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Abstract

The notion of an evolution equation which admits a multi-Hamiltonian structure is introduced.
We review the algorithm given in Magri’s theorem to compute an infinite hierarchy of conservation
laws for the evolution equation. Then the notion of an evolution equation that describes pseudo-
spherical surfaces is introduced and we use an algorithm given in [2] to compute an infinite
sequence of conservation laws for the equation. Since these two classes of evolution equations
share this property, the question of whether or not there exist evolution equations that describe
pseudo-spherical surfaces and also admit a multi-Hamiltonian structure is explored in the case
of the KAV equation and another quintic evolution equation.



Résumé

La notion d’équation d’évolution qui admet une structure multi-hamiltonienne est introduite.
Nous utilisons I'algorithme donné dans le théoreme de Magri pour calculer une hiérarchie infinie de
lois de conservation pour une telle équation d’évolution. Ensuite, la notion d’équation d’évolution
décrivant une surface pseudo-sphérique est introduite et nous utilisons un algorithme donné dans
[2] pour calculer une suite infinie de lois de conservation pour ’équation. Puisque ces deux
classes d’équations d’évolution partagent cette propriété la question de savoir s’il existe ou non
des équations d’évolution qui décrivent des surfaces pseudo-sphériques et admettent également
une structure multi-hamiltonienne est explorée pour ’exemple de I’équation KdV et d’une autre
équation d’évolution quintique.
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1 Introduction

The calculation of conservation laws for a differential equation has been a problem of interest for many
researchers. The conservation laws that arise naturally from physics such as conservation of mass and
momentum are but a drop in a bucket. This is why we are very interested in algorithms that could provide
an infinite sequence of conservation laws for certain classes of evolution equations. This thesis explores two
classes of evolution equations for which there exist algorithms that create an infinite hierarchy of conservation
laws for the equation. The first class, explained in section 3 are evolution equations that describe pseudo-
spherical surfaces. The second class, explained in section 2 are evolution equations which admit a multi-
Hamiltonian structure. The fact that these two classes of evolution equations both admit an infinite sequence
of conservation laws begs the question of whether or not there exists a large overlap between these classes.
One such example is the KdV equation
Up = Uggy + Uy

which describes a pseudo-spherical surface and also admits a multi-Hamiltonian structure. This will be used
as the running example in this thesis. Following Chern and Tenenblat in [1] an evolution equation for u(x,t)
describes pseudo-spherical surfaces if there exist smooth real valued functions fup, 1 <a <3, 1 <b <2
depending on v and finitely many derivatives, such that the 1-forms

Wa = fardx + faodt a=1,23

satisfy the relations:
dw; = w3z A wa, dwy = w1 A ws, dws = w1 A wo

where wy,ws define the metric g = (w1)? + (w2)? and wj is the connection form that determines the Gaussian
curvature to be K = —1 making these the structure equations for a pseudo-spherical surface. In this thesis
we require that fo; = 7 be a real parameter. By allowing all the other differential functions to be analytic
in n we use the algorithm given in [2] to create an infinite sequence of conservation laws for the equation.
This algorithm, explained in section 3 works by creating a single conservation law that is analytic in 1 and
then expanding that law in a power series thus giving us an infinite sequence. In the paper [1] by Chern and
Tenenblat a few theorems that help in creating evolution equations that describe pseudo-spherical surfaces
are provided. These theorems made it possible to describe large classes of p.s.s. equations leading to a very
large list of evolution equations for which we can compute an infinite sequence of conservation laws. The
same cannot be said about the second class of evolution equations, those which admit a multi-Hamiltonian
structure. These equations are much harder to find, this in part due to the many requirements for the
existance of a Hamiltonian structure. A Hamiltonian structure depends upon a differential operator 2 that
we use to define a Poisson bracket on the space of functionals .% as

{@,o@}:/m.%gdx

where & = [P dx, 2 = [Q dx are functionals in .% and § is the variational derivative. The Poisson
bracket for an operator 2 has requirements that are further explained in section 2. We call such an operator
2 a Hamiltonian operator. Then we can define an evolution equation u(z,t) = KJu] to be Hamiltonian if
there exists a Hamiltonian operator 2 and a functional ¢ = [ H dz such that

w = Klu] = 26

Remarkably an evolution equation can admit more than one structure, such an evolution equation is said
to be multi-Hamiltonian. For example the KdV equation that is further explored in section 2 admits a
bi-Hamiltonian structure, thus it can be written in the form above using two distinct Hamiltonian operators
and functionals. An algorithm for the computation of an infinite hierarchy of conservation laws for an
evolution equation admitting a multi-Hamiltonian structure relies on a ladder-like application between the
Hamiltonian symmetries of the evolution equation and the Poisson bracket of each operator. This ladder-like
application rests heavily upon a Noether relation between the Hamiltonian symmetries and the conservation
laws of the evolution equation that is further explored in section 2.



These two methods of computing an infinite sequence of conservation laws are quite different and share
no obvious overlap. However the fact that we are even able to find an infinite number of conservation laws
for both these classes of evolution equations is a very unique property. It is thus an interesting problem to
see if these two classes overlap. Therefore in addition to the KdV equation, in section 4 of this thesis we
explore an example of a quintic evolution equation that is p.s.s and also bi-Hamiltonian. This thesis focuses
on just these two examples and this is due in part to the difficulty of finding not only one but at least two
Hamiltonian structures for an evolution equation. However, the hypothesis that there exists a large subset
of evolution equations which are both p.s.s and multi-Hamiltonian remains.

This thesis is organized as follows: in section 2 we review the background material on Hamiltonian
structures for evolution equations. We introduce Poisson brackets, Hamiltonian operators, bi-Hamiltonian
systems and Magri’s fundamental theorem on the generation of an infinite hierarchy of conservation laws
through the above ladder-like relation. In section 3 we introduce the class of evolution equations describing
pseudo-spherical surfaces following the foundational work of Chern and Tenenblat in [1]. We review the
algorithm due to Cavalcante and Tenenblat in [2] for generating infinite sequences of conservation laws for
p.s.s. equations. Section 4 contains the original contribution of this thesis which explores a quintic p.s.s.
equation that is also bi-Hamiltonian. The conservation laws for this equation are computed by both the
above methods. The thesis concludes in section 5 with some perspectives for further research.



2 Hamiltonian Structures for Evolution Equations

2.1 Background Material

In this section we will give some background information for the set up of this thesis, specifically we will
provide key definitions and theorems that will help us in constructing Hamiltonian structures for evolution
equations. The information in this section is paraphrased or directly quoted from [4].

Suppose we have a system of partial differential equations % that involves p independent variables x =
(x!,...,2P) and q dependent variables u = (u!,...,u?) where u® = f%(a!,...,2P) for a = 1,...q. Then we can
let X ~ RP with coordinates x be the space representing the space of independent variables and let U ~ R¢
with coordinates u be the space representing the space of dependent variables. Furthermore, for each u®
there are py = (’H",z_l) different k-th order partial derivatives, we employ the multi-index notation

" " ak fa

uy =01 = oz, ..., OxJk

to represent these derivatives. In this notation J = (ji,..,jx) is an unordered k-tuple of integers with
1 < jx < p, where the order of the multi-index indicates how many derivatives are being taken. With this
notation, we let Uy, ~ RY9P* with coordinates u% corresponding to a = 1, .., ¢ and all multi-indices J of order
k be the space that represents all the different k-th order derivatives of the components of u at a point x.
For example in the case where p = 2,q = 1, we have u = f(z,y), then U; ~ R? with coordinates (uy,u,)
and Uy ~ R3 with coordinates (tyz, Uy, Uyy)-

Given a smooth function u = f(z), f : X — U, the n-th prolongation of f denoted u(™ = pr(® f(z),
can be thought of as lifting the function f : X — U to a function from X to U where

UM =U x Uy x ... x Uy,

is the space whose coordinates represent all the derivatives of the function u = f(z) from 0 to n. For example
in the case where p =2 and ¢ =1, u®® = pr® f is given by

(U,, Ugy Uy y Ugry Ugy, uyy)

evaluated at (x,y). The space X xU (") whose coordinates represent the independent variables, the dependent
variables and the derivatives of the dependent variables up to order n is called the n-th order jet space of
the underlying space X x U. If M C X x U is an open subset then we define

MM =M x Uy x ... x U,

to be n-jet space of M.

Let (x,u(™) ¢ M®) L(x,u™) : M™ — R is a smooth function of x,u and the derivatives of u up
to order n, L(x,u™) is called a differential function. We use the notation L[u] if we do not care as to
precisely how many derivatives of u the function L depends on.

Given a differential function L(z, u(")) and an open, connected subset 2 C X with smooth boundary 92, a
variational problem consist of finding the extrema of a functional

L) = /QL(x,u(”)) dx

in some class of functions v over €. In this notation daz = dx' - ... - daP where p is the dimension for X.
The integrand L(z,u(™) is called the Lagrangian of Z[u]. In finite dimensions, the extrema of a smooth
real valued function f(z) are determined by looking at the points where the gradient vanishes. The gradient
itself is found by seeing how the function f changes under variations in z. For functionals Z[u] the role of
the gradient is played by the variational derivative and is constructed by looking at how Z[u] changes under
small variations in u. To define the variational derivative we must first define the total derivative and the
Euler operator.



Definition 2.1.1. The total derivative D;L of Llu] is defined by

DL dxl ZZ ‘“du

a=1 J

o _ duj

Jyi T de
where J is the multi-index for the different order derivatives with respect to the independent variables. We
sum over all J’s from order 0 to the highest order derivative appearing in L.

Definition 2.1.2. For 1 < a < g, the a-th Euler Operator is given by

0
Ba = Z(_D)J ous

J

where J sums over all multi-indices.

Let u = f(x) be a smooth function defined over 2 and n(x) = (n'(x),...,n%(z)) a smooth function with
compact support in . We observe how .Z[u] changes under u by the following computation

%Ezof[f—ken]:/ﬂ{
-/

a7

L, pr™(f + en) (@) fde

Q.‘Q‘

(x pr™ f(z)) ~3Jn“(x)}dx.

u%

<
e

Since n has compact support we can use the divergence theorem and integrate by parts so that the terms
evaluated on 0f) vanish. The partial derivative % when applied to the derivatives 8‘1&
i J

derivative D;. Therefore we obtain

% E_OX[JC +en] = /Q {GZ: [Z:(_D)J;«g (x,pr(“)f(x))}n“(x)}dx
(S

Using this and the Euler Operator we are now ready to define the variational derivative of Z[u].

Definition 2.1.3. Let Z[u] be a variational problem. The variational derivative of Z[u] is the unique
g-tuple
0.ZLu] = (Ey(L), ..., E4(L))

with the property that
d
T oo Zf +en] = /{ZE }dx

whenever u = f(z) is a smooth function defined over €, and n(x) = (n'(x),...,n9(z)) is a smooth function
with compact support in . The component E,(L) is the a-th Euler operator applied to the Lagrangian L.

The Euler operator applied to the Lagrangian L(z,u(™) is denoted E(L) = (Ei(L),..., Eo(L)) and by
our definition above is equal to the variational derivative 0.2 [u]. Therefore we will interchangeably use the
notation 0.Zu] and E(L) to mean the same thing.



Finding the possible extrema of a variational problem boils down to solving the Euler-Lagrange equations

for u = f(x). Of course, not every solution to the Euler-Lagrange equations is an extremal, the other
solutions will correspond to other types of critical points for the functional. However functionals L]u] whose
Euler-Lagrange equations vanish identically are of interest.

Definition 2.1.4. A function L(z,u™) defined everywhere on X x U is called a null Lagrangian if the
Euler-Lagrange equations E(L) = 0 are satisfied identically for all x, u.

Ezample. Let ZL[u] = f: uu, dr a,b € R be a variational problem, then L = wu, is a null Lagrangian since
E(L)=uy — Dy(u) =0
for all x, u.

Definition 2.1.5. Let P(z,u(™) = (Py(x,u™), ..., P,(z,u™)) be a p-tuple of smooth functions of z,u and
the derivatives of u. We define the total divergence of P to be

DivP = D1P1 + D2P2 + ...+ DpPp
where D; is the total derivative with respect to z°.

The total divergence and the Euler-Lagrange equations are very closely related. We won’t use this idea
very often in practice, however it will be used in many of the proofs we give in this section. It is for that
reason that we quote the following theorem from [4].

Theorem 2.1.1. A function L(x, u(")) defined on X x U is a null Lagrangian if and only if it is a total
divergence: L = DivP for some p-tuple of functions P = (P, ..., P3) of x,u and the derivatives of u.

Now we have all the tools to introduce the spaces we will primarily be working with in this paper. We
define &7 to be the space of differential functions, we note that </ is an algebra and we can add and multiply
differential functions together. We extend this to @79, the space of g-tuples of differential functions. Each
differential function L € 7, determines a functional .Z[u] = [, L[u] dz defined over any region Q C X in
it’s domain. In this thesis we will ignore the boundary conditions and only consider functions u = f(x) that
vanish sufficiently rapidly near the boundary. This, in combination with the theorem above allows us to say
that two differential functions L, L’ € &/ determine the same functional i.e. [, L[u] dx = [, L'[u] dz if and
only if they differ by a total divergence:

L'=L+DivP, forsome P c P,

We can now define an equivalence relation on .2/ by the above condition. It is then reasonable to define .Z as
the set of equivalence classes of & under the image of total divergence, thus .# = &7 /Div(&/?). The natural
projection from &/ to % associates to each differential function L an equivalence class of functionals which
will be denoted by f L dx € #. Now that we have an understanding of our underlying spaces we are ready
for more definitions.

Definition 2.1.6. A differential operator & : & — &/ is a finite sum
2 =Y PilulD}
i=0

where the coefficients P;[u] € «7. The set of differential operators is a ring under composition [4]. A ¢ x ¢
matrix differential operator 2 : &9 — /9 is a matrix whose entries are differential operators.



Definition 2.1.7. Let 2 = ), Ps;[u]lD;, P; € </ be a differential operator, its adjoint is the unique
differential operator 2* which satisfies

/QP@Q dx:/QQ.@*P d (2.1.1)

for every pair of differential functions P, Q) € &/ which vanish when u = 0, every domain 2 C RP and every
function u = f(x) of compact support in 2. Using integration by parts, the formula for the adjoint becomes

9*=> (D), Ps.

J

If 9 : 4797 — /9 is a matrix differential operator with entries %;;, the adjoint 2* : &/? — /9 has entries
23 = (Zi)", the adjoint of the transposed entries of Z*.

Definition 2.1.8. A differential operator 2 is skew-adjoint if 2* = —2 and self-adjoint if 2* = 9.
Ezample. Let & = D3 + %uDz + %ug;, then the adjoint of & is

. 2 2 1
& = —-D3 — §“Dx — U+ gl
g 2 1

=-D3— FuDs = .

Furthermore, & is skew-adjoint since &* = —&.

From here it is important to introduce certain vector fields and the differential forms of interest on the
space M (™. Much like the spaces .« and .%, we will introduce two kinds of differential forms, the later being
the quotient of the first under the image of total divergence.

Definition 2.1.9. A generalized vector field is an expression of the form

v = Z €' a(?ci +) ¢yl a(za (2.1.2)

where £¢ and ¢® are smooth differential functions that depend on z,u and the derivatives of u.

Given a vector field v on X x U, the n-th prolongation of v can be thought of as lifting the vector field v to
a vector field on X x U™ . Suppose v is of the form (2.1.2) where the coefficients £* and ¢* depend only on
x and u, we define the n-th prolongation of v to be the vector field

P q
pr® v = ;5i($’u)aii +;;¢§62§ (2.1.3)
whose coeflicients are determined by the formula
N - ou® ous
05 =Dy, (qba - ;Euf) + ;Eu?” where uf = e ug,; = 5‘:52'] (2.1.4)

and J sums over all multi-indices up to order n and ¢ are functions of x, u and derivatives of u up to order
n.

In analogy with the finite dimensional case, we can also prolong a generalized vector field. Given that it
is infinite-dimensional it makes sense for the prolongation to be an infinite sum. Suppose v is a generalized
vector field as in (2.1.2) the infinite prolongation (prolongation for short) of v is the infinite vector field

prv:Zf [u]axl —|—ZZ¢>J8ua (2.1.5)
i=1 a=1 J J

whose coefficients are determined by the same formula (2.1.4) where now J sums over all multi-indices.

10



Definition 2.1.10. Let Q[u] = (Q1[u], ..., Qq[u]) € &7 be a g-tuple of differential functions. An evolutionary
vector field is a generalized vector field of the form

vg = ZQa[U]% (2.1.6)

a=1

The differential function @ is called its characteristic.

Note that the prolongation of an evolutionary vector field takes the simple form

prvg = ZDJ(Qa)i- (2.1.7)

ou?
a,J J

Any generalized vector field as in (2.1.2) has an associated evolutionary representative v in which the

characteristic () has entries
P

Qa:¢G_Z£iu? a=1,..,q
i=1

ou?

a __
where uf = gt

If v is a generalized vector field it is important to address the issue of exponentiating v, which arises due
to the fact that the exponential is not defined in general when working in infinite dimensions. The easiest
way to resolve this is to define the action of the group exp(ev) on the space of smooth functions as follows:
we first replace v by its evolutionary representative vg and consider the system of equations

@ = Q(x, u(n))7

de
the solution (provided it exists) to the Cauchy problem wu(z,0) = f(z) determines the group action:
[exp(ev) f](x) = u(z, €).

We assume that the solution to this Cauchy problem is uniquely determined by choosing f(z) in an appro-
priate space of functions for at least e sufficiently small. Then the resulting flow exp(ev) will determine a
local one-parameter group of transformations on the given function space.

Definition 2.1.11. A wvertical k-form is a finite sum

& =Y Pfluldult A.... Adut, (2.1.8)

~ K
in which the coefficients P§ € o/. We use /\ to denote the space of vertical k-forms.

~k
The analogue of the differential of the de Rham complex on A is the vertical differential defined as

9 A 8Pa[u] ay ar
dwzz 8151}( afulf}/\duJ1 A e Adufr. (2.1.9)

Ezample. & = xuz.du N du, is a vertical 2-form and its vertical differential is di = Tdug, N du A dug.

The vertical differential holds much of the same properties as the de Rham differential, & lives on the finite
jet space M (™ and the vertical differential can be thought of as the de Rham differential on these variables.
Then, a vertical k-form @ determines an alternating k-linear map from the space T}y of evolutionary vector
fields to the space o of differential functions. When & is of the form (2.1.8), this map is written explicitly
as

< W;Pr Vg, .., Pr Ve >= Z Pj det(< duf,prvg; >) (2.1.10)
a,J

11



where the determinant is taken over the k& x k matrix with (4, j) entry
< duf,prvg; >=duf(prvg;) = Dy ( ).

Furthermore, we can let the total derivative D act on vertical k-forms. For each ¢ = 1,...,p D; acts on the

vertical one-forms du$ by
Di(duj) = d(D;uf) = duf ;. (2.1.11)

We allow it to act as a kind of Lie-derivative on general vertical k-forms, determined by the following rules:
1. Di(ci + W) = eD;(@) + ¢ D (w')
2. Di(w A7) = (Dw) A+ @ A (D)
3. Di(d@) = d(Dy@)

~ k
forall ¢, e Rand &, 7 € A\ .

Ezample. Let @ = zugz.du A du,, then

D, (@) = Dy(2ugs)du A duyg + g, Dy (du) A duy + 2ugzedu A Dy (duy,)
= (Ugg + TUggz)du A duy + Tugedu, A dug + ugedu A dig,
= (Ugz + TUgzy )du A duy + TUzpdu A dig,.

The middle term vanishes for the reason that duii A du‘}; =0if J; = Jo, same as in the de Rham complex.

Defining total derivatives over vertical forms allows us to extend the equivalence relation we defined on the

~k
space of differential functions to vertical k-forms. We define an equivalence relation on the space A by
saying w ~ ' if they differ by a total divergence i.e.

p
& =w +Divii=w + Y Dy, (2.1.12)
i=1

~k
where 7j; € A .

A~ ek .
Definition 2.1.12. Let &,w’ € A and let & ~ w’ if they satisfy (2.1.12). The space of equivalence classes

denoted ok ok
/\k =\ /miv(A )p (2.1.13)

is the space of functional k-forms. The natural projection is denoted by an integral sign. So w = [@ dz

<k
stands for the equivalence class containing & € A . This notation is reasonable since the divergence theorem
tells us that [ Div(7)) = 0 and a functional k-form has coefficients in .7.

This definition, along with the second rule of the total derivative above, allows us to state following formula
for integration by parts

/a) A Dy(7) dx = —/(Diw) A da (2.1.14)
~k N
forwe \ andfje .

Similar to vertical k-forms, functional k-forms determine an alternating k-linear map from the space Tj
of evolutionary vector fields to the space of functionals .%, defined so that

<KW}V, ey Vi >= / < W;Prvy,..,prvy > dr v, €1 (2.1.15)

<k
whenever w = [& dz, @ € /\ . In fact, functional k-forms are uniquely determined by their action on Tp,
this is stated precisely in the following lemma quoted from [4].

12



Lemma 2.1.2. If w and w’ are functional k-forms, then w = w’ if and only if
WV, ey VE >=< W, V1,00, Vi >
for all evolutionary vector fields vy, ...vy € Tp.

Now, we finish this background section by focusing on functional one-forms and two-forms. This is
because they have a nice canonical form. Any functional one-form

wz/{ZPaJ[u]duf}} dx

can be written in multiple ways, this is due to the fact that we can write du% = D;(du®) and integrate by
parts. We want to find a way to write the functional one-forms in a unique way and to do this to w we
integrate each summand by parts which leads to the expression

w= /{azq:lPa[u]du“} dx = /{P : u} dx (2.1.16)

where P, = 3 ;(—D);P;]. The expression (2.1.16) is called the canonical form of w. Each functional one-
form has a uniquely determined canonical form, this is stated in the following proposition we quote from

[4].

Proposition 2.1.1. Let w = [{P - du} dz and v’ = [{P’-du} dz be functional one-forms in canonical
form with P, P’ € /9. Then w = ' if and only if P = P'.

Then in a similar fashion we take a functional two-form and apply integration by parts on each summand of
our two-form to be able to write it in a canonical form. The details of this can be found in section 5.4 of [4].
We omit these details at the moment since we will give an example in the next section and things should be
clear then. For now, we write that if w is a functional two-form, then w has canonical form

w= %/{du AN Ddu} dx (2.1.17)

where Z is a skew-adjoint ¢ x g matrix differential operator that depends on the coefficients in w and its
derivatives. Lastly, the canonical form above is unique to w and we quote the following proposition from [4].

Proposition 2.1.2. Let w = 1 [{du A Zdu} dz and o' = 1 [{du A Z'du} dz be functional two forms in
canonical form, so 2 and 2’ are skew-adjoint g x g matrix differential operators. Then w = «’ if and only

it2=9.

13



2.2 Poisson Brackets and Hamiltonian Operators

In this section we will start by defining Poisson brackets on the space of functionals .#. A Poisson bracket
of this kind is defined using a differential operator & satisfying certain properties. We will then define
Hamiltonian operators as differential operators which define a true Poisson bracket by our definition. We
will use this to explain what it means for an evolution equation to be Hamiltonian. The information in this
section is again paraphrased or directly quoted from [4].

A Poisson bracket on % is infinite dimensional, so we shall begin by recalling Poisson brackets in finite
dimensions and what it means for a system of ordinary differential equations to be Hamiltonian.

Definition 2.2.1. A Poisson Bracket on a smooth manifold M is an operation that assigns a smooth real-
valued function {F, H} on M to each pair of smooth, real-valued functions F, H, with the basic properties:

1. Bilinearity: {¢F'+ P,H+ T} =c{F,H} +{P,H} + cc/{F, T} + {P,T} for ¢,c’ € R.
2. Skew Symmetry: {F,H} = —{H, F'}

3. Jacobi Identity: {{F, H}, P} + {{P,F}, H} + {{H,P},F} =0

4. Leibniz’ Rule: {F,H - P} = {F,H}- P+ H - {F, P}

where F, H, P, and T are arbitrary smooth real valued functions on M. A manifold equipped with a Poisson
bracket is called a Poisson manifold.

Definition 2.2.2. Let M be a Poisson manifold, let x = (2!, ...,2™) be local coordinates on M. The basic
brackets N o

JY =A{a" 2}, i,5=1,...,m
are called the structure functions of M relative to the given local coordinates. We assemble the structure

functions into a skew-symmetric m x m matrix J(z) called the structure matriz for M.

The local coordinate form for the Poisson bracket is

{F H} ZZZ{xi>wj}§§% (2.2.1)

i=1 j=1
thus by using VH to denote the column gradient vector for H, (2.2.1) can be written as
{F,H}=VF-JVH. (2.2.2)

Definition 2.2.3. Let M be a Poisson manifold and H : M — R a smooth function. The Hamiltonian
vector field associated with H is the unique smooth vector field ¥z on M satisfying

vu(F) ={F H}
for every smooth function F': M — R.

The Hamiltonian flow corresponding to H is obtained by exponentiating the vector field vy (F') and thus
leads to a natural definition of a Hamiltonian system of ordinary differential equations.

Definition 2.2.4. A system of first order ordinary differential equations is said to be a Hamiltonian system
if there exists a smooth function H(x) and a skew-symmetric matrix of functions J(z) that determine a
Poisson bracket (2.2.2) whereby the system takes the form

dz
i J(z)VH(z).
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We wish to build on this idea and determine what it means for a system of partial differential equations
to be Hamiltonian, more specifically what it means for a system of evolution equations

up = Klu] K e o1

to be Hamiltonian. Here K depends only on the spatial variables x and the spatial derivatives of u. Let
M C X x U be an open subset of the space of independent and dependent variables z = (z!,...,2P) and
u = (u',...,u?). Recall & is the algebra of differential functions P(x,u(™) = P[u] over M and .Z is the
quotient space of &/ under the image of the total divergence. In analogy with the finite dimensional case,
we define the Poisson bracket on the space of functionals to be to be a skew symmetric, bi-linear map from
F X F — F that satisfies the Jacobi identity. We replace the gradient operation VH by the variational
derivative §.¢, for # € F and the skew-symmetric matrix J(z) by a skew-adjoint linear differential operator
2 : /1 — &/, leading to the expression for a Poisson bracket between & = [P dx and 2 = [Q dz € F
to be

(2,2} = /5,92 - 962 da. (2.2.3)

In order for this to be a true Poisson bracket, meaning that its definition coincides with our definition in
finite dimensions, we must put some restrictions on the operator &. Specifically, we require that 2 be a
Hamiltonian operator according to the following definition.

Definition 2.2.5. A linear operator 2 : &9 — /7 is called Hamiltonian if its Poisson bracket (2.2.3)
satisfies the following conditions

1. Skew-Symmetry:
{2,292} =—-{2, 7} (2.2.4)

2. Jacobi Identity:
{2z, 2y, 2+ {{#, 2}, 2y + {2, 2}, 7} =0 (2.2.5)

for all 2, 2,% € %.

The differences between the definition above and the finite-dimensional definition 2.2.1 are the lack of bilin-
earity and Leibniz’ rule. We omit bilinearity since it is obvious from the form (2.2.3) as 2 and the variational
derivative are linear. There is no Leibniz rule because there is no well defined multiplication rule between
functionals.

Before we define what it means for an evolution equation to be Hamiltonian, we state a few propositions
and definitions that we will need.

Proposition 2.2.1. Let vg be an evolutionary vector field, @ € <79 and let Z[u] = [ L(z,u™) dz € Z.
Then,
prvg(L) =Q- E(L)+ Div A (2.2.6)

where A = (41, ..., Ap) is some p-tuple depending on @, L and their derivatives.

Proof. Since vg is evolutionary, its prolongation is of the form:

oL
L _—E D;(Q.)=—.
prVQ() - ( )8u§

Using integration by parts, we get the following
oL oL oL
D — =Qu— — D
/{ J(Q“)aug} de Q“8u3 /{Qa "(au§>} de
L

oL oL 0
— DJ(Qa)i = _QQDJ(TUT}) + DJ(Qaaiuf})v

a
ou
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and thus we have

prve(L) = ZDJ(Qa)aauLL} = Z Qa Z(—D)J(;ﬁ}) + DivA
a,J a=1 J

q
= Z QuE.(L) 4+ DivA
a=1
=Q-E(L) 4+ DivA

where A is a p-tuple of differential functions that depends on (), L and their derivatives. The precise form
of A is not required in this thesis so we omit it, however it is provided in section 5.4 of [4]. O

Proposition 2.2.2. Let 2 be a Hamiltonian Operator with Poisson bracket (2.2.3). For each functional
H = f H dx € Z, there is an evolutionary vector field v called the Hamiltonian vector field associated
with €, which satisfies

pr V(7)) ={2, A}

for all functionals & € .%. The characteristic of ¥V is 20 = PE(H).

Proof.
Let & = [P dx, P € o and let # = [ H € Z. The Poisson bracket between these two functionals is
given by

(P, A} = /W DA dx = /E(P)@E(H) da.

Using proposition 2.2.1. we can write the last integral in the following way

/ E(P)ZE(H) dx = / {pr Vs (P) = Div A }dx.

Since we are working in % and two functional are the same if they differ by a total divergence, we obtain

/{pr Voru) (P) — Div A} de = /pr Vogum)(P) dr = pr V@E(H)(/Pdl').

Therefore
{2, 2} =pr V@E(H)('@) =pr v (2).

O

In analogy with the finite dimensional case, we wish to define the Hamiltonian flow corresponding to
H[u] as the flow that is obtained by exponentiating the corresponding Hamiltonian vector field v -. This
leads us to a natural definition of a Hamiltonian system of evolution equations.

Definition 2.2.6. A system of evolution equations

ou
— =K K e o1
5 [u] €
is Hamiltonian if there exists a functional #’[u]| = [ H dz, H € &/ and a Hamiltonian operator & such that

the equation can be written in the form

ou
a—.@-&%ﬂ

where § is the variational derivative. Here ¢ is called a Hamiltonian functional.

Out of the large class of differential operators, we would like to know which ones satisfy our definition of
Hamiltonian. Thus we will discuss some properties that will help us in discerning if a differential operator
is Hamiltonian.

Proposition 2.2.3. Let 2 be a g X ¢ matrix operator with bracket (2.2.3) on #. Then the bracket is
skew-symmetric if and only if & is skew-adjoint.

16



Proof.
The bracket being skew-symmetric implies
{2,292} =—{2, 2} V2,2 ¢F
= /E(P)_@E(Q) dx = —/E(Q)@E(P) dx
We rewrite the right hand side of the equation using the definition 2.1.7 of the adjoint Z*.
= /E(P)@E(Q) dx = —/E(P).@*E(Q) dx
— /E(P)(@ + PVEQ) do = 0

The integral above is 0 for all @, P € o if and only if 2* + 2 = 0 which implies 2* = —2 and therefore 2
is skew-adjoint. O

Example 2.2.1. The KdV equation
Ut = Uggy T Uy

is Hamiltonian and can be written in two distinct Hamiltonian forms. The first form is
uy = DA

where 2 = D, and
1 1
%:/(—iui—l—gu?’) dx

(2,92 - / 5P D, (5.2) da.

with associated Poisson bracket

The second form is
wy = 694

where & = D3 + %uD$ + %uz and

Hy[u] = /%u2 dx

with associated Poisson bracket
2

(2,2} = /53@(D§ +3

uD, + %ux)&,@ dx.

The bracket is skew symmetric, since obviously 2 = D, is skew-adjoint and & = D3 + %qu + %uw was the
differential operator from our example in the previous section where we showed the skew-symmetry of &.
To truly claim that these are Hamiltonian operators we must show the Jacobi identity (2.2.5) is satisfied.
However, this computation is quite tedious and thus we will put this on hold until we can state an easier
version of the Jacobi identity.

Before we dive into a few different versions of the Jacobi identity, we must introduce a few definitions
and theorems to use in our proofs later on.

Definition 2.2.7. Let Plu] € &/", the Fréchet derivative of P is the differential operator Dp : &9 — &/"
defined as

Dp(Q) Plu+ €Q)] (2.2.7)

de e=0

for 2 € &1.

Ezample. For P = uytyzy, Dp = Uze Dy + ugp D2
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Let Plu] € &/". If we evaluate Dp at Q = (Q1, -..., Q4) a g-tuple of differential functions, we get the r-tuple

with entries q
— Z ;

a=1

for i=1,...,7 (2.2.8)

If Q[u] = (Q1, ..., Qq) is the characteristic of an evolutionary vector field, then pr v, = Za,J DJ(QQ)%. If

we apply the prolongation to the r-tuple of differential functions P = (P, ..., P,) we obtain the r-tuple with
entries

q
op; .
(prvo(P)); = ZZDJ(Qa)ﬁ. for i =1,...,r. (2.2.9)
a=1 J J
Comparing (2.2.8) and (2.2.9), we conclude that
Dp(Q) = pr vy (P) (2.2.10)

for Plu] € &/ and Q[u] € /9. We also remark that we can find the adjoint of the Fréchet derivative as well.
If Plu] € &7, the adjoint D}, : &" — &7/9 is a r X ¢ matrix differential operator with entries

OP;

D%)is = -D)j-—L j=1,..,q and i=1,....r

(Dp); ZJ:( ) 2w, q
Theorem 2.2.1. Let Plu] € &P be defined over a vertically starshaped region M C X xU. Then P = E(L)
for some variational problem Z[u] = [ L dx if and only if the Fréchet derivative Dp is self adjoint. i.e.

Dp =D3%.
We omit the proof of this theorem, it can be found in section 5.4 of [4].

In finite dimensions, we can evaluate the Lie derivative of certain geometric objects, such as functions and
differential forms with respect to a vector field v. This represents the infinitesimal change in the object under

the flow exp(ev) induced by v. An analogous concept exists for generalized vector fields, we are particularly
interested in the Lie derivative of a differential operator & with respect to an evolutionary vector field.

Definition 2.2.8. Let vg be an evolutionary vector field and 2 = ) Px[u]Dg a differential operator. The
Lie derivative of & is a differential operator computed by evaluating the time derivative of &

Py =Y Di(Px)Dx
K

on solutions u; = @, which leads to the formula

prvy(2) = Z pr v (Pr)Dk. (2.2.11)
K

The Lie derivative extends to matrix differential operators by having pr v, act on the individual entries of
the matrix. Furthermore, the Lie derivative satisfies the following Leibniz rule

pr vo(Z2P) =pr vo(2)P + Z(pr v (P)). (2.2.12)

We will use the definition of the Fréchet derivative and the remarks made above in the proof of the
following theorem. This theorem provides an easier formula for satisfying the Jacobi identity.

Theorem 2.2.2. Let 2 be a skew-adjoint ¢ x ¢ matrix differential operator. The bracket
{£,2} = /5@ - D62 dx.
satisfies the Jacobi identity if and only if
/ {P Prvgr(2)Q+ R-prvgg(2)P +Q - pr V@P(@)R} dz =0 (2.2.13)

for all ¢g-tuples P,Q, R € <71.
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Proof.
Let &, 2, % be functionals, with variational derivatives & = P, 2 = Q and 0% = R. The first term in
the Jacobi identity (2.2.5) is

{2, 2}, %) = pr v5({2, 2})
:pro@(/P-@(Q) dw)
— [ v (P 7Q) ds
— [{prvom(P) 2Q+ P prvom (9@} do
— [{prvom(P)- 2Q+ P bt v (D)@ + P Don vam (@)} do by (2212
_ / [Dp(TR)- 2Q + P prvon)(2)Q + P~ 2(or vy (Q) } dx by (2:2.10)
- / [D(ZR)- 2Q+ P pr oy (2)Q + pr von)(Q)- 7P} dr by (21.1)

By our assumption that Z is skew-adjoint, we can rewrite last term in the integral and obtain:

(2.2).%) = [ {De(IR)- 9Q + P bt v (9)Q ~ pr vy Q) - 7P}
- / [Dr(@R) - 2Q + P pr vy (7)Q ~ Do(7R)- 7P} dz by (22.10),
We can do this for the other two brackets as well.
%, P}, 2} - / [DR(2Q)- 7P + R -pr vy (7)P ~ Dp(9Q) - TR} da
{2,%}, ?) = / {DQ(@P) IR+ Q- prvyp)(2)R —Dp(ZP)- 9@} dz

Since 6 = P, 02 = Q and d# = R, theorem 2.2.1 tells us that Dp, Dg and Dp are self-adjoint. This
allows us to write the brackets in the following way:

((2.2),7) = [ {Dr@R) - 9Q+ P pr vy (9)Q ~ TR -Do(9P)} da.

(1#,2),2) = [ {Da(Q)- 9P+ R-pr vy ()P ~ 9Q-Dp(7R) Yo,
Adding all the integrals above together to form the left hand side of the Jacobi identity we obtain some
cancellations in the first and third terms of the integrals above. The last term in the first integral cancels
with the first term of the last integral, the last term in the second integral cancels with the first term in the

first integral and the last term in the last integral cancels with the first term of the second integral. This
gives us the following

(2,23} + ({#,2). 2} + (2.8}, P} = [ {Pprvon(@)Q+ R-prvaq@)P

+Q pr v@P(.@)R} dz.

If the equality above is equal to 0 on all variational derivatives, it must be equal to 0 on all differential
functions in «/9. Since this integral depends only on P, @, R and their total derivatives, we obtain that
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this vanishes on all variational derivatives if and only if it vanishes on all g-tuples of differential functions
P, Q,R € &/%. Therefore the Jacobi identity is satisfied if and only if

{2, 2}, 2} + {{%, 2}, 2} + {{2,%}, #} =0 for all functionals &, 2, % € F

— /{P~prV@R(@)Q+R-pr Vao(Z)P +Q - pr v@P(.@)R} de=0 V6P =P, 62=Q, 6% =R
— /{P~prv@R(_@)Q+R-prv@Q(9)P+Q-prvgp(Q)R} dr =0 VP,Q,Rc &1

O

The theorem above provides a nice formula for the computation of the Jacobi identity, however the right
hand side of equation (2.2.13) still involves a very tedious computation.

Recall the vertical and functional k-forms we introduced in the previous subsection. A vertical k-form
determines an alternating k-linear map from the space Ty of evolutionary vector fields to the space o/ of
differential functions. Similarly a functional k-form determines an alternating k-linear map from 7y to the
space Z# of functionals. Now we will introduce the idea of a vertical and functional multi-vector. A functional
k-vector is defined like the dual object of a functional k-form, however it is important to note that they are
not naturally dual vector spaces for £ > 1. Functional k-forms and k-vectors have coefficients in .% but .# is
not a ring, let alone a field due to our inability to define multiplication of functionals. Therefore, the space
of functional k-forms and k-vectors cannot be dual vector spaces since they are not vector spaces to begin
with.

A wertical k-vector is an alternating k-linear map from the space /\i of functional 1-forms to the space &/
of differential functions. As mentioned in the previous section, each functional one form can be uniquely
determined by its canonical form, therefore we can identify /\i with «/9. We also introduce a new notation
and let 09 denote the vertical 1-vector corresponding to the 1-form duf, it defines the linear map

< 6%, P >=D;(P,) whenever P=(P,...,P,) e o (2.2.14)
Similar to vertical k-forms the total derivatives act as Lie derivatives on the space of k-vectors with
Di(ﬁﬁ) = ‘931

This allows us to write certain vertical k-vectors as images of total divergence. Since each functional k-form
arises from a vertical k-form, we would like that each functional k-vector arises from a vertical k-vector.
Therefore, we define the space A\, of functional k-vectors to be the quotient space of vertical k-vectors under
the image of total divergence. A general functional k-vector is thus a finite sum

@:/{ZR;[U} OﬁiA.../\Hﬁ’;}dx
a,J

with RS € &/ and defines a k-linear map on the space of functional 1-forms /\i

<©O;P', .. PF>= / <Y R3[u] 05 A NG5, P, PR > dx:/{ZRﬁdet(DJini)} dr (2.2.15)
a,J a,J

where P7 € o749 (here we have replaced AL by <7/7).
Ezample. For © = [{0 A Oypy +ub A0} do

<er@>= [{ ’D§P> D;’f?@)’ o ’foP) DxQ@)’ s
_ / [PDY(Q) ~ QDY(P) + uPD.(Q) — uQD,(P) } dr.
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At this point, we must note the uncanny resemblance between functional k-vectors and functional k-
forms. A functional k-form is defined on the space Ty of evolutionary vector fields. Since each evolutionary
vector field is uniquely determined by its characteristic [4], we can identity Ty with 277 the space of g-tuples
of differential functions on M. In [4] Olver mentions that all the theorems that hold for functional k-forms
also hold for functional k-vectors, once we replace du% by 0. In particular this allows us to give functional
uni-vectors and bi-vectors a canonical form. Before we continue we must mention that in this thesis, the
later sections will only depend on evolution equations with a single spatial variable x and a single dependent
variable u(x,t). Therefore, at this point we restrict to this situation.

In the situation where we have a single spatial variable z and a single dependent variable u(z, t), a functional
uni-vector will be of the form

7:/{ZRJ¢9J} dx:/{ZRJDJ(e)} da. (2.2.16)
J J
Then each term in the summand can be integrated by parts and put into canonical form
v = / {R . 9} dx where R = Z(_D)J(RJ). (2.2.17)
J
Similarly, any functional bi-vector has the canonical form

0= %/{9 A %} dz (2.2.18)

where Z is a skew-adjoint differential operator.

Example. Let w = f {%9 A Oppr + %ue A 9:1;} dx , we can write w in two ways
w= / {eA tpsylup )(9)} dx
27 3"
1, 1 1
W= / [~ 3P0 A0~ (Guad + Sut) n0} da

_ / { s Lup, + Loy e} d

2 3 3
_1 1s 1 Tl Ips 1 1

— W= 2/{0/\(2Dz+ 3uDZ)(0)} dz + 2/{ (303 + guDs + 3uz)(9)/\9} dz
1 , 2 1
w—g/{ﬂ/\(Dz—l—guDI—l—gux)(ﬂ)} dx

w:%/{m\g(e)} dz

where & = D3 + %qu + %um is the skew-adjoint operator for the KdV equation we mentioned earlier.
It is important to notice that the operator & = D2 + %uDr + %uz, was created by taking an operator
9 = %Dg + %qu and subtracting its adjoint * = —%Df; — %uDz — %uz thus giving us a skew-adjoint
differential operator.

A functional bi-vector in canonical form (2.2.18), defines a bilinear map for P,Q € &/

1 1
<®;P,Q>:§/(P~9Q—Q.@P) d:rzi/(P-QQ—PQ*Q) d:z::/P~9de (2.2.19)

where we used the skew-adjoint property of 2 to get the last equality. Notice that if we let P = §&,
Q=0382, for P2, 2c ZF, then

<©;6P2,62>= /(59’ - 962) dx (2.2.20)
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reproduces the Poisson bracket { &, 2} for the skew-adjoint operator Z.

The reader might start to notice at this point that the left hand side of the Jacobi identity in the form

/ {P "Prvgp(2)Q+ R -prvyo(2)P +Q - pr V@P(.@)R} dx =0

is an alternating, tri-linear function of P, @, R € «/. This determines a functional tri-vector, which we will
denote by

\I/:%/{G/\prvgo(@)/\ﬁ}dm

where < U; P, @, R > is the left hand side of the Jacobi identity above. Here vgyg is the evolutionary vector
field with 26 as it’s characteristic. If 2 = " . Px[u]Dg is a skew-adjoint differential operator then

Drvoe(2) = Y pr voy(Pe) Di (2.2.21)
K

is a skew-adjoint differential operator [4]. The coefficients here are functional uni-vectors in that they involve
the 6 ;’s. The notation for V¥ is deceiving, so we will run through an example to better understand the integral
v,

Example 2.2.2. Let & = D3 + %uDz + %uz be the skew-adjoint operator from the KdV example.

2 1
Pr Vge(&) = prvee(1)D3 + Zpr veg(u)Dy + —pr v gg(us)

3 3
2 1
= §£0~Dx+§Dx(59)
2 2 1 1 2 1
=5 orr"c o 01 o xe Dr o arz'pr >y 011 ro'p o zre
3(,,‘+3u +3u ) +3( +3u +u +3u )

Now the second wedge in ¥, is telling us to apply pr vgy(&) to 8 by evaluating the differential operator
pr vge(&) at 6 and then wedging the coefficients of the operator since they are functional uni-vectors. Thus
the tri-vector ¥ for & is

\Il:%/{ﬁ/\pr\f@g(_@)/\ﬁ}dx

1 2 2 1 1 2 1
-5 / {o A (g(em Sy + 5108) A Dy (8) + 3 (Bran + Sure + abs + Suss6) N 9)} dz

1 2 1 1 2 1
- / {go A (Baza + 58 + S1a8) A by + 20 A (Brgas + Sbie + el + SUzeb) A 9} dx

= /—%9/\01;/\9559” dz

where we used the skew-symmetry of the wedge product and the fact that 65 A0y, =0 if J; = J3. We can
further simplify the integral, by integrating by parts
1 1
/—59/\% AOyppr do = 3 /Dw(e/\ew) A0y dx

:%/{emAeermere/\emAem} d

=0.

Therefore the tri-vector ¥ is trivial for &, this is a unique property of & being Hamiltonian, not all differential
operators will give a trivial tri-vector W.

Using the example above as a guide for how to compute the tri-vector ¥, we state a proposition that
gives us a new way of computing the Jacobi identity.
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Proposition 2.2.4. Let 2 be a skew-adjoint differential operator. Then & is Hamiltonian if and only if
the functional tri-vector

1
V= 3 /{9 ADrvge(D) A0} do (2.2.22)
is trivial i.e. ¥ = 0.

Proof.

Recall that all the theorems we mentioned earlier about functional k-forms carry over to functional k-vectors.
Therefore we can say that the functional tri-vector ¥ is uniquely determined by its action on differential
functions P, @, R. Thus ¥ = 0 if and only if < ¥; P, R, Q >= 0 for all P,R,Q € /. Following the same
notation for ¥ that we used in the example above, if we evaluate ¥ on P, @, R € &/ we obtain

1
<WU;P,Q,R>= 5 /{P ‘Prvgp(2)Q —Q prvgr(2)P+ R-prvgg(Z)P — P -prvyo(Z2)R
+Qprvyp(2)R— R-prvop(7)Q} de.

Since Z is skew-adjoint so is pr vo(Z) for any evolutionary vector field vg. Thus we replace the prolonged
operator above by its adjoint to obtain

5 [{P 21 var(9)Q = P r von( D) Q+ R prvaq(9)P = R+ pr vig(9)]'P

<WU:P,Q,R> 5
+Q prvop(2)R - Q- [prvop(2)] R} d
1

3 / {P Prvgp(2)Q+ P prvgp(2)Q + R-prvyg(2)P + R-prvyo(2)P

+Q prvgyp(2)R+Q - pr V@P(-@)R} dz

/ {P Prvgp(2)Q+ R -prvyo(2)P+Q - pr v@P(@)R} dx

the left hand side of (2.2.13), the second version of our Jacobi identity. Therefore given a skew-adjoint
operator &, 2 is Hamiltonian if and only if < ¥; P,Q, R >= 0 for all P,Q, R € &/, however this is true if
and only if ¥ = 0. Therefore the triviality of ¥ is equivalent to satisfying the Jacobi identity. O

This proposition leaves us with an easier way to compute the Jacobi identity. However, it might be easier
to use the functional bi-vector (2.2.18) which determines the Poisson bracket (2.2.20) in our computation of
the Jacobi identity. In order to do this we extend the definition of a prolonged vector field pr vy, to the
space of vertical uni-vectors by setting

pr Vg (#s) =0

for all multi-indices J and we require it to act on vertical multi-vectors as a derivation. Therefore if ¢ =
J @ dx is any functional k-vector , then

Pr Vg (®) = /pr Ve (®) dx (2.2.23)

is a functional (k 4+ 1)-vector. Now we are ready to introduce the last version of the Jacobi identity. This
theorem will be the one used the most in this thesis to show the Jacobi identity is satisfied.

Theorem 2.2.3. Let Z be a skew-adjoint differential operator, and let © =  [{§ A 26} dx be the
corresponding functional bi-vector. Then 2 is Hamiltonian if and only if

pPrvgy(0©) =0 (2.2.24)
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Proof.
Let 2 be a skew-adjoint operator, then 2 =) ;- Px[u]|Dg. Evaluating the left hand side of (2.2.24) gives

prvgg(@)fprv_@g( /em.@e i) :%/prv%(m@o) do
% / {prvao (61 (%j Prebic)) | da
=5 [ {prva(S P noe) o
/{me% Pi) O A da
{0
{

/ (Zpr V@9(Pk)/\91<)} dx

/ —9/\prv@9(;@)/\9} dx

where W is the same as in proposition 2.2.4. Therefore by proposition 2.2.4, we conclude that 2 is Hamil-
tonian if and only if pr v4,(0) = 0. O

Example 2.2.3. Now using the theorem above, we can finally return to our example of the KdV equation.
It remains to prove that the operators 2 = D, and & = D:?; + %qu + %UI satisfy the Jacobi identity. We
will show that (2.2.24) is satisfied for both operators. Starting with 2 = D,,,

Pr vgy(©) = /pr vy, (O NO) dx = 0.
Let us do the same for & = D3 + %qu + %uw Recall from our earlier example,
= 1/amf(a) dx—/{lemo +ugne }dm
Then verifying (2.2.24) we get
1 1 1 1
pr vga( 50 N ae + U8 A6, dm) - {pr Ve9(50 N baze + Sub A 996)} da
1
= /gpr Veg(u) NO A0, do
1
= g/@@(e)w/\em dx

1
—7/{9mA9/\9 n ue AOAO, + uwH/\H/\G}

/0/\9 A Orag

by our calculation in example 2.2.2. Since &, 7 are skew-symmetric and (2.2.24) holds, we can conclude
that &, 2 are Hamiltonian. Therefore, we can finally truly say that the KdV equation u; = ugee + uuy is
Hamiltonian with two distinct Hamiltonian operators.

This concludes our section on Poisson Brackets and Hamiltonian structures. We have multiple theorems
which help us in discerning if our differential operator is Hamiltonian. We will use these theorems in the
later sections when we need to show that a particular pde admits a Hamiltonian Structure.
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2.3 A Noether Theorem

Calculating the symmetries and conservation laws for a partial differential equation has been a problem of
interest for many researchers. A theorem that helps researchers in computing conservation laws is Noether’s
theorem. Noether’s theorem creates a relation between the conservation laws and symmetries of a partial
differential equation. In this section we will introduce another Noether theorem that relates the Poisson
bracket, the generalized symmetries and conservation laws of a Hamiltonian evolution equation. Furthermore,
as we mentioned earlier we will assume that we are working with a single spatial variable and a single
dependent variable u(x,t). We begin by recalling some important definitions.

Definition 2.3.1. Consider a system of differential equations A = 0. A conservation law is an identity of

the form
DivP=0 (2.3.1)

which holds for all solutions u = f(x) of the system. Where P = (P,...,P,) is a p-tuple of differential
functions.

A conservation law can trivially hold for a differential equation in two different ways. A trivial conserva-
tion law of the first kind is an expression like (2.3.1) that vanishes for all solutions v = f(z) of the system.
In this case, we use the differential equation A = 0 and make substitutions for different partial derivatives.
For example in a system u; = KJu|, we substitute all the partial derivatives of u with respect ¢ with K{u]
and it’s various derivatives.

Ezxample. The system u; = v, v; = u, has trivial conservation law
Lo, 1, Ly 14
Dt(§ut - 51)1,) + D, (vpuy — wpty) = Dt(i”z — 5%) + Dy (vpy — vpuy) =0
which was obtained by substituting the time derivatives with the equations of our system.

A trivial conservation law of second kind occurs when (2.3.1) holds for all functions « = f(z) and does not
depend on the structure of the given differential equation.

Ezample. In the case where we have two independent variables (x,y) and one dependent variable u,
D (uy) — Dy(ug) =0

is trivial conservation law as it holds true for all smooth functions v = f(z,y). We did not even need to
define a system to obtain this conservation law.

In the case of an evolution equation, we can separate the time and spatial variables and give an alternate
form for the conservation law.

Definition 2.3.2. In an evolution equation, where one of the independent variables is distinguished as time
t and the remaining variable x is a spatial variable, the conservation law takes the form

Dy(T) + Div(X) = 0. (2.3.2)

Here Div is the spatial divergence of X with respect to the variable x. T is called the conserved density and
X is called the conserved fluz, they are both functions of x, ¢, u and the derivatives of v with respect to both
t and x.

Trivial conservation laws of the first and second kind are still conservation laws of the system of evolution
equations, even though the form is written differently. In general, we can say that two conservation laws are
equivalent is they differ by a trivial conservation law. Therefore we are only interested in finding conservation
laws up to an equivalence class. Furthermore, if an evolution equation has a Hamiltonian form, then there
is a way to obtain conservation laws for the system just by observing its Poisson bracket.

Definition 2.3.3. Let 2 be a Hamiltonian differential operator. A distinguished functional for 2 is a
functional ¥ € . satisfying
20¢ =0 (2.3.3)

for all z, u.
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The Hamiltonian operator corresponding to a distinguished functional is trivial i.e. u; = 0. If we combine
(2.3.3) with the definition of a Poisson bracket, we obtain that a functional ¢ is distinguished if and only if

{¢, 2} =0 (2.3.4)

for all functionals 5 € .#. Observing this we can see the conserved nature of the distinguished functionals,
leading us to quote the following proposition from [4].

Proposition 2.3.1. Let 2 be a Hamiltonian operator. If ¢ is a distinguished functional for &, then ¢
determines a conservation law for every Hamiltonian system u; = 2§5¢ relative to 2.

Now we can introduce a new criteria for a functional to give rise to a conservation law.

Proposition 2.3.2. Let u; = Pu] be an evolution equation, and let Z[t;u] = [, T(x,t,u (") dr be a
functional for 2 C X. Then T is the density for a conservation law of our equation 1f and only if it’s
associated functional .7 satisfies

4 prvp(T)=0 (2.3.5)
ot

where prvp(7) = [, prvp(T) de.

Proof.

Let us start with the forward implication, assume that T is a conserved density for a conservation law and

let T[t;u] = [, T(x,t,u (")) dz be its associated functional. T can be assumed to depend only on the

- derlvatlves of u since we can substitute the time derivatives by our equation. If u is a solution to the
evolution equation u; = Plu] then

8T or | or n or n or n
Ut — ou Ut = 8u Uty — auw

oT or oT or
= o +P8u + (P)ta—m + (Py)a—ux + ...

_or
= +prvp(T)

here 2 W denotes the partial ¢t-derivative. Since T is a conserved density we must have that
Dy(T)+DivA=0

for some A € o/, where Div is the spatial divergence. Integrating both sides over {2 we obtain using the
divergence theorem

/Q{Dt(T)—i—Div A} dz =0
— /Dt(T) dz = 0.
Q

If we expand the D;(T') under the integral using our computation we obtain (2.3.5) as follows

/Dt(T)dm:
Q

— A{g+prVP(T)}dx—0
— ;(/Qde)—l-prvP(/Qde):O

= %errvp(y):().
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Now we prove the reverse direction, assume that (2.3.5) holds, if u is a solution to the evolution equation
us = Plu], we can expand the left hand side of (2.3.5) and obtain the following

07
W‘Fper(g):O

— %(/Qde)errvp(/Qde)zo
— /QDt(T) do = 0.

Since we are working over the space of functionals .# and the integral above is equal to 0, we can say that
the integrand is equivalent to a total divergence Div A. Therefore

Dy(T)=DivA = D¢(T)+Div(-A)=0
on solutions u of of uy = Pfu] and thus T is a conserved density. O

Now that we have established a criteria for conservation laws, we wish to determine a relation between
conservation laws and symmetries of the evolution equation. Before we introduce this Noether theorem we
will prove a proposition that relates the Lie bracket of two Hamiltonian vector fields and their corresponding
Poisson bracket. This will be used later in the proof of our Noether theorem.

Definition 2.3.4. Let v and w be generalized vector fields. Then their Lie bracket [v,w] is the unique
generalized vector field satisfying

pr [v,w] (P) = pr vipr w(P)] - pr wlpr w(P)] (2:3.6)
for all P € & .

Proposition 2.3.3. Let {-, -} be a Poisson bracket determined by a Hamiltonian operator 2. Let £, 2 € %
be functionals with corresponding Hamiltonian vector fields ¥4 and v 4. Then the Hamiltonian vector field
corresponding to the Poisson bracket {2, 2} is the Lie bracket of the two vector fields;

Viz.2) = [V2,92] (2.3.7)

Proof.
Let # be an arbitrary functional, we begin by applying the prolongation of ¥ 5 2 to % and using proposition
2.2.2 to obtain the following:

pr Q{k@,,@}(‘%) ={%A{2,2}}
={{Z%, 7}, 2} +{{2,%Z}, 7} By the Jacobi identity and skew-symmetry of the bracket.
= {{%a‘@}v"@}_{{%ag}a@}
=prVo({Z, 2}) —prvu ({2, 2})
=prig opr V(%) —prige oprve(Z)
= (prig oprvgy —priy oprig)(#)
=pr [Vo,V2|(Z%). By definition 2.3.4.

The above implies that

— pr (\7{9»3} — [\A/Q,\A/',@D(%) =0

for all functionals Z € .%. This can only happen if the two vector fields are equal, therefore we can conclude
that \7{973@} = [\79, XAI(@]. O
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The reader is probably familiar with symmetries of differential equations. We now introduce the idea
of generalized symmetries. Generalized symmetries are very much like classical symmetries only that the
infinitesimal generator of the symmetry is a generalized vector field. Thus its coeflicients can depend on the
various derivatives of u, up to any order. The definition of a generalized symmetry is a direct analogue of
the definition of a point symmetry (classical symmetry).

Definition 2.3.5. A generalized vector field v is a generalized infinitesimal symmetry of the differential
equation Afu] = 0 if and only if
prv(A)=0 (2.3.8)

for every smooth solution v of A = 0.

It is important to note that any classical symmetry of a differential equation is also a generalized symme-
try. By classical symmetry we mean that the symmetry group has infinitesimal generator with coefficients
depending only z,t¢, and u. Now let us quote another proposition from [4] that gives a new criteria for
checking that an evolutionary vector field is a symmetry of an evolution equation.

Proposition 2.3.4. An evolutionary vector field vq is a symmetry of the evolution equation u; = Plu] if
and only if

0
thQ + [vp,vg] =0 (2.3.9)
holds identically in (z,t,u(™). Here 88% is the evolutionary vector field with characteristic %.

Remark. By symmetry, we mean generalized symmetry, however since the vector field is evolutionary we
could also call it an evolutionary symmetry. These are interchangeable since evolutionary vector fields are
also generalized vector fields.

Finally, we quote one last proposition from [4].

Proposition 2.3.5. A generalized vector field v is a symmetry of a differential equation if and only if its
evolutionary representative vg is.

Now we have all the tools to state and prove the main theorem in this section. It is a Noether theorem
in the sense that it creates a relation between the generalized symmetries of an evolution equation and its
conservation laws. If a Hamiltonian vector field v, is a symmetry of an evolution equation, we call it a
Hamiltonian symmetry. The theorem we are about to state uses the Hamiltonian nature of the evolution
equation to create a relation between Hamiltonian symmetries and conservation laws.

Theorem 2.3.1. Let u; = 267 be a Hamiltonian evolution equation. A Hamiltonian vector field ¥4 with
characteristic 2022, & € %, determines a generalized symmetry of the equation if and only if there is an
equivalent functional &' = & — €, differing only from & by a time-dependent distinguished functional
€ [t;u], such that &’ determines a conservation law.

Proof.
A time dependent distinguished functional means a functional

Clt;u] = /C’(t,x,u(")) dx

where C' depends on t,z,u and the z-derivatives of u such that for each fixed tg, €[to; u] is a distinguished
functional i.e. 20% = 0.

Assume that the Hamiltonian vector field v determines a symmetry of u; = 265¢. By proposition
2.3.4 ¥ is a symmetry of uy = 20 if and only if

A
ot

+ [V, Y] =0 (2.3.10)
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where v is the Hamiltonian vector field associated with . and agf’ is the Hamiltonian vector field
associated to the functional %—‘?. According to proposition 2.3.3., [V, V| is the Hamiltonian vector field
for the Poisson bracket {2, #}. Since the vector field in (2.3.10) is equal to 0 its characteristic is equal to

0, namely

95(% + {@,%}) —0.

However, this is precisely the definition of a distinguished functional for &. Hence we can say

0P .
Sty =%

where ¢” is a time distinguished functional
C'[t;u] = /C”(t,:mu(”)) dx.

Now we set .
' (s, z,u™) ds) dx.

to

Elt;u] = t‘ﬁ[s;u] ds:/(

to

Let &' = & — €, this differs from & by a time dependent distinguished functional. We are left to prove
that &2’ determines a conservation law. Using Proposition 2.3.2 all we need to show is

07’

5 T Pr Vp(2)=0 (2.3.11)

in order to claim £’ determines a conservation law. Let us do the computations.

07 _ 02 96 _ 97 .,
ot Ot ot~ ot

{7 A ={P —C. A} ={P X} {C. A} ={P, N}

Therefore
o7 0P, ,
W‘FPTV}/(:@)—W—% +{=@,%}
07
:(g/_%l
=0

proving that 42’ determines a conservation law.

Now we prove the reverse implication, assume that &’ = & — % determines a conservation law, where
% is a distinguished functional. Then by proposition 2.3.2

o' o0’
+pr V(P = +{P', A} =0. (2.3.12)
ot ot

We need to prove that V4 is a generalized symmetry of u; = 205, thus we need to show

Vg

;j 4 [o, ] = 0.
The characteristic of the vector field above is
0L
‘%(W +{2,2}).
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Since & = &' + %, if we explicitly calculate the characteristic above we obtain

07 _ 07 ¢
ot Ot ot

{PAY={P +C, H}={P A+ {C,H}={P H}

— @5(38—? +{2,x}) = @5(8(‘;?/ + %f +{7', #})
= @5(%—?) by 2.3.12
)
- 5(%%)
—0

where the second last equality is obtained because 2 does not explicitly depend on ¢ and the last equality is
true because ¥ is a distinguished functional. Therefore the characteristic of the vector field on the left hand
side of equation (2.3.10) is equal to 0 and thus the vector field itself is equal to 0. Therefore we obtain the
equality in (2.3.10), which implies that V4 is a generalized symmetry of u; = 26.5. O

Example 2.3.1. Let us return to our running KdV example and see how this Noether theorem is applied.
Recall the KdV equation
Ut = Uggr T Uly

that had two Hamiltonian structures corresponding to differential operators
3 2 1
2 =D, and §:D$+§qu+§ux.

In section 2.4 of [4], Olver computes the algebra of classical symmetries of the KdV equation, it is spanned
by
v1 = Oy, vo = 0O, vy = t0z — Oy, vy = 20, + 3t0; — 2u0,.

with replacing x by —z. We compute their evolutionary representatives to be
VO, = —UgOu, VQ, = (—Ugze — UU3)0y, V@, = (—1 —tuy)0u, vQ, = (—2u — zuy — 3tuzey — 3tuny)0,.

Now let us determine which of these symmetries are Hamiltonian and thus lead to a conserved density. These
symmetries are Hamiltonian if their characteristic (); can be written in a Hamiltonian structure with respect
to either operator & or &. Let us start with the first operator 2 = D, out of the four vector fields above,
the first three have characteristics which are Hamiltonian

Qi:Dxayia Z:17273

with conserved functionals

,9”1:/—%u2 dz, 92:/{%ui—éu3} dz, f%:/{—xu—%m} da.

For the second operator & = D3 + %qu + %ux, @1, Q2 and @4 are Hamiltonian,
Q=80 i=1,2/4

with conserved functionals

1 3
e T o T T e
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The functional .41 is a distinguished functional for & since 2§.47 = 0 and thus cannot give us a new
symmetry for the system. The other conserved functionals for & are either the same or a multiple of the
conserved functionals for 2. However, the functional &5 did not arise from one of the classical symmetries
in the case of & but it still determines a conservation law for the KdV equation. Therefore by our Noether
theorem 2.3.1, this should give rise to a Hamiltonian symmetry ¥4, that has characteristic

&8P

2 1 1
(D3 + guDz + guz)(—umz - iuz)

5 10 5,
= —Ugggze — ;UWUgge — 5 UgUge — ZU Ug.
3 3 6

We start to notice a pattern at this point, if the characteristic above could be written in Hamiltonian form
with respect to the operator & then this would provide another conserved functional for the KdV equation.
Then we could apply & to this new conserved functional and so on. This phenomenon is not necessarily true
for all evolution equations that admit a Hamiltonian structure. For the KdV equation it is due in part to the
fact that we have two distinct Hamiltonian structures. In the next section we will discuss this phenomenon
and explain why the operators 2 and & for the KdV equation are special enough to do this.
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2.4 Bi-Hamiltonian Systems and Magri’s Theorem

In the previous section we saw what it means for an evolution equation to be Hamiltonian. We examined the
example of the KdV equation, which had two distinct Hamiltonian structures. This leads to the natural ques-
tion, does an evolution equation that has multiple Hamiltonian structures have more interesting properties?
The answer to this question is yes. In this section, we will explore what happens when an evolution equation
can be written in two distinct Hamiltonian forms, such an evolution equation is called bi-Hamiltonian. The
consequence of this gives rise to the main theorem in this section, Magri’s theorem. This theorem allows
us to create an infinite hierarchy of conservation laws by applying our Noether theorem from the previous
section to the different symmetries of both Hamiltonian structures. Again, the information in this section is
paraphrashed or directly quoted from [4].

Definition 2.4.1. Let 2 and & be a pair of skew-adjoint g x ¢ matrix differential operators. They are said
to form a Hamiltonian pair if every linear combination aZ + b&’, for a,b € R is a Hamiltonian operator.

Definition 2.4.2. A system of evolution equations u; = K(u], K[u] € &/ is bi-Hamiltonian if it can be
written in the form

uy = Klu] = 9206 = &4 (2.4.1)
where 7)), 741 are Hamiltonian functionals and & and & form a Hamiltonian pair.

Lemma 2.4.1. Let 2 and &, be skew adjoint differential operators, they form a Hamiltonian pair if and
only if 2,& and & + & are all Hamiltonian operators.

Proof.

The forward implication is trivial and comes from the definition of a Hamiltonian pair. So we assume that
2,8 and 9 + & are all Hamiltonian operators and we need to prove every linear combination of 2, & also
is a Hamiltonian operator. We know that a linear combination of skew-adjoint operators is skew-adjoint,
so what is left to prove is that the Jacobi identity is satisfied. As we have shown earlier there are multiple
ways of stating the Jacobi identity. Let P,Q, R € &/ and let J(2, Z; P,Q, R) be the left hand side of the
equation (2.2.13). Recall we can write this as a functional tri-vector evaluated at P, @, R, this allows us to
write

1

J(2,2;P,Q,R) = 5/{P‘Pr Vor(2)Q + R-prvyo(Z2)P +Q -prvyp(2)R

+ P -prvgr(2)Q+ R-prvyqg(2)P+Q - pr v@P(Q)R} dx.

Thus we can define a symmetric bilinear form J(Z,&; P, Q, R) by

J(@,g;RQ’R):%/{P'pTV@R(@@)Q+R'PTV@Q(5)P+Q'pTV@P(g)R

+P-prng(.@)Q—f—R-prng(.@)P—i—Q-prvgp(@)R} dx

this is obviously symmetric and bilinear, where bilinearity comes from the prolongation formula (2.2.11).
This allows us to say that for any a,b € R

J(aZ +b8,a2 +bE; P,Q,R) = J(aD + b&,a2; P,Q,R) + J(aZ 4+ b&,bE; P,Q, R)
=a - J(@aP+b8,9;P,Q,R)+b-J(a2 +b8,8;P,Q,R)
=d’>-J(2,2;P,Q,R) +ab- J(&,7;P,Q,R)

+ba-J(2,86P,Q,R)+b*-J(&,E P,Q,R)

— J(aZ +b&,aP +b&E; P,Q,R) =a? - J(2,7;P,Q,R) + 2ab- J(E,7; P,Q,R) + b - J(&,&; P,Q, R).

Since J(Z2, Z; P,Q, R) is the left hand side of the Jacobi identity, it is equal to 0 when 2 is a Hamiltonian
operator. Since 2,8 and Z + & are all Hamiltonian operators we can say

J(2.9:P,Q,R) = J(6,6;P.Q,R) = J(7 + &, 7 + & P,Q.R) = 0.
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Expanding the last equality using the bilinearity property of J(Z, &; P, Q, R) we obtain the following result

J(D+E 9 +EP,QR) =0
= J(2,7;P,Q,R)+2-J(&,7;P,Q,R) + J(&,8;P,Q,R) =0
— J(&,9;P,Q,R) =0.

Using this result, the fact that 2 and & are Hamiltonian and the bilinearity of J, allows us to say for any
a,beR

J(aD +bE,a9 +bE,P,Q,R) = a*- J(2,2;P,Q,R) + 2ab- J(&,2; P,Q,R) + b* - J(&,&; P,Q,R) = 0.

Since J(aP + b&,aP + b&; P, Q, R) is the left hand side of the Jacobi identity with respect to the operator
a2 + b&, we conclude that the Jacobi identity is satisfied for all linear combinations a2 + b&’, a,b € R.
Therefore 2 and & form a Hamiltonian pair. O

Corollary 2.4.1. Let Z and & be Hamiltonian operators. Then 2, & form a Hamiltonian pair if and only
if

Pr Vgp(Og) + pr vep(02) =0 (2.4.2)
where

1 1
@@:5/{“@0}@ and ngi/{QAgﬂ}dm
are the functional bi-vectors that represent the Poisson bracket of each operator.

Proof.
Let P,Q, R € &/9, recall from section 2.2 that the functional tri-vector evaluated at P, Q, R

<pf v90(02); P7Q7R>

is the negative of the left hand side of the Jacobi identity. Therefore we can equate the above with the form
we used in the lemma above to say

—~J(2.7:P,Q.R) = (prvy(02); P.Q, R)
~J(2,85P,Q, ) = (b1 v49(00); P.Q, )
— 2. (2,86 P,Q, R) = (pr vgy(Oc) + pr vieg(0): P, Q. R).
By the proof of the lemma above, we know that if 2, & form a Hamiltonian pair then

J(2,6,P,Q,R)=0

= <Pf Vgy(Og) + pr Vg’a(@@);P,Q,R> =0

since a functional k-vector is uniquely determined by its action on elements of &79, we can conclude that
Pr Vy(Os) + Prvey(Og) = 0.

Similarly, if (2.4.2) holds and 2, & are Hamiltonian operators then for all P,Q, R € &4

<pI‘ V@O(G(f) + pr Vébﬁ(@@);P7Q7R> =0

— J(2,6,P,Q,R) =0
= J(Z2+E,2+8P,Q,R)=J(2,2;P,Q,R)+ J(&,7;P,Q,R) + J(&,8; P,Q,R) = 0.

Therefore the Jacobi identity is satisfied for Z + &, and skew-symmetry is obvious thus Z,& and Z + & are
Hamiltonian operators. By the lemma above 2 and & form a Hamiltonian pair. O
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Example 2.4.1. Let us return to our earlier example of the KdV equation, we recall that it had two distinct
Hamiltonian forms

Ut = Ugae + Wy = DO, = ESH

where

92 =D, jﬁz/{—%ui-kéf)}d&ﬁ

and

2 1 1
&=D3+ gqu + FUa J[u] = /§u2 dz.

This leads to the natural question, does this gives us a bi-Hamiltonian system? To answer this question we
must determine if these operators form a Hamiltonian pair. We can do this by checking that the operators
satisfy the previous corollary. Recall the functions ©s and ©4 and the prolongations from our examples in
the earlier sections and compute

1 1
Pr vge(Og) + prvey(Og) = / {pr ng(§9 A Ogze + guﬁ N0Oy) +prvge(d A 995)} dx
(2.4.3)

1
/geonAexdx
0

which gives us that & and 2 form a Hamiltonian pair and thus the KdV equation is bi-Hamiltonian.

Definition 2.4.3. Let 2 be a g x ¢ matrix differential operator. The (1, 1)- Lie -derivative of & with respect
to a generalized vector field vq is the differential operator

vallZ)] = %1 + 2. Dq] = pr vo(2) + 2, D) (2.4.4)
where [2,Dg] is the Lie bracket and &, is being evaluated on solutions of u; = Q[u], as in definition 2.2.8.

Definition 2.4.4. Let Afu] = 0 be a system of evolution equations. A recursion operator for A =0 is a
linear operator & : &/9 — /9 such that whenever v is a generalized symmetry for A = 0, so is v/, where

Q' =2%Q).

This begs the question of which differential operators are recursion operators, for that we quote the following
criteria for recursion operators, this is theorem 5.29 in [4].

Theorem 2.4.2. Suppose Afu] =0 is a differential equation. If Z : & — & is a linear operator such that
Da-% =% -Da (2.4.5)

for all solutions u of A = 0, where #Z : &/ —  is a linear differential differential operator, then Z is a
recursion operator for the system.

In the case where A = u; — K[u], corresponding to an evolution equation we have DA = D; + Dg. In
this case if Z is a recursion operator, we see that the operator in (2.4.5) must be the same as %Z. Thus the
condition (2.4.5) reduces to

Da-#Z=%-Dpn < (Di+Dg)(#)—#(D,+Dk) < % — Dk, %) =0 <= %, =Dk, %] (2.4.6)
where %, is as in definition 2.2.8, and [+, -] is the regular Lie bracket.

Before we state the main theorem of this section, Magri’s theorem, we must prove a few more propositions.
The last section introduced a Noether theorem that created a relation between the Hamiltonian symmetries
of our differential equation and its conservation laws. In particular, if we have a bi-Hamiltonian system

w = Ky [u] = 966 = E56.43
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then we can apply our Noether theorem (theorem 2.3.1) to both the differential operators. This creates
a ladder-like algorithm that bounces between the symmetries and conservation laws with respect to both
operators, meaning that if & is any conserved functional for our equation above then both Hamiltonian
vector fields vgse and vegse are symmetries of our equation. Since 4 and .7 are conserved functionals
for the equation above, the vector field vk, = vgsng = Vesss as well as the vector fields vgs.n,, Vesng are
generalized symmetries. Now if say one of these new vector fields is a Hamiltonian vector field for the other
Hamiltonian structure i.e.

E6IQ = D06

for some functional #. Then % is a conserved functional and thus again by our Noether theorem we
obtain another symmetry vgs.s. We should start to notice the recursive pattern here. If we repeat this
algorithm at the n-th stage, we determine a new functional %, where

K, = 964, = E5H,_, (2.4.7)

thus giving us a new conservation law for the original system, and another symmetry with characteristic
K11 = &85,. So we can imagine that if we define an operator Z = & - 27!, then we write

KnJrl =ZK,

and here since K,, and K, 1 are symmetries, we suspect that & is probably a recursion operator. However it
is important to note that the algorithm above relies on the fact that at each step we can find a functional 77,
such that (2.4.7) holds. This is essentially the content of Magri’s theorem, however before we explicitly prove
and state this, we must first prove that & is truly a recursion operator. Furthermore, we must introduce the
requirement of non-degeneracy for at least one of the operators, and we know the operators are invertible
since they form a ring.

Definition 2.4.5. A differential operator 2 is degenerate if there is a non-zero differential operator 2’ such
that 2" - 9 = 0.

Lemma 2.4.3. Let uy = K = 20 be a Hamiltonian evolution equation with corresponding vector field
vk = V. Then
prv . (2)=Dk -2+ 2 -D. (2.4.8)

Proof.

Following the notation in [4], we let L = 657, so K = ZL. Let P = 622, Q = 02 be arbitrary variational
derivatives. Then using the Jacobi identity in the form (2.2.13) and recalling the fact that the Hamiltonian
vector field vV has characteristic 20.¢ we obtain

/P~pr\7jf(.@)-de:/{—L-prGQ(Q)L—Q-pr0@(9)~L} dx

= / {P prig(2) - L—Q -prisz(?)- L} dx Since 2 is skew-adjoint, so is pr V (2).

- / {P [pr ¥ o(2L) — D(pr ¥ (L)) By (2.2.12).
= Q- [pr 955(7L) = D(pr ¥ 5 (L)]} do
~ [{P-Dr(@Q) - 2(0.(2Q)) By (22.10).

- Q- [Dx(2P) - 2(DL(ZP))]} da
- / {P Dx(2Q) — P-ID1(2Q) — Q-Dg(2P) + Q- @DL(QP)} da

:/{P-DK(.@Q) fQDK(@P)} da
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the last equality coming from the fact that 2 is skew adjoint and since L is a variational derivative Dy, is
self adjoint by theorem 2.2.1. Thus

/Q@DL(@P) dz = /—9(@) -DL(2P) dz = /—DL(QQ)Q(P) do = /@DL(QQ) P dx.

Returning back to the integral, we obtain

P-Dy(2Q) — QDk(7P) } dx

P-DK(@Q)—i—P-@D’;((Q)} dz

J{

= [{P-Dx@) - 7P D@} s
J{
J{

P-(DK@+.@D})~Q} dz
— /p.(pw%(@)—DK@—QD;().de:o

and since P, () were arbitrary variational derivatives, the above holds if and only if
prv, (%) =Dk -2+ 2 -Di.
O

Theorem 2.4.4. Let u; = K = 264 = &5.4) be a bi-Hamiltonian evolution equation. Then the operator
# = EPD~ ! is a recursion operator for the equation.

glr(i)orﬁer to show & is a recursion operator for u;, we must show it satisfies (2.4.6). On solutions u of our
evolution equation we have the following
Ry =pr v (#) By definition 2.2.8
—prvg(&)- 21 —E& -9 prve(2) 271
=Dg-E+E-Dy) 271 —&6-2 Y Dg-2+2-Dy)2~' By the last lemma.
=Dg-&-97' -8 -2 'Dg

=DxZ — %Dk
= [Dk, %]
which satisfies (2.4.6). Therefore Z = & - 7! is a recursion operator for our evolution equation. O

Now that we can actually prove that & is a recursion operator, we quote one more technical lemma from
[4] that we use in the proof of Magri’s theorem. This is lemma 7.25 from [4].

Lemma 2.4.5. Suppose Z,& form a Hamiltonian pair, with 2 non-degenerate. Let P, Q, R € & satisfy

&P =9Q, &Q=9R. (2.4.9)
If P=02, Q = 02 are variational derivatives of functionals &£, 2 € #, then so is R = % for some
XeF.

Finally, we have all the tools to state and prove Magri’s Theorem, which is theorem 7.24 in [4].
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Theorem 2.4.6 (Magri’s Theorem). Let
uy = Kylu| = 2054 = £6. (2.4.10)

be a bi-Hamiltonian system of evolution equations. Assume that the operator 2 of the Hamiltonian pair is
non-degenerate. Let Z = & - 2! be the corresponding recursion operator, and let Ko = 28.¢. Assume
that for each n = 1,2, ... we can recursively define

K,=R%K,.1 n>1 (2.4.11)

meaning that for each n, K,_; lies in the image of 2. Then there exists a sequence of functionals
Y, 4.6, .... such that

1. for each n > 1, the evolution equation
uy = Kplu|l = 2696, = 26,4 (2.4.12)
is a bi-Hamiltonian system;

2. the corresponding evolutionary vector fields v,, = v, all mutually commute;

[Vi, V] =0 n,m >0 (2.4.13)

3. the Hamiltonian functionals .77, are all in involution with respect to either Poisson bracket:

{5, 50} = 0= {5, Hn}s, n,m>0 (2.4.14)

and hence provide and infinite collection of conservation laws for each of the bi-Hamiltonian systems
(2.4.12).

Proof.

(1): Since by our assumption 2, & form a Hamiltonian pair, the only thing we need to prove is the equality
(2.4.12). Let us prove this by induction on n. First we let K,, = 2Q,, where Q,, € o. Let us start with our
base case of n = 1. For n =1, let Qo = 054 and Q1 = 0.94. Then by our assumptions

w = Kolu) = #K, = & - D D65 = E6 = Q4
Now since
ESHMy = Do, and  E6H = DQq

lemma 2.4.5 tells us that @) is a variational derivative of some functional. Therefore Qo = 0.9 for J% € &
and
uy = Kolu]| = 90565 = £654.

Now, let us assume that
uy = Kplu) = 266, = 8647,

is a bi-Hamiltonian system, we must show the same is true for K,,;1. By our assumption K11 = YQn+1
and

U= Kni1 = RK, = ED - D65, = E6H) = DQni

then since

EdH_1 = Do,  and  E65, = DQni1
lemma 2.4.5 implies that Q11 = 20, 1. Therefore

Uy = Kn+1[u] = @(5%+1 = éa(i%”n

is a bi-Hamiltonian system. We can conclude that (1) is true for all n = 1,2, ....
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(3): The proof for the second point following from part (3), therefore we will prove (3) first. Recall the
notation from the theorem v,, = v, = Vasw, = Vesw, ., then according to proposition 2.2.2

{0, 00} 9 = pr Vs, (7,) = pr v, ()
{0, A} e = pr Vesat,, (J7,) = pr Vm+l(%)

therefore,
{0, Hon} o = Dr v, (H0) = DY Vs, (H0) = DY Ves o, (H0) = {0, Hn-1}e.

Without loss of generality assume that n < m. We will use the equality above we created and the skew
symmetry of the Poisson bracket to obtain the sequence of equalities

{%7%771}@ = {%7%1%—1}5’ = _{%m—17%l}g
= _{%m717%+1}@ = {%4»17%’”7,71}@ = e = {%7%} =0.

By subtracting 1 from m and adding 1 to n every time, we will eventually reach a middle point k£ where the
integers are equal. The bracket we get at the end depends on the integers m and n, but we will either have
the & or & Poisson bracket evaluated at the same functional J#, and thus the Poisson brackets are all equal
to 0. Therefore the third part of the proof is proved.

2): Now we finally conclude with the proof of the second part. Let m,n > 0 be arbitrary then proposition
2.3.3 tell us

Voo vl = Vo, Vo, = Vo, Ay o = 0
and
Vs Vi) = [V, Vo] = Vo o030 = 0
where the equality to 0 is thanks to the third part of the theorem. Therefore we have proved all three parts

of Magri’s theorem.
O

We should mention a technical point at this stage. In Magri’s theorem we required that K,,_; lies in the
image of 2, this is quite a powerful assumption. As Olver mentioned in [4], in most of the examples to date
this seems to be true, however we don’t quite have a theorem to state the effect that we can always find a
differential function in the image of & that gives us the equality to K,.

Example 2.4.2. Let us return to our example of the KdV equation, earlier in this section we showed that
the KdV equation is a bi-Hamiltonian system. Now we wish to apply Magri’s theorem to the KdV equation.
We start by recalling the bi-Hamiltonian form

Up = Ugpe + Uy = DO = E6IG)

where

92 =D, jﬁz/{—%ui-k%ﬁ}dm

and 5 . .
&=D3+ guDI + FUa G [u] = /§u2 dz.

The recursion operator Z = &- 9~ = D2 + %ungl + %u, then we apply Z recursively to the KdV equation

38



to obtain new symmetries. The first stage in this recursion is

2 1 1 1
Uy = B(Uppe +utly) = & - DDA = E574 = (D2 + 34D+ gux)é(—iui + 6u?’)

a2 1 1
10 5 5

3 3
_ 5 59,9 3
= Dy (Upgas + 3 Wllaa + Gz + g )
= D, (054)
= 96964

where H5[u] = [ {%uiz - %uui + %u4} dz, thus by Magri’s theorem this is a conservation law.
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3 Pseudo-Spherical Surfaces

In the previous section, given a multi-Hamiltonian evolution equation we used an algorithm to compute an
infinite hierarchy of conservation laws for the system. However finding evolution equations that admit a
multi-Hamiltonian structure is not easy. This is why when Cavalcante and Tenenblat in [2] provided an
algorithm for finding a sequence of conservation laws for an evolution equation describing pseudo-spherical
surfaces the question of whether or not such equations are also multi-Hamiltonian arose naturally. In this
chapter we will focus on the algorithm provided in [1] and [2] that creates an infinite sequence of conservation
laws for evolution equations describing pseudo-spherical surfaces.

3.1 What is a Pseudo-Spherical Surface?

In this section we will introduce the notion of a pseudo-spherical surface. The material in this section will
be paraphrased or directly quoted from [1], [2], [3], [7] and [8].

Let (M, g) be a Riemannian surface, the structure equations for M are

dwi = w3 A wa
dUJQ =wi A ws (311)
dwg = K(.UQ A\ w1

where w; and wq are the one-forms that determine the metric ¢ = (w1)? + (w2)?. Furthermore, ws is
the connection form determined by the Levi-Civita connection and K is the Gaussian curvature. Thanks
to Gauss’s Theorema Egregium, which says that the Gaussian curvature K depends only on g and its
derivatives, we know that Gaussian curvature is an isometry invariant. Now we are ready to define what we
mean by a pseudospherical surface.

Definition 3.1.1. Let M be a two dimensional C* manifold. M is a pseudo-spherical surface (p.s.s.) if M
has constant negative Gaussian curvature K = —1.

In this case the structure equations (3.1.1) become

dwl = w3 A w2
dws = w1 A ws (3.1.2)

dUJ3 = —wy AN w] = w1 N\ wa.

Furthermore, Minding’s theorem [7] says that any two surfaces with the same constant Gaussian curvature
are locally isometric, therefore all p.s.s are locally isometric. It is important to note, when we locally embed
these surfaces isometrically into E? that even though all pseudo-spherical surfaces are isometric, they are
not necessarily congruent under the rigid motions of E2.

For example two of the most common pseudo-spherical surfaces are the pseudo-sphere and Dini’s surface,
shown in Figure 1 and 2 below. Dini’s surface and the pseudo-sphere of radius 1 both have Gaussian Curva-
ture K = —1. Dini’s surface is obtained by twisting the pseudo-sphere [3], obviously it cannot be transformed
by using any of the rigid motions of E? therefore the surfaces are not congruent.

40



Figure 1: The Pseudo-Sphere

From "Modern Differential Geometry of
Curves and Surfaces with Mathematica”
(pg. 480) by Gray, A., Abbena, E., and
Salamon, S.Chapman and Hall CRC. Copy-
right 2006 by Taylor and Francis Group.
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Figure 2: Dini’s Surface

From ”Modern Differential Geometry of
Curves and Surfaces with Mathematica”
(pg. 482) by Gray, A., Abbena, E., and
Salamon, S.Chapman and Hall CRC. Copy-
right 2006 by Taylor and Francis Group.



3.2 Evolution Equations Describing Pseudo-Spherical Surfaces

In the previous section we defined a pseudo-spherical surface as having constant Gaussian curvature K = —1.
In this section, we will introduce the notion of a differential equation that describes a pseudo-spherical surface.
In the paper [1] by Chern and Tenenblat, there exists a large classification of differential equations which are
p-s.s., we will examine one such example, the KdV equation. The information and examples in this section
will be paraphrased or directly quoted from [1] and [2]. Let us first begin with some definitions.

Definition 3.2.1. Let M be a two-dimensional differential (C°°) manifold, with coordinates (z,t). We say
that a differential equation for a real valued function w(z,t) describes a pseudo-spherical surface if there
exists differential functions fup, 1 < a < 3, 1 < b < 2 depending on u and finitely many derivatives, such
that the 1-forms

Wq = fardx + foodt a=1,2,3 (3.2.1)

satisfy the structure equations of a p.s.s.

This definition is motivated in part by the inverse scattering problem introduced by Ablowitz, Kaup, Newell
and Segur in paper [12] where they considered the integrability of the system

dv = Qu (3.2.2)

where v is a vector valued function and {2 is a traceless matrix of one-forms given by

0_ —i€dr + Adt  qdx + Bdt
T | rdx+Cdt  i&dr — Adt

where ¢,7, A, B,C are functions of (z,t) and £ is a spectral parameter which is central to the solution of
evolution equations by method of inverse scattering. The integrability condition for the system is then
dQ — QA Q =0. Now suppose we had the 1-forms

w1 = (r+q)dz+ (C + B)dt
wy = ndx + 3Adt
wy = (r—q)dz + (C — B)dt

where 7 = i£, then the integrability condition of (3.2.2) is equivalent to saying that these one-forms satisfy
the equations (3.1.2). If we suppose that M is a two dimensional C'*° manifold with coordinates (z,t) and
require that w; A we # 0 we can define a metric on M as g = (w1)? + (w2)?. Then the first two equations in
(3.1.2) define the connection form ws and the last equation determines the Gaussian curvature of M to be
K = —1,s0 M is a p.s.s.. This justifies our definition 3.2.1.

In [1], Chern and Tenenblat restrict to the case where fa; = 1 where n is a real parameter (which
can be interpreted as a spectral parameter in the method of inverse scattering). We will do the same thing
in this thesis, thus giving us the following definition.

Definition 3.2.2. A differential equation u(z,t) describes a pseudo-spherical surface if there exists differ-
ential functions fu, 1 < a <3, 1 < b < 2, fo3 = 1, depending on w and its derivatives such that the
1-forms

w1 = fudx + fi2dt

wo = ndx + foodt (323)

wg = fardz + fardt

satisfy the structure equations (3.1.2) with the further imposition that wj Aws # 0. We call such a differential
equation a p.s.s. equation.

Remark. In the definition above, we restrict to the solutions w(x,t) of the differential equation for which
w1 Awsy # 0 in order for the metric g = (w1)? + (w2)? to be positive definite.
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The other differential functions f,;, can also depend on 7. In fact if the functions f,; are analytic in
7 using the algorithm in [2] we can compute a infinite sequence of conservation laws for the differential
equation. This will be done in the next section but at this moment we regard 7 as a constant and that is all.
Let us work through an example from [1] so that we can understand how differential equations that describe
psuedo-spherical surfaces arise.

Example 3.2.1. Let M be a Riemmanian surface parametrized by coordinates z,t. Consider the 1-forms
given by

w1 = (1 —w)dz 4 (=g + Nue — n°u — 2u® + 1 4 2u)dt
wo = ndx 4+ (0 + 2nu — 2u,)dt (3.2.4)
wy = —(1 +u)de + (—Uge + Ny — n*u — 2u? — n? — 2u)dt.

We plug these into the structure equations (3.1.2), since we want these equations to determine some pseudo-
spherical surface. We start with the last structure equation.

dws = —udt ANdx + (—Ugge + NUge — n*uy — duug, — 2ug)dx A dt

= (Ut — Uz Fox —1 Uy — 4utly — 2uy,) do A dt

w1 Awy = (1 —u)(n® + 2nu — 2uy)dx A dt + n(—tze + nue — n*u — 2u® + 0 + 2u)dt A dx
= (—2uy + 2ut, + Nuyx — nuy)dx A dt

The structure equations will be satisfied if and only if

dwz = w1 A wa
(up — Uggr +tou —1*uy — dun, — 2uy) dx A dt = (—2ug + 2uuy, + nuzx — nzur)da? A dt
< Ut — Ugpy ‘oo —772u$ —duu, — 2uy = —2Uy + 2uUy + NULET — nzuw

<= Ut = Uggs + OUUL

therefore, the last structure equation is satisfied if and only if u satisfies the KdV equation. We also check
the first two structure equations.

dwi = (Us — Uz + Ny — NPy — 4unty + 2ug)dr A dt

ws Awy = (2ug + 2utty + Mgy — N*ug)da A dt

dwi = w3 A ws if and only if
Ut — Uggz + MUz — 772% — dutg + 2uy = 2z + 2un, + Nuze — 772%

<= U = Ugppy + OUU,

the first structure equation is satisfied if and only if w is a solution of the KdV equation. Computing the
pieces of the second structure equation

dwsy = (2nuy — 2uy,)dx A dt

w1 Aws = (—2ugy + 2nuy)dz A dt

we see that the second structure equation is trivially satisfied. Therefore since there exists 1-forms that
satisfy the structure equations (3.1.2) on solutions u of the KAV equation, we satisfy definition 3.2.2 and
thus the KdV equation is a p.s.s. equation.
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There are many more examples in [1] of differential equations which describe p.s.s., many of these equa-
tions are well known, such as the Sine Gordon equation and the MKdV equation. Furthermore in [1], Chern
and Tenenblat introduce a variety of theorems that can help describe classes of evolution equations which
describe pseudo-spherical surfaces. Many papers since then use these theorems to write explicit formulas
for evolution equations which describe pseudo-spherical surfaces. In the later sections we will examine an
example from [5], this paper uses the theorems in [1] to classify some fifth order evolution equations which
describe a p.s.s.
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3.3 P.S.S. Equations and Conservation Laws

In [1], Chern and Tenenblat explain that a differential equation which describes a p.s.s. can give rise to
conservation laws. They use an algorithm that is further explained by Cavalcante and Tenenblat in [2] to
find such conservation laws. If we restrict to the case where the functions f,;, are analytic in n where 7 is
a parameter we can create an infinite sequence of conservation laws. In this section we will go through the
algorithm explained in [2] which gives rise to an infinite hierarchy of conservation laws.

Let M be a two dimensional Riemannian manifold with coordinates (z,t) and Gaussian curvature K = —1.
Let e1, e2 and vy, v2 be two orthonormal frame fields. Then

e1 = cos ¢uy + sin gy (3.3.1)
e2 = —sin ¢v; + cos Py -

where ¢ is the rotation angle of the frames. Suppose a differential equation for u(z,t) describes a p.s.s then
there exists differentiable functions f;;, 1 <7 <3, 1 < j such that the one forms

w; = firdx + fiadt
satisfy the structure equations for a p.s.s.. These structure equations are satisfied if and only if

d(fidz + fr2dt) = (fardz + fsadt) A (fordz + foodt)
(fiz,e — fi1,e) de Adt = (fs1 - faz — for - f32) dx A dt
= fi2,2 — fi1,t = fa1 - faz — fo1 - f32

d(fgldl' + fggdt) = (flldl' + flzdt) A (f31d$ + f32dt) (332)
= fo20 — Jo16= f11" fa2 — fs1- f12

d(fs1dz + fsadt) = (frndx + fi2dt) A (fordx + foadt)
= faoe — f31,6 = f11 - fa2 — fo1 - f12-

We now have the proper set up we need to quote the main theorem from [2], that serves as the building
blocks to the algorithm which allows us to compute an infinite hierarchy of conservation laws. In particular
if we allow the differential functions f,; to be analytic in a parameter 7, a single conservation law is analytic
in 17 and thus every coefficient in the infinite series gives us a new conservation law.

Theorem 3.3.1. Let Afu] = 0 be a differential equation that describes a pseudo-spherical surface with
associated one forms

wy = fr1dz + frodt
wo = fordx + faodt (333)
w3 = fa1dx + faadt

then, the following statements are true.

1. For every solution u(x,t) of the differential equation, the system of equations for ¢(z,t)

¢z = f31 + frising + fa1cos ¢

: (3.3.4)
¢t = f32 + fi2sing + faacos¢

is completely integrable.

2. For any solution ¢ of (3.3.4),
w = (fi1cos¢ — farsind)dz + (fi2 cos ¢ — faosinp)dt (3.3.5)

is a closed one-form.

45



3. If the f;;’s are analytic functions of a parameter 7 at zero, then the solutions ¢(x,t,n) of (3.3.4) and
the one form w are also analytic in 7 at zero.

Proof.
(1): To prove the system (3.3.4) is integrable, we need only show ¢;, = ¢, in view of the Frobenius
theorem. Let us verify this.

Gzt = f31,6 + friesing + fiicos g - ¢ + farcosdp — farsing - ¢y
= fa1,t + f11,e8i0 ¢ + fa1,1 cos @ + (f11cos @ — fo1 5in @) (fa2 + fi2sind + faz cos @)
= fa1,0 — fizfor +sin@(fi1,e — fo1fa2) + cos d(f11fse + fore) + cos® &(f11f22 + fa1f12)
+ cos ¢sin ¢(f11f12 — fo1f22)

Gt = f32,0 + fr2.08in @ + flacos @ - ¢p + fr2,0cO80 — farsing - ¢,
= fao.o + fi12.58IN @ + faz 5 cOsP + (fr2co8d — fazsin@)(fs1 + fi18in¢ + fo1 cos @)
= fa,0 — fi1foz +sind(fi2,2 — fa2f31) + cos ¢(faz,x + fr2f31) + cos? d(fiafor + faa fi1)
+ sin ¢ cos ¢(fi2f11 — fa2fo1)

Here we make a substitution with some of the equations in (3.3.2) and we obtain

Grx = fare — frafor +sind(fi1e — forfaz) + cos ¢(fi1faz + fare) + +cos® ¢(fiafor + faafi1)
+ sin ¢ cos ¢( fi2f11 — fa2f21)
= ¢z,t

which tells us the system (3.3.4) is integrable.

(2): To show that w is a closed one-form, we need to show d(w) = 0.

d(w) = (fir,ecos¢ — frising - ¢y — fa1,1¢ — farcos¢ - @) dt Ndx
+ (fi2,0C08 ¢ — frasing - ¢y — foo oSN — fagcos ¢ - ¢,) dx A dt
= (f12,0co8¢ — fiafs1sing — fiafi15in° ¢ — fiafo1 sin P cosd — faz z8ind — faz f31 cos d
— faaf11 cos @sing — faa fo1 cos® ¢ — fi11cos d+ fiifaasing + fi1fr2sin® ¢ + fi1 faz cos @ sing
+ fore8in @ + fo1 f32 cos + far fiz cospsing + faq foo cos? @) dx A dt

= (f11f12 — fiafi1 +cos d(fizx — forfar — fi1,e + for fae) +sind(for s + fi1fs2 — foze — fi2fa1)
cos® ¢(fiaf11 — faafor — fi1fiz + fo1foz) + sin @ cos @(fi1foz + fa1f12 — frafor — f22f11)) dx N dt
=0

by substituting the equations in (3.3.2) when necessary. Thus w is a closed one-form.

(3): Assume that the f;;’s are analytic functions of the parameter n at zero. Then, we can view the
equations in (3.3.4) as two ordinary differential equations whose right hand side is analytic in (¢,7). The
first part of the theorem says the solution ¢(x,t,n) exists, therefore by theorem 8.4 in [6], which relates the
solutions of an ode to its parameters, we obtain that ¢(z,t,n) is an analytic function in 7 for an appropriate
neighbourhood of zero. Since both ¢ and all the fi’js are analytic in 7, it follows that w is also analytic in
at zero just by substituting the 2-’]-3 and ¢ with their respective power series. O

Here is where idea of conservation laws come into play. Note that in the theorem above, the second
statement about w being a closed one-form is equivalent to the statement

Dy (f11cosd — far8in @) + Dy(f12 cosd — fogsing) =0
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on all solutions ¢ of (3.3.4) and all solutions u(x,t) of our differential equation. Therefore this is a conser-
vation law for our differential equation Afu] = 0 that describes a p.s.s. We will assume that the functions
fij are analytic in 7, then we can write out (3.3.4) and w as a power series of 1. This allows us to describe
the solutions ¢ as a power series of 1 and to define w as a power series of 1 for which the coefficients are
conservation laws of our p.s.s. differential equation A = 0. We will summarize this all in a corollary, but
first we introduce the notation used in [2] and do a few calculations to write ¢, ¢; and w as a power series
of n.

Since f;; and ¢ are analytic in 7 we can write them both as

fij(z,t,m) Zf” z,t)n® oz, t,m) quj (x,t)n (3.3.6)

For fixed z,t, we consider the following functions of 7.

o (3.3.7)
S(n) = sin(@) = sin (Y 6,7’
7=0
We evaluate these functions and their derivatives at n = 0
C(0) = cos(¢o)
5(0) = sin(¢o)
d*C ki dl
6177(0) =—(k—1)! Zo ] ( )Pr—i (3.3.8)
“—S<o>—<k—1>'l§’“‘idic<o>¢ »
dn* > ' il dnt ki

i=0
We write C'(n) and S(n) as a Taylor series centered at 7 = 0 and then substitute this and the power series
of the f;;’s into the equations for ¢, and ¢; to write them as analytic functions at n = 0.

zf1n+(zfun) (250 (zf 9 (30 0

n=0 n=0

( a) )
meCJ a)l )'77J

b J SG— u)

(fSl + an

= ¢ = f3) + /115(0) + f5,C(0)

and
]—1
=i+ Z f115(j D(0) + f5,CY=(0)] + O - CD(0) — f95D(0)] ;s
=0
= [+ Z qu“ D(0) + f3,CY7(0)] + [/11C(0) = f215(0)] - 6

- CD(0) = 215D (0)]¢j—s
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for 7 > 1. If we repeat this process for ¢; we obtain
SO WY L (S gk k)L (520
=3 st (o shat) - (30 T+ (S stt) (3 )

=0 n=0
J
(f32 + me 2l

o i— a

( a) _
mecj 1 )'UJ

= o, = f??Q + 155(0) + £5,C(0)

and

= fi, +Z jilfiaS SU=D(0) + f5,CYUD(0)] + [f12C(0) — f225(0)] - ¢

- CD(0) = £5,5(0))¢;-i

for 7 > 1. If we do the same thlng to the one-form w we obtain

= () (2 S - (S st) - (3 ) e

k=0 n=0 k=0 n=0
(n) < g(n)
() (3 ) - (st (3 )
[ 3 (2]: G- ,(fllc(J (0 )—f§15(j7i)(0))) -nj}dx
=0 =0
[i(iﬁ (f120<] 2(0) = f1897(0)) ) -1 |t

J =0

j=0
(i 5 ([0 = 500 ar + [a00700) - s @ ar))

=

tqu

<.
I
o

— W=y ﬁ([flilc(j_i) (0) — fgls’(j_i)(O)}dx + [ffzc(j‘“ (0) — f3,89 (0)} dt)

im0

and since w is a closed one form, each of the coefficients w’ in the power series is also a closed one-form.
Before we summarize this all into a corollary, for the sake of efficiency we will define some functions to
represent pieces of the equations we computed above. In order to be cohesive, we use the same notation as
in [2] for this and we define

720 ] ZS
— G 0~ 5= O

. di—is di=ic
Lj_flkdj Z()+f2kdj 2(0)

Fuy, = fa5, + L'
-1

1
. 1
= fh + D SH 61+ Y m”ﬁ
r=1 :

r=1
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where 1, j, [ are non-negative integers such that j >4, [ > 2 and k = 1,2. Then

box = fo + LY and oy = foo + LY

d’j,z = H?O(bj + and ¢j,t = Hgo¢j + Fjo

and

J

. 1 y o

W = Z G _i)!(Hij dr + HY dt).
i=0

We summarize this all in the following corollary which is quoted from [2].

Corollary 3.3.1. Let f;;(z,t,n), 1 <i <3, 1 <j <2 be differentiable functions of x,¢ that are analytic
at n = 0 and satisfy the equations (3.3.2), then using the notation above, the following two statements are
true.

1. The solutions ¢ of (3.3.4) are analytic at n = 0 and ¢ is determined by
$oo = fir +L1° and o= f3, + Ly (3.3.9)
and, for j > 1, ¢; is recursively determined by

¢jr=H\ ¢, +Fj1 and ¢, = H ¢; + Fja. (3.3.10)

2. For any solution ¢ and any integer j > 0

J
j 1 ij ij
wl = ; G- z,)!(Hiﬂ dz + HY dt) (3.3.11)

is a closed one form.

If we have an evolution equation Afu] = 0 for which its solution u(z,t) is a p.s.s, and we let the f;;’s be
analytic functions of 7, then the previous theorem and corollary say that w’ in (3.3.11) are closed one forms.
Therefore for each j, we obtain a conservation law for our evolution equation, where the conserved densities
and fluxes are given by

J J
1 . 1 -
L — 2] L= I & )
D, _Z Ty end Fy= z; Gt

s
I
=)
—

for j > 0, thus giving us a infinite sequence of conservation laws.
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4 Classes of Pseudo-Spherical Surface Equations that are Multi-
Hamiltonian

4.1 A Quintic P.S.S. Equation that is Bi-Hamiltonian

In the previous sections we explained how using the algorithm in [2] allows us to create an infinite hierarchy
of conservation laws for a differential equation describing a p.s.s.. We also showed how differential equations
that have a bi-Hamiltonian structure can admit an infinite hierarchy of conservation laws. This begs the
question of whether there is a large class of p.s.s. equations that are bi-Hamiltonian. Throughout this thesis
we have followed the running example of the KdV equation. We saw that it is bi-Hamiltonian, and it is
also a p.s.s. equation. In this section we examine an example of a quintic p.s.s. equation from [5] that is
bi-Hamiltonian. We will apply the algorithm from [2] and the algorithm provided by Magri’s theorem to
determine an infinite hierarchy of conservation laws for the equation.

In this chapter we will interchangeably use two different kinds of notation for the partial derivatives of
U.

ou oFu
20 = U 20t = U 21 = ey 2k = —F
0 ) 0,t t) 1= 5 b= ok
The evolution equation
15
Ut = Ugggrr — DUUzge — 10UL UL + ?UQUQC (4.1.1)
obtained from [5] describes a pseudo-spherical surface. The associated 1-forms w; = f;1dz + fiadt for
1 <1 < 3, are given by
z z
f11=50+1 Jaa=n#0 f31=50—1
1 z 3
frz =5 |z =z + (4 + 1* = 2) =327 —nz1(=32 +1?) — 2(50 + 1)(—523 + 1’z — 774)}

3
Faz = 23 = Bz021 + 021 = (22 = 525 + 120 — n*)

f32 = f12 + 229 — 323 + 277220 — 27]4.
where 7 is a parameter. This equation is example 2.8 from [5], which was obtained by using theorem 2.3

from [5]. This theorem proves that the equation (4.1.1) is a p.s.s equation. We will check that the one-forms
above satisfy the structure equations of a p.s.s.

dwy = [%(fll) - %(fu)} dt A dx

1 3 1 3 1
= [— —z20z3 + =202 + 23 — 32021 + (S 2s — =25 — ~2022) + 2 (— =23 + 2021 + 21)

1 3 1 4 :| ‘A
+ =Nz — =M 2 d dx
277 2 277 1

w3 Nwy = [fBl “fo1 — fa1- fzz]dt/\dl“

[ 0z + S22 + 25— 3z0m +11( 2 3 ) P (— nzs o+ z0m + )
= |- =292 —z521 + 23 — 3292 —24 — —2] — —20% ——2z3 4+ 2021 + 2
203 201 3 0<1 7724 91 202 n 23 021 1
1 1
+ 517322 — §n4z1} dt A\ dx

Therefore the first structure equation dwi = ws A wo is satisfied.
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s = [ 3 (for) = L (o)t i

= |24 — 323 — 32020 + (32021 — 23) + N’z — n3z1]dm A dt

w1 Aws = | f11- f31 *f31'f12}d9€/\dt

= |24 — 327 — 32022 + (32021 — 23) + 120 — n3z1}daj Adt

Therefore the second structure equation dws = wy A ws is satisfied.
d d
dws = [7 e ]dt d
w3 dt(f31) dr (f32)|dt A dx

3 1
22— Zam) + 772(7523 + 2021 — 21)

1 3, 1
= |:7 —20%23 + S20”1 + 32021 — 23+ 77(524 — D) 5

2 2

1 1
+ 577322 — 577421} dt A dx

w1 ANwe = [f12f21 - f11f22} dt Ndx

1 3 1 3 1
= [— — 2023 + fzgzl + 32021 — 23 + n(§z4 — z% — —2p29) + 772(—5,23 + 2021 — 21)

1 3 1 4 :| ‘A
+ =Nz — =M 2 d dx
277 2 277 1

Finally the last structure equation dws = w; A wy # 0 is satisfied.

The equation (4.1.1) has bi-Hamiltonian form
w = Do) = E654

where 5 ) .
- D, _ {7 4, 19 2 2}
P N 4 / gt + 2um+ 5 Uiz dz
and,
1 1
é":Di—Qqufux , (%”1:/{—§ui—§u3}dx

with associated Poisson brackets

(2,2} = /m D02 du
(4.1.2)
{P, 2} = /59 (D3 —2uD, — u;)62 dx

Proof.

x

5 5
= iug — §’U,i — DUUzy + Ugzza

5 5
686:= 2+ 30 DulBu) + D)

D6 = Do (§5) = Dméu?’ - qu — Suligy + Ugzez)

5
2
= —u Uy — 10Uz Uz — DUUzze + Uzzaos

2

o1



This is the left hand side of equation (4.1.1), thus u, = 20.54.

E6H = (D2 — 2uD, — ug ) (Ugw — %uz)

3 3 3
= Uszozs — 2Ulses — Uslss — D2(5U2) + 2qu(§u2) + §u2ux
5
= Uzzaze — 5uuzzx - 10uruzz + ?UQ'UJx

This is the left hand side of equation (4.1.1), thus u; = £§#. In order to claim that this truly is a bi-
Hamiltonian system, we must show that the operators Z and & are a Hamiltonian pair. We start by showing
that they are both Hamiltonian operators. As we mentioned in an earlier section this amounts to showing
that the operators are skew-adjoint and that the Jacobi identity is satisfied. We begin by showing they are
skew adjoint.
2 =D, then, 9*=-D,. — 9" =-9
& =D>—2uD, —u, then, &*(Q)=—-D3(Q)— Dy(—2uQ) — u,Q
= —D}(Q) +2uDx(Q) + 2usQ — uzQ
= _Di(Q) + 2UD30(Q) + uazQ

Therefore &* = fDi +2uDy +u, = & =-6.
Now we must show that the Jacobi identity is satisfied for both operators. As we mentioned earlier this

amounts to showing
Prvge(©g) =0 and prvey(©g) =0

where

@@:%/{9/\@0}@6 and 952%/{9/\50}(11}.

Let us start with 2 = D,.

2(0) = Dy(0) = 0, = @@:%/{M%}dx

Prvgy(©g) =prvy. (% /{0 NO,} dx)

1
= é/prvez(e/\ﬂm) dz
=0
We show the same is true for & = D3 — 2uD, — u,.

E(0) = Opzy — 2ub, — uzb
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1
05 — 5/{%&9} da.

1

- 5/{9A Oz — 2ub, — u,ﬁ)} dz
1

- 5/{9Aem—2u9m$} dz

1
Pr vep(Og) = pr Vg0(§/0 AOppr —2u0 N0, dx)

1/—2(5(9))/\9/\995 de

2

—/me/\G/\dea:

—/9 A Oy A Dy(0,s) da

= /Dm (ONO) N Oy, dx By integrating by parts.

:/{(Gm/\t%—kﬂ/\@m)/\@mm} dz
~0

We can conclude that both Z and & are skew-adjoint and their Poisson brackets satisfy the Jacobi identity,
therefore they are both Hamiltonian operators. The last thing we must show is that 2 and & form a
Hamiltonian pair. To do this we need to show that

Pr Vge(Og) + prvey(©g) = 0.

DX Vig(Os) + Pr ve(05) = pr v%(é / {9 AByy — 20 A em} dx) +pr vge(% /{9 AOLY dx)

:—/9(9)/\9/\9wda:

:—/935/\0/\995 dx
=0
Therefore 2 and & form a Hamiltonian pair. We can now safely say that equation (4.1.1) is bi-Hamiltonian

and can be written in the form below.
uy = DoAY = £6.74

O

Since 2 and & form a Hamiltonian pair, we can now create the recursion operator Z = £2~! and use
Magri’s theorem to compute an infinite hierarchy of conservation laws for (4.1.1). We will compute a few in
the next section.
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4.2 Calculation of Conservation Laws by the Method of Magri’s Theorem

In the previous section we saw that the equation

15

has a bi-Hamiltonian form

uy = P06 = 694

where 5 ) .
P =D, and = / {§u4 + 5”3”” + iuui} dz
and . .
(rf):Di—Qqu—u$ and %:/{—iui—ius}dm

We will now compute the recursion operator Z = &2~ and a few conservation laws for the system. To
begin the first conserved densities for the system are namely

5 5 1 1
%:/{Su +2um+2uu}dx and jﬁ:/{—iui—iu?’}dx.
The recursion operator Z = &2~ 1 is
R=ED = (D3 —2uD, —u,)D;' = D2 —u, D" — 2u.

Now we can apply Z successively to the left hand side of our equation to obtain new conservation laws. The
first step in this recursion is

15
Ut = B (Upgraw — DUUzze — 10Uz UL, + ?u2um) =X(9654) = EDIDEA = E65

5 5
E6Hy = (D2 — 2uD, — ug)(2u® — Zu2 — BUllyy + Uzzes)

2 27
5 5 5 5
= Di(2u3 zui — DUz + Uggrr) — 2uDy (2u - iu — DUy + Uzgzs)
DBy + 2ud + 5
— ZU Uy u UUpUgy — UgpUgpgra
2 2"

35

35
= Uggaazcx + 9 u + 707.L’U,I’U,Iz + 9 U Uggxr — 35umxu$zm - 21umu1zzz - 7uumrzzz - 3“ Uy

According to Magri’s theorem we should be able to write &%) as 20.74 for some functional 5% € .% . We
claim that

uy = E056 = D66

where ) 35 . .
I = /{ — §u’2”” — Zu2u2 + Quuxumx — gus} dx.
7 35 35 7 35 7
0 = 3 Uallszs = e Tt Ty Y (7 VI wuy) — D3 (utly — Uppy)

2 8 2 2 2

35 , 21 , 35,

2
= Uggzzzr T+ ?uul — Mugupre — TUULzze + ?u Ugy — ?UML 3
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35 35 21 35
965 = Dy (Upzzwre + ?uui — Muguggy — TUUzzze + ?UQwa - ?ufm ~ 3 4)

— 3

35 35
+ 3buugUp, + 5u2umm — 21 Upp Up g — EUB’U@

3 35 2

2 2
= 8694
Thus the first step of the recursion gives us
Uy = E09y = D656
35 4

3 35 2
= Ugzzzrze + ?ux + 70uumuzm + ?u Ugpgr — 35ummuxzx - 21uxumzzr - 7uumxmrm - 37-’4 Uy

with consequent conserved density

The next step would be to apply Z to 2.7 and follow in the same fashion as we have above to obtain
another conserved density for the system. By Magri’s theorem, we know that we can recursively do this and
thus we obtain an infinite hierarchy of conservation laws for our equation.
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4.3 Calculation of Conservation Laws Using P.S.S. algorithm

Given a p.s.s. equation, we can use the algorithm in [1] and [2] to compute an infinite hierarchy of conservation
laws. The equation we gave in the previous two subsections is a p.s.s. equation, thus we will use this algorithm
to compute a few of the conserved densities. Recall our equation

15
2
Up = Ugggzr — YUUzgr — 10U UL, + ?'LL Uy

we rewrite it as

15
20,6t = R5 — 52023 - 102122 + 320221

and its associated 1-forms w; = fi1dx + fiodt for 1 < i < 3.

20

z
f11=5+1 Jar=n#0 f31:50—1

1 3
fi2 = 3 [24 — 23 + 22(—420 + 0% — 2) — 327 — 021 (=320 +1?) — 2( 5 T 1)(—5,28 +n%20 — 774)}

1 1
2 = 5% — 20) + 1’ (—571)

1 3 1
37+ 5202) 0’ (52 = 5

3 3
<%0+ 533 + 77(—2 2

3
§Z4 — 22029 — 22 — fzf + 1

2
41
+7 (§zo+1)

3
fao = 23 — 32021 + 21 — n(22 — 523 +n?z0 —n*)

3
=23 — 32021 + (528 — 22) + 0?21 + 0P (—20) +1)°

2
f32 = fi2 + 2220 — 323 + 2120 — 21"

3 3 1 3 1
220 = 570 + (=52 + 5202) 07 (5

—Z4 — 4R0% z z
4 0<2 2 1 | 2 2 2

2 2
4,1
+7 (520 —-1)

1 1
5%2~ 523 + 20) + 773(—521)

Since these are all analytic in 77 we can apply the algorithm in [2] to find the conserved densities. Recall the
algorithm from the earlier section. Suppose we have two orthonormal frames for our surface, then recall ¢
is the rotation angle of the frames. Recall ¢ and the f;;’s are analytic in 7 so

fij(x waxt Zsbja:t

Now we recall all the pieces of the algorithm. For fixed x,t

and ¢(x

C() = cos(6) = cos (D o;(,h’)  and  S(n) = sin(@) = sin (Y g(w, 0 )
j=0 =0

C(0) = cos(¢pg) and S(0) = sin(¢y)

e -

W(O ; ] 0)pr—i

dks iy dl

W Z ¢k i
=0

for k£ > 1, and,
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di-ic di=is
! = fi dni— Z( ) — f2kd77J 1(0)

. di-ig di-ic
L]_fucd] 7(0 )+f2kdj - (0)

Fyy, = fjk + Lk
14 Lo
E=fat 7 0T¢l—r+2mﬂél
r=1 r=1 !

where 1, j, [ are non-negative integers such that j > 4,1 > 2 and k = 1,2. ¢¢ is determined by
Poo = far +L1° and o= f3, + L3

and, for j > 1, ¢; is recursively defined by
$jo=H%0; + Fj1 and  ¢;; = Hp; + Fjo.

Lastly the conserved densities and fluxes are given by

J J
1 1
e v R v
D, _Z('—i)!Hl and Fj=-) Gt

=0

for 7 > 0.

We will use the above algorithm to compute a few of the conserved densities for our equation (4.1.1).
P00 = f3r + LY
= fs1 + [115(0) + f5,C(0)
= 5—1—1—(2 + 1) sin(¢o)
d’O,t = f;)?g + Lgo
= f3p + [125(0) + f2,C(0)

1 3 33 3
= 52’4 — 22022 + 29 — 52% -+ 2 2)

3 3 . 1 3
ZZS — 523 + s1n(¢0)(§z4 — 22022 — 29 — 54 + ZZO + 270

+ cos(¢o)(z3 — 3z021)
For j > 1,

G = H ¢; + Fj

(MJ%M%>%+&+;§1(muyj;pm0@¢yq+,1.@W?@

2
r=1

¢j0=H3%; + F
1 32,353,352 ; J
= [(524 — 22029 — 29 — 521 + 120 + 520) cos(¢o) — (Zg - 32021) sm(¢0)} o; + f51
1 el J—
‘7 r=1

: &’ 7“5 &rc
Xlﬁwmr + fha g 0)]

T

3, 3 2)d”c

+2 Y (5o - 20— 2= gt i+ 5338) T 0) = (30— 320m) 2 0]
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These equations make it quite difficult to solve for ¢g or ¢, for any j > 1. However we know a solution
exists by the Frobenius theorem, this was proved in section 3.3. The first few terms in the sequence of
conserved densities for (4.1.1) using the algorithm are given by

Dy = H
= fLC(0) — f5,5(0)
= (5 + 1) cos(é0)
D, = H' 4+ H!
ac as
=M= ! (0) - f21d (0 )+ f11C(0) — f5,5(0)

= (5 +1)(=S(0)¢1) — sin(eo)

= —sin(¢g)(1 + %Zo(bl + 1)

1
Dy = 7H§2+H112+H22
d2 d2 cl1 d1
1 20 dzC d15’
5(;"’ )W(O)—Tnl( )

;(220 + 1)(—2sin(¢o)d2 + (b% cos(¢g)) — cos(¢o) 1.

To check that these are indeed conserved densities for our equation (4.1.1), we need to check that they satisfy
Dy(D;)+ Dy(F;) =0 7=0,1,2

for all solutions u where F; is the respective conserved flux from the algorithm in [2] shown above. We omit
this since we proved this condition is true in general in the previous chapter. What is more interesting is
whether or not the conservation laws computed using this algorithm from [2] are the same as the conservation
laws we computed in the previous subsection using Magri’s theorem. If we could have solved the earlier
equations for ¢y or ¢ in closed form, then we might have been able to determine if this is true. However
the Frobenius Theorem that we applied to the system of first-order pdes governing ¢y and ¢ is an existence
theorem rather than a method for obtaining closed form solutions. Such solutions are generally very rare
and difficult to obtain. Furthermore, since there is potential for an enormous amount of conservation laws
for some evolution equations the chance that these conservation laws are the same is probably quite low.
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5 Perspectives

Up until this point, we have only considered evolution equations whose solutions are smooth real valued
functions. If we loosen our restrictions and consider evolution equations whose solutions are smooth complex
valued functions we can actually apply the algorithm from [2] to evolution equations describing spherical-
surfaces, that is surfaces of Gaussian curvature K = —1. This is exactly what the authors in [9] did and
thus we quote their definition below.

Definition 5.0.1. A complex evolution equation for g(x,t), or equivalently a system of evolution equations
for real valued functions u(z, t) and v(x, t) describe pseudo-spherical surfaces (respectively spherical-surfaces)
if and only if there exists smooth real valued functions fup, 1 < a <3, 1 < b < 2 depending only on u,v and
their derivatives, such that the one-forms w, = f,1dx + f.2dt, a = 1,2, 3 satisfy the relations

dwi = w3 Awe, dws =wi Aws, dws=cwi Awg #0 (5.0.1)
where ¢ = 1 (respectively ¢ = —1).
For example in [9] the authors consider the non-linear Schrédinger equation
iGs + qza + 2k|g|*g = 0
where k is a real constant. This equation can be written in real form using two evolution equations

Up + Vg + 2k(u2 + vz)v =0
—0p + Uy + 2k(u? +v*)u =0

when ¢ = u + tv. For k = 1 this system describes spherical-surfaces with associated one-forms:

w1 = (2v)dx 4+ (—4nv + 2u,)dt,
wo = (2n)dx + (—4n* + 2u® + 20?)dt,
ws = (—2u)dx + (4nu + 2v,)dt.

where 7 is a real parameter (which can be interpreted as a spectral parameter in the method of inverse
scattering).

The class of evolution equations that describe a s.s. arise by generalizing the following set of inte-
grability conditions satisfied by the forms wy,ws, w3 that satisfy the structure equations of a p.s.s.. Indeed
the structure equations (3.1.2) are equivalent to the integrability of the linear system

da = (Qe=r) Ja (5.0.2)

where a is a vector valued function and €(.—;) is the real valued traceless matrix of one-forms

Q o 1 wo W1 — Ws
(c:l) o 2 w1 +W3 —Wwo ’

If we allow for complex evolution equations, then the linear system (5.0.2) can alternatively depend on the
complex valued traceless matrix of one-forms

0 1 Wy w1 + iws
(e=-1) = 2 | —wq + tws —1iWws

and the linear system (5.0.2) extends to either of the linear systems
da = (Q(C:il))a

whose integrability conditions
AQe=11) = Qe=x1) N Qe=+1) =0
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determine a pseudo-spherical surface if the relations (5.0.1) are satisfied for ¢ = 1 and a spherical-surface if
they are satisfied for ¢ = —1. This reflects in part the work of Ablowitz, Kaup, Newell and Segur in [12].

In [9] the authors build upon the work of Chern and Tenenblat in [1] and provide theorems for clas-
sifying systems of evolution equations of two real functions

20,t = F(ZOa -0 Zky YO, "'ay’f')
Yot = G(207 w2k YO, "'ay’l‘)

that describe pseudo-spherical and spherical-surfaces. This categorizes systems of two evolution equations
describing surfaces with constant non-zero Gaussian curvature. In [10] the authors further expand the
work done in [9] by looking at evolution equations that describe 3-dimensional hyperbolic space (see [10]
for the definitions of these classes of equations). They examine the non-linear Schrodinger equations in
(24+1)-dimensions

it + Qoy =290, 1 9ylg)* =0

and use a geometric approach in a similar manner as Cavalcante and Tenenblat did in [2] to give rise to an infi-
nite sequence of conservation laws. This naturally begs the question of the overlap between these new classes
of differential equations admitting new conservation laws and the existance of a multi-Hamiltonian structure.

In this thesis we only focused on a single evolution equation, but recall our definitions for Hamilto-
nian structures included systems of evolution equations. Thus it would be very interesting to explore these
papers and ideas more to see if these classes of systems of evolution equations admit some Hamiltonian
structure.

Finally in [11] Krichever and Phong provide a construction for the symplectic form which arises in
the solutions of both the N = 2 supersymmetric Yang-Mills theories and soliton equations. They show that
the reductions of N = 2 supersymmetric gauge theory provide the Poisson brackets for a set of partial differ-
ential equations, many of which describe pseudo-spherical surfaces. An interesting avenue to explore would
be to see if there is a more precise link between the class of evolution equations describing pseudo-spherical
surfaces and the geometric framework of Krichever and Phong.
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