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Abstract

We derived a condition under which a coupled system consisting of two finite-dimensional
Hamiltonian systems becomes a Hamiltonian system. In many cases, an industrial system can
be modeled as a coupled system of some subsystems. Although it is known that symplectic
integrators are suitable for discretizing Hamiltonian systems, the composition of Hamiltonian
systems may not be Hamiltonian. In this paper, focusing on a property of Hamiltonian systems,
that is, the conservation of the symplectic form, we provide a condition under which two
Hamiltonian systems coupled with interactions compose a Hamiltonian system.
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1. Introduction

Because many industrial objects are described as cou-
pled systems, it is important to investigate the proper-
ties of systems composed of subsystems that are modeled
separately. For example, in the physical simulation of a
piano, it is necessary to consider a model in which the
parts described by different governing equations, such
as strings, hammers, bridges, and soundboard, are com-
bined by interaction [1]. In general, numerical simula-
tions are necessary to study such systems; however, if
the coupled system under investigation is large and/or
requires a long-term prediction, it may be difficult to
compute numerical solutions with general-purpose nu-
merical methods.

For certain kinds of systems that are difficult to solve
by general-purpose methods, structure-preserving nu-
merical methods have been studied [2]. However, the
overall structure of coupled systems consisting of differ-
ent equations can be complicated due to the differences
in the properties of the individual subsystems and the
effects of the way of coupling. Thus theoretical investiga-
tions of the structures of coupled systems are required.

In this study, we consider coupled systems, especially
those which consist of Hamiltonian systems as their sub-
systems. For Hamiltonian systems, symplectic integra-
tors are known to be efficient [3]. These methods are
based on the conservation of the symplectic form of the
Hamiltonian system and have good properties such as
bounded energy variation and discrete versions of vari-
ous conservation laws. Therefore, if the coupled system is
a Hamiltonian system, the symplectic integrators may be
the best choice. However, even if subsystems are Hamil-
tonian systems, the coupled system may not be Hamilto-
nian. It was shown that a specific coupled Hamiltonian
system composed of the wave equation and the elastic-
ity equation is Hamiltonian [4]. The present study is a
generalization of this result.

2. Hamiltonian systems and the conser-
vation of symplectic forms

A Hamiltonian system is typically defined in the fol-
lowing way.
Definition 1 Let (M, w) be a symplectic manifold. Sup-
pose that a system admits a state variable on M of which
local coordinates are denoted by z(t). If there exists a
function H(z) called Hamiltonian and a skew-symmetric
matriz S(z) corresponding to the symplectic form w such
that the time evolution of z is represented in

dz
T S(2)VH(z), (1)

the system is called a Hamiltonian system.

While the equation (1) is typically employed, the same
equation can be represented in the following coordinate-
free form.

Definition 2 Let (M,w) be a symplectic manifold. If
X, the vector field of the system, satisfies

in =dH

for a function H : M — R and a symplectic form w, the
system is called a Hamiltonian system and X s called a
Hamiltonian vector field, where i x is the interior product
and d is the exterior derivative.

This geometric representation can be used to deter-
mine whether a system is a Hamiltonian system or not.
Definition 3 If a vector field X on a symplectic man-
ifold (M,w) satisfies

Lxw =0, (2)
where Lx is the Lie derivative with respect to X, then
X is said to be symplectic.

Theorem 4 Hamiltonian vector fields satisfy (2), and
if a vector field satisfies (2) then it is at least locally a
Hamiltonian vector field.
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For details, see [5].

3. Symplectic integrators

Symplectic integrators are methods for discretizing
symplectic flows while preserving their properties.

Definition 5 For local coordinates (q1,. - ., Gm,P1,

..yPm) and the standard symplectic form w := dg A
dp1 + - -+ + dgm A dpm, let a vector field X that defines
its flow ¢y satisfy Lxw = 0. Then a discretized ¢y

D~ il
such that
(q§n+1)7"'7q7(q?+1)apgn+1)a"'7p1(q?+1)>—r
- @ (q§n)7"'7q’57?)7p:([n)7'"’pgg))—r
and

dg{" Y Adp{"™t gl A dplt)
=dg{ Adp{™ + -+ dg{™ A dp(
18 called a symplectic integrator.

A numerical solution by a symplectic integrator is con-
sidered to be symplectic in the following sense [2]. The
solution is a sequence of discrete points in space which
can be regarded as points on a solution curve of a certain
Hamiltonian equation defined by the symplectic integra-
tor. If such a curve exists, it is generally different from
the solution ¢; of the original equation, but preserves
the symplectic form.

4. Coupling with interaction terms

In this study, we consider the following coupled Hamil-
tonian systems that consist of Hamiltonian systems Hj
and Hs with interaction terms f; and f:

0H,

oq
a O I O O0\|9%H 0
dilp|_|-I 0 O O 8271_i_f1
dt | a2 O O 0 1 0H> 0
P2 0] 0] —I 0] 87(]2 f2

0H>

Op2

3)
The associated vector field X is also defined as the right-
hand side of (3). Note that ¢1, g2, p1, p2, f1, fo are
not necessarily scalars; they can be vectors. The force
of Newton’s second law of motion can be transformed
as (3) in a form that appears only in the generalized
momentum part.

The specific form of the interaction is problem-specific
and it determines whether the coupled system is a
Hamiltonian system or not. If the system represented by
(3) is transformed into (1), then the system is Hamilto-
nian; however, it is in general difficult to check whether
such a transformation exists. This study provides con-
ditions to determine whether the coupled system is a
Hamiltonian system for a given interaction.

5. Main result

Lemma 6 Let the standard symplectic form w of the
system (3) be w := dg1 Adp1 +dge Adps. The Lie deriva-
tive Lxw of w with respect to X is

Lxw=dfi Adq +df2 Adge.
Proof From the Cartan formula, it holds that
Lxw = d(Zx(UJ)) + ix(dw).

ix(dw) is always zero because w is closed. ix(w) in the
first term of the right-hand side is

() = P da dp2 de
ix(w) = T dg T dp1 + I dgo T dpo
o 8H1 1
= <_8q1 + f1> dg1 — = —=dp1
OH OH.
+ (-2 + f2> dgs — ——2dps
3(]2 apz
and hence
d(ix(w))
OH O0H
=d (—1 +f1> Adgr —d (1) Adpy
8(]1 8]?1
OH OH.
+d (—2+f2> Adgy —d (2) A dps
0q2 Opa
0% H, 0%H, )
= (- dg; — dp; +d Ad
( g 0~ g op fi ¢
0°H, 0%H, )
— d Ad
(8p13q1 ql a2p1 pl pl
0°H, 0°Hy )
———2dgy — =——=-dpy +d Ad
( gy 2~ aga0p, P2 f2 i

0%H, 0%H,
— d d Ad
( a0 g2 + 1y pz) D2
=dfi Adg +df2 Adga,
which proves this lemma.

(QED)

Lemma 6 gives the condition for a coupled system to
preserve the symplectic form.

Theorem 7 If the coupled system referred to in Lemma
6 satisfies

dfi Adgr +dfa Adge =0,
then it preserves the symplectic form w.

Proof It follows immediately from Lemma 6.

(QED)
Remark 1 An important fact seen from Theorem 7 is
that the symplectic form for the coupled system is the
direct sum of the symplectic forms for the subsystems.
This modularity makes it easy to couple additional sub-
systems one after another.

6. Numerical experiments

In this section, we consider a composition of a simple
elastic beam and a spring-mass system. We determine
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Fig. 1. Schematic of the coupled system. It consists of a simple

elastic beam and a mass-spring system, and a point on the beam
and the mass m; are fixed together.

the interaction without considering symplecticity, then
verify it using Theorem 7.

Let the coordinates be as illustrated in Fig. 1. The
equation of the beam is

pAutt = —FEluzzez,
w(0,t) = w(L,t) = gy (0,t) = uge (L, t) =0,

where p is the density, A is the cross-sectional area, E is
the elastic modulus and I is the second moment of area.
We suppose that all these quantities are constants.

We consider a coupled system:

u Elugpp. 0
v v/pA fo(x —b)
g qr | _ —k(g2 — q1) + 0
dt | g2 k(g2 — q1) 0 ’
P1 p1/m1 —f
b2 p2/ma 0
0 1
J— -1 0 0 I 1 0
| o O LI 2 o 1
—I, O
and suppose a corresponding discrete system is given as
Uj; Eldsu; 0
V4 vi/pA F;
d [a¢ —k(q2 — q1) 0
— =J + , 4
dt | g2 k(g2 — q1) 0 )
p1 p1/m1 —f
D2 p2/ma 0
s - Ui+2 — 4’LLZ‘+1 + 6’LL¢ — 4ui_1 + Ui—2
4ui - A.’I;4 )
uo(t) = un, (t) =0, (5)
’U,,l(t) = —U1 (t), ’U,szl(t) = —UNnN, (t) (6)

The discrete boundary conditions (5) and (6) are de-

rived as follows. (5) is understood as discretized u(0,t) =

u(L,t) = 0. (6) is derived from the discrete version of

the boundary condition u,, = 0, e.g., for u.,(0,t) = 0,

U—_1— 2’11,0 —+ uq

Ax?

The boundary condition (6) is obtained by combining
(5) and (7).

The two subsystems are coupled at w,, on the semi-

—0. (7)

discretized beam and ¢; with an interaction vector:
o f/Az  (i=mny)
' 0 (i # np)

Each subsystem is a Hamiltonian system under the
following Hamiltonians:

Ny—1 2
1 0? Uigp1 — 2U; + Uj—1
Hy = - |+ +FEI Az,
! ; 2 (pA * ( Ax? v
2 2
p1 Py k 2
Hs = - - — .
p 2m1+2m2+2(fh q1)

Hence the discrete coupled system is written with these
Hamiltonians:
0Hq
Ou;
0Hg
v
OHg, | T+
8qj
O0Hyp
8pj

o
~
2
o
co o~
oo o
o~ oo
osro ™o

_f-r G=1
i {0 (=2

where 0Hei/(0u;) = Eldqu; and dHe/(dv;) = v;j/(pA)
are essentially the discrete variational derivatives pro-
posed by Furihata and Matsuo [6].

f, the magnitude of the interaction, is determined us-
ing an additional assumption. The coupling of the target
system seems not to include any dissipative component,
therefore we suppose the total energy H := Hy, + He
to be conserved. Note that the total energy H is just a
conserved quantity and not necessarily the Hamiltonian
of the coupled system. The time derivative of the total
energy is

A SH du, SH du,
it _ iA iA
at zi:éui at “Z_: 5o, dt °F

dg; dt dp; dt

— (Y _ PL
_<PA m1>f

Therefore, if p1(t)/m1 = vy, (t)/(pA) holds, the total en-
ergy will be conserved. This sufficient condition is equiv-
alent to

"‘ZGH%‘FZE)H%
J J

1 1
pjvnb(o) - m—lpl(O) =0, (8)
1 duy, 1 dpy B

pA dt t - mp dt (8) =0. )

Substituting (4) into (9), we can determine f:

1 f 1

A (—Eléwnb + Aa:) - E(k(QQ —q)—f)=0
_ pABwm (BI LA

= f_PAAx+m1 (PA54unb+m1(QQ @) )-
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Fig. 2. The displacement of the coupling point.
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Fig. 3. The energy variation of the subsystems and their sum.

Now the entire semi-discretized coupled system is de-
scribed. However, the initial condition (8) and f given
by (9) only guarantee the conservation of the total en-
ergy. In other words, we should check the symplecticity
of the coupled system using Theorem 7.

The relationship between du,,, and dg¢; is obtained by
integrating and taking the exterior derivative of (9):

Un, /(pA) = p1/m1 =0

Un, —q1 = C (C': constant)

du,, —dg; =dC = 0.
Hence the condition of Theorem 7
df Aduy, —df Adgr =0

holds, and the coupled system is symplectic.

We conducted a numerical experiment with the
Stormer—Verlet method under L = 1, N, = 51, b = 0.2,
ny =10, T = 50, N; = 10°, p =10, A=E =1 = 1,
my = mo = 0.1, K = 0.5. The spatial and temporal step
sizes are Az = 2 x 1072, At =5 x 1074, At ¢t = 0, the
displacements of the beam and the coupled mass m, are
set to 0, while g5 is set to —1.0. Since the f has only u,,
q1, and ¢ as its inputs, it is evaluated at the same time
as the gradient of the Hamiltonians.

The results are shown in Figs. 2—4. Fig. 3 shows that
the energy variations from its initial values for the sub-
systems (AHq and AHg,) are complementary to each
other, and the total energy H is conserved.

The symplecticity can be confirmed by the order prop-
erty of the modified Hamiltonian [3] and the Stérmer-
Verlet method. To check the order property of the
method, we conducted additional experiments with dif-
ferent At’s under fixed T' = 500. Fig. 4 shows the results
of At =5 x 107* and At = 2.5 x 10~%. We can see that
the variation of the total energy decreases in proportion
to the square of the time step. This proportionality re-
flects the fact that the method preserves the modified
Hamiltonian in order 1, and that the symplectic inte-
grators are valid for the system.

|AH gl

G0 A A

0 100 200 300 400 500
t

Fig. 4. Variation of the total energy for different time steps.
Halving the time step quarters the energy fluctuation; it shows
the order property of the Sormer-Verlet method.

7. Conclusion

We have proposed a condition under which a coupled
system that consists of two Hamiltonian systems became
locally a Hamiltonian system. This result enables us to
check the applicability of the symplectic integrators to
complicated coupled systems. As shown in Lemma 6, the
underlying symplectic form is the standard one. Hence,
if the coupled systems are shown to be Hamiltonian,
existing symplectic integrators can be applied.

As related work, port-Hamiltonian systems, which are
an extension of Hamiltonian systems, have been stud-
ied [7]. It is known that the composition of a port-
Hamiltonian system is also a port-Hamiltonian system:;
however, port-Hamiltonian systems are formulated by
focusing on the Dirac structure rather than the con-
servation of symplectic forms, and the applicability of
symplectic integrators is not well understood. The avail-
ability of symplectic integrators for such systems should
be investigated in future work.
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