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SOLITARY GRAVITY-CAPILLARY WATER WAVES WITH
POINT VORTICES

KRISTOFFER VARHOLM

ABSTRACT. We construct small-amplitude solitary traveling gravity-
capillary water waves with a finite number of point vortices along a
vertical line, on finite depth. This is done using a local bifurcation
argument. The properties of the resulting waves are also examined: We
find that they depend significantly on the position of the point vortices
in the water column.

1. INTRODUCTION

The steady water-wave problem concerns two-dimensional water waves
propagating with constant velocity and without change of shape. Historically,
the focus has mainly been on irrotational waves, which are waves where the
vorticity1

wi=VXw=10; — Uy

of the velocity field w = (u,v) is identically zero. One reason for this is
Kelvin’s circulation theorem [29,31], which says that a flow which is initially
irrotational will remain so for all time, as long as it is only affected by
conservative body forces (e.g. gravity). Another reason is mathematical,
as the velocity field can then be written as the gradient of a harmonic
function; the velocity potential. This enables the use of powerful tools from
complex- and harmonic analysis, and the problem can be reduced to one on
the boundary in a number of different ways [1,38]. An important class of
such waves are the Stokes waves, which are periodic waves that rise and fall
exactly once every minimal period. The Stokes conjecture on the nature of the
so-called Stokes wave of greatest height fueled research on waves throughout
the 20th century, and would not be fully resolved until 2004 (see the survey
[43] and [39], which settled the convexity of this wave).

More recently, however, there has been renewed interest in rotational
waves. There are several situations where such waves are appropriate, as
effects like wind, temperature or salinity gradients can all induce rotation
[37]. Rotational waves can be markedly different from irrotational waves: For
instance, in rotational waves it is possible to have internal stagnation points
and critical layers of closed streamlines known as cat’s eye vortices [15].
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The first result on rotational waves came surprisingly early, in the beginning
of the 1800s with [22] (for a more modern exposition, see [4]). There, Gerstner
gave the first, and still the only known, explicit (nontrivial) gravity-wave
solution to the Euler equations on infinite depth. Although significant because
it is an exact solution, it is viewed as more of a mathematical curiosity, even
today (see [5, Chapter 4.3]). Much later, in [14], came the first existence
result for small-amplitude waves with quite general vorticity distributions. A
vorticity distribution is a function v: R — R such that

Ay = (1),

where 1) is the relative stream function (which, unlike the velocity potential,
is still available for rotational waves, but is not harmonic). A sufficient, but
not necessary, condition for such a vorticity distribution to exist is that the
wave has no stagnation points. Several improvements have been made to the
existence result of Dubreil-Jacotin, but it was not until the pioneering article
[7] that large waves were constructed, using global bifurcation theory. This
article sparked mathematical research into rotational waves.

The use of a semi-hodograph transform in [14] and |7], and the correspond-
ing deep-water result in [27], means that the resulting waves cannot exhibit
critical layers. Since then, small-amplitude waves with constant vorticity
and a critical layer have been constructed in [46], and later in 9] with a
different approach that allows for waves with overhanging surface profiles
(there is numerical evidence for the existence of such waves, e.g. [44], but this
is still an open problem). A reasonable next step is that of waves with an
affine vorticity distribution, whose existence was shown in [16,19]. Spurred
by the above results there has also been interest in studying the properties
and dynamics of these waves below the surface [15,46|. This had been done
for linear waves in [18]. Several other avenues have also been considered: We
mention heterogeneous waves both with [25,48] and without [20,47| surface
tension, waves with discontinuous vorticity [8], a variational approach [2| and
Hamiltonian formulation with center manifold reduction [24]. Existence of
large amplitude waves with constant vorticity and a critical layer was estab-
lished in [36], in the presence of capillary effects. There is also a forthcoming
result for pure gravity waves [3|, using an entirely different approach.

Common for all the previously mentioned works on rotational waves is
the feature that the vorticity is supported on the entire fluid domain (due
to the assumption of the existence of a vorticity distribution). Recently,
gravity-capillary waves with compactly supported vorticity were constructed
in [41], on infinite depth. This includes small- and large-amplitude periodic
waves with a point vortex, and small-amplitude solitary waves with either a
point vortex or vortex patch. By a point vortex we mean that the vorticity is
given by a é-function, while we use vortex patch to mean that the vorticity is
locally integrable and compactly supported. The waves with a point vortex
are the simplest form of waves with compactly supported vorticity, and are
in a sense “almost irrotational”.

In this paper, which is based on [45], we extend the existence result for
solitary small-amplitude waves with a point vortex to finite depth, and also
give both qualitative and quantitative properties for these waves. The main
approach to showing existence follows that of [41], but we also treat the
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natural generalization of waves with several point vortices along a vertical
line, and show existence for all but exceptional configurations of vortices.
Finally, by finding an explicit expression for the rotational part of the stream
function, we give some explicit expressions for the small-amplitude periodic
waves with a point vortex on infinite depth that were constructed in [41].

An outline of the paper is as follows: In Section 2 we formulate the problem,
and in Section 3 we give the functional-analytic setting for this formulation.
Then, in Section 4 we prove existence of small solutions, and give some
properties for these. Section 5 treats the extension to several point vortices.
The final section, Section 6, contains the explicit expressions for periodic
waves on infinite depth.

2. FORMULATION

Under the assumption of inviscid (absence of viscosity) and incompressible
(constant fluid density) flow, the governing equations of motion are the so-
called incompressible Euler equations. For describing water waves on the
open sea, these are realistic assumptions [29,31], and standard. We will
further assume two-dimensional flow under the influence of gravity, where
the Cartesian coordinates (x,y) describe the horizontal and vertical direction,
respectively. Then the equations read

w + (w- V)w = —Vp — gea, (Conservation of momentum)

2.1
21) V.-w =0, (Conservation of mass)

where w = (u,v) is the velocity of the fluid, p is the pressure distribution

and —gey = (0, —g) is the constant gravitational acceleration?.
For convenience we place, at time ¢, the flat bottom at

{(z,y) eR*:y = —h}
and the surface at
{(z,y) € R* 1y = n(x,1)},

where 1 describes the deviation of the free boundary. We assume that (-, t)
is bounded, continuous and strictly bounded below by —h. It should be
emphasized that, due to the free boundary assumption, the function 7 is a
priori unknown; determining it is part of the problem.

In addition to Equation (2.1), we require boundary conditions to match our
domain. In order to model the bottom being impermeable, we will demand
that

V)=, =0 (Kinematic boundary condition at bottom),

with which we mean that v(z, —h,t) = 0 for all z and ¢. Next, we impose
the condition

UNg + M = v (Kinematic boundary condition at surface)

2The constant g is approximately 9.8 m/sQ, varying by less than 0.4 % on the Earth’s
suface (see [26]).
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at the surface. This equation is what connects the free boundary to the fluid,
and is equivalent to demanding that particles at the surface will remain there.
We also require that

(2.2)  plyo, = —a?k(n), (Dynamic boundary condition)

where o > 0 describes the surface tension and k is the nonlinear differential

operator /
o= (75) = o

yielding the curvature of the surface. The symbol (-) denotes the Japanese
bracket defined through z — (1 + |z[*)/2. Equation (2.2) is known to
physicists as the Young—Laplace equation, and states that the pressure
difference across a fluid interface (in this case water/air) is proportional to
its curvature.

Note that in the lower limit a? = 0, the dynamic boundary condition
in Equation (2.2) corresponds to the assumption of constant pressure on
the surface, but we will require that o? be strictly positive. The proof of
Theorem 4.1, for example, relies upon the assumption that o > 0.

2.1. The vorticity equation. By taking the curl of Equation (2.1), one
obtains after some simple calculations that

(2.3) we+ V- (ww) =0,

which states that the vorticity w is transported by the vector field w. Due
to this, it is natural to expect that if the vorticity consists of a point vortex
at some time, then it will remain a point vortex at all future times, and be
transported with the flow. It should be emphasized that, for now, this is
not justified by Equation (2.3); the multiplication of w with w is not well
defined, as w will not be smooth at the point vortex. Thus, we will have need
of a weaker form of the equation. We remind the reader of the fundamental
solution of the Poisson equation.

Proposition 2.1 (Newtonian potential). The distribution I' € L2 (R?)

loc
defined by
D(z,y) == — log(a? +1?)
ST A
satisfies
1 (—y,2)
I — = :

\% F(.%', y) = (_Fy7rr)(x? y) - %JZ’Q + y2

and

AT =V x VI =6.

If w is of the form
W(t) = Sao(t)y0(t))>

then we deduce from Proposition 2.1 that w is of the form

L (yo(t) —y,x — xo(t)) .
’LU.’E,y,t = 5= —}—’U)IE,y,t,
R 1)k T O)
where W satisfies V - = 0 and V x w = 0, and is therefore smooth in space
(see the discussion before Equation (2.10)). As the first term, which we may
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think of as the part of w generated by the point vortex, is singular, divergence
free and odd around (zo(t),yo(t)), it is not unreasonable to think that the
dynamics of the point vortex should depend only on w. In other words, that
the path ¢ +— (x0(t), yo(t)) along which the point vortex moves should satisfy
(2.4) (2o, 90) = .

This can indeed be made rigorous. In [32, Theorems 4.1 and 4.2] it is proved
that if one considers initial data consisting of a vortex patch converging in the
sense of distributions to a point vortex, then the weak solutions of the vorticity
transport equation converge to a moving point vortex in an appropriate sense.
Moreover, the position of this point vortex satisfies Equation (2.4). Thus, we

will allow for point vortices, as long as they are propagated in the fluid as in
Equation (2.4).

2.2. Traveling waves. We now assume that there are functions w,p, 1,
depending only on space, and a constant velocity ¢ € R such that

w(z,y,t) = w(x — ct,y),
p(z,y,t) = plz — cty),
n(x,t) =iz — ct)
for all relevant x,y and t. Positive and negative ¢ then correspond to waves
moving in the positive and negative xz-directions, respectively. In the new

steady variables (Z,7) = (x — ct,y), after dropping the tildes, our equations
read

(2.5)  (w-V)w—cwy =—Vp—gez, (Conservation of momentum)
V-w=0, (Conservation of mass)

with boundary conditions

(2.6) v=0, at y = —h, (Kinematic)

(2.7) (u—c)y' =, (Kinematic)
) at y = n(x), )

(2.8) p = —a’k(n), (Dynamic)

on the now time-independent domain

Qn) = {(z,y) eR?*: —h < z < n(x)}.
We call the problem of finding w,p and n such that these equations are

satisfied the steady water-wave problem. Note also that the vorticity equation
given in Equation (2.4) reduces to

(2.9) (¢,0) = w(xo, yo)

for a point vortex centered at (zg,y0) € Q(n).

2.3. The Zakharov—Craig—Sulem formulation. It turns out that it is
possible to reduce the water-wave problem to an entirely one-dimensional one
on the surface in a clever way. This is known as the Zakharov—Craig—Sulem
formulation, and was first introduced by Zakharov in [49], and then later put
on a firmer mathematical basis in [10,11]. The original formulation relies on
the fluid being irrotational, but it is in fact sufficient that this holds near the
surface. This is where the compact support of the vorticity comes in.



6 KRISTOFFER VARHOLM

Suppose that we have solved the steady water wave problem for some
w, p,n. It is then convenient to split the velocity w as

w=w-+ W,

where w is irrotational, that is, V x w =0 and V x W = w. We also assume
that both @ and W are divergence free. For us, W will be known.

Although we will allow for w to be a singular distribution, the vector field
W = (1, 9) will be assumed to at least be in the Sobolev space H*(2(n))?, and
W = (U, V) to be at least L} .(€(n)). By the assumption of V- = V-W =0,
the differentials

vdr —udy, Vdr—Udy

on §(n) are closed. Hence, as 2(n) is simply connected, these differentials
are exact by generalizations of the Poincaré lemma [33, Theorems 2.1 and
3.1]. Thus, there are stream functions 1) € HZ (Qn), ¥ € LL .(2n)) (by
[13, Corollary 2.1]), determined uniquely modulo constants by w and W,
such that

w=Vt), W=V
Moreover, by the assumed curl of these vector fields, the function @Z is
harmonic, and ¥ satisfies AV = w. In particular, 1) is smooth, and so is W

outside the support of w.
By the above, we thus have that

(2.10) w= V() + D)

holds for the velocity field w. Suppose now that W and W are chosen such
that ¥ = 0 at the bottom. Then the boundary condition in Equation (2.6)
translates to @Z) being constant along the bottom. Since ¢ is unique modulo
constants, we may as well take this condition to be

) =0
y=—nh
instead.
We will now apply the assumption that suppw C Q(n) is compact. This
means that a velocity potential for w exists on any simply connected domain
not containing suppw. Equation (2.5) can then in turn be used to show that

1
\% (—cu+2|w]2+p+gy) =0

holds on any such domain. Hence, in particular, we obtain the surface
Bernoulli equation

~ 1 ~
(211) ety +Wy) + 5[V + VU2~ a?k(n) +gn=0C, aty=n(z),

where C' is a real constant. Here we have inserted the boundary condition
for the pressure at the surface, Equation (2.8). We will set C = 0, since
we are looking for localized waves. This can be seen by letting |z| — oo in
Equation (2.11). We now need the following formal definitions to proceed,
which will be specified later on.
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Definition 2.2 (Harmonic extension operator). Given 71, we define the
harmonic extension operator H(n) as the operator mapping a function ¢: R —
R to the harmonic function ¢ : Q(n) — R satisfying

P(-,—h) =0.

Definition 2.3 (Dirichlet-to-Neumann operator). Given 7, we define the
Dirichlet-to-Neumann operator G(n) as the operator mapping Dirichlet data
to non-normalized Neumann data; that is, the operator defined by

Gn)¢ = (=',1) - VIH(n)¢]l,—,
for functions (: R — R.

With Definition 2.2 in mind, define (: R — R by

(2.12) ¢=1(n()),
that is, the trace of 1[} on the surface. By our assumptions, then, we have
b = H(n),

and we will use this to reformulate Equation (2.11) in a way that only involves
¢ and ¥. Note that

CI = 77[}:10 + 77,@2{1”
G(T])C = _77/1;:1: + Q;ZN

where the right-hand side is evaluated at y = n(x). Inverting these relations
and inserting them in Equation (2.11) yields
|7+ GE
()
(2.13) ¢+ @n) VO + (G + (=n',1) - V)
+ 2
2(1')
+gn — a?k(n) =0,

+ v,

and in a similar fashion, one obtains
(2.14) en +¢ +(1,n) -V =0

from the kinematic boundary condition in Equation (2.7). Equation (2.14)
can be integrated once to yield

(2.15) en+(¢+ v =0,

where we have assumed decay at infinity. We emphasize that the function ¥
and its derivatives are evaluated at y = n(z) in Equations (2.13) to (2.15),
which we suppress for readability. Equations (2.13) and (2.15) form the
Zakharov—Craig—Sulem formulation, which we will combine with a suitable
vorticity equation. One may note that the pressure, p, has been eliminated
from the formulation entirely.

Remark 2.4. Equation (2.13) is slightly different than the equation used
in [41]. The equation in [41] can be obtained by inserting the kinematic
boundary condition, Equation (2.14), into Equation (2.13).
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3. FUNCTIONAL-ANALYTIC SETTING

We now focus on proving the existence of a family of small amplitude
and small velocity traveling waves with vorticity consisting of a point vortex
situated on the y-axis. In other words, solutions with vorticity of the form

W = 659,
where 0 < |e| < 1, § € (0,1) and where we have defined

09 = 0(0,—(1-0)h)-

The constant 6 then corresponds to the relative position of the point vortex
above the bottom, and the parameter ¢, describing the strength of the vortex,
will be used as the bifurcation parameter.

We will from here on always assume that 7 is such that n(0) > —(1 — 6)h,
which prevents the surface from touching the point vortex. Furthermore, we
will also assume that 7(0) < (1 — @)h. The reason for this is purely technical
(as we will see after Proposition 3.1). For the purpose of accounting for these
assumptions, define the set

(3.1) Ag = {n € BOR) : 0> —h,In(0)] < (1 - 0)h}.

whose intersection Ag N H*(R) is open in H*(R) for any s > 1/2, by the
Sobolev embedding H*(R) — BC(R).

The next proposition describes the stream function that we will use for
the rotational part of the velocity; the counterpart of the function G in [41].
While we could use a similar stream function on finite depth, it is more
beneficial to work with one that is tailored for finite depth.

Proposition 3.1 (Stream function). Let n € Ag and define ®: Q(n) — R by

1 <cosh(m~/h) + cos((y/h — 6)) )

®(z,y) = - lo cosh(mz/h) + cos(w(y/h + 0))

Then ® defines a reqular distribution, and

AD =,
(3.2 @, =0,

Moreover, the function (z,y) — ®(z,y) — I'(x,y + (1 — 0)h) is harmonic and
satisfies

(33) V(D —T(a,y+ (1—0)h)) (0,—(1 — O)h) = (41h cot(6), 0) ,

where I' is the Newtonian potential introduced in Proposition 2.1.

Proof. We will apply Theorem A.1 (see Appendix A) to prove this result,
and thus need a bijective conformal map from the strip R x (=h,0) C C to
the unit disk D, mapping the point —i(1 — #)h to the origin. This is done in
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three steps:

R x (—h,0) D
[emm ]
R x (0,1) —27) 4 R« (0, 00)

The conformal map for each individual step is well known from elementary
complex analysis, see for instance [21, I1.7 and p. 60]. Hence

em(z+ih)/h _ ,inb

f(z) = oz +ih)[h _ g—in0

defines the desired map from the strip to the unit disk. By the aforementioned
theorem, then,

Bz, ) = o log(|f (x + i)

_ 1 1 <cosh(7rx/h) + cos(m(y/h — 9)))
47 cosh(mz/h) + cos(mw(y/h + 0))

solves Equation (3.2) in R x (—h,0). Because f extends to a meromorphic
function on C, it is immediate that ® also solves Equation (3.2) in Q(7n)
(recall that n € Ap).

Finally, we have

V(@ —T(z,y + (1 - 0)h)) (0,0) = ﬁ ({f'}'gg;)

:<Lf““®ﬂ>

by the final part of the same theorem, which will be important for the
asymptotic velocity of the traveling waves that we shall obtain in Theorem 4.1.
O

Note that the stream function ® introduces a “mirror vortex” at (0, (1—60)h),
and moreover is 2h-periodic in the y-direction. This is the reason for the
limitation on the height of the surface profiles in the set Ag defined in
Equation (3.1).

The next proposition is crucial, because the traces of ® and its derivatives
on the surface enter in the Zakharov—Sulem—Craig formulation of the problem.
Having an explicit expression for ® enables us to prove the proposition in a
quite direct way.

Proposition 3.2. Suppose that n € H*(R) N Ay, where s > % Then
®(-,n(-)) € H*(R),
VED(-,n() € H*(R)?.

Moreover, the dependence on n is analytic.
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Proof. We will only treat ®, as the argument for the derivative is similar.
Observe that it is sufficient to consider the function defined by

(3.4) x > log(1 + cos(n(x) — 6) sech(x))
for n € H*(R) such that |n(0)] <7 — 0, where 6 € (0, 7). Since
cos(n(x) — @) sech(x) = (cos(n(x) — @) — cos(0)) sech(z) + cos(8) sech(x)

it follows by [40, Theorem 4 of 5.5.3|, sech € H*(R) and H*(R) being an
algebra that the function in Equation (3.4) lies in H*(R) and that the
dependence on 7 is analytic. Another application of the result in [40] then
yields the desired result. O

As we have seen, because of the reliance on the stream function and the
operators H(n) and G(n), a central problem is the solution of the Laplace
equation,

A =0 inQ(n),
bl o=¢0 W =0

y=n y=—h

(3.5)

on the fluid domain Q(n), given  and . We have the following theorem, which
is adapted from Corollary 2.44 in 30|, and which establishes both existence
and uniqueness to Equation (3.5) in suitable Sobolev spaces. Functions on the
surface will be identified with functions on the real line as in Equation (2.12).

Theorem 3.3 (Well-posedness of the Laplace equation [30]). Suppose that
n € H*(R)NAg for some s > 3/2, and that { € H3/>(R). Then Equation (3.5)
has a unique solution in H*(Q(n)).

Remark 3.4. While the natural setting for the velocity potential or the stream
function on infinite depth is that of homogeneous Sobolev spaces, used in
both [41] and [30], this is not the case for the stream function on finite
depth. Because we require qﬂ to be equal to a constant at the bottom, it
must necessarily be the case that zﬂ tends to the same constant at infinity:.
Otherwise, because of the finite depth, wAy would not decay at infinity (in the
sense that lim(; )| o0 ¥y(,y) = 0), and therefore not describe a localized
wave®,

Theorem 3.3 enables us to define the harmonic extension operator described
in Definition 2.2 as an operator H%/2(R) — H?(€(n)), and using this, defining
the Dirichlet-to-Neumann operator. We refer the reader to [30], which is a
rich source of results for these operators also in a more general setting. The
results there are proved for the velocity potential, but should be adaptable
for the stream function. The below theorem is an amalgamation of parts
from Corollary 2.40 and Theorems 3.15 and A.11 in [30]. See also [42].

30ne could say that such a wave is localized if the limit exists and is different from zero,
but this does not yield any new waves (only a change in the frame of reference).

4Compare with Theorems 3.49 and A.13 in [30] for the case of infinite depth, where
the boundary conditions for the Laplace equation for the stream function and velocity
potential coincide.
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Theorem 3.5 (Boundary operators [30]). Let s > 3/2 and suppose that
n € H*(R) N Ag. Then the harmonic extension operator H(n) and the
Dirichlet-to-Neumann operator G(n) are members of B(H?/?(R), H*(Q(n))
and B(H*(R), H*~Y(R)), respectively. The norms of these operators are
uniformly bounded on subsets of H*(R) N Ay that are bounded in the norm
on H3(R). Moreover, the map G(-)C is analytic for fized ¢ € H*(R).

In the same setting as in Theorem 3.5, the curvature of the surface is well
defined:

Proposition 3.6 (Curvature). The curvature operator k is well defined as an
operator H*(R) — H*"%(R) for any s > 3/2. Moreover, the map is analytic.

Proof. Observe that the function f: R — R defined by f(z) = x(z)~' is
smooth and satisfies f(0) =0. Ass—1 > %, the result [40, Theorem 4 of
5.5.3] ensures that f(n') € H*"!(R). Since f is also analytic, » is analytic by
the same result. O

There is one thing we have not yet looked at, namely the vorticity equation
Equation (2.9). Recalling Equation (2.10), we will consider velocity fields of
the form

(3.6) w=V"(H@n)(+ed).

From Proposition 2.1 we know that the part of the stream function that is
generated by the point vortex at (0,—(1 — )h) is given by the Newtonian
potential

el(z,y+ (1 —6)h),

whence Equation (3.6) reduces to
(€.0) = V0, ~(1 = )1 + & (- cot(78),0).

by Equation (3.3) in Proposition 3.1.
In particular, this means that any solution necessarily must satisfy

[H (1)¢](0, (1 = 6)h) = 0.

For simplicity, we choose to look for 7,  in appropriately chosen subspaces of
H*(R), such that this condition is automatically satisfied. Specifically, define

Hon(R) = {f € H*(R) : f is even},

even
which is closed in H*(R), and therefore a Hilbert space in the inherited
norm. We mention that it is still an open question whether asymmetric
traveling waves exist. However, it is known that, in many situations, certain
properties imply symmetry (see for instance [6,28]). Furthermore, under
suitable assumptions, all symmetric waves are traveling waves [17].

Assume now that n € HE ., (R) N Ag, with s > 3/2, and that ¢ € i o (R).

Then it must necessarily be the case that H(n)( is even in z. Hence [H(n)(]s
vanishes along the y-axis and so the vorticity equation reduces further to

B7)  c=cie— [Hmy0,—(1—0)h), where ¢; = ﬁ cot(10).
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Observe also that the Dirichlet-to-Neumann operator G(n) is well defined as
an operator HS . (R) — HZ L(R) for n € HS,, N Ag and s > 3/2, and that

even even even

Kk can be viewed as an operator HZ, . (R) — HS2(R).

Remark 3.7. One has to be careful with claims about the solution set when
e = 0. Equation (3.7) of course actually only needs to be satisfied if ¢ # 0.
This means that if we impose Equation (3.7), then we lose the trivial set of
solutions

(7,¢,¢,e) € {0} x {0} x R x {0}
for the other equations, except for the point (0,0,0,0). This should be kept
in mind in any claims of uniqueness.

For convenience, define now the spaces

X% = HS,. (R) x H?

even even

Y® = HS2(R) x HE

even even

(R) xR,
(R) x R

and the set

Us ={(n,(,c) € X°:ne A} C X7

which accounts for the limitations on 7.
We proceed to introduce three maps that together will form the basis for
our argument. For s > 3/2 we define Fy: U x R — H32(R) by

even

Fi(n,¢,ce) =c¢ WJ%%
n
/ AW 2 o . 2
+(C +e(1,n) - Vo) 225§Q)C+8( n',1) V) +gn— a%s(n),

the map Fy: Uj x R — HJ . (R) by
Fy(n,¢,c,e) =en+(+ €@,
and finally the map F3: Uj x R — R by
(3.8) F3(n,¢, ¢,6) = ¢ — cie + [H(n)(]y (0, =(1 — 0)h).

In all of these definitions, we really mean the traces of ® and its derivatives
on the surface. The pointwise evaluation in the second term of Equation (3.8)
is allowed because H(n)¢ is harmonic. It should be clear that all three maps
Fy, Fs, F3 are smooth.

We can now define F': Uj x R — Y by

F = (Fl, FQ, F3),
and our task will then be to find solutions of the equation
(3.9) F(n,¢,c,e) =0.

One may immediately note that F'(0,0,0,0) = 0, so that the origin is a trivial
solution. It will turn out that in a small neighborhood of the origin in X* x R,
there is a unique curve of nontrivial solutions parametrized by the vortex
strength parameter ¢.
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4. LOCAL BIFURCATION

We can now finally state and prove the following theorem, establishing
the existence of small, localized, traveling wave solutions with a point vortex.
For this, we will use an implicit function theorem argument on F. Note that
while we do not apply Crandall-Rabinowitz theorem [12|, the situation is
very much in the spirit of that theorem. We bifurcate from the family of
trivial waves described in the remark after Equation (3.7) by introducing the
vorticity equation.

Theorem 4.1 (Traveling waves with a point vortex). Let s > 3/2 and
0 € (0,1). Then there exists an open interval I 5 0 and a C*°-curve
e = (n(€),¢(e), ele),€)

of solutions to the Zakharov—Craig—Sulem formulation, Equation (3.9), for a
point vortex of strength € situated at (0, —(1 — @)h). The solutions fulfil

1(e) = me® + O(e),
(4.1) ((e) = Ge® + O(eY),

c(e) = cre 4 383 + O(eh),
in their respective spaces as € — 0, where no € HE, .. (R) is defined by

even

B 1
M= —(g— 0?0 X = aa®y(,0) + 5@, (02,
and where

(3= _772(61 + (I)y('ao))a

C3 = _[H(O)C?)]y(()? _(1 - H)h)v
with ¢1 as in Equation (3.7), ® as in Proposition 3.1 and H as in Defini-
tion 2.2.

Moreover, there is a neighborhood of the origin in Uj X R such that this
curve describes all solutions to F(n,(,c,e) = 0 in that neighborhood.

Proof. As remarked at the end of Section 3, the origin is a trivial solution.
In order to apply the implicit function theorem, we require the first partial
derivatives of F' at this point. A direct calculation yields

g —a’d? 0 0
(42) DXF(O’O’O’O) = 0 IHésven(R) 0 ’
0 [H(0)-],(0,—(1—0)h) 1

where the subscript X denotes the partial derivative with respect to the
variable (n,(,c) in X*.

Now, every operator on the diagonal of Dx F'(0,0,0,0) is an isomorphism.
Indeed, the operator

9= @®03): Hien(R) — Hioh(R)

even even

corresponds to the Fourier multiplier g+a2£2. Since g, a® > 0, this operator is
invertible, with inverse corresponding to the multiplier (g+a2¢2)~1. The other
two operators on the diagonal are identity operators, and therefore trivially
invertible. Hence Dx F'(0,0,0,0) € B(X*,Y*®) is also an isomorphism.
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Thus we can use the implicit function theorem to conclude that there is
an open interval I containing zero, an open set V' C U containing (0,0, 0),
and a map f € C°°(I,V) such that for (n,(,c,e) € V x I, we have

F(n,¢,c,e) =0 <= (n,¢,c) = f(e).
Furthermore, we obtain

0
Df(0) = —DxF(0,0,¢1,0) ' D.F(0,0,¢1,0) = | 0 | ,
C1

which yields the first order terms in Equation (4.1). The higher-order terms
can be obtained by inserting expansions for 7(e),((¢) and c(¢) into the
equation F'(n(e),((g),c(e),€e) = 0. This concludes the proof of the theorem.

O

Remark 4.2. Because Theorem 4.1 holds for any s > 3/2, we can get arbitrarily
high regularity on the solutions, by possibly making the interval I smaller.
We have not been able to conclude that they are smooth, however, since the
interval could possibly shrink to a point as s — co.

Observe that, because ¢; changes sign at § = 1/2, the direction in which
the waves obtained in Theorem 4.1 will travel (for small €) depends on where

the point vortex is in relation to the line y = —h/2. This does not come into
play for waves on infinite depth. Note that if 6 =1 —1/h (when h > 1) then
1

= 2
¢1 =~ +0(1/h)

as h — oo, which is in agreement with what was found in [41] for a point
vortex situated at (0,—1) on infinite depth.

Since ¢; vanishes when 6 = 1/2, also the next term in the expansion for
c(e) is of interest. We gave an expression for ¢z in Theorem 4.1, but have
not determined its sign yet. We will treat the sign of c¢3 after Theorem 4.6,
which establishes some properties of the function 7.

Written out, we have

1 1+ cos(m@) cosh(mx/h)
4.3 = —
(43) x(@) 8h2 (cosh(mxz/h) + cos(mh))2’
for the function x defined in Theorem 4.1. We will have use for the fact that

x has an elementary antiderivative y* and a double antiderivative x* given

by

1 sinh(mz/h)
~ 8rh cosh(mxz/h) + cos(md)’

Y¥(z) = 8—;2 log(cosh(mx/h) + cos(mh)),

X ()
(4.4)

respectively. While there in general seems to be no nice closed form of the
leading order surface profile

m = —(g—a®02) 'x

obtained in Theorem 4.1, we can still give some of its properties. An immedi-
ate one is that 79 is smooth. In Proposition 4.4 we give a series expansion
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for no in powers of e~ mlzl/h Furthermore, perhaps more surprisingly, we can
find an explicit expression for 72 in terms of elementary functions whenever

(4.5) m e VI

yiye?

is a natural number. If m € N, then e=v92/@ = eEmmz/h 410 integral powers
of e*™*/M which would appear on the right side of Equation (4.3) if we had
written out cosh(wx/h) and sinh(wz/h). Since  — e*V9%/® spans the kernel
of g — a?0?, this explains integral values of m being special.

Before we state Proposition 4.4 and Theorem 4.6, we need a lemma to
simplify some expressions.

Lemma 4.3. For m € (0,00) \N and 6 € (0,1), we have

1 kcos (kmf)  cos(mmf)
(4.6) + ZmZ 2 =~ " amm)

which is equal to

< cos(mh)y + 1
4. m=1 d
(47) /0 Y y? + 2cos(mh)y + 1 Y

whenever m € (0,1). Furthermore, for m € N,

)i cos k7r9)

(4.8) l+2mz e ="

k;ém

Proof. Both sides of Equation (4.6) define meromorphic functions in m on C
with simple poles in the points Z x {0}. Moreover, they are both equal to the
integral in Equation (4.7) when m € (0, 1), which can be seen by calculating
the integral with both the residue theorem (around a keyhole contour) and
a Laurent series expansion of the integrand. Since the interval consists of
non-isolated points, we have equality on all of C. Finally, Equation (4.8)
follows from Equation (4.6) by taking limits. O

Proposition 4.4 (Expansion for n9). If the number m in Equation (4.5)

satisfies m € (0,00) \ N, then the leading order term of the surface profile
from Theorem 4.1 is given by

1
m(z) = 207 log(1 + 2 cos(wh) e ™@l/h 4 o=2mlzl/h

cos(mmt) _ ozl 5 — k cos kﬂﬁ) —krlal/h
o zlfa 4 9 |z
" sin(mm) ¢ am kzzl k2)e ’
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while if m € N, then
1
m2(z) = 3202 [log(l + 2 cos(m)e T/ = 2mll/hy

+ (=)™ (W + 70 sin(mnf) + cos(mm0) EB|> e—Valzl/a

2 k cos /WT9) —ker|z| /B
k;ém
These series converge uniformly, and, excluding the origin, so do the series
for the first derivative. Moreover, when m € N, the function ne is given
explicitly in terms of elementary functions by

= cos((m — k)m0)
na(x) = 87r2a2 [ +2 -k p cosh((m — k)mx/h)
k:l

+r(€nx/h) +r(e—7rz/h> ’

where r: (0,00) — R is defined by

r(z) = %(—1)"‘ cos(mmf)z~" log(1 + 2 cos(nf)x + x?)

+ (—=1)™sin(mm@)z~ ™ (arctan(cot(wd) + csc(nf)x) — 7(1/2 — 0)).
Proof. 1t follows from

2
F(e M) (g) = \/;azj_gga a>0,

and the definition of 7y, that we may write 72 as the convolution

W) = g VI 20
(19 = 507 ) I (20),
o (@, x) = e Vor/e /_; eV %\ (y) dy.
Equivalently
(110) () = 5o () + ()
(411) = (@) — 28 (I x) + ()

through integration by parts, where x* and y* are the antiderivatives defined
in Equation (4.4).

We first use Equation (4.10) to obtain an explicit expression for 72 when
m € N. By using the substitution z — ¢™/" we find that

T 2
f wx/h M m—1 22 -1
@) = 8 Qf (™), hle) =2 /0 o2y 2cos(mf)z + 1
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The fraction in the integrand in the definition of f; has partial fraction

decomposition
2’2 -1 eiﬂ'@ e*iﬂ'e

—1- ___ —
22 + 2cos(mh)z + 1 z+eiml  z 4 einld

and since

l\D

mm

— a _
Zm 1 = — —a)" 1k aeC 2 # —a,
Z+a z—l—a k*O

this means that

1 ) ) )
fl(l') E_‘_( 1)m zm7r6 mlog(l,+ezwe)+(_1)me—zm7r0x—m log($+e—zwe)

m— 1

k: 0
+2(—=1)"m0 sin(mn)x m+2z * cos(km ):r*k,
=1

where log(-) denotes the principal branch of the logarithm. The result now
follows by using the identity

log(z 4 €™ = ; log(1 + 2 cos(m6)x + x2)
— i(arctan(cot(mw@) + csc(nl)x) — 7/2),

valid for all z € R.

For the series representation of 77, we use Equation (4.11), because this
leads to a series that converges more rapidly. We will assume that m €
(0,00) \ N; the case for m € N is similar, except that one needs to use
Equation (4.8) instead of Equation (4.6). We use the same substitution as
before to arrive at

J (@, x*) = fale™/™),

a
82, /g
where fo: (0,00) — R is defined by

fa(z) = mx_m/ 2" Mog((27 + 2)/2 + cos(m)) dz.
0
One may check that one has
= kcos lm@) i

log((27 + 2)/2 + cos(70)) = — log(2) — log(z) — 2 Z —z

for z € (0,1) and

o)

log((z71 + 2)/2 + cos(nh)) = —log(2) + log(z) — 2 Z )k cos kﬂg) Tk

for z € (1, 00).
It then follows by termwise integration that

)i cos(kmd) o

fa(z) = % —log(2) — log(x) — QmZ Fm + k:)
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n (0,1] (the endpoint is Abel’s theorem [34, Theorem 17.14]), and that

fo(x) = fo(L)z™™ +ma™™ / 2™ log((z + 271) /2 + cos(mh)) dz

1
k cos I<:7Tt9) cos(kmt) i
k)
kcos (km0)\ _,,

( +4m Z 12 ) .

for € [1,00). Employing Equation (4.11), we find that 7o is given by

1
- - log(z) — 2 §
0g(2) + log(z m

na(z) = S22 {log(cosh(wx/h) + cos(m0)) — w|z|/h + log(2)

( + QmZ kCOS k‘7T92)> 6_\/§|$|/a

2 k cos(kmb) —knl|z|/h
Lom Z e L
for all x € R, by using that 72 is even and observing that for x > 0 we have
e™/h ¢ [1,00) and e ™/ € (0,1]. If we now apply Equation (4.6) from
Lemma 4.3 in order to get a closed-form expression for the coefficient in front
of e=VIltl/e we arrive at the desired expansion. O

Remark 4.5. The only obstacle to convergence of the series given in Propo-
sition 4.4 is the origin; thanks to the exponential factor e *71#l/% the con-
vergence is rapid away from the origin. It should also be noted that, while
Equation (4.3) seems to suggest that 7e should be expandable in a series
of powers of sech(mwz/h) by equating coefficients in the differential equation
defining it, this seems to lead to a series that does not converge. We have
kept the series expansion for 7y also when m € N, because the expression
in terms of elementary functions is unwieldy, and prone to numerical errors
even for small values of m.

The expressions found in Proposition 4.4 have well defined pointwise limits
as 011 (for z # 0) and € | 0. In particular, when m = 1 these are given by

1
limny(z) =

i oz 2[1 N ﬂx/h log(1+e ﬂ'$/h) _e—mv/h 10g(1 _|_€7ra:/h)]
T

191?11?72( T) = . ; 2 [1+e™/ M log |1 — e ™/h| 4 e7™@/Plog |1 — ™2/,
which can can be seen as graphs drawn with thicker lines in Figure 1, together
with 7o for various values of the parameter 6.

We see from Figure 1 that one gets a depression at the origin, which
becomes more pronounced the closer the point vortex is situated to the
surface. The profile when the point vortex is close to the surface is very
similar to the profile for the infinite depth case, found in [41]. However,
a feature which is not seen on infinite depth is that there is a significant
difference between the case § < 1/2 and the case § > 1/2 (in addition to the
changing sign of ¢1). For 6 < 1/2 there is a single trough at the origin, and
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0.2

— —0.2
g
S

—-0.4

—0.6

—0.8
-3 —2 -1 0 1 2 3
x

FIGURE 1. The leading order term 7, in n(e), with h =
1,a? = 1/(87%),m = 1. The values of 6 shown are § =
0.1,0.2,...,0.9, together with the thicker lower and upper
limits # | 0 and 6 1 1.

72 is everywhere strictly negative. When 6 > 1/2 one in addition gets crests
on either side of the origin. As we can see from Figure 1, the positions of
these crests depend on the position of the point vortex.

Some of what we have just discussed is not limited to the specific choice of
constants that are used in Figure 1, and for which Proposition 4.4 yields an
explicit expression for 7o. We will see that m = 1 plays a special role in the
asymptotic behavior of 72, however. More precisely, we have the following
theorem:

Theorem 4.6 (Properties of 13). The leading order surface term ny always
satisfies 12(0) < 0 and 14 (0) > 0, meaning that the origin is a depression.
When 0 < 1/2, the function ng is everywhere negative, and strictly increasing
on [0,00). For § > 1/2, we have two cases, depending on the number m
defined in Equation (4.5):

(i) If m > 1/(26), then na(z) is positive for sufficiently large |x|. In

particular, no has crests on either side of the origin.

(ii) If m < 1/(20), then na2(x) is negative for sufficiently large |z|.
Furthermore, no has the following asymptotic properties for any 6 € (0,1):

(i) For m > 1

: 2 cos(mf)
7x/h
(4.12) lim nz(z)e /b — e LY
(it) If m =1, then
wx/h ( 9)
e cos(m

I _ .

:l:i>nolo77 (.Z') TF.T/h 871'2a2
(11i) Form <1
(4.13) lim n(z)ev@/e — T cos(mm0)

500 sin(mm)  8m2a?
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Proof. We first prove that 72(0) < 0 and 74 (0) > 0, which holds for all values
of m and 6. By inserting x = 0 in Equation (4.9), and using the evenness of
X, we find

1 o0
0)=——— [ e Voy(y)d
12(0) v x(y) dy
1 oo
= —2/ e VI (y) dy <0,
« 0 N—

> 0 on (0, c0)

where the second equality follows from integration by parts, and the function
x* was defined in Equation (4.4). Since 72 = —(g — a29%)~!x, we also have

15(0) = %(9772(0) + x(0))

= [ e (0) — x(w) dy

>0,

as x achieves a global maximum at the origin.
Suppose now that § < 1/2. Like in Proposition 4.4, we use the fact that
n2 may be written as the convolution

1
B 206,/9

which shows that 72 is strictly negative, since x is strictly positive when
6 < 1/2. Moreover, some manipulations of the above formula shows that we
may write the derivative of 19 as

Mo(z) = — \1[ [Sinh <\@$> /:O e VIl (y) dy
e Vol / " sinh <\£§y> X' (y) dy} :

0

(4.14) o = (e VMo s x),

where we have used the fact that y is even. One may check that x’ is strictly
negative for x > 0 when 6 < 1/2. This shows that 7} is strictly positive for
x > 0, and so 79 is strictly increasing on [0,00) by the mean value theorem.

Before we consider the case 6 > 1/2, we prove the asymptotic properties
for ny listed in Equations (4.12) to (4.13). These follow by multiplying each
side in Equation (4.9) with the appropriate factor and taking limits. For
instance, suppose that m > 1, meaning that ,/g/a > m/h. For the integral in

N o JE o evovlex(y) dy
€ /h <€ v / /;Oo e\/gy/ X(y) dy) = 6(\/‘5/04771'/]1)22

there are two possibilities: If # = 1/2, then it is possible that the integrand
is integrable on the entire real line, meaning that the limit as x — oo is zero;
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otherwise, the integral tends to +o0, and so

o LWy evIrloy (z)
Z—00 e(Vg/a—m/h)z Z—00 (\/g/a — ﬂ/h)e(\/g/afﬂ/h)x
1 cos ()

- g/a—m/h  4Rh?
by L’Hépital’s rule. The other limits can be treated in a similar way, with

one exception:
The procedure will show that when m < 1, we have
lim 7o (2)eV9%/® = —

OO Vay/o
Jim o f / e x(y) dy

B / m COS(m0)y? + 2y + cos(70)
N 87r2a m (y2 + 2cos(mh)y + 1)2

B m—1  cos(mf)y + 1

N 87r2o<2 /0 v y? + 2cos(mh)y + 1
where the second and third equality follows from the substitution y — e™/"
and an integration by parts, respectively. The result now follows since the
integral on the final line is equal to the right-hand side of Equation (4.6) by
Lemma 4.3.

Finally, we consider the case of § > 1/2, which is harder to describe
completely, as the integrand in the convolution in Equation (4.14) changes
sign. Observe that the claims on the sign of n2(x) for sufficiently large =
follows for m # 1/(20) from the limits in Equations (4.12) to (4.13). An
additional argument is needed for the edge case m = 1/(26), because the
limit in Equation (4.13) vanishes. It turns out that Equation (4.12) also holds
in the special case m = 1/(26), which can be shown with the same method
we used to show the other limits. Hence 75 is negative for sufficiently large x
when m = 1/(26), which exhausts the values of m. O

Remark 4.7. 1t is likely that 7 has similar properties to those for the case
6 <1/2 when 6 > 1/2 and m < 1/(26), but we have not been able to prove
this.

We are now in a position where we can give the sign of ¢3 in the expansion
in Theorem 4.1 for § < 1/2.

Proposition 4.8 (Sign of ¢3). The constant c3 in Equation (4.1) is negative
when 6 < 1/2. In particular, if @ = 1/2 and € is sufficiently small, the waves
obtained in Theorem 4.1 are left-moving when € > 0 and right-moving when
e < 0.

Proof. Recall the definition of (3 in Equation (4.1). From Theorem 4.6 we
know that 7, is negative, and strictly increasing on [0, 00). Furthermore, the
factor ¢; + @, (-, 0) is positive and strictly decreasing on the same interval. It
follows that also (3 is positive and strictly decreasing on [0, 00).

The harmonic function H(0){3 on R x (—h,0) assumes the value 0 at
the bottom of the domain and (3 > 0 at the top of the domain. By the
maximum principle, it is positive on the entire domain. Thus we may use
the Hopf boundary point lemma (see [23, Lemma 3.4]) in order to conclude
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that [H(0)(3]y(0,—h) > 0. The result will therefore follow if we can show
that [H(0)(3]y is increasing along the y-axis. We will do this by looking
at [H(0)(3], on (0,00) x (—h,0). Because of its values on the boundary,
it is negative in the interior. Another application of the Hopf boundary
point lemma implies that [H(0)(3]s, is negative on the y-axis (except at the
point (0, —h), where it vanishes). Since [H(0)(3]yy = —[H(0)(3]zz by the
harmonicity of H(0)(s, this concludes the proof. O

We finish our exposition on a single point vortex with a short discussion on
the streamlines of waves obtained in Theorem 4.1. Observe that if (x(¢),y(t))
denotes the position of a fluid particle at time ¢, then

(4.15) (@(2),y(t)) = wlz(t), y(t), 1),

before the new variables in Section 2.2. After introducing the steady variables,
Equation (4.15) becomes

(4.16) (@(t), 9 (1)) = w(x(t), y(t)) — (¢, 0),

meaning that if we only keep the first order terms for w and ¢ from Theo-
rem 4.1, we obtain (keeping the same notation for the paths)

(4.17) (&(8), 5(1) = eV (@ + cry) (2(t), y(1))-

(A) 0=1/3 (B) 0 =2/3

FIGURE 2. Streamlines in the frame of reference traveling with
the wave, for h = m and € > 0. The wave corresponding to
6 = 1/3 propagates to the right, while the wave corresponding
to 0 = 2/3 propagates to the left. The arrows illustrating
the vector field on the right hand side of Equation (4.17)
have been scaled here for visibility, and only their direction is
quantitatively accurate.

We have used this to obtain Figure 2, which shows streamlines in the
steady frame moving with the wave. The portraits corresponding to 6 and
1 — 0 can be obtained from each other by a 180° rotation. When 6 = 1/2, all
the streamlines are closed (not shown), so we will focus on the case 6 # 1/2.
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The lines y = —h and y = 0 are nullclines for the system in Equation (4.17),
and the points (z,y) with

x = +h/marcosh(|2 sin(76) tan(wf) + cos(wh)|),

(4.18) C[-h a<1)2
Yo 6>1/2

are equilibrium points, corresponding to stagnation points. One may check
that

h/m arcosh(2 sin(76) tan(m6) + cos(m0)) = V3ho + O(6°)

as 0 | 0, meaning that the distance between the equilibria is very close to
linear in 6 for small € (a corresponding statement holds for 1 —# small). They
go off to infinity as § — 1/2 from either side. The heteroclinic orbit (which
can be expressed explicitly in terms of arcosh) connecting the two equilibrium
points described in Equation (4.18) encloses a critical layer containing closed
streamlines. Outside this region the particles always move in the same
direction with respect to the steady frame. This direction is either to the left
or right depending on the sign of cot(7f) and e.

We also mention that on infinite depth, the streamlines always look like
those in Figure 2b. If the point vortex is situated at (0, —d), the equilibrium
points at the surface will be at (£v/3d, 0), and the points on the heteroclinic
orbit between these satisfy

z? + (y + d)* = 2dy(1 + coth(y/(2d))),

which is close to half an ellipse centered at (0, —d) with semiaxes v/3d and
~ 2.0873d. The equilibrium points in Equation (4.18) converge to those on
infinite depth as h — oo if d is held fixed.

Because only the first order terms in £ have been kept in Equation (4.17),
we do not make any claim about the accuracy of the phase portraits in
Figure 2 for the full system in Equation (4.16). That would require further
and more thorough analysis, in particular for the case # = 1/2. Still, the
phase portraits can give some indication as to how these waves look beneath
the surface. One feature will remain the same for Equation (4.16): Because
of the singularity of ® at (0, —(1 — 0)h), the streamlines will always remain
closed sufficiently close to the point vortex.

5. SEVERAL POINT VORTICES

We aim to extend the existence result for traveling waves with a single
point vortex in Theorem 4.1 to a finite number of point vortices on the y-axis.
As opposed to the single vortex case, where we could choose 6 freely, there
will be limitations on the positions that the point vortices can occupy. We
will return to this. Suppose that

1>601>0,>--->6,>0,

and that we wish to establish the existence of a traveling wave with point
vortex at the points

(0,—(1 = 61)h),...,(0,—(1 —6p)h),
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the situation being otherwise similar to that of a single point vortex. The
admissible surface profiles are those in Ag,, as the uppermost point vortex is
the most restrictive.

For n € Ag, and v = (v1,...,79™) € R" we may define

n
(5.1) =D 4P,
=1

where

 (z,y) =

i7=1...,n,

1 o <cosh(7mc/h) + cos(m(y/h — 9j))>
4 cosh(mz/h) + cos(m(y/h + 6;))

in Q(n). We will seek solutions of the form
w = V[H ()¢ + 7],

cf. Equation (3.6) for a single point vortex.

The main difference from the single point vortex case is of course the
vorticity equation, Equation (2.9), which needs to be imposed for each of the
point vortices. For the ith point vortex, the vorticity equation reduces to

(c,0) = V[H(n)C)(0,~(1 — 9')h)

1 0; +0; 0; —0;
= E’ J _ )
—|—4h(’y cot(mb;) + ¥ [cot( 5 ) cot, <7r 5 >],O>,

1752

which, if we assume that 1 and { are even (see the discussion before Equa-
tion (3.7)), can be written more succinctly as

(5.2) cl = —([H(n)¢ly(0, —(1 = 65)h))i=y + ©7.
Here, we have defined 1 := (1,...,1) € R™ and the matrix © € R™*" by

1 .
- Ecot(w@) i=7

(5'3) ®i’j_ i cot 9i+9j ~cot 91‘—93‘ i
ah T T J

for 1 <i,j <n.

As opposed to for one vortex, it is now more natural to use the wave velocity
c as the bifurcation parameter. We will therefore write ¢ instead of ¢ in order
to have notation that is more consistent with the one vortex case. The idea
is to use the vortex strengths 7 in order to balance Equation (5.2), which is
possible when O is invertible. It should be emphasized that this is almost
always the case (Theorem 5.6), but that there always are configurations of n
point vortices that yield singular © (Proposition 5.7). We have already seen
such a configuration, albeit a trivial one: For the case n =1 one has © =0

when 0 = 1/2.
We make the necessary redefinitions
X% = Heyen(R) X Heen(R) X R,
ve Hivei(R) X Hlen(R) X R,

Ug, ={(,¢,v) € X°:n€ Ay},
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and proceed to define, for s > 3/2, the map F}: Ug, x R — HZ 2(R) by

Fi(n,C,76) = ¢ WWJ
n

L (¢ () - V)2 4 (GG + (=, 1) - V)2
2(7)”
the map Fy: Uj, x R — HZ ., (R) by
Fy(n,¢,v.€) =en+(+ @7,
and finally the map F3: U x R — R" by

F3(n, ¢, 7€) = Oy — el — ([H(n)C]y(0, (1 — 0;)h))i=,;.
In all of these definitions, the function 7 and its derivatives are evaluated
at (x,n(z)), which is suppressed for readability.
We now define F' = (Fi, Fy, F3): Uj — Y*, and seek solutions of the
equation

(5.4) F(n,¢,7v,6) =0,

which has the origin as a trivial solution. We are led to the following analog
of Theorem 4.1 for several point vortices, establishing the existence of a
family of small, localized solutions, assuming that © is nonsingular. The
resulting waves have one critical layer for each point vortex, assuming that
no component of v vanishes.

+ gn — o*k(n),

Theorem 5.1 (Traveling waves with several point vortices). Let s > 3/2,
and let 1 > 01 > 6y > --- > 60, > 0. Suppose that the matrix © defined in
Equation (5.3) is invertible. Then there exists an open interval I 30 and a
C™>-curve

N (n(e),¢(e); () €)

of solutions with velocity ¢ = € to the Zakharov—Craig—Sulem formulation,
Equation (5.4), for point vortices of strengths v'(g),...,v"(¢) situated at

(0,— (1L —=61)h),...,(0,—(1 —6,)h).
The solutions fulfil
1(e) = me” + O(e),
(5.5) ((e) = ¥ + O(eY),
v(e) = m1e +y36° + O(eY),
in their respective spaces as € — 0, where v, = O, the function 1y €

H:,..(R) is defined by

= —(g = @%) Ty x= P (,0)+ 587,07,
and where
= —m2(l + ®}1(-,0)),
= O ([H(0)Cs]y (0, —(1 = 61) )iy,
with ® as in Equatwn (5.1) and H as in Definition 2.2.
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Moreover, there is a neighborhood of the origin in Uj x R such that this
curve describes all solutions to F(n,(,~,€) = 0 in that neighborhood.

Proof. As for a single point vortex, we wish to apply the implicit function
theorem at the origin. We find the derivative

g — a?0? 0 0
DxF(0,0,0,0)= | 0 s, ) 0],
0 —([H(0)]y(0,=(1 = 0:)h))iL, ©
where ([H(0)-]y(0, —(1—0;)h))i; means the operator HZ,,(R) — R™ defined
by

¢ = ([H(0)¢]y (0, =(1 = :)h))i,.
Recalling that g — o292 and © are invertible by the discussion after Equa-
tion (4.2) and by assumption, respectively, Dx F'(0,0,0,0) is an isomorphism.
Hence we can use the implicit function theorem to deduce the existence of
an open interval I around zero, an open set V' C Uy containing the origin,
and a map f € C(I,V) such that for (n,(,v,e) € V x I, we have

F(U:Ca%f) =0 (777C77) :f(s),

The terms in the expansion in Equation (5.5) can be obtained as in the proof
of Theorem 4.1. O

Remark 5.2. It is worth mentioning that on infinite depth, the matrix © is
always invertible. A corresponding existence theorem for infinite depth would
thus hold for any configuration.

Remark 5.3. An extension of the existence result in Theorem 5.1 to point
vortices that are not all on the same vertical line would require a different
argument than the one we have used. The main issue is that assuming 1 and
¢ to be even is then no longer sufficient to satisfy the vertical component of
the vorticity equation, like we did to obtain Equation (5.2).

One may note that the sign reversal of the wave velocity about the midpoint
6 = 1/2 that we saw with the single point vortex, can be seen also for several
point vortices, albeit in a different manner. If the matrix © corresponds to
1>6;>--->0, >0, and we reflect the vortices across the line y = —h/2
by considering ¥; := 1 — 6;,1 < i < n instead (without reordering them),
then the new matrix is —©. This causes a swap of sign on the leading order
vortex strengths, y; = ©711.

We have pointed out that the matrix © is not invertible for all configurations
of point vortices, and gave the trivial example of # = 1/2 for a single point
vortex. This example, together with Theorem 4.1, also shows that invertibility
of © is not a necessary condition for the existence of a traveling wave with
point vortices in those points. See also Remark 5.5.

The only case for multiple point vortices on the y-axis where we can
feasibly describe the admissible positions directly is for n = 2. In fact, we
give a complete description of when © is invertible in Proposition 5.4; see
also Figure 3, which presents this result graphically. One may observe that
the midpoint between the bottom and surface plays a role also here.

Proposition 5.4 (© for n = 2). For two point vortices, we have the following:
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1

0.8 2
0.6 |- 2
<

0.4}

0.2 -

FIGURE 3. The determinant of © for the case n = 2 as a
function of (61, 602). The determinant vanishes along the solid
black curve, which is given explicitly as a parametrization in
Proposition 5.4. (In the figure, the level curve for det(©) = 0
is computed numerically.)

(i) If 01 < 1/2, then © is invertible for all 63 € (0,6;).

(ii) If 01 > 1/2, then © is invertible for all 2 € (0,601) except for exactly
one value, 0 < 05(01) < 1/2. The graph of 0y: (1/2,1) — (0,1/2) is
described by the curve

(w/4,37/4)  — (1/2,1) x (0,1/2)
t = @+ fR) = f@)/m

where f: (m/4,37/4) — R is defined by

f(z) == arccot <\/; (cot(ﬂs)2 +/4 - 300‘5(:1:)4)) :

Proof. 1t is useful to write the determinant of © as

4 sin(76) sin(my) ]
(cos(mly) — cos(mhy))?

det(O)

= ﬁ [cot(m%) cot(mhy) +
One immediately observes that the second term inside the parentheses is
always strictly positive. If #; < 1/2, then one has in addition that the first
term is nonnegative for any 0y € (0,6;) C (0,1/2). This proves the first part
of the proposition.

For the second part, let us first prove that there is exactly one value of 65
for each #; € (1/2,1) that makes © singular, and that this value lies in the
interval (0,1/2). For fixed 6; € (1/2,1) the determinant is strictly increasing
in A2, and tends to —oo as 69 | 0, and to co as A2 T 0. Hence it vanishes at
exactly one value of 65, say ég(ﬁl). Because the determinant is positive when
02 = 1/2, this value must necessarily lie in the interval (0,1/2).



28 KRISTOFFER VARHOLM

We now move to the parametrization of the graph of the map 0y : (1/2,1) —
(0,1/2). One may note from Figure 3 that there is symmetry across the
diagonal line

{(91,92) € (0, 1)2 101> 05,00+ 605 = 1},
which suggests making a change of variables. By letting
01 + 0 01 — 6
(56) ¢1 =T ) ¢2 =T )
2 2
we can write the determinant in the form

1 [cot(¢1)?cot(ga)?* — 1 9 9
det(@) T 16h2 COt((l)g)Q — COt(¢1)2 + COt(¢2) - COt(‘bl) )

which leads us to solve the quadratic equation

22 —ar+a®>—1=0, a:=cot’(¢), x:=-cot?(¢)

for x, given a. Doing this yields the parametrization, by using ¢; as the
parameter (some care has to be taken to ensure that one picks the right
branches of the functions involved) and going back to the original variables
by inverting Equation (5.6). O

Remark 5.5. By employing the parametrization of the graph of 0, provided
by Proposition 5.4, one can show that the each column of © is linearly
independent from 1 when det(©) = 0. This implies that an argument similar
to that of Theorem 5.1 can be performed, by using the vortex strength ! as
the bifurcation parameter, instead of ¢. Thus it is possible to show existence
for any configuration when n = 2. An extension of this argument to n > 2 is
harder, because it requires the rank of © to be n — 1.

While the set of configurations that make det(©) vanish is hard to describe
in general when n > 2, some observations can be made. Of course, if n > 2,
and as long as the derivative of det(©) with respect to the variable (61, ..., 60,)
does not vanish at a point where det(©) = 0, the zero set of det(©) is locally
a smooth manifold of dimension n — 1 around that point by the implicit
function theorem. When n = 2, the zero set is actually the graph of a smooth
function in 61 by Proposition 5.4, and numerical evidence suggests that the
zero set is the graph of a smooth function in (61, 62) when n = 3. Actually
checking that the derivative does not vanish is hard, but we have the following
theorem:

Theorem 5.6. The subset of configurations of point vortices in
{(91,...,9n) S (0,1)” 1>60>0>--->0, >0}
such that © is not invertible has measure zero.

Proof. Each entry in © is analytic in each 6; for 01,...,0;,_1,0;+1,...,0,
fixed. It follows that det(©) also has this property, when viewed as a function

U={(b1,...,6,) €(0,1)":1>60; >0 >--- >80, >0} - R.

We first verify that det(®) does not vanish identically on U. To that
end, fix 1/2 > 6; > 6 > --- > 60, > 0 and consider 6, = ¢by,...6,, = b,
for 1 > € > 0. The purpose of the upper bound of 1/2 is to make sure
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that tan(m6;) is well defined for all 1 < i < n. Observe now that if we let
T := diag(tan(n6y));_,, then

) s
4h[TO);; = {tan(w@i) (cot (ﬂ@) ~cot (Wa,-gej)) z #j. ;
where

- 0; + 90, 0; — 0, 40,6,
laiigltan(mr@i) (Cot (577 ; J) — cot (57723>> = 02 92

for i # j. It follows that diag(tan(m6y))7_,© has a limit in B(R") as ¢ | 0,
and that this limit is

o n 1
(5.7) 151&)1 diag(tan(nfy))5-1© = 5 (Ixn — B),
where we have defined B € R"*" by
0 1=7
58 BZ ;= ~ ~ ~ ~ .
(5:8) 7 {401-9]-(93 — 07l i

In particular, B is skew-symmetric, which implies that Ign — B is in-
vertible. Since the set of invertible operators is open, so is the matrix
diag(tan(7dy));_,© for sufficiently small €, which in turn means that © is
invertible for such e.

Finally, the set U is connected. Hence, since we know that det(©) is
analytic in each variable and does not vanish identically, we infer® that the
subset of U on which det(©) vanishes has measure zero. ]

In general we cannot do better than Theorem 5.6, in the sense that for
any n > 1 there will always be a configuration of n point vortices that makes
det(©) vanish.

Proposition 5.7. There are always configurations of point vortices in
{(91,...,9n) S (0,1)” 1>0,>60>--->0, >O}
where © is singular.

Proof. The matrix appearing on the right-hand side of Equation (5.7) in
the proof of Theorem 5.6 has a positive determinant. Indeed, the matrix
B defined in Equation (5.8) is skew-symmetric, so its spectrum is purely
imaginary. Moreover, since the matrix is real, the eigenvalues are either zero
or appear in complex conjugate pairs.

Say that the first m eigenvalues A1, ..., Ay, of B are zero and that

)\m+2j—1 :)\m+2j :i,uj, j: 1,...,(n—m)/2,
where the p; are real. Then it follows that

det ( 41h(IRn - B)> : 4}10 det(Ign — B)

5This follows by induction on the dimension, by using the well known result in one
dimension.
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because the determinant of a matrix is equal to the product of its eigenvalues
(taking algebraic multiplicity into account). By Equation (5.7) we then have

(5.9) det(©) ﬁ tan(mly) > 0
k=1

for small ¢ > 0 (as in the proof of Theorem 5.6) by continuity of the
determinant. Since all the tangents are also positive, this implies that
det(©) > 0 for small ¢ > 0.
It remains to exhibit a configuration where det(®) < 0. To that end, fix
% >9~1 > 9~2 >0~3 > > én > 0 and consider 6; = 1—551,02 25527---971:
g6, for 1 > e > 0. Proceeding as in the proof of Theorem 5.6 we find
1 .

(5.10) laiﬁ)l diag(tan(mfy))r_10 = E(IRTL — B),

where we have defined B € R™*" by

~ )0 i=jori=1lorj=1,
BT 40;6,(62 —HNJZ)*l otherwise.

This matrix is still skew-symmetric like B, and so the right-hand side of

Equation (5.10) has a positive determinant, as before. Hence Equation (5.9)

holds for small e. However, now tan(mf;) is negative and the rest of the
tangents are positive, meaning that det(©) must be negative. O

6. EXPLICIT EXPRESSIONS FOR INFINITE DEPTH

In this section we give some explicit expressions for periodic waves with
a point vortex on infinite depth, constructed in [41]. We will adopt the
notation and conventions used there. The fluid domain for the trivial surface
is R x (—o0,1) and the waves have period 2w L. The stream function for the
rotational part is denoted by G.

Proposition 6.1 (Stream function). The stream function for the rotational
part is given by

G(z,y)

1 o cos(z/L) — cosh(y/L)
= 4 8 <cos<x/L> ~ cosh((y - 2>/L>> |

Proof. We wish to find the stream function G: R x (—o0,1) — R corre-
sponding to equally spaced point vortices of unit strength at the points
2mL7Z x {0} C R?, and which is such that this stream function vanishes at
the surface, R x {1}. By symmetry, it must be the case that G, vanishes on
wL(1+ 2Z) x (—o0,1). This leads us to the boundary value problem

AGzé, G’y:OZO, Gx’I:iﬂL:()’

on (—mwL,mL) x (—00,1). This equation can be dealt with using Theorem A.2
in Appendix A.

In order to apply Theorem A.2 we require a conformal map satisfying the
requirements in the theorem statement. One may check (see [45, Sections 7.1
and 7.2|) that

_tanh(1/(2L)) — tanh((1 +iz)/(2L))
(6.1) f(z)= tanh(1/(2L)) + tanh((1 +4z)/(2L))
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defines a bijective conformal map from the half strip (—7L,7L) X (—o0, 1)
onto the slit unit disk D\ ((0,exp(—1/L)) x {0}), and which is such that
(i) The origin is fixed.
(ii) The surface is mapped to the unit circle.
(iii) The sides {£7L} x (—o0, 1) are mapped to the slit.

The result now follows by taking the logarithm of the modulus of the map f
in Equation (6.1). O

By using Proposition 6.1, we can obtain an explicit expression for the
leading order wave velocity ¢, and a Fourier series for the leading order
surface profile 7,:

Proposition 6.2 (c¢; and 7). The leading-order wave velocity ¢ and surface
profile n, are given by

1
a=-r= coth(1/L),

R n —n/L
n*:_W;gL2+a2n2€ n/ cos(nz/L),

respectively.

Proof. Recall how the wave velocity appeared on the right-hand side of
Equation (3.3). By using the final part of Theorem A.1, we find

_ i (oY 1
= 47r<f/(0)> =~ coth(1/L),

where f is the conformal map introduced in Equation (6.1) in the proof of
Proposition 6.1.
We now move to the surface profile. From [41] we know that

B 1 L
(62 n=--a) (v 5oy [ xan).
T —nL

where x is defined by
x(z) = c1Gy(z,1) + %Gy(x, 1)2.

Written out, we have
1 cosh(1/L)cos(x/L) —1

8m2L? (cos(x/L) — cosh(1/L))?
with the elementary antiderivative

1 sin(x/L)

8m2L cos(z/L) — cosh(1/L)’

In particular, this means that

L
| xdn= L) - xi(m) =0,
L

x(z)

X (z) =

so that Equation (6.2) reduces to
(6.3) ne=—(g— ) 'x.
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In order to find the Fourier series for 7,, we require the Fourier series of y.
We may write

1 e—z’m/L—l/L 1

ﬁ == - J—
X (w) - Z 1+ 1 _e—i.’E/L—l/L 1 _ezat/L—l/L )

which, by expanding into geometric series, means that

o0

Xﬁ(x) =1 Z Sgn(n)e_m‘/[zeina:/L‘

n=—oo

Hence, by termwise differentiation, we obtain
1 oo
)= —— ne ™" cos(nz/L

which, combined with Equation (6.3), yields the result. O

One may note that
1 2
cr=- +O0(1/L?)
as L — oo, which agrees with the speed of the solitary waves on infinite
depth. When L is large, the surface profile is very similar to the surface in
the localized case, see Figure 4b. At the other extreme, the first terms in the
Fourier series will dominate.

1072
T

-2 0 2 -5 0 5
x x
(A) L =1 (Whole period) (B) L =100 (Only part of a period)

FIGURE 4. The leading order surface profile term, 7, when
g=1,02 =0.01, cf. [41, Figure 1].

APPENDIX A.

In this appendix, we provide two theorems that are used in order to get
exact expressions for the rotational part of the stream function. Except for
the final part, Theorem A.1 is a standard result [35, p. 166]. Theorem A.2 is
a less well known extension of Theorem A.1.
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Theorem A.1 (Green’s functions in R?). Suppose that Q C R? is a simply
connected domain and that zg € Q). Furthermore, suppose that f: Q — D is
a bijective conformal map onto the open unit disk, extending continuously to
a function Q — D and satisfying f(z0) = 0. Then the function p: Q — R
defined by

p(z) = 5 Toa(If (=)

is in Li (), extends continuously to the boundary of Q, and satisfies
ASO = 5207
lag = 0.

Furthermore, the harmonic function h defined by

h(=) = olz) — 5 log (1= — =)

satisfies

o - ()

after identifying R? and C via (x,y) — = + iy.

Proof. We first check the boundary values of the function ¢. By assumption,
f extends continuously to 0€2, and every point on 92 must necessarily be
mapped to the unit circle. It is thus immediate that ¢ also extends continuosly
to the boundary, and moreover, vanishes there.

Identify now R? and C. Observe that since f(zg9) = 0, we have

f(z) =9(2)(z — 20), z€Q

for some holomorphic function g, where |g| > 0. Indeed, we must have
9(20) = f'(20) # 0 because f is injective, and the injectivity of f also ensures
that there can be no other roots. Thus

o(z) = 5 1og (|2 — 20l) + h(2),
where .
h(2) = 5 Relog (4()

is harmonic by |g| > 0 and the Cauchy-Riemann equations. Hence, by
Proposition 2.1, the function ¢ is LllOC and satisfies

Ap = dy.

The last assertion follows by observing that one must necessarily have
9'(20) = 3" (20), meaning that

1 , 1 g'(20) _ 1 f"(20)

] . S -
(r1ontot) o) = 35055 = 5 ey
whence we deduce from the Cauchy-Riemann equations that

o= 5 (5) :
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Theorem A.2 (Green’s functions in R?, mixed). Suppose that Q C R? is
a simply connected domain and that zg € Q. Furthermore, assume that
00 = I'p UTy, where Ty is C! and open in 0. Finally, suppose that
f: Q= D\ ((—1,—a] x {0}), where a > 0, is a bijective conformal map of
onto the unit disk with a slit, satisfying f(z0) = 0 and extending continuously
to the boundary. This map should send I'p to the unit circle and 'y to the
interval (—1,a] x {0}, and should extend analytically across 'y (when viewed
as a map on C). Then the function ¢: Q — R defined by

o(z) i= 5 log (If(2))

s in Llloc(Q), extends continuously to the boundary and satisfies

Ap = 0y,
(‘0|FD = 07
8nS0|I"N = 07

where Oy, denotes the normal derivative.

Proof. The only change from Theorem A.1 is checking that the normal
derivative vanishes on I'y. This follows by using conformality. (]
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