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Abstract

We use symmetry vectors of nonlinear field equations to build alternative
Hamiltonian structures. We construct such structures even for equations which
are usually believed to be non-Hamiltonian such as heat, Burger and potential
Burger equations. We improve on a previous version of the approach using
recursion operators to increase the rank of the Poisson bracket matrices. Cole—
Hopf and Miura-type transformations allow the mapping of these structures
from one equation to another.

PACS numbers: 02.30.Jr, 02.20.-a, 02.30.-f, 03.65.Dd

1. Introduction

The standard way of constructing Hamiltonian theories starts from a Lagrangian by defining
the momenta and the Hamiltonian. The procedure is, of course, well known and may be found
in many textbooks. Nevertheless, it is interesting to attempt the construction of Hamiltonian
structures for systems of differential equations, without recourse to a Lagrangian which may
be either unknown or may even fail to exist, starting from just the equations of motion.
One of us [1,2] devised a general technique for the construction of Hamiltonian structures
using symmetries and constants of motion of dynamical systems (see also [3]). In this paper,
we enrich this technique using in addition to recursion operators Cole-Hopf and Miura-type
transformations in order to raise the rank of the Poisson-bracket operators and to relate the
structures of different nonlinear equations, respectively.
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2. The Hamiltonian structure

Consider a system of nonlinear differential equations
w @, 1= FOLulx?, 1]] ¢))

where the Greek indices label the dependent variables (or fields) while the Latin indices are
used to denote the independent variables and u, = du/dt. The field vector f @ry[x?, 1]
depends implicitly on time, ¢, through the dependent variables.

A Hamiltonian structure for (1) consists of an antisymmetric operator, J = J[x@, x®]
and a Hamiltonian H such that J = J[x®, x®] is the Poisson bracket for the dynamical
variables, which are in general non-canonical

{F.G} = / 8FJSG dx )

where F and G are functional on the field’s variables and § is the variational derivative of the
functionals. Additionally, J [x@, x®7] must be antisymmetric:

(F.6} =-{g. F) 3)
and must satisfy the Jacobi identity
{RAF. G+ {7 {0.R}} +{0.{R.F}} =0 “
and must reproduce, in conjunction with the Hamiltonian H, the dynamical equation (1), i.e.,
/mH=f s)

It has been proved [1,2] that one solution to the problem of finding a Hamiltonian structure for
a given dynamical system is provided by one constant of the motion which may be used as the
Hamiltonian H, and a symmetry vector  which allows for the construction of a Poisson-bracket
operator J. The constant of motion and the symmetry vector satisfy

LiH=0 6)
@ +Lpn=0 )
respectively, where L is the Lie derivative along f. In addition, it is required that the
deformation K of H along n
K=LH 8)
is non-vanishing.
To simplify the notation we use only one dependent variable and one independent
variable. The extension to a larger number of variables is straightforward. The Poisson-

bracket operator J[x, y] is constructed as the antisymmetrized product of the flow vector f[x]
and the ‘normalized’ symmetry vector /K

1
Jlx, yl= E(f[x]n[y] — flylnlxD. 9

The Poisson-bracket matrix constructed thus has rank 2 and is, therefore, singular. Adding
together two Poisson-bracket matrices constructed according to (9) will not increase the rank
but will just redefine the symmetry vector used. A method of increasing the rank of such a
Poisson bracket matrix is presented in [1]. In summary, the technique for increasing the rank
of the Poisson-bracket matrix consists of the following steps: consider two new symmetries
n, and n3 such that they satisfy the following conditions:

O =03 =0 (10
LoH =Ly H=0 a1
Lo,z = Ly = Ly = 0. (12)
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The new Poisson-bracket matrix, J [x, y], is then defined by

Tlx, y1 = JLx, y1 + mlxInly]l — mlylnlx]. (13)
This procedure can be repeated at will, producing an increase of two units in the rank of the
matrix each time it is performed.

3. The heat equation

To apply the procedure described in the previous section, we use the heat equation with a
periodic boundary condition. The heat equation for w[x, #] subject to periodic boundary
conditions is

wi[x, 1] = o, 1]

[0, t] = wla, t]
and the function w[x, #] should also satisfy the initial condition w[x, 0] = f(x). Equation (14)
implies that all even derivatives of the field w[x, #] are also subject to periodic boundary
conditions, i.e., ®*V[0, 1] = ®®[a, t] withn =0, 1,2, ....

The equation (14) has an integral of motion

(14)

H :/ olx. r]dx. (15)
0
One symmetry transformation for this equation is
n? = alx, 119, (16)

where a[x, t] is any solution of the equation (14). Take, in particular, ¢[x, 7] = 1.
The integral of motion (15) has a non-vanishing deformation along n©

“ SH
LioH=] ——pn©dx =a. 17
ne /oaw[x,t]" = 17

Following the above procedure we can construct a Poisson bracket structure for (14) (see [3])

Xx[xﬂt]_a) [yat]
Ty =2 Yy ) 18
[x, y] p (18)
Another symmetry transformation for equation (14) is a dilatation symmetry defined by
NP = (bwlx, 1] — 2twy,[x, 1] — xwy[x, 1) (19)

where b is any real number. This symmetry transformation satisfies the conditions outlined in
section 2, for b # —1. In particular, the deformation of (15) along n®’ is

L,oH / OH dx =(1+b)H (20)
= _— X = .
n® o dwlx,t] 7

We may now construct a second Poisson-bracket structure using this symmetry
_olx, 1Py, 1] — oy [y, P [x, 1]

(1+b)H '
Another symmetry vector may be used for constructing a Poisson bracket structure, as we will
see in the next section, namely

1
@ S (p4 252 22
n 2 ( 7% ) . (22)
The corresponding Poisson-bracket structure is

TP, y] 2

wer[x, 1Py, 1] — wyy [y, tIn@[x, 1]

(@) —
J [-xv Y] - foa n(z)[x’ t] dx

(23)
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4. The recursion operators

The recursion operators [4—6] for the heat equation are

Ailw] = D (24)
Ao[w] = 1D + % (25)
A'[w] = D! (26)
2 2
o exp(—=3) _ exp(y)
A 1 — 4t D 1 4t 27
These operators satisfy the following equation (see [4,5,7])
@+ LA =A+A[f]1—- fIAI+ALf1=0 (28)

where the prime indicates the Frechet derivative.
Now we apply the operator (25) to the constant symmetry € and obtain a family of
symmetries. The first four of them are

=) ’e=e (29)
NV = (A2)' e = gex (30)
2
n® = (Ay)?e = % (z + %) 31)
3
2= (Mo e=5 <3tx . %) . (32)

Notice that the symmetries obtained, are also special solutions of the heat equation called the
‘heat polynomial’ [8] that are invariant with respect to the action of dilatation symmetry. Taking
into account the equation of motion (14) and the integral of motion (15), it is a straightforward
matter to prove that

LiayeH = [ (A)"edx =K (33)
0
where K = 0 if n is odd, and K # 0 if n is even. On the other hand, we have
Lipye(A)" (@) = =DV ((A)"€) =0 < m > n. (34)
From this relationship we get
€
Lr((A)’e) = =3 (35)

Furthermore, one may get the Jacobi identity (4) for the Poisson-bracket operator (9) by
using (35) to show that, in fact

Jlx, y1Lnlz] + Ty, z2)Lpnlx] + J[z, x1Lnly] = 0. (36)
Therefore, we may use (Ap)%e for the construction of a Hamiltonian structure for
equation (14) as in (23).

5. Raising the rank of Poisson-bracket operators

The symmetries (A1)**(w,) withm,n =0, 1, 2. .. satisfy the following equations:

(AN () =0 (37)
LiapnwoH =0 (38)
Loany ) (A1) (@) =0 (39)

Layrw)€ =0 (40)
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where we use the periodic boundary conditions for even derivatives of the field in (38).
Furthermore, for 2n > 2 we have

Lia 0, (A2)*(€) = 0. (41)

Keeping these properties and the conditions (10)—(12) in mind, we can raise the rank of the
Poisson-bracket structures (18) and (23) by defining

o
JO =T+ 3" A (@ ()2 (y) — @2 (3) @2 (x)) (42)
m#n=1
o
T2 =724 3" Bun(@m(X)o2m(y) — 0 (3) 0o (x)) (43)
m#n=2

where A,,, and B,,, are real antisymmetric matrices.

6. The Cole-Hopf transformation
We have already introduced the heat equation (14), while the potential Burger and the Burger
equations are given by

uilx, t] = o lx, 1] +ul[x, 1] (44)
and

vlx, 1] = velx, 11+ 202 [x, tulx, 1], (45)

respectively.  The variables wl[x, t], u[x,¢] and v[x,¢] are related by the following
transformations [9—-12]

olx,t] = F(ulx, t]) = exp(u[x, t]) (46)
vlx, t] = B(ulx, t]) = u,[x, t] a7
wy[x, t]
v[x,t] = m (48)
The recursion operators are mapped into
Alo] = F'Alu]F'™! (49)
Alv] = B'A[u]B~' = B F'Alw]F' B! (50)

where F’ = exp(u[x, t]) and B’ = D are the Jacobian of the transformations (46) and (47),
respectively. Thus, the recursion operators are

Ai[u]l = exp(—ulx, t])Dexp(u[x, t]) = D + u,[x, t] (&1))

Aolul = 1D+ tu[x, ]+ 3x (52)

Ai[v]l = Dv[x,t]D~' + D (53)

As[v] = t(Dvlx, (1D + D) + L(D7" +x). (54)
The symmetries vectors in the Burger and potential Burger equations are

My = B'ny, = Dexp(—ulx, tHn. (55)

n = F'ny = exp(—ulx, thn, (56)

for any symmetry vector of the heat equation 7,. For instance, one symmetry vector for the
potential Burger equation (44) is

N, = ofx, t]exp(—ulx, t])0, &)
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where «[x, t] is a solution of heat equNation (14).
Applying the recursion operator A [u] on (57) we have forn =0,1,2...:

A Tuln, = anlx, t1exp(=ulx, 1), (58)
Note that these symmetries commute among themselves and in particular with
Ayx[x, tlexp(—ulx, t]) = uylx, t] + u?[x, t]. Keeping in mind the general outline for the
construction of Hamiltonian structures with the help of one symmetry that does not deform
the Hamiltonian trivially, we get the following results for the potential Burger equation:
Julx, y1 = nolylexp(—uly, tDwy.[x, r]exp(—ulx, t])

—nolx]exp(—ulx, twyy [y, t]exp(—uly, 1) /K (59)
Julx, yI = exp(—ulx, 1) Jo[x, ylexp(—uly, 1]) (60)
where K is the deformation of the Hamiltonian H along the symmetry n,, J,[x, y] is a

Hamiltonian operator for heat equation (14). We used symmetry (57).
Furthermore, note the following relationships:

Hlw] = /a)[x,t]dx = Hlu] = /exp(u[x,t]) dx (61)
[ SHIl [
£, Hiw] = / o dx = / ho = K 62)
L:H[]—/M d—/ (ulx, 1]) —f _K 63)
N ul = (Su[x’ t] nu X = eXp uix, nu = nw = .

Expression (60) is not altered if we include the terms that raise the rank of the Poisson-bracket
operator Joo[u] = exp(u[x, t]) Joo[w] exp(uly, t]). Similarly, for the Burger equation we have

Jolx, y] = =D exp(—ulx, 1]) Jo[x, ylexp(—uly, t]) D. (64)

7. Other examples

Consider the Krichever—Novikov (KN) equation [13, 14] for the field ¢ [x, ¢]

3 YL, r]
t] = Yoaxlx, t] — - ——— = . 65
Uilx, 1] = Yraxlx, 1] 2 Ul = fu (65)
It is not difficult to see that the following quantmes are conserved:
d

HO = / = (66)

Yilx, 1]

,

HO — Ylx. 1] dx. (67)

Yilx, 1]

Considering the symmetry vectors, ¥ [x, ¢] and ¥2[x, ], and the constant of motion H" as a
Hamiltonian gives the following Poisson-bracket structures:

J((]))[x = H(l) — g Volxlv iyl = folylyixD (68)

I, y1 = 2H(2) ————(fo X121 — foy YW [xD). (69)
Using the operator M = —(D + zzg §])D2 e t]D, we can then find the Poisson-bracket
structures for the Korteweg—deVries (KdV) equation

KdV{ulx, t]] = us[x, t] = uyrc[x, t]+ 6ulx, tlu,[x, t] (70)

J((,L;)[X, = M[x]J((ff)[x, yIM*[y]. (1)
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Note that these Poisson-bracket structures for the KdV equation are non-local. What we have
indirectly demonstrated is that, by means of Miura-type coordinate changes, the non-local
Poisson structures for KdV (71), can become local. Basically we have introduced the pseudo-
potential v [x, 7] [15] for which this structure becomes local.

8. Conclusions

The method presented here may constitute an alternative to constructing a Hamiltonian
description of the system (1) without using a Lagrangian. We obtain infinite-range Poisson-
bracket structures taking advantage of the existence of an infinite group of symmetries, given
by the use of the Lenard-type recursion operator, when it exists.

The procedure outlined in the paper to raise the rank of the Poisson-bracket structure may
be viewed as the ‘inverse’ of the Dirac method. In fact, the Dirac method lowers the rank
of the Poisson brackets to turn them into Dirac brackets in which second-class constraints
commute with any function of the dynamical variables (they are Casimir functions for the
Dirac brackets), while this procedure raises the rank of the Poisson bracket operators thus
reducing the number of Casimir functions.

Once we have a Poisson-bracket operator for one equation, using a Miura-type
transformation we can obtain similar structures for other equations. The application of this
method to other hierarchies of equations that possess Lenard-type recursion operators similar
to KdV hierarchies, is direct and will be published elsewhere.
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