Adf]. (2.20)
ij=1

Differentiating the first equation of (2.17) yields

S
40/ =dg; +c;ihdg)] +1* Y a(df] —*dQl). i=1,....s.
j=1

Then, we have

N
dg) =dQ! —c;ihdg)] —n*Y ai(df] —?dQl). i=1.....s.
j=1

Therefore

S
dg) ndf =dQ] Adfy —cindg] Adf =D a(df] —w*dQ]) Adf.

j=1
2.21)
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With (2.21), the formula (2.20) becomes

J -7
dg, A dgypy

=dg;] Adg] + 1Y (bigo(v) + biv?e1 (1)) dQ] Adf

i=1

1Y (b o) + v () d? Ad g
i,j=1
+h* Y (big1 (v) — biciv 1 (v) — bicigo(v) — bigo(v)) g, Adf)!
i=1
+ 1Y (biaijpo(v) + biaiP g1 (v) + bibj) df Adf]
i,j=1

=dg] Adgy +hY (bigo(v) +biv g1 (v))dQ] Adf

i=1
+h Y (vPhidijdo(v) + v*bidij¢1 (v) — v2bjajigo(v)
i<j

—v4b;a;ip1(v)) dof ndf/

+ 1Y (b1 (v) — biciv?$1 (v) — bicigo(v) — bigo (1)) dg;) A df

i=1
+h? Z(biflijfﬁo(v) + bia;jv g1 (v) + bib; — b;a igo(v)
i<j

—bjajvie1(v) —bib)df ndf, 2.22)

for J =1,...,d. Summing over all J gives

d

J - J
Z dqn+] A dqn+1
J=1

d K d
=Y dg] Adg) +h Y (bigo(v) +biv* 1 () > dO] Adf!
J=1 i=1 J=1

+h Z(Vzbi‘_lij(bo(‘)) +v4biai ;1 (v) — v2b;a igo(v)

i<j
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d
—vibjaigi(v)) Y dol Adf!

J=1

+ 02> (big1 (v) — biciv i (v) — bicigo(v)

i=1
_ d
—bigo()) >_ g ndf
J=1

+ /’13 Z(bi&i.j(ﬁO(V) + E,'C_l,'j v2¢1(v) + l;,'bj - b.,-c_l.,',-qﬁo(v)

i<j
d
—bjajiv’¢1(v) —bb) Y _df ndf. (2.23)
J=1
From
S (s of! 1\ o
dff ndo/ = ZW(Q,-MQ,» ~dQ] = Z (01 dQf And0o/
=1 I1=1

and

U
f@)—o? q=="7
q

it follows that

. P A R~ ) ,
dei A dQ; ZZ w”dQ; _;W(Qi)in AdQ;

J=1 J=1

=—Za Tq ,(Q»dQ{AdQ{
92U 22U
=—Z(aq,aq,(Q) 5aToq7 @ ))dQ’AdQ’

=0. (2.24)

The last equality follows from the symmetry of the partial derivatives. Consequently,
the formula (2.23) becomes

qun+1 /\dqn+1 _qun /\dqn +hZ % b az]¢0(‘)) +v blalj¢](v)
J=1 = i<j
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d
—b;jajigo(v) — v'bjajig1(v)) ) QT Adf
J=1
+ 12 (bid1 () — bicivih1 (v) — bicigo ()

i=1

d
—bigo(v)) Y dg;) Adf
J=1
+ 1> " (bidijgo(v) + bidijv 1 (v) + bibj — bjdjigo(v)
i<j
d
—bjajivi¢i1(v) —bb;) > _df ndf. (2.25)

J=1

The conditions (2.18) yield

d d
> dgl Adgly = dg; Adg).
=1 J=1

This completes the proof. 0
It is noted that, when w — 0 (v — 0), the symplecticity conditions (2.18) for

ARKN integrators become those for the classical RKN methods. Consequently, an
SARKN integrator reduces to a classical symplectic RKN method.

2.2.2 Existence of Symplectic ARKN Integrators

With the symplecticity conditions (2.18), in order to determine SARKN methods,
we assume that no b; or b; in (2.17) vanishes. The reason for the assumptions will
be clarified below. If b; = 0 for some j € {1, ..., s}, then the first equation in (2.18)
implies that b j =0, and from the third equation in (2.18) we have

(bido(v) + v2bi$1 (v))a;; =0, (2.26)
fori=1,...,s.
From the first equation in (2.18), it follows that
B — P1(v) —cigo(v)
" o) F v (v)

(2.27)

and then

s P1(v) —cigo(v)

' 27 _ b
bipo(v) +vbip1 (vV) = bido(v) + v Do(v) + i V21 (v)

d1(V)b;
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b,’ . b,‘
T po(v) + i1 (V) 1(v) —cido(v)’

which, together with (2.26), implies a;; = 0 for i such that b; # 0 and Ei # 0. Hence,
the jth stage has no contribution to the updates in (2.17), or to the ith internal stages
with nontrivial b; and b;. Therefore, the method becomes one with fewer stages.
Moreover, we have the following result.

Theorem 2.5 An s-stage symplectic ARKN method has a Butcher tableau of coeffi-
cients of the form

cs| an ap aiz - di
Cs 2—;&12 an ax e dpg
Cs %&13 %5123 asy e+ azg
Cs Z_ia]s l;_f[llv Z_iaSs s
b| Kby Kby Kby --- Kb
b| b by b3 by

. P _ _$1(v)—csdo(v)
where b; #0, i=1,...,s,and K = B0 e 261 ()"

Proof From the second equation in (2.18), it follows that
bibj — (bigo(v) + V215i¢>1(v))c_lij =bjb; — (bjpo(v) + V25j¢1(v))ajiv
i, j=1,...,s. (2.28)
Comparing (2.28) with the third equation in (2.18) yields
bibj=bjb;, i, j=1,...,s. (2.29)
Multiplying both sides of the first equation in (2.18) by by, we have
biby(po(v) + vicip1 (V) = bibs (¢1(v) — cido(v)), i=1,...,s. (2.30)
Substituting (2.29) with j = s into (2.30) gives
by (do(v) + Vi1 (v)) = by (¢1(v) — cigpo(v)). (2.31)
On the other hand, the first equation in (2.18) gives

by (¢o(v) + 12esd1 (1)) = b (1 (1) — cspo(v)). (2.32)
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Denoting
M =go) +v2cip1(v),  Ni=d1(v) —cigo(v), i=1,....5,
(2.31) and (2.32) then become

EsMi = bsNh

- (2.33)
bsNg = bs M.

Since by # 0 and by # 0, the multiplication of the two equations in (2.33) leads to
NsM; = Mg N;,
ie.,

($1(0) — 50 (1)) (B0 (V) + Vi1 (1)) = (Po(V) + Viesd1 (1)) (1(V) — cigo(v)),
which implies that
(ci — cs)($5(v) +v2pi (1)) = 0.

From ¢3(v) + v2¢?(v) = 1, it follows that ¢; = ¢y, i = 1,...,s — 1. By (2.27), we
obtain

b;i = Kb;
with
_ 91 —cs¢o(v)
$o(v) + csv2h1(v)
and the third equation in (2.18) becomes

bi(po(v) + vV K1 (1))aij = b (po(v) + v K1 (v))aji, (2.34)

for i,j =1,...,s. Since ¢o(v) + szqbl(v) # 0, we have aj; = ZIZ—;&,-]- for all
i<j. O

Theorem 2.6 The order of an SARKN method cannot exceed two.

Proof From Theorem 2.3, an s-stage ARKN method has order two if and only if

Y bi=¢1(v) +O(h?), (2.35)

i=1

> bici =¢r(v) + O (h). (2.36)

i=1
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s -
Y bi=go(v) + Oh). (2.37)
i=1
The condition (2.36) means

D bici=c; Y bi =cs(1(v) + O(h?)) = do(v) + O(h),

i=1 i=1

which implies ¢, = 1.
From the proof of Theorem 2.5, we have ¢; = ¢; = % for i < s. Thus, (2.37)
contradicts the following third-order condition:

> _bici=d3(0) + O (h).

i=1

Therefore, an SARKN method cannot be of order three. O
Theorem 2.7 An explicit SARKN method can only have one stage.

Proof For an explicit method, a;; =0 for all i < j. Then from Theorem 2.5 it fol-
lows that aj; = 2—;&[] =0foralli < j, implying thata;; =0fori,j=1,...,s.
On the other hand, Theorem 2.5 shows ¢; = ¢, for all i. Therefore, an arbitrary
s-stage explicit SARKN method is equivalent to a one-stage method. The proof is
complete. 0

From the second-order conditions (2.35)—(2.37) and the symplecticity condi-
tions (2.18), we obtain a one-stage explicit SARKN method of order two:

12 0
b | Kg1(v) (2.38)
b | ¢1(v)

where
_ ) = 360(v)
do(v) + Sv2h1(v)

This method (2.38) is denoted SARKN1s2.
When v — 0, the scheme reduces to the Stormer—Verlet method:

1/2

~

0
12 (2.39)
I

@“@‘||
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Furthermore, by the second-order conditions (2.35)—(2.37), the symplecticity con-
ditions (2.18) and one of the third-order conditions

> biaij =¢3(v) + O(h),

i=1

we obtain a one-stage implicit SARKN method of order two:

1721 1/6
b |K¢1(v)
b | ()

where

_ ) — 3h0(v)
do(v) + Sv2h1(v)

2.2.3 Phase and Stability Properties of Method SARKN1s2

In what follows, we are concerned with the phase and stability properties of the
method SARKN1s2.

For classical RKN methods, the stability properties are analyzed usually by ap-
plying the methods to the second-order homogeneous linear test model

c'j:—)»zq, A > 0.

Since ARKN methods are frequency-dependent, similar to Van der Houwen et
al.’s approach in [12], we consider the reformed linear test equation

j+w’q=—eq, o +&>0, (2.40)

where ¢ = A% — »? represents the error of an estimate w of the frequency A. An
application of the ARKN method (2.3) to (2.40) yields

0 =eqy+hcgy, — (V> +2)AQ, z=¢h? v=wh,
Gnt1 = Go(V)qn + 1 (V)G — 2bT (V) Q, (2.41)
h4n+l = _V2¢1 (Vgn + ¢O(V)hQn - ZbT(V)Q'

The numerical solution gives the recursion

qn+1 2 qdn
" = R(v~, . s
(hCIn—H ) (U Z) <hQn )
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Fig. 2.1 Stability region of Stability Region of SARKN1s2
the symplectic explicit
ARKN method SARKN1s2.
Reprinted from Ref. [14],
Copyright 2012, with
permission from Elsevier

where the stability matrix

R(.2) = o) —zbTWN"le  ¢1(v) — 2T (VN e
VI T 2201 0) = TNl go(v) — 2bT(W)N"e )

N=1+ (v +z)A. (2.42)

The phase and stability properties of the numerical solution are characterized
by the eigenvalues or the spectrum of the matrix R(v?,z). Thus we consider the
characteristic equation

g2 —tw(R(v%, 2))& +det(R(v?,2)) = 0.

Definition 2.2 For an ARKN method with R(v2, 7) given by (2.42), the set in the
v—z plane

Ry= |, 9lv>0,p(R(,2)) <1}

is called the stability region of the method.

The stability region of the method SARKN1s2 (2.38) is depicted in Fig. 2.1.

For the integration of oscillatory problems, it is important to analyze the phase
properties (dispersion and dissipation) of the numerical methods. See, e.g., [11] for
details.

Definition 2.3 For the ARKN method (2.1) with the stability matrix R(2, 7) given
by (2.42), the following two quantities are called the dispersion and the dissipation
of the method, respectively:

2
P()=¢— arccos( (RO 2) ))), D) =1—,/det(R(v2,z2)),

2/det(R(v2, z

where ¢ = +/12 + z. The method is said to be dispersive of order q and dissipative
of order r, if P(¢) = 0(¢9t") and D(¢) = O(¢™T1), respectively. If P(¢) =0
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and D(¢) = 0, then the method is said to be zero-dispersive and zero-dissipative,
respectively.

For the symplectic ARKN method SARKN 152 given by (2.38), we have
2 e 3

5
24( + 0?) +ow.

P()=—

which shows that the method is dispersive of order two.
For symplectic ARKN methods, we have det(R) = 1 and hence the method
SARKN15s2 is zero-dissipative.

2.2.4 Nonexistence of Symmetric ARKN Methods

In Hairer et al. [9], it is shown that symmetric methods have excellent long-time
behavior when solving reversible differential equations. Thus we would like to find
ARKN methods that are symmetric. Unfortunately, it will be seen in this subsection
that no ARKN method can be symmetric.

Definition 2.4 A numerical one-step method @, is said to be symmetric or time-
reversible if it satisfies

@), 0 P_j, = id(the identity map) ie., Pp=P . (2.43)
The map @:}l is called the adjoint method of @j, and is denoted by d);; (see [9)).

Theorem 2.8 The adjoint method (denoted by the coefficients a;kj, b}‘f, I;;" and c}‘f)
of an s-stage ARKN method (2.3) with stepsize h for (2.16) cannot be an ARKN
method. That is to say, no symmetric ARKN method exists.

Proof Exchanging g,+1 <> qn, gn+1 < gn and replacing 7 by —h in the ARKN
formula (2.17) yields

s
Q;k =dqn+1 _Cihq:1+1 +h22(_llj(f(Q7) _wsz)» i=1,...,s,
=1

Gn =G0 gn+1 —hd1(W)gnr1 +h2 Y bi(w) f(QF), (2.44)

i=1

Gn = V1 (V)11 + PoW)gni1 —h Y bi(v) £(QF).

i=1
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From (2.44), it follows that

Gn1 = B0 gn +hd1 (V) + 2 Y ($1()b; () — do (b (1)) £(Q5),

i=1
Gns1 = V01 ()G + G0 + 1Y (S0()bi () + 21 (VB (1)) £(Q5).

i=1

QF = ($o(v) + civ?p1(v)) g + (61(v) — cido (V) g — h? Y a@ije0* O

j=1

+h2Y (@i — ci(Pow)b;(v) +v2$1 ()b (v))
j=1

+ (B1W)b; (V) = oMb (1)) f(QF), i=1.....5.

(2.45)
Replace all indices i and j in (2.45) by s + 1 —i and s + 1 — j, respectively.
If the adjoint method (2.45) of the s-stage ARKN method (2.3) were again an s-
stage ARKN method, then the coefficients of (2.45) would satisfy the following
conditions:

b¥(v) = 1 (V)bst1-i (V) — po(Vbst1-i (V),
b¥(v) = ¢o(V)bsr1-i (V) + 121 (V)b 1-i (v),
1=¢o(v) + cs41-iv2h1(V),

(2.46)
cf =1 (v) — csr1-iPo(v),
a;; = dst1-i,s+1—j
B5(0) = or1-ib ().
Since ¢; (i =1,...,s) are constants, the third condition in (2.46) cannot be valid.
The proof is complete. O

2.2.5 Numerical Experiments

In this subsection, the effectiveness of the one-stage explicit symplectic ARKN
method SARKN15s2 is shown for three Hamiltonian systems, compared with a sym-
plectic exponentially fitted modified RKN method, a symplectic RKN scheme and
the Stormer—Verlet method (2.39) as listed below:

e S-V: the symplectic Stormer—Verlet method (2.39) of order two.

e SRKN3s4: the symplectic three-stage RKN scheme of order four given in [9].

e SEFRKN2s2: the symplectic exponentially fitted modified two-stage RKN
method of order two with the FSAL technique developed in [15].

o SARKN1s2: the one-stage explicit SARKN method (2.38) of order two proposed
in this chapter.
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Problem 1: The efficiency curves of different methods Problem 1: The energy conservation of different methods
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logio (Function evaluations) logio (fena)
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Fig. 2.2 Problem 2.1. (i) The logarithm of the maximum global error (GE) over the integration
interval against the logarithm of the number of function evaluations. (ii) The logarithm of the
maximum global error of Hamiltonian GEH = max | H,, — Hy| against log;((fena). Reprinted from
Ref. [14], Copyright 2012, with permission from Elsevier

Problem 2.1 Consider the Duffing equation
G+ w'q =2k —k’q

with the parameters w = 5 and k£ = 0.03.
This is a Hamiltonian system with the Hamiltonian

H(p,q) = %pz + %(wz +k%)q* = 4"
Given the initial values ¢ (0) = 0, ¢ (0) = w, the exact solution is the Jacobian elliptic
function ¢ () = sn(wt; k/w).
We first integrate the problem on the interval [0, 10°] with the stepsizes h = 3% ,
i =1,2,3,4 for the one-stage methods SARKN1s2, S-V and the two-stage method
SEFRKN2s2 of FSAL-type, and stepsizes 3/ for the three-stage method SRKN3s4.
The efficiency curves are presented in Fig. 2.2(i). Then we integrate the problem
with the stepsize & = 1/6 on different intervals [0, fengl, fend = 104, i =2,3,4,5.
The errors of the Hamiltonian are shown in Fig. 2.2(ii).

Problem 2.2 Consider the Fermi—Pasta—Ulam (FPU [2]) problem in [8, 9] by Hairer
et al.

The problem is a well-known model in statistical mechanics which reveals highly
unexpected dynamical behavior. By a transformation of variables, the model can be
cast into a Hamiltonian system with the Hamiltonian
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Problem 2: The efficiency curves of different methods Problem 2: The energy conservation of different methods
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Fig. 2.3 Problem 2.2. (i) The logarithm of the maximum global error (GE) over the integration
interval against the logarithm of the number of function evaluations. (ii) The logarithm of the

maximum global error of Hamiltonian GEH = max | H,, — Ho| against log;((fend). Reprinted from
Ref. [14], Copyright 2012, with permission from Elsevier

1 2m w? m 1
Hy, =23 v+ =) i+ 7| 0 = xmen)”

i=1 i=1

m—1

+ it = Xmgio1 = % — Xmg)* + Gon + x2m)* |

i=1
where w is assumed to be large, x; represents a scaled displacement of the ith stiff
spring, x,,+; is a scaled expansion (or compression) of the ith stiff spring, and y;,

Ym+i are their velocities (or momenta). The system is equivalent to the second-order
oscillatory system

X+ Kx=-VU(x),

where

K — Ome 0m><m
0, xm wzlmxm
and

m—1

1
U =7 ((xl — XD+ ) it = Xmpiot = X = X))+ Com + xzm)4>.
i=1

In the experiment, we choose m =3, w =50, x1(0) =1, y1(0) =1, x4(0) = i,
y4(0) =1, and zero for the remaining initial values.

Figure 2.3(i) shows the efficiency curves on the interval [0, 50] with the stepsizes
h= ﬁ, i =1,2,3,4 for one-stage methods SARKN1s2, S-V and the two-stage
method SEFRKN2s2 of FSAL-type, and stepsizes 34 for the three-stage method
SRKN3s4. Then the problem is integrated on the interval [0, fepdl, fend = 107,
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Problem 3: The efficiency curves of different methods ~ Problem 3: The energy conservation of different methods
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Fig. 2.4 Problem 2.3. (i) The logarithm of the maximum global error (GE) over the integration
interval against the logarithm of the number of function evaluations. (ii) The logarithm of the

maximum global error of Hamiltonian GEH = max |H, — Hp| against log;(fend). Reprinted from
Ref. [14], Copyright 2012, with permission from Elsevier

i =2,3,4,5 with the stepsize # = 0.008. The global errors of the Hamiltonian are
presented in Fig. 2.3(ii).

Problem 2.3 Consider the “almost periodic” orbital problem in [6] by Franco and
Palacios

F+z=ee", z(0)=1, 2(0)=1i, zeC,

or equivalently,

ii +u=ecos(yt), u(0)=1, i(0)=0,
i +v=esin(yr), v(0)=0, ¥(0)=1,

where ¢ = 0.001, ¥ = 0.01. The true solution of the problem is

z(t) = u(t) +iv(0),

where
P )
u(t) = tiw;/f cos ) + - _ng cos(yt),
_ a2
V(t) = % sinr) + - _sz Sin(y1).

The Hamiltonian for the system is

+v .
H = + > —ecos(Yt)u — esin(Yt)v.
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The problem is integrated on the interval [0, 107] with the stepsizes & = 0.2/3i,
i =2,3,4,5 for one-stage methods SARKN1s2, S-V and the two-stage method SE-
FRKN2s2 of FSAL-type, and stepsizes 34 for the three-stage method SRKN3s4.
The global errors of solutions are displayed in Fig. 2.4(i). Then the problem is inte-
grated on the intervals [0, 1071, i =2, 3, 4, 5 with the stepsize h = ﬁ. The errors of
the Hamiltonian are presented in Fig. 2.4(ii).

In the above experiments, for Duffing equation, the method SEFRKN2s2 is more
efficient than the method SARKN1s2, however, for the FPU problem, SARKN1s2
is more efficient than SEFRKN2s2. For the “almost periodic” orbital problem, the
two methods have almost the same efficiency. Concerning the preservation of the
Hamiltonian function, the method SARKN1s2 shows better behavior than the other
three symplectic methods. The Hamiltonian of Problem 3 is not constant but is time-
dependent. The Hamiltonian errors of the methods SARKN1s2 and SEFRKN2s2 are
smaller than those of the other two methods.

2.3 Multidimensional ARKN Methods

Many systems of second-order differential equations arising in applications have the
general form

{y”+My=f(y,y’), 24

y(xo) =yo, ¥ (x0) =y,

where M € R?*? is a positive semi-definite matrix (not necessarily diagonal nor
symmetric, in general) that implicitly contains the main frequencies of the oscilla-
tory problem, and f : R? x R? — R?,

In the particular case where M € R?*? is a symmetric and positive semi-definite
matrix, Franco [4] is the first to attempt to extend his ARKN methods in [5] for
the scalar equation (2.1) to the system (2.47) with the perturbed function f not
depending on the first derivative y’. But his order conditions of the methods are
based on the one-dimensional theory.

The purpose of this section is to give a standard form of the multidimensional
ARKN integrators for systems of second-order oscillatory equations and to derive
the order conditions via the Nystrom tree theory.

2.3.1 Formulation of the Scheme

Let

u) = (v y©N wo= 0L ywh"
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G(u()) = (07, fu)) = (07, £ (@), y)H',

. 0 1;
vo(95)

Then the initial value problem (2.47) can be rewritten in a more compact form as

and

{ u' =Wu+ G,
(2.48)

u(xo) = uo,

which is a system of first-order nonhomogeneous differential equations, where W
is a 2d x 2d constant matrix. From the well-known variation-of-constants formula,
the solution at x > x( of the system (2.48) has the form

X

u(x) = exp((x — Xx0) W)uo + / exp((x — S)W)G(u(é)) dé. (2.49)

X0

Here and hereafter, the integral of a matrix-valued or vector-valued function is un-
derstood componentwise.

The following matrix-variation-of-constants formula gives a significant insight
into the structure of the solution to the system (2.47), which motivates the formula-
tion of multidimensional ARKN scheme.

Theorem 2.9 (Wu et al. [19]) The exact solution of (2.47) and its derivative satisfy
() = o ((x = x0)*M) yo + (x — x0)p1 ((x — x0)* M)y
+ / (x = &)1 ((x — £)>M) f (£) dé,
X0

(2.50)
Y (x) = —(x — x0) M1 ((x — x0)>M)yo + o ((x — x0)* M) yg

+ / do((x —)*M) £ (&) dg

0

for xg, x € (—00, +00), where f(é) = f(y(&), y'(&)) and the matrix-valued func-
tions ¢po(M) and ¢1(M) are defined by

_ o (DMt S (DRt
¢°(M)_§W’ WM)_,;)m' (2.51)

Proof 1t is easy to see that

s (M 0 s (0 —M
W‘(o —M)’ W_<M2 0o )
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An argument by induction yields the result that, for every nonnegative integer k,

1+(=D¥ 3 r1k/2] 1—(=D¥ 3 r1k/2]
sz(_l)Lkm( M M )

_ M% M k/2] w M k/2]
where |k /2] stands for the integer part of k/2. Then

exp((x — X0) W)

3 Id_(x—);(g)zM_F(x—xA(‘)!)z‘Mz_'_... (X—XO)Id—W‘F"‘
= _(x_xO)M—}—(x_xgﬁ‘i"“ I — (x_);(:)ZM + (x_x2|)4M2 L.
_ Bo((x — x0)>M) (x — x0)¢1((x — x0)>M)
—(x —x0) M1 ((x — x0)>M) Bo((x — x0)>M)
and (2.49) becomes
( y(x) ) _ Bo((x — x0)>M) (x — x0)1 ((x — x0)>M) (yo>
y'(x) —(x — x0) M1 ((x — x0)>M) do((x — x0)>M) Yo
N / do((x — &)*M) (x — &)1 ((x — &)*M)
w \—( —E)M1((x — )*M) do((x —£)°M)

0
x (f(y(é),y/(é))) d&

_ [ Foltx— x0)*M)yo + (x — x0)¢1((x — x0)> M)y,
do((x — x0)2 M)y} — (x — x0) M1 ((x — x0)> M) yo

(S = Odi( I f(6) dg
[o do((x —&*M) f&)ds |

This is exactly the vector form of (2.50). The proof is complete. g

The variation-of-constants formula, which is free from the decomposition of M,
first appeared in [19] by Wu et al. Clearly, if y(x,) and y'(x,) are prescribed, it
follows from (2.50) that

Y(xn + 1) = go(V)y(xn) + hpr (V)Y (x)

xn+h .
+ / Con + b — b1 (Gon + b — £ M) F(€)

(2.52)
Y (xn +h) =—hM$1(V)y(xn) + ¢o(V)y (x,)

Xp+h R
4 / Go((tn + 1 — M) &) d&,
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where V = h2M. With the change of variable £ = x,, + hz, the formula (2.52) can
be written as

Y +h) = do(V)y(xn) +hpr1(V)y' (xn)

1
+h2/ (1= 1 ((1 = 22V) f (o + h2) dz,
0

(2.53)
y/(xn +h)=—hMp1(V)y(x,) + ¢O(V)y/(xn)

1
+h/ ¢o((1 = 2)*V) f (xn + hz) dz.
0

Approximating the two integrals in (2.53) by suitable quadrature formulae results
in the following scheme for multidimensional problems (2.47).

Definition 2.5 An s-stage multidimensional ARKN method for solving the oscilla-
tory system (2.47) is defined as

s
Yi=yu+hay, + 12 ai(f(Y;. Y]) = MY;), i=1,...s,
j=I

N
Y=y, +h)y ai(f(Y;.Y]) = MY). i=1...s

i=1
/ (2.54)
s -
Yutt =0(V)yn +hd1 (V)y, + 0>y _bi(V) f(¥i, Y)),
i=1
N
Vo1 =—hMe1(V)yn +do(V)yy +h Y bi(V) f(Yi. Y]).
i=1
where ¢;, a;j, a;j, i, j =1,...,s are constants and the weights bi(V), bi(V), i =

1, ..., s in the updates are real matrix-valued functions of V.

Undoubtedly, the multidimensional ARKN methods are an important improve-
ment on the classical RKN methods since they have the favorable property that they
integrate exactly the linear system y” + My = 0.

In the block-matrix notation with Kronecker products, (2.54) can be expressed
as

Y=e®@y,+he®y, +h* (A1) (f(Y.Y) - (; ® M)Y),
Y=e®y,+h(A® Ip)(f(Y.Y') — (; ® M)Y),

a1 =G0(V)yn + 1 (V)y, +h*BT (V) £ (Y. Y'),

Vo1 =—hMe1(V)yn + do(V)y, +hb (V) f(Y.Y'),

(2.55)
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where e is an s x 1 vector of units, and the block vectors involved are defined by

y=r...¥vH, v=w"....vH,

*rs

FY) = (Fn ) ()

2.3.2 Order Conditions

Apart from the functions ¢o(M) and ¢;(M) given in (2.51), we define a series of
matrix-valued ¢-functions as follows:

o]

(—1)/ M
¢1(M):2;)m, 1=2,3,.... (2.56)
iz

This definition was first introduced in [19] by Wu et al. The following interesting
properties of these functions are immediate.

Proposition 2.1 Forl=0,1, ..., the ¢-functions defined by (2.51) and (2.56) sat-
isfy the following.
(i) limpy o ¢y (M) = 1.
(ii) For any real number o,
/‘ (1 —&)¢1(@*(1 —£)*M)&/
0 J!
/1 po(a®(1 — €)*M)g/
i
0 .

dE = ¢j42(a’ M),
(2.57)

dt = ;41 (M),

Now we are ready to give the asymptotic expansions of the true solution of the
problem (2.47) and its derivative in powers of & as follows:

VG +h) = go(V)yn +hdr (Vv + > bt 2010() 7,

j=0
(2.58)
o ) .
Y @+ h) = —hMp1 (V)3 +do(V)yy + Y W g0 (V) i,
j=0
where A,,(j ) = %j f (2)|z=x, 1s the jth derivative of f (z) at z = x,,. In order to prove

the first expansion in (2.58), we utilize the series expansion of f (&) in the integrand
of (2.52) to get

1
Y +h) = do(V)yn +hp1(V)y, + h2/0 (=21 ((1 = 2)*V) f(xn +2h) dz
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0]

1 b
= ¢o(V)yn +he1 (V)y,, + h? /0 (1 =-2¢1(1-2%V) > %sz,f” dz

Jj=0""

= ¢o(V)yu + hp1 (V)y,,
.- j+2 ! 202 A7)
+2ow 2 ([Ca-m(a -2 V)5 i
j=0 0 '

oo
= go(V)yn +her (V)y) + Y 0t 20,0(V) 7.

j=0
The second expansion in (2.58) can be obtained in a similar way. For j > 2, An(j )
can be expressed by the series

A =(F o) +my) )

= Y aOF O yp)+M Y aF @) (ynr yy),

teNTjy2 teNT;

where ¢ is the Nystrom tree associated with an elementary differential .7 (¢) (yy, y;,)
of the function f(y,y") = f(y,y') — My at (y,, y,). Then we have

Y0 +h) = go(V)yn +her (V) + > hit2,0(V) fir”)
j=0

=g (V)yn+hd1(V)yy + Y W 210(V) Y a)F @) (nr ¥y)
j=0 teNTj4o
+REMGa(V)yn + B> Me3(V)y,
+MY WPiaV) Y a®F ) (s vy).

j=2 1eNT;
On the other hand, from II.14 of [10], we have (in the notation of this book)
s
XU, o= Y ay® Y ai®i(t)-F () (yn. ).
1ENT, 11 j=1
where y (¢) is the density of the Nystrom tree ¢ and ®;(¢), j =1,...,s are the

elementary weight vectors as defined in Chap. 1. Then we expand the numerical
solution as
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Ynr1 = do(V)yu +hot(V)y, + 0> bi(V)(f(Yi. ¥]) — MY;)

i=1

N
+hY bi(VIMY,
i=1
=go(V)yn +h1(V)y,
X pit2

+) =
= +2)

Y yO(@OT @ La)b(V)a(t).Z (1) (yu, ¥})

teNTj4
+h*M(e" ® 1g)b(V)yn +h*M(cT & 12)b(V)y,

O pit2 - -
+MY —— 3" yO((A21) ® La)b(V)a()-F (1) (yn. ¥),)-

j=2 7" teNT;
Consequently, the local error of y, 41 can be expressed by
ent1=Yn+1 — Y(xn +h)
o0
j=0

+h*M((e" ® 1)b(V) — p2(V)) yu + P M((cT ® 12)b(V) — ¢3(V)) ),

> (L0007 ® )50~ o (V) )a) F 0 on.0)

teNTj 2

YD (ﬂ((&b(r))T ® 1)b(V) - ¢pm+z<V)>

!
j=2 1eNT; p@)!

X a(t).F () (Yu: vy)-
Similarly, we have
Y (n +h) =—=hMp1(V)yn + do(V)y,,

+D R W) Y a)F O (v y)

j=0 teNTj2

+hMG1(V)yn + W Mpa(V)y),

—|—MZhj+1¢j+1(V) Z (x(t)ﬂ(t)(yn, )’r/z)’

j=2 1ENT;

and
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yy/l+1 =—hMdp(V)y, + ¢0(V)y;/1
s
+th W(f(Yi. Y)) = MY;) +h Y bi(VIMY,
i=1 i=1
=—hMp1(V)yu + do(V)y,
O pitl

— (j +2)!

> yO(@OT @ La)b(V)a(t).F () (yu. ¥})

teNT; 2
+hM (" ® 11)b(V)yn +h*M(c" & 11)b(V)y,
O pitl _
+MZT 3" v (A2 ®)" ® 1)b(V)a().F (1) (yu. ¥y,).

j=2 7 teNT;
Then we get the local error of y; 41 88
61/1-1-1 = y1/1+1 — ' (xn +h)
=Yt Y (LB (00" 8 1)) = 010 ) F 0 (50.3)

j teNTjyo

+hM((e" ® 1a)b(V) — p1(V))yn + V((c" ® La)b(V) — 2(V)) ),

+ MZthrl Z (V((:))' ((Adﬁ([)) ® Id)b(V) — ¢p([)+l(v)>

j=2 teNT;
X (x(t)ﬂ(t)(yn, y,/l)

The above analysis proves the following theorem.

Theorem 2.10 A multidimensional ARKN method (2.54) has order p if and only if
the following conditions are satisfied:

p
(@' ® 1)b(V) — ((t))¢p(,>(V) OO forte | JNT,. (2.59)
q=2

P
((A@(r))T®1d)15(V) (( )) boy42(V)=O(hP=PO7) forte | JNT,,
q=2

(2.60)

p+l1

p()¢p(z) 1(Vy=0hP=PO2), forte| JNT,. (2.61)

(@) ®14)b(V) -
y (1) et
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p—1
(Ao )" ® 11)b(V) — y())qb,,(,)H(V)— onr=r®), forte | JNT,.
q=2

(2.62)
where t is the Nystmm tree associated with an elementary differential F (t)(yn, y},)

of the function f(y,y") = f(y,y") = My at (yn, ;).

Theorem 2.11 The condition (2.59) in Theorem 2.10 implies the condition (2.60)
and the condition (2.61) implies the condition (2.62).

Proof Let f be a Nystrom tree of order p(7) < p — 2 and denote by ¢ the Nystrom
tree of order p(t) = p(f) + 2 obtained by connecting the root of 7 downward to a
white vertex and then to a new black root. From the definitions of functions p, y
and @ (see Chap. 1), it follows that

y(0) = (p®) +2) (o@D + 1)y and @)= Ad(@).

The condition (2.59) ensures that

(A2 )" ® 12)b(V) — ,0(8 bpiiy+2(V)
i AnT . P +2 pH)+1 p)!
=((42®) @16y~ s i1y i)
= (@O ® L)b(V) -2 (( )) bpy(V)

— ﬁ(hp—p(t)ﬂ)
oD N, pi=2,....,p-2.

Similarly, the condition (2.61) can be used to deduce the condition (2.62). The proof
is complete. g

From Theorem 2.10 and Theorem 2.11, we arrive at the main conclusion of this
section.

Theorem 2.12 A multidimensional ARKN method (2.54) has order p if and only if
the following conditions are satisfied:

p(1)!

)4
()qﬁpm(V)— ohr=POFY),re| JNT,

(@) ® 1)b(V) —

p+l1

(@) ® 1)b(V) — p(([)) bpiy—1(V)=O(hP=POF2) 1 e U NT,.
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2.3.3 Practical Multidimensional ARKN Methods

In this subsection, we derive three effective multidimensional ARKN methods of
orders three, four and five, respectively, for the system (2.47) in the special case that
the derivative y’(x) is absent in the function f (see [17]).

First, we consider two-stage explicit ARKN methods with the following Butcher
tableau:

- ci|! O 0
_C_A (&) 6_121 0
_pwn = bi(V)  by(V)

T

b V) bi(V)  ba(V)

From Theorem 2.12, a two-stage ARKN method has order three if and only if

(@ NbV) = (V) +0(1), (T @ D)bV) = (V) + 6 (1),
((c2)T QI)b(V)=2¢3(V) + O(h), (AT ® 1)b(V) = $3(V) + O(h).
(T @NEV)=p(V) +O(W). (T ®1)bV)=¢3()+ O (h).

where I is the 2 x 2 identity matrix and e = (1, 1)T. (2.63)

Choosing c¢; = %, = %, ar) = % and solving the equations in (2.63) yields

=201 (V) +¢2(V) c161(V) — (V)

bi(V) = by(V) =
cl1—C L —C
(2.64)
by (V) = —22 (V) +¢3(V) by (V) = cipa(V) —¢3(V)
! o cl1—C ’ 2 N L —C2 .

This gives a two-stage ARKN method of order three. We denote this method by
ARKN2s3.

Next, we construct three-stage explicit ARKN methods of order four with the
following Butcher tableau:

ci|! O 0 0
cl A c| an 0 0
- 3| as1  am 0

b1(V) by (V) b3(V)
b1(V) ba(V) b3(V)
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From Theorem 2.12, a three-stage ARKN method is of order four if its coefficients
satisfy

(TR Nb(V)=¢1(V)+O(h*),  (cTRI)b(V)=¢a(V) + O(h?),

(D) @by =263(V)+ (1), () @ 1)b(V)=6¢s(V)+ O(h),
(AT @ I)b(V) = ¢3(V) + O(h?), (AT @ I)b(V) = ¢a(V) + O(h),

((c- A)T @ I)b(V) =3¢4(V) + O(h), (" ® 1)b(V) = ¢o(V) + O(h%),

(@ Nb(V)=¢3(V)+ O(h%). ()" @ 1)b(V) =2¢4(V) + O(h),

(

(Ae)T @ I)b(V) = ¢4(V) + O(h),

(2.65)
where [ is the 3 x 3 identity matrix and e = (1, 1, I)T. Choosing ¢ = %, c) = %,
3= %, ar) = %4, az; = %, az = % and solving all the equations in (2.65)
gives

c2¢391(V) — (ca + c3)2 (V) +2¢3(V)

b1(V) = : ,

(Cl - C2)(C1 — C3)
by(V) = —c1c391(V) + (c1 + e3)p2(V) — 2¢3(V)’

(c1 —c2)(c2 —¢3)
by(V) = c1c291(V) — (c1 + )¢ (V) + 2¢3(V)’

(c1 —c3)(c2 —c3) 2.66)
oy €203 (V) — (2 +c3)g3 (V) + 2¢4(V) -
bi(V) = ,

(c1 —c2)(c1 —¢3)

By (V) = —c1c32(V) + (c1 + e3)93(V) — 2¢4(V)’
(c1 —c2)(c2 —¢3)
53(‘/) _ c1c202(V) — (c1 +c2)P3(V) + 2¢4(V) '

(c1 —c3)(c2 —c3)

This gives a three-stage ARKN method of order four. It is denoted by ARKN3s4.
We continue to consider four-stage explicit ARKN methods of order five with
the following Butcher tableau:

ci| O 0 0 0

- c| an 0 0 0

< - A c3| a1 am 0 0

bT(V) = 4| an aq) as3 0
bT(V) bi(V) by(V) b3(V) by(V)

b1(V) ba(V) b3(V) ba(V)
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The order conditions up to order five are

TR Nb(V) =1 (V) + 6(h),
TR Ib(V)=¢2(V) + O (),
(2)' ® 1)b(V) =2¢3(V) + O (),
(AT ® 1)b(V) = ¢3(V) + O(h?),
()T @ 1)b(V) = 6gu(V) + 6 (h?),

(AT ® 1)b(V) = pa(V) + O(h?),

(e!

(c!

(

(

(

(

((c-A)T @ I)b(V) =3¢4(V) + O(h?), (2.67)
()" ® 1)b(V) =24¢5(V) + O(h),
((c2- Ae)" @ I)b(V) = 12¢5(V)) + O(h),
((Ae- Ae)T @ 1)b(V) = 6¢5(V) + O (h),
((c- AT @ I)b(V) =4¢5(V) + O(h),
(Ac®)" @ 1)b(V) =2¢5(V) + O(h),
((A2)" & N)b(V) = ¢s5(V) + O (h),

and

TR I)b(V) = (V) + O(h*), (cT® 1b(V)=¢3(V) + O(h3),
AR Nb(V)=20(V)+ O(h), (AT @ 1)b(V) = ¢4(V) + O (h?),
'@V =6¢5(V)+OM),  ((c- Ae)T @ I)b(V) =3¢s5(V) + O (h),
(AT ® I)b(V) = ¢5(V) + O(h),

~ A~~~
—_ o~

where [ is the 4 x 4 identity matrix and e = (1 1,1, DT.
Under the simplifying assumption Ae = 2c together with ¢ = (0, % %, DT, we
solve the above equations and obtain

- 1 7 _ 63
a1 = -5, 031 =TT A a3 = -~

;2 100° . 250 (2.69)
as) = 5 as =0, aq3 = 14
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and

1
hi(V)=5 (7¢1(V) = 45¢2(V) + 15643 (V) — 24044(V)),

32
by(V) = ﬁ(7¢2(V) — 3463(V) + 604(V)),

500

bs(V)=—1g5

(¢2(V) — 10¢3(V) + 24¢4(V)),

1
by(V) = 5 (7¢2(V) = 7643(V) + 24044(V)),
(2.70)

- 1

by(V) = 7 (T2 (V) — 45¢3(V) + 1564(V) — 240¢5(V)).
- 32

by (V) = > (7¢3(V) — 34¢a(V) + 6065(V)),

500
189

- 1
ba(V) = = (T93(V) = 7644(V) +240¢5(V)).
9

by(V) = (¢3(V) — 10¢4(V) + 24¢5(V)),

This gives a four-stage ARKN method of order five. It is denoted by ARKN4s5.

Numerical experiments in [17] by Wu et al. show excellent performance of the

multidimensional ARKN methods when applied to the oscillatory problems in com-
parison with the classical RKN methods in the scientific literature.

In [16], the numerical stability for multidimensional ARKN methods is ana-

lyzed based on the second-order homogeneous linear test model y” (x) + w?y(x) =
—ey(x) with > + & > 0. The analysis of phase properties for multidimensional
ARKN methods is also given in [16].
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