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ESSENTIALLY SYMPLECTIC BOUNDARY VALUE METHODS
FOR LINEAR HAMILTONIAN SYSTEMS*V

L. Brugnano
(Dipartimento di Energetica, Universita di Firenze, 50134 Firenze, Italy)

Abstract

In this paper we are concerned with finite difference schemes for the numer-
ical approximation of linear Hamiltonian systems of ODEs. Numerical methods
which preserves the qualitative properties of Hamiltonian flows are called symplec-
tic integrators. Several symplectic methods are known in the class of Runge-Kutta
methods. However, no high order symplectic integrators are known in the class
of Linear Multistep Methods (LMMs). Here, by using LMMs as Boundary Value
Methods (BVMs), we show that symplectic integrators of arbitrary high order are
also available in this class. Moreover, these methods can be used to solve both
initial and boundary value problems. In both cases, the properties of the flow of
Hamiltonian systems are “essentially” maintained by the discrete map, at least for
linear problems.

1. Introduction

In many areas of physics, mechanics, etc., Hamiltonian systems of ODEs play a
very important role. Such systems have the following general form:

y =Jom 7 H(y,t), telto,T), ylto) =yo € R*™, (1)
where, by denoting with O,, and I,, the null matrix and the identity matrix of order

m, respectively,
= (50 on )

Simple properties of the matrix Jo,, are the following ones:
Ty = o = —Jom,  det(Jopm) = 1.

In equation (1) s7H(y,t) is the gradient of a scalar function H(y,t), usually called
Hamiltonian. In the case where H(y,t) = H(y), then the value of this function remains
constant along the solution y(t), that is:

H(y(t)) = H(yo), for all ¢ > to.

* Received February 13, 1995.
1 Work supported by M.U.R.S.T.(40% project).
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In particular, we shall consider the simpler case where

Hy) = 3"y, §=5" eRmOm 2)

In this case, problem (1) is linear:
Y =T3Sy, teltoT],  ylto) = vo. (3)

In the following, we assume the matrix .S to be nonsingular.
Another important feature of problem (3) is that oriented areas are preserved by
the flow. This because the exponential e’ is symplectic, that is:

T T T
(€J2ms) J2mej2ms = JQm-

We now want to look for numerical schemes which satisfy the following two require-
ments:
1. they define a symplectic map and

2. they preserve the quadratic form (2).

Such methods are usually called symplectic or canonical integrators.

The known symplectic methods are essentially Runge-Kutta schemes13:19:20.21)
while it seems that they are rare in the class of LMMs. This apparent weakness of
LMMs has been recently overcome by using them as Boundary Value Methods (BVMs).
We shall recall the main facts about BVMs in Section 2. In Section 3 we shall examine
one step methods, while in Section 4 we shall consider multistep methods. In Section
5 we shall analyze three classes of symplectic BVMs and, finally, in Section 6 some

numerical examples are reported.

2. Boundary Value Methods

3,78

In this section we briefly recall the basic results on BVMs! Let us then consider

the IVP
y, = f(ta y)v le [t07T]a y(tU) = Yo- (4)

To approximate its solution, we consider the k-step LMM

k k
> iynri =hY_ Bifntis (5)
i=0 i=0

used over the partition

T -t

ti=t h, 1=0,---,N+ky—1 h=——"
7 o+ n, 4 07 ) + R2 ) N+k2_17

where 0 < ko < k. As usual, y,4+; and f,4+; denote the approximations to y(t,+i)
and f(tnti,y(tnti)), respectively. It is known that the discrete problem (5) needs k
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independent conditions to be imposed, in order to get the discrete solution. The most
commonly used way of imposing such conditions is to fix the values of the discrete solu-
tion at the first k grid points, that is one fixes the values g, -+, yx—1. The continuous
problem (4) provides only the value yp, while the remaining ones must be obtained
by other means. In other words, the continuous IVP is approximated by means of a
discrete IVP. The methods obtained in this way will be called Initial Value Methods
(IVMs). This approach is very simple, but suffers of heavy limitations, summarized by
the two well-known Dahlquist barriers.

An alternative approach has been considered, where the k conditions needed by the
difference equation (5) are imposed by fixing the values

Yo,y Yk -1, YN,y YN+ko—1, k1+k2:k (6)

This means that the continuous IVP is now approximated by means of a discrete BVP.
The methods obtained in this way have been called BVMs. If the values (6) are fixed,
we say that scheme (5) is used with (k;, k2)-boundary conditions”®%. As before, only
the value yg is provided by the continuous problem, while the remaining values must
be obtained in some appropriate way.

For the moment we shall neglect the problem of finding the unknown values in (6).
This problem will be considered in Section 2.1.

The definition of O-stability and Absolute stability for IVMs are now generalized to
BVMs by introducing the following two kinds of polynomials.

Definition 1. A polynomial p(z) of degree k = k; + ko is said to be an S, ,-
polynomial if its roots are such that

21 < Jzal < - < g <1<zl < - < Jaal,
while it is called an Ny, g, -polynomial if
21 < Jeal € -+ < Joi] S 1< fapa] < - < 2,

where the roots of unit modulus are simple.

We observe that, for k; = k and ky = 0, Nk, ,-polynomials reduce to Von Neumann
polynomials while Sk, k,-polynomials reduce to Schur polynomials. Now we can give
the following definitions for BVMs[7—9,

Definition 2. BVM (5) used with (k1,k2)-boundary conditions is said to be
Ok, k, -stable if the polynomial

k
p2) =Y iz
=0

is an N, k,-polynomial. It is said to be (ki, k2)-Absolutely stable for a given ¢ € @ if

the polynomial
k

m(z,q) =D (i —qfi)7" (7)

1=0
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is an Sk, k,-polynomial. The region
Diyk, ={q €C : w(z,q) is an Sk, k,-polynomial }

is called region of (k1, ke)-Absolute stability of the method. Finally, the method is said
to be Ay, k,-stable it €~ C Dy, 1,, where @™ is the left half of the complex plane.

The given definitions reduce to the well-known ones for IVMs when k; = k and
ko = 0. This means that the class of the BVMs contains the IVMs as a proper subclass.
Moreover, to fully understand the meaning of the above definitions, especially the
definition of (k1, k2)-Absolute stability, we report without proof the following result!®l.
It will be re-derived in a more general form in Section 4.

We need the following notations: let

|21] < -0 <z

be the roots of polynomial (7), relative to the use of method (5) on the usual test
equation:
v =Xy, ylto) =y, ¢=nhA (8)

Then, the following result holds true.
Theorem 1. Let

Zi 1| <lzm| <zl 2e—1] <1< |zk41]-

Then, the discrete solution of method (5), used with (ki,ks)-boundary conditions, is
given by:

yn =28 (7 + O(|2ky /21y 1)V ") + O 21y 41)™Y))
+ O(|2ky—1]™) 4 O(|2i, 41|~V =™), (9)

where v depends only on the initial conditions.

The above result states that the numerical solution is essentially generated by the
root zy,, which therefore will be called generating root!®. Moreover, we observe that
‘Z]ﬂ’ <1l,ifqe 'Dkle.

From (8) and (9), it follows that the discrete solution will be an effective approx-
imation of the continuous one when z, is the principal root of the method. In this
case, if the method has order p, one has:

2k = 20 (q) = €7 + O(hPF).

For this purpose, the next result holds true.
Theorem 2. If a k-step LMM, used with (ki, ka)-boundary conditions on problem
(8), is:

1. consistent,

2. Op,k,-stable, and
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3. the associated polynomial p(z) has only one root of unit modulus (i.e. z =1),

then there is a neighborhood D of ¢ = 0 where the generating root of the method co-
incides with its principal root. In this case, the constant v in (9) is given by v =
yo + O(RP), provided that the additional initial conditions are at least O(hP) accurate.
Proof. See [8].
The advantage of BVMs over IVMs is that now there are no more barriers concerning
the order of O, x,-stable and Ay j,-stable methods. In fact, in Section 5 we shall
consider O, ,-stable, Ay, ,-stable methods of order up to 2k, for every odd k.

2.1. The additional conditions

Let us rewrite scheme (5), used with (k1, k2)-boundary conditions by fixing the
values (6), as follows:

kg k?2
Y QirwUnti=h Y Bivk Savi, n=ky,--,N—1 (10)
i=—ky i=—ky
Thus, we have a set of N — k; equations in the N — k; unknowns yg,,---,yn—1. It

follows that if the values (6) are really known, then we can obtain the discrete solution.

However, the only value provided by the continuous problem is the initial con-
dition yo. It follows that we must regard the remaining k — 1 values y1,- -, yx, —1,
YN, YN+ky—1 as unknowns. This implies that we must add an additional set of £ —1

equations independent of those in (10). These equations can be derived by suitable

methods of order (at least) p— 1, in order to preserve the global error of the method!®.

Each of the methods presented in the next sections, will be associated with an
appropriate set of additional equations.

3. One-step Methods

We start considering the case of one-step methods. We shall assume the method to
be consistent, so that its form will be:

Yn+1 — Yn = h(/B].fTL+1 + ﬁofn) (11)

Since this method requires only one condition to be imposed, it will be an IVM. When
we apply this scheme to problem (3), then the discrete solution is given by:

(I— hﬂlJQTmS)ynJrl =+ hﬁngmS)yn,
that is, if we assume the matrix (I — hf1J4,S) to be nonsingular,

Yni1 = (I — hB1JE S) I + hBoJE S)yn
=: (hJ&,S)yn = ©(hJE.S)" yo. (12)

Then, the method will be symplectic if

Sp(hjng)TJQm(p(thmS) = Jom,
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and
yyj;+15yn+1 = y;{syn
In this case, the following theorem due to Fengl'™13:1 can be used.

Theorem 3. Let p(2) be a complex valued function such that:
1. ¢(z) is analytical and with real coefficients in a neighborhood D of z = 0;

2. p(2)p(—2)=1in D;
3. ¢'(0) #0.

Then, for all square matrices C and L, one has o(hL)TCp(hL) = C iff C L+ LTC = O.
When C = Joy,, then ¢(hL) is symplectic iff L is Hamiltonian. Moreover, if in this
case L = JQTmS, S = ST, then one also has:

SL+ LS =8J) S+ SJomS =0,

so that
o(hL)"Sp(hL) = 5

follows. The above relation implies the conservation of the quadratic form (2) for the
discrete sequence defined by:

Yn+1 = QO(hL)yn-
Coming back to method (11), we observe that the iteration function ¢(z) defined
in (12) is given by:

1+,@02
SO(Z) = 1_,612.

This function is evidently analytical and with real coefficients in a neighborhood D of

z = 0. Moreover, it is:

©'(0) =Po+ B =0c(1)=p'(1) #0,

so that the hypotheses 1) and 3) of Feng’s Theorem are fulfilled. It remains to satisfy
condition 2), which reads as follows:

1—}—502_ 1+ Bz
1—piz 1— (2’

1
thus giving By = (1. From the consistency conditions, it follows that Gy = 81 = 57 80

that the well-known trapezoidal rule is obtained:

h
Yn+1 — Yn = E(fnJrl + fn)

This is, therefore, a symplectic method. This is a known result!]. We shall extend this
result to general multistep methods with higher number of steps in the next section.
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4. Multistep Methods

Let us consider the k-step method (5), to be used with (&1, k2)-boundary conditions.
In the following, we shall assume that the method is irreducible, of order p > 1, and
satisfying the hypotheses of Theorem 2. Then, there exists a neighborhood D of ¢ =0
where the generating root of the method, z,, coincides with the principal one.
Moreover, let

7'['(2, Q) = p(z) - qJ(Z)v q=hA, (13)

be its characteristic polynomial, whose roots are ordered by increasing moduli:
lz1] <o <zl

To examine the properties of this method when used on problem (3), we need to
generalize the result of Theorem 1. To do this, we start analyzing the application of
the method to the following problem:

y' =Dy, telto,T], y(to)=yo,
where the vector y €™, and

Al

Jy = ) . (14)

A

mxXm

Let h = (T —t9)/(N + k2 — 1) be the used stepsize. Then, for each root z; = z;(h\),
j=1,---,k, of polynomial (13), we define the matrix:

) hm—lzj (m—1)
5(0) b0 e
Sj = Zj(hJA) = . (15)
hzj(q)
Zj (q) mxm

Then, the following result holds true.

Lemma 1. Let the method (5) satisfy the hypotheses of Theorem 1. Moreover,
suppose the roots of w(z, hA) to be simple. Then the discrete solution provided by the
method behaves, for n and N —n large, as:

yn = Sty (yo +d(n, N, h))) + g(n, N, h). (16)

The quantities d(n, N, h) and g(n, N, h) are defined as follows:
L. d(n, N, k) = O(h?), g(n, N, h) = O(h")(O(|zk, 1|") + O, 111" )),
in the case where zy, s the principal root of the method and the additional con-
ditions have at least O(hP) accuracy;
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2. d(n7N’ h) =v+ O(‘Zk1/zk1+1’N_n) + O(’Zk1+1|_N)’ g(n’ N, h) = O(|Zk1—1’n) +
O(|2,+1|"=N), with the vector v depending only on the initial conditions, other-
wise.

Proof. In the following, we shall denote as case 1) the case where 2y, is the principal
root of the method and the additional conditions have at least O(hP) accuracy.

Since we have assumed the roots {z;} to be simple, it follows that the matrices
{S1,---, 5.} constitute a complete set of solvents!'®! for the matrix polynomial

p(2) I — hJyo(2).

Then, the discrete solution provided by the method (5) can be written as:
k
Yn = Z S}'lcjy
j=1

where the vectors {c;} are determined by fixing the values

Yo, Y1, Yk —1,YN, " 5 YN+ko—1

of the discrete solution. This can be recast in matrix form as follows:

Cky Yo
M C; = yi s
Cr Yr

where:
1 Ck1+1 n YN
C; = y Cf = y Yi= y Yf— )
Cki—1 Ck Yk1—1 YN+ko—1
and
Im El _, B}
M= | Wi, 1Sk, Ug,—1Di Vi, 1Dy |,
WkQSk‘l Uk2DZ Vk2Df
I,
1
Sk?l .
W] - . 9 E] - : ® Imv
N 1/ .
-1 1
st i
I, I,
S
S1 Shki—1 !
Uj = . 9 DZ = 9

j—1 j—1
Sl - Sk1—1
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I, - I,
Ski+1 Sk S
V_rj - 1.+ ) Df =
1 1 k
Sil—l-l S]i

After some calculations, one finds that

(Im + EE, _\By'"Wi,1Se, + FH)  (FBy—El _)Bi!

M= BTYC G H — Wi, _15,) BrYI;+ C G 'ByBY)
-G~ 'H ~G~'ByB; !
where:
I = Ity -1 ® I,

By = Uy,—1D; — Wy, 184, E{L 4,
By = Uy, DY — Wi, SNEL
C = Vi,—1Dy — Wi, —1Sk, EL,
G = Vi,DY — Wi, Sy, Ef, — B2By'C
= (Viy + O(Jziy 417 ™)) DY,
F = (By, - B, 1By O)G™!
= (B, — Ef, 1By C)D N (Vi + 0|2k, 12| ~M)) 7,
H =Wy, S — BoBy "Wy, _1 Sk, .

Moreover, by denoting with

Ez(h) =Y — Wkl—lsk1y07 Ef(h) = Yf - Wkl—lsljg\lfy07

one has that

(h) =
&ih) O(1), otherwise,

This allows us to derive the unknown vectors {c;} as follows:
¢k, = Yo + By, 1By '&(h) + F(B2By '€,(h) — €5(h)

241

-Blcg!
G—l

O(h?), in case 1), (h) = O(hP), in case 1),
A O(z1, V), otherwise.

{ Yo + O(hP), in case 1),

Yo + v+ 02k, /20y 111NY) + O(|2ky 1117Y), otherwise,

where the vector v = E,Zﬂllel_ L¢.(h) depends, obviously, only on the initial conditions.

Similarly, we obtain:
ci = BT (I + CG™ By By Yg (h) — CG~Ye4(h))

| O(RF), in case 1),
1 0(1), otherwise,

Y
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and, finally,
1 1 D;NO(hp), in case 1),
of = G (&;(h) — BBy €,(h) = { DINO() + Ofaw M), othervise
From the above relations, one finally obtains:

Yn = Sk cry, + Dj'ci + Dfcy
Sty (o + O(hP)) + O(RP)O(| 2, —1 ")+

O(WP)O(| 2y 41[" ), in case 1),
Sp (yo + v+ O(zky [ 2k 411V ™) + O(|2iy 411~ V))+
Oz -1]™) + O(|ziy 11" 7), otherwise.

Observe that when m = 1, we obtain the result of Theorem 1. Moreover, we observe
that from (16) one has that the discrete solution is now essentially generated by the
matrix Si,. This matrix will be called generating matriz, in analogy with the scalar
case.

We now apply the result of the previous lemma to the adjoint equation:

y =—Jly, telt,T],  ylto) = o,

where Jy is given by (14). The following result holds true.

Lemma 2. Let method (5) satisfy the hypotheses of Theorem 1, with ki = v
and ko = v — 1. Moreover, let the roots of the polynomial 7w(z, h\) be simple, and the
polynomials p(z) and o(z) satisfy the following requirements:

p(z) = —p(=7Y), o(2) = o). (17)

Then, the generating matriz of the method is given by S, T, where S, is given by (15),
with j = v.

Proof. First of all, we observe that if the polynomials p(z) and o(z) of the method
satisfy relation (17), then

m(&,q) == p&) —qo(§) =0 iff w(¢, —q)=p() +qo(¢h) =0.

It follows that if £(q) is one of the roots, then one has:

&—q) =& (18)

Moreover, method (5) satisfies the hypotheses of Lemma 1. Then, by using arguments
similar to those used in the proof of that Lemma, we have that the generating matrix
needs to be z,(—hJy)T. The thesis then completes by observing that from (18) one has

2 (—hI)T =2, ()T =S, T.

Let us now consider the application of method (5), used with (ki, k2)-boundary
conditions, to problem (3). If the symmetric matrix S is real and nonsingular, then, by
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using arguments similar to those used in [16], it is possible to find a (generally complex)
matrix V such that

Iy
T -1 4T Ix,
VidomV = Joy, V7 J5,SV = JT =A, (19)
~JL
_Jr
where £, - -+, £\, are the eigenvalues (not necessarily distinct) of JI, S, and
A1
Jy, = c ,i=1m
)\'L mi Xmg
Moreover, for i = 1,---,r, let . '
EUESHEEY (20)
be the roots of the polynomial
m(2,¢;) = p(2) — ¢io(2), ¢ = hi,
and . '
EUESHESEY (21)
those of

m(2,—¢) = p(z) + qio(2).
If method (5) satisfies the hypotheses of Theorem 2 and moreover for all i = 1,---,7:

a) the roots {z](i)} and {éj(z)} are all simple, and

| { 23 < 122 < 12800, 1D <1< 29,
2D < < gD, 1B << 5P,

then the discrete solution is given by
Yn = Zn(yﬂ + d(n, N, h)) + g(n, N, h)
In the above expression,

(7
hJ A
) . vl =vav
Zkl (—hJ)\l)

20 (~hdy,)T

r
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and, by denoting with
n = mind 22, | 15804 13, ¢ = max{l=) ], 501} = mas{ 20 /2401 20 /20, 13

L d(n, N,k) = O(kP), g(n, N,h) = O(R)(O(C™) + O™™))
if all the roots {Z;Efl)} and {z,E}f } are principal roots (i.e. z](:l) = M 4 O(RPH)

and 73,(;1) = e 4 O(hPtY), for all i = 1,---,7) and, moreover, the additional
conditions are at least O(hP) accurate;

2. d(’I’L, N, h) =v+ O(HN_n) + O(U_N), g(n, N, h) = O(Cn) + O(UH_N),

where the vector v depends only on the initial conditions, otherwise.

This can be proved by using the result of Lemma 1 on each subproblem of the
transformed equation
Jy=Ay, §=Vly
Concerning the previous requirements a) and b), we can say that they are fulfilled

almost everywhere. In fact, concerning requirement a), if £ is a multiple root of the
polynomial p(z) — go(z), then we have:

p(&) —qo(&) = p'(2) — qo'(q) = 0,

that is,
&) P

a(€)  o'(€)

It follows that multiple roots may occur only in correspondence of the (at most) 2k — 1

roots of the polynomial:
p(2)0'(2) - p(2)o(2).

On the other hand, concerning requirement b), it is possible to show that roots of equal
modulus may occur at most over a set of zero measure, in the ¢g-plane. Moreover, this
set does not contain the origin, if the hypotheses of Theorem 2 are satisfied, as we have
assumed.

Then, we may say that the numerical solution originated by method (5) is essentially
generated by the matrix Z defined in (22). This justifies the following definition.

Definition 3. The method (5) is “essentially” symplectic if Z is a symplectic
matrix and, moreover,

7'sz =8, (23)

thus giving that the quadratic form (2) is “essentially” preserved by the discrete solu-
tion.
Moreover, in this case also the quantity

e(h) = max [H(y(tn)) — H(yn)| (24)
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essentially depends only on the stepsize h, and not on the number of the mesh points,
that is, on the length of the interval of integration T' — tp. In particular, it follows
that, for essentially symplectic methods, e(h) is always O(hP), if all the zeros {z,(jl)}

and {2,(;1)} are principal roots and the values (6) have at least O(h?) accuracy.

Let us then concentrate ourselves on the conditions which allow to obtain a matrix
Z which is symplectic and satisfies equation (23). The following result holds true.

Theorem 4. Let the method (5) satisfy the hypotheses of Lemma 2. Then the
method is essentially symplectic.

Proof. Obviously, the matrix Z needs to be real, if the original problem is real.
We start showing that

ZY JomZ = Jom,.

Since in equation (22) we already have that V7'.Jy,,V = V=" Jy,, V1 = Jo,, it suffices
to show that ZL Js,Z = Jopm,.
Since k1 = v = ko + 1, from Lemma 2 it follows that for all ¢ = 1,---,r, one has:
640 = A0(—hx) = 20 () = (),

v

so that .
0 (=hdy) = (Z0(h)))
Then, from (22) one has:

z,(,l)(hJM)

2 ()

N
I

t

=

(2o (R )"

(= (hdy )"

It is an easy matter to verify that:
ZT JomZ = Jom.

It remains to show that
zT'sz = 5.

From (19) and (22) one has:
V(p(Z) — hAc(2))VL = p(Z) — hJL So(Z) = O.

Moreover, since we have assumed the method to be irreducible, p(z) and o(z) do not
have common factors. It follows that the matrix o(Z) must be nonsingular, thus giving:

S = bTmp(Z)U(Z)_I.
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By using this relation, and the fact that Z is symplectic, one finally obtains:

m _ 1 -
ARV ZTJQT,O(Z)G(Z) 17z = ZTngZEp(Z)J(Z) L
Jom _
= 2TP(Z)U(Z) t=s.

5. Essentially Symplectic BVMs

In this section, we introduce three families of essentially symplectic BVMs. Common
features to all these methods are the following!®:
1. they are consistent and irreducible;

2. the corresponding characteristic polynomials p(z) and o(z) satisfy (17);
3. they have an odd number of steps: k = 2v — 1;

4. they must be used with (v, v —1)-boundary conditions, and satisfy the hypotheses
of Theorem 2;

5. for all of them, the region of (v, — 1)-Absolute stability coincides with the left
half of the complex plane, T, so that they are A, ,_1-stable;

6. they can be used for approximating both initial and boundary value problems [9].

Let us briefly examine these three families of methods.

5.1. Extended Trapezoidal Rules
The Extended Trapezoidal Rules (ETRs)! have the following form:

v—1

Yn — Yn—-1 = h Z ﬂi-’-llfn-‘ri; V= 17 27 o (25)
1=—v
The coefficients {f3;} are uniquely determined by imposing that the method has the
highest possible order, that is p = k + 1 = 2v. It is possible to prove that these
coefficients are symmetric8:

/B’Z:52V—1—i7 Z.207"'72V_17

so that the symmetry requirements (17) are satisfied. Scheme (25) is used with (v, v—1)-
boundary conditions. It follows that if it is used for n = v, ---, N — 1, then the following
additional equations can be considered for the additional conditions:

2v-2
yT_yT—lzh25i,Tfi7 7’:1,"',V—1, (26)
=0
and
2v—2
Yr—Yr1=h Y BirfN-vii, T=N,- N+v-—2, (27)

1=0
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In each case, the coefficients {f3;,} are uniquely determined by imposing the corre-
sponding formula to have order k = 2v — 1 9.

Example 1.

When v = 1, formula (25) reduces to the usual trapezoidal rule, which is the simplest
ETR and does not need additional equations.

For v = 2, we get the ETR of order four:

h
Yn — Yn—-1 = ﬂ( - fn+1 + 13fn + 1?’fn—l - fn—2)a n = 25 o '7N -1

It can be used with the following two additional equations:

h
y1 — Yo = —(— fa+8f1+5f),

12(
and "
YN —YnN-1 = E(5fN +8fN-1— fn-2).
For v = 2, we obtain the ETR of order six:

h
Yn—Yn—1 = @(11fn+2_93fn+1+802fn+802fn—1_93fn—2+11fn—3)7 n = 37 T 7N_1-

It can be used with the following four additional equations:

h
Y1 — Yo = ﬁo( —19f4 + 106 f3 — 264 f> + 646 f1 + 251 fp),

h
Y2 — Yy = ﬁo(llﬁl — 74f3 + 456f2 + 346f1 — 19f0),

h
YN —YN-1 = ﬁo( —19fN41 + 346 fn +456 fn—1 — T4 fn—2 + 11 fN_3),

YN+1 — YN = %(251]0N+1 +646fn —264fn_1 +106fn_2 —19fn_3).
5.2. Extended Trapezoidal Rules of second kind
ETRs can be regarded as generalizations of the basic trapezoidal rule which pre-
serve the structure of the first characteristic polynomial p(z). Similarly, we may obtain
a new class of methods which preserve the structure of the second characteristic poly-
nomial, o(z), of the trapezoidal rule. The following methods, which we call Extended
Trapezoidal Rules of second kind (ETRss), are then obtained:

v—1 h
Z QitvYn+i = §(fn + fn-1)- (28)
i=—v
As in the case of ETRs, the coefficients {a;} are uniquely determined by imposing that
the method has the highest possible order, that is p = k + 1 = 2v. It is possible to

prove that these coefficients are skew-symmetricl®:

p = —O2py—1—i, Z‘:()7'”721/_17



248 L. BRUGNANO

so that the symmetry requirements (17) are satisfied for these methods. Formula (28) is
used with (v, v—1)-boundary conditions. It follows that if we use it forn =v,---, N—1,
then the following additional equations can be considered for the additional conditions:

2v—1 h
Z O rlYi = E(fr —|—fr,1), r=1,---,v—1L
i=0

and
2v—1

Z O‘i,rnyufl+i:g(fr+fol)a T’:N,'--,N—FZ/—Q.
i=0
The coefficients {c;,} are uniquely determined by imposing the corresponding formula
to have order k.

Example 2.

When v = 1, from formula (28) we find again the trapezoidal rule, which also is the
simplest ETRos.

For v = 2 we obtain the following fourth order ETRa:

1 h
E(yn+1 +9Yn — Wn-1 — Yn—2) = §(fn + fo-1), n=2,-- N—1
In this case, the two required additional equations can be chosen as follows:

1 h
ﬁ(y?) — 3y2 + 15y1 — 13yo) = §(f1 + fo0,)s

1 h
E(l3yN — 15yn—1 4+ 3yn—2 — yn—3) = §(f1v + fn-1,)-

For v = 3 we obtain the sixth order ETRq:
1 h
m( — Ynt2 + 15yn+1 + 80yn - 8Oyn—1 - 15yn—2 + yn—?)) = §(fn + fn—h )

It can be used with the following set of additional equations:

1 h
m(9y5 — 55y + 140y3 — 180y + 235y — 149y) = §(f1 + fo)s

1 h
m( —y5 + 5ys4 + 100y2 — 95y1 — 9yo) = §(f2 + f1),

1 h
m(%NH + 95yn — 100yN—1 — Byn—3 + Yn—41) = §(fN + fn-1),

1 h
m(149yN+1 —235yn + 180yn—1 — 140yn—2 + 55yn—3 — Yyn—4) = §(fN+1 + fn).
5.3. Top Order Methods
The last family of methods we consider is that of Top Order Methods (TOMs).
The name of these methods!8! derives from the fact that the coefficients of the generic

k-step (k = 2v — 1) method in this class

v—1 v—1
Z QjtvYn+i = h Z ﬁi-ﬁ-ufn-i—ia (29)

1=—v i=—v
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are determined so that the order p = 2k = 4v — 2 is obtained, which is the maximum
order reachable by a k-step LMM.

Formula (29) is used with (v,v — 1)-boundary conditions. It follows that if we use
it for n =v,---, N — 1, then suitable methods of order 2k — 1 must be used to obtain
the required 2v — 2 additional equations (for more details®?]).

Example 3.

When v = 1, from formula (29) we reobtain the trapezoidal rule, which is the
simplest TOM.

For v = 2, we obtain the sixth order TOM:

1 h
@(11yn+1 + 27yn - 27yn—l - 1lyn—2) = ?O(fn-i-l + 9fn + 9fn—1 + fn—2)7

which, if used for n = 2,---, N — 1, requires two additional equations. These can be
chosen as follows:

1 h
—(52y3 + 81ys — 108y; — 25y0) =

510 %(2f3+27f2+36f1 +5fo),

and

1 h
m(%ij +108yn—1 — 8lyn—2 — 52yn—3) = 70(5fN +36fn-1+27fnN_2+2fn_3).
These equations are obtained by two methods of order five.

5.4. Nonlinear Problems

We have seen that essentially symplectic LMMs exist for linear Hamiltonian sys-
tems. However, in general we can not state that they also have the same properties
when used on nonlinear problems. Nevertheless, even in this case something can be
said. In fact, suppose that

y' = f(y)
is a given nonlinear autonomous Hamiltonian system, and to use a k-step essentially
symplectic integrator to approximate its solution. We obtain:

P(E)yn — ho(E)f(yn) = 0, (30)

where the polynomials p(z) and o(z) satisfy the hypotheses of Theorem 4. In this case,
it is known [10] that the one-leg twin:

P(E)yn — hf(o(E)yn) =0, (31)
defines a symplectic map with respect to the matrix
M & J2m7

where M is a k x k matrix which depends only on the coefficients of the method.
Moreover, from equation (31), the following set of equations are readily obtained:

ﬂi(p(E)yn—I—i - hf(U(E)yn+z)) =0, ©=0,---,k,
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where the {f;} are, as usual, the coefficients of the polynomial o(z). Suppose to use
the scaling o(1) = 1. Then, by calling
Un = U(E)yna
it follows that
P(E)Gn — ho(E) f(in) = 0,

that is the new “averaged” variable ¢, satisfies equation (30). It follows that we can
expect method (30) to share many of the properties of its one-leg twin (31). Moreover,
its order is in general higher.

6. Numerical Examples

Let us consider the following linear Hamiltonian problem:

y’=<_01 100>y, y(0)=<;)- (32)

The Hamiltonian function is:

1 ,/1 0

In the following Table 1, we report the computed values of e(h) (see [24]). We want
to stress that this maximum value essentially depends only on the stepsize h used to
obtain the mesh, rather than on the number of mesh points, as we said in Section
4. The labels ETR4 and ETR24 denote the fourth order ETR and the corresponding
formula of second kind, respectively. Finally, TOMG6 denotes the sixth order TOM.

Table 1 Numerical results relative to problem (32)

ETR4 ETR-4 TOMG6
h e(h) rate e(h) rate e(h) rate
0.1 3.360e-2 - 2.970e-2 - 6.705e-04 -
0.05 2.127e-3 | 3.98 | 1.919e-3 | 3.95 | 1.162e-05 | 5.85

0.025 1.333e-4 | 3.99 | 1.209e-4 | 3.99 | 1.861e-07 | 5.96
0.0125 8.339¢-6 | 4.00 | 7.571e-6 | 4.00 | 2.926e-09 | 5.99
0.00625 | 5.213e-7 | 4.00 | 4.734e-7 | 4.00 | 4.581e-11 | 6.00

Consider now the following Hamiltonian system!22!:

()=o) w- ()

whose Hamiltonian is given by H(y) = cos(y1) + cos(y2). Again, we found that the
value of e(h) essentially depends only on the stepsize h, and not on the number of the
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mesh points, that is on the width of the interval of integration. The obtained values
for this quantity are reported in Table 2, for the same methods previously considered.

Table 2 Numerical results relative to problem (33)

ETR4 ETR-24 TOMG6
h e(h) rate e(h) rate e(h) rate
0.1 4.153e-6 7.557e-6 1.598e-08

0.05 2.602e-7 | 4.00 | 4.729e-7 | 4.00 | 3.469e-10 | 5.53
0.025 1.627e-8 | 4.00 | 2.956e-8 | 4.00 | 5.884e-12 | 5.88
0.0125 | 1.017e-9 | 4.00 | 1.848e-9 | 4.00 | 9.415e-14 | 5.97

Finally, we consider the two-body problem'4

Y1 —y3/p 1

/ yé —3/4/P 2 2,3 1
yi=17= , p=(y3s +y1)2, te[0,10], y(0)= (34)

Y3 Y1 1

i Yo 1

In this case, the angular momentum

M(y) = y2y3 — Y1Ya

is preserved, along with the Hamiltonian:

1

H(y) = 5(ui +y3) -

1
N

The initial value of the angular momentum, M (y(0)) = 0, is preserved up to machine
precision for all the considered methods. Concerning the Hamiltonian, the computed
values for e(h) are reported in Table 3.

Table 3 Numerical results relative to problem (34)

ETR4 ETR24 TOM6
h e(h) rate e(h) rate e(h) rate
0.1 5.271e-5 - 8.505e-5 - 3.800e-06 -

0.05 4.172e-6 | 3.66 | 7.088e-6 | 3.58 | 1.026e-07 | 5.21
0.025 2.960e-7 | 3.82 | 5.189e-7 | 3.77 | 2.166e-09 | 5.57
0.0125 | 1.976e-8 | 3.90 | 3.525e-8 | 3.88 | 3.963e-11 | 5.77
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