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Abstract: Hamilton—Jacobi (HJ)-theory is an extension of Lagrangian me-
chanics and concerns itself with a directed scarch for a coordinate transfor-
mation in which the equations of motion can be casily integrated. Hamilton
(1838) has developed the method for obtaining the desired transformation
equations by finding a smooth function S called a generating function or
Hamilton’s principal function, which satisfies a certain nonlinear first-order
partial-differential equation (PDE) also known as the Hamilton—Jacobi equa-
tion (HJE).

Unfortunately, the HJE being nonlinear is very difficult to solve; and thus,
except for the case in which the variables in the equation are separable, its
application remains limited. It is thus our aim in this paper to present a new
approach for solving the Hamilton—Jacobi equation for a fairly large class of
Hamiltonian systems and to apply it in particular to the As-Toda lattice.
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Mathematics Subject Classification (2000): 70H20.

1 Introduction to Hamilton—Jacobi Theory

Hamilton—Jacobi (HJ)-theory is an extension of Lagrangian mechanics and concerns itself
with a directed search for a coordinate transformation in which the equations of motion
can be casily integrated. The equations of motion of a given mechanical system can often
be simplified considerably by a suitable transformation of variables such that all the new
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position and momentum coordinates are constants. A particular type of transformation
is chosen in such a way that the new equations of motion retain the same form as in the
former coordinates; such a transformation is called canonical or contact and can greatly
simplify the solution to the equations of motion. Hamilton (1838) has developed the
method for obtaining the desired transformation equations using what is today known as
Hamilton’s principle. It turns out that the required transformation can be obtained by
finding a smooth function S called a generating function or Hamilton’s principal function,
which satisfies a certain nonlinear first-order partial-differential equation (PDE) also
known as the Hamilton—Jacobi equation (HJE).

Unfortunately, the HJE being nonlinear, is very difficult to solve; and thus, it might
appear that little practical advantage has been gained in the application of the HJ-theory.
Nonetheless, under certain conditions, and when the Hamiltonian is independent of time,
it is possible to separate the variables in the HJE, and the solution can then always be
reduced to quadratures. Thus, the HJE becomes a useful computational tool only when
such a separation of variables can be achieved.

The aim of this paper is two-fold. First, to give an overview of the essentials of
Hamilton—Jacobi theory, namely; (i) the Hamiltonian reformulation of the equations of
motion of a mechanical system; and (ii) the Hamiltonian transformation of the equations
of motion. Secondly, to present an approach for solving the HJE for a fairly large class of
Hamiltonian systems in which the variables in the equation may not be separable and/or
the Hamiltonian is not time-independent. We apply the approach to a class of integrable
Hamiltonian systems known as the Toda lattice. Computational results are presented to
show the usefulness of the method.

The rest of the paper in organized as follows. In the remainder of this section, we
introduce notations. In Section 2, we discuss the Hamiltonian formulation of the equa-
tions of motion of a natural mechanical system. Then we discuss Hamiltonian coordinate
transformations and generating functions of the transformations in Section 3. In Sec-
tion 4, we discuss the Hamilton—Jacobi equation which is the central focus of the paper.
In Section 5, we review the Toda lattice as a Hamiltonian system, and discuss the method
of Lax for solving the system. Then in Section 6, we discuss the main results of the paper,
which is a parametrization approach for solving the HJE. We also apply the results to
the As-Toda lattice. Finally, in Section 7, we give conclusions.

Notation The notation is fairly standard except where otherwise stated. Moreover,
R, R™ will denote respectively, the real line and the n-dimensional real vector space,

t € R will denote the time parameter. Let M™, N", ... denote Riemannian manifolds
with dimension n, which are compact. Let TM = (J, 3, TeM, T"M = J,cp ToM

respectively denote the tangent and cotangent bundles of M with dimensions 2n. More-
over, mp; and 7y, will denote the natural projections TM — M and T*"M — M
respectively. SO(n, M) and sl(n, M) will denote the special orthogonal group and the
lie-algebra of the special linear group of matrices over M respectively. A C*°(M) vector-
field is a mapping f: M — TM such that 7o f = I, (the identity on M), and f has
continuously differentiable partial derivatives of arbitrary order. A vector field f also
defines a differential equation (or a dynamic system) z(t) = f(x), x € M, x(ty) = xo.
A differential k-form w¥, k = 1,2,..., at a point x € M is an exterior product of
k-vectors from T, M to Ri.e. w®: T,M x...xT,M (k copies) — R, which is a k-linear
skew-symmetric function of k-vectors on T, M. The space of all smooth k-forms on M
is denoted by QF(M). The F-derivative (Frechet derivative) of a real-valued function
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U: R" — R is defined as any p such that lim ﬁ[U(z +v) —U(z) — (0,v)] = 0, for
v

v—0
%)
any v € R"™. For a smooth function f: R — R, f, = a—i = (aaxflv"' ,%). Further,
let || |1, || - ll2, | - loo: M — R denote respectively, 1, 2, and co norms on M, where
n n

lo(@)lh =D loi(a)l,  llo(a)llz =D lvila)?

7 i=1

and ||v(q)]lc = max;{vi(¢): ¢ = 1,...,n} for any vector v: M, — T,M. Also, if

f:[0,1] = R, then
1 :
(/ |f<s>|p> L 1<p<oo,

17 ($)llz,,

while [ f()||L.. = supeqo 1£(5)].

2 The Hamiltonian Formulation of Mechanics

To review the approach, let the configuration space of the system be defined by a smooth
n-dimensional Riemannian manifold M. If (¢,U) is a coordinate chart, we write ¢ = ¢ =

(q1,--. ,qn) for the local coordinates and ¢; = 68 in the tangent bundle TM|y = TU.
4di
We shall be considering natural mechanical systems which are defined as follows.

Definition 2.1 A Lagrangian mechanical system on a Riemannian manifold is called
natural if the Lagrangian function L: TU x R — R, with U4 C M open, is equal to the
difference between the kinetic energy and the potential energy of the system as

L(qaqvt) = T((an t) - V(qvt)v (21)
where T': U — R is the kinetic energy which is given by the quadratic form
1
T= §<v,v>, veT,U

and V: M x R — R is the potential energy of the system (which may be independent
of time).

For natural mechanical systems, the kinetic energy is a positive-definite symmetric
quadratic form of the generalized velocities,

T(q.4.0) = 5 " W0, 1) (22)

It is further known from Lagrangian mechanics and as can be derived using the D’Alem-
bert’s principle of virtual work or Hamilton’s principle of least action [3,7,8], that the
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motion of a holonomic conservative’ mechanical system satisfies Lagrange’s equations of

motion given by
d (0L oL
— — =0 ,=1,...,n. 2.3
i (5) - Go=0 =t (23)

Then the above equation (2.3) may always be written in the form

q=9(g,4,1), (2.4)

for some function g: TU x R — R".
On the other hand, in the Hamiltonian formulation, we choose to replace all the ¢; by
independent coordinates, p;, in such a way that

OL
P — ~ Z’:].,...7n. 2.5
Pi =5 (2.5)
If we let
pPi = hi(q,q'), 1= 1, .., N, (26)

then the Jacobian of h with respect to ¢, using (2.1), (2.2) and (2.5), is given by ¥(q)
which is positive definite, and hence equation (2.5) can be inverted to yield

q.i:gi(qlw"aqnapla"'7pn7t)7 7;:1,...,717 (27)
for some continuous functions gi,... ,g,. The coordinates ¢ = (q1,¢2,...,¢,)", in this
framework, are referred to as the generalized coordinates and p = (py,pa,...,pn)" are

the generalized momenta. Together, these variables form a new system of coordinates for
the system known as the phase space of the system. If (U, ) where ¢ = (q1,q2,... ,qn)
is a chart on M, then since p;: TU — R, they are elements of T*U, and together with the
q;’s form a system of 2n local coordinates (g1, ... ,qn,p1,--- ,pn), Where p;i(q) € Ty M,
i=1,...,n, for the phase-space.

We now define the Hamiltonian function of the system H: T*M x R — R as the
Legendre transform [3,5] of the Lagrangian function with respect to ¢ by

H(g,p,t)=p"¢— L(q,q,1). (2.8)

Consider now the differential of H with respect to ¢, p and t as

OH\" oH\" ~ OH
dH = — ) d — | dq+ —dt. 2.
(519) p+(3<1) T (29)
. . . . oL
The above expression must be equal to the total differential of H = pg— L for p = 8—
q
aL\" oL\ "
dH =¢q"dp— (5~ ) dg— (=) dt 2.10
g dp ( 3q) q ( 81&) (2.10)

! Holonomic if the constraints on the system are expressible as equality constraints. Conservative if

there exists a time-dependent potential.
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Thus, in view of the independent nature of the coordinates, we obtain a set of three
relationships:
. OH oL OH oL OH
(=—7—, —=—F7, and —=——-.
dp dq dq ot ot

Finally, applying Lagrange’s equation (2.3) together with (2.5) and the preceding results,

d,
one obtains the expression for p. Since we used Lagrange’s equation, ¢ = d—z and p = dit)
The resulting Hamiltonian canonical equations of motion are then given by

dg OH

—_— = t 2.11
o ib@md, (2.11)
dp OH

— =——(q,p,1t). 2.12
7 8q(q p,t) (2.12)

Thus, we have proven the following theorem.

Theorem 2.1 [3] The system of Lagrange’s equations (2.8) is equivalent to the system
of 2n first-order Hamilton’s equations (2.11), (2.12).

In addition, for time-independent conservative systems, H(q, p) has a simple physical
interpretation. From (2.8) and using (2.5), we have

. . TOL .

oT
=T = —T(q,
@ B (q,4,t) + Ulq,t)

=2T(q,q,t) —T(q,q,t) + U(q,t) = T(q,4,t) + Ul(q, 1),

(2.13)

i.e., the total energy of the system. This completes the Hamiltonian formulation of the
equations of motion, and can be seen as an off-shoot of the Lagrangian formulation. It can
also be seen that, while the Lagrangian formulation involves n second-order equations,
the Hamiltonian description sets up a system of 2n first-order equations in terms of the
2n variables p and ¢. This remarkably new system of coordinates gives new insight and
physical meaning to the equations. However, the system of Lagrange’s equations and
Hamilton’s equations are completely equivalent as the above theorem asserts.

Furthermore, because of the symmetry of Hamilton’s equations (2.11), (2.12) and
the even dimension of the system, a new structure emerges on the phase space T*M
of the system. This structure is defined by a nondegenerate closed differential 2-form
w? € Q%(M) which in the above local coordinates is defined as

w?=dpAdg= dei A dg;. (2.14)

i=1

Thus, the pair (T*M,w?) form a symplectic manifold [1,3,11], and together with a C"
Hamiltonian function H: T*M — R define a Hamiltonian mechanical system. With this
notation we have the following representation of a Hamiltonian system.
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Definition 2.2 Let (7*M,w?) be a symplectic manifold and H: T*M — R the
Hamiltonian function. Then the vector field Xy determined by the condition

W (Xpy,Y)=dH(Y) (2.15)

for all vector fields Y, is called the Hamiltonian vector field with energy function H. The
tuple (T*M, w?, Xp) is called a Hamiltonian system.

Remark 2.1 It is important to note that, the nondegeneracy of w? guarantees that
Xy exists, and is a C"~! vector field. Moreover, on a connected symplectic manifold,
any two Hamiltonians for the same vector field Xy have the same differential (2.15), so
differ by a constant only.

We also have the following proposition [1].

Proposition 2.1 Let (q1,... ,qn,P1,--- ,Pn) be canonical coordinates so that w? is
given by (2.14). Then, in these coordinates

OH OH OH OH
Xp=|—, ..., —, —=—, ..., —— | =J-VH
" (8p1 Opn”  Oq &Jn)

(50,

Thus, (q(t),p(t)) is an integral curve of Xp if and only if Hamilton’s equations (2.11),
(2.12) hold.

where

Now suppose that a transformation of coordinates is introduced ¢; — @;, p; — Pi,
i=1,...,n, defined by

a = ¢:(Q, P, 1), (2.16)
pi = ¥i(Q, P, t) (2.17)

such that every Hamiltonian function transforms as

H(Q17"' ydn,P1y - - - 7pn7t)_>K(Ql7"' aQn7P1a"' 7P7‘ut)

in such a way that the new equations of motion retain the same form as in the former
coordinates, i.e.,

iQ 0K

P %(Q,Pﬂf)a (2.18)
dP 0K

i *afq(QJth)- (2.19)

Such a transformation is called canonical or contact and can greatly simplify the solution
to the equation of motion, especially if @), P are selected such that K(-,-,+) is a constant
independent of ) and P. Should this happen, then () and P will also be constants and the
solution to the equations of motion are immediately at hand (given the transformation).
We simply transform back to the original coordinates; under the assumption that the
transformation is univalent and invertible. Hamilton (1838) has developed a method for
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obtaining the desired transformation equations using what is today known as Hamilton’s
principle [3,7,8,10].

3 The Transformation Generating Function

A given Hamiltonian system can often be simplified considerably by a suitable transfor-
mation of variables such that all the new position and momentum coordinates (Q;, P;)
are constants. A particular type of transformation is discussed in this section.

Accordingly, define the Lagrangian function of the system L: TU x R — R as the
Legendre transform [3] of the Hamiltonian function by

L(g,4,t) =p ¢ — H(g,p.?). (3.1)

Then, in the new coordinates, the new Lagrangian function is

L(Q,Q.t) = PTQ — K(Q, P,t). (3.2)

Since both L(-,-,-) and L(-,-, ") are conserved, each must separately satisfy Hamilton’s
principle. However, L(-,-,-) and L(:,-,-) need not be equal in order to satisfy the above
requirement. Indeed we can write [8]

Lig.d.) = L@.Q.0+ 2 (4.0.Q. 1) (33
for some arbitrary function S: X x X x R — R, where X C T*M is open.

The next step is to show that, first, if such a function is known, then the transformation
we seek follows directly. Secondly, that the function can be obtained by solving a certain
partial differential equation.

The generating function S relates the old to the new coordinates via the equation

S— / (L—L)dt = o(q,p, Q, P,1) (3.4)

for some function o: X x X x R — R. Thus, S is a function of 4n+1 variables, and hence
no more than four independent sets of relationships among the dependent coordinates
can exist. Two such relationships expressing the old sets of coordinates in terms of the
new set are given by (2.16), (2.17). Hence only two independent sets of relationships
among the coordinates remain for defining S and no more than two of the four sets of
coordinates may be involved. Therefore, there are four possibilities

Sl :fl(q7Qat)a Sgifg((LP,t), (35)
S3:f3(p7Q7t); 54:f4(p,P,t).
Any one of the above four types of generating functions may be selected, and a transfor-

mation obtained from it. For example, if we consider the generating function S, taking
its differential, we have

=051, =081 08
ds, = > g dq1+; 30, dQi + — = dt. (3.7)
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Again, taking the differential as defined by (3.1), (3.2) (3.3), we have
Sy = pidg - PidQ; + (K — H)dt. (3.8)
i=1 i=1

Finally, using the independence of coordinates, we equate coefficients, and obtain the
desired transformation equations

0%
pi = Tqi(‘ant)
951
o 3.9
P 8Qi(q,Q,t) (3.9)
— aSl ;s
K*H—W(q,Q,t), Z—l,...,n.

Similar derivation can be applied to the remaining three types of generating functions.

4 The Hamilton—Jacobi Equation

In this section, we turn our attention to the last missing link in the Hamiltonian trans-
formation theory; an approach for determining the transformation generating function,
S. There is only one equation available for this purpose

H(g,p,t) + aa—f = K(P,Q,t). (4.1)
However, there are two unknown functions in this equation: S and K. Thus, the best
we can do is to assume a solution for one and then solve for the other. In this regard,
suppose we arbitrarily introduce the condition that K is to be identically zero? Under
this condition, Q and P vanish; resulting in @ = a, and P = (3, constants. The inverse
transformation then yields the motion ¢(a, 8,t), p(a, 8,t) in terms of these constants of
integration, o and (.
Consider now generating functions of the first type. Having forced a solution on K,
we must now solve the partial differential equation (PDE)

S S
H — — = 4.2
(a.500) + 5 =0 (4.2

oS oS
for S, where — = —,..., —
dq (8(11 qn

equation (HJE), and was improved and modified by Jacobi in 1838. For a given func-
tion H(q,p,t), this is a first-order PDE in the unknown function S(g,c«,t) which is
customarily called Hamilton’s principal function. We need a solution for this equation
which depends on n arbitrary constants aq,as, ... ,q, in such a way that the Jacobian

T
> . This equation is known as the Hamilton—Jacobi

determinant of with respect to (wrt) the a; satisfies

qi
928
‘8%6% #0. (4.3)
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The above condition excludes the possibility in which one of the n constants o is additive;
that is, one must have

S(qvaat) #g(qaalva%"' aanflat)"i-arv (44)

A solution S(q,a,t) satisfying (4.3) is called a “complete solution” of the HJE (4.2),
and solving the HJE is equivalent to finding the solutions of the equations of motion
(2.11), (2.12). Conversely, the solution of (4.2) is nothing more than a solution of the
equations (2.11), (2.12) using the method of characteristics [5, 6]. However, it is generally
not simpler to solve (4.2) instead of (2.11), (2.12).

If a complete solution S(q,a,t) of (4.2) is known, then one has

a8

87% = Di, (4.5)
a8 .

Do =—0;, i=1,...,n. (4.6)

Since the condition (4.3) is satisfied, the second algebraic equation above may be solved
for g and the first solved for p(«, 3,t). One thus has a canonical transformation from
(o, B) to (q,p). And it follows from the definition of canonical transformation that the
inverse transformation o = a(q,p,t), 8 = B(q,p,t) also is canonical.

On the other hand, if the Hamiltonian is not explicitly a function of time or is inde-
pendent of time, which arises in many dynamical systems of practical interest, then the
solution to (4.2) can then be formulated in the form

S(q,a,t) = —ht + W(q, «) (4.7)

with h = h(a). Consequently, the use of (4.7) in (4.2) yields the following PDE in W

H<q, %V;/) =h, (4.8)

where h is the energy constant (if the kinetic energy of the system is homogeneous
quadratic, the constant equals the total energy, E). Moreover, since W does not involve
time, the new and the old Hamiltonians are equal, and it follows that K = h. The
function W, known as Hamilton’s characteristic function, thus generates a canonical
transformation in which all the new coordinates are cyclic. Further, one may choose
h = a,, for example, so that

W=W(q,a1,... ,an-1,h) (4.9)
depends on n — 1 additional arbitrary constants besides h. Noting that the Jacobian
determinant of S wrt the n arbitrary coordinates, and the n constants ai,...,a,_1, h
may not vanish, then from (4.5), (4.6) and (4.7), we have the following system

ow

Do =—0;, i=12...,n—1,

ow

— =1t f,, 4.10
=t (10
ow

9
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where the term ¢ — 3, in the preceding equation follows directly from the fact that
the system is autonomous. The above system of equations may be solved for n — 1
components of ¢, say, for ¢i,q2,... ,¢,—1 resulting in

q1 = q1<a1;a27"' 7a’n7h>/617/627"' ;ﬁnflaqn%

q2 = Q2(0!1,0427--- 7anah7ﬁlaﬂ27"' aﬂn—l;qn)a (4 11)

dn—-1 = anl(aho@w o 7an7h751762u"' 76n717qn)7

where the time t is replaced as the parameter ¢,. These equations are then the solution
for the system.

5 The Toda Lattice

The Toda lattice as a Hamiltonian system describes the motion of n particles moving
in a straight line with “exponential interaction” between them. Mathematically, it is
equivalent to a problem in which a single particle moves in R™. Accordingly, let the
positions of the particles at time ¢ (in R) be ¢1(t),... ,qn(t), respectively. We assume
also that each particle has mass 1, and therefore the momentum of the i-th particle at
time ¢ is p; = ¢;. Consequently, the Hamiltonian function for the finite (or non-periodic)
lattice is defined by

n n—1
1
H(q,p) = 3 Zp3 + Z e2(4i—aj+1) (5.1)
Jj=1 Jj=1
Thus the canonical equations for the system are given by
dg; _
dt

dpl 2(aq1 —
— =9 (q1—¢2)
dt ¢ ’

% = —2e26—0+1) 4 92 @1=w) s =92 | p—1,

dp 2
" _ 962(dn-1-0n)
ar

It may be assumed in addition that Z?:l q; = Z?Zl p; = 0, and the coordinates
qi,--- ,qn can be chosen so that this condition is satisfied. While for the periodic lattice
in which the first particle interacts with the last, the Hamiltonian function is defined by

n n—1
~ 1
H(q,p) = 3 Zp? + Z e2(4i—a5+1) + e2(an—a1) (5.3)
j=1 j=1

We may also consider the infinite lattice, in which there are infinitely many particles.
Using the inverse scattering method of solving the initial value problem for the
Korteweg-de Vries equation (KdV) formulated by Lax [13], the solution for the lattice
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can be derived using matrix formalism which led to a simpliﬁcation of the equations of
motion. To introduce this formalism, define the following (n x n) matrices

p1 Qi 0 - 0
Qiz2 p2 Q23 - 0
0 Q@23 p3 - 0
L= . . . . (5.4)
0 0 0 ce Pn—-1 Qn 1,n
0 0 0 - Qun-in
0 Q1,2 0 0 0
—Q1,2 0 Q2,3 0 0
0 —Qus 0 0 0
M= _ ; (5.5)
0 0 0 s 0 Qn—l,n
0 0 0 e 7Qn—1,n 0

where Q;; = e(%=9)  We then have the following proposition [9].

Proposition 5.1 The Hamiltonian system for the non-periodic Toda lattice (5.2)
is equivalent to the Lax equation L = [L, M], where the function L, M take values in
sl(n, R) and [cdot, ] is the Lie bracket operation in sl(n, R).

Using the above matrix formalism, the solution of the Toda system (5.2) can be
derived [9,13].

Theorem 5.1 The solution of the Hamiltonian system for the Toda lattice is given
by L(t) = Ad(exp tV); 'V, where V = L(0) and I represents the identity matriz.

The can explicitly write the solution for the case of n = 2. Letting ¢1 = —¢q, ¢ = q,
p1 = —p and py = p, we have

L:(é ?p), M:(_OQ cg) (5.6)

where Q = ¢~24. The solution of I = [L, M] with

o= (9 4).
so=ufoae (0 )], (0 8)

oxD ¢ 0 v\ _(coshtv sinhtv
PPy 0) 7 \sinhtv coshtv )’

is

Now

and hence,

{expt<0 “)]1_ 1 (Cosh tv smhm>
v 0 I \/sinh2 tv + cosh? tv sinh tv  cosh tv
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Therefore,
Lit) = —, v i <2 sinh tv cosh tv - 1 ) ,
sinh® tv 4+ cosh” tv 1 2sinh tv cosh tv
which means that _
pt) = —v % Q(t) = wshﬁ

Furthermore, if we recall that Q(t) = e~29(®) it follows that

1 v 1 1
t)=—=1 (7):—71 — 1 sh 2ut. .
q(t) og “osh 20 ) og v+ 5 og cosh 2v (5.7)

6 Solving the Hamilton—Jacobi Equation

It is clear from the preceding discussion that the success of the Hamiltonian approach
to mechanics depends heavily on the ability to solve the HJE. Because the prospects of
success are limited by the inadequate state of the mathematical art in solving nonlinear
PDEs. At present, the only technique of general utility is the method of separation of
variables. If the Hamiltonian is explicitly a function of time, then separation of variables
is not readily achieved for the HJE. However, if on the other hand, the Hamiltonian
is not explicitly a function of time or is independent of time, which arises in many
dynamical systems of practical interest, then the HJE (4.2) degenerates to the HJE
(4.8). Nevertheless, solving this resulting HJE still remains a very difficult problem in
general.

In this section we propose a parametrization approach for solving the Hamilton—Jacobi
equation for a fairly large class of Hamiltonian systems, and then apply the approach
to the As-Toda lattice as special cases. To present the approach, let the configuration
space of the class of Hamiltonian systems be a smooth n-dimensional manifold M with
local coordinates ¢ = (g1, ... ,qn), i-€. if (p,U) is a coordinate chart, we write ¢ = ¢ and

G = in the tangent bundle TM|y = TU. Further, let the class of systems under
qi
consideration be represented by Hamiltonian functions H: T*M — R of the form:

H(gp)= 5> 0 +V(a), (61)
i=1

where (p1(q),...,pn(q)) € Ty M, and together with (g1, ... ,¢n) form the 2n symplectic
coordinates for the phase-space T*M of any system in the class, while V: M — R, isthe
potential function which we assume to be nonseparable in the variables ¢;, i =1,... ,n.
The time-independent HJE corresponding to the above Hamiltonian function is given by

£ (2 o

where W: M — R is the Hamilton’s characteristic function for the system.
We then have the following theorem concerning the solution of this HJE.
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Theorem 6.1 Let M be an open subset of R™ which is simply connected and let
q=1(q1,-..,qn) be the coordinates on M. Suppose p, 0;: M — R for i=1,..., L%‘HJ,

0= (6, - ’HL%J)' and i+ R x RU"3*) 5 R are C? functions such that

G 9¢;

50 (r(0).0(0) = 52 6(). @), Virj=1,..m (63)
and
5> pla),6a)) + V(a) = h (6.4)
i=1

is solvable for the functions p, 0. Let

n

wl = Z Gi(p(q),0(q))dgi,

i=1
wl € QPrime(M), and suppose C is a path in M from an initial point qo to an arbitrary
point g € M. Then
(i) w! is closed;
(i) w! is e:cact
(iii) of W(q fw then W satisfies the HJE (6.2).

Proof (i)

n n 8
:225; 0(q))dg; A dgi,

j=11i=1 _*J

which by (6.3) implies dw! = 0; hence, w! is closed.

(ii) Since by (i) w! is closed, by the simple connectedness of M (Poincaré’s lemma [1]),

w! is also exact.

(iii) By (ii) w' is exact, therefore the integral W (g f w! is independent of the

I and

path C. Therefore, W corresponds to a scalar function. Furthermore, dW = w
8W
= (i(p(q),0(q)), and thus substituting in the HJE (6.2) and if (6.4) holds, then W

satrsﬁes the HJE.

In the next corollary we shall construct explicitly the functions (;, ¢ = 1,... ,n, in
the above theorem.

Corollary 6.1 Assume the dimension n of the system is 2, and M, p, 0 are as in
the hypotheses of Theorem 6.1, and that conditions (6.3), (6.4) are solvable for 6 and p.
Also, define the functions (;, i = 1,2, postulated in the theorem by (1(q) = p(q) cosb(q),
C2(q) = p(q)sinb(q). Then, if

w—Z@ g, W= [t

C
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and q: [0,1] — M s a parametrization of C' such that q(0) = qo, q(1) = q, then
(i) W is given by

W(g.0) = [ VT =Viao) [cosb(as)d;(5) +sinbla()(s) ds (65)
0

do
where v = +v/2 and ¢} = qczliS) ;

(ii) W satisfies the HJE (6.2).

Proof (i) If (6.3) is solvable for the function 6, then substituting the functions
Ci(p(q),0(q)), i = 1,2 as defined above in (6.4), we get immediately

plq) = £v2(h =V (q)).
Further, by Theorem 6.1, w' given above is exact, and W = [w'dq is independent of

C
the path C. Therefore, if we parametrize the path C by s, then the above line integral
can be performed coordinate-wise with W given by (6.5) and v = +£+/2.
(ii) follows from Theorem 6.1.

Remark 6.1 The above corollary constructs one explicit parametrization that may be
used. However, because of the number of parameters available in the parametrization
are limited, the above parametrization is only suitable for systems with n = 2. Other
types of parametrizations that are suitable could also be employed.

If however the dimension n of the system is 3, then the following corollary gives a
procedure for solving the HJEs.

Corollary 6.2 Assume the dimension n of the system is 8, and M, p, are as in
the hypotheses of Theorem 6.1. Let (;: RX RxXx R — R, i = 1,2,3, be defined by

Gi(q) = pla)sinb(q) cosp(q), Calg) = plg)sind(q)sinp(q), C3(q) = plg)cosb(g), and
assume (6.3) are solvable for 6 and @, while (6.4) is solvable for p. Then, if

3
W'=Y Glp(a). 0, ¢)dai,
i=1

W = [w', and q: [0,1] — M 1is a parametrization of C' such that q(0) = qo, q(1) = q,
c

then
(i) W is given by

1
W(ah) = [ V= V@) {sind(a(s) cos e(a(s))a; (4

+sin 0(q(s)) sin 0 (q(s))ga(s) + cos H(q(S))qé(S)}d& (6.6)
where v = +/2;
(ii) W satisfies the HIE (6.2).
Proof Proof follows along the same lines as Corollary 6.1.

Remark 6.2 Notice that, the parametrization employed in the above corollary is now
of a spherical nature.
The following theorem gives bounds on the solution W and its derivatives.
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Theorem 6.2 Let N C M be the region in which the solution W of the HJE given
in Corollaries 6.1 and 6.2 exists. Then if C is a path q: [0,1] — N in N parametrized
by s €[0,1] such that q(0) = qo, q(1) = q¢ we have the following bounds on the solution
and its derivatives:

HW (8), 1)l < [V[VEG(8) ] 215
= [V2p(q)/7;

ol
w 2], -

Proof (i) From (6.5) or (6.6),

W (a.h ||msw|z / sup_ |V V()| a}(s) dais)

q(s)eEN

1

< \Wlﬁ/(\qi(S) ds| + lg5(s) ds| + ... + |q,(s) ds])

0

< yIVhla(s)|l .-

(ii) Using the definition of 0W /dqg; given in Corollaries 6.1 and 6.2, we have

1% 2 — 1V30(a) P,

8qi Q_Z

i=1

hence the result.
(iil) Follows by taking the sup over ¢ € M of oW /dq;, i =1,... ,n.
Furthermore, the following proposition gives regularity of the solution.

Proposition 6.1 If the functions p, 8;, i =1,..., L"T'HJ in Theorem 6.1 and Corol-
laries 6.1 and 6.2, n = 1,2, or 3 exist and the HJE (6.2) is solvable for W, then if 0;,
i=1,..., L"T'HJ, are C1, then W is C2%, and consequently if 0;, i =1,..., L"THJ, are
Cr, r>1, then W is C"t1,

Proof From the expressions (6.5), (6.6) for W, we see that p is a smooth function,
since V is smooth. Hence, the differentiability of W depends on the differentiability of the
0;, i = 1,2, or 3. Further, it is clear that, the integration increases the differentiability
of W by 1 over that of the ;, i =1,2, or 3.

We can combine Corollaries 6.1 and 6.2 for any n in the following proposition.

Proposition 6.2 Let M be an open subset of R™ which is stimply connected and let
qo be a fived point in M. Suppose there exists a C' matriz function R: R' — SO(n, R)
for some smooth vector function 6 = (61,...,6;), 6;: M — R, i =1,...,1, and a C*
vector function o(q) = [p(q),-..,p(q)], p: M — R, such that the Jacobian matriz

+-R(0(q))e(q) (6.7)
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is symmetric and

5 (ela)le(a)) + V(@) = . (63)

Let

n

ot = [R(O(a))e(a)]ida;

i=1

and suppose C' is a path from qo to an arbitrary point ¢ € M. Then,

(i) @' is closed;
(i) @' is exact;
(iii) if Wi(q fw then W satisfies the HJE (6.2).

Proof (i)
=ZZ§— )o(a)]sda; A das

which by (6.7) implies that do! = 0; hence, @' is closed.
(ii) Again by simple-connectedness of M, (i) implies (ii).
(iii) By (ii) the integral W (q = [,@' is independent of the path, and W corre-

sponds to a scalar function. Moreover if dW =&t and OW /dq; = [R(6(q))o(q)]i, then
substituting in the HJE (6.2) and if (6.8) holds, then W satisfies the HJE (6.2).

If the HJE (6.2) is solvable, then the dynamics of the system evolves on the n-
dimensional Lagrangian submanifold [1,11] N which is an immersed submanifold of max-
imal dimension, and can be locally parametrized as the graph of the function W, i.e.,

ow
N = {(q, 8(]) : ge NC M, W is a solution of HIE (6.2)}

as described in Section 1. Moreover, for any other solution W’ of the HJE, the volume
enclosed by this surface is invariant. This is stated in the following proposition.

Proposition 6.3 Let N C M be the region in M where the solution W of the HJE
(6.2) exists. Then, for any orientation of M, the volume form of N

is given by

Ww'=(/14+2(h—V(q)))dg Ndqgs ... dg,.
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Proof From the HJE (6.2), we have

1-1-2((?;/) =v1+2(h—-V(q), VgeN
0

n 8W 2
w" = 1+Z(8Q') dql/\.../\dqn:( 1—|—2(h7V(q)>dq1/\.../\dqn
j=1 /

Vqe N.

We now apply the above ideas to solve the HJE for the two-particle As-Toda lattice.
We consider the nonperiodic system described in Section 5.

6.1 Solution of the Hamilton—Jacobi equation for the A;-Toda system

Consider the two-particle nonperiodic Toda system (or Ay system) given by the Hamil-
tonian (5.1)

H(q1,q2,p1,p2) = = (p7 + p3) + 20722, (6.9)

1
2

Then, the HJE corresponding to the system is given by

1 /ow\* oW\ )
- _ - (m—qz): 1
2{(%) +(5e) }+e h. (6.10)

The following proposition gives the solution of the above HJE corresponding to As-Toda
lattice.

Proposition 6.4 Consider the HJE (6.10) corresponding to the As-Toda lattice.
Then a solution to the HJE is given by

/ /

q; a

i . T
W(dq1, g3, he) = Cosz/p(q) dq +msmz/p(q) dq
1 1

— — _ _e—2(b+m—1)

m—1

= (1—|—m){

Vhs

m—1

\/hg —e—2-2(m=1)d; _ \/h; tanh~! [\/hz,e—zbfmfl)q;}
}7 q1 > q2,
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and
4 a4
/A ™ .
W(q1, g5, he) = cos 1 p(q) dg1 + msin 1 0(q) dg1
1 1

— — _ A/ —e—2(b—m+1)
Vhy —e=2(=m+1) — /R tanh™? [%}

m—1

:(l—i—m){

vV h2

m—1

Vg — ¢ BRI /g tanh " [Viame 2]

}7 q2 > q1.
Furthermore, a solution for the system equations (5.2) for the As with the symmetric
initial conditions q1(0) = —q2(0) and ¢1(0) = ¢2(0) =0 is

alt) = — 5 log /I + 5 logleosh 24/Ta( — 1) (6.11)

where ho s the energy and

20
b= oum,; ot <m>

Proof Applying the results of Theorem 6.1 we have

ow ow

9q, ~ Pla)eostle), 5 = plg)sinb(q)

and substituting in the HJE (6.10) we immediately get

pla) = £1/2(hy — 2 -2))
and

P4 (q) c0s 0(q) — b4, p(q) sin 0(q) = pq, (¢) sin6(q) + b4, p(q) cos 0(q). (6.12)

The above equation (6.12) is a first-order PDE in 6 and can be solved by the method
of characteristics [5,6]. However, the geometry of the system allows for a simpler solu-
tion. We make the simplifying assumption that 6 is a constant function. Consequently,
equation (6.12) becomes

Pgs(q) cosl = pg, (¢)sinh = tanf = Paz () =-1=0= —%.

P ()

Thus,

p1 = p(q) cos g, p2 = —p(q) sin g,
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and integrating dW along the straightline path from (1, —1) on the line

+1 5+ 1Y de
L: ¢= 0 1+( +q,2 >d=fmCI1+b
Q1 1 q—1

(this follows from the configuration of the lattice) to some arbitrary point (qi,q5) we
get

! !’
g1 a1

T .o
W(inqlg’hﬁ = COSz/P(Q) dq —|—msmz/,0(61) dq,
1 1
/o —e—2(b+m—1)
/h 2_6—2(b+m 1) \/>tanh 1|: ha—e :|
=1+m { — Vs

Vha

\/the 2b=2(m-1)qi _ /B, tanh™ 1{\/%}
m—1 }

Similarly, if we integrate from point (—1,1) to (q1,4¢5), we get

q; 4
T .o
W(q1,qs, ha) :COSZ/p(q) dq +m8m1/p(q) dq
—1 —1

/h2 _ e_Q(b_7,L+1) _ /h2 tanh_l |: \/ }Lz—(i*;(b—m+l)i|
=1+ m){ T 2
m —

Vha

Vhy — e=20+20-m)d; _ /Iy tanh ™ [W}
m—1 }

Finally, from (2.11) and (6.9), we can write

. ™

41 =p1 = plg)cos (6.13)
. .

G2 =p2 = —plq)sin . (6.14)

Then ¢; +¢2 = 0 which implies that g; +¢2 = k, a constant, and by our choice of initial
conditions, k = 0. Now integrating the above equations from t =0 to ¢t we get

L a1 C)) Y
2\/h2 2h2 2\/}12 2h2
1 1 p(q) 1 —1 p(q(0))
—— tanh! = tanh —t.
ohy oy /iy 2k,
If we let (€(0)
1 1 plg
= tanh™! ,
=g e~ o
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then upon simplification we get

G —q = %log {hz (1 — tanh22m(ﬁ - t))}

= % log [ha sech? 2\/@(ﬁ —1)].

Since k =0, then ¢ = —g2 = —¢, and we get

alt) = — 3 log /iy — 1 loglsech 2/ha (5 — 1)

- _% log \/ha + %log[cosh 2v/ha (3 — t)).

Now, from (6.10) and (6.13), (6.14),

p(a(0)) = 47 (0) + ¢3(0),

and in particular, if ¢;(0) = ¢2(0) = 0, then 8 = 0. Therefore,
1 1
a(t) = —5 log V'ha + 3 log(cosh 2/hat)

which is of the form (5.7) with v = V/h.

Next, we consider a more general solution to the HJE for the As-Toda lattice. We try
to solve the equation (6.12) under the fact that

P1t+p2=a (6.15)

a constant, which follows from (5.2). Then, from the proceeding, the above equation
implies that
p(q) cosb(q) + p(q) sinb(q) = a. (6.16)

Now suppose we seek a solution to (6.12) and (6.16) for 8(g) such that

20(q) _ 00(q)

oq 9q2 ( )
The above condition is satisfied if
0(q1,q2) = f(q1 + q2) (6.18)
for some smooth function f: R — R of one variable, and
00 00
D) _ 99D _ pi(g, 4 q0), (619

oq B 0qz

where f/(-) is the derivative of the function with respect to its argument. Then substi-
tuting in (6.12) and using (6.16), we get

Paz (@) cos f(q1 + q2) — pg, (@) sin f(q1 + q2) = af'(q1 + ¢2) (6.20)
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which after substituting for py, (¢) and pg,(¢) and making the change of variables = =
¢1 + 42, Yy = q1 — g2 becomes

V2e%
Vho — ey

The above equation represents a first-order nonlinear ODE in the function f(z), and can
be integrated in this way

(cos f(x) +sin f(z)) = af'(z). (6.21)

2 2y y /
VW / of(z) d (6.22)
) Vhy — ey ) (cos f(x) + sin f(x))
to yield
V2
=2tan"! [tanh | ———= | + 1 6.23
f(z) an [an (a o + ( )
This implies that
2(q1—q2)
0(q1,q2) = 2tan™" |tanh Vae +1. (6.24)
o/ hy — e2(a1—a2)

We can now obtain W by taking the line integral of pi(q) = p(q)cosf(q) and ps =
p(q)sinf(q) along the straightline path from (1,—1) on the line

! /

+1 4+ 1Y def

L: quqf c]1—<1+q,2 >—emq1+b
¢ —1 ¢ —1

to some arbitrary point (¢}, ¢5) for g1 > ¢2 and from (—1,1) to (¢1,¢5) for g2 > ¢1.
Hence we have

W (g, a,hy) = / [p(q) cos8(q) + mp(q) sin ()] day . (6.25)
L

Using the half-angle formula, we can write

T(q) 4 tan blar) = tanh Vacnt +1 (6.26)
2 a/hy — 20 (1=m)=b ’ '
1177
cos0) = Ty (620
) 2T (q1)
Sin g(ql) = 1+7§'2(q1) (628)

Therefore,

W(g,0,h) = / Vaths = et (1 EER )

a
1—2mT(x) — T?(x)
— _ p22(1—m)—b
= /\/Q(h2 e2a( ) )( T T2(0) dr for ¢ > qo
1
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and

a
1 —2mT(x) — T?(x)
— _ S2z(1—m)—>b
Wi(q,a, hy) = /\/2(h2 e2x(1—m) )( T2 dr for g9 > q.
£1

Unfortunately the above integrals cannot be computed in closed-form.

7 Conclusion

In this paper, we have presented a review of Hamilton—-Jacobi theory and a new approach
for solving the HJE for a fairly large class of Hamiltonian systems in which the variables
may not be separable. The approach can also be extended to the case in which the
Hamiltonian is not time-independent, and relies on finding a parametrization that allows
for the equation to be solved.

The approach has been applied to the As-Toda lattice, and computational results
have been presented to show the usefulness of the method. It has been shown that, for
the two-particle non-periodic As-Toda system, the HJE can be completely integrated
as expected to obtain the characteristic function and subsequently a complete solution
to the equations of motion. The approach can also be applied to a fairly large class of
Hamiltonian systems.
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