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Abstract

We develop continuous-stage Runge-Kutta-Nystrém (csRKN) methods for
solving second order ordinary differential equations (ODEs) in this paper. The
second order ODEs are commonly encountered in various fields and some of
them can be reduced to the first order ODEs with the form of separable Hamil-
tonian systems. The symplecticity-preserving numerical algorithm is of interest
for solving such special systems. We present a sufficient condition for a csRKN
method to be symplecticity-preserving, and by using Legendre polynomial ex-
pansion we show a simple way to construct such symplectic RKN type method.
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1. Introduction

It is well-known that Runge-Kutta (RK) methods, partitioned Runge-Kutta
(PRK) methods and Runge-Kutta-Nystrom (RKN) methods paly a central role
in the context of numerical solution of ordinary differential equations (ODEs),
and they were well-developed in the previous investigations ﬂa, , ﬁ]

More recently, numerical methods with infinitely many stages including
continuous-stage Runge-Kutta (csRK) method, continuous-stage partitioned
Runge-Kutta (csPRK) method have been investigated and discussed in ﬂﬂ, ,
, @, , , |. Tt is found that based on such methods we can obtain many
classical RK methods and PRK methods of arbitrarily high order by using
quadrature formulae but without resort to solving the tedious nonlinear al-
gebraic equations that stem from the order conditions with many unknown
coefficients. The construction of continuous-stage numerical methods seems
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more easier than that of those classical methods, since the associated Butcher
tableau coefficients belong to the space of continuous functions and they can
be treated in use of orthogonal polynomial expansions |17, [16]. Moreover, as
shown in |17, [16], numerical methods serving some special purpose including
symplecticity-preserving methods for Hamiltonian systems, symmetric methods
for reversible systems, energy-preserving methods for Hamiltonian systems, nu-
merical methods with conjugate symplecticity (up to a finite order) for Hamil-
tonian systems can also be constructed and investigated based on such new
framework.

It is worth mentioning that some methods with special purpose couldn’t
possibly exist in the classical context of numerical methods but it does within the
new framework. For instance, |4] has proved that there is no energy-preserving
RK methods for general Hamiltonian system excluding those polynomial system,
but energy-preserving methods based on ¢sRK obviously exist 9, 12, 11, [15, [18,
17,110, 13]. Tt is also found that some Galerkin variational methods can be related
to continuous-stage (P)RK methods, which can not be completely explained in
the classical (P)RK framework [18, [19, 20]. As a consequence, the continuous-
stage methods provide a new broader scope for numerical solution of ODEs and
they are worth further investigating.

As is well known, the second order ODEs are commonly encountered in var-
ious fields including celestial mechanics, molecular dynamics, biological chem-
istry and so on |6, 13, I8]. In this paper, we are going to develop continuous-
stage RKN (csRKN) methods for solving second order ODEs. In particular,
there is a number of second order ODEs that can be reduced to the first order
ODEs with the form of separable Hamiltonian systems, and the symplecticity-
preserving discretization for such systems is of considerable interest |5, 13, I§].
For this sake, we will present a sufficient condition for a csRKN method to be
symplecticity-preserving, and then show the construction of symplectic RKN
type methods by using the Legendre polynomial expansion technique.

The outline of this paper is as follows. In the next section, we introduce the
so-called csRKN methods for solving second order ODEs. After that we present
the corresponding symplectic conditions and the order conditions, then we
use the orthogonal polynomial expansion technique to construct symplecticity-
preserving csRKN methods, which will be given in section 3-4. Section 5 is
devoted to discuss the construction of diagonally implicit symplectic methods.
At last, the concluding remarks will be given.

2. Continuous-stage RKN method

In the field of engineering and physics there are a large class of problems
which can be expressed by a system of second order differential equations

Gg= f(ta q)v q € Rd? (21)

where the double dots on g represent the second-order derivative with respect
tot and f: R x R? — RY is a sufficiently smooth vector function.

{eq:second}



For system (2.0), the often used treatment is to write it as a first order
differential system by introducing p = ¢, namely

1= 2.2
{]j:f(t7Q)- ( )

As presented in [16], by using a continuous-stage partitioned Runge-Kutta
(csPRK) method to ([Z2)), it gives

1
Qr =qn+ h/ A; o Pydo, T €10,1], (2.3a)
0
1 A~
Pr=pu+h / Arof(tn + Coh,Qu)do, 7€ [0,1], (2.3)
0
1
gn+1 = Q4n + h/ Bq-Pq-dT, ne N, (23C)
0
1 A
Prs1 = Pn + h/ B f(tn + Crh,Q.)dr, n €N, (2.3d)
0

where A, ., ATJ are functions of two variables 7,0 € [0, 1] and B, B,, C, are
functions of 7 € [0,1]. We call @, and P; the internal continuous stages. In

addition, here we assume that fol A; odo = fol A, 4do = C,, and fol B.dr =
fol B-,—dT =1.
By inserting (2.3D) into ([2:3al), we derive

1 1
Qr = an+h / Aro(pn + 1 / Appf(t + Coh,Q)dp)do  (2.4)
0 0

1
— g+ hCypp + B2 / Arpf (b + Coh Q,)dp, 25)
0

where we define A, , = fol ATﬁg/lgypda and here by hypothesis C, = fol A; ,do.
Similarly, by inserting (2.3D]) into ([2.3d), we have

1 1
Gn+1 = qn + h/ B (pn + h/ Arof(tn + Coh, Qa)do)dT (2.6)
0 0

1
g+ hp - h2/0 Bof(tn + Coh, Qy)do (2.7)

where we denote B, = fol B-,—A-,—JdT, and note that fol B.dr =1.

In summary, by using a csPRK method to (2:2]) and eliminating the internal
stage variable P, we can obtain the method which is referred to as a continuous-
stage Runge-Kutta-Nystrom method in this paper.

Definition 2.1 (Continuous-stage Runge-Kutta-Nystrom method). Let A, , be
a function of variables 7,0 € [0,1] and B, B., C. be functions of T € [0,1].
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A continuous-stage Runge-Kutta-Nystrém (csRKN) method for the solution of

@) is given by

1
Qr = g + hCrpy + 2 / Apof(tn+Coh,Qo)do, T€[0,1],  (280)
0
1
G = Qo+ hip + 1 / By f(tn + Crh,Q,)d7, n €N, (2.8b)
0
1
Dnt+1 = Dn + h/ B, f(tn + Crh,Q;)dr, n€eN, (2.8¢)
0
which can be characterized by the following Butcher tableau
CT AT,(T
B,
B,

3. Symplectic conditions for csRKN method

When the system (2] is autonomous (i.e., time-independent for the right-
hand-side vector field) and f is the gradient of a scalar function, e.g.,

fl@) =-V4V(a),

then it becomes a separable Hamiltonian system in the form
= J7 V. H(2), z = (p,q) € R*,

0 lgxa
—Igxqg O
such system possesses an intrinsic geometric structure called symplecticity. This
states that the flow ¢; of the system is a symplectic transformation [§], i.e.,
()T T, = J, where ¢} denotes the derivative of ¢, with respect to the initial
values. For Hamiltonian system, symplectic numerical method is of considerable
interest [5, 18], as it always exhibits bounded small energy errors for the expo-
nentially long time, and can correctly mimic the qualitative behavior of the
original system (e.g., preserving the quasi-periodic orbits (namely KAM tori)
and chaotic regions of phase space [14]). A one-step method @y, : (pn, gn) —
(Pn+1, qn+1), when applied to a Hamiltonian system, is called symplectic if and
only if (®,)TJ®) = J, or equivalently dp,i1 A dgn+1 = dp, A dg, (Here A
denotes the standard wedge product in differential geometry).

with the Hamiltonian H(z) = $p"p+ V(¢) and J = ( , and

3.1. The sufficient condition for symplecticity
Theorem 3.1. If a csRKN method denoted by (A, », B, B, C.) satisfies

B.(1-C;)=B,, 7€[0,1], (3.1a)
B.(By — A, 4) = By(B, — A,,), 7,0 €[0,1], (3.1b)

{eq:csrkni}
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then the method is symplectic for solving the autonomous second order differen-
tial equations 1) with f(q) = —V4V(q) (which can be rewritten as a Hamil-
tonian system,).

Proof. By the csRKN method (Z8alZ:8d), we have
dpn+1 N dgn1

1 . 1 B
= d(pn+h /0 Bo f(Q2)dr) A d(gn + hpn + 2 / BL1(Qr)dr)

0

1
= dpp N dg, + h/() (BTdf(QT) A dQn>dT + hdp,, A dpy (32) {eq:proofsyml}

1 . 1 B
+h2/0 (BTdf(QT)/\dpn)dT—i-h2/O (Brdpy, A df (Qy))dr

1 1
3 B_B ag
th /0 /0 By Bodf (Qr) A df (Qo)dodr

Because of the skew symmetry of wedge product, the third term vanishes. By
virtue of (2:8al), the second term can be recast as

1
h /0 (B-df (Q-) A dgy)dr

1 1
=h / (B-df(Q-) Nd(Qr — hCrp, — h? / Ar o f(Qo)do))dT
0 0
1 1 (3.3) {eq:sovan}
= h/ (B.df (Q,) A dQ.)dr — h2/ (B, Cdf (Q,) A dpy)dr
0 0

1 1
e /0 ( / Bo A, o df(Q2) A dF(Q,)do)dr

0

Note that f(¢) = —V4V(¢) and its Jacobian matrix is symmetric, the first term
in the above equality vanishes. Then by substituting (83)) into (32), it yields

danrl N dQnJrl

1
= dpn N dgn — h2/ (BTCTdf(QT) A dpn)dT
0
1 1 1
_ 13 5 A o 2 >
h /0 /0 (B, A, o df(Qr) A df(Qu))dodr + h /0 (BLdf(Q.) A dpy)dr
1 1 1
—h? | (B,df(Q,) Adp,)dr + h? B, B,df (Q,) A df (Q,)dodr
/0< F(Qr) Adpa)dr + /0/0 F(Q2) A dF(Q)
1
= dpn N dgn + h2/ (_BTCT + B‘r - B‘r)df(Q‘r) A dppdT
0

1 1
3 B B — 3 A ag
+h /O /O (B, B, — B, A, )df (Qr) A df(Q)dodr

(3.4) {eq:proofsym2}



The last term of the formula above can be reshaped as follows

h® / 1 / 1(BTB(, — B, A, )df (Q+) Adf(Qo)dodr
1

df (Q-) A df (Qo) + B Ag -df (Qs) A df (Q))dodr
df (Q+) A df (Qo) + By Brdf (Qo) N df(Qr))dodr
QT) Ndf(Qo) — BGAU,Tdf(QT) A df(QU))dodT

df (Q+) A df (Qo) — Bo Brdf (Q-) A df (Qo))dodr

S
SAC
o ) e
] e
T2 /0 /0 (BrBy = By By = By Ar o + By Ao 2)df (Qr) A df (Qo)dodr

(3.5)

Therefore, if we require the condition given by (BIall3.1h), then the last two
terms in (B4 vanish, and it yields

dpn+1 N dgn+1 = dpn N dgn,
which implies the symplecticity. o

A very special class of separable Hamiltonian systems commonly considered
in practice is the system with Hamiltonian

1 _
H(p,q) = §pTM 'p+V(q),

where M (mass matrix) is a constant, symmetric and invertible matrix, and the
corresponding Hamiltonian system becomes

If we let p = M ~'p, then we get

{q - pu
p=-M"1V,V(q),
which is in the form ([Z2Z]). By eliminating p, it reads

i =M,V (q). (3.6)

{eq:Hs}



For such a second order system, the csRKN method is
1 —
QT = ({n + hCTﬁ’n, + h2/ AT7gf(Qg)dU7 T € [O, 1]7
0

1
G = o + hpn + 2 / B, £(Q-)dr, (3.7)
0

1
Pust =Futh [ Bof(@Qo)dr,
0
where f(q) = —M~'V,V(q) and p, = M~ 'p,.
By Theorem B if we require (3Ial3.1D)), then the one-step method (3.7))
mapping (Dn, gn) t0 (Dn+1,gn+1) is symplectic, i.e.,

Aprs1 A dgny1 = dpn A dgp.

However, we are interested in the method in terms of the variables p and g,
rather than in terms of p = ¢ and ¢. To address this issue, we observe that (3.1
can be recast as

1
Q- = qn +hC; M 1p, + h2/ Ao f(Qy)do, T €0,1],
0
1
G = G + WM p + B2 / B, (Qy)dr, (3.8)
0

1
Pn+1 =Pn + hM/ B, f(Qr)dr,
0

where the last formula is derived by multiplying M from the left-hand side of
(0. By the similar arguments as the proof of Theorem Bl we can prove that
it still yieldd]

dpn-i—l A dQn-i-l = dpn A dQn-

Therefore, the ¢sRKN method (B8) remains symplectic under the conditions

(B.Iai3.1h).

8.2. Further characterizations for symplecticity

In what follows, we will show another useful result which shows the charac-
terizations for a csRKN method to be symplectic.

Now we introduce the t-degree normalized shifted Legendre polynomial P, (x)
by using the Rodrigues formula

V2T

Po(a) =1, Pufa) = Yo =

(ajL(x—l)L), L=1,2,3,--- .

LA detailed proof will be found in our another coming paper.

{schemel}

{scheme2}



A well-known property of such Legendre polynomials is that they are orthogonal
to each other with respect to the L? inner product in [0, 1]

1
/ P(t)P.(t)dt = 6,0, ¢, k=0,1,2,---,
0
and they as well satisfy the following integration formulae
¥ 1
/ Po(t) dt=6£P; (ac) + §P0(x)7
0

/m PL(t) dt:§L+1PL+1(I) _€LPL*1(I)5 L= 172537"' ) (39)
0

1 T
/PL(t)dtzébo—/ Pt)dt, ¢=0,1,2,--,
T 0

where £, = 2\/% and §;; is the Kronecker symbol.

Similarly as the continuous-stage (P)RK methods discussed in [16], we will
use the simplifying hypothesis B, = 1,C; = 7 throughout this paper. By
exploiting the orthogonal polynomial expansions we get the following result.

Theorem 3.2. The csRKN method denoted by (AT7U,BT,BT,CT) with ET =
1, Cr = 7 is symplectic for solving system @) (as a separable Hamiltonian sys-
tem), if Ar, and B take the following forms in terms of Legendre polynomials

B—1_7= %pom —&Pi(r), Tel01],

ATJ = Q0,0 + 04(0)1)P1(0') + 04(1)0)P1(7') + Z Oé(i)j)Pi(T)Pj(O'), T,0 € [O, 1],
i+j>1
(3.10)

where the expansion coefficients o ; j) as real parameters satisfy

V3
6 3
Proof. By the assumption B, = 1,C, = 7 and using (31a) we get

0,0 €R, a1 —ann =— i) = Q) 1+ T > 1

BT:1—T:%P0(T)—€1P1(T)5

inserting it into (3.IL)), then it ends up with

o V3
Aro = Ao r =7 =0 =&4(Pi(7) = Pi(0)) = —=(A(7) = Pi(0)),  (3.11)
in which we have used the known equality 7 = 1Py (1) + &L Pi(7).
Next, assume A, , can be expanded as a series in terms of the orthogonal
basis {P;(7)P;j(0)};_ in [0,1] x [0, 1], written in the form
AT)O- = Z CY(ZJ),PZ(T)PJ (0’), Oé(l"j) S R,
0<i,j€Z

{property}

{construct_scsRKN}

{sym_cond}
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and then by exchanging 7 <> ¢ we have

Aor= > aupPio)Pi(r)= Y agyPi(o)Pi(r).

0<i4,j€EZ 0<i,5€7%

Substituting the above two expressions into (311 and collecting the like basis,
it gives

V3

a0 €R, ap,1) — a0 =——+

G0 Q) = QG i+ >

which completes the proof. O

4. Symplectic RKN methods based on csRKN

In this section, we discuss the construction of symplectic RKN methods
based on csRKN.

It is almost mandatory that the practical implementation of the csRKN
method (2.8al)- ([2.8d) needs the use of numerical quadrature formula. By apply-
ing the quadrature formula (b;,¢;)7_; of order p to (Z8al)-(2.8d), with abuse of
notations Q; = Q.,, we derive an r-stage classical RKN method

j=1
1 = o +hpn + B2 bBif(Qi), nmeN, (4.1b)
=1
Prt1=pn+hY biBif(Qi), neN, (4.1c)
=1

where A;; = A, .., B; = Be,, Bi = Be,,C; = C.,, which can be formulated by
the following Butcher tableau

Cy | b1Ann -+ b Ay,

C, | A - brA, (4.2)
bIBI err
b1B1 b, B,

In particular, if we use the hypothesis B, = BT(l —-C;), B, =1,C, =1 for

{eq:rknl}

{eq:rkn2}

{eq:rkn3}

{tab:rknbutcher}



7 € [0,1], we then get an r-stage RKN method with tableau

C1 b1[111 T brlelr

Cr bllerl t brlerr (43)
by b,
b1 b

where b; = b;(1 —¢;), i=1,---,7.
The following result implies that we can construct symplectic RKN method
via symplectic csRKN method with the help of a quadrature formula.

Theorem 4.1. If the csRKN method denoted by (/_17,0, B, ET, C.) satisfies the
symplectic condition (Z1dH3.1H), then the associated RKN method ([£2) derived

by using a quadrature formula (b;, c;)i_; is still symplectic.

Proof. Recall that the sufficient condition for a classical RKN method denoted

by (@i;, bi, b, ¢;) to be symplectic is [13]
by =bi(1—¢), i=1,---,r
bi(bj —a;j) = b;(bi —aji), i,j=1,---,r
By (BIal3.1D)), we have the following equalities
Bi=Bi(1-Cy), i=1,,r
Bi(Bj — Aij) = By(

[os]

l_AJZ)7 iuj:]w"'a/r'
Therefore, the coefficients (bjfliyj, b, B;, biBi, C;) of the associated RKN method
satisfy

szz:sz’L(l_O’L)v Zzlv » Ty

biBi(b;B; — b;Ai;) = b;B;(b:iBi — biAy;), i,j=1,--
which completes the proof by using the classical result. O
4.1. Order conditions for RKN type methods

To construct symplectic RKN method with a preassigned order, let us in-

troduce the order conditions for RKN type methods.
It is known that the classical RKN method for solving (21]) can be formulated

as
Qi:qn+hcipn+h2zaijf(tn+th7Qj)7 Z:L Ty (44&)
=1
dn+1 = Qqn + hpn + h2 Z Blf(tn + Cihu Ql)? n e Nu (44b)
=1
Pnt1 =pn+h Z bif(tn +cih,Qi), n €N, (4.4c)
=1

10

{RKN:qua}

{eq:grkni}

{eq:grkn2}

{eq:grkn3}



and as shown in [6], under the assumption

by = bi(1 -

Ci),

i=1,... (4.5)

77‘7

the number of order conditions are drastically reduced and there are rather
fewer order conditions need to be further considered, as listed below [6]

> b =1;
i=1

3) Y bic? = %;
i=1

5) Z bch’ = %%
i=1

7) >0 > biaije; = ﬁ?
i=1j=1

9) > > bicai; = 110’
i=1j=1

11) Z Z bZCiC_LiJCJ = %,

i=1j=1
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If the condition 1) holds, then the RKN method is of order 1; if conditions
1)-2) hold, then the RKN method is of order 2; if conditions 1)-4) hold, then
the RKN method is of order 3; if conditions 1)-7) hold, then the RKN method

is of order 4; if conditions 1)-1

3) hold, then the RKN method is of order 5.
Similarly as the classical case, under the assumption B, = B, (1 —

C), we

have the following order conditions for csRKN method

1) fo B dr =1;

3) fo B.C2dr = 3;

5) fo B.C3dr = 1

7)]0 fo B A o Cododr = 24,
9) fo fo CQAT sdodr = 1—0,

B C- ATUC dodr =

30’

) fy Jy B

13) o Jo fo B AT oA, pdpdodr =
Note that B, = BT(l -
1,C, = .

1

207

C.) is naturally satisfied by the hypothesis B
Moreover, if the condition 1) holds, then the csRKN method is

2) fo B.Crdr = T

4) fo fo B A pdodr = %
6)]0 fo B,C, ATUdO'dT— %;
8) Jo

10

12

14) -

0 fo fo B Ar aAT pdpdadT = 5o
fo B ATO'C dodr = —;

— — —

T =

of order 1; if conditions 1)-2) hold, then the ¢sRKN method is of order 2; if
conditions 1)-4) hold, then the csRKN method is of order 3; if conditions 1)-7)
hold, then the csRKN method is of order 4; if conditions 1)-13) hold, then the

csRKN method is of order 5.

It is obvious that the conditions 1)-2) always hold, so the ¢csRKN methods

presented in this paper are of order 2 at least.

Moreover, it is found that

conditions 2), 3), 5), 8) are also naturally satisfied, so other conditions will be
further investigated when we try to construct higher order csRKN methods.
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4.2. Construction of symplectic RKN methods

Though it is possible to construct RKN type methods with arbitrarily high
order for some special purposes, here we will restrict ourselves on the con-
struction of symplectic integrators. By using expansion of Legendre orthogonal
polynomials, we have the following identities

1= PO(T)a

T= %PO(T) + %gPﬂT),

%= %PO(T) + ?Pl (1) + gPQ(T), (4.6)
P = re + 28+ Lrn + L po,

which turn out to be very helpful for the investigation of the order conditions.
For convenience, here we provide the former several Legendre polynomials

Po(r) =1,

Pi(1) = V3(2r — 1),

Py(1) = V5(67% — 67+ 1), (4.7)
Ps(1) = V7(207% — 3072 + 127 — 1),

In what follows, we present the construction of symplectic integrators up to
order 5 and some examples will be given.

4.2.1. 2-order symplectic integrators

Although the csRKN methods presented in this paper are always of order
2 at least, but for a symplectic csRKN method, the coefficient A, , should be
designed by Theorem [B.2] an example is given in what follows.

Example 4.1. If we take the coefficients (A, o, By, B., C;) as

Ao =0t (8- L)R(0) + A

B,=1-r, BT:L Cr=m,

(4.8)

where o and B are two real parameters, then we get a two-parameter family of
2-order symplectic csRKN methods.

By using any numerical quadrature formula with order p > 2 we can get the
classical symplectic RKN methods of ordeB 2, e.g., Gaussian quadrature with

2This can be easily checked by the classical order conditions that listed in subsection 4.1.

12
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1 V3 1 3 V3 1
1, 0lga—%0+5 za-5F~—3
2 2|1 V3 1 3 V3 1
T 5|1¢- %GBty 3a+5h—3
| 2 I T
1 1 1
T 3
4 4
T I N TE TS NS S P
1 1 1 1
1|3a+28+1 la+2p-1 30t 30+ V38—
I I 0
2 0 2
3 T T T
4 4 2 2

Table 1: Symplectic RKN methods of order 2 by using different quadrature formulae. Top
Left: by Gaussian quadrature, Top Right: by Radau-left quadrature, Bottom Left: by Radau-
right quadrature, Bottom Right: by Lobatto quadrature.

1 node, Radau-left or Radau-right quadrature with 2 nodes, Lobatto quadrature
with 2 nodes. The corresponding symplectic RKN methods obtained by using
different quadrature formulae are shown in Table [

4.2.2. 3-order symplectic integrators
By inserting ([BI0) into the fourth order condition and using the orthogo-
nality of the Legendre polynomials, it gives

11 1

~ 1

/ / B A, ;dodr = / (0,0 F 1,00 P1(T)+ E ai,0)Pi(7))dT = ao,0) = 5’
0 Jo 0 i>1

(4.9)

therefore, if we require a (g o) = é, then we can get a class of 3-order symplectic
csRKN methods.

Example 4.2. If we take the coefficients (A, ,, B, B, C;) as

Ao =2t t0= )P0+ aPi(7) + P DPU(0).

B, =1-r1, BT:L Cr=m,

(4.10)

then we get a two-parameter family of 3-order symplectic csRKN methods.

By using any numerical quadrature formula with order p > 3 we can get the
classical symplectic RKN methods of order 3, e.g., Gaussian quadrature with 2
nodes, Radau-left or Radau-right quadrature with 2 nodes, Lobatto quadrature
with 3 nodes. The corresponding symplectic RKN methods obtained by using
different quadrature formulae are shown in Table[2
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3—v3 | 14+v3 1 1-v3 _ 1 2—6v3a+9 3 3
6 o at3 -~ 3h 0| —55—7—+ g —\/7_04—1[3
343 1+v3 _ 1 1-v3 1 2 | 2-2v3a-3 3 1
6 12 2 n- Tatyf 3 % %a + 38
1, V3 1_ V3 T T
1 12 1 12 1 1
T T T 3
2 2 4 1
0 6—18v3a4+278 1-63a 1 lﬂ
1 1—2v3a+8 —142v3a—-33 54 9 18 2
3 4 12 1 1 V3, 1 1 REDS
1 1+2V3a—38 —146v3a498 2 9 6 8 6
4 12 1 1 1[3 146v3a —146v3a498
1 0 9 2 9 18
2 I I 0
3 I 6 3
4 4 I 2 I
6 3 6

Table 2: Symplectic RKN methods of order 3 by using different quadrature formulae. Top
Left: by Gaussian quadrature, Top Right: by Radau-left quadrature, Bottom Left: by Radau-
right quadrature, Bottom Right: by Lobatto quadrature.

4.2.8. 4-order symplectic integrators
By inserting (B.10) with a(o,0) = % into the sixth order condition and using
the orthogonality of the Legendre polynomials, it gives

/ / B,C. AngadT
//TAngUdT

V3 -
- / (R + 2P (T))(/ A, pdo)dr (4.11)
0 0
1
1 V3 1
:/0 (5F0(7) + ~=F1(7)) (5 + a0 Pi(T )+ auoP,
i>1
V3 11
S0 T Ty
which provides a(;,0) = g
Similarly, by exploiting the seventh order condition we obtain Q0,1) = —1—‘/25,
which coincides with the symplectic condition o g 1) — 1,0y = — V3 that given

in Theorem 3.2l Therefore, if we require

1 V3
@(0,0) = G &(1,0) = 127

V3

@0,1) = 12

then we can get a class of 4-order symplectic csRKN methods.
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3—3 1,1 1-v3 1
6 12 T3¢ 12 e
3+v3 | 1+V3 _ 1 1,1
6 12 2% 1z T a0
1y V3 1_ V3
4 12 4 12
I I
2 2
0 1+18a —1144vV6+(—36+54V6) —11-4v6+(—36—54v6)a
54 216 216
6—6 28—3v6 +»(715+15v%)a 16+6 +_(1273v%)a 98—531/6 +»(724O+15v%)a
10 540 225 216 36 1080 900
6+v6 | 28+3vV6 +_(—15715v€)a 98+53v6 _ (240+15v6)a 167V@§4_(12+3v%)a
10 540 225 1080 900 216 36
1 7+2v6 7—26
9 36 36
1 16+6 16—v6
9 36 36
4—6 16—v6 + (1243V6)a 62-43v6 _ (240+15v6)a 8436 + —(15+15v6)
10 216 36 1080 900 540 225
446 | 62443v6 _ (240—15V6) 164+6 + (12—-3V6) _ 8-3V6 + —(15—15vV6)x
10 1080 900 216 36 540 225
1 43426 +»4%6+9v%ﬁx 43-2V6 +,4%679v%)a 1+18a
216 36 216 36 54
9+6 9—V6 0
36 36
16—v6 16+6 1
36 36 9
0 1+18a+12vV53 —146V58 —2—18a+12V58
36 18 36
1 5+6v58 1-6v58 —146v58
2 72 9 72
1 2—9a+6+/58 546153 14+18a+12v58
18 18 36
T T
5 3 0
1 2 1
6 3 6

Table 3: Symplectic RKN methods of order 4 by using different quadrature formulae. First:
by Gaussian quadrature, Second: by Radau-left quadrature (8 = 0), Third: by Radau-right
quadrature (8 = 0), Fourth: by Lobatto quadrature.
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Example 4.3. If we take the coefficients (A, o, B, B, C;) as

A‘r,cr -

1
6 5 (1)P1(0) + B(P2(T) + Pa(0)), (4.12)
B.=1-r1, BT:L C, =,

then we get a two-parameter family of 4-order symplectic csRKN methods.

By using any numerical quadrature formula with order p > 4 we can get the
classical symplectic RKN methods of order 4, e.g., Gaussian quadrature with 2
nodes, Radau-left or Radau-right quadrature with 3 nodes, Lobatto quadrature
with 3 nodes. The corresponding symplectic RKN methods obtained by using
different quadrature formulae are shown in Table[3. Note that, actually, more
free parameters can be taken into account.

4.2.4. 5-order symplectic integrators

By the previous discussions we have obtained that «g) = %, Q0 =
%, a1y = —%, now we shall insert ([B.I0) into the remaining order con-

ditions.
For condition 9): We compute

11 -
//BTO?—AT,UdUdT
// 2A70d0dT

= [ GRe) + L Re) + R [ Aol

6 30 ’
1
1 V3 V5
— [ GRO)+ 2P0 + S P00 + aaoAlr) + Y ago P
0 i>1
1 V3 V5 1
= 3%0.0 + 5 o) + 30 420 = 1

which then gives a3 ) =
For condition 10): S1nce

///BATUATpddedT
_ / / A, do)( / A, ,dp)dr
0 0 0
1

:/(04(00)+0¢10P1 +ZO<(10)P
0 i>1

1

_ 2 2 2 _

=afo0) ol + 0l = 20
i>1
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substituting the values of g 0y, @ (1,0), (2,0) into it, then we get 3 a%l. 0 = 0
=

which means «; gy = 0 for all i > 2.
For condition 11): Since

1ol
/ / B.C; A, ,Cydodr
0o Jo
1 1
= / T(/ A-,—JO'dU)dT
0 0
1 1
1 V3
= /0 (§P0(7’) + ?Pl(T))[/O (0(070) + Oz(o)l)Pl(U) + a(l,O)Pl(T)
1 V3
+ > ap PP (0)) (5Po(0) + == Pi(0))do]dr
i+j>1
1
1 V3 1 1
—/O (§P0(T)+?P1( ))(2 0,0 + 04(10)P1 Zam)P
1>1
V3 V3
+ ?Oé(o,l) + T DZO a(i,l)Pi(T))dT
_1 \/5 \/§ 1 1
7120.0) + a1 + 50 + T3 = 0
this gives aq,1) = —1—10.
For condition 12): By the very similar deduction as that for (9) we get
1 V3 V5 1
340.0) T 5" %0.1) T 35%02) = &5 (4.13)

which provides a g 2) = %.
For condition 13): We have

TS S
/ / / B A ;A pdpdodr
o Jo Jo
1 1 1
:/ (/ ATﬁng)(/ A, pdp)do
o Jo 0
1

:/o ( (0,00 + a0, (0 +ZaOJ)P )(04(0,0)+a(1,0)P1(U)

j>1
+ a0 Pi0))do
i>1
1
= a%o,O) + a(o,l)a(LO) + Z a(oy‘])a(‘]ﬁo) = 1_207

j>1
After substituting the values of a (g 0y, (0,1), (1,0, @(2,0) into it, it brings out
that 3 a(o,jy 0 = 0. In addition, by Theorem B.21we have o ;) = a0 for
§>2
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5—v15 2—90a+603 19—6v15+180a—1208 62—15v15+1208
10 135 270 540
1 19+6+v154+180cx—1208 1+158 19—-6v15—-180a—1203
2 432 27 432
54+V15 624151541208 1946v15—180ac—1208 2490a+603
10 540 270 135
5+v15 2 5—+V15
36 9 36
5 4 5
18 9 18
0 1-60V15« —4-196+(240v/15-180v10) —4+19v6+(240V15+180v10) v
270 2160 2160
6—16 181—36V6+(84V15—72V10)a 17421646015« 301—136v6—(384V15—72V10)a
10 2700 540 2700
6+6 18143664 (84v154+72v/10) 30141366 —(384v154+72V10) 17—2v6+60V15a
10 2700 2700 540
1 7+2v6 7—26
9 36 36
1 16+6 16—6
9 36 36
4—6 17—2v/6—60V15« 211—104v6+4(384V154+72V10) 1466 —(84V15+72vV10)
10 540 2700 2700
446 211410464 (384V15—72V10) 1742v/6—60V15a 1-6v6—(84V15—-72V10)a
10 2700 540 2700
1 536+79v6—(240v/15+180v/10) 536—79v6—(240/15—180v10) 1460v15a
2160 2160 270
9+v6 9—V6 0
36 36
16—\6 16+v6 1
36 36 9

Table 4: Symplectic RKN methods of order 5 by using different quadrature formulae. First:

by Gaussian quadrature, Second: by Radau-left quadrature (8 = 0), Third: by Radau-right
quadrature (8 = 0).

{exa:SRKN5}
j > 2, then it follows that
a0, = ago =0, J>2.
In summary, for obtaining a symplectic csRKN method of order 5, we should
require that
1 V3 V3
@] = —, = —. [
(0,0) 6’ (1,0) 12’ (0,1) 12’
1 V5 (4.14) {coef: fifth}
A1 = T1p M20 T X02) T
a5 = oo =0, J>2
and other parameters a; ;) can be freely assigned.
Example 4.4. If we take the coefficients (A, o, By, B., C;) as

Aro= 3 aunPIP(0) +a(Pi()Pa(o) + PaT)Pi(0) ) + BPo(T) Pa(0),
i+5<2

B,=1-71, B, =1, C, =T,
(4.15) {eq:5coeff}

18



where o j), i+ j < 2 satisfy @I4) and «, B are real parameters, then we get
a two-parameter family of 5-order symplectic csRKN methods.

By using any numerical quadrature formula with order p > 5 we can get the
classical symplectic RKN methods of order 5, e.g., Gaussian quadrature with 3
nodes, Radau-left or Radau-right quadrature with 3 nodes, Lobatto quadrature
with 4 nodes. The corresponding symplectic RKN methods obtained by using
different quadrature formulae are shown in Table [§)

Notice that based on 4-nodes Lobatto qudrature, the 4-stage 5-order sym-

plectic RKN method with coefficients denoted by (A, b, b, ¢) is too lengthy to be
shown in a Butcher tableau, we present it as follows in use of Matlab notations

1 — 60150 + 1508 —5 — 3v/5 — (300v/3 — 60+/15)ar — 3008
360 ’ 720 ’
—5+3v/5 + (300v/3 + 60v15)a — 3008 2+ 753
720 7180
29 11v/5 + (100v/3 — 20v/15)a + 1008 11 + 60y/3a + 308
720 1200 ’ 360 ’
291554308 1 +/5—(20V/15+ 100v3)a — 1008
360 TT720 1200 ’
29 11v/5 + (100v/3 + 20vV/15)a — 1003 29 + 15v/5 + 308
720 1200 ’ 360 ’
11 — 60v3a+ 308 1 V5 + (20v/15 — 100v/3)a + 1008
360 TT20 1200 ’
174758 145 + 33v/5 — (60v/15 + 300v/3)ar — 3003
180 720 ’
145 — 33v/5 — (60v/15 — 300v/3)ar — 3008 1 4 60+v/15a + 15083
720 ’ 360 )
~ 1 545 5-45 1 5 5 1 5—v5 5+5

b=[— 0,b=[— —,—,—],c=10
S et yet L U by A DI T ANl L TR Ty

A=

’1]'

5. Diagonally implicit symplectic RKN methods

It is known that diagonally implicit methods are more attractive than fully
implicit methods for the sake of time cost savings and high efficiency in the
numerical computations. A diagonally implicit RKN method is a method (.4at

M.4d) with coefficient (a;;, b;, b;, ¢;) satisfying
a;; =0,7 > 1. (51)
By setting more parameters and solving a linear algebraic system, it is possible
to get diagonally implicit symplectic integrators.
For example, let us take

Arg =0+ (8= Y2)Pi(0) + BPL(r) + 1P (1) Pi(o).

B.=1-71, B, =1,C, =,

(5.2)
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where three real parameters «, 3, 7 are included. In such a case, by using
Radau-left, Radau-right and Lobatto quadrature with 2 nodes, respectively, it
gives

04+ta-o+dr —i+ia-Po-t
2|1 ,1 V3 1 1,3 V3 1
slstac— % -3 —s+ia+ 9 l+ay (5.3) {fully:RL}
I I
4 4
I 3
4 4
Plethe— 98+ —§+ia+ P81
1,3 V3 3 1,1 V3 3
Lgtiet+5h-97 —s+ie+50+1 (5.4) {fully:RR}
1
5 0
3 I
4 4
0[5 +5-VEI+Y s ¥
1 1+e-2 —L+e+V3B+ Y
4 21 2 42 5 2 (5.5) {fully:LO}
2
I 1
2 2

and all of which are of order 2. If we impose the diagonally implicit requirements
(&T)), then by eliminating v we then get the following two-parameter families of
diagonally implicit symplectic integrators

0]a—-+v33 0
2 1 _1 V3
3 ¢ 6 +o;+ 30 (5.6) {diag:RL}
1 1
T 3
4 4
5| o-38 0
1 _1
L E 3 Tt V3p (5.7) {diag:RR}
5 0
3 T
4 4
0|la—+v38 0
1 1 —L+a+v3p3
i 2 5 (5.8) {diag:LO}
2
T T
2 2

We point out that, if we further require the following conditions for explicit
RKN schemes (as a very special type of diagonally implicit schemes)

a;; =0,7>1 5.9 expl:condi
J y J ) ( P

then we derive a linear algebraic system in terms of «, 3, v for each case, which
can be easily solved and their solutions are
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(a) a=1%, B=13y2 v=—3 for G3);
b) a=1i, =L y=—1for @A)
(€) a=1 8= =L for G3).

Consequently, by substituting them into (&3], (E4) and (EH), it yields the
following three explicit symplectic integrators

00 0 210 o0 00 0

211 0 1|3 0 110
I I 1 1
17 5 0 3 0
I3 31 11
4 4 4 4 2 2

It is worth mentioning that the right-hand tableau provides the well-known
Stormer-Verlet scheme, which has been the most widely used scheme by far in
many fields such as astronomy, molecular dynamics and so on [§].

More higher order diagonally implicit symplectic integrators with more stages
can be constructed by the same techniques. For instance, a 3-stage 4-order in-
tegrator can be obtained by imposing the diagonally implicit conditions to the
last table shown in Table Bl which means we should take a =0, 5 = %. How-
ever, it is difficult to construct higher order explicit symplectic integrators along
the same line, as an explicit symplectic integrators generally can be completely
determined by the nodes ¢; of a quadrature formula [11], which means we can
not get explicit symplectic integrators by using a given quadrature formula (e.g.
the commonly used Gaussian, Radau and Lobatto type quadrature). However,
it is possible that an explicit symplectic integrator stems from a csRKN method
by using the associated quadrature formula.

6. Concluding remarks

We propose the continuous-stage Runge-Kutta-Nystrom (csRKN) methods
for solving second order ordinary differential equations in this paper, and the
construction of symplecticity-preserving integrators for separable Hamiltonian
systems is investigated. It is shown that the construction of csRKN methods
heavily relies on the Legendre polynomial expansion technique coupling with
the symplectic conditions and order conditions. Based on symplectic csRKN
methods, several new classes of symplectic RKN methods are obtained in use of
the quadrature formulae, and some free parameters are included in the Butcher
tableaux. It is interesting to see that we can use different quadrature formulae
to get different RKN schemes even for the same csRKN coefficients. In addition,
we can set many free parameters to get more methods, though we only provides
the methods with two free parameters. We have only considered the methods
up to order 5 in this paper, but it is possible to construct more higher order
methods with the same technique. It is stressed that our approach seems more
easier to construct RKN type methods than the traditional approaches which in
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general have to solve the tedious nonlinear algebraic equations that stem from
the order conditions with many unknown coefficients.
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