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Abstract

This paper presents an approach to determine what kind of canonical Hamiltonian
system is integrable and what is nonintegrable. Examples are analyzed to show inte-
grability and nonintegrability. In particular, some new integrable Hamiltonian systems
are found and the remarkable peakon dynamical system is a reduction.

1 Introduction

The Liouville-Arnold theory has been playing a very important role in the investigation
of finite-dimensional integrable system [1]. A motivation for studying integrable systems
has been brought by the discovery of soliton equations [5]. New techniques, such as the
Lax pair [6] and the spectral curve method [4] etc, were successively involved in soliton
theory. For a given Hamiltonian it is usually very difficult to verify whether it is integrable
or even to check whether it has additional integrals of motion apart from those simply
related to the geometrical symmetries of the potential. The Lax representation is quite an
effective way to show the integrability. But, how do we find a Lax pair for a given finite
dimensional Hamiltonian system? Calogero [2] proposed a general scheme equation with
three different functions to be determined for many-body problem on the line. More details
of three different functions g(x), a(z),y(z) are in Eq. (2.8) or on page 137 of Calogero’s
book [2].
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In this paper we simplify the Calogero equation (2.8) and reduce it to one single equa-
tion (see Eq. (3.18)) only containing a function «(x) to be determined, and meanwhile the
other two g(z),y(x) are able to be expressed in terms of the function a(x). In the paper
we provide a procedure to determine what kind of function g(x) is appropriate and what is
inappropriate. Several examples are analyzed to show integrability and nonintegrability. In
particular, some new integrable Hamiltonian systems are found and the remarkable peakon
dynamical system is a reduction.

2 Preliminaries

Let us start from the following two N x N matrices:

N

L = Y LijE;, 2.1)
ij=1
N

M = ) M;Ey, (2.2)
ij=1

where { £;;} is the matrix basis, i.e. (Fjj)i = dixdji, ¢, 7,k,1=1,...,N,and

Ly = pipjolai — qj), (2.3)
My = /pirjy(¢ — 45), (2.4)

where « and v are two functions to be determined.
Calogero [2] proved that the Lax equation

L=[M,L] (2.5)

is equivalent to the following canonical Hamiltonian equation

e =52 =2 piglai — qp),
(H): § %oy — TN (2.6)
Pi = =34 = —2pi 2_5-1 139" (4 — @),
N
with H =Y ppjg(a —q), (2.7)
i,j=1

if and only if the even function g(x), together with other two functions «(x), v (), satisfies

20/ (x +y)lg(x) — g(y)] — alz +y)[g'(x) — ¢'(y)]
= a(r)y(y) —a(y)y(z), Vo, y € R, (2.8)

where the superscripts denote the corresponding function’s derivative with respect to the
argument. Eq. (2.8) actually comes from the Ref. [2] (see page 137, equation (***)).

Definition 1 The function g(x) is said to be appropriate for the finite-dimensional inte-
grable system (2.6) if there exist two functions o(x), v(x) such that Eq. (2.8) holds (i.e. the
Lax equation (2.5) is equivalent to the Hamiltonian equation (2.6)). Otherwise, the function
g(x) is said to be inappropriate.



A Note On Nonlinear Integrable Hamiltonian Systems 173

Based on the functional equation (2.8), we shall concretely discuss what kind of the
function g(x) is appropriate or inappropriate. We will construct a governing equation of
a(x), which is available to express g(x) in terms of o(z) and as well as easy to make g(z)
appropriate or inappropriate.

3 A General Formula for o(x)

Since Eq. (2.8) holds for any =, y € R, let us first choose y = —=z. Then Eq. (2.8) reads

2009/ () = a(—2)y(z) — alw)y(~a), (3.9)

where g = «(0). However, setting y = 0 yields

2/ (z)[g(x) — go] — a(x)[g(z) + ] —agy(z), (3.10)
20/ (—2)[g(x) — go] + a(—2)[¢'(z) — 7] = —aoy(—2), (3.11)

which implies

2[c/(x) + o' (—x)][g(x) — go] + [a(—2) — a(x)]g'(z) — yola(z) + a(—)]
= —agly(z) +y(-2)], (3.12)

and
odg'(@) = (9(@)  90) (alw)e/(~2) — a(-2)a'(@)) + a(z)a(-2)g (),  (3.13)
where 7o = v(0), go = ¢(0). Solving Eq. (3.13) yields the relation between g(z) and ()
g(x) = ca(x)a(—z) — cad + go, (3.14)

where ¢ is a non-zero constant and thereafter all ¢’s in the examples are non-zero constants.

To get (z) in terms of ov(), let us take y = x + €Az and the derivative £ |, inboth
sides of Eq. (2.8). Then we have
—20/(2x)g'(x) + a(22)g"(x) = a(z)y'(z) — o/ (z)y(2),
ie.
d g'(x) _ oP(x) dy(z)
dr a(2z)  o?(2x) dra(z)’
The integration of this equality directly leads to a relation between ~(z) and a(x)
v(x) = ca(z)l(a(x), a(22)), (3.15)
2 / _2) — H_ )\
I(a(z),a(2z)) = / 0;2((2;;) (O‘ (z)o 2(2;)‘(”3)0‘ ( x)) dr,  (3.16)

where ’ is derivatives with respect to x. Substituting Egs. (3.14) and (3.15) into Eq. (2.8)
gives the following equation:

1 _ 1y (@)
Q(A(ﬂfvy) —A(y,z)) = 27(@ - m) (3.17)
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So, we obtain an equation only interfering «(x):

A(z,y) — Ay, z) = T(a(y), a(2y)) - T(a(z), a(27)), Va,y, (3.18)

where

20/(z + y)a(—r)a(z) — afz + y)(/(w)a(-2) — o (~x)a(z))

Al y) = a@)aly)

(3.19)

Therefore, we have the following theorem.

Theorem 1 [f the Lax equation (2.5) has the Hamiltonian canonical form (2.6) with an
even function g(—x) = g(x), then a(x) satisfies Eq. (3.18). In addition, g(x) and ~y(x) are
given in terms of o(x) by Egs. (3.14) and (3.15), respectively.

This theorem is telling us that the key problem in solving Calogero’s equation (2.8) is
to find the solution «(x) of equation (3.18). Let us give some examples as follows.

Examples
1. Choosing a(x) = Asin gz (A, a are two constants, and apparently (z) is an odd
function) yields
cA?
g(z) = Acosax + p, A\=———, u=go— A. (3.20)

2
By Egs. (3.16) and (3.15), we take y(z) = 0. Because this «(x) satisfies
A(x7 y) - A(ya aj)a vz, y,
the function g(x) = A cosax + u is appropriate for the Lax equation (2.5).
2. Choosing a(x) = A sgn(z)sin§x (A, a are two constants, and a(—z) = «a(x))
yields
cA?
g(x) = Acosax + u, )\:—T, H=go— A\ (3.21)
By Eqgs. (3.16) and (3.15), we have
INa(z),a(22)) = d, d= constant,
v(x) = Ba(zx), B=cd.

Additionally, a(z) satisfies
Az, y) = Aly, x), Y, y.

Thus, in this example g(z) = A cosax +  is again proved to be appropriate.

The above two examples have same g(z), but different «(«) and (). This illustrates
that the Lax representation is not unique. Such g () is a main example of Calogero’s
book [2].
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3. Choosing a(z) = 2™, n € R, we get

D(a(z),a(2z)) = n(-=1)"2" g1
n—lwnil(x + y)nil

Alz,y) = 2n(-1) =

)

which imply that Eq. (3.18) holds iff
n=1.
Thus, o(z) = z, y(x) = —4cx, and
g(x) = —ca® + go.

Therefore, the canonical Hamiltonian system (2.6) with g(z) = —cx? 4 go (¢ # 0, go
are any constants) is a new integrable system. In particular, we take

g(z) =1— 22 (3.22)

as an appropriate function for the Lax equation (2.5). However, the following func-
tion

[ 122 |z <1,
g(z) = { 0, 2] > 1 (3.23)

is not appropriate, because at x = +1 g(x) does not satisfy the equation (2.8).
4. Choosing o(z) = |z|", n € R, we have

2ntlp|z|nlsgn(x), n#1,

constant, n=1,

g1 |z[sgn(z +y) — |z + ylsgn(x)
ly["

[(a(z), a(2z)) = {

Ale,y) = 2nfa]" Mo+

)

which imply that Eq. (3.18) holds only for n = 1 because A(z,y) = A(y,x) and
I(a(z), a(2x)) = T'(a(y), a(2y)) only when n = 1. Therefore the function g(x) =
go + cx? (go and ¢ # 0 are constants) corresponding n = 1 is appropriate (also see
example 3). But when we take n = %, ¢ = —1, and gg = 1, the function

g9(x) =1—|z| (3.24)

is not appropriate. Therefore,

_ 1- |$|> |’1:| < 17
g(z) = { 0, 2] > 1 (3.25)

is not an appropriate function for the Lax equation (2.5).
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5. Choosing ov(z) = e~ 31 (¢ € R is a constant), then we have

INa(x),a(22)) = —a(l+ sgn(x)),
Alw,y) = ae 5D (sgn(a) — sgu(e +)).

which imply

Az, y) — Ay, x) = T(a(y), a(2y)) — D((z), o(22)), Va, y.
Therefore, a(z) = e~ 3%l is a solution of Eq. (3.18). In this case

g(z) = ce g5 —c,
v(@) = —ace 2"lsgn(z),

where ¢ # 0, a, go are constants. So, g(z) = ce~*l 4 gy — ¢ is appropriate,

and the canonical Hamiltonian system (2.6) with g(z) = ce~**l + gy — ¢ (a, go
are any constants) is a new integrable system. In particular, this system includes the
integrable peakon dynamics [3] as a special reduction with ¢ = a = gg = 1 (i.e.

g(x) = eI,

Two natural questions arise here:

1. If g1(x) and g2 () are appropriate, then is their sum function g(z) = g1(z) + g2()
appropriate? If so, what are the conditions for ¢; (z) and ga(z)?

2. If oy (x) and o () along with their corresponding functions 74 () and 2 () satisfy
Eq. (3.17), do their sum functions o(z) = a1 (x) + as(x) and y(z) = v1(x) + v2(x)
still satisfy the equation (3.17)?

Due to the length limit of the paper, we shall discuss the above two problems elsewhere.

4 Conclusion

Here we presented a fairly general construction of finite dimensional completely integrable
Hamiltonian systems associated with the family of metric function g(x). Based on the
above discussions, we conclude

1. All canonical Hamiltonian systems (2.6) corresponding to those appropriate functions
g(x) are integrable.

2. All canonical Hamiltonian systems (2.6) corresponding to those inappropriate func-
tions ¢g(x) are nonintegrable.

Basically, the choice of the metric function g(x) depends on the a(x)’s. The latter
satisfies the nonlinear integro-differential equation (3.18) which is only respect to «(x). An
open problem is how to solve equation (3.18) in general. This is really hard. In this paper,
we provided some special solutions of «(x) and gave some theorems and propositions to
judge whether the metric function g(z) is appropriate or not. We also presented some
examples to show whether g(z) is appropriate. However, the more general solution of
equation (3.18) is still unknown, which we defer to another time.
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