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1. Introduction

The classical problem of traveling two-dimensional gravity water waves with vorticity can be de-
scribed mathematically as a free boundary problem for a semilinear elliptic equation: given an open
connected set £2 in the (x, y) plane and a function y of one variable, find a nonnegative function y
in £2 such that

Ay =—y() in2N{y >0}, (1a)
vy, y))> ==y on2nafy >0} (1b)
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For a motivation of (1) as well as a mathematical background concerning existence, regularity, extreme
waves and stagnation points see for example [1,2] as well as the introduction of the paper [3]. Note
that problem (1) is also relevant for the description of more general steady flow configurations (for
example, the fluid domain could have a nonflat bottom, and there could be some further external
forcing acting at the boundary of the fluid region which is not in contact with the air region).

In the present paper we derive a formula for the second variation of the stream function energy

E(W) = / (VY12 =20 0) — yxiw0)

of (1) at critical points which are allowed to have isolated singularities; here I" is a primitive of y.
This energy functional resembles the functional introduced in [4], where various variational formula-
tions for steady water waves with vorticity have been investigated. The functional introduced in [4]
has been further pursued in [5] with the aim of establishing some formal stability. Although E(v) is
not the physical energy, the value of the second variation at a given solution can give us a hint as to
whether that solution could possibly be constructed minimizing the energy E which could then be
done by direct methods in the calculus of variations. Moreover, in the case of zero vorticity, we obtain
from our result an expansion formula for

/ V(¢ +e0)|
D¢

in €, where ¢ is the velocity potential and ¢ is a harmonic function with homogeneous Neumann
boundary values on the boundary of the physical domain §2, such that ¢ + €¢ has homogeneous
Neumann boundary values on the perturbed free surface aD;.

We are particularly interested in solutions with singularities arising for example at stagnation points,
that is points at which the relative fluid velocity (v, —x) is the zero vector. Stokes [6] conjectured
that, in the irrotational case y =0, at any stagnation point the free surface has a (symmetric) corner
of 120°, and formal asymptotics suggest that the same result might be true also in the general case
of waves with vorticity y #0.

In the irrotational case, the Stokes conjecture was first proved, under isolatedness, symmetry, and
monotonicity assumptions, by Amick, Fraenkel and Toland [7] and Plotnikov [8] (see also [9] for a
simplification of the proof in [7]), while a geometric proof has recently been given in [10] without
any such structural assumptions.

In the case y =0, it was proved in [11] that, at stagnation points, a symmetric monotone free
boundary has either a corner of 120° or a horizontal tangent. Moreover, it was also shown there that,
if ¥ > 0 close to the free surface, then the free surface necessarily has a corner of 120°. The existence
of waves with nonzero vorticity, having stagnation points has been obtained in the setting of periodic
waves of finite depth over a flat horizontal bottom under certain assumptions in the paper [12]. The
result [3] reveals the possibility of cusp singularities and excludes horizontally flat singularities in the
case that the vorticity is O on the free surface and the free surface is an injective curve. In the case of
disconnected air components however, the possibility of horizontally flat singularities remains even
for zero vorticity (see also [10]).

This variety of possible singularities raises questions of physical stability — which we will not
address in the present paper — as well as the question whether certain singularities might be stable
with respect to the stream function energy E and thus possibly constructible as minimizers of E.

Let us briefly state our main results and give a plan of the paper:

Main Result A. (Cf. Proposition 4.3.) Let v be a suitable weak solution, and let O be an isolated stagnation
point of . The second variation in direction ¢, where 0 < g € C§°(B1 \ {0}) and ¢ is the harmonic function in
{¥ > 0} N By with boundary data g on o({y > 0} N B1), is given by
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82V () = / ;2<"2 +K—&)cm1

2y v=y
3{>01NB;
+ f (Ve -y @)e?):
{(¥>0}NB;

here v is the outward unit normal on d{ys > 0} and k is the curvature on d{ys > 0} (nonnegative if {y = 0}
were convex).

The second variation formula is applicable to all isolated singularities, including the more diffi-
cult horizontally flat singularities and cusps, however precise estimates for the regularity of the free
boundary close to singularities are known only in the case of Stokes corner asymptotics (for a proof of
regularity see [3, proof of Theorem 10.1]), we confine ourselves in the present paper to singularities
with Stokes corner asymptotics and obtain:

Main Result B. (Cf. Theorem 5.1.) Let < 0, let Y be a suitable weak solution, and let O be a stagnation point
of ¥ with Stokes corner asymptotics. Then s is unstable in B1(0) with respect to the stream function energy
in the sense that there exists a test function ¢ such that 8% J¥ (¢) < 0.

For zero vorticity we expect the same instability of horizontally flat singularities, but for nonzero
vorticity our second variation formula suggests the possibility of singularities minimizing E in the case that
the Rayleigh-Taylor condition is violated. However, in order to investigate these issues without assuming
too much regularity we need regularity theory in the vein of [13] or [14], which we defer to future
research.

Plan of the paper. After clarifying our notion of solution and extreme waves in Section 3, we follow
in Section 4 the approach in [15] (carried out for the Bernoulli problem) in order to compute the
second variation in the water wave problem. Last, we use in Section 5 ideas of [16] in combination
with original ideas in order to prove that the second variation is negative in certain directions in the
case of Stokes corner asymptotics.

2. Notation

We denote by x, the characteristic function of a set A. We denote by x = (x, y) a point in R2, by
X -y the Euclidean inner product in R? x R?, by |x| the Euclidean norm in R?, by B,(x?) := {x € R? |
|x —x% < r} the ball of center x° and radius r and by B, the ball B,(0). Also, £" shall denote the
n-dimensional Lebesgue measure and H° the s-dimensional Hausdorff measure. By v we will always
refer to the outer normal on a given surface.

3. Weak solutions

For the sake of convenience we are going to reflect solution etc. at the line {y = 0}. Let £2 be a
bounded domain in R? which has a non-empty intersection with the {y = 0}, in which we consider
the combined problem for fluid and air. We study solutions u, in a sense to be specified, of the
problem

Au=—f(u) in2N{u=> 0},
[Vul?=y on £ Nafu=>0}. 2)

The nonlinearity f is assumed to be a C' function with primitive F(z) = fozf(t) dt. Since our results
are completely local, we do not specify boundary conditions on 952.
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Definition 3.1 (Variational solution). We define u € Wllo’cz(Q) to be a variational solution of (2) if u

O@nc2@n{u>0),u>0in £, u=0in 2 N{y <0} and the first variation with respect to
domain variations of the functional

Jv) = /(lV\’l2 —2F(V) + Y X(v=0})
2

vanishes at v =u, i.e.

d
0= —E](u(x+8¢(x)))

e=0

= /((|Vu|2 —2F(u)) dive — 2VuDéVu + y xu=0y dived + xu=0y$2) dx
2

for any ¢ € C}(£2; R?).

Since we want to focus in the present paper on the analysis of stagnation points, we will assume
that everything is smooth away from y = 0, however this assumption may be weakened considerably
by using in {y > 0} regularity theory for the Bernoulli free boundary problem (see [17] for regularity
theory in the case f =0 — which could effortlessly be perturbed to include the case of bounded f —
and see [18] for another regularity approach which already includes the perturbation).

Definition 3.2 (Weak solution). We define u € Wfo’cz(.Q) to be a weak solution of (2) if the following are

satisfied: u is a variational solution of (2) and the topological free boundary d{u > 0} N2 N{y > 0} is
locally a C2“-surface.

Remark 3.3. It follows that in {y > 0} the solution is a classical solution of (2).

Definition 3.4 (Stagnation points). Let u be a variational solution of (2).
We call S*:={(x,y) €2 |y=0 and (x, y) € 3{u > 0}} the set of stagnation points.
If X% € S and

x0 + rx 3 57 T
% — ug(x) =132 cos(i(min<max<6, %) ?> - 5)) in Wllo'cz(Rz),

then we call x a stagnation point with Stokes corner asymptotics.
Definition 3.5 (Extreme waves). If S # (4, the solution u is called an extreme wave.

4. The second variation formula

Let J(v,B1) = f(v>0}m31 (IVV|2 =2F(v)+Y), let u be a weak solution in the sense of Definition 3.2,
and let 0 be an isolated stagnation point of u.

For 0 < g € Cg°(B1\ {0}), let ¢ be the harmonic function in {u > 0} N B1 with boundary data g on
d({u > 0} N B1). We define v =u —¢¢ and D, = {x € B1 | u(X) < €¢(x)}. Then

/ [Vve|? = / u(uy — &) dH! — / VeAVg

{ve>0}NB; 3B1N{u>0} {ve>0}NB;

_ f Wity — ecy)dH! + f Fwyve

3B1N{u>0} {ve>0}NB;
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where v is the unit outward normal on the boundary. Thus

/ IVvel® — / |Vul?

{ve>0}NB4 {u>0}NBq
=—¢ / ugy dH' + / f—ep) - / fwu
dB1N{u>0} {ve>0}NB4 {u>0}NB;
=—¢ / gy —upl)di' + / fay—er) - / fayu
dB1N{u>0} {ve>0}NBy {u>0}NB;
=—¢ / ey —uyO)dH! — e / Cuy dH!
d(B1N{u>0}) 3{u>0}NB;
+ / fwy@w—eg) — / fwu
{ve>0}NB1 {u>0}
—e [ ewan-e [ jwc-e [ rac- ff(u)u
d{u>0}NBq {ve>0}NB4 {u>0}NB;
because ¢ =0 on dB; N{u >0}, u=0 on d{u >0} N By and u, = —,/y on 3{u > 0} \ {0}. Moreover
"(u
f F(ve) — / F(u)y=—¢ / fuye + &2 / %{2 — / F(u) +0(82)‘
{ve>0}NBy {u>0} {ve>0}NB4 {ve>0}NB4 De

It follows that

J(ve,B1) = J(u,By) =¢ / (ﬁdHl—/Y—SZ / flae?

9{u>0}NB; D¢ {ve>0}NB1

—5/f(u);+2/F(u)—/f(u)u+o( )

De

Lemma 4.1. Let z : R — R?, z(s) = (s, n(s)). In the coordinate system X(s, t) = z(s) — tv(s) (here v is the
outward unit normal on d{u > 0}) the volume element

dx = (1 —ti)dH dt

where k = S — is the curvature of 9{u > 0}.
W1+1)?)3 f o }
Proof. Since X(s, t) = (s — t —1&)
(s,t)=¢( YTk n(s) + *1 ywes )2)
1—t(——L—) —=L
DX(s, t) = Vit J1a)?
n/ +t( 1 )/ 1
V1M 1402
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Thus
1 1 tn”
det(Dx(s, t)) = —
X0 = A T e s
N (n/)z B tn/n// n/
JI+@)2  A+H32 1112
_ ; 3 B r’//
=1+ 07 (1~ )
=1+ () —two).
Therefore

dx = |det(Dx(s, t))|dsdt = (1 — ti)/1+ (17’)2 dsdt

=1 —tk)dH'dt. O
Similar to [15, Remark 1], we have
Lemma4.2.u,, = ,/yk — f(0) on 3{u > 0} N (B, \ {0}).

Proof. Let X0 = (xo, yo) € 9{u > 0} N (B, \ {0}). Rotate the coordinate system around x% such that
d{u > 0} is locally the graph of y = (x) and n’ =0 at x°. Since u(x, n(x)) = 0 near x°, differentiating
with respect to x yields

Uy +uyn =0
and
Uxx + Uyxn' +uyn” =0.
Thus at x°,

"
uXx = —Uyn = uVK = _q/yOK.

Moreover, since Au = —f(u) and f(u) = f(0) on d{u > 0}, we obtain at xg

uvv:uyy:—uxx—f(o):«/y_OK_f(O)' O

We are now ready to expand the term st y in €: z(s) — tv(s) € 9D, is equivalent to

u(z(s) — tv(s)) = et (z(s) — tv(s)).

Taking Taylor’s expansions at t =0, we have

2
ey + (VYK — f(0))t3 +0() =¢(¢ —tz) +£0(t2).
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Let t = as + be? + 0(s3). We obtain

2
Jyag + Jybe* + %82(\/?/( — f(0) +0() = e¢ — 2agy + 0(&?),

2
which implies a = f and b= % % Therefore

¢ (F0) = JYK)E? ¢4 3
t_ﬁ8+<2y—3/2_7>8 +O(8 )

It follows that

[ ]

{u>0} {ve>0)
De
=0(e%) + / (1 = ti)(y — tvy) de dH
d{u>0}NBq 0
Spo+ (LRI 55052
=0(%) + / / (v — t(yk +v2) + 0(t%)) dedH!
3{u>0}NB; 0
(FO) = J/3K)E* s YK+ {282) . X
= / 8§ﬁ+— —Loe” — — JdH'+0(¢’)
2 2 y
3{u>0}NB; VY
0 v
S | (Ké“z— fz(f +i)dﬂl e [ verso(e)
d{u>0}NB 3{u>0}NBq {u>0}NB;
and

(FO)Z +0())(1 —tx)dedH + 0(e)

Et=

8D[f(u);“=8 /

3{u>0}NBq
2 f(0)§ 1

= dH' +0(e
¢ f ﬂ (&)

3{u>0}NB;

Moreover, we have &2 f{v5>0}n31 flu)e? =g? f{u>0)mB] flanec? +0(ed),
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a; (f(O) VYK &)82
Yy

2y3/
/F(u) = / f (—f O (Vu- )t +0(t?))(1 —tr)dtdH' + 0(&?)
D¢ d{u>0}NBq 0
2
o [ O o),
d{u>0}NBq
and
(f(gi,e,fk %)82
/f(u)u = / / (f(0)/yt+ 0(t%)) (A —kt)ydtdH' + 0(&?)
D¢ d{u>0}NBy 0
0)¢?
=g’ JOK +0(g?).
2
d{u>0}NB4 ﬁ
Thus
- = g2 v 2 FON o
J(ve. By) — J@u, By = ¢ f ( 2 et = L0 Yan
9{u>0}NB;
+ &2 / [Ve? — g2 f W +o(e?).
{u>0}NB; {u>0}NB;
We obtain:

Proposition 4.3. Let u be a weak solution in the sense of Definition 3.2, and let 0 be an isolated stagnation
point of u. The second variation in direction ¢, where 0 < g € C3°(B1 \ {0}) and ¢ is the harmonic function in
{u > 0} N By with boundary data g on 3({u > 0} N B1), is given by

0
52J(¢) = / ¢2<;—;+x fj;)d%l /(|vc|2—f’<u>;2).

d{u>0}NB; {u>0}NB;
5. The second variation of extreme waves

Theorem 5.1. Let f < 0, let u be a weak solution in the sense of Definition 3.2 satisfying in addition uy > 0 in
2 N {u > 0}, and let 0 be a stagnation point of u with Stokes corner asymptotics. Then u is unstable in B1(0)
with respect to the stream function energy in the sense that there exists a test function ¢ such that 8 J (¢) < 0.

Proof. First, by the proof of [3, Theorem 10.1], 0 is an isolated stagnation point, {u > 0} is in B,
the supergraph of a function 7 in the y-direction, n € C'((—p/2,0]) N C1([0, —p/2)). It follows that
there are positive constants 0 < c¢1 < Cz < 400 such that ¢; < || < Cq in (—p/2, p/2). The outward

normal is given by v = (Jli(;()(x)z «/l+n (x)Z) From the higher regularity in [19, Theorem 2] we know
also that for nr(x) :=n(@rx)/r

Imrllc2-1,-1/21001/2.10) < G3-
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It follows that |n”(x)| < C3/|x| in (—p/2, p/2) \ {0} and that |k (X)| < C4/|x| in By/4. Last, we obtain
from [20, (3.15)] that the differential mequallty + k <0 is in this graph case always satisfied.
By Proposition 4.3, we have

0
52J(¢) = / c2<2”—;+:< f};)«ml /(IVZIZ—f/(u);“Z)-

d{u>0}NBq {u>0}NB4

Towards a contradiction we assume that §2 J(¢) >0 for all ¢.
— - T®  _m — =11
For r € (0, p), we define A, ={x e [-r,—1/2) |k = T S 4y}, D(r)=2r—"H'(A;) and
D(0+) =limsup,_, o, D(1).

Case 1. D(0+) > 0. Then there exist § > 0 and a sequence {r;} such that rj;1 <r;/2 and D(r;) > § for
all i e N. We denote A; = Ay;, whereupon A;NAj =0 for all i # j.

Following [16, proof of Theorem 8.1], we define g;(x) = ¢(X) — ¢(2r—") for 0 <t <1, where 0 <
$eC°(B1), ¢=1in B% and ¢ is a non-increasing function of |x|. Let ¢; be the harmonic function

in {u > 0} N B1 with boundary data g,. Then we have

/ Vel < / Vgr? < Cs.

{u>0}NB4 {u>0}NB4

where Cs is independent of 7. On the other hand we obtain for ¢, = ¢, that

/ ( +">§n‘”‘l Z/( >1+(n’)2dx

3{u>0)NB; i=1p,
! 1 " 1
< - dx < — / dx
;/ 4n(x) ; 4C[x|
A A
LI
<=) — > -0
4C,

as n — oo.
We also know that

2
/ OG0 < |f(0)|(1+C)dX<+OO

Jy «/1|

B1Md{u>0}

and

/ (IVenl? — f')e?) < Co,

{u>0}NB;

where Cg is independent of n. Thus 82 J(¢;) — —oo as n — oco. So we obtain a contradiction.
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Case 2. D(0+) = 0. For every § > 0, there exists an rg € (0, p) such that D(r) < § for all r <rp. Let
ri= % Ai = Ay, and B; = (—rj, —1i/2) \ A; for i € N. Then we obtain

‘/K,/l +n'(x)2dx
Ai

1+ Cy)C
< ‘/%d}(‘ < (14 C2)Cab
Aj
and
1 T 1
J14+0®2dx> | —dx>2(1—-8)——=(1-8)(8Cy) .
/K +1'(x) /471 2( )4C2r,- ( )(8C2)
B; B;
We choose a 8 € (0, rp) such that (1 —8)(8C1)~! — (14 C2)C48 > T > 0. Then we have
m n
/x,/1+n/(x)2dx >Z/x,/1+n’(x)2dx
i=1p
//c,/l +n/(x)%dx
Ai

n

i=1
as n — +oo, which contradicts the fact that — using the fact that the free boundary is a graph —
|fD k dH'| <27 for all connected subsets D of 3{u >0} \ {0}. O

n+1

>nt - 400
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