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On gravity water waves

By

Keisuke UCHIKOSHI*

Abstract

Considering a 2D gravity water wave, we study the propagation of the singularity of the
surface profile. We announce a conjecture that this singularity propagates at the fluid velocity,
which means that a stagnation occurs there.

§1. Introduction

We consider the free surface of a 2D incompressible inviscid fluid without surface
tension. There are many problems about the motion of the free surface governed by the
Euler equation. For example, the relation between the fluid bed and the fluid surface,
and the relation between the pressure and the fluid surface are studied. We only refer
to an introductory explanation in chapter 8 of [2] for such problems. In this article
we discuss about the singularity propagation of the free surface profile. However, the
author has not given a complete proof of the result, and this is an interim report of such
an investigation.

Let * = (wg,2') = (2", 22) = (z0,71,72) € R3. We denote the fluid surface by
H = {z € R3 x5 = h(z")}, and H(zo) = {2’ € R?; (x9,2’) € H}. We assume that
w = {z € R?® x5 < h(2")} is occupied by a incompressible inviscid fluid without
surface tension. We assume that H has an isolated singularity at a moving point
A(zg) = (A1(x0), A2(z0)) € H(xg).-

Let u(z) = (u1(x),u2(x)) be the fluid velocity, and p(z) be the pressure. We
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consider an initial-boundary value problem for the Euler equation:

OpoU1 + U105, U1 + U20,u1 = —M,
p
OpoU2 + U1 0z, U + U205, us = —% —gq,
divu = 0,
(1.1) Opoh + 110z, h = uz on H,
uj (0,21, 2) = uj (1, 22), 1<j<2
0% p(wo, 1, h(zo, 21)) = p? (0, 21), 0<j<1,
h(0,21) = h%(x1).

\

Here p is the density of the fluid, which is a constant by assumption, g is the gravitation
constant, and n denotes the unit normal vector to H, pointing upwards. We assume that
H has sufficient regularity and n is well-defined. Furthermore, u(} (71, 72), p’ (20, 71) and
hP(x1) are some given functions. We must assume

(1.2) divu® = 0.

Note that we impose initial conditions for u(z) and h(z”), but boundary conditions
for p(z). It is natural to assume that p°(zg,z1) is equal to one atmospheric pressure.
For technical reason we impose not only the Dirichlet condition but also the Neumann
condition for p(x). We need to determine wuy,us, p, h.
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Figure 1. Singularities of the solution

We consider the following situation. We assume that uq(x), us(z), p(z) have singu-
larities along a hypersurface S = {z € w; x1 = s(xg,x2)}, and that ({xo} X H(z))NS =
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{(xg, A(x0))} as is illustrated in Figure 1. In this figure, we describe as if the velocity
is discontinuous along S, but in fact the sungularity is not so outstanding. As we shall
assume later, it has sufficient continuity along S, and analytic outside of S.

We consider the following additional conditions.

.
0208 + u20,,8 =u1 on S,

(1.3) Ol = b=
5(0,29) = 8% (x9),
\Aj(O):(), 1<j<2.
We must assume
(1.4) h°(0) = s°(0) = 0.

Let us remark the following facts.

(a) By definition, the velocity of A(xg) is called the wave velocity, i.e., the shape of the
surface looks like moving with velocity dA/dx.

(b) It is known that the singularity set S in the fluid moves at the fluid velocity (See
3, 4]).

The wave velocity and the fluid velocity are different notions. If they coincide at a point,
then such a point is called a stagnant point (In fluid dynamics, a stagnant point is a
point in a flow field where the velocity of the fluid is zero. But here we use stagnation
in the former sense). In many studies about the fluid surface, it is assumed that there

are no stagnant points, but perhaps the following is true:

(c¢) Usually, the wave velocity and the fluid velocity take different values. In this case,
singularities never appear on the fluid surface.

(d) If the wave velocity and the fluid velocity take the same value at a point on the
fluid surface, then the surface may have a singularity there.

Many people study case (c), and we consider case (d).

Let us state the problem more precisely. Considering = as a coordinate system in
C3, we assume that the functions are holomorphic on some complex domains. Let us
denote by R(X) the universal covering space of a complex domain X, and by O(Y") the
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set of single-valued holomorphic functions on Y. Let 0 < ¢ < 1. We define

Q ={z € C3 |z;| <r (0<j<2)},
Q ={(z1,22) € C% |z;| <r (1 <j<2), 23+ 23 # 0},
0 ={(zo,21) € C?; |25 <7 (0<j < 1), 21 # Ar(20)},
B(r) ={z€C; |z] <1},
OF~4(R(Y')) ={f(z ’) O(R(Y));
0% f(x)] < EIM(mln |21 4+ /= 1lxs ) 1=k 4D+ 0/ < K},
O 1(R(Q")) ={f(@") e O(R (Q")),

104, F(2")| < 3M a1 — Ay (wo)| 9+ 1< K},
O 4(R(B(r) \ {0})) = {f(2) € O(R(B(r) \ {0}));
[0Lf (2)] < 3M|2|CFF0+ 1 < kY.

for k € {1,2,3,---}. Here we have denoted ¢ty = max(t,0). We assume the following
conditions.

ui ('), us(a’) € O°~UR(Y)),
h(z1),s%(z2) € O U(R(B(r) \ {0})),

|5 ()], 105, hO (1)1, |0m, 8% (22)] <1, 1<j <2

Note also that the last assumption means that the surface is very calm. It may be
possible to weaken this assumption. Furthermore, we require that p°(z”) and p'(z”)
are given in such a way that we have

Pl ("), 0a,p(a” B(a")), Dupla, (")) € OF IR,

Here we do not discuss about this condition any more. Under these assumptions, the
author is trying to show the following results. For the sake of convenience, we only
consider solution for real variables on a small neighborhood of the origin.

1. Ai(zo) and Ay(zg) are analytic.
2. h(xg,x1) is analytic for z1 # A1 (xo).
3. s(xg,x2) is analytic for xo # Aa(xo).

4. up(x),us(x), p(z) are analytic for x1 # s(xg, x2) (This result is different in a complex
domain, as we shall later see).

5. The derivatives of these functions of order at most two have Holder continuity of
exponent 1 — ¢ containing their singularity sets.
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The fluid surface has a singularity at A(xg), and this point is moving with the fluid

velocity. This means that A(z() is a stagnant point.

§ 2. Sketch of the main idea

We briefly see only the main idea of the investigation. We use two fundamental
methods in fluid dynamics.

First, let us rewrite the divergence zero condition divu = 0 in (1.1) following a
common method in this field (See [1] for example). We assume that all other equations
n (1.1), but for the divergence zero condition, and (1.2) are true. Then we have

d7.p
O B+ 38+ ) = 222
and thus
9% p
(amo + Ulaml + Uanz)aml'Ul + 8x1u1 . 8w1u1 —+ 8m1uz . amzul — _3071‘
Similarly we have
9% p
(Opy + 10y, + U204,)Opyttn + Opyty - O, U + OpyUs - OpyUs = — x;
It follows that
Ay
(amo + Ulaml + U2(9x2)(div 'U,) + Z 8ﬁ?juk . 6a:kuj — pp,

1<5,k<2
where Ayp = 02 p + 02,p. Under the condition (1.2) we have
divu = 0 <= (8960 + ul&m + U26x2)(diV u) =0
<~ A.p= —p Zlgj,k§2 8wjuk : (%ckuj.

Therefore in (1.1) we may replace divu = 0 by A,p = —p Z1§j,k§2 O Up - Oy uj. Again
we write the important parts of (1.1).

( 0
Oy U1 + U105, U1 + u205,u1 = _lep,
0
a{l:ou2 + u18I1u2 + u28$2u2 = - x2p - g?

\Awp = —p Zlgj,k:§2 8xjuk . kauj'.

The singularity propagation is governed by the left hand sides. This means that there
are three singularity sets of the solution in a complex domain. One of them is S, and
the others are the characteristic hypersurfaces of A, through (A;(z¢), A2(xo)).
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Secondly, we employ the method of characteristic functions. This means to consider

two functions y; (x) and y3(x) defined as follows:

(amoyl + ulaxlyl + UQamgyl = 07

Oz Y2 + U105, Y2 + u205,Y2 = 0,
(2'1) 0 1 2

y1(0,$c1,:c2) =T — SO(xQ)v

\y2(0;x13x2> = T2 — hO(ZEl).

These are characteristic functions of the flow. The singularity set S inside of the fluid
is given by y;(xz) = 0, and the surface profile H is given by ys(z) = 0. We define
yo(x) = z¢ and y(x) = (yo(x),y1(z),y2(x)). We assume that we can define its inverse
function z(y) = (zo(y), z1(y), z2(y)). Then we have

(‘9300 + ulé?wl + UQan = Z (&coyj + ulamlyj + ugamyj)@yj.
0<5<2

Here we have
17 .7 - Oa

0, 7#0,

and thus 0, + ©10y, + u20,, = 0y,. Furthermore, it follows that u; = (05, + ©104, +
U205, )T = Oy,x; for 1 < j < 2. We can rewrite (1.1) as follows.

OzoYj + 10z, Y5 + U20,,Y; =

( a:l: P
8130331(: 8youl) = _Tla
Oz
81303:2(: a?JOUQ) - L g,
(2.2)
Aap = =P 2 1<jk<a On; (Oy;2n) - Oy (Byowj),
0, x1(0,y1,92) = (1, 92), 0<j<1,1<k<2,
xaigp(yovyl;o) =17 (Y0, 1), 0<j5<1.

Here the derivatives in x must be rewritten in terms of derivatives in y.

By assumption we have y ~ x and thus A, ~ Ay = 851 + 852. Using the new
coordinate system, we have simplified the problem. In fact, we have S = {y; = 0} and
H = {y2 = 0}. We can solve (2.2) outside of the following sets:

Ko ={y € C? y; # 0},
K_={yeC?% |y1 — vV—-1y2| < |y + V—1y2|/2},
K. ={yeC?% |y1+vV—-1y2| < |y1 — vV—1y2|/2},

Here K. is a conical neighborhood of {y; F v/—1y2}, which we do not calculate in
precision. This is because they do not appear in the real domain. Considering the
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coordinate transformation from y to x, we obtain the solution of (1.1). We can define

h(zxg,x1) and s(zg,x2) by

To = h(:Eo,iL‘l) = Yz = O,
x1 = (g, x2) < y; = 0.
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