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Summary

In the papers [8] and [7], Benjamin proposed a Hamiltonian structure for the Boussi-
nesq model in the two dimensional context. The model describes the motion of an in-
compressible inviscid fluid with non uniform density, and is used to study internal wave
phenomena. The Hamiltonian structure he derived has a peculiarity: in the presence of
rigid walls bounding the fluid domain, it breaks down if the density is not constant along
them. This singular behavior has been investigated later on by Camassa et al. [9]. In that
study it is pointed out that the topology of initial conditions can affect the set of con-
served quantities of the system. Specifically, the authors proved that for initial conditions
with non uniform density along the boundary of the fluid the system retains only some
of the conserved quantities it would have when the density is initially constant along the
boundary. This behavior, called topological selection of conserved quantities, is studied in
detail in the special case of a stratified fluid composed of two layers with different constant
densities.

The aim of the present work is to investigate the dynamical transition between con-
figurations having different sets of conserved quantities. From a physical point of view, a
satisfactory model should allow topological changes of the flow, such as disconnection or
re-connection of isopycnals (for example, think about a bubble of air that emerges from
the water surface). However, the phenomenon of topological selection of the conserved
quantities would seem to suggest that such transitions are not allowed by the Boussinesq
equations. We study the same question addressed by Camassa et al [9] in the context
of one dimensional shallow water equations with two fluid layers. Specifically we investi-
gate the dynamical interaction of the interface between the two fluids with the upper free
surface. This aim is pursued considering a special class of solutions of the model, which
provides polynomial field variables of a specific degree. In this setting we prove that the
above surfaces can not come in contact, nor can detach, during the time evolution of the
system.

The present work is structured as follows: in the first chapter are summarized some
basic notions about symmetries, conservation laws and Hamiltonian structures of partial
differential equations, to be exploited in the subsequent chapters. The exposition is mainly
based on the books of Olver [3] and Krasil’shchik and Vinogradov [5]. In chapter two are
resumed the works of Benjamin [8] and Camassa et al. [9]. Finally, in chapter three is
addressed the study of the shallow water model.
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Chapter 1

Symmetries, Conservation
Laws and Hamiltonian
Structures

In this section, we introduce some terminology, mathematical tools, and theoretical re-
sults from the geometric theory of differential equations, to be used in the subsequent
chapters. The material exposed here is mainly from the books of Olver [3], Chapter 2,
and Krasil’shchik and Vinogradov [5].

1.1 Geometric Setting for Differential Equations

We consider a system % of differential equations involving p independent variables x =
(z1,...,2P) and ¢ dependent variables u = (u!,...,u?). Let us denote with X ~ RP the
space of independent variables and with U ~ R? the space of dependent variables. Given
any smooth function f: X — U, it has

p+k—1
Nk
different k-th order partial derivatives. We use the multi-index notation

a]fa(x> _ akfa(m)

= S, gm0 S

to denote them. In this notation, J = (j1, ..., jx) is an unordered k-tuple of integers, each
ranging from 1 to p, indicating which derivatives are being taken. The order of such a
multi-index, denoted by |J| = k, indicates how many derivatives are being taken. Let Uy
represent the space with coordinates u5 corresponding to o = 1, ..., ¢ and all multi-indices
J of order k, designed so as to represent the k-th order partial derivatives of functions
from X to U. Further, set

UM =Ux Uy x ... x U,
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1.2 — Symmetry Groups

to be the Cartesian product space, whose coordinates represent all the derivatives of
functions uw = f(x) of all orders up to n. A typical point in U (") will be denoted by u(™
and has components ©§ where o = 1,...,n and J runs over all multi-indices of order from
0 to n.

Given a smooth function v = f(z), there is an induced function u™ = pr(®™ f(z),
called the n-th prolongation, or the n-jet of f, which is defined by the equations

ug = 0y f“(x)

The total space X x U™ whose coordinates represent the independent variables, the
dipendent variables and the derivatives of the dependent variables of order up to n is
called the n-th order jet space of the underlying space X x U. Similarly, if M C X x U
is some open subset, we let

M™ =M x U x ... x U,

denote the associated n-jet space!.

A system . of n-th order differential equations in p independent and ¢ dependent
variables is given as the zero locus of a smooth map A : X x U™ — R’ from the jet space
X x U™ to some [-dimensional Euclidean space:

A,,(a:,u(”)) =0 v=1,..,1

Let
In = {(z,u™): A(z,u™) =0} c X x U™

denote the subvariety of the total jet space X x U™ determined by the system of equations
. A smooth solution of the given system of differential equations is a smooth function
u = f(z) such that

Ay (z,pr'™ f(z)) =0 v=1,..,1

In other words, a solution is a smooth function f : X — U such that the graph of its n-th
prolongation lies on the subvariety #a.

1.2 Symmetry Groups

Generally speaking, a symmetry of a system of differential equations . is a Lie group
G, acting on some open subset M C X X U in such a way that "G transforms solutions
of .7 to other solutions of .". To be more precise, we have to explain the way a group
acts on a function. The idea is as follows: starting from a function u = f(x), consider its
graph I'y C X x U; let g € G and compute its action g - I'y on the graph of f; finally,
if g is sufficiently close to the identity, by suitably shrinking the domain of definition of
f, it would be possible to express the transformed graph g - I'y as the graph of another

LThis construction is a greatly simplified version of the theory of jet bundles occurring in differential
geometric theory of partial differential equations.



1 — Symmetries, Conservation Laws and Hamiltonian Structures

function f, that is g - Iy =T} So we write f=g- fand refer to f as the transform of f
by g. Now we can give a rigorous definition of the concept of symmetry group of a system
of differential equations.

Definition 1.2.1. Let . be a system of differential equations. A symmetry group of the
system .7 is a Lie group G acting on an open subset M of the space of independent and
dependent variables for the system with the property that if u = f(z) is a solution of .7,
and whenever g - f is defined for g € G, then u = ¢- f(z) is also a solution for the system.

Suppose that G is a group of transformations acting on an open subset M C X x U of
the space of independent and dependent variables. There is an induced action of G' on the
n-jet space M| called the n-th prolongation of G and denoted pr'G. This action is
defined so that it transforms the derivatives of functions u = f(z) into the corresponding
derivatives of the transformed function @ = f(#). Consider a point (z,u(™) € X x U™
and a transformation g € G; to explicitly compute the prolonged action

@,@(n)) =pr™g. (z,u("))

of g on the point (z,u™), choose a function f : X — U such that pr™ f(z) = u(™ (for
example the n-th order Taylor polynomial at z having u§ as the coefficients). Then,
by definition, the components @5 of the the transformed point are the values of the
corresponding derivatives of g - f at Z, that is

a™ = pr™ (g f)(z)

The definition of symmetry group given above is hardly effective if the task is to
find symmetry groups of a system of differential equations. Fortunately there exists a
connection between symmetries and invariance of the subvariety .#A under the prolonged
action of the symmetry group.

Theorem 1.2.1. Let M be an open subset of X x U and suppose A(m,u(”)) =0 s an
n-th order system of differential equations defined over M, with corresponding subvariety
Sn C MM Suppose G is a group of transformations acting on M whose prolongation
leaves Pa invariant. Then G is a symmetry group of the system of differential equations
in the sense of Definition 1.2.1.

With the final task of constructing an algorithm to systematically find symmetry
groups of differential equations, we now turn the attention to the infinitesimal genera-
tors of a transformation group. First we define the prolongation of a vector field: the idea
is to consider the one-parameter group generated by the vector field, get the prolonged
action of this last, and finally compute its infinitesimal generator.

Definition 1.2.2. Let M C X x U be open and suppose v in a vector field on M, with
corresponding one-parameter group exp(ev). The n-th prolongation of v, denoted pry,
will be a vector field on the n-jet space M ™, defined to be the infinitesimal generator of
the corresponding prolonged one-parameter group pr(™ (exp(ev)). In other words,

o d

(n) -
pr (V) (a:,u(")) - d€

R CCOCED)

for any (z,u™) € M™,



1.2 — Symmetry Groups

From the definition above, working in coordinates, it is possible to deduce a general
formula, suitable for computations, for the n-th prolongation of a vector field. To express
it in a compact way is useful to introduce the notion of total derivative.

Definition 1.2.3. Let P(x, u(")) be a smooth function of z, v and derivatives of u up to
order n defined on an open subset M (™ < X x U™ . The total derivative of P with respect
to ' is the unique smooth function D;P(z, u(”+1)) defined on M+ and depending on
derivatives of u up to order n + 1, with the property that if v = f(x) is any smooth
function

(D), pr ) () = - [Plar,pr™) ()]

In other words, D; P is obtained from P by differentiating P with respect 2* while treating
all the u®’s and their derivatives as functions of z. Higher order total derivatives are
indicated as follows: if J = (j1,..., k) is a k-th order multi-index, then the J-th order
total derivative total derivative is denoted

Dy = D;,D;,...D;,

In coordinates, the i-th total derivative of P has the general expression

orP < o OP
where, for J = (j1, ..., Jk)s
N uf} 81€+1ua

ST 9t T Qridr .. .Oxi

Theorem 1.2.2. Let

P ) El 0
v = ;5 <x’u)6xi —|—az::1¢a(9:,u)%

be a vector field defined on an open subset M C X x U. The n-th prolongation of v is the
vector field

q
by = v+ 3 3 e u) S0

a=1|J|<n g

defined on the corresponding jet space M™. The coefficient functions ¢7 of pr™v are
given by the following formula:

J (n)y _ - i, ¢ i, Q.
oz, u™) DJ(% Soeue )+ 3 €l
i=1

i=1

where u¢ = Ou®/0z", and us,; = Ous/Oz".



1 — Symmetries, Conservation Laws and Hamiltonian Structures

To get an infinitesimal criterion for a group G to be a symmetry of a given system of
differential equations A(z, u(”)) = 0, we have to add a couple of hypothesis on the system
of equations itself. The first require the subvariety %A, determined by A = 0, to be a
submanifold of the jet space X x U™. In order to conclude so, by invoking the regular
value theorem, we need to assume that the Jacobian matrix of A

oA, 8A,,>
dx'’ Ouy

Ja(z, u™) = (

to be of maximal rank at every point of #A. A system of differential equations satisfying
this hypothesis will be called of mazimal rank. The second hypothesis is called local
solvability and requires that for each point (o, u(()n)) € .#a there exists a smooth solution
u = f(x) of the system, defined for x in a neighborhood of z, such that

ug” = pr™ f(zo)

A system of differential equations will be called nondegenerate if it is of maximal rank
and locally solvable.

Theorem 1.2.3. Suppose
Ay(z,u™) =0 v=1,..1

s a nondegenerate system of differential equations. A connected Lie group of transforma-
tions G acting on an open subset M C X x U is a symmetry group of the system if and

only if
pr(”)V(AV(x,u(”))) =0, v=1,..,1 whenever A(x,u(”)) =0
for every infinitesimal generator v of G.

The above theorem, when combined with the prolongation formula of Theorem 1.2.2,
leads to a computational algorithm that permits to find all (connected) groups of symme-
try of a nondegenerate system of equations A(z,u™) = 0. Such algorithm is as follows:
consider the generic vector field v defined on an open subset M C X x U, expressed in
coordinates as

LIy ) 1 9]
V= ;5 (a:,u)axi +;¢Q(I’U)W

=1

Now compute its prolongation, as described in Theorem 1.2.2, and require the equation
pr™v(A, (z,u™)) = 0, v=1,..,l

to hold. Use the condition A(z,u(™) = 0 in the last equation to eliminate some of the
derivatives of the dependent variables. The resulting equations will contain &*(x,u) and
¢a(z,u), along with their derivatives with respect to x and u, multiplied by combinations
of the ug’s. Now, since the coefficient functions £ and ¢, depend only on z and u, and
the resulting equations have to hold for all values of the u5’s, it will be obtained a system
of partial differential equations in &*(z,u) and ¢ (z,u) whose solutions leads to all the
symmetry groups of the equations at hand (see Example 1.3.1 below).

8



1.3 — Generalized Symmetries

1.3 Generalized Symmetries

So far we have considered only symmetry groups whose infinitesimal generators

LA ) 4 d
v = ;5 (xm)axi —l—aZ:lgba(a@u)W

have coefficient functions & and ¢, depending only on the variables # and u. A gen-
eralization is obtained allowing those coefficients to depend also on derivatives of the
dependent variables u5. The resulting object is not anymore the infinitesimal generator
of a one-parameter group of transformations acting on the space X x U, and its geometric
interpretation will be discussed later in this paragraph. To distinguish these new objects
from those treated in §1.2, we refer to the latter as geometric symmetries, or also point
symmetries, while refer to the former as generalized symmetries.

To proceed rigorously we have to introduce some terminology. We let <7 denote the
algebra of smooth functions P(x,u(™) depending on z, u and derivatives of u up to some
finite, but unspecified, order n. The functions of <7 are called differential functions. If we
do not care as to precisely how much derivatives of u that P depends on, we will write
Plu] = P(z,u™) for P, where the square brackets will serve to remind that P depends
on z, u and derivatives of u. We further define 7! to be the vector space of I-tuples of
differential functions, Plu] = (Pi[ul, ..., B[u]), where each P; € 7.

Definition 1.3.1. A generalized vector field will be a (formal) expression of the form

P 0 a )
Vzgf[u}axiwLZgﬁa[u}W

a=1

in which £ and ¢, are smooth differential functions.

Treating a generalized vector field v as it was an ordinary one, we can define its n-th
prolongation just as it is described in Theorem 1.2.2:

pr(")v =v+ 2‘1: Z <Z>i[u]

a=1|J|<n

9
oug

where the coefficients are determined by the formula

¢5 =Dy (% - i§u> + if“"

with the same notation as before. Since all the prolongations of v have the same general
expression for their coefficient functions ¢, it is helpful to pass to the "infinite" prolonga-
tion, and take care af all the derivatives at once. Specifically, given a generalized vector
field v, its infinite prolongation (or prolongation for short) is the formally infinite sum

q
0
prv =+ Y Yol
J

a=1 J

9



1 — Symmetries, Conservation Laws and Hamiltonian Structures

where the sum now extends over all multi-indices J of order k£ > 0. Note that questions
on the "convergence' of the former infinite sum never arise because, if P € & is any
differential function, the evaluation pr v(P) is composed of finitely many terms, in that
Plu] depends only on finitely many derivatives of w.

Definition 1.3.2. Let
A,,(x,u(”)) =0 v=1,.,1

be an n-th order system of differential equations. The k-th prolongation of this system is
the (n + k)-th order system of differential equations

obtained by differentiating the equations in A in all possible ways up to order k. In other
words, A®) consists of the equations

DA, (z,u™P) =0
where v = 1,...,1 and J runs over all multi-indices of orders 0 < |J| < k.

Definition 1.3.3. A generalized vector field v is a generalized infinitesimal symmetry of
a system of differential equations

Ayfu] = Ay(z,u™) =0 v=1,..,l
if and only if
prv[A,] =0 v=1,..,l
for every smooth solution u = f(z).

Remark 1.3.1. For technical reasons, it will be required the systems of differential equa-
tions considered to be totally nondegenerate unless stated otherwise; namely, they and all
their prolongations are of maximal rank and locally solvable.

Among all the generalized vector fields, those in which the coefficients £'[u] of the
0/0z" are zero play a distinguished role.

Definition 1.3.4. Let Q[u] = (Q1[ul, ..., Qq[u]) € 477 be a g-tuple of differential functions.
The generalized vector field
q
0
Vo = az::l Qalu] Juc

is called an evolutionary vector field, and Q) is called its characteristic.

According to the prolongation formula of Theorem 1.2.2, the prolongation of an evo-
lutionary vector field takes the particular simple form

0
prvg = DJQaia
az; oug

10



1.3 — Generalized Symmetries

Any generalized vector field v has an associated evolutionary representative vg in which
the characteristic () has entries

p

Qangafzgiu? oz:l,,_,,q (11)

i=1

where u® = Qu®/dx'. The motivation for considering such associated evolutionary rep-
resentative is that it determine essentially the same symmetry of the given evolutionary
vector field.

Proposition 1.3.1. A generalized vector field v is a symmetry of a system of differential
equations if and only if its evolutionary representative v is.

Consider an evolutionary vector field vg such that its characteristic ) vanishes on all
solutions of the given system A. Then also its prolongation pr v vanishes on all solutions,
so vq is automatically a generalized symmetry of the system. Such symmetries are called
trivial and we are primarily interested in nontrivial symmetries. A generalized symmetry
will be called trivial if its evolutionary form is. Moreover two generalized symmetries v
and v are called equivalent if their difference v — ¥ is a trivial symmetry. This induces
an equivalence relation on the space of generalized symmetries of the given system; by a
symmetry of the system we will mean a whole equivalence class of generalized symmetries,
each differing from the other by a trivial symmetry.

The computation of generalized symmetries of a given system of differential equations
proceeds in the same way as the earlier computations of geometric symmetries, but with
some added features. To simplify the computations, is desirable to put the symmetry in
evolutionary form vg. One must then a priori fix the order of derivatives on which the
characteristic Q(z, u(m)) may depend. Finally one must deal with the occurrence of trivial
symmetries; the easiest way to handle these is to eliminate any superfluous derivatives in
() by substitution using the prolongations of the system.

We now turn the attention on the geometric interpretation of the generalized vector
fields. As was anticipated before, if v is a generalized vector field, its flow exp(ev) can
not act geometrically on the underlying domain M C X x U since the coefficients of v
depends on derivatives of u, which are also being transformed. Instead, there is a natural
action of exp(ev) on a space of smooth functions, defined as follows. First replace v by
its evolutionary representative vg. Then we compute the flow of vg as the solution of the
Cauchy problem

6% = Q(I, u(m))
{3<:c,o> ~ f() (12)

where @ is the characteristic of v. The solution u(z, €) will determine the group action?:

(exp(eve) f)(x) = u(z,€)

2We are not involved here with technicalities about existence and uniqueness of solutions, and
assume these to hold in some space of smooth functions.

11



1 — Symmetries, Conservation Laws and Hamiltonian Structures

The basic symmetry property of the one-parameter group exp(ev) generated by the evo-
lutionary vector field v is the following.

Theorem 1.3.1. The evolutionary vector field v = vq is a symmetry of the system of
differential equations A if and only if the corresponding group exp(ev) transforms solutions
of the system to other solutions.

Remark 1.3.2. The proof of Theorem 1.3.1 rely upon various technical assumptions, not

stated here. See Olver [3] §5.1 for details.

As with ordinary vector fields, there is a Lie bracket between generalized vector fields,
which arises from their prolongation.

Definition 1.3.5. Let v and w be generalized vector fields. Their Lie bracket [v,w] is
the unique generalized vector field satisfying

pr [v, w|(P) = pr v(pr w(P)) — pr w(pr v(P))
for all differential functions P € .«

Proposition 1.3.2. Let vg and vg be evolutionary vector fields. Then their Lie bracket
Vg, VR] = vs is also an evolutionary vector field with characteristic

S =prvg(R) —prvg(Q)

where prvg acts component-wise on R € f, with entries prvg(Ry), and conversely.
Moreover, if v and w are generalized vector fields with characteristics Q) and R respectively,
then their Lie bracket [v,w] has characteristic S as given by the preceding formula.

In components, the Lie bracket between two evolutionary vector fields vg and v has
the following expression

a OR, 0Q,\ O
[VQ>VR] = Z Z (DJanufj - DJRVM)W

a,v=1 J

The Lie bracket between generalized vector fields has the usual properties of bilinearity,
skew-symmetry and Jacobi identity. This, in light of Definition 1.3.5, makes the space of
generalized symmetries of a nondegenerate system of differential equations a Lie algebra.

We now turn the attention to the particular case of evolution equations, that is equa-

tions of the type

ou
ot Plu]

where Plu] € &/ depends on x € RP, u € R? and a-derivatives of u only. Consider
the evolutionary symmetry v with characteristic Qu] which, in principle, can depend
on time derivatives of u. Substituting according to the equation and its prolongations,
is readily seen that the symmetry vg must be equivalent to one whose characteristic
depends only on z, u and z-derivatives of u. For a system of evolution equations we have
Alu] = uy — P[u], so that the condition for a generalized vector field (whose characteristic

12



1.3 — Generalized Symmetries

can be supposed to not depend on time derivatives of u) to be an infinitesimal symmetry
of the system reads

D,Q, =prvg(P,), v=1,..,¢q
This condition can be expressed in a more succinct form as the following proposition
shows.

Proposition 1.3.3. An evolutionary vector field vg is a symmetry of the system of evo-
lution equations uy = Plu] if and only if
ovg

5t + [vp,vgl =0 (1.3)

holds identically in (x,t,u(™). (Here Ovg/0t denotes the evolutionary vector field with
characteristic 0Q/0t.)

Example 1.3.1. In order to illustrate how the above theory works in practice, we compute
the symmetries of the inviscid Hopf equation

A:=u +uuy, =0

The space of independent variables is X ~ R? with coordinates z,t¢, while the space
of dependent variables is X ~ R with coordinate u. Suppose for the moment we are
interested in geometric symmetries only. That is, we look for infinitesimal generators of
the form

V= OZ(ZL‘, ta u)aa: + d)(xa ta u)au
In order to apply Theorem 1.2.3, we have to compute the first prolongation of the above

vector field:
0 0

ti
Ouy, +9

prilv = v+ ¢* 5
Ut

where
d)m :DZQS - usza - utDzT =

= QS;E + ¢uu:z: - (am + auux)um - (Tz + Tuuz)ut

¢I =Di¢p — uyDyov — uy Dy =
= ¢ + duur — (0 + )ty — (T4 + Ty us

As prescribed by Theorem 1.2.3, v is a symmetry if and only if pr)v(A) = 0 whenever
A = 0. This condition leads to the following equation

¢um + (¢x + ¢uum - (ax + auux)ux + (Tx + Tuux)uum)u+
+ ¢t - Qbuuux - (at - auuux) + (Tt - Tuuux)uux =0
Since the coefficient functions «, 7, ¢ do not depend on u,, which can assume arbitrary
values, all the coefficients of the above wu,-polynomial must be zero. This leads to the
following system of equations, to be solved for a, 7, ¢:
¢xu + Qst =0
¢ —uoy +ult, —ay +ur =0

— Uy, + Tuu? + agu — Tu? =0

13



1 — Symmetries, Conservation Laws and Hamiltonian Structures

Clearly, the third equation is trivially satisfied, so the the system consists of two
equations only. From the first, we have

oz, t,u) = o(x — ut,u)

for some functions ,1. One way to proceed further is to suppose 7 = 0. As we see in
the following, this does not affect the generality of the solution. By doing so, the second
equation gives

a(z, t,u) =te(x —ut,u) + Y(x — ut,u)

and we end with the following general form for the infinitesimal generators
v = (Y(x — ut,u) + to(x — ut,u))0y + p(x — ut,u)o, (1.4)

To this point we can claim to have found all the geometric symmetries of the system
at hand A = 0. The natural next step is to compute generalized symmetries. Although
we can proceed, at least in principle, like as we did for geometric symmetries, allowing
«, T, ¢ to depend on derivatives of u up to some order, this would lead to very cumbersome
computations. Moreover, such approach has the drawback of not easily allowing to classify
symmetries: in the above computations is not evident that we can take 7 to vanish
without limitations on the solution. Both these difficulty are addressed by working with
infinitesimal generators in evolutionary form, and using Proposition 1.3.3. Suppose we
are looking for generalized symmetries of first order, i.e. with infinitesimal generators of
the form

vQ = Q(xa t7 Uu, um)au

As pointed out above in this section, we can always take the characteristic () to not depend
on time-derivatives of u. Let us denote P = —uu,, so that the system A = 0 writes in
the form of evolution equation:

U = P

Thus, according to equation (1.3), the characteristic ) of a candidate symmetry must
satisfy
0Q 0 5 0Q
— tu——u = —u
ot oz T Oy 2

The solution to this equation is found via method of characteristics as

Q(z,t,u,uy) = ug R(x — ut,u,t — L)

Ug

where R is an arbitrary function. We now ask which of the above characteristics corre-
spond to geometric symmetries. For this to be true, Q) needs to be of the form

Q = o(x,t,u) — uga(x, t,u) + vu, (2, t, u)

In particular, it has to be affine in u,. Correspondingly R has to be affine in its third
argument, and we get the general expression
Q(xv t,u, uw) = uzf(x — ut, u) + (tuw - 1)77(33 — ut, U)

= —n(z —ut,u) + uy(§(z — ut,u) + tn(x — ut, u)) (1.5)

14



1.4 — Conservation Laws

One vector field having that as characteristic is, for example
v=—(¢(x —ut,u) +tn(x — ut,u))0y —n(x — ut,u)0, (1.6)

which is precisely (1.4), found with the other method. But now, we can argue why this is
the most general geometric symmetry as claimed above. Consider another symmetry

v = ad, + 70; + 0,

with characteristic Q" = ¢ — au, — Tuy. In light of Proposition 1.3.1, it corresponds to
the evolutionary symmetry vo. But the characteristic (1.5) is uniquely determined, so
v has to be equivalent to vg. This means that the difference @) — @’ must vanish on
solutions (i.e. whenever u; = —uu,). From this condition we see that it must hold

¢=-n
ur —a=E§+1n
Thus, for fixed &, n, there is quite a lot of freedom in the choice of the coefficients «, T,

but, whatever they are, they determine the same symmetry. So it is not restrictive to
suppose 7 = 0, as in (1.6).

1.4 Conservation Laws

Given a system of differential equations Alu] = 0, a conservation law is a divergence
expression
DivP =0

which vanishes for all solutions u = f(x) of the system. Here
P = (P[ul],..., Py[u])

is a p-tuple of smooth differential functions of x, u and derivatives of u, and DivP =
Dy Py +...4 D, P, is the total divergence. For the case of a system of evolution equations,

up = Q[u] (1.7)

one of the independent variables is distinguished as the time ¢, and the remaining variables
x = (2%, ..., 2P) are called spatial variables. In this case a conservation law takes the form

DT +DivX =0 (1.8)

in which Div denotes the "spatial" divergence of X with respect to !, ..., 2. The conserved
density, T, and the associated flur, X = (Xi,...,X,), are functions of z,¢,u and the
derivatives of u with respect to both x and ¢.

Now let 2 C RP be some spatial domain, and v = f(z,t) a smooth solution of a system
of evolution equations (1.7) defined on 2. Consider the time dependent functional

Tl (-] = /Q Tz, t,pr™ f(z, 1)) de (1.9)
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Taking its time derivative, and using equation (1.8), we get?

%T[t; £ 0] = /Q DT (x, t, pr™ ™ f(w, £))dx = — /Q DivX (z, £, pr™ f(z, 1)) de

Hence, by the divergence theorem, it follows that the time derivative of the quantity (1.9)
depends only on the boundary conditions imposed on 0f2. In particular, for some classes
of solutions?, the evaluation 7 [t; f(-,t)] does not depend explicitly on ¢, and is therefore
referred to as a conserved quantity (or a constant of the motion).

The total time derivative D;T can be made explicit as

oT Oug

or
DtT = 8tT+ZJaiugﬁ = 8tT+ ZJDJQO‘TU‘(} = atT+pI'VQ(T)

where we substituted for Ou§ /0t according to the system of evolution equations (1.7) and
its prolongations. Hence, the condition for 7" to be a conserved density can be stated as

0T +prvo(T)+DivX =0 (1.10)

1.5 Hamiltonian Systems

To each differential function L € &/ we can associate a (time-depending) functional .Z,
called Lagrangian, acting on smooth functions u = f(z,t) as

LS 0) = | Lt f(a,)da

where €2 C X is some spatial domain. Provided we ignore boundary contributions, a
second function .Z € &/ will determine the same functional, i.e.

/QL[u]dx:/Q[N/[u]dx

if and only if it differs from L by a total divergence. This motivates the introduction of an
equivalence relation among differential functions. The idea is to regard as equivalent two
differential functions that define the same Lagrangian. Accordingly, given two differential
functions L and L, we say them to be equivalent if their difference is a total divergence:

L~IL < L—L=DivP (1.11)

for some p-tuple of differential functions P € &/P. Hence, the space of Lagrangians,
denoted by %, is naturally identified with the quotient of the space & of differential

3Note that if T and X depend on derivatives of u of order up to n, then D;T and DivX depend on
derivatives up to order n + 1.

“That is, for all solutions u = f(x,t) such that X (z, ¢, pr'™ f(z,t)) — 0 as z — dQ whenever Q is
bounded, and for |z| — oo otherwise.
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1.5 — Hamiltonian Systems

functions under the equivalence relation above. In other words, .% is isomorphic to the
quotient vector space of &/ under the subspace of total divergences:

o
F = Div(a?)

The natural projection from & to .% will be suggestively denoted by an integral sign,
so that [ Ldx € % stands for the functional (or equivalence class) associated to the
differential function L € &7

Remark 1.5.1. In order the above notion of equivalence to make sense, we must ensure
the divergence appearing in (1.11) to have zero integral on the given domain. If not
stated otherwise, we shall denote with o7 the subalgebra of differential functions Plu| =
P(x,t,u5) which, together with all their derivatives, vanish when u§ = 0 for all «, J.
Furthermore, we assume the functionals of .# to act on a class of functions u = f(x,t)
which vanish sufficiently rapidly near the boundary.

Definition 1.5.1. Let Z[u] be a Lagrangian as above. The variational derivative of &
is the unique g-tuple
L] = (01:Lul, ..., 04-Lu])
with the property that
d
T tlral= [ s211@) n@)da

de e=0

whenever u = f(z) is a smooth function defined on €, and n(x) = (n'(x),...,n4(x)) is a
smooth function with compact support in Q. The component §,.% = §.Z/éu® is called
the variational derivative of £ with respect to u®.

Definition 1.5.2. For 1 < a < ¢, the a-th Euler operator is given by
0
E, = Z(_l)lJIDJi

o
¥ ou§

the sum extending on all multi-indices J of order |J| > 0. Note that to apply E, to any
differential function L[u| only finitely many terms in the summation are required, since L
depends on only finitely many derivatives u.

Performing an integration by parts, is easily seen that the variational derivative of a
give functional Z[u] = [ L[udz is found by applying the Euler operator to L:

5 = E(L)
where E(L) = (Ey(L), ..., Eg(L)).

1.5.1 Poisson structures

There is a one-to-one correspondence between differential functions and (non linear) dif-
ferential operators acting on C*°(X,U) : if F' € &/" is a differential function, its corre-
sponding differential operator Zr is

Ir(f) = Fopr f
17
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where pr f stands for the infinite prolongation of f (also called its infinite jet). Among
all linear differential operators, those which can be expressed in terms of total derivatives
play a distinguished role. Following Krasil’shchik and Vinogradov [5], we call them %-
differential operators. Accordingly, a linear operator & : o/ — o7 is called a %-differential
operator of order k if it has the form

2= RyulD, (1.12)

|J|<k

where a; € o are given differential functions. To such %-differential operator is associated
its (formal) adjoint * : o/ — <7, such that

P-92Q~Q-9P (1.13)
for all differential functions P, Q) € &7; it is a ¥ -differential operator too, given by
7" = (-1)VID; o Ry[u] (1.14)
J

In the composition appearing in this formula, R;[u] is understood as the multiplication
operator: for any differential function ) € &7,

7°(Q) = > _(-1)'D;(R,Q)
J

Definition (1.12) is naturally extended to the multidimensional case: a %-differential
operator & : /™ — o/™ is a matrix operator with entries

2°° = 3" RS’[uD, (1.15)
|T|<k

where R*® € /. Its adjoint is defined accordingly with formula (1.13), as the %-
differential operator Z* : &/™ — /™ with entries

(2°)%% = (2°%)" =3 _(-)IDy o Rylu)’ (1.16)
J

Let 2 : &/7 — &/ be a €-differential operator (that may depend on z, v and deriva-
tives of u). Given two Lagrangians &, 2 € %, we define their Poisson bracket as the
functional

(2.9} - /E L ZE(Q dx—/ZE P)2°PE4(Q)dx (1.17)

Definition 1.5.3. A %-differential operator & : &7 — /7 is called Hamiltonian if its
Poisson bracket satisfies the conditions of skew-symmetry

{£2,2} = -{2, 7}
and the Jacobi identity
2 2}, 72y +{{#, 2}, 2y + ({2, %}, 7} = 0
for all functionals &, 2, % € F
18



1.5 — Hamiltonian Systems

The above definition is impractical to check if a given operator & is indeed Hamiltonian.
The following result can help checking if the skew-symmetry property is met.

Proposition 1.5.1. Let & be a € -differential operator. The Poisson bracket it defines is
skew-symmetric if and only if D is skew-adjoint:
D=-9"

Proof. Let & = [ Pdx and 2 = [ Qdx be Lagrangians. Then, by definition (1.13) of the
adjoint operator, we have

ZE )7°PE5(Q) ~ — D Ea(Q)Z*Es(P)

Integrating this equatlon, we arrive to
{‘@’Q}: *{Qﬂ@}

For the converse, assume that skew-symmetry holds. Then we have

/E (2 + 2))E(Q)dx = 0
for all differential functions P, Q) € o/. Hence it follows ¥ + 2* = 0. O]

To check for the Jacobi identity is usually much more laborious. However, also in this
case, there is a criterion simplifying the task, but to be stated we will need some further
notation. To begin, we define a wvertical multi-vector as an alternating multi-linear map
from <79 to 7; we denote by 69 the 'elementary" vertical uni-vector, acting as

(65;P) = D;P®,  Ped"

Any general vertical k-vector can be expressed as a finite sum

O = R[S A..AOF, RS €

a,J
whose action, on a k-tuple of differential functions, is defined accordingly as
(©; Py, ..., Py) =Y RS det(Dy,P{), P; € o1
a,d
The total derivatives act on vertical k-vectors as Lie derivatives [3], that is
Dy(07) = 67,
where, as above, J, i stands for the augmented multi-index J U {i}.
As it was done for differential functions above, we may introduce an equivalence relation

on the space Ay of vertical k- vectors by identifying two of them if their difference is a total
divergence: in other words, for <I> U e A/r€7

p
PV = d-U=>) DO; O;el

Next, we define a functional k-vector as an alternating k-linear map from the space of
g-tuples of differential functions <77 to the space of Lagrangians .% °. The space A} of

®See Olver [3] Ch. 7 for a basic exposition, and [6] §1.8 for a more sophisticated one.
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1 — Symmetries, Conservation Laws and Hamiltonian Structures

functional k-vectors is readily identified with the quotient of the space of vertical k-vectors
under the image of total divergence:

* o

Aoy
E Y Div(Rg)P
To a given © € Ay, is associated the functional k-vector (or equivalence class)
0= / Oda

By means of integration by parts, is always possible to reduce any functional k-vector into
a canonical form. For example, given a functional uni-vector

q
v = / Z R505dx
a=1

we can express it as’

q

= [ S Rabtdn, Ra= 3 (-1)VID,ES

a=1 J

Similarly, any functional bi-vector © € A3 has the canonical form
1 q
o= 5/ { S 67 A %Beﬁ] dz (1.18)
a,f=1

where 9 = (Z,) is some skew-adjoint ¢-differential operator. Finally, let vgy denote a
formal evolutionary vector field whose characteristic is the g-tuple

q
(ge)a = Z gaﬁeﬁ
B=1

of vertical uni-vectors. We define its prolonged action on the space of vertical multi-vectors
by setting
prvge(05) =0

and extending it to act as a derivation on general vertical multi-vectors.

Theorem 1.5.1. Let P be a skew-adjoint € -differential operator and ©, given by (1.18),
its corresponding functional bi-vector. Then 2 is Hamiltonian if and only if

prv20(©) = 0

5For this reason, we may identify the space of functionals uni-vectors A} with that of evolutionary
vector fields, which in turn is isomorphic with «79.

20



1.5 — Hamiltonian Systems

Example 1.5.1 (Euler equations). The Euler equations for a two dimensional, incom-
pressible fluid flow can be cast as a single evolution equation,

G = Gothy — Gy (1.19)
involving the vorticity ¢ and the stream function v; these are related by
(=-Ay
Equation (1.19) has the form of a Hamiltonian system,
(= ZE(H)
for the ¥-differential operator
9 =Dy~ s (1.20)

and the Hamiltonian functional
H = /de = /%\Vzﬁ]Qda:

representing the total energy of the fluid. One tricky point here is to recognize that
E(H) = E¢(H) = 9. This issue is deferred until section §2.1, where it will be addressed
in a more general setting. Now we show that the operator (1.20) is indeed Hamiltonian.
The skew-adjointness is easily proved: by formula (1.13),

PP = =Dy(GoP) + Du(GyP) = —Cay P = G Dy (P) + Gy P + (Do (P) =
= _C:EDy(P) + Cwa(P) =-9P

The functional bi-vector (1.18) corresponding to 2 is
0= [0n20dr =5 [0n (G0, = oy = 5 [(C0 10, G0 A0.)dudy
Then,
prvae(©) = % / prvag(Col A By — 0 A 0,)dady =
— % /(PI" vao(Ce) NON Oy —prvgg(Cy) NI N Oy )dedy =
2/(2 8 s (26) NI N, —ZaCyD (20) AO N0, )dmdy_
2/ (20) NO A O, — Dy (20) A O A O,)dudy =

- (gﬂﬂyey + Czrgyy - (yyem - Cyezy) NG AN Gz)da:dy =
1
+ Cy(Ozy NON Oy — Oy ANONB))dady
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Integrating by parts the second and the fourth terms, we get
/—cxeyy ANONA O drdy = /(nyey NON Oy + Ce0y A O N Oyy)dudy
/—gyem NONAOydxdy = /(nyﬁx NO NGOy + by NN Oyy)dady

Hence, from the skew-symmetry of the wedge product and Theorem 1.5.1, it follows that
2 is Hamiltonian.

Dubrovin and Novikov ([15], [16], [17]) developed a simple implementation criterion,
to check at once for the skew-symmetry and the Jacobi identity for a particular class of
systems. Such results are based on Riemannian geometry; for this reason, the summation
convention of repeated indices will be adopted below.

Definition 1.5.4. A (homogeneous) system of hydrodynamic type is an equation of the
form

ui:véa(u)ufl, i=1,...,q
where uJ, = Ou’/ /0x®. As above, ¢ is the number of dependent variables, while the index
a =1, ...,d runs across the spatial independent variables.

Definition 1.5.5. A functional of hydrodynamic type is one of the form
Hu] = /H(u)dx

where H(u) is an ordinary function, i.e. not depending on derivatives of w.

Note that a system of hydrodynamic type is an evolution equation involving spatial
derivatives of order up to one.

Definition 1.5.6. A Poisson bracket of hydrodynamic type is defined by a %-differential
operator Z of the form - - -
D" = g"%*(u) Dy, + b}ga(u)u(’; (1.21)

where ¢ and b® are certain functions not depending on derivatives of w.

According to the previous definitions, a Hamiltonian systems of hydrodynamic type has
the form )
U — < ija 8'H ija@H,) k
¢ ouiouk 7k oui )

where H, g"®, bga do not depend on derivatives of u. We first focus to the spatially one-
dimensional case d = 1, omitting the index «. The following proposition clarifies the
geometric meaning of the introduced elements.

Proposition 1.5.2. 1. The class of Poisson brackets of hydrodynamic type is invariant
with respect to changes of the field variables of the form

u' — vt (u), i =1,..,q (1.22)
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2. Under these change of variables, the coefficients g¥ (u) transform as the components
of a tensor of type (0,2), that is,

ov® ovb .
ab _ ij
g (U) 8/{/{/74 au]g (u(v))’ a/7b ]‘7 "'7q

3. If the matriz (¢¥ (u)) is non-degenerate, it defines the quantities F;k(u) by the equality

B (W) = —g" (). idik =1 (1.23)

Under change of variables (1.22), the quantities Fék(u) transform as the components
of a differential-geometric connection (Christoffel symbols), that is

" o ou? duF _, o *u
(V) = B 50t Goe LH W T 5 Gt

Poisson bracket of hydrodynamic type for which det(g¥/) # 0 are called non-degenerate;
in what follows we shall only consider non-degenerate brackets. The theorem that follows
solves completely the problem of determining if a given Poisson structure 2% of hydro-
dynamic type is indeed Hamiltonian.

Theorem 1.5.2. 1. In order that the bracket (1.21) be skew-symmetric it is necessary
and sufficient that the tensor g (u) be symmetric (i.e., that it define a pseudo-
Riemannian metric if det(g”) # 0) and the connection T be consistent with the

metric, g, = Vg =

2. In order that the bracket (1.21) satisfy the Jacobi identity it is necessary and suffi-
cient that the connection Fé—k have no torsion and the curvature tensor vanish. In this
case the connection is defined by the metric g* (u) which can be reduced to constant
form. A complete local invariant of the Poisson structure (1.21) is the signature of
the pseudo-Riemannian metric g¥.

Concerning the spatially multidimensional case, d > 1, almost all of the results above
are verified component-wise for each fixed a = 1,...,d. The main difference is that, in
general, there not exist a coordinate system on the space of dependent variables U ~ RY
such that all the metrics ¢“*(u) are simultaneously constant for o = 1, ..., d. We refer to
[16] for details on this case.

1.5.2 Hamiltonian vector fields

Having a Poisson structure allows to define the notion of Hamiltonian vector fields, as
much as it is done in the context of finite dimensional Hamiltonian dynamics.

Definition 1.5.7. Let & be a Hamiltonian operator. To each functional 5 = [ Hdx €
% there is an evolutionary vector field ¥ ¢, called the Hamiltonian vector field associated
with 2, which satisfies

prip(P) ={2,H}
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for all functionals &2 € #. Here, the action of pr v, on the functional & = [ Pdz is
defined by formally exchanging the operation pr ¥, with the integral sign:

privp(2) = /pr Ve (P)dx

The Hamiltonian vector field ¥ has characteristic 20 = PE(H). So to be consis-
tent with our previous notation for evolutionary vector fields, we may write

ffjf = V@E(H) (124)

This property follows from an integration by parts:
(2.6} = [E(P)- FE(H)d = [ prvgeun (P)dz = pr voen(2)

The Hamiltonian flow corresponding to a functional . [u] is obtained by exponentiating
the corresponding Hamiltonian vector field ¥ . According to formula (1.2) for the flow of
a generalized vector field, we define the Hamiltonian system associated with ¢ = [ Hdx
as the system of evolution equations

uy = JE(H) (1.25)

1.5.3 Symmetries and conservation laws

For a given Hamiltonian system, there are mainly two kinds of conservation laws: the
first arises from degeneracies of the Poisson bracket, and is shared with any other system
having the given Hamiltonian structure &; the second type of conservation laws arises
from symmetries of the particular Hamiltonian functional 7 that defines the system.

Definition 1.5.8. Let £ be a ¢ x ¢ Hamiltonian differential operator. A distinguished
(or Casimir) functional for 2 is a functional € € % satisfying 26¢ = 0 for all z, u. (If
not specified otherwise, any distinguished functional is assumed to not depend on time.)

The Hamiltonian system determined by a distinguished functional is completely triv-
ial: u; = 0. Moreover, from the definition immediately follows that a functional C' is
distinguished if and only if its Poisson bracket with every other functional vanishes:

(€, #)=0, VAT

With the notation introduced in this chapter, we can express a conservation law (1.10)
as

T 4+ prvo(T) ~0
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On the other hand, we have
oT oT
prVQ(T):ZDJQaM:1’<ZlDJ>( + ... +1- <Z >
u = ouy -
adalll q oL _

le |J|DJ<§T)+ QU (VD (53;]):
J
:QlEl( )+ o+ QUE(T) = Q- E(T)

For a Hamiltonian system of evolution equations (1.25), we have Q@ = ZE(H), so the
condition (1.10) for a differential function 7" to be a conserved density is equivalent to

&, +E(T) - ZE(H) ~ 0

This condition is translated on the associated functional 7 = [Tdx by means of an
integration:

0T +{T, A} =0 (1.26)

Given a distinguished functional ¢ = | Cdz, is easily verified that the former condition
holds. Indeed, ¥ does not depend explicitly on ¢, and its Poisson bracket with the Hamil-
tonian ¢ vanishes identically by definition. Therefore, each distinguished functional
determines a conservation law for the system. As it was anticipated above, this result
does not depend on the particular Hamiltonian functional 57 defining the system, but
only rely on the degeneracy of the Poisson structure &, meaning that 2 has non trivial
kernel.

As for finite-dimensional Hamiltonian systems, there is an important relation between
the Poisson bracket of two functionals and the Lie bracket of their corresponding Hamil-
tonian vector fields.

Proposition 1.5.3. Let{ -, - } be a Poisson bracket determined by a differential operator
9. Let 22,2 € .F be functionals, with corresponding Hamiltonian vector fields Vo, V9.
Then the following relation holds:

Vp,.2y = [V2,v2]

Proof. Form Definition (1.5.7) of a Hamiltonian vector field, and using the skew-symmetry
and the Jacobi identity of the Poisson bracket, we have

pr‘;{y,,@}(%) = {%>{°@7°@}} = _{{‘@7"@}7‘@} = {{‘@7 ‘@}7°@} + {{"@7%}’ ‘QZ} =
= {{‘%ﬂ '@}7Q} - {{‘%ﬂ Q}N@} Epr§g{%7 QZ} _pr0,@{‘@7°@} =
=prig(prv» (%)) — priz(prvo(Z%)) = pr [Y2,v2(%)

for all functionals Z € .. The last equality follows from Definition (1.3.5) of the Lie
bracket. O
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Now we are ready for presenting the well known theorem of Noether, relating symme-
tries and conservation laws.

Theorem 1.5.3 (Noether). Let uy = 26 be a Hamiltonian system of evolution equa-
tions. A Hamiltonian vector field Vo with characteristic 962, P € &, determines a
generalized symmetry group of the system if and only if there is an equivalent functional
P =P —€, differing only from P by a time-dependent distinguished functional Clt;ul,
such that & determines a conservation law.

Proof. By a time-dependent distinguished functional we mean a functional €[t;u] =

[ C(t,z,u™)dz, with C' depending on t, z, u and 2-derivatives of u, and with the property

that for each fixed tg, €[to; u] is a distinguished functional: 26% = 0. By Proposition

1.3.3, the Hamiltonian vector field ¥ is a symmetry for the system u; = 205 if and
only if

N

ot

Combining this with Proposition 1.5.3, we have

A

+ [V, Y2 =0

Ny
W+V{gz7;f} =0

which is equivalent to a condition among the characteristics of the involved vector fields:
KDOP + Do{ P, '} =0

If 2 does not depend explicitly on time, then it commutes with 0;; so we end up with

%<a§ + {9,%}) =0

This, in turn, is equivalent to
0

- ey =<

for some time-dependent distinguished functional ‘JZ[t; u) = [ C(t,z,u™)dz. Now, define
a new distinguished functional € such that

0% s
i
ot
Substituting in the former equation, we can write
0

that is, since € is a distinguished functional itself,

9
(7 =€) +{P €. A} =0

This is precisely relation (1.26), which says that the functional & — % determines a
conservation law. O
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Example 1.5.2. We now show how the machinery presented in this chapter works con-
cretely, with reference to the Hopf equation already treated in Example 1.3.1:

Up = —Ully (1.27)
First let us note that equation (1.27) has the following Hamiltonian structure:

where the Poisson structure 2 = D, coincides with the total z-derivative, and the Hamil-
tonian is H = —%—3. Equation (1.27) is of hydrodynamic type, in the sense of Definition
1.5.4, so we can use Theorem 1.5.2 to conclude that the Poisson structure & is actually
Hamiltonian (cf. Definition 1.5.3). In Example 1.3.1, we got the general expression (1.5)
for the characteristic of a geometric symmetry of equation (1.27), which we rewrite for
convenience here

Q = —n(x —ut,u) + u, (§(x — ut,u) + tn(z — ut, u))

We want to find conservation laws associated to these symmetries, at least for simple
particular cases. For example, if we take n = 0 and £ = u, then ) = u,. The associated
conserved density 7" is found by solving the equation

Q = ZE(T) (1.28)

In general, T'[u] can depend on arbitrary a-derivatives of the dependent variable; we search
first for solutions which do not depend on derivatives of u. In this case we find

U2

T=——
2

To write the conservation law for T° we have to find the associated flux, i.e. a differential
function X such that
DIT+D,X=0 (1.29)

on solutions of (1.27). We are ensured by the Theorem of Noether (1.5.3) that such X
does exist. Note that, for u; = —uuy,

DT = —uuy = v?u, = Dx(“;)

Hence we can take X = —%3. As another less trivial example, consider n = 1 and & = 0,
so that () = —1+wu,t. Also in this case we find a solution of (1.28) which does not depend
on derivatives of u:
2
T=zu—t%5

Arguing as above, we find the associated flux to be
2 3
X =5 —t%

Is important to remark that these conservation laws do not necessarily give rise to
constants of the motion. The occurrence of this is tied to the imposed initial conditions.
For example, if we take u(x,0) to be of compact support, then the boundary term that
arises from the spatial integration of (1.29) vanishes, so that the integral of T" is conserved
in time.
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Chapter 2

The Boussinesq Model

In this section we review the works of Benjamin [8] and Camassa et al. [9]. They both
concern the Euler equations for a two-dimensional incompressible fluid flow, with variable
density. The mathematical apparatus described in Chapter 1 is now required to expose
the work of Benjamin: he detects an Hamiltonian structure for the so called Boussinesq
model, and uses it to classify conserved quantities, starting form the symmetries of the
system. However, the Hamiltonian structure of Benjamin falls apart whenever the fluid
density is not constant on the boundaries. This has an impact on the correspondence
between symmetries and conservation laws: some quantities can cease to be conserved
when the Hamiltonian structure breaks down. This phenomenon is deepened in the work
of Camassa et al. [9], where it is recognized to be of topological nature.

2.1 Hamiltonian Structure

The Boussinesq model concerns the two-dimensional flow of a incompressible, inviscid
fluid with variable density. We let z,y denote the standard Cartesian coordinates on R?,
and u, v the corresponding components of the velocity field of the fluid u. The constrain
of incompressibility, V - u = 0, allows the description of the flow by means of the stream

function :
u = wya
{v — 4. (2.1)

Here and in the following the subscrips x,y denote the partial derivatives d/0x,0/0y.
Following Benjamin [8], we introduce the auxiliary variable

o= (pv)e = (pu)y = —(phz)a — (pby)y = Lyt (2.2)
where p denotes the fluid density. This quantity can be understood as a density-weighted
vorticity, since the ordinary vorticity is ( = v, —u, = —A. If appropriate boundary con-

ditions are imposed, equation (2.2) admits unique solution v for any given o. Specifically,
we will be concerned with the infinite strip D = R x (0, k) as the fluid domain; then we
assume ¥ = 0 on the rigid boundaries at y = 0 and y = h, which make v vanish, and we
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assume that both ¢ and |V| go to zero rapidly enough as |x| — 4o00. Thus, the stream
function can be regarded as a linear transformation (depending on p) of the vorticity o:

v=1L,"0 (2.3)

Remark 2.1.1. The condition of impermeability on the rigid walls at y = 0 and y = h
requires that v = —, = 0. Strictly speaking, this only implies the stream function to be
constant on the walls. However, to be consistent with the condition

i U(x,y,t) =0, Vy e (0,h),Vt € (0,+00),

T|—0o0

we must assume 1) = 0 on both the rigid boundaries. Indeed, for any smooth curve 7,
with extremes (z1,1), (%2, y2), the integral

de = L(udy — vdx)

represents the flow of the velocity field across 7. In particular, by letting 13 = 0 and
Y2 = h, we see that the difference

W(x, h,t) —(x,0,t)

represents the total volume flow rate across any section of the channel. Since hydrostatic
conditions are assumed at the far ends of the domain, it follows that the above difference
must be zero.

The equations of conservation of mass and of linear momentum can be written in terms
of the variables p, 0,1 as

where O( -, -) denotes the Jacobian derivative J(-, -)/0d(z,y). Clearly, the space of in-
dependent variables for this problem is X ~ R3 with coordinates (z,y,t). The space of
dependent variables is U ~ R?, with "standard" coordinates (p, o); they are related to the
other possible couple of coordinates (p, ) by formulas (2.2) and (2.3).

The system (2.4) admits the Hamiltonian structure described in the following. Suppose
P = [Pdr and 2 = [Qdzx are functionals as in §1.5. According to our previous
definition (1.17), their Poisson bracket is

(2.9} - //D E(P) - ZE(Q)dxdy

where E(P) = (E,(P),E;(P)) is the Euler operator (cf. §1.5). Now define the differential
operator

0 —0(p, -)>

7= (o) oo, P ey o) IS

<pny — paDy oyDy — 0, D,y
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2.1 — Hamiltonian Structure

and the Hamiltonian functional

H = // Hd:vdy—//( w|2+gy(p po))dwdy

which represents the total energy of the system. Here pg = po(y) is the density of a stable
hydrostatic equilibrium reference configuration for the fluid. With this set-up, the system
of equations (2.4) can be written in the form of a Hamiltonian system as

w = PE(H) (2.6)
where w = (p, o) " represent the vector of dependent variables. To see this, is impractical
to directly apply Definition 1.5.2 of the Euler operator E(H) = (E,(H), E,(H)), since in
the expression for H appears 1 instead of o. To circumvent this difficulty, we directly work

with Definition 1.5.1 of the variational derivative: when 7 is considered as a function of
p, ¥ then

d
T A vrad = [[ €+ EuH)Odudy (2.7)
e=0
and when 47 is regarded as a function of p, ¢ we have
d
T Hlp+e,o+en = // H)¢ + Eo(H)n)dzdy (2.8)
e=0

Here £, n, ¢ are smooth functions of compact support in D, which can not be all indepen-
dent: (2.7) and (2.8) are understood as the same derivative, expressed with respect to
different coordinate systems. Indeed, by formula (2.2), we have

o+en= L(p+e£) (1/1 + EC)

Retaining only the first order terms in ¢, we arrive to the relation

Thus, the strategy for computing the Euler derivative of H with respect to the variables
p,o is as follows: for o and n related to the other variables by (2.2) and (2.9), the left
hand sides of (2.7) and (2.8) must agree, so equating them we get

// H){ 4+ Ey(H)()dxdy = // H)¢ + E,(H)n)dzdy (2.10)

Using Definition 1.5.2 of the Euler operator, we can compute the integral on the left;
then, by means of relations (2.2) and (2.9) defining o and 7, we express it in the form
of the integral on the right. Finally, by comparison, we get the desired expression for
E(H) = (E,(H),E;(H)). We remark that the expression for Euler derivative E,(H)
appearing in both sides of (2.10) is not the same, since the differential functions Hp, 1]
and H|p, o] have different dependencies on p. The Euler derivative of H with respect to
p and ¢ is

OH  |Vyl?
Ep(H)—ap—’ ;M + 9y
0OH 0OH
E¢(H) =-D, <8¢$> — Dy <8¢y> - _(pwz)x - (Wﬂy)y

31



2 — The Boussinesq Model

Integrating by parts the term Ey (H)(, and recalling that ¢ has compact support in D, we
can express the integral on the left in (2.10) as

// ((W!2+gy>£+pw V{)dxdy

Further we use the relation

pVY - V¢ = —£|[VY[? =V - (pV( +EVY) + V - (0 V( + Y V)

which can be verified by computation. Taking account of the conditions imposed on ¥,
the last term is seen to not contribute to the integral. Further, recalling formula (2.9)
relating 1 to the other variables, we can express equation (2.10) as

JI (o ’W|2)£+¢n>dxdy—// H)E + E, (H)n)dady

From this we conclude that the Euler derivative of H|[p, o], regarded as a function of p
and o, is
[Vy|?

2

E,(H) =gy —
EG(H) = ¢

With this result is readily verified that the system of equations (2.4) can be written in the
form (2.6) of a Hamiltonian system. We remark that this fact rely only on the boundary
conditions imposed on : in particular it does not depend on the behavior of p on the
boundary.

To qualify as a true Hamiltonian operator, Z has to satisfy skew-symmetry and Jacobi
identity. Proposition 1.5.1 ensures the skew-symmetry holds, the operator 2 being skew-

adjoint,
@*—( ’ _Dwopy+Dyopz>——@.
—Dgyopy+Dyop, —Dgoo,+ Dyooy,

Unfortunately, the system of equations (2.4) is not of hydrodynamic type in the sense
of Definition 1.5.4. Hence, in order to check for the Jacobi identity we have to use the
general criterion of Theorem 1.5.1. The functional two-vector associated to the operator
(2.5) is

o - 2// Z 0% D507 dady —

a,f=1
_ % / (py(0F N 62+ 62 A BY) — p,(BY N 62 + 0% A OL) + 0,81 A 62 — 0,67 A 62)dudy
Proceeding as in Example 1.5.1, we compute
prvao(©) = 5 [ (or vanloy) A 07 A G2 +6% A 03) = prvau(pn) A (67 A2+ 07 0+
+prvgg(oy) A0 A G2 —prvgg(o.) AO* A Hz)dxdy
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2.2 — Symmetries

where
P Vg(pz) = payli + pybay — pacby — pabi,
prvae(py) = pyybs + py0a, — eyl — pat,
pr V@G(O—x) = pl’yei + pyealcz - sz% - pxeal;y + nyegzg + O—yeix - O—xxeg - O—ategy
prvae(oy) = pyyby + pyealvy - Pwy% - Pw%y +oyyb7 + Uyefcy - Uzyez - Uweiy

Due only to the skew-symmetry of the wedge product, the coefficients of the second order
derivatives of p and ¢ vanish identically. So we get

1
prvon(©) = 5 // |:py(9§y NGV NG+ 02, NG NOL — 62, A O A 62+

— 2, NOP N0, + 0, NOP NG — 0L, NG NG+
+ pa(—02, NONOE— 02 NN+ 62, NOT NG+
2 2 1 1 2 2 1 2 2
+ 05, NOFNO, =0, NOTNOL+ 0, NO7 NG+
+oy(03, NO*NOT— 05, NOP N0+

+ou (=05, NP NOZ+ 02, NOPNG2) | dady

Now we integrate by parts all the terms with a minus sign, changing the pure second
derivatives of the @ for the mixed ones. For example,

/ / 002, A% A 0ddy = / / (0002 A 02 N 62 + 0,02 A 6% A 02, dardy

In this way, after some computations, we end up with prvge(©) = 0 as required by
Theorem 1.5.1.

2.2 Symmetries

The computation of symmetry groups for the system of equations (2.4) proceeds mostly
as delineated in §1.3, but with some foresight. The space of independent variables for
the system of equations (2.6) is X ~ R?® with coordinates z,v,t, whereas the space of
dependent variables is designed as U ~ R? with coordinates p, . The candidate symmetry
is a generalized vector field v on X x U of the form

V:ai+ﬁ£+72+’y1§)+’m;{j (2.11)
Following Benjamin, we suppose a priori that all the symmetry groups of the system
are projectable, that is the coefficient functions «, 3,7 are allowed to depend only on
the independent variables z,y,t. This hypothesis is supposed to be very likely correct
by Benjamin, and sensibly reduces the computational load. On the other hand, the
coefficients 71 [p, o] and a[p, o] are general differential functions depending on z,y,t, p, o
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2 — The Boussinesq Model

and derivatives of p and . As described in §1.3, to the former vector field can be associated
an evolutionary representative
Vp = Plap + Pg(?[,

whose characteristic P = (P, P») is given by

Py =~y —ap, — Bpy — Tp
Py = — ao, — oy, — 7oy

The main obstacle to the direct application of the methods described in section §1.3, for
the computation of symmetries, is that (2.6) is not a partial differential equation. In fact,
H is expressed in terms of ¢, so that the integral operation ¢ = L;la is entailed. As
explained below, this problem can be tackled by allowing the stream function ¢ to be
part of the set of dependent variables. So we extend the space of dependent variables U
to U* ~ R3 with coordinates p,o,%. Any vector field (2.11) on X x U is extended to a
vector field on X x U*,

0

v*—a—+52+7§+ g-i- 2-|—Fi
%z Py ot T M T as T By

As above, we consider the corresponding evolutionary representative

0 0 0
vp 18p+ 28U+ 38¢’

with characteristic P* = (P, Py, Py)" given by

Pl =~y —apy — Bpy — Tp:
Py =~y — a0y, — o, — 10y (2.12)
Py =T —atp, — Brpy — Ty

Since the three dependent variables are related by (2.2), there is a constraint on the
coefficients of a candidate symmetry (2.12). To comprehend this fact, assume for a moment
Py[p,o] and Py[p, o] to be given differential functions. As defined by (1.2), the flow of
the evolutionary vector field Pfd, + P50, is obtained as the solution of the system of
evolution equations

{pﬁ = JDf< [:07 U]
oc = P3p, o]

Provided it exists, the solution of this problem is a map € — (p, o). Combining it with
formula (2.3), we are able at least in principle to get a map € — . The derivative of
this map with respect to e will be denoted as ). = P;. Now, taking the e-derivative of
equation (2.2), and reorganizing terms, we finally get the following relation between the
coeflicients of vp«:

Py =~V -(P{Vy) - V- (pVF;) (2.13)

We remark that the former can be seen as an equation for the unknown P, which can be
solved for every given pair P}, Py
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2.2 — Symmetries

In order to apply Proposition 1.3.3, characterizing symmetries, we adopt the following
notation. Let w* = (p, o, w)T denote the vector of the three dependent variables; also,
denote with @) the characteristic of the Hamiltonian vector field of 7, i.e. the right hand
side of equation (2.6):

Q= (Q1,Q2)" = ZE(H)

Then define a new differential function Q* = (Q%, Q%, Q%) so that QF = Q1, Q% = Qo,
and Q% = ;. With this notation, we can extend the system of evolution equations (2.6)
to a system of equations on the jet space of X x U* as

Wi = Q" (2.14)

whose first two lines are exactly those of the system (2.6), and the third line is trivial:
¥y = . According to Proposition 1.3.3, the vector field vp+ is an infinitesimal symmetry
of the system (2.14) if and only if

aV P+
ot

holds identically. In light of Proposition 1.3.2, the above condition translates in coordinate
form as

= [VP*va*]

opr < . 00 ., OP*
o = 2 (PP D@ g ) (2.15)
where w*f] stands for the J-th derivative of the i-th component of w*. This equation,
supplemented with (2.2) and (2.13), provides the means to compute the symmetries of the
system (2.6), with the same procedure of Example 1.3.1. The symmetry group detected
by Benjamin consists of nine one-parameter subgroups having the infinitesimal generators
listed below together with their characteristics':

e Time translation:

V3 = (9,5 P3 = —Wt
o Horizontal translation:

V4 = 3z P4 = —Wg
e Vertical translation:

Vs = ay P5 = —Wy

o Horizontal Galileian boost:

ve = —t0y — pyOs Ps = tw, — (0, py)T

o Vertical Galileian boost:

vy = —t0y — p20s P; = tw, — (0, pz)T

!The numeration, ranging from 3 to 11, is chosen to highlight the correspondence with conserved
quantities to be presented in §2.3
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2 — The Boussinesq Model

Gravity-compensated rotation:
v = —(y + %th)&E + 20y + gtpyOs Ps=(y+ %th)wI — zwy + (0, gtpy)T

Vertical acceleration:

Vg = gtzﬁy —tO + (0 + 2gtp,)0s Py = tw; — gt2wy + (0,0 + th,oaj)T

Trivial scaling:
V10:p8p+080 Poy=w

Scaling:
Vi = —20; — ydy — 510, + 100, Pi1 = aw, + ywy + Stw, + (0,10)7

We remark that Benjamin does not prove that there are not other symmetry groups
than these. Once the generators are obtained, we can get the one-parameter families of
transformed solutions, exponentiating the generators according to (1.2). As an example,
for the time translation we have to solve

Pe = —Pt
O¢ = —0¢

By means of the method of characteristics, we get the following solution:

p(xa yvtv 6) = ﬁ(xa yvt - 6)
o(z,y,t,e) =(x,y,t—e€)

Then, by equation (2.2), we recover also the transformed stream function:

7/)(55; yvtv 6) = QZJ(ZE, y7t - 6)

The set p, 5,1 satisfy the system of equations (2.6) for every value of the parameter e.
We refer to Benjamin [8] for the complete list of transformed solutions corresponding to
the other symmetries.

Let us return on equation (2.15). Only the first two lines are meaningful, the last being
identically satisfied. To see this, is sufficient to note that, since 5 = 9; and P5 does not
depend on p, o and their derivatives [§8], the third line reduces to

oP; 8P3
ot

— D,Pj —

which is precisely the definition of the total time derivative of P3. For this reason, equation
(2.15) can be simplified retaining only its first two lines. Introducing the notation

2 aQ .. 0P
0.71= 33 (D)% - i@ )
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2.3 — Conservation Laws

equation (2.15) can be proficiently written in the compact form

ap =[Q. P] (2.16)

Given two divergence-free differential functions F, G € ¢ /piv(«2), we define their Pois-
son bracket as

{F,G} =E(F)- ZE(Q) (2.17)
Then, by direct computation, can be proved the relation
(ZE(F), ZE(G)| = PE{F,G} (2.18)

which holds for each pairs of differential functions Fw], Gw] € ¢ /Div(«2). This result is
the direct analogue to that of Proposition 1.5.3, concerning Hamiltonian systems of partial
differential equations. It will be of pivotal role in establishing a Noetherian correspondence
between symmetries and conservation laws.

2.3 Conservation Laws

The Poisson bracket determined by (2.5) admits a wide class of distinguished (Casimir)
functionals. They are given by

€ = // Cdxdy—// p)o + B(p))dxdy (2.19)

for arbitrary real functions «, 8. Indeed, it is easily verified that ZE(C') = 0. As pointed
out in section §1.5, every Casimir functional determines a conservation law. Moreover,
functionals of the form (2.19), not involving derivatives of u, give rise to constants of the
motion. To see this is sufficient to take the time derivative of € evaluated on a solution
w(z,t) of the system (2.6):

jt // E(C) - widzdy = //D E(C) - ZE(H)dxdy = {€, 5}

Hence, from the skew-symmetry of the Jacobi bracket follows that €[w( - ,¢)] is constant
in time. Two important particular cases included in the class of Casimirs (2.19) are total
mass and total vorticity:

Fi= [[ (o= poyiady,  Z= [[ odudy
D D

Here po = po(y), as in the definition of the Hamiltonian functional, represents the density
of a stable hydrostatic equilibrium reference configuration for the fluid. The convergence
of the integral (2.19) is not in question here: if it converges, then is a conserved quantity.
However, if pg was not included in I, it would be surely infinite for an unbounded domain.

The other important class of conservation laws is tied to the symmetries of the system.
In general, only those symmetries that are Hamiltonian vector fields corresponds to a
conserved quantity. Conversely, every conserved quantity gives rise to a symmetry. In
Benjamin [8], two theorems are presented which adapt that of Noether in the present
context.
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2 — The Boussinesq Model

Theorem 2.3.1. Let the differential function T|w] € o/ define a conservation law for the
system (2.6). Then the two-component differential function

P = 2E(T)
is the characteristic of an infinitesimal generator for a symmetry group of the system.

Proof. We have to verify that the condition (2.16) for P to be a symmetry for the system
(2.6) is met for Q = ZE(H). The condition (1.8) for T" to be a conserved density is

DT ~0

The total time derivative of T is

DT =0T+ )"
J

i=1

oT
awf]

QY ~ O, T +E(T) - ZE(H)

Is easily seen the differential operator (2.5) to be skew adjoint, so,
DT ~0,T+E(H) - 2"E(T) ~ 0,T — E(H) - ZE(T)
Thus, adopting the notation introduced in (2.17), we can also write the condition (1.8) as

0T ~{H,T} (2.20)

which is intended to hold in the quotient space ¢ /biv(«72). Now we apply the operator ZE
to both sides of equation (2.20)%: since the operations 9; and ZE commute, the left hand
side gives

PE(O,T) = O, 2E(T) = O, P

Taking account of equation (2.18), the right hand side of (2.20) gives
IE{H, T} = [7E(H), 7E(T)] = [Q, P
which completes the proof. O

Theorem 2.3.2. Let
P =~ —aw, — fwy — 1w,

be the characteristic of a symmetry for the system (2.6), with D, = 0. Assume the
differential function T[w] be such that ZE(T) = P, and also satisfy

Ep(atT) =gp

Then T is a conserved density for the system (2.6).

2This annihilates every remaining divergence term, left implicit in (2.20) by ~.
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2.3 — Conservation Laws

Proof. As in the previous proof, the condition for P to be a symmetry is equivalent to
PE(O,T —{H,T})=0

from which (2.20) is to be inferred. Substituting for P and E(H ), the thesis is verified by
direct calculation. O

Is important to remark that not all the symmetries listed in §2.2 are Hamiltonian
vector fields. In particular, none of the scaling symmetries vg, vig, Vi1 are, nor linear
combination of them. Consequently, they do not give rise to any conservation law. To
every other symmetry is tied a conserved density, in agreement with Theorem 2.3.2. The
list of them is reported below, with numeration corresponding to symmetries in §2.2:

Ty =p—po

=0

Ts=H

Ty =yo

Ts = —x0 + gt(p — po)
Te = 211 — tTy

Tr = (y — gt*)Ty — (T
Ty = —3(2* + y*)o + gtTs + Sgt* Ty

The first two conserved densities do not have a counterpart in the list of symmetries of
§2.2: indeed they correspond to the trivial symmetry vi = vo = 0. It is possible to identify

the integral
Ty = / / yodxdy
D

as the total horizontal impulse of the system, since it is the generator of the translational
symmetry in the horizontal direction: Py = 2§.9,. Similarly, the integral

T = // —zxodxdy
D

is recognized to represent the total vertical impulse. We now ask which of the conserved
densities listed above give rise to a constant of the motion, i.e. define a functional . =
[ Tdxdy which is constant on every solution of the system. The answer is of course tied to
the geometry of the domain, and, as before, we limit ourselves to the case of infinite strip
D = R x (0,h). Since such domain is unbounded, we need to make the assumption of
localized motion in order to allow the integrals considered to converge: to the conditions
on v stated above, we add that p approaches py rapidly enough as |x| — +o00. Moreover,
for reasons to be cleared in §2.4, we shall assume the density p to be constant along the
rigid boundaries. Then, under these hypothesis, is easy to confirm that the following
quantities are constants of any motion:

912// (p — po)dzdy %z// odzdy
D D

%:%://dedy ﬂ://yodxdy
D D
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2 — The Boussinesq Model

Indeed, since 7 and 7 are particular Casimir functional of the type (2.19), it follows,
arguing as above, that they are conserved quantities. Still the skew-symmetry of the Jacobi
bracket (2.5) is sufficient to prove the conservation of the Hamiltonian .#°. Concerning
the total horizontal impulse, it can be shown [14] that it satisfy the conservation law

(yo)i + X +Y, =0 (2.21)
for the flux

X = uyo + p(u® — v?) + Lyp, (u® +0v*) + gy(p — po)
Y =wyo + puv — Jyp,(u? + v?)

When integrated on D, assuming the density to be constant along the boundary, this
equation gives the conservation of the total horizontal impulse.

2.4 Topological Selection of Conserved Quantities

We now come to the central point of our discussion. The results of §2.1, concerning
the skew-symmetry and the Jacobi identity of (2.5), hold true until the conditions of
Remark 1.5.1 are verified. We show below that they are questioned if rigid boundary are
present. To explain this issue, let us first consider the simpler case of the Euler equations
with constant density (1.19), introduced in Example 1.5.1. Given any two functionals
P, 2 € F, for the Poisson bracket defined by (1.20) we have

(2.2} +{2.2} = [[ [D/(GEPIEQ) — DG E(PEQ))dzdy =
= [ (EPIEQGdy +E(PIEQ)Gdr) = [ E(PEQ)S

oD

If D = R?, for any function ¢ = ((x,y,t) vanishing sufficiently rapidly as /22 + y2 —
400, we have that the boundary term on the right hand side is zero, and the Jacobi
bracket is actually skew-symmetric as expected. However, when D = R x (0, h), we are
not legitimate any more to assume a solution ((x,y,t) to vanish near the boundary, while
it can still be assumed to vanish for |z| — +o0o. In this case we have 3

“+oo y=h
(2.2y (2.2} = [ (PQw)

which is evidently non zero in the general case. The boundary term still vanishes for all
those solutions providing constant ¢ along the boundary.

A similar phenomenon happens for the Boussinesq model (2.6). Given any two dif-
ferential functions P[p, o], Q[p, o] € <7, with corresponding functionals £, 2 € .7, we

3Hereafter we use the notation ( - )’zig =(- )’y:h —(- )|y:0'
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2.4 — Topological Selection of Conserved Quantities

have
(2.2} +12.2) = [[ D.(n(E(PIEQ) + E(PENQ)) + 0,Ex(QE (P)) dudy+
+ [ Do EaPIELQ) + Ex(PIEQ) + 0.E(QUES(P)dady

In order to make this expression more readable, let us define a couple of new differential
functions P, Q € & as

P =E,(P)E,(Q) +Eo(P)E,)(Q)  Q =Ex(Q)E,(P)
Thus we have

(2,2} +12,2} = [[ (Do, +0,Q) = D, (0P + 0,Q)) dody

According to Stokes theorem, the right hand side can be expressed as a boundary integral,
(2.2} +{2, P} = /aD (Pps + Qo) + (Ppy + Qoy)dy) = /aD (Pdp + Qdo)

The boundary term clearly vanishes, if D = R?, for any solution decaying sufficiently fast
at infinity. On the other hand, if D = R x (0, h), for non-constant boundary conditions,
the lack of antisymmetry of the Poisson bracket amounts to

eP)-(, )EQ

Pz Ox

y=h
d (2.22)
y=0

5(9,3):{@,g}+{g,@}:—/w

—0oQ

for any two functionals & = [ Pdxdy and 2 = [ Qdxdy. We remark that, despite this
antisymmetry defect, the equations of motion (2.4) can still be written in the Hamiltonian
form (2.6). As pointed out above, this result only relies on the homogeneous boundary
conditions imposed on 1. On the other hand, the lack of antisymmetry affects the corre-
spondence of symmetries and conserved quantities. As an example, consider the family o
Casimirs (2.19): if w(z,t) is a solution of the system (2.6), we have

d

5w )] =1, H} = X, €} + 5(¢,) = 5(¢, %)

Thanks to the homogeneous boundary conditions imposed on the stream function, the
term E,(H) = 1 vanishes in (2.22), so we end with the following expression for the time

derivative of €: d
= = / Dnal V0P|~

which is evidently non zero in general. In particular, by taking a(p) = 1, we recover the
time derivative of the total vorticity:

SAlC 0l =5 [ vl
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The generator of horizontal translations may fail to be conserved too. Indeed, form its
conservation law (2.21), we see that

d _ho 9
A0 =5 [ palVul| | do

When constant boundary conditions are imposed on the density p, each of % and .7, are
separately conserved, as well as any linear combination of them. So we can consider the
one-parameter family of conserved quantities

I =Th+ T (2.23)

The results above show that none of the 7 is in general conserved when p is not constant
on the boundaries. On the other hand, if p is constant on the lower boundary y = 0, while
being non constant on the upper one, then just one element of the family .7, keeps to be
conserved: it is that corresponding to A = —h

Th=T1—h% (2.24)

The phenomenon just exemplified is called topological selection of conserved quantities by
Camassa et al. [9]. Indeed, it can be related to the topological properties of the density
function p: assuming it to be a monotone non-increasing function of y, then all its level
sets are necessarily connected if p is constant on both horizontal boundaries; conversely,
for non constant p on the upper boundary, some level sets can be disconnected.

This point of view is further explored in the work of Camassa et al. [9]. They analyze
the particular case of a fluid composed of two layers with different constant densities:
the water with density py and the air with zero density. Let the air-water interface be
described as the graph of a function y = n(z,t) (see Figure 2.1). The time evolution of

Air
b
Water
Figure 2.1

the system is described by the incompressible Euler equations: on the air domain they
reduce to
Vp =0, for n(xz,t) <y <h (2.25)
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2.4 — Topological Selection of Conserved Quantities

whereas on the water domain they read

po(u + uuy + vuy) = —py
po(vr + uvg + vvy) = —py — pog for 0 <y <n(x,t) (2.26)
Uy +vy, =0

The boundary conditions for this system are assigned by requiring zero vertical velocities
at the rigid plates, and continuity of normal velocity and pressure at the fluid interface.
We also assume localized initial data, so that u and v tends to zero, and the water surface
n approaches a constant asymptotic level sufficiently fast as || — 0. Due to this last
condition, the difference of the pressures at the far ends of the domain is a constant,
irrespective of y and t:

Zgrfmp(m, y,t) — le}r_noop(x,y,t) = PA = const.
From equation (2.25), it follows that, if the air domain is connected, then pressure is
constant everywhere on it. In particular, P» = 0 for this case. On the other hand,
if the water is partially in contact with the upper plate (see Fig. 2.2), the air domain
becomes disconnected, and equation (2.25) now implies the pressure to be constant on

each of its connected component, though with different values. In this condition, the far
ends pressures do not agree in general: P # 0. The total horizontal momentum, which

Figure 2.2

coincides with that of the only water, is given by

+oo  rm
1= po/ / udydx
—oo JO

1= —hPx

and its time derivative is

From this equation, we see that if the air domain is connected, then the total horizontal
momentum is a conserved quantity for the system. Conversely, it may fail to be conserved
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2 — The Boussinesq Model

if the air domain is disconnected. For practical reasons, we define the boundary fields

u (z,t) = lim u(x,y,t) ut(z,t) = lim u(x,y,t)

y—0t y—h—

and similarly for all other dependent variables in the Euler system. With this notation,
we consider the "lower-boundary momentum" as defined by

+oo
I = h/ p (x,t)u (z,t)dz

It is possible to show that also this quantity is time-invariant. Indeed, from the boundary
condition v~ (z,t) = 0, and the assumed hydrostatic conditions for |z| — oo, it follows

. +oo
I = —h/ (pou"uy +p, )dxr = —hPa

Hence, as for the total horizontal momentum, I~ is conserved if the air domain is con-
nected. This allows us to define a one-parameter family of conserved quantities

Ty = 1T+ AT (2.27)

which is the analogue of (2.23) for the continuously stratified fluid. Whenever the air
domain is disconnected, neither II nor II™ are separately conserved; however, one member
of the family (2.27) still is, which corresponds to A = —1:

M, =I1-1I"=0 (2.28)

This phenomenon is the analog of (2.24) for the continuously stratified fluid, and exem-
plifies what we called topological selection of conserved quantities: the topological change
of the air domain from connected to disconnected results in the collapse of a whole family
of conserved quantities (2.27) into the single quantity (2.28).
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Chapter 3

The Shallow Water Model

The study carried out by Camassa et al. [9], concerning the air-water system, naturally
leads to a question: can the time evolution of the system bring the water to come in
contact with the upper boundary? Or, that is the same, can the dynamics make the
water to detach from a partially wet upper boundary? From an experimental point of
view, one expects the answer to be yes. On the other hand, the phenomenon of topological
selection of conserved quantities seem to suggest the opposite: if such a transition happens,
some quantities could not be conserved any more and vice versa. To address this point in
more detail, we consider the simpler model of two-layer shallow water equations:

h1t -+ (ulhl)x =0

hat + (Uth)x =0

U + (%ﬁ + h1 + /\hg)w =0
UQt—f—(%%—l-}h-f—hg)x:O

(3.1)

The meaning of the variables is as follows: hy and hy are the thickness of the two fluid
layers with constant density p; and py (see Fig. 3.1); the parameter A = 22 is the ratio
between the two densities, and it is assumed to be in the range 0 < A < 1; finally, uy
and wusy represent the mean velocity in the respective fluid layers. There is one evident

P2 hy

hi p1

> T

Figure 3.1

difference between this model and the Euler equations for the air-water system of §2.4:
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3 — The Shallow Water Model

the upper boundary is no more rigid, but it rather coincides with the free surface of the
lighter fluid. Despite this, we are still legitimate to ask whether the interface between the
two fluids could get in contact with the upper free surface, as a result of the dynamics.

Various mathematical aspects of the two-layer shallow water equations (3.1) are inves-
tigated by Ovsyannikov [11]. Of particular relevance is his study of the hyperbolic nature
of the system, depending on the flow regime. Let U = (hy, ho,u1, uz)" denote the vector
of dependent variables. Then, the system of equations (3.1) can be written as

U;+AU)U, =0
The characteristic polynomial of the matrix A(U) is
P(k}) = ((Ul — ]{7)2 — h1>((UQ — k?)Q — hg) — )\hlhg
To qualitatively study the roots of P(k), is convenient to introduce the following auxiliary
variables:
uy — k U — k

P= 1= (3.2)

With the new variables, the characteristic equation P(k) = 0 takes the form
(P> =D —1) = (3.3)

which represents a fourth order curve in the (p,q) plane having four axes of symmetry
(see Fig. 3.2). Also, by eliminating & from equations (3.2), we get the relationship

k-]

-4 -2 0 ] 4

Figure 3.2: The algebraic curve (3.3) for A = 1 (solid) and some of the lines (3.4) (dashed),
along with the number of intersection points with the curve (3.3).

ur — pvVhi = uz — qv/hy (3.4)
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3 — The Shallow Water Model

Equation (3.4) describes a line in the (p,q) plane, and its intersections with the curve
(3.3) determines the real roots of the characteristic polynomial P(k): if a solution (p, q)
is obtained for a given value of U, then one real eigenvalue is found by k = u; — pvh1 =
ug — qv/ha. For non zero hy and ho, it follows from Fig. 3.2 that the line (3.4) always
has two or four points of intersection with the curve (3.3). Remarkably, if at least one
among hy and hy is zero, then the line (3.4) is parallel to one of the coordinate axes, and
the system (3.1) is precluded to be strictly hyperbolic (four distinct real eigenvalues). In
particular, there can be no real eigenvalues in this case: for example, the line p = —1,
corresponding to he = 0 and v/hs = us — u1, does not intersect the curve (3.3) for any
value 0 < A < 1. Based on this discussion, it is concluded that the system is of mixed
type: its character varies locally according to the solution.

One further important result from the paper [11] is the detection of two conservation
laws in addition to those composing the system (3.1), i.e. equations of the form M;+ N, =
0, which can be interpreted as the laws of conservation of momentum and total energy of
every single layer of the fluid:

Ml = 2h1U1 + 2)\h2U2
2 2 2 2 (35)
N1 = 2h1U1 + 2/\h2u2 + hl + 2Ah1h2 + )\hQ
N2 = hlu?{ + )\hgug + 2}1%11,1 + 2/\h1h2(u1 + U2) + 2Ah%’l@ '

This observation allows to detect an Hamiltonian structure for the system of equations
(3.1). Indeed, taking H = M as the Hamiltonian, and defining

0 0 D, 0

{0 0o o0 3D,
7==5p, 0 o "o | (3.7
0 3D, 0 0

we see the system (3.1) can be written in the form
U, = ZE(H). (3.8)

where the Euler derivative of H is

En, (H) u? + 2hy + 2\hy
CEn(H)| | Mud + 20k + 2)hy
E(H) - Eu1 (H) 2h1U1
Eu2 (H) 2)\h2U2

Note that the shallow water equations (3.1) constitute a system of Hydrodynamic type
in the sense of Definition 1.5.4. This makes Theorem 1.5.2 available to check for the skew-
symmetry and the Jacobi identity. As described in section 1.5.1, to the Poisson structure
(3.7) is associated a pseudo-Riemannian metric on the space of dependent variables,

0010

= o O

0
0
0

O O =



3 — The Shallow Water Model

with signature (2,2), as well as the trivial connection, i.e. with vanishing Christoffel
symbols. They satisfy all the conditions of Theorem 1.5.2, so it is concluded that the
operator (3.7) is Hamiltonian (cf. Definition 1.5.3). Let us note that the system (3.1) can
be written in the form (3.8) in an alternative way, that is with Hamiltonian H = —21

4
and
hi1D, + D, o hy 0 w1 D, 0
@ _ 0 %(hQDz + Dx) e} hg 0 %UQDJ; _
D, ouy 0 2D, 2D,
0 1D, 0 uy 2D, 3D, (39)
2hi 0 w; O hiz, 0 0 0 '
10 2hy 0 fu 0 = 00
“lw 0 2 T2 |PetluL, 0 00
0 Jus 2 3% 0 % 0 0

In spite of this, the metric g and the connection Fék, which the operator (3.9) defines
on the space of dependent variables, satisfy the first point of Theorem 1.5.2, but not the
second one. Specifically, they are compatible, but the connection Fék has non vanishing
curvature and torsion. Hence the Jacobi bracket defined by (3.9) is skew-symmetric but
does not satisfy the Jacobi identity.

In light of the theory developed in §1.5.3, we see that each of the conservation laws
(3.1) give rise to the trivial symmetry v = 0. Indeed, any functional of the type

Cg:/(ah1+6h2+7ul+5u2)d:ﬁa Ofw&%aER

is clearly a Casimir for the Poisson structure specified by (3.7). On the other hand, for
the conservation law (3.5) we have

@E(Ml) = <_h1x7 _h2x7 —Ulg, _UQx)T = _Uac

which represents the characteristic of the corresponding symmetry. Based on formula (1.1)
for the characteristic of an evolutionary vector field, we see that the conserved density

M corresponds to the (geometric) symmetry d,. In other words, the Hamiltonian vector
field

VYE(M:) = Oz

is a symmetry for the system (3.8). It simply stands for the translational invariance of
the system (3.1), with respect to the x variable, and justifies the physical interpretation
of My as the horizontal linear momentum. By the same line of reasoning, we confirm the
Hamiltonian H = M, to represent the total energy of the system, since it is the generator
of the time translational symmetry.
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3.1 — Polynomial Type Solutions

3.1 Polynomial Type Solutions

The system of equations (3.1) admits a special class of solutions, which are polynomial in
the spatial variable:

hi(w,t) = v (t)2® + 61(t)z + €1 (t)

ho(z,t) = 72 (t) 2% + So(t)x + €2(t)

up(z,t) = ag(t)x + B1(t) (3.10)
ug(z,t) = ag(t)x + Ba(t)

where the coefficient functions «;, 5;, s, 0;, €, © = 1,2, satisfy the following system of
ordinary differential equations

i +af+2y +2X =0
Br+ 1B+ 061+ Ay =0
A1+ 3a171 =0

o1 + 2B17 + 20101 = 0
é1 + 5151 + o€ = 0
G+ 034271 +27 =0
B2+04262+61 + 09 =0
42 + 3y = 0

d + 2Baya + 20905 = 0
€9 + Poda + agea =0

(3.11)

Remark 3.1.1. From a physical point of view, the class of solutions (3.10) has poor global
meaning, as the field variables are generically unbounded: it should rather be understood
as a local representation.

As mentioned above we are primarily interested in the dynamical interaction between
the surfaces bounding the two fluids. To qualitatively study the system of equations
(3.11), it is useful to find constants of the motion. One way to do that is to integrate the
conservation laws of the system (3.1) on suitable spatial domains, as explained below. Let

M;+ N, =0 (3.12)

be a conservation law for the system (3.1); we search for constants of the motion of the

form
b(t)
M (x,t)dx (3.13)
a(t)
for some appropriate functions a(t),b(t). They are chosen such that the time derivative
of (3.13) vanishes. We have

d o) b(?) .
" / Mdz = [ Mde + b(6)Mb(t),t) — a(t) M(a(t),t)
a(t) a(t)
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3 — The Shallow Water Model

Substituting according to equation (3.12) and equating to zero, we arrive at the following
differential equation for the extremes of integration a(t), b(t):

N(a(t),t) — N(b(t),t) + b(t)M(b(t),t) — a(t)M(a(t),t) = 0 (3.14)
Let us denote by

€ = (o, B1,7, 01, €1, 09, B2, 72, 02, €2) (3.15)

the vector of dependent variables of the ODE system (3.11). Then, the time derivatives
of a and b can be expanded as

QZZ£§1 b=Z£f¢

Finally, substituting for & according to equations (3.11) and inserting in (3.14), we obtain
a nonlinear partial differential equation for a(¢) and b(§),

da

N(@l).€) = N6 + MO©.€) 3 506~ M(a(9).) Y. 5eéi =

Finding a solution to such equation can be difficult as much as directly solving system
(3.11). In spite of this, for the particular case of the mass conservation laws (3.1); and
(3.1)9, we are able to explicitly find the functions a(&), b(§). For example, for the first one
we have M = h; and N = ujhy, so equation (3.14) gives

wr(a(t), ) (a(t), ) — ur (b(e), )ha (b(t), £) + D)1 (b(t), £) — alt)(a(t),£) = 0

Hence, if we choose a(t) and b(t) as the roots of hi(x,t), then equation (3.14) will be
identically satisfied. So we take

VA

2m

b =01 + VA
’ 2m

where, for convenience, have been defined Ay = 67 — 4716, and Ay = 05 — 47265, In this
case, the integral (3.13) gives

5 4VA
12?#1 1(7 2246 :c+e)da:f6%”A1 A?/Q VAie
1 1 1)dr = - - =
7_512_71 i 4n 129¢ gl

V Al (57% . Al e o \V Al 3(5% — Al — 12’7161
- o 12m )

gl gl 127
CVABAL - A AV
gl 127 677

By taking the square of the above integral, we end up with the conserved quantity

A3
K1 = — = const. (3.16)
T
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3.1 — Polynomial Type Solutions

We remark that, although for the computations involved it is needed A; > 0, the final
result holds regardless of this. Similarly, we get the second conserved quantity

3
Ko = A—f = const. (3.17)

72
The existence of these conserved quantities allows to answer the question posed at the
beginning of this chapter, at least for the polynomial family of solutions. Indeed, from the
equations for 41 and 4» is clear that the subspaces 73 = 0 and 7, = 0 are invariant for the
dynamical system (3.11). Hence the denominator of k1 and kg is always strictly positive.
This implies the discriminants A; and As to be of constant sign, and that the functions
h1 and hy have a constant number of roots during the time evolution of the system. In
particular, if at the initial time ho is nowhere zero, i.e. the upper free surface, y = hi + ho,
does not intersect the interface between the two fluids, ¥ = hq, then these two lines never
intersect in the future. Also, if a unique point of contact is present, then the two lines keep
having a single point of contact for all times, and if the two lines intersect in a couple of
distinct points, then they maintain this condition. Similar results hold among the bottom

line, y = 0, and the interface between the two fluids, y = hq.

As 1 and 7 are initially zero, i.e. h; and hs are affine functions of x, the conserved
quantities (3.16) and (3.17) break down. In this case we can not rely on them to study
the interaction between the fluid interface y = hy and the upper free surface y = hy + hs.
However, note that the algebraic varieties

N={ecRY: A1 =0} Vo={¢cRY:Ay=0}
are invariant under the flow of the dynamical system (3.11). Indeed it holds
Al = —40{1A1 AQ = —40[2A2

For non zero 71, 72, this result leads to the same conclusions above. On the other hand,
whenever v; = 0 and v, = 0, we have

Ay =101 Ay =10y

This implies that if the fluid interface, y = hy and the upper free surface y = hy + ho
are initially parallel, i.e. do = 0, then they evolve maintaining this condition. Similarly,
if they initially intersect in a point, then they keep having one point of intersection for
all times. Analogous results holds for the interaction of the interface, y = h;, with the
bottom, y = 0.

Strictly speaking, these outcomes hold true only for the polynomial class of solutions
considered here. However, they lead one to conjecture that the phenomenon of interfaces
crossing is not allowed in general by the model (3.1). Indeed, at least for analytical
solutions, the zero set of the function hsy is made of a discrete set of points, near which it
is generically approximated by a parabola. An obstruction to this more general statement
is the possible occurrence of points near which the Taylor series of hy begins with a fourth
or greater order term.
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3 — The Shallow Water Model

Now we further investigate the qualitative behavior of solutions of the polynomial type
(3.10). We interpret the system of equations (3.11) as a dynamical system on R, with
coordinates £ = (&1, ..., £10) defined by (3.15). As noted above, the subspaces v; = 0 and
Y9 = 0 are invariant under the flow of the system. This allows one to study the simple
case 71 = 0, 7o = 0, which corresponds to h; and hy being affine functions of z. In this
case, the system (3.11) becomes triangular, and directly solvable. First, we solve for oy
and as from the equations

dl‘i’O&%:O
dg—FOx%:O
which give
6&1 642
t — t =
o) =777 eO=57

Hereafter, the overline indicates the initial value of the corresponding variable. We see
that as @1 < 0 the system have a blow-up at the finite time ¢t = _a%’ and similarly for as.
Conversely, if a; > 0 and as > 0, the system evolves towards the steady state a3 = ay =0
for t — +o0.

Subsequently, we solve for §; and J5 from the equations

{51 + 20&161 =0

52 + 2&252 =0
which give
) &
ou(t) = (art +1)2 %(1) = (aat +1)2

Next, it is possible to integrate the equations

B+ a1+ 61+ Ay =0
62“!‘&2524‘(514‘52:0

from which £; and (5, are obtained:

Bi(t) =(—a2(1 + ta)d; log(1 4 tan) + an(@a(an(1 + taw) By + t(ag — ao)da))+
— ay (1 + tag) oo log(1 4 taw))) /(@ (1 + tay )as (1 + tas))

Ba(t) =(anan(tas fa + taady + a1 (B — t61)) — (1 + tar ) (301 log(1 + tan )+
+ajdalog(1 + taz)))/(ai(1 + tay)as(1 + tas))

Finally, from the remaining equations
él + ﬁlél + a161 = 0
€2 + 6252 + Qp€g = 0
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3.1 — Polynomial Type Solutions

we get the last two variables €; and es:

e1(t) =(—a26?log(1 + tay) + ay(an(ara0e; + t(—a1a9B101 + Ands + A2ané; + a16109)))+
— a1h162Alog(1 + tan)))/(aF (1 + tay)*as3)

e2(t) =(—a3d169log(1 + tay) + ay (ag(tagdy b + ayainy + tay (—anfads + 03 + aser))+
— @103 log(1 + taz)))/(aia3(1 + taz)?)

By examining the obtained solution, we see that the overall qualitative behavior is gov-
erned by the sign of the initial values ay, as. Specifically, for positive a; and as, all the
fields decay towards zero for t — +00, as Figures 3.3 and 3.4 show. At the opposite side,
if one among a; and s is negative, much of the fields meet a blow-up at finite time (see
Fig. 3.5 and Fig. 3.6).
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3 — The Shallow Water Model

a

0 RO %
e e 61

— E1

_‘]0:
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=

Figure3.6z 6(1:—1, @2261262:51:52:E1:€2:1,)\:1/2.

We now consider the case in which only one of the curvatures, say =9, is non zero.
Putting v, = 0, two equations decouple from the system (3.11):

Gz = —a3 =2, (3.18)
Yo = —30272

By eliminating the time variable between the two equations, we get

do la 21

%_3§+3a

that is,
lda? 1a* 2
= 4 —
2 dvy 3y 3
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3.1 — Polynomial Type Solutions

By setting w = o2, the equation becomes linear in the new variable. Furthermore, an

integrating factor is easily found to be v~%/3, so that the equation becomes
d o3 4 o3
The general solution to this equation is
a% 1/3
Y2

where k is a constant, specified by the initial conditions, i.e. a constant of the motion
for the system (3.18). This result allows to draw a phase diagram for the system (3.18)
(see Fig. 3.7). There is a single (unstable) equilibrium point at (ae,v2) = (0,0). The
curve corresponding to k = 0 (dashed in Fig. 3.7) is a parabola, made of two trajectories
plus the equilibrium point. It plays the role of a separatrix line: all the trajectories above
it, corresponding to k < 0, never tend to the equilibrium point neither in the future nor
in the past; instead, the trajectories below it, corresponding to x > 0 do the opposite.
In particular, the trajectories corresponding to 7o < 0 are homoclinic orbits, traveled in
anticlockwise sense. This allows to conclude that for every initial condition with 7, < 0,
the solution (a(t),v2(t)) is bounded for all times. The trajectories corresponding to
positive 7o, are traveled form the right to the the left, so that all of those lying below the
separatrix and with as > 0 correspond to bounded solutions tending to the equilibrium
point for ¢ — +oo. At the opposite, all of the other trajectories lying in the upper
half-plane are unbounded.

as

Figure 3.7

Substituting for a3 according to equation (3.19), we get the single first order equation

. 8/3
i3 = 3635 + 9k’
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3 — The Shallow Water Model

whose solution is obtained in implicit form:

8/3 3 8/3 3
K +4 4 K +4 _
Hyp) = —L2 78 L tanh! {72 72} ~C
/3 K3/2 4/3
Ko VEY

Here, C' is a constant, depending on initial conditions, determined by requiring (%,) = 0.
This solution allow to conclude that all the trajectories in the upper half plane, except
those tending to the equilibrium point, blow up in finite time. For example, if a; = 0 and
A9 > 0, we have k = —45'/3 and C' = 0, so a singularity occurs when t approaches the
value

lim #(y2) =
i 100 = 357

3.2 Further Developments

The general case, corresponding to non vanishing +; and 7, is much harder to study. An
important simplification comes from noting that the subspace

W:{§€R10351:62:51:5220}

is invariant under the flow of (3.11). Hence, the restriction of (3.11) to W is a well defined
dynamical system. Also, the constants of the motion detected above imply that, on W,

VK171 = — VK272
4 N 4

€1 = —

From a physical point of view, solutions on W corresponds to linear velocity fields uy, us,
and coaxial parabolas for hq, ho:

o 2 ¥R
hl =MT y 4
— 2 K272
h2 = V2T 4
Uy = o1x
Uy = QX

Hence, the dynamics on W is completely described by the system of equations

Q1 = foz% — 271 — 2y
Gy = —a3 — 271 — 279
1= —3a1m

Yo = —3a272

(3.20)

As before, the most promising way of attacking this problem is by searching conserved
quantities. Furthermore, as (3.20) descends from the Hamiltonian system of partial dif-
ferential equations (3.1), one is naturally led to think that (3.20) may be Hamiltonian
too. So, we try to obtain a conserved quantity for the system (3.20) starting from the
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energy conservation law (3.6), with the same procedure used for (3.16) and (3.17). Unfor-
tunately, unlike mass conservation equations, there is no obvious choice of the extremes
of integration such as to satisfy equation (3.14) identically. Indeed, is easy to verify that
there not exists a couple of points a(t),b(t) such that either hy(z,t) and ho(z,t) vanish
simultaneously for all times. One possible expedient, is to hypothesize a solution provid-
ing piecewise defined hy (or hs) (see Fig. 3.8). Specifically, we allow for a solution® of the
form

0, for x < ay(t)
hi(z,t) = { pa? — YL for ay(t) < o < by(t)
0, for x > by (t)
where,
1/6 1/6
K K
2m 2m

are the roots of the parabolic part of h;. We denote the roots of hy similarly:

L 1/6 L 1/6
az = 21/3’ by = — 21/3‘
27, 27,

Therefore, we consider the initial conditions represented in Figure 3.8a, with 73 = 75 =
—1, & = 1/4, & = 1/2, which correspond to k1 = 1, kg =8, a3 = —1/2, ay = —1/v/2.

1.0¢ 1.0¢
08f 08F
061 06

(a) Piecewise defined hy and parabolic hs (b) Piecewise defined hy and parabolic hy

Figure 3.8

If we put a(t) = as(t) and b(t) = by(t) in equation (3.14), with M = My and N = No
given by (3.6), it will be identically satisfied, since both hy and hy are zero. So we can

!There is no guaranty that this is indeed a solution of (3.1), but it seems likely, based on the fact
that the singular points are located at h; = 0, where the system is not strictly hyperbolic.
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hope the integral

bg(t) al(t) 9 9 b1 (t) bz(t) 9 9
Madz = / Mot + M2)de + [ Mode + / (Aot + Ah2)dar =
as () as(?) ar(t) b ()

_ Aaj 7M§/372\@M§/3+ M2
120,/ 30 15y295% 6 15 6047/

to be constant in time. Unfortunately, this does not occur:

d b Az (1072 — 8271 — 73725//33)
— Mydz = h
dt 2 - 2/3

as(t) 6075

Considering a solution with piecewise ho and parabolic hy, as depicted in Figure 3.8b,
leads to analogous results. Hence, at present, a possible Hamiltonian structure for the
system (3.20) remains undiscovered.
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