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Abstract

A Hamiltonian structure is presented, which generalizes classical Hamiltonian
structure, by assigning a distinct symplectic operator for each unbounded space
direction and time, of a Hamiltonian evolution equation on one or more space
dimensions. This generalization, called multi-symplectic structures, is shown to be
natural for dispersive wave propagation problems. Application of the abstract
properties of the multi-symplectic structures framework leads to a new variational
principle for space-time periodic states reminiscent of the variational principle for
invariant tori, a geometric reformulation of the concepts of action and action flux, a
rigorous proof of the instability criterion predicted by the Whitham modulation
equations, a new symplectic decomposition of the Noether theory, generalization of
the concept of reversibility to space-time and a proof of Lighthill’s geometric
criterion for instability of periodic waves travelling in one space dimension. The
nonlinear Schrédinger equation and the water-wave problem are characterized as
Hamiltonian systems on a multi-symplectic structure for example. Further
ramifications of the generalized symplectic structure of theoretical and practical
interest are also discussed.

1. Introduction

An understanding of the existence, propagation, stability, bifurcation, dynamics,
breakup and other properties of wave motion are of fundamental importance in
physical problems such as oceanic waves, atmospheric dynamics, wave guides,
optics, the nervous system, shear flows, acoustics, gas dynamics and many other
areas. In many cases of wave propagation, particularly the equations governing
ocean waves and atmospheric flow, a conservative model is accurate and when
studying conservative partial differential equations it is natural to appeal to the
powerful geometric methods of Lagrangian and Hamiltonian mechanics.

The Lagrangian formulation and the Hamiltonian formulation for a conservative
system are usually considered to be dually related through the Legendre transform
and, in finite dimensions, when the Legendre transform is non-degenerate, the
duality is exact. However in infinite dimensions, particularly systems governing
wave propagation where one or more spatial directions is infinite, the Lagrange—
Hamiltonian duality is no longer uniquely defined. To clarify this point consider
the following elementary example of a nonlinear Klein—-Gordon equation

Uy— Uy, = V(u) 2eR, >0 (1-1)
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where V(1) is some smooth nonlinear function of ». The Lagrangian formulation for
(1-1) is well understood; the Lagrangian functional for (1-1) is

ty [T,
& = j j L(w,u,w,)dedt  with  L(u, u,, u,) = u?—iu2+V(u) (1-2)
t, Jo,

and the equation (1-1) is formally recovered from the Euler—Lagrange equation:

0(dL\ 0 (oL oL ,
O—at(%)—i—ax(al%)—au—utt—um—V(u).

The Lagrangian formulation of the equations governing wave propagation prob-
lems forms the basis for the Whitham modulation theory for periodic waves
(Whitham [33, 34, 35]) which we will discuss in more detail shortly.

Formally taking the Legendre transform of the Lagrange density L results in a
Hamiltonian formulation; let v = dL/0u, = u,. Then the system (1-1) has ‘the’
Hamiltonian formulation

0 —1\0d(u)\ (0H/ou .
(1 0 )E(@) - (8[{/6@)’ (I:3a)
where H(u,v) = J 2 302 +3u—V(u)]de. (1-:3b)

An advantage of the Hamiltonian formulation is that the system is in the form of an
evolution equation in time and therefore one can appeal to results in the literature
for existence and other properties of the initial value problem. Another advantage is
the organising structure provided by the symplectic operator. On the other hand, to
be precise, it is necessary to consider a space of functions, including integration over
x, for which the integral of H is well defined. Therefore such a Hamiltonian
formulation is most useful when the spatial domain is finite or when one is interested
in a wave with a particular spatial variation — for example, a spatially periodic wave
or a class of waves that decays exponentially as @ —+ 0.

However, to say that (1-3) is the Hamiltonian formulation corresponding to (1-1)
or to say that the Hamiltonian formulation (1-3) is dual to the Lagrangian
formulation (1-2) is not completely correct. In effect the Legendre transform leading
to (1-3) is only a partial Legendre transform. A complete Legendre transform would
also eliminate the x-derivatives in the Lagrangian density L(u, w,, u,). In other words
let w = 0L/0u, = u,; then the transformation of equation (1-1), after the complete
Legendre transform, takes the form

u
MZ,+KZ,=VS(Z) where Z=| v |ell c R (1-4)
w
0 1 0 00 —1
M=| -1 0 0], K=]0 0 0
0O 0 0 1 0 0
and S(Z) = Hw? —v*) + V(u).

The representation (1-4) organizes neatly each facet of the equation. All time

https://doi.org/10.1017/50305004196001429 Published online by Cambridge University Press


https://doi.org/10.1017/S0305004196001429

Multi-symplectic structures and wave propagation 149

derivatives appear in the term MZ,, all space derivatives appear in the term KZ_ and
the gradient of S(Z) is defined with respect to an inner product on .# which in this
case is R®.

The system (1-4) is a Hamiltonian formulation of (1:1) on a multi-symplectic
structure, since, instead of a single symplectic form, as in (1-3), there are two
pre-symplectic operators M and K — that is; skew-symmetric and can be identified
with closed two forms — that define a generalized symplectic structure for the system.

To appreciate the distinction between the classical Hamiltonian formulation (1-3),
with a single symplectic operator, and the Hamiltonian formulation on a multi-
symplectic structure in (1-4) it is useful to reconsider the role of the Legendre
transform. In the first, partial, Legendre transform (a) a new set of variables
(u,@')déf (u,u,) was introduced, (b) a Hamiltonian functional H(u,v) was generated
and (c) an action density was created. The action density in this case is vu, and the
gradient of action (with respect to an inner product that includes integration over ¢)
results in the left-hand side of (1-:3) and hence is responsible for generating the
single symplectic operator in the system.

In addition to new variables the complete Legendre transform contributes a family
of action densities and so a family of symplectic operators and in addition a new
Hamiltonian functional is created which is stripped of any explicit derivatives.

In other words a partial Legendre transform and a complete Legendre transform
will lead to non-trivially different symplectic structures and Hamiltonian systems. It
is the main argument, and central organizing feature, of this paper that the
Hamiltonian formulation on a multi-symplectic structure, of the abstract form (1-4)
and its generalization to higher space dimension, is a natural framework for
analysing, and proving particular properties of, dispersive wave propagation in
conservative systems. One of the main results of setting the equations on a multi-
symplectic structure is a framework leading to a rigorous proof of the instability of
periodic travelling waves that is predicted by the Whitham modulation equations.

The Whitham theory for modulation of periodic travelling waves, which was
developed within a Lagrangian framework (Whitham [33, 34, 35]) is summarized as
follows, using (1-1) as an example. Let 0 = kx—wt; then the organizing centre for the
Whitham theory is the averaged Lagrangian

2m
L = J L(u, —ouy, ku,) do. (1-5)
0

The existence theory of such waves proceeds by studying critical points of (1-5)
resulting in a family of periodic travelling waves (u(0;w,k),w,k). Modulated
travelling waves are treated by allowing w and k to be slowly varying functions of
and ¢. Defining w = —6, and k = 6, leads to the kinematic relation

k4w, = 0. (1:6)
Whitham then defines an action and action flux by

0¥ 0¥
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and introduces the conservation of wave action

0t oA _

ol + o 0. (1-8)

Combining (1-6) and (1-8) then leads to the coupled Whitham modulation equations

&Z' &{k @ ‘%u %IC w _ .
(0 1>[k]t+(1 0>[k]x—0~ (1-9a)

The principal use of the above modulation equations is for predicting the linear
instability of periodic travelling waves of arbitrary amplitude. The linear stability
problem is formulated by taking

@) _ [@o a:) i(aw—At)
(k) (1)+<1> ’

where (w,. k,) represents the basic periodic state. Linearizing (1-9a) about (w,,k,)
results in the eigenvalue problem

. LQZ) &fk - '%u ‘%]L _
det[—M(O 1)—|—w¢<1 0)}—0

o«

o,

[2]

and the expression

A [3(A—AB)EV =Dy A, +0 (196)

for the linear stability exponent, where
Ny =M~ B,)2— A, B, (110a)

In other words if there exists a root A€ C with J(A) =+ 0, equivalently A, > 0, there is
an exponentially growing solution of the system (1-9a) linearized about a periodic
travelling wave and hence predicts linear instability. Lighthill[21, 22] noted that

A, = det (%m . (1-105)
and the following geometric interpretation: if & (or — %) in (1-5) s a convex function
of w and k then the basic periodic wave is linearly unstable.

A proof of validity of the Whitham modulation equations would require showing
that solutions of the modulation equation remain near solutions of the original
equations, with respect to a suitably defined norm, on a sufficiently long time scale.
Formal results on the validity have been given by Luke and Whitham using the
method of multiple scales (c¢f. Whitham [35, §14.4]).

On the other hand the most significant application of the Whitham modulation
equations is to the prediction of linear instability of periodic travelling waves of
arbitrary amplitude. In this paper we formulate rigorously and give a complete proof
of, for periodic travelling waves in one or two space dimensions, the instability result
predicted by the Whitham theory and the geometric instability criterion of Lighthill.
Moreover the reformulation of the problem leads not only to a precise list of the
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hypotheses under which the theory is valid, and a complete proof, but also to further
results including dual geometric criteria for instability. It is precisely the multi-
symplectic structures framework and a geometric reformulation of the concepts of
action and action flux that make a rigorous theory possible.

The concepts of action and action flux and the conservation of wave action are
recognized as fundamental concepts in wave propagation and, since they were
introduced by Whitham, there has been significant generalizations of action and its
relatives (Hayes[18, 19], Andrews & Mclntyre[1], Grimshaw[17] and references
therein). However in the definition of action and action flux in (1-7), and all related
definitions in the literature, the action and action flux are defined in terms of
averaged quantities. The lack of structure in the definition of action and action flux
is an obstacle to a rigorous theory. One of the main results of this paper is to define
primitive functionals for action and action flux; they are one-forms whose exterior
derivative results in closed two forms and it is precisely the structure of the closed
two forms that forms a basis for the rigorous theory of wave instability.

Although many of the properties of wave dynamics can be appreciated
within a Lagrangian framework, a Hamiltonian framework is a useful one within
which to prove results. A prototype is the water wave problem. The Lagrangian
formulation for water waves was discovered before the Hamiltonian formulation
and many properties of waves were illuminated in the Lagrangian framework (cf.
Whitham|[34, 35]). However the later discovery of a Hamiltonian formulation (cf.
Zakharov|[36], Broer[15]) for water waves lead to proofs, and in particular geometric
proofs, of many facets of the water-wave problem. For example Benjamin & Olver|[5]
were able to enumerate rigorously, and prove finiteness of, the set of conservation
laws for water waves; Saffman[31] gave a geometric proof of the superharmonic
instability of water waves that used only the Hamiltonian structure and MacKay &
Saffman[23] defined a signature invariant of the eigenspace corresponding to the
linear stability problem for water waves, using the symplectic operator, that proved
useful for classifying instabilities of large-amplitude travelling water waves. However
in the results above on water waves a partial Hamiltonian structure was used; a
classical Hamiltonian structure with a single symplectic operator. By considering the
water wave problem as a Hamiltonian system on a multi-symplectic structure
further results are possible. In Bridges & Mielke[13] a proof of the Benjamin—Feir
instability is given which relies crucially on the interplay between the spatial and
temporal symplectic structures. In Bridges[11] the multi-symplectic structures
framework is applied to formulate the instability problem for arbitrary periodic
patterns, interacting with a mean flow in finite depth, on the ocean surface.

Abstractly, we call the formulation represented by (1-4), and its generalizations, a
Hamiltonian system on a multi-symplectic structure and as far as we are aware the
formulation and analysis of a such a structure is new. A symplectic structure (A, w)
consists of a manifold .#, the phase space, on which there is a non-degenerate closed
two-form. A Hamiltonian system is then a triplet (#,w, H) where H: . # —R is a
functional. The generalisation of this, a multi-symplectic structure (4, oV, ..., ™),
consists of a manifold .#, the phase space, and a family of closed, in general non-
commuting, two-forms. In the multi-symplectic case we relax the requirement of
non-degeneracy; a closed but possibly degenerate two-form is usually called pre-
symplectic (cf. Marsden |25, p. 29]) but the distinction is not important in the present
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theory. A Hamiltonian system on a multi-symplectic structure is then represented

symbolically by (4 ,0™, ..., ™, S) with governing equation
w® (%f,V)—i—...—i—w“” (;A ,“//> ={VS(Z), V">, (1-11)
xm

for all v eT,, . # where (-, >, is an inner product on 7, .# at me.#. For
definiteness we will suppose that the system is tri-symplectic (two space dimensions
and time) with

def

W2, V) = KMZ) Zy, V)

def

(L, V) = KKZD) 2.V D

def

WD (L), V) = LZ) 2 VDo

When the inner product (-, -)>,, is independent of me.# the system (1-11) may be
written
M(Z) Z,+K(Z) Z,+L(Z) Z,, = VS(Z) Ze.l. (1-12)

In general the phase space .# is a manifold modelled on R”, or in infinite dimensions
a Hilbert or Banach space. To avoid unnecessary technicalities we will take .# to be
a linear space unless noted otherwise.

The formulation (1-11)—(1:12) has properties that make it natural for studying
wave propagation in open systems. In fact the components of the formulation (1-11),
the Hamiltonian functional S and the skew-symmetric operators M(Z), K(Z) and
L(Z), can be identified with quantities that are known to be important for wave
propagation in conservative systems. In one space dimension the Hamiltonian
functional S(Z) is related to the flow force, or in some cases the momentum flux, for
the system (see Appendix B). The definition of the flow force and its implications for
wave propagation are discussed in Benjamin|[3] and references therein. In two space
dimensions the connection between S(Z) and a physically relevant functional is not
so clear. The operators M(Z), K(Z) and L(Z) are structure operators for the action
and action-flux vector.

The hypothesis of closedness for the symplectic operators M(Z), K(Z) and L(Z) is
necessary to ensure that, at least locally, the terms M(%) Z,, K(Z) Z,, and L(Z) Z,, are
gradients of certain functionals. In order to avoid unnecessary technicalities we will
also assume that the symplectic operators are associated with two-forms that are
exact, which is often the case in applications, in which case the terms M(Z4)Z,, ...,
are globally defined as gradient operators. In particular there exist, formally,
functionals A(Z), B,(Z) and B,(Z) such that

VA =M(Z)Z,
VB, =K (%) 7,
VB, = L(%)Z,

where the gradients are defined with respect to an inner product that includes
integration over a, y or t. The densities 4, B, and B, are independent action
functionals for the ¢, x and y directions respectively and can be identified with one-
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forms; that is, there exist, formally, vector-valued functions «(Z), f,(Z) and f,(4)

such that
AZ) =LalZ), Zy ),
B1(Z) = <ﬂ1(z)7zx>m
By(Z) = {polZ). ) . (1-13)

When the inner product does not depend explicitly on me.# there is a simple
relation between the forms o, £, and £, and the symplectic operators, namely
M(Z) = Da(Z)* — Da(Z)

K(Z) = Dp,(Z)* =Dp\(Z)

L(Z) = Dpy(Z)*—Dp(Z) (114
where D represents differentiation on the phase space (when .# is finite dimensional
it is the Jacobian operation) and * indicates formal adjoint. For example for the
multi-symplectic structure presented in equation (1-4) for the wave equation (1-1) the
action one-forms are

o <

AZ) =La(Z4), Z,y with o(Z)=

]

w
B(Z) = <{p%).2,> with piZ)=|0
0

where, here, -, -> is the standard inner product on R3. In this case the Jacobian
operation is the usual derivative and the adjoint operation is matrix transposition.

When ensemble averaged or averaged over a phase, the values of the functionals
o/, %, and %,, which represent the averaged values of 4, B, and B,, recover the
Whitham—Hayes definition of action and (two-component) action flux respectively.
Although, in the present formulation, a conservation law for action is neither implied
nor required but for historical reasons we refer to the primitive definitions in (1:13),
even without averaging, as the action and action-flux densities.

A remarkable consequence of the formulation (1-11)—(1-12) is that a number of
general results about waves can be derived and in some cases rigorously proved using
only the abstract properties of the mult-symplectic structure. In Section 2 a new
variational principle for space and time periodic states is introduced. In one-space
dimension the idea can be seen using (1-12) restricted to one space dimension. With
7 = wt and § = kx (1-12), restricted to one space dimension and 27-periodic, in (&, 7),
functions is transformed to

wM(Z)aa—Z+kK(Z)aa—§ =VS(Z) with (r,§)eT> (1-15)
T

However since M(Z) Z, and K(Z) Z, are gradients of functionals 4 and B, respectively
(averaged over T?) the equation (1:15) is formally the Lagrange necessary condition
for the constrained variational principle

crit (&) |d=11,941=12 (1-16)
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in which case w and k are Lagrange multipliers. The generalization of this variational
principle to two-space dimensions is

Cl'it‘(y)|,.c//=1,,,2,=12,,%2=13 (1-17)

with w, k and [ as Lagrange multipliers, where / is the wavenumber in the y-direction.
The variational principles given by (1-15)—(1-17) are analogous to the variational
principles for invariant toroids of finite-dimensional Hamiltonian systems (cf.

Percival [30]).
It is an elementary consequence of the Lagrange multiplier theory (cf. Section 2)
that
oS8 oS8 oS
= — k = — d Z = —
T or, ™ a1,

that is, the frequency and wavenumbers are given by certain slopes in § versus action
space. The above identities also lead to

v v o
oI, ol ol
S Sz Sy o ot ok

Hess ()= 8, Sos Sy |l=1| 55 = = (1-18)

, , o1, oI, ol
Sa Baa S a o ol
ar, al, ol

where 8;; = 0°S/01,01; for i,j = 1,2,3. It is shown in Section 2 that a necessary
condition for the variational principle for waves to be non-degenerate is that

Ay det (Hess, (%)) + 0.

It is interesting that this non-degeneracy condition is reminiscent of the non-
degeneracy condition for invariant tori in the KAM theory (cf. Percival[30]).

In Section 3 the properties of the Whitham modulation equations for periodic
travelling waves in two space dimensions are recalled and they are cast into a form for
comparison with the variational principle of Section 2 and the rigorous theory of
Section 4. The important point here is to indicate precisely what one can prove using
the methods of this paper about the Whitham modulation equations. In particular
a proof is given of the validity of the linear instability results predicted by the
Whitham theory. By checking the hypotheses of Theorem 41 in Section 4 it is clear
also that a wave state predicted by the Whitham modulation equations to be stable
is not necessarily stable in the full system from which the equations were derived.

In Section 4 a rigorous theory for the instability of periodic waves of arbitrary
amplitude travelling in two space dimensions is presented. In the stability analysis the
existence of a basic state is taken as a hypothesis and it is of the form

{Z(H;I), o), (D), I(I); 0 = kx+1ly—owt, [€U = R?} (1-19)
and satisfies (1-12). The dependence on the parameters /,, I, and I, (level sets of the
action constraint sets) is assured by the variational principle of Section 2. The main
result of Section 4 is a proof of the relation between the stability exponent of the
system (1-12) linearised about the basic state (1:19) and the fundamental matrix
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Hess; (%) of the basic state. The result of Theorem 4:1 is precisely a proof of the
instability result predicted by the Whitham modulation equation. The proof however
does not appeal to the conservation of wave action nor the Whitham modulation
equations but works directly with the governing equations appealing instead to the
geometry presented by the multi-sympletic structures framework. Theorem 4-1 also
connects explicitly the linear stability exponents and the fundamental matrix
Hess; (%) in (1-18). In terms of Hess (%) the instability result is

o if Hess () is positive definite the wave is linearly unstable;
o if 5,,8,;,—8,38;, <0 the wave is linearly unstable;
o if §,,8;,—85,,8,, > 0 but S;; A > 0 the wave is linearly unstable.

The proof of instability for waves travelling in one space dimension follows similar
lines —indeed is a special case —but has some interesting features that are treated
separately in Section 5. In particular a proof of Lighthill’s geometric criterion is
given and moreover the proof is obtained by first showing that there is a dual
criterion for instability in terms of the geometry of the flow force on action space.

In Section 6 two examples are treated, the Nonlinear Schrédinger (NLS) equation
and the water-wave problem on an infinite-depth fluid both for the case of two space
dimensions. The purpose of Section 6 is to illustrate how the theory of the present
paper applies to wave instability problems that are generally well understood. For
the NLS equation the hypotheses of Theorem 4:1 in Section 4 can be explicitly
verified and application of the theory to NLS leads to interesting geometric
properties of the instability. For the water-wave problem the application of the
theory in Section 6 is formal; this example is a precursor to more complete results
that we presented elsewhere. A complete proof of instability for water waves
travelling in one space dimension has been given in Bridges & Mielke[13]. Also in a
companion paper (Bridges[11]) complete details of the application of the present
theory to the instability problem for periodic patterns on the ocean surface affected
by mean-flow dynamics is given.

Some auxiliary results are presented in the Appendices. A fundamental concept in
the theory of classical Hamiltonian systems is the interplay between reversibility and
symplecticity. The generalization to the multi-symplectic framework is presented in
Appendix A.

An advantage of the multi-symplectic structures framework is that it decomposes
neatly the different facets of the governing equation. Appendix B shows how the
impulse and action are simply related in the framework leading to a useful
decomposition of the impulse and energy conservation laws.

When a conservative system has a Hamiltonian structure the symplectic operator
gives a natural correspondence between symmetries and invariants (Olver|28, 29]).
But the classical theory does not establish a relation between symplecticity and
fluxes. Such a connection is only possible by introducing additional sympletic
operators. In Appendix C a new decomposition of the Noether theory is given using
the multi-sympletic structures theory. Such a decomposition is of fundamental
importance when analysing the stability of waves in the presence of symmetry or
mean-flow effects (cf. Bridges[11]). Finally, in Appendix D some special properties
of the Hamiltonian functional on a multi-symplectic structure are presented.
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2. Toral geometry and variational principles for space-time periodic states

The restriction of the generalized Hamiltonian structure (1-11) or (1-12) to T"; that
is, functions that are periodic in n-directions leads to a new constrained variational
principle for space and time periodic waves. Here we consider the wave states that
are periodic in 2-space dimensions and time.

Scale x, y and t so that the system (1-12) is restricted to 27-periodic functions

T=ot, £=kx, {=1ly with (§{1)eT?
Then (1-12) becomes
oM(Z) Z,+ kK(Z) Z;+ IL(Z) Z, = VS(Z)  with  Z:T° 4. (2-1)
Because of the hypothesis that M(Z), K(Z) and L(Z) are associated with closed two
forms, the terms M(Z) Z,, K(Z) Z; and L(Z) Z, can be identified with the gradients of

certain functionals,
VA(Z)=M(4) Z,

VB,(Z) = K(%) Z,
VB,(Z) = L(Z) Z,

where here the gradient is defined with respect to an inner product that includes
integration over T?. Therefore (2:1) can be written

VS(Z) = wVA(Z) + kVB,(Z) +IVB,(Z) (2:2)

which can equivalently be characterized in terms of a constrained variational
principle.

Variational principle for space-time periodic states. Space-time periodic states of
the Hamiltonian system (1:12) on the multi-symplectic structure (/#, (Y, 02, 0P, S)
correspond to the critical points: Z: T? — # of S restricted to level sets of the action

functionals .o/, %, and %, or
erit{S: of =1,, % =1,and %, = 1.}, (2:3)
where Ie % < R? are values of the action level sets.

The symbols &, o/, B, and %, correspond to S, 4, B, and B,, respectively, averaged
over T3, The verification of the above variational principle follows from the Lagrange
multiplier theory. The statement is formal; application to particular examples
may encounter technical difficulties such as small divisors. On the other hand it
leads to interesting structural properties of the solutions including linear stability
information (cf. Section 4).

An interesting property of the above variational principle is its relation with the
variational principle for invariant toroids of finite-dimensional Hamiltonian systems.
This correspondence has been discussed in Bridges|9] for plane waves on one-space
dimension in the context of the nonlinear Schrodinger equation. However, the
connection with invariant tori is more general and follows from the multi-symplectic
structure.

For example, consider the finite-dimensional Hamiltonian system

JU, =VH(U) with Ue.# < R® (2+4)
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and J the standard symplectic operator on R®. Restrict (24) to an invariant torus by
taking coordinates § = (£,.£,.£;) € T? with §; = w;tfor j = 1,2, 3. Then (2-4) restricted

to T? becomes
ou oU oU
J—+w,J+w,J—=VH). 2:5
Wy agl Wy agz W (353 ( ) ( )
The most significant difference between (2-1) and (2-5) is the symplectic operators. In
(2:5) the symplectic operators commute, indeed are the same, whereas in (2-1) the
symplectic operators are different and in general non-commutative. Introduce
actions for the tori satisfying (2-5),

p J

It is evident that, formally, (2-5) is the Lagrange necessary condition for the
variational principle of finding critical points of the Hamiltonian on level sets of the
actions with w;, j = 1,2, 3, treated as Lagrange multipliers; this is in fact Percival’s
first variational principle for invariant tori of fixed action (c¢f. Percival[30]). The
relation of the variational principle (2-:3) with invariant toroids is further emphasized
below where it is shown that the variational principle (2:3) is non-degenerate if the
frequency map is non-degenerate which is reminiscent of the non-degeneracy
condition for invariant toroids of finite-dimensional Hamiltonian systems.
The Lagrange necessary condition for the variational principle (2-3) is that Ze . #
should satisfy
V# =0 with F(Z;w, k1) =S (Z)—wd(L)—kB(L)—1B,(Z) (2-6)
as well as the three constraints. A basic solution of the variational principle depends
on /e R? in the following way
VZECrd), o), k() (D) 1 = (I, 1, 1) e = R, (27)
This is verified as follows. A solution of (2:6) has the form Z(§,{,7;0,k,1); but
substitution of this expression into the constraint set results in
‘Q{(Z(g g,T;&),k,l)) = Il
B(Z(E.C 1w k) =1, (2-8)
L@z(z(g ga T W, k: ])) = 13
which when inverted leads to w(l), k() and I[(/). Back substitution into

Z(£,8, 7,0, k1) leads to the dependence in (2:7). Note however that (2:8) is solvable,
by an implicit function theorem argument, if and only if det (D) £ 0 where

w
ol, adl, ol
ok ok Ok

D= 5—11 6_12 6_13 (29)
aa
or, oI, dl,

In the analysis of Section 4 it will be shown that the matrix (2-9) contains linear
stability information. It is also reminiscent of the frequeny map on action space in
the KAM theory. The variational principle (2-3) is non-degenerate if det (D) % 0. The
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matrix D is symmetric. The symmetry of D can be seen by using the following

identities s oy »
6—11’ k() == and [([)= 6—13

o) = a7

(2:10)

These identities follow from the classical Lagrange multiplier theory and are verified
as follows: for j = 1,2,3 we have that

0 o7
o, [VS( ) az]
=[wVA( )+ KB, (Z) + IVB,(Z )gﬂ

|

s
+
:
ik
3

= a)z?lj +kd,; + 163]-.
Using the identities (2:10) it follows that the matrix D can also be represented as

Sn Slz SlS 2

D = Hess,(#) = | Sy S, Sy | where 8,< 7 (2:11)
2 P e A
Sz S5 S

A sensitivity matrix of the form (2'9) carries information about critical point type
for constrained variational principles with a well-defined Morse index (cf.
Maddocks|[24]). However critical point type for solutions of the variational principle
(2-3) is not well-defined. The second variation of # in (2:6) defined by

L = DT (Z:; 0,k 1) = D*S(Z)— wD?*A(Z)— kD*B,(Z) — ID*B,(Z)

has a countable number of negative as well as positive eigenvalues. This can be easily
seen already in the case when space variation is absent (i.e. & = ¥ (Z)—wA(Z))
which is just Hamilton’s principle for periodic orbits of classical Hamiltonian
systems. Technically the critical points are saddle points of infinite order. However
we will be able to extract useful information about linear stability from the
constrained variational principle and sensitivity matrix by working directly with the
linear stability problem (Section 4).

Finally we remark that the variational principle (2-3) is for nonlinear states. It has
no meaning for the linear problem — it is trivially degenerate. In the linear problem
the frequency and wavenumbers are related by the dispersion relation and therefore
the columns of the matrix D in (29) will be linearly dependent resulting in
degeneracy.

3. Structure of Whitham’s modulation equations

The Whitham theory for modulated travelling waves in two space dimensions, in
the absence of mean flow effects, is based on the equations

k,—1,=0
k4w, =0
li+w,=0
(L)~ (B),— (%), = 0. (3:1)
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The first three of these are kinematic conditions on the phase 6 and
w=—0, k=0, and [=0, (3:2)

are interpreted as slowly varying functions of x, y and ¢. The fourth equation of (3-1)
is the hypothesis of conservation of wave action where .o/, 4, and %4, are averages of
the action and action fluxes respectively that are considered as slowly varying
functions of x, y and ¢ (cf. Whitham |34, 35] and Hayes[18, 19]).

In this section we will first make some observations about the Hamiltonian
structure of the equations (3-1). Then the equations will be cast into a form where the
instability of waves predicted by (3-1) can be compared with the information
generated by the variational principle of Section 2 and the rigorous theory to be
presented in Section 4.

First we remark that the first three equations of (3-1) correspond to a Hamiltonian
system; they can be rewritten in the form

0O 0 O 1) k,—1,
o o0 1 k= —w, (3:3)
0O —1 0 { w,
) O 0 o0
or J,Q,=VH(Q), where Q=1Fk], Jy,=10 0 1
l 0o —1 0
Yy (T2
and HQ) = f J w(k,—1,)dxdy.
Y V2

With suitable fixed endpoint conditions for Q on the boundary of the rectangle
[2, 2,] X [y, y,] the gradient of H((Q) is
qer | 0H /0w k,—1,
VH(Q)= | H/ok |=]| —o,
0H /ol w

x

The governing equation for Q has another interpretation as a Hamiltonian system
on a multi-symplectic structure. First note that

k,—1, -1, i
VHQ) =| —o, |=| © +(_Z>=—J2szx—Jgszy,
w, w, v
0 0 1 0 —1 0
where J,=1 0 0 0 and J,=(1 0 0
-1 0 0 0O 0 o0

Therefore the set (3:1) has the equivalent representation

3,0,473,0,+3,Q, =0 } (34)

(M)t_(gl)x_(%z)y = 0.
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The governing equation for Q is a Hamiltonian system on a multi-symplectic
structure: (R?, o™, w®, 0®) with

oV =dkndl, 0® =doArdl and 0% =dkAdo

with trivial Hamiltonian function. Moreover it is interesting to note that the
symplectic forms 0@, @ and 0® form a basis for the Lie algebra so(3).

In light of the variational principle of Section 2, a reasonable hypothesis is to
suppose that w, £ and I depend only on the values of the actions .7, %, and %, and
do not otherwise depend explicitly on x, ¥ and ¢. Therefore define

Vo
D=| Vi
Vi

where V is a gradient on action space. Then

of
Q, =DJ where J=| 4%
%,

with similar expressions for Q, and Q,. On action space the coupled equations (3-4)
then become
J,DJ+J, DS, +J, DS =0
Cey. ) —<ey. I —<e5. 9,0 = 0
where e}, ¢, and e, are unit vectors on R® and here -, - > represents the standard inner
product on R?* (compare with Hayes[19, equations (3-1)—(3-2)]).
Let 4, be some fixed constant value on action space representative of a periodic

(3:5)

travelling wave in two space dimensions and linearize (3-5) about this state with
7 = jo_i_jez‘(mrﬂy—m
where (a, /)eR? and AeC. Then the linearization of (3-5) about .4 becomes

[—AJ1+aJ2+ﬁJ3]Df=0} (36)

(D, 4> =0
where I' = Ae, +ae, + fle, and D is now evaluated at .%. Supposing [A]2+a?+ (2 £ 0,
Kernel [ —AJ, +aJ,+ fJ,| = span{I'}.
Therefore the general solution of the first equation of (3-6) is
D. € Kernel [—AJ, +aJ,+ Y| = .4 = ¢D'T
for some non-zero scalar ¢. Substitution into the second equation of (3-6) results in

<, DIy = 0.
Therefore define
A w, 0, o, "[A
Ay(A o, f) =<0, D7) = al, | ko ky Ky al . (3:7)
pl Ll won) (s
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The interpretation of (3-7) in terms of (3-5) is as follows. If for some (a, §) € R?, there
exists a AeC with J(A) £ 0 and A(A, «, f) = 0 there exists an unstable solution near
4, on action space.

This completes the reappraisal of the Whitham modulation equations. In Section
4 we will give a proof of the above instability criterion and the proof is given without
direct recourse to the modulation equations or the conservation of wave action.

4. A rigorous geometric theory for plane wave instability

In this section the linear instability problem for periodic travelling waves of the
system

M(%) %, +K(Z) Z,+ L(%) %, = VS(%), (41)

where M(Z), K(Z), L(Z) and § are identified with a multi-symplectic structure and
the skew-symmetric operators are in general Z-dependent, is formulated rigorously.
The basic state is a travelling plane wave of the form Z(@, ) with 0 = kx+1ly—owt. A
connection is established between the stability exponent in the time-dependent
problem and the ‘KAM matrix’ Hess,;(S) that arises in the variational principle of
Section 2. The instability criterion is established independent of the particular
equation and relies only on the geometry of the multi-symplectic structure.
Introduce new coordinates

O=kx+ly—ot, y =y and t =t;

in terms of which equation (4:1) becomes

M(Z) Z, +W(Z) Z,,+ (%) Zy = VS(Z) (4:2)
where, for simplicity the primes on ¥, ¢ will henceforth be dropped, and
J(Z) = kK(Z)+IL(Z)— oM(Z). (4:3)
It is taken as a hypothesis that there exists a basic travelling wave state of the
form
(H1) (Z20:1), o), k), I(I); €U = R?}

and that w, k and [ are sufficiently smooth so that the matrix D in (2:9), evaluated
at the basic state, is well defined and non-degenerate and Z is sufficiently
differentiable. It follows from (4-2) that Z satisfies
W7) 7, =VS(Z). (4+4)
To study the linear stability of the state (H1) let Z=Z(0;])+Z(6,y,t) and
linearize (4-2) about the state Z resulting in

L7 =M 2,+ L) Z,, (4°5)
where P D82 =3 L v 2y, 1 2,

0
The coefficients of the linear partial differential equation (4:5) are independent of
y and t. Therefore let Z = R(Ue/Pv49) with U satisfying

LU= idM(Z)U+ipLZ) U. (4-6)
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In terms of (4:6) the linear instability problem can be stated as follows.

Linear instability. Suppose that for some f€R and AeC such that J(A) % 0 there
exists a bounded solution U of (4:6). Then the basic state Z is unstable.

In order to give a rigorous formulation of the instability problem it is necessary to
characterize the bounded states of (4:6). This is straightforward if Floquet’s theorem
is applicable. Therefore we take the following hypothesis.

(H2) {there exists a bounded solution of (4-6) of the form U = Ue'’

with « € R and U 27-periodic in 6.

First we note that when the system (4:6) is an ODE Floquet’s theorem is immediate
and the hypothesis is unnecessary. The hypothesis (H2) is necessary for the case
when % is an elliptic operator because there exists counterexamples (albeit
pathological) to Floquet’s theorem for elliptic operators (¢f. Kuchment[20]). In the
sequel we are not interested in studying all solutions of (4:5); the idea is to
demonstrate, under the given hypotheses, the existence of an unstable state. The
governing equation for the periodic function U is
LU = iAM(Z) U+ iad(Z) U+ ipL(Z) U. (4°7)
In terms of (4:7) the instability condition is: suppose for some (o, #)eR? and AeC
such that J(A) % 0 there exists a periodic function U satisfying (4:7). Then the basic
state (H1) is linearly unstable.
To give a rigorous formulation the eigenvalue problem (4:7) is first written as an
operator equation on a suitable function space. Let % and Z be Hilbert spaces such

A

that M(Z), K(Z), L(Z) and D28 are bounded linear operators from % into & and
define
X, =61(S", %)
X, =6°(SY, Z).
Define the linear operator ¥': X; x C x R x R—X, by
WU, N o, f) = LU—idAM(Z) U—iad(Z) U—iL(Z) U. (4-8)

For functions a,be X, define the bilinear pairing

@b =5 | <o

It is clear that the tangent vector to the basic state, defined by

o 4
bo = 220,

is in the kernel of . This is verified by differentiating (4-4) with respect to 6.
(H3) Ker (Z) |y, = {$)-

The purpose of (H3) is to ensure that the kernel of % is not larger. When a continuous
symmetry is present, the hypothesis (H3) is violated and this case is treated by
including the tangent vectors to the group orbit in the kernel of #. This occurs when
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studying instabilities in the water-wave problem when mean-flow effects are
important for example (cf. Bridges[11]). The hypothesis (H3) is also a genericity
hypothesis; at distinguished values of the parameters the kernel can be larger.
The idea is to apply the Lyapunov—Schmidt method to the operator equation (4-8)

(cf. Bridges & Rowlands[14] for a similar analysis for the instability of spatially
quasiperiodic states). Decompose the spaces X, and X, as

X, =Ker(¥)@®M where M =range(ZL)NnX,

X, = range (&) @ ker (¥)

and introduce the projection operator P: X, — ker (&),

pyt60./1, (+9)

[$o- Bol -
Then any element in X, has the representation
U=C(p,+W;A,e,p)) with W(@;0,0,0)=0. (4-10)

Without loss of generality the complex multiplier in (4:10) can be taken to be
unity. The operator equation (4-8) can be decomposed as

P-W(g,+W(O;A,0,5),A,a, ) =0
I=P) W(p,+W(O;A,a, ), A, e, f) = 0.

THEOREM 4-1. Under the hypotheses (H1)—(H3) every solution of (4:6) for |A|, |a| and |f)
sufficiently small is in one-to-one correspondence with roots of the ‘dispersion relation’

A(A’a’ﬁ) = [¢O"{P(¢O+ W(e;/\v‘x’ﬂ)r/\?a’ﬂ)] = 0.

Moreover
(G0 o 0]
—A+oaw aalkl aall: ZIZ —A4oaw
A(/\,Ot,ﬂ) = OL]{/' 5 07 67 67 OCk +7'3()(,06,ﬂ)
1 2 3
p+oal ﬂ ﬁ ﬁ p+oal
i ol, ol, 0l i (411)

where |ry| = o(|Al], |, |8])? as (A, |, |f]) = 0.

Before beginning the proof of Theorem 4'1 we establish its corollaries which
connect the linear instability to the properties of the matrix Hess;(S).

JOROLLARY 4-2. Let (H1) be a periodic travelling wave solution of (4:1) and suppose
moreover that

Ag+0 and det (SY“ EZ3> + 0.

Ssa 33
Ses Soy -
(@) If det| < 0 (H1) @s linearly unstable.
Ssz S
Sas Say v S
(b) If det g g >0 and S;3Ag > 0 (H1) is linearly unstable.
32 P33
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Proof. By Theorem 4-1 the stability exponents, for [A], |«| and |f] sufficiently small
are given by A(A,«, ) = 0. First use the identity

(0 00w ]
ol, odl, 0l i i _
41 : 3 Su Sm 813 ! ) du d12 d13
ok ok Ok 5 def .
ol ol. ol = | Su Sy Sy = | dar dyp dy (4-12)
611 a; 513 S31 Ssz S33 d31 dsz d33
o1, o,
and let Q=—-A4+aw, p=oak, and gq=p+al

Then A(A,a, f) in (4-11) can be written as
A(A7a’ﬁ) = dll £22_‘_2d12 Szp—}_gdli qu+d22p2+2d23pq+dés q2+r3

—d,, (g2+d12]” +d;y 9)2 + (dn dyy _d%2)pz
di, dyy
+2 (dn d’23 _dlz dlS) pg+ (du d33 _d%3> (12 + 7y
dy dyy

Now, from (4:12) we have the following identities

1 Sy S,
d.. = —det 22 23
" Ag ‘ (Sg-z *933)

S..
dn d22 _d%2 = ?6;

S
dll dzsa_dndls = _rfsz

S

.
Sas

AS '

dyy dyy—diy =
By hypothesis Ag # 0 and d,, # 0. Therefore the dispersion relation can be written

1 L dy,ptd g\
AA,a, ) = d_[dil (Q‘Flzpqu) +Q(q. p)+dy, 7’3]
11 11

1 P S.. —8. P
where Q(C], ) — ( )( 33 32)( )
r Ag\q/\ =S5 Sy, q

Then for |¢| and |p| sufficiently small A = 0 results in

du<sz+W) =+v[—Qg.p)]+....

11
Therefore an unstable solution results (that is, 3(A) & 0 which is implied if J(Q) * 0)
if, for some (g, p)€R? but ¢*+ p* + 0 and sufficiently small Q(p,q) > 0. An analysis
of Q(p, q) results in the conditions (a) and (b) stated.
JOROLLARY 4-3. Suppose Hess (S) is positive definite for the basic state (H1); or
equivalently, suppose S is a convex function on action space at (H1). Then it is linearly
unstable.
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Proof. By hypothesis S is smooth enough so that Hess,(S) is well-defined in which
case convexity of S implies positivity of Hess;(S). A necessary and sufficient
condition for Hess;(S) to be positive definite is

S,, N
P2 Pl 0 and Ay > 0.

o
*532 P33

S33 > 0,

But by part (b) of Corollary 4-2 such a wave is unstable.

Proof of Theorem 4-1. The proof proceeds as follows. The technical points follow
from the Lyapunov—Schmidt theory. The general solution of (4:7) is of the form (4:10)
with

W = iAW, +ia W, + i W, +15(A, e, B).

The remainder term r, = o(|A|, |«|,|4]) and

ow
W, =—i— ,
! oA A=a=f—0

4
W, = —@'al ,
do A=a=f=0

ow
W,=—i— )
: op A=a—f—=0

The implicit function theorem is applied to (I—P)¥ = 0 to prove the existence and
smoothness (in A, o and f) of W. The function I¥ has a convergent power series in
terms of (A, e, ), for (|A, |, |]) sufficiently small, with leading order expression as
given above. A sufficient condition for linear instability will be obtained using only
the leading terms W,, W, and W;. Substituting (4:10) into (4:7) results in the following
inhomogeneous problems for W, j =1,2,3:

LW, =M(Z AR
W, =37 )0 (4:13)
LW, = L(Z) ¢,.

A remarkable fact is that these equations can be solved exactly. To see this we first
note that the basic state depends on /. Therefore define

and note that these functions satisfy

610 ow

4 =5 K 2) ot =7 LUZ) py— 6IM(Z”)qzso for j=1,2,3  (414)

(obtained by simply dlfferentiating the governing equation (44) for Z). The idea is
then to represent solutions of (4:13) in terms of linear combinations of the
complementary functions ¢;j =1,2,3. Let

Wi=a,¢,+ayd,+a; ¢,
Wy =0,¢,+byy+by; L. (4-15)
Wy=c,¢,+c, ey
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Then substituting (4:15) into (4:13) and use of (4:14) results in

w
oI, a1, oI,

a —1 —1
ok ok Ok ! .
a—ll 6—12 6—13 ZZ = g or Da= g . (4 16)
a o a |
o, o1, o,

It is interesting to note that the D matrix, generated by the variational principle
(6-3), appears in a natural way in the linear stability analysis. The linear equation
(4'16) is solvable if the variational principle (6:3) is non-degenerate; that is,
det (D) % 0. Similar equations are found for the coefficients be R* and ce R?:

) 0
Db=| %k and Dc =
[ 1

The above equations can be combined as

S S Sps a, by ¢ -1 o 0
Sor Ses Sy a, b, ¢, =1 0 Lk 0]. (4-17)
Sar Ssa Sy a; by ¢ 0 L1

This completes the construction of the solution (4-10) up to terms linear in the
parameters (A, «, ).
The operator £ is formally symmetric and therefore the equation PY = 0 reduces
to
A o, ) = — [y, iAM(Z )L —HocJ YU —HﬁL )yU] = 0. (4-18)
The expression (4:18) is the dispersion relation for the linear stability problem

evaluated at the nonlinear wave (H1). To obtain the form (4-11) we take successive
derivatives. It is evident that A(0,0,0) = 0. For the first derivatives we find

OA )
OA = i[¢y, M(Z) ] = 0,
oA Amamfmt 7‘[¢0/ ( )¢ ]

OA . )
Gl B ID B =0
OA )

o _ i[g L7 0
op A=a—f—=0 i[$0, L(Z) 0]

The vanishing of the above three expressions follows from the skew-symmetry of the
linear operators M, K and L. Therefore the dispersion relation is quadratic at leading
order and takes the form

A e, ) = Ay M(Z) W1+ Al by M(Z) W, ]+/\/fl¢o, Z)W;)
+oc/\[¢0, Z) Wi +0(60, J2) W + 2l py. I W]
+ Ao, L(Z) Wil + par] ¢0: Z) Wel+ /7 ¢0, Z)Wol+ry  (419)
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where r, contains terms of degree 3 and higher in |A|, |«| and |5|. The integrals in (4-19)
are all of the form

[0 MU(Z) ], [0 J(Z) §;] and [, L(Z) §5]
for j = 1,2,3 which are in general non-zero. It is a remarkable fact, following from
the variational principle of Section 2, that these integrals can be evaluated exactly:

A

[Po. M(Z) ;] = by;

A

[ho. L(Z) ;] = — 0y for j=1,2,3. (4-20)
[bo, I(Z) ¢]] = wal]’_ k82j_m3j
These identities are verified as follows. The first identity will be verified as the other
two follow the same line. Using the fact that o/(Z) = I, we have that

o _H_ [VA(Z),M]

ol I,
. 07
= —[M(z%, ¢]}
= [ M(Z) $;] for j=1,2,3.

The result follows from the fact that ,, I, and I, are level sets of the three action
functionals and the fact that the gradients of the action functionals generate skew-
symmetric operators.

Substitution of the identities (4:20) into (4:19) reduces the dispersion relation to
—Ataw )| [a, b A
A, o, f) = ak a, b, c, o | +r5(A, o, f)
p+al L ag by ¢ p
—A4oaw ) [ Sy S S |7 [ -1 o 0) (A
= ak Ser Ses Sy 0 k0 a | +rA,a p)
ﬁ+al i S31 S32 SSS ] 0 l 1 ,8
4o ) [ Sy S S, |7 —A+ow
= ak S21 S22 SZS ak + 7'3(/\, a, ,3)
p+al Sa Sse Sy p+al

completing the proof. The elimination of the three by three matrix containing the
coefficients a;, b, and ¢, for i = 1,2, 3 follows using (4:17).

5. Action, flow force and a proof of Lighthill’s instability criterion

The proof of instability for plane waves in one space dimension follows precisely
as in Section 4 but there are some special properties of this case worth separate
attention. In particular a proof of Lighthill’s instability criterion is given. The proof
is obtained by first showing that there is an interesting dual criterion for instability
in terms of the flow force.

Consider a dispersive wave system in one space dimension formulated as a
Hamiltonian system on a bi-symplectic structure with governing equation

M(Z) Z,+K(Z) Z, = VS(Z) Ze.ll (51)
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where .# is the phase space and M(Z) and K(Z) are skew-symmetric operators
associated with exact two-forms. The Hamiltonian functional S(Z) can be identified
with the static part of the flow force for the system. The identification of S(Z) with
the flow force is a special property of Hamiltonian systems on a multi-symplectic
structure in one space dimension (see Appendix B).

Suppose there exists a two-parameter family of periodic travelling waves
parametrized by the actions as in hypothesis (H1) of Section 4 restricted to one space
dimension. Linearizing (5:1) about the basic (H1) travelling wave results in a linear
stability problem of the form

LU = iAM(Z) U+ ia(kK(Z)—oM(Z)) U (52)
with terms defined as in Section 4. The analogue of Theorem 4-1 is

TaEOREM 5'1. Under the hypotheses (H1)—(H3), restricted to the case of waves in one
space dimension, every solution of the linear stability problem (52) for |A| and |of
sufficiently small is in one to one correspondence with roots of the following dispersion

relation
—At+aw\ (S;; S\ 1/ —A+aw
A = 1 Pr 5
(A, a) <( ke )7(521 822)( " >>+r3(/\,oc) (5'3)

where the inner product -, - is the usual real inner product on R?* and |ry| = o(|A], [a])2.
The proof follows exactly the proof of Theorem 4:1 and leads immediately to

COROLLARY 52. Suppose & (or —F) evaluated on a travelling wave of (5:1) under the
hypotheses (H1)—~(H3) is a convex function on action space. Then the wave is linearly
unstable.

Proof. By Theorem 5-1 the analysis for || and |A] sufficiently small reduces to the

analysis of A(A,«) in (5-3) and, with Q = —A+aw,

A, a) = Ai (Q2S,, — 28, Qka + k*a®S,;) +1r5(A, )

S

S-zz ( Slz )2 (Sn Szz _ S?z) 9
= Q——ak | +—"2—"2 k% +r,(A a)
Ag Sy Sy 3

J N 2
_ ‘822(9—‘*1%) FES R (0, ),

AS Szz Pag

When & (or —%) is a convex function of the actions then Ag d=CfSH Sy, — 82, is

positive in which case S,, & 0. Therefore when |A| and |«| are sufficiently small and
Ag > 0 it follows that A = 0 has a root with J(A) = 0 implying linear instability. |

The result in Corollary 52, that convexity of § on action space implies instability,
was first stated for the special case of NLS in Bridges[9]. Corollary 52 generalizes
this result to arbitrary systems of the form (51) and shows that the result is not
equation dependent but is a property of systems with a multi-symplectic structure.

The constrained variational principle, in particular the fundamental properties of
the Lagrange multiplier theory, lead to the precise dependence of the flow force on
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the actions (cf. Section 2). Although the importance of flow force for wave motion is
well-established (cf. Benjamin|[3] and references therein) the connection between
flow force — and its dependence on action —and wave instability is new.

The Lagrange necessary condition for the constrained variational principle, with
functional defined in equation (2:6), leads, when restricted to one space dimension,
to the functional

Multi-symplectic structures and wave propagation

F (L. k) = P (L) —wd (Z)—kB(Z) (54)

where &, o/ and # are S, 4 and B averaged over a wavelength. It follows that

12772 177728
ai=— and &/’_

dw ok —7
The image of the functional # is equivalent to (minus) the image of the averaged
Lagrangian used in Lighthill[21, 22]. The main distinction is that the structure of
each term in (5'4) is characterized precisely; that is, the functional S(Z) is separated
from the rest of the Lagrange functional and, not only the value of each action
functional is known, the structure — the set of skew-symmetric operators that define
the gradients of action and action flux density —is also known and it is precisely the
structure of the functionals that leads to a rigorous proof.
Once we identify the Lagrange functional % (Z; w, k) with the averaged Lagrangian
of Whitham and Lighthill we obtain easily the following identities

S R v B A
sign z Z = gign )
Jw Ow
= sign aalkl gjlj = sign det [Hess;(¥)] (5°5)
ol, al,

where I, and I, are values of the level sets of .2/ and 4. Combining the above result
with Corollary 52 proves the following.

CoroLrary 53 (Lighthill’'s instability criterion). Suppose that the averaged
Lagrangian (or minus the averaged Lagrangian), defined for the constrained variational
principle (54), evaluated on a periodic travelling wave in one space dimension, s a
convex function of the frequency and wavenumber. Then the wave is linearly unstable.

It is important to note that the converse, when the sign of each of the determinants
in (55) is negative, is a necessary but not sufficient condition for linear stability.

6. Hxamples: NLS and the water-wave equations

In this section two examples are presented. The examples, the Nonlinear
Schrodinger equation (NLS) and the water-wave equations on infinite depth in two
space dimensions, correspond to systems where the wave instability is well
understood and are included here to show, in a familiar setting, how the theory of
multi-symplectic structures applies to such systems. Two further examples, a
nonlinear wave equation and a system of Boussinesq equations, are considered in
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Appendix A with particular attention to their reversible structure. The multi-
symplectic structures theory also provides a framework for obtaining new results
about waves. In a companion paper (Bridges[11]) results on the instability of
periodic patterns, interacting with a mean flow, on the ocean surface are obtained
using the multi-symplectic structures framework.

(a) Nonlinear Schridinger equation. The form of the NLS equation considered here is

WY te iy, V(Y1) Y =0 (6-1)

where r(x,y,t) is complex-valued, 7 is the imaginary unit, ¢, = +1 and V() is a
smooth potential function. The cubic nonlinear Schrédinger equation is obtained by
taking V'(|¢/]?) = €,|/|? with €, = + 1. The cubic NLS in two space dimensions appears
as a model equation for the modulation of 3D travelling water waves on deep water.
For example the model equation (6:1), with cubic nonlinearity, has been derived for
gravity waves by Zakharov|[36] (where ¢, = —1 and ¢, = 4+ 1) and for modulated
capillary-gravity waves on deep water by Chen & Saffman [16, equation (2.20)]
(where ¢, = +1 and ¢, = +1).

The system (6:1) has a well-known classical Hamiltonian structure. Let ¢ =
u; +1u, for real-valued functions w, and u,. Then (6:1) has the Hamiltonian
formulation

u, =JIVH(u) w= (uy,u,)

. 0 1y
with J = (_1 0) and

Ty (Yg
Ty Y Yy
However, analysis of this system requires specification of the function space,
including integration over x and y, on which H(u) is well defined.
When ¢; # 0 the system (6:1) has a formulation as a Hamiltonian system on a tri-
symplectic structure. Let

g iy, =, v+, =v, and w +iw, =1y,

where the six functions u = (u,, u,), v = (v,,v,) and w = (w,, w,) are real-valued. In
terms of the vector-valued set of variables Z = (u,v,w)eR® the tri-symplectic
structure is given abstractly as (RS, o®, 0@ »® 8). The symplectic operators are

defined by
oMU, V) = UMV g
WU, V) = UKV | forany U, VeRs
oP(U, V) = U, LV
700 0 1
with M=]0 0 O where J= (_1 O)’
0 0 O
0 —-I 0 0 0 —¢l
K=|I 0 0 and L= 0 0 0
0O 0 O el 0 0
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and S(Z) = Lwi+0?) +1e,(w +w?) + 1V (w4 ul).

The governing equations, equivalent to NLS in (6:1), are then
MZ,+KZ,+LZ, = VS(Z). (6-2)

The plane wave solutions of NLS provide an elementary example of the rigorous
theory of Section 4 where all the details can be worked out explicitly. In particular
the hypotheses (H1)-(H3) of Theorem 4-1 can be verified explicitly. The plane wave
solutions of NLS in (6-1) have the form

w(x, v, t) =R ei(karlyﬂut) ReC (63)
with (w, k, ) satisfying
w=k+e P=V'(R]?). (6-4)

An analysis of the linear stability of this family of waves can be given exactly (cf.
Newton & Keller[27]) and we will sketch the theory here for purposes of
comparison with the rigorous characterisation of the instability given by Theorem
4-1.

For the linear stability analysis let

Y, y.t) = [R+B(x, y. t)] eikrtiv—od

where R is as above and B is complex-valued. Substitution into (6:1) leads to the
following equation for B,

iB,+ B, +2ikB, + &, B,,+2ile, B,+ V(R R*B+ V(R |R2B = 0. (6:5)

The equation governing B has constant coefficients and the general solution has the
form
B(%, Y, t) = [J gl\traa+py) Vei(itJrochr/fy) (6'6)

where U, IV are complex-valued scalars, A€ C and («, ) € R Substitution of (6:6) into
(6:5) leads to the algebraic equation

[—A+|R|2 V' —a—e, 2 V" (|R|?) R ](b> _ (o)
V”(|R|?) R? A+|RPV —a2—e, 2 \V) \0

where A = A+ 2ko+2¢, 1. Setting the determinant to zero results in the ‘dispersion
relation’
Ao, f) = N2+ (2 +&, f2) [2IRP V' (IR]P) — (o +2, )] = 0. (6-7)

If for some («, ) € R? there exists a root A e C of A(A, a, ) = 0 with J(A) % 0 the plane
wave is unstable. It is evident from (6:7) that

(a) if &g = —1 the wave is unstable,

(b) ife; = +1 and V" > 0 the wave is unstable. (6-8)

The special case of the cubic NLS is recovered by taking V'(|¢/]?) = &,)i/|* with
&, =t 1. The classification (6:8) recovers the classical instability results for NLS
(Newton & Keller [27]).
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Before proceeding to analyse the instability using the multi-symplectic structure

we first rewrite (6:7). Divide (6:7) by 2V”(|R|?) supposing that V" £ 0 and define

Aocﬂ

AP = SRR

Then (6:7) has the equivalent representation

A, o, f)
—A 1 —2k —281[ Y , -
- % * —2k  4k*+2|RPV” de, ki _%
4 ﬂ —2£1l 431 kl 4% + 281|R|2 174 ﬂ
(6-9)

We now give an analysis of the instability in terms of the multi-symplectic
structure and the rigorous theory of Section 4. Consider NLS in the form (6:2). The
plane wave (6-3) in terms of the Z = (u,v,w)T coordinates, has the form

w=%Ru, 0=x+z—
v=—kJHi

t, deR?

(6:10)

w=—IlJHu with %= (0030 —sin 6>'

sin@  cos0

The frequency and wavenumbers again satisfy (6-4) with |R|* identified with |42

However the form (6-4) is not complete with respect to the variational principle of

Section 2; (w, k,[) are in fact functions of the values of the level sets of the actions.
The three action functionals for NLS averaged over T? are

of = jg Hu, Ju,) de dy dt,

ﬂl=j€ (v,u,)daedydt and 932=§ (w,u,)dxdydt, (6-11)
-[|—3 -I]—3

where (-, -) is an inner product on R%. Substitution of the plane wave (6:10) into the
actions results in

1, = A (v, k1) =—Ya|*>, I,=B (v, k1)=kld?* and [, = %(w,kl)=c¢lid]?

(6-12)
In (6:12), the dependency of A, B, and B, on (v, k,[) is given, implicitly, by inverting
V(aP?) = k4 e P —w. (6-13)
y 1 « <
Therefore Vrnd= Q—V”(I’ —2k, —2¢1)
1 2 17
Vi By = 5755 (— 2k, 4>+ 2|a* V7, 4e ki)
o 2V
1 2 2 77
VB = ZI”’( 2e, 1, 4¢, kl, 412+ 2¢,[a* V7).
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Using the fact that the Jacobian of (4, B,, B,) with respect to (w, k,l) is the inverse
of Hess;(S) we obtain the following expression for the Hess,(S) evaluated on an NLS
travelling wave,

{ 1 —2k —2¢,1
Hess,;(S)™! = T —2k 4P +2a2 V7 de, ki . (6-14)
—2¢,1 de, kl 412+ 26, a2 V7
From which it follows that
def 2¢, V" S, S & v Ag
A= det (Hess, (S)) = W, det (S:: S:i) = |?;1|2 and S,, = 271;”
and therefore
S,, S
sign| 22 Bl =g and  sign (SyAg) = sign (V7).
T 1S5 Sy

According to Corollary 4-2, if ¢, = —1 the wave is unstable and if & =+1 but
V” > 0 the wave is unstable; in agreement with the classical theory in (6:8).
Comparison of (6:14) with (6:9) shows that

—A Sy S S |7 =2
A(A, a, ﬂ) = [0 S21 Sz.z S23
s Sz Sz Sgy s
which is exact for the NLS equation. It is interesting to note that the terms of degree

four in (o, £) in (6:15) provide the bandwidth of the unstable wavenumbers; whereas
the theory of Section 4 predicts only a band of unstable wavenumbers but not the

_ (et te f7)°

S (615)

precise width.

(b) Formal application to the water-wave problem. A second example is the water-wave
problem in three space dimensions (two, unbounded, evolution directions (x,y) and
a vertical dimension z). The problem of gravity waves at the surface of an inviscid
irrotational fluid of constant density is considered. The analysis of this example is
formal. No attempt will be made to give a rigorous proof of the instability criterion
here, although a rigorous proof is possible for water waves in some cases; for
example, Bridges & Mielke[13] give a rigorous proof of sideband instability for two-
dimensional water waves travelling in finite depth — the Benjamin—Feir instability,
the necessary technicalities would take us too far afield here.

The object is to transform the governing equations so that the water-wave
problem can be cast as a Hamiltonian system on a multi-symplectic structure.

The governing equations for the water-wave problem are as follows (cf.
Whitham[35, §13]). In the interior of the fluid the governing equation is Laplace’s
equation for the velocity potential:

e i S I

A¢—w+a—y2+w —h<z<px,y,t) (6:16)
for all (x,y)eR% At the bottom we have
¢,=0 at z=—h forall (x,y)eR%: (6-17)
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And at the interface the boundary conditions are

7/t+¢x)7t+¢y77u_¢z = 0}
PP+ by +¢2) gy =0
This system has a characterization as a Hamiltonian evolution equation of the
form (Zakharov[36], Broer[15], Benjamin & Olver[5])

z =, z,1). (6-18)

oH oH
P, =— a [
; 5 and 7, 30

where ®(x, vy, 1) dzﬁgb(x,y, 2 t) looya, g, and H is the total energy

Lo (Yo (7
H =f j U %IV¢|2dz]+§gn2 dxdy.
x, Jy, —h

We now show that the above-defined water-wave problem has a characterization as
a Hamiltonian system on the following multi-symplectic structure:

(M, 0D, 0P, 0P, 8).
To verify this, we first define the following skew-symmetric operators:

—1 ifi=1landj=2

MZ)=1{ +1 ifi=2andj=1 with ¢j=1,....,5

0 otherwise

0O —u 0 0 O 0O —v 0 0 0

u 0 0 0 0 v 0 0 0 0

KZy=]10 0 0 —1 0 and L(Zy=]10 0 0 0 —1
0 0 1 0 0 0O 0 0 0 0
6 0 0 0 0 0o 0 1 0 0
where u = ¢, |, and v= ¢, |,_ . Define the five-component vector
U . def
Z=14¢ with ¢ =¢[._. u=¢, v=g, (6-19)

where (®,%)eR? with A+9 >0 and (¢, u,v) are defined on the cross-section
ze(—h,y). For vector-valued functions of the form (6:19) a suitable inner product is

]
UV =U N+ U, T, +f (U Vs + U Vi + U V) dz
—n

where the m indicates the dependence of the inner product on position through #
appearing in the integral. The Hamiltonian function S is defined to be

)
S(Z) = %f (U +0v*— @2 dz—3gn? (6:20a)
—h
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with gradient (defined using the above inner product {-,->,)
05 /00 - ¢z |z=r/
o8 /dm F(W+ Vi3 — gy
VS(Z)E | 88789 | =
oS /ou
88/

Now, using the above definitions we find

P, . (6:20b)

— N —uy, —Viy
D, ud, vo,
M(Z)Z,+K(Z) Z,+LZ) Z, = | 0 |+ | —u, |+] =0,
0 . 0
0 0 9,

and equating this to VS(Z) in (6:200) results in

TN Wy — VI, = — ¢z |z=:/
O, +ud, +v0o, = Hu+v +¢2) |, —g7
- ux_Uy = ¢22
h,=u
¢, = .

The last two equations are identities and the third to last equation recovers Laplace’s
equation. The first equation is the kinematic free surface condition and the second
equation recovers the Bernoulli condition (using the identities @, = ¢;[._, + &, [._, 7;
for j =t, x or y).

We have verified that the representation

M(Z) Z,+K(Z) Z,+L(Z) Z,, = VS(Z), (6-21)

along with the definition of Z and the boundary conditions ® = ¢|,_, and ¢,[,__, = 0,
formally recovers the governing equations for the specified water-wave problem.

For the case of water waves where the free surface position is an unknown the
representation of the governing equations (6:21) in the abstract form (1-11) is
preferable. This is because the phase space for the system includes functions defined
on the interval ze(—%,%) which clearly depends on % (note also that the inner
product depends on 7).

It remains to verify that the three symplectic forms w@,j =1,2,3 are closed.
However, introduce the following one-forms,

)

K 4
al = —ddy, o? = j wdpdz and o = f vdg dz.
—h

—h
Taking the exterior derivative of the above one-forms results in
e}

do™™ = dy A dD

)
do® = j du Nd¢pdz+udy Add
=)

”
do® = J dv ANdepdz+vdy AdD.
—n
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Evaluation on tangent vectors leads immediately to the identities 0? = —da'? for
7 =1,2,3; the two-forms are exact and therefore, formally, closed.

In the case of one evolution direction (d, = 0) the Hamiltonian functional in (6-21)
can be identified precisely with the flow force for the water-wave problem (see
Appendix B). For the case of two (evolution) space dimensions the flow force is tensor
valued. For the water wave problem (6-:21) the impulse has two components, —®y
and —®y,, and the first component satisfies the conservation law

(—®y,),+ (1), + (Slzz)y =0

x

where S, = S—A—Jv v*dz and S, = J/ uvdz
~h ~h

(cf. Bridges[10, Section 2]). The functional S is the Hamiltonian function for the
system (6-21) defined in (6:20b) and 4 = — ®dy, is the action density for the system.
When 0, = 0 the term S, reduces to S—A4 and therefore the Hamiltonian function
is precisely the static part (the term A vanishing on time-independent states) of the
flow force. However when v & 0 the precise identification of S with a physically
relevant quantity is not immediately evident.

The theory of Sections 2 and 4 is formally applied to the problem of instability of
travelling waves on fluid of infinite depth in two space dimensions (the third, non-
evolutionary, space dimension associated with the vertical direction). In one space
dimension the instability of gravity waves was first demonstrated theoretically and
experimentally by Benjamin & Feir[4], Lighthill[22] and Whitham[34]. A rigorous
proof of instability for travelling waves in finite depth has recently been given by
Bridges & Mielke[13]. The instability of gravity waves in two space dimensions on
water of infinite depth was first demonstrated by Zakharov[36] and Benney &
Roskes[6] by deriving a modulation equation for the wave amplitude. The purpose
here is to sketch how the theory of Section 4 is formally applied to the simplest water-
wave instability in two space dimensions: gravity waves of infinitesimal amplitude
on deep water.

With Z = (¢, 9, ¢, u,v) the basic functionals for the water wave problem averaged
over T? with h— oo are (cf. Section 4)

S = % U Ly 402 — 2) d7——go;]dT

o zfﬁ — Oy, dT
-[l'3

K
B, = § j up, dzdT
T3J -0

I
B, = fﬁ f v, dzdT (6-22)
TJ -0

™ 2m)> )y Jo Jo

with § = kx, { = ly and 7 = wt. For a weakly nonlinear wave travelling in two space
dimensions we take the ansatz
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N =a,cos(x+z—t)+a,cos2(x+z—1)+...
¢ =b,eP?sin (x+z—t)+bye?P?sin2(x+2z—6)+ ... (6-23)

where p = \/(k*+1?).
By the variational principle of Section 2, the necessary condition for existence is
that VZ = 0 where

F(ay,....by,...;0, k1) =S —wd — kB —1%,
Substituting (6:23) into (6:22) and solving V& = 0 results in

w ;
b, = %al(l —3pay+5piai) + ...

)
b, =—a,—iwa’+...
P

—1 2
) ) . ) a, = 3paj+...
with dispersion relation

ﬁ(a%;w, k.l) = *—gp—gp*ai+... = 0. (6-24)

Note that, with respect to the variational principle of Section 2, the problem is not

complete in the form (6-24); it is completed by substituting (6-:24) into the constraint
sets of =1,, B, =1, and %, = I, resulting in v, k and [ as functions of [e ¥ < R

For the instability theory the matrix Hess;(S) is necessary. However, using the

fact that
VA
Hess,(S)™'= | VB, [, (6-25)

where V = (0,, 0, 0,), the inverse is constructed. For the actions we find

?

lo . low ) low : .
of = —§5af+..., P, =§§c;1> ai+... and %, =§]_gc;2> ai+... (6:26)
where (¢{V, ¢?) = (v, »,) are the components of the group velocity. Therefore (6-26)
can be expressed as

(A, B, B)) = —A(—1,0,,0,)+ ...

and therefore

A, A =4

Hess; (' =| —w, A —w, G—w, A —w, d—w,d |+....
—w, A, —w, A—w, A  —w, A0, A

For af sufficiently small

det (Hess (&)™) = /%o, Wk Okt 4
Wy Wy
; Sae Sz3 : :
However sign| 7| = sign (o) sign (Ag)
32 Ms3
and so sign *,22 2P| = sign Wk Ok gy a? sufficiently small. (6-27)
Sza Sy Wy Wy
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By formal application of Corollary 4-2 the wave is unstable if v, v, —0}, < 0. But

w® = gp and so
W Oy _ g (2P—k* =3kl
wy ) 4opP\ —2kl 2k —

(9 : 2 — Ii2) (202 — [2) — QL2 __ll<()
= (s 122 =) 2k =) k) = —

W, o
and det | *& U

Wy Oy

recovering the classic instability of deep water gravity waves in two space
dimensions. In fact (6:27) also recovers the well-known result, for infinitesimal waves
travelling in two-space dimensions, that if the dispersion relation is indefinite, w,,,
w,; — oy, < 0, the weakly nonlinear wave is unstable.

7. Concluding remarks

The properties and applications of a Hamiltonian structure, which generalizes
classical Hamiltonian structure for evolution equations by assigning a distinct
symplectic operator for each unbounded direction and time, has been presented. It
was shown that the multi-symplectic structure has general properties that make it
natural for the analysis of wave propagation problems. Applications of the abstract
properties of the multi-symplectic structure were presented: a variational principle
for space-time periodic states reminiscent of the variational principle for invariant
tori in finite-dimensional Hamiltonian systems, a geometric reformulation of the
concepts of action and action flux, a rigorous proof of the instability criterion
predicted by the Whitham modulation equations, a new symplectic decomposition of
the Noether theory, generalization of the concept of the reversibility to space-time
and a proof of Lighthill’s geometric criterion for instability of periodic waves
travelling in one space dimension.

It is noteworthy that the variational principle presented in Section 2 is not
restricted to periodic travelling waves. It applies to all space-time periodic waves and
a notable example is standing waves. However standing waves are truly space and
time periodic (whereas periodic travelling waves are time-independent in a suitable
moving frame of reference) and are therefore prone to small divisor difficulties. The
small divisor difficulty can already be seen by treating the wave equation on a fixed
spatial interval (cf. Wayne|[32]). However it would be of great interest to extend the
instability theory of Section 4 to the case of standing waves. The difficulty with
standing waves (outside of the functional analytic difficulties and small divisors) is
that the tangent space to the basic state includes {Z,, Z,}. Therefore the kernel of the
linear operator % in (4:5), that appears in the linear stability problem, is larger. Some
results towards this problem are in Bridges[11]. In the case of periodic travelling
waves, treated here, the tangent vectors Z, and Z, are not independent restricting
the kernel to the single element Z, as in (H3) of Section 4.

The concept of signature is important in the theory of Hamiltonian systems for
classifying instabilities. For example, Mackay & Saffman|[23] use the theory of
signature to classify the instabilities of large amplitude travelling water waves. In
the multi-symplectic structures framework new results on signature are possible by
generating a set of signature functions using each symplectic operator. In particular,
in Bridges[12], the properties of the signature family for linearized Hamiltonian
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systems on a multi-symplectic are introduced and it is shown that, whereas the
classical signature, associated with the temporal symplectic form, gives information
about eigenvalue collision leading to instability, the spatial symplectic forms
generate signature invariants that further classify the spatial spreading of
instabilities, and in some cases distinguish between absolute and convective
instabilities.

An interesting ramification of the multisymplectic structures framework is that
mean flow effects, which are important in the dynamics of water waves in shallow
depth fluid, can be characterized as drift along a group orbit. The connection
between symmetry and mean flow is treated in detail in Bridges[11] where it is also
incorporated into a theory for linear instability of periodic patterns on the ocean
surface interacting with a mean flow.

Finally we remark that a perturbation theory that uses the geometry of the multi-
symplectic structure can be constructed for systems with non-Hamiltonian
perturbations (damping, inhomogeneities, external forcing) of conservative systems.
The idea is to write a perturbed wave problem in the form (restricting to one space
dimension for example)

MZ,+KZ,—VS(Z) = eF(Z,x,t;€) (7-1)
where |¢] € 1is a small parameter. A familiar example that can be cast into this form

is the perturbed Sine—Gordon equation

0*u 0*u ou
——& =5 +sihu=—ela—+bcoswt+ccoskx|. 72
PR ( ot + ) (72)
The coefficients (a, b, ¢) are real numbers and ¢; = + 1. When ¢, = 41 the unperturbed
equation is the Sine-Gordon equation whereas when ¢, = —1 the unperturbed
equation is a semi-linear elliptic equation. Letting

b . c .
v=u+e—sinwt and w=u,—ee —sinkz,
w ’ k

the equation (7-2) can be expressed in the form (7-1) by taking S(Z)
= 1(v?—¢, w?) —cosu,

u 0O —1 0 0 0 ¢
Z=|v|, M=|1 0 0], K= 0O 0 O
w 0O 0 O —& 0 0

and

ab .
av—e—sin wit
w

F(Z, x,t)= —ésinwt
w

c .
——sin kx
k

Both cases ¢, = £ 1 can be characterized as perturbed multi-symplectic Hamiltonian
systems. The advantage of the multi-symplectic structure in (7-1) is that it provides
structural information about the unperturbed problem which contributes to the
analysis of the perturbed problem.
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Appendixz A. Symplectic and anti-symplectic involutions and reversibility

In this appendix the concept of reversibility of a Hamiltonian system is
generalized to the case of more than one reversible direction. Recall the definition of
reversibility for a classical Hamiltonian system written in the form

JU, =VH{U) Ue.l (A1)

where ./ is the phase space, J is a skew-symmetric operator associated with a closed
two-form and VH(U) is the gradient of the Hamiltonian functional. The system (A 1)
is called a reversible-Hamiltonian system if there exists an anti-symplectic involution
R that is, R satisfies

R=R"' and R*JR=-]J,

where R* is the formal adjoint of R, such that H is R-invariant: H(R-U) = H(U).
For such systems RU(—{) is a solution whenever U(f) is a solution since, acting an
(A 1) with R* results in

R*JU, = R*VH(U). (A 2)

But R*J = —JR, since R is anti-symplectic, and R-invariance of H implies that
R*VH(U) = VH(R.U) and therefore

—JRU), = VHRU), (A 3)

showing that RU(—t) is also a solution.

The concept of reversibility is now generalized to higher dimension with particular
attention to the role of the multi-symplectic structure. For simplicity consider a
Hamiltonian system on a bi-symplectic structure with governing equation

M(Z) Z,+K(Z) %, =VS(Z) Ze M, (A 4)

where .# is the phase space and the operators M(Z) and K(Z) are skew-symmetric
and associated with closed two-forms. There are two independent directions, x and
¢, in which the system can be reversible. We introduce the following definitions.

The system (A 4) is called t-reversible, or time-reversible, if there exists an
involution R, acting on .#,R, = R;*, such that S(R,-Z) = S(Z),

R¥M(R, Z)R,=—M(Z) and R¥K(R, Z)R,=K(Z).

In other words the involution is anti-symplectic with respect to the operator M(Z) but
symplectic with respect to the operator K(Z).

Similarly, the system (A 4) is called a-reversible if there exists an involution R,
acting on 4, R, = R}, such that S(R,.Z) = S(Z),

R*MR, Z)R,=M(Z) and R*K(R,.Z)R,=—-K(%).

In this case the involution is required to be symplectic with respect to the operator
M(Z) but anti-symplectic with respect to the operator K(Z).

The above definition of reversibility, in the context of multi-symplectic structures,
has natural further generalization to systems on higher space dimension.

A simple example of the utility of the above definitions is given by a semilinear
wave equation in one space dimension

gy — Uy = /ﬂ(u) (A 5)
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where V(u) is some smooth nonlinear function of . This system is clearly reversible
in both « and t; that is, if u(x,¢) is a solution then so is u(—w,t) and u(x, —t). By
letting v = u, and w = u, the system (A 5) can be reformulated as a Hamiltonian
system on a multi-symplectic structure

0O 1 0 u 0 0 —1 U V' (u)
-1 0 0 v +]0 0 O v = —v
) 0 0 0 w ), 1 0 0 w ), w
or with
0O 1 0 0O 0 -—1 u
M=] -1 0 0], K=]1]0 0 0|, Z=]w (A 6)
0O 0 0 1 0 0 w

and S(Z) = {w?—v?)+ V(u) the system (A 5) has the form
MZ,+KZ,=VS(Z) Zed < R

Introduce the following reversors

1 0 0 10 0
R,=]0 —1 0 and R,=]0 1 0
0 0 1 00 —1

It is clear that R, = R; ' and R, = R;! and since S(Z) is even in both » and w it
follows that S(R, - Z) = S(Z) = S(R, - Z). It remains to check the symplecticity of M
and K. Using the definitions of M and K in (A 6) we find

R,MR,=-M and R. MR, =M

R, KR, =K R KR, = —K.
Therefore R, is symplectic (anti-symplectic) with respect to K (respectively M) and
R, is symplectic (anti-symplectic) with respect to M (respectively K); establishing
a connection between the generalized reversibility and the generalized symplecticity
of the wave equation (A 5).

As a second example of the above definitions the Boussinesq equations will be
characterised as an x-reversible system in the above sense. In this example one of the
symplectic operators is Z-dependent. The Boussinesq equations are a model for
shallow water wave propagation and the system favoured by Boussinesq (cf.

Whitham [33],[35, p. 462]) is b+, +hat, = 0

w,+u, +gh, +ihghyy =0 (A7)
where ¢ is the gravitational constant, %, is the stillwater level, u(x,t) is the local
velocity and h(x,t) is a positive elevation function. Introducing a velocity potential
¢, with defining equation u = ¢,, allows integration of the second equation of (A 7)
to ;

G+ 3P+ gh+3hyny, = R(t) (A 8)
where R (t) is some function of time and # = h,. The above system can be written as
a Hamiltonian system on a multi-symplectic structure by introducing

h 0 0 Yy 1 0O 0 0 u
" 0O 0 0 o0 0O 0 0 &
" —w, 0 0 ol ¥ o o0 oo @Y
& 10 0 0 —u —h 0 0
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and S(Z) = Rh—3gh*+thu®*—1th,»* in which case the governing equations take the

form
MZ,+K(4) Z,=VS(Z) Zedl <R (A 10)

It is easily verified that M and K(Z) are skew-symmetric (with respect to the
standard inner product on R?*) and correspond to exact two forms.
Introduce the following involution

R, =diag[1, —1,1,1] with action R, -Z = (h, —u,n, ).

Then clearly R, = R and since S(Z) is even in w it follows that S(R,-Z) = S(Z). It
remains to check the action of R, on the symplectic operators. Using the definitions
of M and K(Z) in equations (A 9) we find

R,MR,=M and R, KR, Z)R,=—-K(R, 7%); (A 11)

that is, R, is symplectic with respect to M but anti-symplectic with respect to K(Z).
Therefore acting on (A 10) with R, results in

R, MZ,+R K(Z)Z,=R, VS(Z) = VSR, Z).
Using the properties (A 11) then results in

In other words, R, Z(—=x,t) is a solution of (A 10) whenever Z(x, ) is a solution. The
x-reversibility is a symplectic abstraction of the property that the Boussinesq
equations admit two-way propagation of waves.

Appendix B: Decomposing impulse and energy conservation

When a dispersive wave system is restricted to one space dimension there is an
interesting connection between the action and the impulse and the similarity leads
to a decomposition of the impulse conservation law.

The properties of impulse are defined in Benjamin|3] with respect to a classical
Hamiltonian structure. Here the properties of impulse in the classical setting and the
multi-symplectic structures setting will be compared. Consider a Hamiltonian
system on one space dimension and time with governing equation

M) Z,+K(Z)Z,=VS(Z) Zel (B1)
or in classical form

def

M(Z) Z, = VE(Z) = VS(Z)—K(Z) Z (B 2)

2

The gradient of £ in (B 2) is defined with respect to an inner product on .# that also
includes integration over x whereas the gradient of S in (B 1) is with respect to an
inner product on the phase space .#. The skew-symmetric operators K(Z) and M(Z)
in (B 1) and (B 2) are taken to be associated with exact two forms. Therefore we have
the following densities for the action and action flux (cf. Section 1)

A(Z) = {alZ), Zy)
B(Z) = {p(%). Z,» (B 3)

https://doi.org/10.1017/50305004196001429 Published online by Cambridge University Press


https://doi.org/10.1017/S0305004196001429

Multi-symplectic structures and wave propagation 183

where (-, - > is an inner product associated with the phase space .# (that is, without
integration over x or ¢) and for simplicity is taken to be independent of me.#. The
one forms (B 3) generate the symplectic operators as follows

M(Z) = Da(Z)* —Da(Z)
K(Z) = Dp(Z)*—Dp(Z) (B4)

where Da(Z) is the Jacobian with respect to Z and * indicates formal adjoint.

The impulse is defined for a classical Hamiltonian system in one space dimension
as the functional associated, through Noether’s theorem, with the translation
invariance of the system in the x-direction (cf. Benjamin|3]) and satisfies

M(%) Z, = VI(Z). (B 5)

The gradient VI(Z) in (B 5) is defined with respect to an inner product on .# that also
includes integration over x. The definition of action in (B 3) and its relation with
M(Z) in (B 4) lead immediately to the following definition for the impulse.

Given a Hamiltonian system in one space dimension (either classical or on a multi-
symplectic structure), with action density 4(Z) = {a(Z), Z,>, the impulse density is

o ) 1(Z)=LZ), Z,». (B 6)
This follows since

@1+ e8|, = DAL 2,5+ (o 2).6,)

= (DL 2, B+l ), 6~ (Do 2) 7,

- ai U Z), &) +<{M(Z) Z,.. &>
X

where we have used the assumption that the inner product does not depend on
position in the phase space (although such dependence is easily incorporated).
Taking variations § on an interval [z, x,| with fixed endpoint conditions on § and
integrating I(Z) over the interval recovers the required expression (B 5). Comparison
of (B 3) and (B 6) shows that the action and impulse density share the same one-
form.

The above definition of action and impulse leads to a useful decomposition of the
impulse conservation law. Here the derivation is easiest in terms of the multi-
symplectic structure. Differentiate the impulse density with respect to ¢,

It = <DOC(Z) Zt7 Zz> + <O('(Z)a th>
= DRI B, Do) B B ), 2

=<M(Z)Z. 2y + 4,
=A,—Z, M(Z)Z,> (skew-symmetry of M(Z)).
But substitution of (B 1) and the skew-symmetry of K(Z) lead to
Iy =A4,—VS(Z)=K(2) 2. 2, ) = A, —<VS(Z). Z,) = A, — 8

x
and so

1,+(S—A4), =0. (B7)
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In other words the flow force has two components; a static component, here denoted
by S, and a dynamic component which is precisely —4 where 4 is the action density.
The decomposition into a static and dynamic part is interesting for the multi-
symplectic structures framework because, in one space dimension, it is the static part
of the flow force that appears as the generalized Hamiltonian functional. Note that
in higher space dimension the impulse conservation law is tensor valued and the
generalized Hamiltonian functional for a multi-symplectic structure theory is no
longer related in an elementary way to the flow force.

Similar arguments can be applied to the one-form for action flux in (B 3) leading
to a decomposition of the energy conservation law. If B(Z)=<{p(%Z),Z,) is the

action-flux density then
. F(Z) = {p(%). 2 (B 8)
is the energy-flux density. To verify, note that the enegy density is defined, using
(B 2), as E(Z) = S(Z)—B(Z) and so
E,=8,—B,
= V8(2). 2) =DP(Z) Z, Zp = P(Z), Zie

(K24 MU 2y 2y~ B 2y~ RV 2, 2

0 i
=~ (B2
= _Fz

resulting in the following decomposition of the energy conservation law
(S—B),+F,=0 (B9)

where B and I are related by (B 3) and (B 8) and S is the static part of the flow force.
Combining (B 7) and (B 9) with (B 1) results in the interesting identities

S, =B,—F,=<K(Z)Z,.%,> and S,=A,—1,=M(Z) %, 7,>.

Appendixz C. Multi-symplectic structure and conservation laws

An important part of the theory of conservative systems is the Noether theory
that relates symmetries and conservation laws. When a conservative system has a
Hamiltonian structure the symplectic operator gives a natural correspondence
between symmetries and invariants or conserved densities (Olver|[28,29]). However
in the classical setting there is only one symplectic operator and therefore there is no
relation between symplecticity and the fluxes of a conservation law. In the multi-
symplectic structures framework such a connection is possible and leads to a new and
useful decomposition of the Noether theory.

In its simplest setting, finite-dimensional Hamiltonian systems, the connection
between symmetry and conservation laws can be stated as follows. Suppose Ue R*"

and JU, = VH(U) (C1)

with J the usual unit symplectic operator on R**. Suppose there exists a one-
parameter Lie group (/(¢) acting symplectically on R*" which leaves the Hamiltonian
functional invariant. Let

V= i[G(e) Ull.<o (C2)
de
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and suppose

JV =VPU) (C3)
for some functional P(U). Then 0,P = 0. A proof of this result for Hamiltonian
evolution equations is given in Olver[28]. Below we will generalise the result to
include fluxes.

The above result connects the action of the symmetry group with the conserved
densities but in the case of conservation laws of Hamiltonian evolution equations it
does not establish a connection between the action of the symmetry and the fluxes.
In the expression (C 3) it is the action of the symplectic operator, on the infinitesimal
action of the Lie group, that generates the gradient of the conserved quantity.
Therefore its generalisation to include fluxes is clear: act on V' with each element in
the family of skew-symmetric operators in the multi-symplectic structure to obtain
all the components of the conservation law. This leads to a new decomposition of the
Noether theory.

Let Ze.# and consider the Hamiltonian system

M(Z) Z,+ K (%) Z,+L(Z) Z, = VS(Z) (C 4)

on a multi-symplectic structure (4,0, 0?, »® S). We say that the system (C 4) is
equivariant with respect to the action of a one parameter Lie group G/(e) if

S(Gle).Z) = S(Z)
DG(e)* M(G(e)- Z) DG(e) = M(Z)
DG (e)*K(G(e) Z) DG(e) = K(Z)
DG(e)* L(G(e)- Z) DG(e) = L(Z). (C 5)

Propostrion C1 (Symmetries and fluxes). Let (M4, 0™, 0@, 0@, 8) be a Hamiltonian
system on multi-symplectic structure equivariant with respect to the action of a one-
parameter Lie group G(e) with generator V. Suppose there exists a solution Z(x,y,t)
satisfying (C'4) and functionals P(Z), Q(Z) and R(Z) such that

M(Z)V =VP(Z), KZ)V=VQZ) and L(Z)V =VR(Z). (C6)
Then P, @ and R, evaluated at the solution Z of (C'4), satisfy the conservation law
oP 0Q OR
ERE

Proof. The proof of this result is straightforward. Differentiating the first equation
of (C 5) with respect to ¢ and setting to zero results in
d

0 == 8(G(e) Z) |omg = KVS(Z). Vo,

M(Z2) Z+K(Z) Z,+L(Z) 2, V>,, (using (C4))

= —<Z. M(Z) V), —<Z. K(Z) V7, —LZy L(Z) V),
—LZy,VP>,,— L2, VQ>,—<%,. VR, (using (C6))
0P 0Q OR

o ox Oy

proving the claim. |
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Note that it is essential that the inner product not include integration over «, y or
t and only the abstract property that M, K and L are skew-adjoint is used (they can
be dependent on Z for example). The inner product is one associated with the phase
space .# and its tangent space. Note that the statement of the above result requires
changes if P, ¢ or R depends explicitly on x, y or t.

The above result generalizes the usual Noether theorem to include the relation
between the fluxes and the action of the symmetry group. This connection is of
interest when proving instability results for systems with mean flow effects which can
be characterized as space-time drift along the a group orbit (cf. Bridges[11]).

As an example of Proposition C1 it will be applied to the mass conservation law
for water waves. The symmetry, that generates the mass conservation law for water
waves is perturbation of the value of the velocity potential (Benjamin & Olver|5]).
Using the definition of Z in (4-4) the action of this symmetry group on .# is

(e)Z =Z+eV with V= (C7)

S O = O =

where V' is the infinitesimal generator. Using the definition of M, K and L for water
waves given in Section 6 we find

0
1
MZ)V=]10]|=VP with P=y (C 8a)
0
0
0
u )
KZ)V=]101=VQ with @= f wdz (C 8b)
1 —h
0
0
\% )
L(Z)V=|0|=VR with R =f vdz. (C 8e¢)
0 —h
1

Therefore by Proposition C1 it follows that F,+ @, + R, = 0 which is the well-known
mass conservation law for the water-wave problem. The identity (C 8«) is well known
and was first obtained in Benjamin & Olver[5] but the identities (C 8b,¢) are new.

Appendix D. Hamiltonian functionals

A property of the Hamiltonian functional in the classical case is that, when the
system is autonomous, the value of the Hamiltonian functional is invariant over
time. For a Hamiltonian system on a multi-symplectic structure the generalized
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Hamiltonian functional is not an invariant over time or space, even when the system
is autonomous; that is, S, M, K, L do not depend explicitly on z, y or {. For the case
of one space dimension this can be seen as follows

S, =<V8(2),Z,>,, = MZ,+KZ,,Z,>,, = <KZ,. 2>,
and similarly S, ={MZ,,Z,>,,

oenerates the conservation law

However the identity S,, = S,, g

0 0
T MZy, 7)1 —i—% KZ,,Z,>,, = 0.

For the case of two space dimensions the Hamiltonian function satisfies more
complex identities. First consider the following general result.

ProposiTioN D1. Let S(x,y,t) be a scalar-valued twice-continuously differentiable
Sfunction of (x,y,t)eU < R® and define

oS oS oS
a,(x,y,t) = R ay(x,y,t) = W and  ay(x,y,t) = —. (D 1)
Then the equation governing a = (ay,a,, a;) 15 a Hamillonian system on a multi-
symplectic structure (R, 0, 0@, 0®) with trivial Hamiltonian functional and where
oV, 0@ and 0@ span the Lie algebra so(3).

Proof. Since Se%? we obtain the following identities from (D 1) simply by cross-

differentiation
Oa, OJa, Oa, Oda, Oay Oa
T Mg, Z Tl and Z2_Cho
oy ox 0 at ox WME T T oy
or J,a,+J,a,+J;a,=0 (D 2)
with
0O 0 O 0 0 —1 0 1 0
J=lo o 1| L=|0o o o] and J=[—-1 0 of. w3
0 —1 0 10 0 0 0 0

Closure of the two-forms is immediate since they are constant. The Lie group SO(3)
is the group of orthogonal matrices on R*® with unit determinant. It is a three
parameter group with Lie algebra spanned by {J,,J,,J;} (Olver[29, p. 48]).

The vector a is in the normal space for level surfaces of S(x,y,t) and (D 2) is the
transport equation for a. Proposition D1 expresses the vector identity, that the
gradient operator is in the kernel of the curl operator, in terms of multi-symplectic
structure. Application of Proposition D1 to the Hamiltonian functional § leads to

a’l = _Agt = <KZx7 Z£>m - <LZy7 Zt>m
Ay = Sx = <MZt7 Zx>m + <LZya Zx>m
ay=2S,=MZ, 2, +<{KZ, Z,>,
with transport equation (D 2). It follows that the functional S is an invariant over
space and time only under exceptional circumstances. A special case in which § is
invariant is when Z,;, Z, and Z, are collinear (for example travelling waves).
Special cases of a Hamiltonian system on a multi-symplectic structure are
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obtained as follows. For simplicity of discussion consider the system restricted to one
space dimension (/,»™, »®,S) with governing equation

M(Z) Z,+K(Z) Z, = VS(Z). (D 4)

The classic Hamiltonian structure for the system, denoted (.4, ™V, H), is recovered
by taking
MZ, = VH(Z,Z,) with H(Z.Z,) = f 1S(Z)— B(Z)] du.
Ty
This corresponds to a classic Hamiltonian structure for the time-evolution equation
in terms of the larger set of corrdinates Ze.#. The difficulty with analysing this
formulation when 2€R is that one must specify the function space over x. On the
other hand the roles of space and time can be reversed with the system (4, »®, H)
with governing equation
ty
KZ,=VH(Z,Z,) with H(Z,Z,) = f [S(Z)—A(Z)]dt. (D 5)
tl
In this case the function space over time (say periodic functions) is specified in
advance and then one seeks all bounded solutions (in x) of the spatial ‘evolution’
equation. A special case is the analysis of time-independent states with evolution
equation K(Z)Z, = VS(Z).
A third possibility is to consider solutions of (D 4) that are stationary relative to
a moving frame. Let 6 = x—ct then (D 4) becomes

(K—cM) Z, = VS(Z). (D 6)

The Hamiltonian structure of spatial ‘evolution’ equations of the form (D 5)—(D 6)
are studied in Benjamin|3], Mielke[26], Baesens & MacKay|[2] and Bridges|7, 11].
For the system in (D 6) the functional S is an absolute spatial (6) invariant,

0,8 =VS(Z), Zy) = <(K—cM)Zy, Zy>,, = 0

because K —cM is skew-symmetric and S in this case can be identified with the flow
force for the system.

The case of two-space dimensions (cf. (1-12)) contains further special cases with
evolution in various spatial directions. Finally we note that the family of symplectic
operators oV, ..., 0™ is, to be precise, a basis for the multi-symplectic structure.
For example one can introduce a non-degenerate linear transformation T taking
o, ..., 0™ to a new basis QW ... QM
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