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ON THE HAMILTONIAN FOR WATER WAVES
WALTER CRAIG

ABSTRACT. Many equations that arise in a physical context can be posed in the form
of a Hamiltonian system, meaning that there is a symplectic structure on an appro-
priate phase space, and a Hamiltonian functional with respect to which time evolution
of their solutions can be expressed in terms of a Hamiltonian vector field. A normal
forms transformation for a Hamiltonian dynamical system given by such a vector field
is a change of variables in a neighborhood of a stationary point in phase space that
eliminates inessential terms, retaining only essential nonlinearities while preserving the
Hamiltonian structure of the system. It is known from the work of VE Zakharov that the
equations for water waves can be posed as a Hamiltonian dynamical system, and that
the equilibrium solution is an elliptic stationary point. This article discusses two aspects
of the water wave equations in this context. Firstly, we generalize the Hamiltonian for-
mulation of Zakharov to include overturning wave profiles, answering a question posed
to the author by T. Nishida. Secondly, we will discuss the question of Birkhoff normal
forms transformations for the water waves of equations, in the setting of spatially peri-
odic solutions. Our results describe the function space mapping properties of the normal
forms transformations, with and without inclusion of the effects of surface tension, and
the dynamical implications of the normal forms. This latter is joint work with Catherine
Sulem (University of Toronto).

1. INTRODUCTION

The equations for water waves describe the flow of an incompressible and irrotational
fluid with a free surface, under the additional restoring forces of gravity and with the
possibility to include the effects of surface tension. The fluid velocity u(t, z, y), expressed
in Eulerian coordinates, satisfies the conditions

(1.1) V-u=0, VAu=0,

in a fluid domain Q(t) C R%™! xR} whose boundary consists of two components, a bottom
described by a hypersurface s € R*! s b(s) € R? and a free surface given by a time
dependent hypersurface s € R¥! s ~(t,s) € R%. It is possible that the bottom is un-
bounded below, and indeed it is common to consider the case that the bottom boundary
lies at {y = —oo}. The free surface of the fluid domain itself, defined by the hypersurface
%(t, s), is one of the unknowns. Because of the constraints (1.1) the fluid motion is given
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by a potential flow
(1.2) u=Vp, Ap =0, in the fluid domain Q%) ;
e =0, bottom boundary conditions on (x,y) € {b(s) : s € R}

Denote the horizontal and vertical components of the hypersurface defining the free sur-
face of Q(t) by v(t,s) = (m(t,s),72(t, s)) (that is, z = 1 € R*? and y = 12 € RY),
and the space-time unit normal vector to the free surface to be N;,. Furthermore de-
fine the space-time vector describing the fluid velocity field as T ., = (1,u(t,z,y))* =
(1, V.49)T. Then the kinematic free boundary condition on the free surface {(z,y) € v}
is the geometrical condition that

(13) Nt,:c,y o Tt,z,y = 0 .

The physics of the flow of Euler’s equations is described by the second nonlinear boundary
condition;

(1.4) dp = —gr—3Vel*+0H(n) Bernoulli condition .

The force of surface tension is given by the term o H, where H(7n) is the mean curvature
of the free surface. We study both of the cases ¢ > 0 and ¢ = 0.

In the case that the the free surface is given as a graph, y = n(t,z), * € R%! the
conditions (1.3)(1.4) can be rewritten as

(1.5) Om = Oyp—0.m- 0 kinematic boundary conditions
e = —gn—3Ve|*+cH(n) Bernoulli condition .
This dynamic free boundary problem was recognized by VE Zakharov ([15] 1968) to be

a Hamiltonian PDE, which is to say that equations (1.2)(1.5) can be given the form of a
Hamiltonian system

2= X"(2), where X (z) = Jgrad,H(z) ,
with the Hamiltonian function H the total energy of the system (1.1)(1.2)(1.5), namely

1
(1.6) H= —// ]V<p|2dydx+g/ nzdx—l—a/ V1+10:m2—1dx .
2 Q(t) 2 Rd-1 Rd-1

A more subtle aspect is the choice of canonical variables for the phase space, which as
in [15] is normally given by z(z) := (n(z),{(z) := ¢(z,n(x))), namely

o (2’) - (—OI é) (fs;’g) : (_01 é) =1,

which is in Darboux coordinates in that the symplectic form is defined by J as given
above.

The goals of this article are (1) to explain this fact, (2) to extend the formulation of
the equations of water waves as a Hamiltonian system to the general case of equations
(1.1)(1.2) and boundary conditions (1.3)(1.4), which allows for overturning wave profiles,
(3) to use the resulting Hamiltonian formulation in an analysis of Birkhoff normal forms
transformations, which permits one to gain useful information about such free surface
flows, and (4) to justify on a rigorous level some of the function space mapping properties
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of the normal forms transformations. This latter is intended for use in studying the
dynamics of solutions of the water waves equations, including long time existence results,
KAM theoretic constructions, and analysis of the principal model equations that are
commonly used to describe ocean wave dynamics. The topic of Birkhoff normal forms for
the equations for water waves was the topic of the author’s lecture at the Kyoto RIMS
workshop.

2. HAMILTONIAN FOR OVERTURNING WAVES

During the RIMS Symposium on Mathematical analysis in fluid and gas dynamics in
Kyoto, T. Nishida asked the author whether Zakharov’s formulation of the water waves
problem (1.5) as a Hamiltonian PDE could be extended to take into consideration the
case of geometries of free surfaces that are not graphs, and in particular waves that are
overturning. A subtle issue in Zakharov’s formulation is the specific choice of canonical
conjugate variables, which appears to require remarkable insight, but in retrospect can
be deduced from a principle of least action & la Lagrange and a subsequent Legendre
transform [3]. It turns out that similar considerations are useful when seeking to describe
the water wave problem in general coordinates.

We will address this question essentially on a formal level, and in the case d = 2, for
which Q(t) C R?. Configuration space is taken to be the space of curves ' := {s > (s) :
s € R'}. To actually perform analysis for data in this configuration space, including
solving Laplace’s equation on the fluid domain (¢), we should give some topology to this
space, such as v € C'(R'), and we should consider free surfaces y(s) that have a limit
lim,, 10 7(s) = 0. Furthermore we should ask that there be a uniform lower bound on
the distance between « and the bottom boundary {b(s)}, and also that «y satisfy a global
chord - arc condition. However in the present context we will ignore these details.

2.1. Free surface boundary conditions. Given a one parameter family of curves
v(t, s), the velocity, which is the time derivative d;y(t, s) = (¢, s) defines a vector field in
the tangent space over the curve . A natural orthonormal frame for the tangent space
over 7(s) is given by (T(s), N(s)), where

_8a) e (01
= MO=-Te. =" o).

In the frame (T'(s), N(s)) the velocity + vector field can be represented by its coordinates

n(t,s)=N-%, 7(t,s)=T- 7.

The equations for water waves determine the evolution of the fluid domain Q(¢) and the
velocity field u(t, z,y) defined in Q(t). Because of the condition of irrotationality (1.1)
they can be reduced to two nonlinear boundary conditions posed on the free surface (¢, s).
The first of these is the kinematic condition (1.3), which in this frame is written

0=Nezy - Tegy=c(t,s)[N - ¥—N-1],
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where c(t, ) is a normalization irrelevant to the present discussion. When interpreted in
terms of the velocity potential V. ,¢(¢, z,y) = u(t, z,y) this is the statement that

(2.1) N. Vgo|7= N -4 =nf(t,s) .

With the foresight of Zakharov’s formulation, define £(s) = ¢(7(s)) to be the boundary
values of the velocity potential on the free surface y(s). Then the function n(s) can be
expressed in terms of the Dirichlet — Neumann operator for the fluid domain

(2.2) n(s) = G(7)§(s)

(and these quantites will depend parametrically on time t). Namely, ¢ is the solution
of Laplace’s equation on the fluid domain ) satisfying Neumann boundary conditions
on the bottom (z,y) = b(s) and with boundary data on the free surface v(s) given by
p(y(s)) = &(s), where the operator G(vy) is then defined by

£(s) = w(z,y) = Vo N :=G(7)4(s) -

The normalization for the Dirichlet — Neumann operator is that |N| = 1 (which differs
slightly from what is commonly used for the problem posed in graph coordinates). This
is an elliptic boundary value problem which can be solved for ¢(z,y), hence the map
& — G(v)¢ is well defined.

The Bernoulli condition (1.4) expresses the physics described by the Euler equations
on the free surface. Written in terms of &(t,s) = ¢(v(t,s)), for which 9,£(t,s) =
Bup(t,¥(t, 8)) = i + Vip - 4, this is

(2.3) 8t —Vo-y=—gn—3IVel*.

Recalling the definition that 4 = nN(t,s) + 7T(t, s) (and using that |T| = |[N| = 1 and
T.-N=0),
9s€

Ve 4= (Ve Nn+ (Vo T)r = (G&n+ 50 -
Therefore (2.3) is rewritten as
o N EPUVEY:
(2.4 0 = %+ § (GO ~ T (0 +25577]

where we have used the definition (2.2) for n in terms of &.

In general the geometry of the curve 7 can be recovered from T'(s) (or equivalently from
N(s)) by integration, but not its parametrization. However so far in this discussion we
have not addressed the issues of ambiguity that have been introduced by allowing arbitrary
(nonsingular) coordinatization of curves +(s). There exist numerous useful possibilities
to specify this parametrization, one standard one being as a graph, but another is to
parametrize by arc length. In this latter case

Osy=T, |T(s)|=1,
0,T =k(s)N, O;N=—k(s)T,
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which describes the evolution in s of the Frenet frame, %(s) being the curvature. In these
coordinates one recovers 7(s) from n(s); indeed because

0=08,|T(t s)]>=20,T -T =204 T
then one has
(2.5) O,7=0sy-T+% 0T =r7-N=kxn.
In arc length coordinates, equation (2.4) is somewhat simpler, namely
(26) 8¢ = —gm + H[(GME — (0.6 + 20,67]
In this case, the tangential component of the velocity is recovered from (2.2)(2.5), namely

9,7 = kn = KG(Y)E.

2.2. Legendre transform. The Lagrangian for free surface water waves corresponds to
the total energy of the system, which consists of two terms, the kinetic energy K and the
potential energy U;

(2.7) L=K-U.

The Legendre transform is the classical approach to transfer a Lagrangian system into
the canonical conjugate coordinates of a Hamiltonian system. When the Lagrangian
functional L is expressed in terms of the variables 4 and 4, by analogy with classical
mechanics one defines conjugate momentum variables via the Legendre transform as

§=104L .
The kinetic energy is given by the Dirichlet integral

K = [[ 3190t )P dyis

and the potential energy is respectively

U=//gydydx+0,
Q

which is, as usual, only defined up to an additive constant. If the effects of surface tension
were to be included in the equations of motion, then the potential energy has an additional

term, namely
U=//gydydx+a/ s, +C",
Q ¥

where dS, = |8s7(s)| ds. Our derivation below is in the case that o = 0, but by modifi-
cations of the argument the case o # 0 is also able to be included.

Integrating by parts in K and using the boundary conditions, we can express the kinetic
energy in terms of integrated quantities on the free surface

(28) K - [ jeceas,



103

WALTER CRAIG

We note that the normalization for the Dirichlet — Neumann operator G(7y) is different
from that used in [15] and [4], so that it is Hermetian with respect to the line element
dS,. Using (2.2) the kinetic energy can be written in terms of v and %;

(2.9) K(v,%4) = /%nG_l('y)ndS,, .

-
The potential energy U can be expressed with respect to the divergence theorem, using a
vector field V(z,y) = (0, £4*)7;

(2.10) U(7)=/ V-V(x,y)dvol=/V-NdS7+C /g I‘?;”lids +C.
Q Y

In arc length parametrization this would read
Uly) = / S30,v1ds +C .
v

In the case of general coordinates for the free surface v(s) = (711(s),72(s)), gradients
are expressed with respect to the metric given by f7 -dS,y. The tangent space T, at v to
the set of curves is given coordinates using the Frenet frame (7'(s), N(s)). Variations of
L with respect to vector fields Y (s) € T, along y(s) can be decomposed into their normal
and tangential components, namely

(0yL,0Y ), = /gradN,YL (N -8Y) +gradp L (T -6Y) dS, .
Y

If the vector field Y'(s) = 4(t, s) is the velocity of the curve (¢, s), this is written
(04L, 6%)y = / grady., L (N - 6%) + grady., L (T - 67) dS, .
v

In the case of the kinetic energy K above, and because of the decomposition §(s) =
7(8)T(s) + n(s)N(s), this is

(2.11) 55K =6,K +6,K =G (7)n+0 .

Thus ¢ = G~ !(y)n is the canonical conjugate variable to normal perturbations of a
given free surface 7, while 7 remains undefined without further specification of the
parametrization of the curve . This degeneracy will be resolved when a particular form
of parametrization is imposed.

Following the prescription of the Legendre transform (2.11) the Hamiltonian is given
by

(2.12) H= K+U-—/§G )eds, + 2 /7 laas“lds

The remaining questions are to how to best express the variables that are canonically
conjugate to £(s), and to show that the resulting equations of motion (2.2)(2.4) coincide
with the Hamiltonian vector field, namely

Oz = JgradH(z) .
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The gradient of the kinetic energy K with respect to £ is
grad K = C(7)¢

which corresponds to the conjugate of the normal variations of K with respect to 4.
Using the expression (2.10), the gradient of the potential energy is given by

_ [ 92707\ (ém
(2.13) (04U, 67) = /7 2<27265%) (572 ds

]
= / gr(s) N - (5:2) dSy

corresponding to the gradient of U with respect to normal variation of v itself, namely
grady s, U.

The gradient of the kinetic energy K with respect to -y is the more subtle quantity in
this formulation. Consider a fluid domain © with free surface v(s) and a family of nearby
domains §); with nearby free surfaces v1(s) = v(s) + dv(s). Denote the outward unit
normal by N(s) and N;(s) respectively. We consider the Dirichlet integrals

K(7,6) =1 / ESCMEE) S, K= Kne) =1 [ &s)Gm)Es)dS, |

for which we impose that the boundary values of the velocity potentials ®;(z,y) on 7
and ®(z,y) on + coincide

®(v(s)) = &(s) = @1(m(s))

while we vary the boundary curve 7(s) to v1(s) = y(s) + év(s). This is to say that one
takes the partial derivative of the kinetic energy with respect to variations of the domain,
while fixing the boundary conditions for the velocity potential on the free surface. To this
effect, the boundary values of ®(z,y) on the curve y;(s) are given by

B(11(s)) = @(v(s)) + V&(7(s)) - 67(s) + O(6?)
= ®(y(s)) + (V® - N)N - 5v(s) + (V& - T) T - §v(s) + O(¢?) .
Therefore
(2.14) ®1(71(s)) — ®(a(s)) = ~(V® - NYN - §v(s) — (V@ - T) T - 6+(s) + (9(62)

Furthermore, given a harmonic function ®(z,y) defined on a neighborhood that includes
QU Q, by Green’s theorem the difference of the boundary integral expressions for their
Dirichlet integrals is given by

(2.15) L[ @(n(s) N - VO (s)) dS,, — L / B(y(s))N - Va(1(s)) dS,

jast

=§// |V<I>|2dvolz%/|V<I>|2N-57(s)d57.
2\0 v
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Therefore the variation of the kinetic energy K with fixed boundary data £(s) is calculated
as the limit in small § of

K~ K =4 [ €605, - § [ €()00e() dS

mn

/ (1) N - Vs (1) dSy, — / B(y)N - Vd(v) dS.

gs!

(@1 — ®)(m) N1 - V®1(m1) dS,

"
+1 [ BN - Va(wds, ~ § [ @)V Vo) S, +O) .
m v

Using (2.14) in the first term and (2.15) in the second and third,

Ki—K = / —(V®- NP N - 6y(s) — (V- N)(VE - T)T - 64(s)dS,
1 / VBN - 6vdS, + O(52) .

Furthermore, both of the velocity potentials ® and &, satisfy Neumann boundary condi-
tions on the bottom (z,y) = b(s). Thus N - V®(v(s)) = G(v)&(s) and T - V®(4(s)) =

masg(s), giving an expression in the limit as § — 0 for grad,, K, namely

(2.16) (5K - ), = / grad, K - 6ydS,

=1/- N-§ ) N -dy—2 &)T - 6vdS, .
[ (G0N o+ (o) N oy - 2( 0G0 )T - v,
With these expressions in hand, we conclude that the equations of motion for the problem
of water waves takes the canonical form of a Hamiltonian system:;

(2.17) N -0y = grad . H
0 = _gra‘dN-J'yH

In general the choice of coordinatization of the free surface is made separately from
the decomposition of the tangent space T, into its normal and tangential components.
Variations Y'(s) = §(s) of -y are necessarily constrained by the coordinate choice to the
class of admissible variations. The choice of coordinitization determines the tangential
component of the velocity 7 = T'- 0yy as a function of the normal component, through the
constraints imposed by the coordinatization of the free surface. This applies in particular
to the time derivative of the curve, 4(s) € T,. That is, coordinitization dictates a relation
between T"- 6y and N - &y, say T - &y = T(7)(N - §v) in somewhat abstract terms. Thus,
in terms of such a coordinate choice,

@18)  madvak = §[(0) - (€0 —2(0e6mET)]
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This gradient is worked out in detail for several standard choices of parametrization in
the subsection below.

2.3. Particular coordinates. Common choices for the parametrization of the free sur-
face are: (1) the classical case of free surfaces given as a graph in z € R', which does not
allow for overturning free surfaces. (2) arc length parametrization of y(s) which are able
to describe overturning wave profiles. In these coordinates we have seen that 0;7 = kn.
(3) Lagrangian coordinates, for which fluid particle positions are advected by the flow,
8,(X (@), Y () = uw(X(t),Y(t)) = Ve(v(t,-)), or (4) conformal mapping coordinates as
used in [10]. Specifying the coordinatization of free surface curves 7 in cases (1)(2) and
(4) gives rise to systems of constraints which may be considered to be holonomic as they
are imposed independently of the velocity 4. The parametric specification by Lagrangian
coordinates in contrast is a nonholonomic constraint.

The traditional choice of parametrization is (1) to write the surface as a graph; in
such graph coordinates, where v = (z,7(z)), and the pair of variables (n(z),£(z)) are
canonically conjugate as given by Zakharov [15]. With the expression for the kinetic
energy K in terms of the Dirichlet — Neumann operator G(n) as in [4], then

H(n,€)=/ %ﬁG(n)éx/1+(3zn)2dr+2/ ndz .
R 2 R1

In these graph coordinates, v = (z,7n(z)) so that admissible variations are évy = (0, én),
and the relationship between N - v and T - év is given by

T-0y=0,nN-dvy.
The gradient of the kinetic energy is thus

5[(%}2)—2) — (G(me)" - 2(-1—:W5w€G(n)§ o.1)]

Because of this,

v () (an)

and the resulting equations (1.5) for water waves are given by

1
——0n=06H=G
o % (m¢

— — 1 2 (3z§)2 20:£G(n)€ 0zn
O =—6,H =—gn+ 5[(G(n)£) T @ T /i Gt ] :

Calculating for an independent verification of (2.4), one finds that in graph coordinates

0in0Ozn
T=——————==G(Nn)£0m .
T OF ()€ 0%
This system of equations, modulo the difference in normalization of the Dirichlet — Neu-
mann operator G(n), appears in [4], and is used in the existence theory for water waves
and many of its distinguished scaling limits in [11][12].
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Coordinates given in terms of arc length along the free surface v(s) allow the system
(1.3)(1.4) to describe overturning wave profiles. This choice of coordinates implies in
particular that d,y(s) = T(s) and 9, L T, since

10s7(s)P =1, 0=28,|057(s)|* =205y - 8} .

Indeed any vector field Y (s) along the curve (s) that arises from an infinitessimal motion
which preserves the arc length parametrization must satisfy

d

0=—| |0y +0Y|*=20,y-Y =2T-Y.

06 |5 057+ Y| v
Admissible variations v(s) are arc length preserving in the present case, implying that
Y = 9,6~ is as above, and hence

0=0,T-0v) =0T -6y+ T -0s6y=kN -7 .

This is the relationship between tangential and normal variations that applies to the gra-
dient of the kinetic energy, an interesting geometrical aspect of this choice of coordinates.

The resulting Bernoulli equations of motion are

06 =~ — §[(710) — (€ ~2(70.66ET)))]

where T () satisfies
85 (G()ET) = KG(V)§ -

3. MAPPING PROPERTIES OF BIRKHOFF NORMAL FORMS

Let us continue to restrict ourselves to the case of d = 2. In the coordinates above, for
z € R}, and in which the free surface is described as a graph 7(t,z) = (z,n(t, z)), and
following Zakharov [15], the problem of water waves (1.1)(1.2)(1.4) can be rewritten

o (2)- (% 0) (3)

which is a Hamiltonian system in Darboux coordinates. One expresses the Hamiltonian
H = H(n,€) using the Dirichlet — Neumann operator

£(2) = p(z,y) = N -V = G(n)(z) ,
so that

61 HmE) = [16meTTGalde+ [gpdo+o [VITOaE - Lo

The Dirichlet — Neumann operator G(n)¢ is linear in £ and nonlocal in both  and £. It
is admittedly quite complicated in its dependence upon 7. However it is known [1] that
for n € Bg(0) C C*(R%1), then G(n) with respect to 1 as an analytic operator H* — L2
At this point, and by convention, we normalize G(n) := G(1)+/1 + |0z1* so that G() is
Hermetian with respect to the metric dz. Therefore in this setting it can be described in
terms of its Taylor series expansion

Gm)é =G+ G™(nk .

m>1
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This gives in turn an expression for the water waves Hamiltonian, which in the case of
c=0is

(3.2) H(n,&) =H"(n,6)+ Y H™(n,¢)

m>1
HO — / LGO¢ + gPdz, H™ = / 36G™ ()¢ dz .

A normal form for a Hamiltonian is the result of a change of variables w := 7(z) which
eliminates inessential nonlinearities from the equations of motion. The Birkhoff procedure
is to perform normal forms transformations for each order of the Taylor series in turn,
while at each step employing a canonical transformation 7(™ in order to preserve the
Hamiltonian character of the evolution equations. The goal is to achieve the form of the
transformed Hamiltonian H*(w), where w = 7(™ ... 732

H*(w) = HO 4 (2O + ... 4 Z0™) 4 RM+D

where the terms Z() are free of nonresonant terms, consisting only of resonant monomials
of degree j. In this context we study the problem of water waves under periodic boundary
conditions in z € R!. In this case in particular, Z®) = 0 when ¢ = 0. The Birkhoff
normal form for water waves in this setting was studied in [2], where the normal forms
transformation 7(3 is shown to be well defined as a mapping of analytic scales of Banach
spaces. The proof is based on the abstract version of the Cauchy — Kowalevsky theorem
by Nirenberg [13] and Nishida [14]. However in the case that h = +oco one can do
better, exhibiting normal forms transformations that map a given Sobolev to itself; the
importance of this class of results is that they bring significant information to the analysis
of solutions to the equations of motion. This is the content of the following several
theorems.

Theorem 3.1 ([6]). Let d = 2, 0 = 0 (and h = +00) and fix r > 3/2. There exists
Ry > 0 such that for any R < Ry, on every neighborhood Br(0) C Hy x Hf the Birkhoff

normal forms transformation 74 is defined.

7@ . Bp(0) = Byr(0)
()7 Bg/1(0) — Bg(0)

The result is that w = 7®)(2) transforms H(z) to
Ht(w) = H?(w) + 0+ R (w)

The fourth order Birkhoff normal form is also addressed in [6], in which case (4
eliminates most resonant terms, however in order to remain a bounded transformation
some fourth order interactions remain, coupling certain pairs of high frequency modes
with two lower frequency modes. On a formal level this was addressed in the two articles
[8][7], with the surprising result that the formal fourth order normal form is completely
integrable. To describe this result, define complex symplectic coordinates based on the
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Fourier mode decompositions of (7, £);

1 2 )
(.60 === [ e (n(e), ) o
2 = %(ank +1iQ5 &) Qr = (%) v

and action variables
Il(k') = %(Z}czk + Z_ki_k) R Iz(k) = %(Zkzk - Z_kf_k) .

Theorem 3.2 (Dyachenko & Zakharov [8], Craig & Worfolk [7]). The formal second
Birkhoff normal form is

B =Y wnhi(k) - 5= 3 bl (1(k) = 3(AY)
(3.3) 2% Lk)Lk) + BV w)
|ka|<|k1]

=HO1) + B + R (w)

In particular, Benjamin - Feir resonant interactions do not enter in the Hamiltonian,
as the four wave interaction coefficients vanish. The quartet interactions occurring in the
Hamiltonian H are indexed by the Fourier indices

{(k17k2)k3,k4) S Z4 : Z?:lkj = O} .

The implication of the above calculation is that the coefficients on the transformed Hamil-
tonian H®* satisfy cg ks, = 0 Whenever the non-integrable resonant combinations of
wavenumbers and frequencies occur, namely

kiiky ks kg=n*:(n+1)?:n%(n+1)%: —(n® +n+1)%)
Wi twyiwgiwg=n:—(n+1):—nn+1): 0 +n+1)

The only remaining resonant terms are in cases k; + ks = 0 and k3 + k4 = 0, or else
ki + k3 = 0 and ks + kg = 0, whose role in the Hamiltonian H™®-* is described by (3.3).
Incidentally, H®) contains resonant terms that depend upon angles as well as action
variables, and are therefore nonintegrable in action - angle variables.

It is a fair question to ask about the function space mapping properties of the normal
forms transformation to fourth order. Among other things these would determine the
degree to which one controls the error terms resulting form the above formal calculations.
To this end define the energy space E™ := H; @ HZH/ 2. Due to Theorem 3.2 the resonant
set is

R={k1k‘4,k2k3>0:k‘1+k2=0=k‘3+k40!‘k1+k3=0=k2+k4}
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Define a quasihomogeneous neighborhood of R to be a set of near-resonant modes
Crt ={(ky, ko, k3, k) € Z* : Tj_1k; =0 satisfying
ks + ksl < (kal + [R2])* , [ks + kal < (|| + [Ral)™*
and either |ks| < 1/10|k;| or |ks| < 1/10|k4|}
The neighborhood Cy C Z* is similar, exchanging the roles of k; <> k3.

Theorem 3.3 (fourth order partial normal forms [6]). Let Q C Z* be any set of quartet
interactions, such that
Q\B,0)NCE =0 p<+oo
is symmetric under (k < —k), (k2 < k3) and (k1 © k).
Then for r > 3/2 there exists a canonical transformation Tg) on Br(0) C E" such that

P HO +HY + RO 5 H=H® + 79 + RO

such that supp Z® C C% . For (ky, ks, ks, ks) € R then
Zg?kz,ka,lm = Zl&??kz,ka,m ()

This is to say that most but not all of the nonresonant interactions can be eliminated
from the Hamiltonian H® by a canonical transformation on a fixed Sobolev space. the
difficulty with the remaining terms is due to the loss of 1/4 derivative in the Hamiltonian
vector field whose time-one flow is the canonical transformation to normal form. The four
mode nonresonant interactions that are not able to be eliminated by the normal form are
those that are asymptotically too close to resonance, as quantified by the quasihomoge-
neous sets Cﬁ. While this analysis does not quite allow one to remove absolutely all of
the resonant interactions from the Hamiltonian, it does allow one a partial normal form,
which is useful to prepare the system of equations for further analysis, such as for a KAM
theorem or a Nekhoroshev stability analysis.

In the case when the effects of surface tension are taken into account, Z®) consists of
special three-wave resonant terms having to do with the phenomenon of Wilton ripples.
Indeed when h < +o0o there are only a finite number of such three wave resonances. In
this case a similar statement to that of Theorem 3.1 holds, for » > 5/2 with however a
possible nonzero Z®), this is the topic of reference [5].

Theorem 3.4 ([5]). In the case of positive surface tension, with 0 < h < +oo, for
r > 1, the normal forms transformation 7®) : Bp(0) C H;* GBHETH/ 25 Ht GBHZ“/ 2
is a continuous mapping which eliminates all nonresonant terms from the equations of
motion. However for certain values of the parameters (g, h,o) the normal form Z® is
nonzero. These are three wave interactions whose physical manifestation is the phenomeon
of Wilton ripples.

The transformations 7(™ above, m = 3,4, are continuous mappings in the Hilbert
spaces specified above. One may ask whether they are smooth mappings, in the standard
sense that the Jacobian is a bounded operator. This is not the case, the flows which define
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these transformation being determined by unbounded vector fields. This is a situation that
is expected in the setting of partial differential equations. However the transformations
7(™) are smooth on a scale of Hilbert spaces. That is, in the case with surface tension the
Jacobian 8,7® is a bounded map on energy spaces of slightly lower regularity, namely

8,7®  Hy"? o Hf — H"'* @ Hf .
In the case of zero surface tension the Jacobian maps the analogous result is that
87 Hy '@ H™ - Hi '@ H[™' .

A second comment is that the case h < 400 and o = 0 is not covered by the Birkhoff
normal forms results above. This has been discussed by Zakharov [16] in a formal set-
ting. However the several special cancellations that occur in the calculation of K® in
particular do not hold in the finite depth setting, and certain estimates of the resulting
Hamiltonian vector field XX no longer hold. It would be important to understand the
analysis of this setting in a deeper way. A third comment is the observation that these
transformations generally mix the domain 7 and the potential £. This is an interesting
parallel to the fact that canonical transformations mix the configuration space variables
g with the momentum variables p, in accordance with the original ideas of Hamilton.

4. OUTLINE OF PROOF

This final section gives an outline of the proof of the above Theorems 3.1, 3.3 and 3.4
on the mapping properties of the normal forms transformations. Our source of canoni-
cal transformations is to make flows from auxiliary Hamiltonian vector fields, which are
designed so that their time-one flow is the desired mapping to the desired normal form.
In this section we will outline the mapping 7 of Theorem 3.1, which is rather a special
case. We also describe the strategy of proof for Theorem 3.4 where the main technique is
to derive energy estimates for the flow of the auxiliary Hamiltonian.

4.1. Proof of Theorem 3.4. The goal is to identify the resonant terms in the term H®
of the water waves Hamiltonian, in the case that h = +00 and o = 0. In this case

27
H®m, &) =1 [ &DnD -GG dx
0

1
=3 D (kuks + [Kallks|)6k eors

T k2 k=0
Proposition 4.1. (Conservation of mass) One can choose initial data no(z) = n(z,0)
such that M = f02" n(z)dz = 2mme = 0.
(Conservation of momentum) Unless (k,p — q) = 0 the interaction coefficients of the
Hamiltonian satisfy

Cpg =0

(Nonresonance) There are no nonzero m = 3 resonances for the water wave equations.
Indeed

(41) W(kl) + W(kz) + w(kg) =0 and k'1 + kz + kg =0
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implies kg = 0 for some £ =1,2,3

Our strategy follows classical lines, determining the desired canonical transformation
as the time-one flow of an auxiliary Hamiltonian system. The auxiliary Hamiltonian is
determined by the cohomological equation
(4.2) {K® H®} + H® =0

which is to be solved for K©®). This equation is a linear equation in the space of homo-
geneous Hamiltonian functions. The transformation 73 is constructed as the time s = 1
flow of the Hamiltonian vector field of K®| that is

d
= Jgrad K® .= XK@ (2) .

In case h = 400 the auxiliary Hamiltonian K® turns out to be remarkably simple
(43) K906 =} [ (ssn(D)n)’Digdo = } [ Po.ddo

where (7,€) := —isgn(D)(n, &) the Hilbert transform of our original physical variables.

Incidentally, the transformation (n, &) — (7, &) is canonical, as is the Fourier transform.
The auxiliary flow giving 7¢® is thus the solution map of

8.7 = —ii0,] = gradsK®

0sf = —ii0,6 = —gradK®
This is the flow for Burger’s equation for 7, and its linearization for £, which is an in-
teresting fact [6]. It is related to a similar result of Hunter & Ifrim [9], who also found
that the Burger’s equation eliminates the quadratic terms of the Burger’s — Hilbert model

equations, and as well it performs the same function for the water wave equations on deep

water.
To find a solution K that satisfies (4.2) is easier in hindsight than in foresight. Indeed

one only has to check the Poisson bracket { H®), K®} gives the right result. To this end,

{H®, K®} =1 / n|D| (isgn(D)n)* + | DI€ (isgn(D) (isgn(D)n| DI€)) dx

= [ 2o.(s(Dy)" e - / (isgn(D)n)d:£|DI¢ dz

The first term vanishes as it is a total derivative. To address the second we use an identity
for functions in Hardy space, that is, when g = —isgn(D)f is the Hilbert transform, then
f +ig is a Hardy function, for which there is a formula for the Hilbery transform of

products;
isgn(D)(fg) = 3(f* - ¢°) -
This expression gives

(HO, KO} =} [ n((0.07 - (DI do = HO,

verifying the equation (4.2).
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4.2. Proof of Theorem 3.4. Including the effects of surface tension, o > 0 and allowing
for 0 < h < 400, the dispersion relation is

w*(k) = (g + ok®)k tanh(hk) .

With this dispersion relation there are cases of resonant triples for particular values of the
parameters (g, h, o), namely for certain indices (k1, k2, k3) which are nonzero, kikqoks # 0,
then (w(ky), w(ks), w(ks)) satisfies (4.1). However if h < +oo these lie in a compact set in
k-space.

Aside from these resonances, solve the cohomological equation for K®

(H®, K®) = HO® _ 7

where Z®) consists only of resonant terms, that is it Poisson commutes with H®. The
strategy of the proof is to show that the Hamiltonian vector field X*© (n, &) satisfies
energy estimates on neighborhoods Bg(0) in the function space H;*™' @ Hg"'l/ > forr > 1.
The method of proof of Theorem 3.3 is similar, with the additional difficulty that the
energy estimates for XX (n,€) loses 1/4 derivative unless the domain Q is restricted to
lie outside of the quasihomogeneous sets C.

REFERENCES

[1] Coifman, R., Meyer, Y., Nonlinear harmonic analysis and analytic dependence. Pseudodifferential
operators and applications Notre Dame, Ind., 1984, Proc. Sympos. Pure Math., 43, 71-78, Amer.
Math. Soc., Providence, RI, 1985.

[2] Craig, W. Birkhoff normal forms for water waves. Mathematical problems in the theory of water
waves, Luminy, 1995 , 57-74, Contemp. Math., 200, Amer. Math. Soc., Providence, RI, 1996.

[3] Craig, W. Transformation theory of Hamiltonian PDE and the problem of water waves. Proceedings
of the Advanced Study Institute on Hamiltonian Dynamical Systems and Applications. NATO Science
for Peace and Security Series B: Springer - Verlag, (2008), pp. 67-83.

[4] Craig, W., Sulem, C., Numerical simulation of gravity waves. J. Comput. Phys.,108 (1993), no. 1,
73-83.

[6] Craig, W., Sulem, C., Normal forms transformations for capillary-gravity water waves, in Hamilton-
ian Partial Differential Equations and Applications, P. Guyenne, D. Nicholls, C. Sulem. eds., Fields
Institute Communications, 75, 2015, 73-110. DOI: 10.7/978-1-4939-2950-4. Springer.

[6] Craig, W., Sulem, C., Mapping properties for normal forms transformations for water waves. Bol-
lettino dell’Unione Matematica Italiana 9 (2016), DOI: 10.1007/s40574-016-0078-9, pp. 289-318.

[7] Craig,W., Worfolk, P., An integrable normal form for water waves in infinite depth. Phys. D 84,
1995, 513-531.

[8] Dyachenko, A., Zakharov, V.E., Is free-surface hydrodynamics an integrable system. Phys. Lett. A
190, 1994, 144-148.

[9] Hunter, J., Ifrim, M., Enhanced life span of smooth solutions of a Burgers-Hilbert equation. STAM
J. Math. Anal. 44 (2012), no. 3, 2039-2052.

[10] Kano, T. and Nishida, T. Sur les ondes de surface de I’eau avec une justification mathématique des
équations des ondes en eau peu profonde. J. Math. Kyoto Univ. 19 (1979), no. 2, 335-370.

[11] Lannes, D., Well-posedness of the water waves equations, J.Amer. Math. Soc. 18, 2005, 605-654.

[12] Lannes, D., The water waves problem. Mathematical analysis and asymptotics. Mathematical Sur-
veys and Monographs, 188. 2013, American Mathematical Society, Providence, RI.

[13] L. Nirenberg An astract form of the Cauchy - Kowalewski theorem J. Differential Geom. 6 (1972)
561 — 576.

{14] T. Nishida. A note on a theorem of Nirenberg. J. Differential Geom. 12 (1977) 629 — 633.



114

ON THE HAMILTONIAN FOR WATER WAVES

[15] Zakharov, V.E., Stability of periodic waves of finite amplitude on the surface of a deep fluid. J. Appl.
Mech. Tech. Phys. 9 (1968) 190-194.

[16] Zakharov, V.E., Weakly nonlinear waves on the surface of an ideal finite depth fluid. Amer. Math.
Soc. Transl. 182, (1998) 167-197.

DEPARTMENT OF MATHEMATICS, MCMASTER UNIVERSITY, HAMILTON ON, L8S 4K1 CANADA,
CRAIG@MATH.MCMASTER.CA



