GLOBAL BIFURCATION OF STEADY GRAVITY WATER WAVES
WITH CRITICAL LAYERS
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ABSTRACT. We construct large families of two-dimensional travelling water waves propagating under
the influence of gravity in a flow of constant vorticity over a flat bed. A Riemann-Hilbert problem
approach is used to recast the governing equations as a one-dimensional elliptic pseudo-differential
equation with a scalar constraint. The structural properties of this formulation, which arises as the
Euler-Lagrange equation of an energy functional, enable us to develop a theory of analytic global

bifurcation.
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1. INTRODUCTION

We construct large families of two-dimensional periodic steady water waves propagating under the
influence of gravity at the surface of a layer of an incompressible, inviscid and homogeneous fluid with
a flat bed. In contrast to most previous mathematical studies, our waves can have internal stagnation
points and critical layers. They can also have overturning profiles, that is, profiles that are not graphs.
Such phenomena cannot occur for the much-studied irrotational flows. For an irrotational steady flow
the wave profile is necessarily the graph of a single-valued function [33, 39, 43, 44], and there are no
interior stagnation points or critical layers.

In this paper we construct families of water waves on flows with non-vanishing constant vorticity.
Vorticity is the hallmark of underlying non-uniform currents. Flows with constant vorticity are of
interest because of their analytic tractability, being representative of a wide range of physical scenarios.
For example, if the waves are long compared with the average water depth, then the existence of a
non-zero mean vorticity is more important than its specific distribution [21]. In particular, constant
vorticity gives a good description of tidal currents; that is, the alternating, horizontal movement of
water associated with the rise and fall of the tide, with positive/negative vorticity being appropriate
for the ebb and flood, respectively [10]. On areas of the continental shelf and in many coastal inlets

these are the most significant currents; the fact that they are the most regular and predictable currents
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adds to their appeal. The presence of an underlying non-uniform current gives rise to new dynamically
rich flow phenomena. In particular, critical layers have been observed in many numerical studies of
water flows with an underlying current of constant vorticity, a typical feature of the flow dynamics
being the ‘cat’s eye’ flow pattern of Thomson (Lord Kelvin) [38]. The analysis pursued for instance
in [9, 16] shows that no such patterns can occur in the flow beneath an irrotational periodic steady
water wave. General overviews of the wave-current interaction theory can be found in [10, 34] and
of the numerics in [21, 29, 30, 31, 50]. In the present setting, positive vorticity T > 0 characterizes
pure currents (YY + Uy, 0) whose surface horizontal velocity exceeds the horizontal current velocity
Uy on the bed Y = 0. This is appropriate for the ebb current, while T < 0 captures flood currents
[10]. Note that tides refer to the vertical motion of water caused by the gravitational forces due to
the relative motions of Moon, Sun and Earth, whereas the tidal current flood/ebb is the horizontal
movement of water (mostly one-directional) associated with the rise and fall of the tide, respectively.
A spectacular example of tidal currents effects on sea waves is encountered at the Columbia River
entrance, where appreciable tidal currents make it one of the most hazardous navigational regions in
the world because the wave height can easily double in just a few hours cf. [27].

The waves investigated in the present paper are constructed by means of bifurcation from laminar
(flat) flows. Construction of small-amplitude waves via local bifurcation has already been accomplished
in [49, 18]. What is novel here is the construction of waves of large amplitude via global bifurcation.
Now, global bifurcation has also been carried out for general vorticity under the limitation that there
are no stagnation points or critical layers [15], that is, under the condition that 1y < 0, where the
vector (1y, —1bx) is the fluid velocity in the frame moving with the speed of the traveling wave. The
reason for this limitation in past studies is because they rely upon the semi-Lagrangian transformation
of Dubreil-Jacotin [23], which requires ¢y < 0. The critical layers are comprised of the points where
¥y = 0, while the stagnation points are those at which both ¢y = 0 and ¥x = 0. On the other
hand, a vertical scaling transformation was used in [49] to construct waves of small amplitude with
critical layers. However, the intricate nature of the reformulated free-boundary problem precludes an
attempt to develop an effective global bifurcation approach from this perspective. While for waves
of small amplitude, the vertical scaling transformation induces tractable structural changes that can
be captured by linear theory, as soon as the waves cease to represent small perturbations of a flat
free surface, the inherent loss of structure cannot accommodate the pursuit of a physically tangible
analysis. Two of the present authors developed in [18] a new conformal transformation to make a
different construction of waves with critical layers. This transformation is further developed in the
present paper to construct waves of large amplitude. We also prove that they are critical points of a
natural functional derived from the energy.

We begin Section 2 by introducing the governing equations of water waves. Then, as presented in
[18], we use a conformal mapping from a fixed infinite strip in the plane onto the fluid domain with
its free boundary (see Figure 1). For the sake of completeness, some of the technical background for
the Hilbert transform on a strip is provided in Appendix A. By means of Riemann-Hilbert theory on
the strip, the problem is further transformed to an elliptic pseudo-differential equation (2.22a) on a
horizontal line, where the unknown is the surface profile expressed as a function v(x) of a conveniently
transformed version of the horizontal coordinate. The pseudo-differential equation is also coupled to
a scalar equation (2.22b) for the mass flux m. As distinguished from the formulation in [18], this new
formulation is crucial to our global bifurcation analysis in the subsequent sections. The equations
appear rather technical as they involve the Hilbert transform for a strip and several parameters.
Nevertheless, we show that the equations in the new formulation are precisely the Euler-Lagrange
equations of a certain functional A. As explained in Appendix B, the functional A comes naturally from

1
the physical energy E = // {i\vw + Ty + % — gY} dYdX, where T is the vorticity (T = —v
in some references), (J/2¢g is the total head, which is the greatest possible height of the wave, as
discussed further at the beginning of Section 2, and ¢ is gravity. The formulation is new even for
irrotational flows of finite depth. It could be regarded as an analogue of Babenko’s formulation [2] for
the irrotational water-wave problem of infinite depth.
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In Section 3 we construct for every integer n > 1 and both choices of sign + a continuous solution
curve /C,, +. The solution curve K, 1 consists of triples (Q),m,v) belonging to a function space R x
R x C’Iféff(R), where 0 < a < 1 is the Holder space index. Each point on the curve K,, + corresponds
to a water wave, with n = 1 standing for the bifurcation from the lowest eigenvalue and n > 2 for the
higher modes. While local bifurcation from a simple eigenvalue is a well-known technique, most often
referred to by the names Crandall-Rabinowitz or Liapunov-Schmidt, we go beyond local bifurcation
and prove the existence of a global solution curve. We thus obtain the existence of solutions that are
not merely small perturbations of a laminar flow (with a flat free surface). We show that each curve
Kr,+ has locally a real-analytic parametrization, by employing the “analytic theory of bifurcation”
due to Dancer, Buffoni and Toland [6]. The basic idea of continuation of the local bifurcation curve
originates with the work of Rabinowitz [32], who used Leray-Schauder degree to extend the local
bifurcation curve. Shortly thereafter Dancer [20] showed that analytic continuation can provide a
similar construction. The two approaches provide somewhat different sets of solutions. The main
advantage of the analytic theory is that it provides a continuous curve of solutions, whereas the degree-
theoretic approach only ensures the existence of a global continuum of solutions that might lose its
character as a curve beyond a small neighbourhood of the local bifurcation point. The constructed
solution curve has a locally analytic parametrization around each point, even as it passes through its
branch points. Theorem 3 provides three alternatives for how the curve “ends” in either direction.
One is that the curve is unbounded in R x R x C%%(R). Another is that the solution curve IC,, +
approaches a wave of greatest height ()/2¢g. The third is that the curve is a closed loop that returns
to the original laminar flow.

Section 4 is a key part of the analysis. We eliminate the third alternative and replace it by the
alternative that the curve of solutions contains a wave for which the surface S intersects itself at a
point directly above the trough. This possibility is supported by numerical computations [21, 50].
Although the surface might overturn (that is, Y could be a multivalued function of X), we prove
that Y decreases from the crest to the trough. We prove in particular that a ‘loop’ could not occur
but that a limit of such monotone waves might have a surface that intersects itself. Moreover, the
self-intersection could happen only on the vertical line above the trough. These statements are proven
by an intricate series of arguments based on a maximum principle that keeps track of the possible
nodes of Y.

Section 5 highlights some more detailed features of the small-amplitude waves that illustrate the
profound effect of vorticity. In particular, there exist flows of which the streamlines are in the shape
of “cat’s eyes”. In Section 6 we mention some further results that will appear in a forthcoming
paper (most of these results were already announced in [35]), as well as some conjectures that gained
some reasonable degree of credence due to some partial analytical results and available numerical
simulations.

2. THE FREE-BOUNDARY PROBLEM

The problem of periodic travelling gravity water waves in a flow of constant vorticity T over a flat
bed can be formulated as the free-boundary problem of finding

e A laterally unbounded domain € in (X, Y')-plane, whose boundary consists of the real axis

(2.1a) B:={(X,0): X eR}
representing the flat impermeable water bed, and an a priori unknown curve with a parametric
representation

(2.1b) S = {(u(s),v(s)): s R}
where

(2.1c) the map s +— (u(s) — s,v(s)) is periodic of period L,

representing the water’s free surface.



4 ADRIAN CONSTANTIN, WALTER STRAUSS AND EUGEN VARVARUCA

S
y=0

W(x,y)

S uriv. £ 0y)

0 B X y=—-kh
FIGURE 1. The conformal parametrization of the fluid domain.
e A function ¥ (X,Y) that is L-periodic in X throughout (2, representing the stream function

giving the velocity field (vy, —tx) in a frame moving at the constant wave speed, which
satisfies the following equations and boundary conditions:

(2.2a) AYp=7T in Q,

(2.2b) =0 on S,

(2.2¢) Y=-m on B,

(2.2d) VY| +29Y =Q on S.

Here ¢ is the gravitational constant of acceleration and the constant m is the relative mass flux. The
constant ()/2g is the total head, which is the greatest possible height of S. The notion of relative
mass flux captures the fact that in the moving frame the amount of water passing any vertical line is
constant throughout the fluid domain, since
v(s)
Yy (X, Y)dY =m, seR.
0

Neglecting friction and surface tension effects, the Bernoulli equation (2.2d) is a form of conservation
of energy; cf. the discussion in [10]. Note that all the terms in |V|?/2g +Y = @Q/2g on S have the
dimension of length, the first being called the velocity head and representing the elevation needed for
the fluid to reach the velocity |V | during frictionless free fall, and the second term being the elevation
head. The level sets of ¢ are the streamlines. A point where the gradient of ¢ vanishes is called a
stagnation point. A critical layer is a curve along which 1y = 0. Such curves arise in the context of
flow-reversal, when a fluid region where the flow is oriented towards the propagation direction of the
wave is adjacent to a fluid region in which the flow is adverse to it.

For an integer p > 0 and a € (0,1), we denote by CP* the space of functions whose partial
derivatives up to order p are Holder continuous with exponent a over their domain of definition. By
CP¢ we denote the set of functions of class CP® over any compact subset of their domain of definition.
Let C?*(R) be the space of functions of one real variable which are L-periodic and of class CP“.
Throughout this paper we are interested in solutions (£2,7) of the water-wave problem (2.2) of class
C1 for some «a € (0,1), in the sense that S has a parametrization (2.1b) with u, v functions of class

C1, such that (2.1c) holds and

(2.3) u'(5)> +'(s)? #0 forall s € R,

while 1) € C=(Q) N C*(Q).

2.1. The first reformulation via conformal mapping. In this subsection we present, following
[18], the reformulation of the free-boundary problem (2.2) as the quasilinear pseudodifferential equation
(2.18) for a periodic function of a single variable. This involves the periodic Dirichlet-Neumann

operator Gy, and the periodic Hilbert transform Cy, for a strip, for whose definition and detailed
properties we refer to Appendix A.
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For any d > 0, we denote by Ry the horizontal strip {(z,y) € R?* : —d < y < 0}. We consider
functions of period L = 27 /k where k is the wave number. Given an L-periodic strip-like domain
Q of class C% for some a € (0, 1), having the real axis as its lower boundary, the considerations in
[18] show that there exists a unique constant h > 0, called the conformal mean depth of €2, and a
conformal map U + ¢V from Ry, onto 2 with the following properties. It admits an extension as a
homeomorphism of class CY® between the closures of these domains, such that

Ulx+2m,y) =Ul(z,y) + 2% for (z,y) € Rin,
(2.4) V(e +2m,y)=V(z,y) for (z,y) € Ry,
V(z,—kh) =0 forall zeR
See Figure 1. Moreover, U, V € CY*(Ry;,) and

(2.5) U2(x,0) + VZ(x,0) # 0 for all z € R,

(2.6) the mapping x — (U(z,0), V(x,0)) is injective on R,
(2.7) S ={(U(z,0), V(x,0)) : 2 € R} is the upper boundary of Q2.
We define

(2.8) v(x) =V (z,0) forallz e R and h = [v],

where throughout this paper [f] denotes the mean over one period of a 2m-periodic function f. Note
that V' may be recovered uniquely from v as the solution of

(2.9a) AV =0 in R,
(2.9b) V(z,0) = v(z), xr € R,
(2.9¢) V(z,—kh) =0, z eR.

Of course, U is a harmonic conjugate of —V on Ry, and, moreover, by (A.5) with d = kh, we have
that, up to an additive constant that can be neglected,

(2.10) U(x,0) = % + (Ckh(v — h)) (x), z€eR.

Thus U,(z,0) = V,(2,0) = 1 + Cra(v').

Let Q be any L-periodic strip-like domain of class C1“, with the real axis as its lower boundary.
Classical elliptic theory ensures that (2.2a)—(2.2c¢) has a unique solution. Thus, one may regard (2.1)—
(2.2) as the problem of finding a domain 2 for which the corresponding solution of (2.2a)—(2.2c)
satisfies also (2.2d). In what follows, we aim to recast this problem in terms of the function v of one
variable defined above. If ¢ is the unique solution of (2.2a)-(2.2c), we define £ : Ry, — R by

(211) g(l‘>y) - ¢(U($>y)> V(l’, y))’ (:E>y) € Rkha
and ¢ : Rgn — R by

(2.12) g:§+np—gv?

Then we may recast (2.2a)—(2.2c) as

(2.13a) AC=0 in Ry,

(2.13b) ((z,0) =m — ng(x) for all z € R,
(2.13c) ((x,—kh) =0 forall zeR.

Moreover, by calculating |VE|* = (Q — 2gY)|VV %, we see that (2.2d) is satisfied if and only if
(2.14) Gy + TVV,)? =(Q—29V)(VS+V7?) at (x,0) forall zeR.
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From (2.13) and the definition (A.1) of the Dirichlet-Neumann operator Gy, we infer that
m T

(2.15) =17 — 5 9m(") on y=0,
while clearly
(2.16) V,=Gm(v) on y=0.
Therefore (2.14) may now be rewritten as
2
(2.17) {% — T(Qkh(’UQ/Q) - vgkh(v))} = (Q — 2gv) (v’2 + gkh(v)2>,

where [v] = h. Equation (2.17) was first derived in [18], T = —, due to a change of sign of the
two-dimensional vorticity.

The above considerations show that the free-boundary problem (2.2) leads to the problem of finding
a positive number h and a function v € Cy*(R) which satisfy

(2.18a) {% — T(Qkh(vz/Q) — vgkh(v)> }2 = (Q — 2gv) <v’2 + gkh(v)2>,
(2.18b) ] = h,

(2.18c¢) v(z) >0 forall z € R,

(2.18d) the mapping = +— (% + Crn(v — ) (), 'U(x)) is injective on R,
(2.18e) V'(2)? + Gen(v)(2)* #0 forall x € R.

Indeed, (2.18a) is precisely (2.17). The condition (2.18b) is just the definition of h, and (2.18¢c) is
ensured by the assumption that S lies in the upper half-plane. As for (2.18d) and (2.18¢), they are
obtained from (2.6) and (2.5), respectively, in view of (2.16), (2.8), (2.10), and the Cauchy-Riemann
equations for the analytic function U + V. Note also that the relations (2.15)-(2.16), in combination
with (A.4), may be written as

1
V;; = E "‘Ckh(U,)a
(2.19) on y=0,

m T 2 /
gy = E - % [U ] - TCkh(UU ),
since [v] = h. Thus (2.18a) may be equivalently rewritten as
m T 2 / 1 / 2 o o "2 l / 2 _
(2.20) {% — %[v | = YCpp(vv') + Tv <k: + Crn(v ))} (Q —2gv) {(v) + (k: + Cn (v )) } =0.

Conversely, given a positive number h and a function v € Cy* satisfying (2.18) with k = 27/L,
one can construct a solution of (2.2) by reversing the process which led from (2.2) to (2.18). Indeed,
let V' be the unique solution of (2.9). If U : Ry, — R is a harmonic function such that U + iV is
holomorphic, then U, V € C1*(Ryy,) cf. [18]. Condition (2.18b) ensures that the first two relations
in (2.4) hold. In combination with (2.18d) and (2.18¢c), we infer that the curve S defined by (2.7) is
non-self-intersecting and contained in the upper half-plane. The map U + ¢V is a conformal mapping
from Ry, onto an L-periodic strip-like domain €2 of conformal depth h. Moreover, cf. [18], this map
admits an extension as a homeomorphism between the closures of these domains, with {(z,0) : z € R}
being mapped onto S and {(z, —kh) : © € R} being mapped onto B. Due to (2.18¢), S is a C1* curve.
If ¢ is the unique solution of (2.13), then ¢ € CT*(Ry;) N C%°(Ryy). Defining € by (2.12), and then
¥ by (2.11), we see that 1 € CH*(Q) N C>=(Q) satisfies (2.2a)-(2.2¢). Finally, since (2.18a) holds, we
obtain that 1 satisfies (2.2d).

Note that the velocity at the location (X,Y) = <U(x, y), V(z, y)) € (1, where (z,y) € Ry, is given
by

(2.21) (y, —1hy) = <M +ory Vel = Vny>

‘/;:24_‘/?/2 ) ‘/;:24_‘/?/2
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in terms of ((z,y) and of the conformal map U + iV from Ry, to 2. The formula (2.21) is obtained
by differentiating (2.11), solving the resulting linear system for ©)x and 1y and taking (2.12) into
account.

2.2. The new reformulation of Riemann-Hilbert type. In the theory of irrotational waves of
infinite depth, it is known [36] that the equation analogous to (2.20) admits an equivalent reformula-
tion, via Riemann-Hilbert theory. We now derive a new reformulation in the present setting as well,
although the argument is more intricate and the new equation is coupled to a scalar constraint. The
new formulation is the system

(2.22a) Ckh<(Q —2gv — Y%?) v’) 4+ (Q — 2gv — T?0?) (l + Ckh(v'))

i
—oru (1 % 0] X C0')) - @- QT;C” = 20h L g ()] = 0,
(2.22b) {{% . %W] — YCyu(v0)) + T (% + Ckh(v')> }2}

_ [(Q —290) {(v)* + (% + Ckh('u')>2}] 0.

for unknowns (m,Q,v) € R x R x Cy*(R), Recall that m € R is the relative mass flux, h = [v] > 0
is the conformal mean depth of the fluid domain 2, k£ > 0 is the wave number corresponding to the
wave period L = 27/k, and @ is the total head. The square bracket | | means the average over a
period, so (2.22b) is a scalar equation.

Theorem 1 (Equivalence of Formulations). Let (m,Q,v) € R x R x C;:*(R), with [v] = h.
(i) If (2.22) holds, then (2.20) holds.
(i) If (2.20) holds and, in addition,

(2.23) VE+VE#0 in Ry,

where V' is the solution of (2.9), then (2.22) holds.

Proof of Theorem 1. It is convenient to begin by introducing the following general notation. A 2m-
periodic function z + iw : R — C is said to belong to the class A% for some integer p > 0, o € (0, 1)
and d > 0, if [w] = 0 and there exists a analytic function Z+iW : Rq — C such that Z, W € C5*(Ry),
W satisfies (A.2), and Z(z,0) = z(x) for all z € R. Then A% is an algebra. Indeed, if Z;+iW; € AD*
for j = 1,2, then the product Z+iW = (Z; +iW)(Zy+iWs) is harmonic due to the Cauchy-Riemann
equations and the fact that each component is harmonic. The Cauchy-Riemann equation Z, = W,
implies that [IV] is independent of y. But [W (-, —d)] = 0 so it follows that [w] = 0 as well. Thus A5
is an algebra. The discussion in Appendix A shows that

(2.24) z+iw € A% & 2 = [2] + Cy(w).

Now for any (m,Q,v) € R x R x Cy*(R) with [v] = h, let V be the solution of (2.9) and ¢ the
solution of (2.13). In particular,

(2.25) Co(2,0) = =TV (2,0)V,(2,0) forall zeR

and (, is given by (2.19). Also, recall from the previous section that (2.20) is merely (2.14). As a
consequence (2.22b) is equivalently expressed as

(2.26) [(Q =29V (-,0))(V2(+,0) + V7(,0)) = (¢ (-, 0) + TV (-,0)V,(-,0))%] = 0.
Notice that

(2.27) V,(-,0) +iV,(-,0) € A),

(2.28) Cy('ao) +iCz('7O) S Ag’}?,

(2.29) {¢) = G+ 206, (0 € A
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We now claim that (2.22a) may be expressed in an equivalent way as
(2.30) (v = {(Q = 20V = PVA)(V, = V) = 20¢,VH . ) € Al
To justify this claim, let us consider the function in (2.30) in more detail. Its imaginary part is
(2.31) w=—(Q —2gv — T2,

which satisfies [w] = 0. Because of (2.19), its real part is

(2.32) 2= (Q — 2gv — T%?) (% + Ck;h(vl)> ~ 2T (% - % [v?] — TCkh(vv')>,
which has the average
) = LTI g o Cun(w)] — 1 7 Cun ()] + 20 [ ().
But f — Con(f) being self-adjoint, we have
(2.33) W2 Cen(vf)] = % _: o Con(v') dar = % _:vckh((UQ)') do
= % /7; v Cp(v0") da = 2 [ Crp(v0")]
so that
(2.34) = 9o 29’2_ 2 o [0 Cn(0)].

According to (2.24), the statement (2.30) is equivalent to z = [z] + Cq(w). We express z by (2.32),
[z] by (2.34) and w by (2.31). Then all the terms in the equation that result from the equation
z = [z] + C4(w) are compared with the terms in (2.22a). This leads to the conclusion that (2.30) is
equivalent to (2.22a), as we claimed.

(1) Suppose that (2.22a) and (2.22b) hold. Then, as we just pointed out, (2.30) and (2.26) hold.
Since Ag’,f‘ is an algebra, it follows from (2.30) and (2.27) by multiplying by V,, 4 ¢V, that

(2.35) (v = (@ =20V = PVA)(V2+ V) = 2TV (V, +iVa)} | ) ) € ABi-
Upon using (2.25), this may be rewritten as

(2.36) <x = {(Q =29V = TVA)(V + V) = 20, VV, + 206G o>> € Ay
It now follows, taking (2.29) into account, that

@37 (2o {@Q—20V = TV + V) = 20V, — (G = (i 0)) € Al

Since this function is real, it follows from (2.24) that it must be a constant, a fact which may be
written, upon using also (2.25), as

(2.38) {Q = 20V) (V2 + V2) = (G + TVV, P} 1y 0 = Co.

It now follows from (2.26) that Cy = 0, so that (2.14), and therefore (2.20) holds.

(77) Conversely, suppose that (2.20) holds. Then (2.22b) is obtained by taking averages. Also (2.20)
is exactly the same as (2.38) with Cp = 0. This implies that (2.37) holds, then, in view of (2.29), that
(2.36) holds, and then, upon using (2.25), that (2.35) holds. It is a consequence of (2.23) that

(2 = {Vy(2,0) + iV, (2,0)} ") € A%y

Again using the fact that A)Y is an algebra, we deduce from (2.35) that (2.30) holds, which means,
as proved earlier, that (2.22a) holds. O
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Remark 1. Let us make an observation about the statement (2.30), which is at the heart of the proof
of Theorem 1. If we denote, for all x € R,

Pla) = Vy(,0)+iVa(x,0),
G(z) = {(Q—29V —T*V*)(V, —iV,) — QTCyV}}(% 0):
a(z) = Q—2gV(z,0) — Y*V3(z,0),

b(z) = —2TV(x,0)¢(z,0),

then F,G € Ag’,f‘, a,b are real-valued functions, and (2.30) takes the form aF + b = G, where F
denotes the complex conjugate of F. An equation of this form, but with a,b given, and F,G to be
determined, is called a Riemann-Hilbert problem. In our problem, however, a, b, F', G are coupled, and
in our proof of Theorem 1 we made no use of any general result of Riemann-Hilbert theory.

2.3. Variational structure of the new formulation. Given v € C5*(R), we separate the average
h of v by setting

(2.39) v=w+h with [w]=0.

With this notation we introduce the functional

Aw, h) = /7r (Q’U — gv® — T—QU?’) (% + Ckh('u’)) dx

. 3
N T m T
(2.40) + /_7r <m — 5'02) <E ~ 9% [v?] — TCkh('UU’)> dz,
of which the domain of definition is the space S of pairs (w,h) with A > 0 and w € 0227’3‘0(1&), where

the subscript o indicates mean zero. Taking variations of A with respect to the function w and with
respect to the parameter h, we will obtain the reformulation of the governing equations (2.22). While
the particular form of the functional A in (2.40) may appear at this point unmotivated, the reason for
considering it is that, as we show in full detail in Appendix B.2, this form is obtained by transforming
via conformal mapping the natural energy associated to the flow in the physical plane. In this section
we content ourselves with merely deriving the equation for the critical points of the functional A.

Theorem 2. Any critical point of A in the space S satisfies the equation (2.22a) as well as the
constraint (2.22b).

Proof. We compute the first variation of A at v by considering in turn the variations of w and of h.
First, for ¢ smooth, 27-periodic and with [¢] = 0, we compute from (2.40) the variation

ow e—0 €
with respect to w as
OA [ , Y% g / " 2.2 1 /
@(w,h)w—/_w (Qv—gv? = S-v )ckh«o)dw/_ﬂ (@ =290 = T20%) o (7 +Cu()) da

s [ (m=507) (= gl = Teulwen) do =1 [ op (5 6] = Teulon)) de.

—TT —

Using the fact that f — Cpp(f’) is self-adjoint, this may be written as

% (w,h)p = /7; Ckh<<Q — 29V — T2v2) v')gpdx + /: (Q —2gv — T2v2> <% - Ckh(v'))cpd:p
— %(m — g [112]> /_ﬂ vpdr + T? /_7r v Cpp (00" ) d

T rm T ,
-7 /7r v<% - %[U] — Tckh(v’v))@dx.
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Therefore
(2.41) S who= [ eds
where
n= Ckh(<Q — 2gv — Y2 1)2> v’) + (Q — 2gv — Y2 1)2> (% —I—Ck;h(v’)>
(2.42) — 2T <% - % [v?] — TCkh(vv')).

dA
Now, at a critical point v = w + h of A(w,h), we of course have — (w,h)p = 0 for all smooth

ow
2m-periodic functions ¢ with [p] = 0, so that (2.41) implies that 7 is a constant.

Next, we compute the variation of A with respect to h. For this purpose, we notice that for any
function f € C5:%(R) we have

(2.43) d% (Ckh (f’)) = —kf" = kCq (f").
Indeed, writing
fl@) =[]+ i (a0 cos(n) + by sin(na) ),
we have -
Con () = i n coth(nkh) (an cos(na) + by sin(nx)) ,
so that -

d%z <Ck:h (f,)> = i kn?(1 — coth2(nk:h)) <an cos(nzx) + b, sin(nx)) = —kf" — kCE ().

Expressing A explicitly in terms of w, the functional A(w, h) equals

" 12 12 1
/ (Qw + Qh—guw’ = 2gwh — gh* — —w' = T?w’h = T?wh’ - ?h3) <E+C’fh(w/)) dz

" T, T N/m T, , Th , ,
+/ﬂ<m—§w —Twh—;h)(E—%[w]—ﬁ—TCkh(ww)—Tthh(wax

By (2.43) we now compute
dA [T 5 oy (1 ,
%(w,h) = / (Q — 2gv — T*v7) <E+Ckh(v)> dx

—T
2

+ /ﬂ (Qv — gv? — %v‘g) (—kv" — k:C,fh(v")> dx

—T

(2.44) -7 /:U <% — % [v?] — TCkh('Uv')> dx

" T, mo Y ., T ,
+/ <m_§“>{_m+2kh2[“]_E_TC’“h<“)

N + Tk (0)) + TkC, (('vv’)’) } dx

since the terms =Y hk(1+ C?,)v” have canceled each other. In the second and fourth integral in (2.44)
we integrate once by parts the terms involving v” and (vv')’, and for the terms involving CZ, (v”) and
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C#,((vv')') we use the fact that f — Cpy(f’) is self-adjoint, to express (2.44) as

% (w,h) = /:T(Q —2gv — Y%?) (% + Ckh(v')) de + k /:T(Q —2gv — Y*0?) (V) dx
— k /” Crn <(Q — 2gv — T2v2)v’> Crn(v') dx
(2.45) -7 /” v <% — % [v?] — Tckh(vv')> dx

’ /7r (m—gqﬂ) { _%+ 2]€ThQ [v7] _%_Tckh(vl)}dl‘

—T

s s 2
+ k‘TQ/ v (V) dr — k:T2/ (Ckh(m/)> dz .

—T —T

We further use (2.42) to substitute the third integral in (2.45) by

—k /7r nCrn(v') dx + k /7r (Q — 2gv — T*?) <% + Ckh(vl)> Cin(v') dz

" m T 2 / /
—2kY /_NU{E - %[’U] - TCkh(vv)}Ckh('U)dx.

Consequently (2.45) takes the form

%(w,h) ~ /_inckh(v’) dz + k /_Z(Q—ng—m% [ + (3 +Cat) }a

" m T 2 / !
—2kY /_W'U{E — ﬂ[v] — TCkh(vv)}Ckh(v)dx

" m T ,
—T/WU (E — %[’U] - TCkh(v'U)>dx

o [T s - Fe

—T

T2 ™ ™
+5 / v? Cpp (V') dw + kY2 / v (V) dr — kY? /

—T —T

™

(Ckh(m/)> i dr.

One can easily check that the fifth integral term in the above expression is precisely

—k:/ﬂ {% — %[UQ]}QdZL‘ — T/:v<k—w2 — %[vﬂ) dx

while the self-adjointness of f +— Cip(f') yields
TQ T
2

v? Crp (V') dor = Y2 / v Cp () dx .

—T —T

Since [Cpp(vv')] = 0, we get

% (w.h) = —k /_ 0 Cn(v') d + k /_ (@290~ ) {(W)? + (7 +Cu) o
! /_ﬂ [n- % ] = TCulwr)} dr + kT /_ﬂ ()2 da

— 2K /:v {% - % [v?] — TCkh('UU’)} (% + Ckh('u')) dw .

11
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It follows that

(2.46) % (w,h) = —k /chkh('z)’) dr + k/i(@ — 2gv) {(U’)2 + (% +Ckh(f0')>2} dx
—k /_:{% - %[QP] — Y Cpp(vv') + Tw <%+Ckh('u')>}2dx,

where 7 is given by (2.42).
IA
At a critical point v = w + h of A(w, h) we also have 5 (w,h) = 0. We have already shown that
7 is a constant. The exact value of the constant is computed by taking averages in (2.42). Using
the identity (2.33), we obtain precisely (2.22a). Due to the fact that [Cyn(v')] = 0, the condition

57 (w,h) =0 is easily seen to be equivalent to (2.22b). This completes the proof of Theorem 2. [

Remark 2. Let us now discuss the special case T = 0 (irrotational flow). For k =1 and w =v — h
(2.22a) reduces to

(2.47) pChw') =w + wCp(w') + Cp(ww') — [wCh(w')]

Q —2gh

with p = . Note that for T = 0 the constant m disappears from (2.22a). In this case, the

constraint (2.2£]2b) merely specifies the value of m. Setting
B=wCu'], v=w-p,

we transform (2.47) into

(2.48) faCr(v") =0+ 0Ch(0') + Cp(00)

with i = p — 2. We contrast this formula with the formula for irrotational steady waves in water of
infinite depth, mentioned in the introduction, namely,

(2.49) AC(T) =7 +5C(F) + C(o),

where C is the standard Hilbert transform and i > 0 is a constant (see [3, Equation (1.8)]). Note the
direct analogy between (2.48) and (2.49).

3. EXISTENCE THEORY

A powerful approach for establishing the existence of travelling water waves relies on bifurcation
theory, tailored for the study in-the-large of parameter-dependent families of solutions. The existence
of waves of small amplitude is addressed by means of local bifurcation theory: identifying suitable
parameters that, by crossing through certain thresholds, lead to sudden changes of the corresponding
flat-surface flows into genuine waves. Global bifurcation theory uses topological methods to show that
these families of perturbations of simple solutions belong to connected sets of solutions of global extent.
Since global bifurcation is not a perturbative approach, exploiting instead the topological structure
of the solution set, this global continuum provides wave patterns that are not small disturbances of
flows with a flat-free surface.

In this section we study the existence of solutions (m, @, v) of (2.22) in the space R x R x C5:% (R)
and such that [v] = h, where

Co® (R) ={f € C2*R) : f(zx) = f(—z) for all z € R},

2m,e

for some constant o € (0,1). Our construction provides parameterized families of solutions, which
when the parameter is 0 satisfy v = h. The requirement that v is an even function reflects the fact that
the corresponding wave profile is symmetric about the crest located at x = 0. Symmetric travelling
periodic waves are ubiquitous in nature (see e.g. the photographs in [10]). Moreover, in the absence
of stagnation points in the flow and for surface waves that are represented by graphs of functions, one
can show that a wave profile that is monotonic between crests and troughs has to be symmetric cf.
(12, 11]. In view of Theorem 1, any solution of (2.22) satisfies also (2.18a)-(2.18b); whether or not it
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will give rise to solutions of the free-boundary problem (2.1)-(2.2) depends on whether or not it also
satisfies conditions (2.18¢c)-(2.18e). The existence of solutions of (2.22) will be provided in Subsection
3.1, while in Subsection 3.2 we study to what extent they satisfy (2.18¢c)-(2.18e), as well as proving
further qualitative properties, such as strict monotonicity between any crest and trough.

A construction of solutions of (2.20) by means of local bifurcation theory has been carried out in [18].
However, the applicability of global bifurcation theory requires certain compactness of the nonlinear
operators in question, which do not seem to be available for the equation (2.20). Thus, the use of the
system (2.22) seems essential for the global theory that we develop in what follows.

Note first that (2.22) has a family of trivial solutions, for which v = h, while ) and m are related
by

2
(3.1) Q =2gh+ (%+%) ,

where m € R is arbitrary. This family represents a curve

Thy?2
Kiriv :={<m,29h+(%+7> ,h) :mGR}

in the space R xR x C’;;f‘e(R). These solutions correspond to laminar flows in the fluid domain bounded

below by the rigid bed B and above by the free surface Y = h, with stream function
T Th

velocity field

Th
(3.2) (z/Jy,—wX):<TY+%—7,O>, XeR0<Y <h,
and period L = 27 /k.

Theorem 3 (Global Bifurcation). Let h, k >0 and T € R be given. For eachn € N, let

Th? N Thtanh(nkh) L \/72 tanh*(nkh)  tanh(nkh)

3.3 . L=
(3:3) Mot 2 2nk An?k? T nk
and
my, Thy2
(3.4) Q. = 2gh+ (  y —) .
’ h 2
First, for any m € R with m & {m;, . : n € N}, there exists a neighbourhood in R x R x 0227’3‘6(1&) of

the point (m,Q, h) on K., where @ is related to m by (3.1), in which the only solutions of (2.22)
are those on Ky Secondly, consider the points my, . For each integer n > 1 and each choice of sign

. . . 2 .
in +, there exists in the space R x R x C5° (R) a continuous curve

(3.5) Koz ={(m(s),Q(s),v,) : s € R}
of solutions of (2.22) such that the following properties hold.

(i) (m(0),Q(0),v0) = (my, 1+, Qy 1, h), where my . and Q;, . are given by (3.3) and (3.4);
(i) vs(x) = h+ scos(nx) + o(s) in 022;;;(1@), 0< |s| <e, for some e > 0 sufficiently small;
(iii) {(m,Q,v) € Wy = v # h,(2.22) holds} = {(m(s),Q(s),vs) : 0 < |s| < €}, for some
neighbourhood Wi, 1 of (m;, ., Q; 1, h) in R X R x 0227’3‘6(]1%) and € > 0 sufficiently small;
(iv) Q(s) —2gvs(x) > 0 for all s,z € R;
(v) Kux has a real-analytic reparametrization locally around each of its points;
(vi) One of the following alternatives occurs:

() either

(3.6) ! ,min{Q(s) — QgUS(x)}} —0 ass— £oo;

min
{ L+ [[(m(s), Q(s), vs)llpxgucze. =<k
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(B) or there exists T' > 0 such that (m(s+T),Q(s+T),vs17) = (m(s), Q(s),vs) for all s € R.

Moreover, for each integer n > 1 and each choice of sign in +, such a curve of solutions of (2.22)
with the properties (i)-(vi) is unique (up to reparametrization).

In this theorem, (i) states where the curve begins, (ii) and (iii) describe the local behavior of the
curve, and (iv)-(vi) describe the global behavior. The alternative () means that either the curve is
unbounded in the function space or it approaches a wave of greatest height, while the alternative (3)
is that the curve forms a loop.

Our main tool in the proof of Theorem 3 is the following version of the global bifurcation theorem
for real-analytic operators due to Dancer [20] and improved by Buffoni and Toland [6, Theorem 9.1.1].
That result is however slightly inaccurate as stated there, and here we provide a corrected version,
slightly modified to better suit our purposes. For a linear operator £ between two Banach spaces, let
us denote by N (L) its null space and by R(L) its range.

Theorem 4 (Analytic Bifurcation Theory). Let X and Y be Banach spaces, O be an open subset of
X and F: O =Y be a real-analytic function. Suppose that
(Hy) (A\,0) € O and F(A\,0) =0 for all X € R;
(Hy) for some \* € R, N(9,F(\*,0)) and Y/R(0,F(\*,0)) are one-dimensional, with the nullspace
generated by u*, and the transversality condition 03 ,F(X*,0) (1,u*) & R(0.F(X*,0)) holds;
(H3) 0,F (A, u) is a Fredholm operator of index zero whenever F(\,u) =0 with (\,u) € O;
(Hy) for some sequence (Q;)jen of bounded closed subsets of O with O = U;jenQ;, the set {(\,u) €
O: F(\u)=0}nNQ; is compact for each j € N.
Then there exists in O a continuous curve KK = {(A(s),u(s)) : s € R} of solutions to F(\,u) =0 such
that:
(C1) (A(0),u(0)) = (A7, 0);
(Cy) u(s) = su* —|—0( )in X, |s| <eass—0;
(Cs) {()\,u s u#£0, F(A\u)=0}={(\(s),u(s)): 0<|s| <e}, for some neighbourhood VW
of

(Cy) K
(C5) One

(A*5,0) cmd e > 0 sufficiently small;

has a real-analytic parametrization locally around each of its points;

ne of the following alternatives occurs:

(a) for every j € N, there exists s; > 0 such that (A\(s),u(s)) & Q; for all s € R with |s| > s;;
(B) there exists T' > 0 such that (A(s+T'),u(s+T1)) = (A(s),u(s)) for all s € R.

Moreover, such a curve of solutions to F'(\,u) =0 having the properties (Cy) — (Cs) is unique (up to
reparametrization).

Remark 3. The local version of Theorem 4, in which assumptions (H;) — (Hs) imply the existence
of a real-analytic local bifurcating curve Ko = {(A(s),u(s)) : s € (—&,¢)} of solutions to F(\,u) =0
with the properties (C}) — (C}3) is the real-analytic version of the standard Crandall-Rabinowitz local
bifurcation theorem [19]. The curve K exhausts all possibilities of adding real-analytic arcs to the
local bifurcation curve K, in such a way that K has a real-analytic parametrization around each of
its points (see Figure 2), but is not necessarily a maximal connected subset of the solution set.

Remark 4. We now discuss how Theorem 4 relates to [6, Theorem 9.1.1]. In [6], assumption (Hy)
is replaced by the slightly stronger assumption that all bounded and closed subsets (in R x X)) of
{(\u) € O: F(\u) =0} are compact. In [6] it is proven that there does not exist any sequence
sk — oo such that the sequence (A(sy), u(sk))r>1 is both bounded and bounded away from the boundary
of O. However, [6] incorrectly claims the strictly stronger statement that

(C5) (o) either [|(A(s),u(s))|lrxx — 00 as s — oo, or dist((A(s), u(s)),00) — 0 as s — 0.
The correct conclusion for [6, Theorem 9.1.1] may be restated in the following way:

As s — 00, (A(s),u(s)) eventually leaves every bounded closed subset B of O.
Indeed, it suffices to notice that the intersection of B with {(A\,u) € O : F(A\,u) = 0} is compact.
Thus our slightly weaker assumption (H4) suffices to reach the correct conclusion by means of exactly
the same arguments as in the proof of [6, Theorem 9.1.1].
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XA

FIGURE 2. The global bifurcation curve K C R x X consists of distinguished real-analytic
open arcs C; that end in the branch points B;_; and Bj if j > 0, or in the branch points B;
and Bjiq if j < 0, with By = (A*,0) and C; U {By} U C_; being the local bifurcation curve
Kioe- A point on C; corresponds to a non-singular solution (near which the implicit function
theorem applies), while each B; arises as the unique intersection point of the closures of a finite
even number of open one-dimensional real-analytic varieties. A distinguished arc C; can be
uniquely continued across B; by choosing an outgoing branch C;11 if j > 0, or C;_1 if j <0,
so that each curve C; U {B;} UCj4q1 if j > 0, or C; U{B;} UCj_1 if j < 0, admits a local
uniformizing real-analytic parametrization near B;.

For the purpose of applying Theorem 4 to problem (2.22), it is necessary to make some simple
changes of variables. Since one must necessarily have [v] = h, it is natural to work with the function

(3.7) w=uv-—h,
for which [w] = 0. Then w satisfies
(3.82)2(Q — 2gh) Cpp(w') — 2g (Ckh(ww’) + kah(w’)) -2 (Ckh(wzw’) + w? Cpp(w') — 2w Ckh(ww’)>

1?2 T2 T2 2 2T /rm  Th
+— wlw?] —?w2+?[w2] + 2g [w Cip(w")] — ?gw—7<ﬁ+7>wzo,

(3.8) [{% (% " %) y (% Y o) - wckh<w’>) }] -

(@ — 2gh — 2gw) {w’2 + (% + Ckh(w’)>2}] .

We observe that, although @ and m are related by (3.1) for trivial solutions, this need not be the case
in general. This observation suggests the introduction of a new parameter

(3.9) = Q — 2gh — (%Jr%f

Note also that, for the laminar flows given by (3.2), the horizontal velocity at the free surface is %+ Ih,
Since this expression occurs naturally in (3.8), while also in fluid dynamics literature it is customary
to identify the laminar flows at which nonlinear small-amplitude waves bifurcate using the speed of
their particles at the free surface (rather than the value of their flux), we introduce another parameter
m  YTh

.1 A:
(3.10) st



16 ADRIAN CONSTANTIN, WALTER STRAUSS AND EUGEN VARVARUCA

The change of parameters (m, Q) — (A, u) given by (3.9)-(3.10) is a bijection from R? onto itself.
In terms of the new parameters, the system (3.8) may be written as

(3.11) FO\, () = 0,
where F': R x X — Y, with
(3.12) X=RxCy (R), Y =0 (R) xR,

where the subscripts indicate period 2w, zero average and evenness, respectively, and where F =
(F1, Fy) is given by

PO\ (w)) = 20+ A2) Cun(w') — QQ{Ckh(ww') + kah(w’)}

(3.13a) 2 {ckh(w%') +w? G (W) — 2w Ckh(ww’)}
I N I 29 AT
o [w”] W +?[w ] + 29 [w Cpp(w')] WS W
and

1 [w2] }2:| 4 M [w Ckh(w/)} + 29 [w(w/)Q]

B (1. 0)) = T2 [{Cunwn) = wCinw') - 0+ S !

(3.130) 2 [10 (Cur(w))"] = 2o %) -+ 27) ()] + [(w]) =

Proof of Theorem 3. We are going to apply Theorem 4 in the setting (3.11)-(3.13), and then we shall
transfer in a rather straightforward manner the results obtained for (3.13) to the corresponding results
for (2.22). It is obvious that the mapping F'is real-analytic on R x X. Let

(3.14) O :={\(,w) ERX X : p+ I —2gw(z) >0 forall z € R},

which is an open set in R x X. We now check the validity of the assumptions (H;) — (Hy).
It is obvious that (H;) holds. As for (H3), we easily compute

N 29 20T v
(315) a(u,w) F()‘a (an)) (Va (,0) - (2 AQCkh((p) - ?Qp_ T@a_ﬁ> ) (Va ()0) € X.

Expanding the function ¢, which is even, has period 27, and has zero average, in the series p(z) =

E a, cos nx, we obtain the representation

n=1
(3.16)
= 9 2g  2\Y v
Oty F (X, (0,0)) (v, @) = (; ay, {2/\ n coth(nkh) — ~ "% cos(nz), = | (v,p) € X.

It follows from (3.16) that the bounded linear operator Jy,.) F(A,(0,0)) : X — Y is invertible
whenever A is not a solution of

(3.17) Nnk coth(nkh) = g + T,

for any integer n > 1. Hence by the Implicit Function Theorem these points are not bifurcation points.
The solutions of (3.17) are, for any integer n > 1, given by

onk 4An2k? t9 ’

T tanh(nkh) n \/T2 tanh®(nkh) tanh(nkh)
nk

Observe that all of these values are distinct and none of them vanishes. We claim that (H) holds
for every A\* € {A;, : n € N}. Indeed, consider any such A\*. It follows easily from (3.16) that
N (Ouw)F(A*,(0,0))) is one-dimensional and generated by (0,w*) € X, where w*(x) = cos(nx) for
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all z € R, while R(9,,.)F (A", (0,0))) is the closed subspace of Y formed by the elements (f,c) € Y
where ¢ € R is arbitrary and [ satisfies

/ f(z) cos(nx) dx = 0.
From (3.15), we now compute

o3 (o) F(A5(0,0)) (1, (0, w)) = (4)\*nc0th(nkh) - %) w* & R(Ouw)F (A", (0,0)))

since, using (3.17), we have
27

% g
4\*n coth(nkh) — - = 2\ (n coth(nkh) + k()\*)2> # 0.

This shows that (Hs) holds for every \* € {\ . :n € N}.
To check the validity of (H3)-(H,), we rewrite F} in (3.13a) in the following form

Fy(\, (g, w)) = 2(p 4+ A — 2gw) Cp(w') — 2g{Ckh(ww’) — kah(w')}

-1’ {Ckh(w w') +w® Cp(w') — 2kah(ww')}
(3.19) ]~ D D) 2g o) - - 2L
= 2(p+ X = 2gw) Cp(w') + J (A, w),
where we have slightly rearranged the first four terms, and left the others unchanged. Here
J(A\w) = Ji(w) + Jo(w) + J5(\, w),

with

Ji(w) = — 2g{Ckh(ww’) — kah(w')},

Ja(w) = =0 {Con(w?w') + 1w o (w') — 20 Cur(wr') },
and J3(\, w) gathers all the remaining terms in (3.19). Since J, may also be rewritten as

Jo(w) = — T {Ckh(w(ww’)) — w Cp(ww') + w(w Cp (') — Ckh(ww’))},

it is a consequence of Lemma 5 that the continuous nonlinear mappings Ji, Js : 0227’3‘0(]1%) — O (R)

map bounded sets of CQQ;TO"O( ) into bounded sets of C* @/ ’(R), and thus into relatively compact subsets
of C3*(R). We also rewrite (3.13b) as

(3.20) RO\ (1 w)) = 45 + KO\ (5,w)).
It then follows that the nonlinear mapping from X into Y
(3.21) (A, (p, w)) = (J(A, w), K (A, (1, w))

maps bounded sets of X into bounded sets of 0227’:1/ % % R, and thus into relatively compact subsets of
Y, and is therefore a nonlinear compact operator. It then follows (see [6, Lemma 3.1.12]) that any of
its partial derivatives is a linear compact operator. Note that, for any (A, v, w) € O, one may write

a(/ivw)Fl()‘a (Ma w))(ya 90> = 2(/'6 + )‘2 - 29w> Ckh(()o,> - 49 Ckh(w,)%p
+ 2 Ckh(w,)y + a(,u,w)‘](Aa (/‘La w))(”) (p)a

a(uyw)FZ(/\a (Ma w))(”? 90) - ]{32 + a(uw (/\’ (M? w))(”? 90)'
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Since the condition p+ A? — 2gw(x) > 0, guaranteed by the definition of O, ensures that the bounded
linear operator from X to Y given by

(o) = (200 + X = 290) Cun(@). — 5

is invertible, it follows that 9, . F : X — Y is the sum of an invertible linear operator and a compact
linear operator. It is therefore a Fredholm operator of index zero (see [6, Theorem 2.7.6]). Thus
assumption (Hj) is indeed satisfied.

We now verify assumption (H,) for the sequence (Q,);>1 given by

Q; = {(\ (ww) € O+ |(A (mw)| < J.

(3.22) 1
A+ A —2gw(x) > = for alleR}

J
It is obvious that each Q; is bounded and closed and that U;c;Q; = O. Let j € N be arbitrary and
consider (A, (1, w)) € Q; such that F(A, (1, w)) = 0. Then we have in particular that

2(p+ X = 2gw) Cp(w') + J (A, w) = 0,

in the notation defined earlier in the proof. Since j + A? — 2gw > 1/j > 0, one may invert the linear
operator w — Cyp,(w') in this equation to get

1

= —(Cpn0) " (mj()\,w)) .

Combining the bounds ensured by the definition of Q; with the commutator estimates satisfied by J;
and J, that we have used above, we obtain an uniform upper bound for w in the space Cg’;f‘/ ’(R). This
implies that {(A, (1, w)) € O : F(A, (1, w)) =0} N Q; is bounded in R x R x CS’f”(R), and therefore
compact in R x X. Thus assumption (Hy) is satisfied by the sequence of sets given by (3.22).

We have thus checked that the assumptions (H;)—-(Hy) are satisfied in the setting (3.11)-(3.13). In
view of the definition of the set O in (3.14), the relation between (A, u, w) and (m, @, v) expressed by
(3.7), (3.9) and (3.10), and the definition of the sets Q, in (3.22), the conclusion of Theorem 4 can be
rephrased in a straightforward way to yield the result claimed by Theorem 3.

U

4. NODAL ANALYSIS

The wave profiles corresponding to points lying on the solution curves K,, 1 present certain quali-
tative features. Firstly, they are symmetric since the function space in Theorem 3 is 0227’3‘6(]1%). Fur-
thermore, along any wave except the bifurcating laminar flow, the elevation of the surface wave is
strictly decreasing between the wave crest and a successive wave trough. For waves that are close
to the bifurcating laminar flow, this is a direct consequence of local bifurcation, while away from the
bifurcating flow with a flat free surface this will be proved in what follows by means of a continuation
argument.

Lemma 1 (Periodicity and Symmetry). Let h, k > 0 and T € R be given. For each integer n > 1
and both choices of sign &, denote by

(4.1) Knt={(m(s),Q(s),vs) : s € R}
the continuous curve of solutions of (2.22) in the space R x R x C3:* (R) given by Theorem 3. Then

2m,e
the following additional properties hold:

(i) vs is periodic of period 2w /n, for each s € R ;
(ii) m(—s) =m(s), Q(—s) = Q(s), and v_s(v) = vs(x + ) for all x € R, for each s € R.
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Proof. (i) Fix some integer n > 2, arbitrary. Consider again equations (3.11)—(3.13), but this time in
the setting of even functions of period 27/n, that is, with the spaces X and Y being replaced by X
and Y given by

(4.2) X=RxCy .(R), Y=0Cpf

2w /n,0,e

(R) x R,

where the notation has the obvious meaning. Then it is immediate to check that Theorem 4 is
applicable in the new setting, and global real-analytic bifurcation takes place exactly from the local
bifurcation points (A, 1 ),>1 given by (3.18). This leads to the existence of global bifurcation curves

iép,i for each p > 1 of solutions to (2.22) with the properties as in Theorem 3. Since X C X and

Y C Y, it follows that IC; 1 are curves of solutions of (2.22) in the space X too, with properties
analogous to (i)-(v) as satisfied by K, +. The uniqueness claim in Theorem 3 then ensures that

Ki+ = K, +, up to reparametrization. It therefore follows that K, + C X , which is the required
result.
(ii) Fix some integer n > 1, arbitrary. It is easy to check that

R 3> s+ (m(=s),Q(—s),v_s(- +m))

is a curve of solutions of (2.22) satisfying the properties (i)-(v) in Theorem 3. The required result is
a consequence of the uniqueness claim in Theorem 3. U

For simplicity, we will concentrate in what follows on discussing qualitative properties of the solutions
on the curves K . Similar properties (with obvious modifications) may be proven for solutions on
the curves IC,, 4+ for any integer n > 2 if one works in the space of functions of period 27 /n (this choice
is justified by Lemma 1(i)). Also denoting, for both choices of sign + and for n =1,

(4.3) Kie=K:U{(m], Qs W)} UK,
where
(4.4) Ks :={(m(s),Q(s),vs) : s € (—00,0)} and K7 :={(m(s),Q(s),vs):s € (0,00)},

it suffices, because of Lemma 1(ii), to study the properties of the solutions on k7.

For any function v € 022;3‘6 with [v] = h, we consider in Ry, the functions U and V as defined in
Section 2. Then the evenness of v implies that

(4.5) x+— V(x,y) is an even function, for each y € [—kh, 0]
and that the arbitrary additive constant in the definition of U may be chosen so that
(4.6) x +— U(z,y) is an odd function, for each y € [—kh, 0].

This ensures that (2.10) holds. It follows in particular that

(4.7) U(0,y) =0 for all y € [—kh, 0],
and as a consequence of (2.4) that
(4.8) Ulmm,y) = % for all y € [—kh,0] and m € Z.

Lemma 2 (Injectivity). If
(4.9) Vi(2,0) #0  for all x € (0, ),
then the injectivity condition (2.6) is valid if and only if

(4.10) 0<U(z,0) < % for all x € (0,7).
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Proof. Suppose first that (2.6) holds. If U(zg,0) = 0 for some xy € (0, 7), then (U(xg,0), V(x,0)) =
(0, V(z0,0)) = (U(—x0,0), V(—x0,0)), which contradicts (2.6). If U(z,,0) = 7/k for some xy € (0, 7),
then, because of (4.5),(4.6) and (2.4), (U(xo,0),V(20,0)) = (=U(20,0) 4 2%,V (20,0)) = (=U(xo —
27m,0), V(—x0,0)) = (U271 — x0,0), V(27 — ,0)), which also contradicts (2.6). Hence 0 # U(z,0) #
7/k for all x € (0, 7). Furthermore, from (2.10), we have

172

do — =2
/0 U(z,0)dz o

from which it follows that (4.10) is valid.
For the converse, suppose that (U(z1,0),V(21,0)) = (U(x9,0), V(29,0)) for some pair of real num-
bers x1 # x9. Since V (-,0) is even and has period 27, we have

r9 = —x1 + 2mm  for some integer m,

due to the assumption (4.9). Then the oddness of U(-,0) together with (2.4) give us U(x,0) =
U(z2,0) = —=U(x; —27m,0) = =U(21,0) + 2wm/k. Thus U(z1,0) = mn/k. Writing x; = nrw + x, for
some n € Z and z + 0 € [0, 7), we have

I8 = Ul +0,0) = U, 0) + .
By (4.10), m = n and U(zo,0) = 0, so that o = 0. Thus 1 = mm and s = —x; + 27m = 1, a
contradiction. O

We shall see in Lemma 3 below that (4.9) and (4.10) are satisfied by the solutions on the bifurcation
curve Ky 1 that are close enough to the trivial solution v = h. Of course, in order for v to give rise to
a water wave it is also necessary that

(4.11) V(z,0) >0 forall z € R.
The discussion above leads us to consider the following seven properties of a function v:
(4.12) v(xz) > 0 for all z € R,
(4.13) v # h,
(4.14) v'(x) <0 for all x € (0,7),
(4.15) v"(0) < 0, v" (7) > 0,
(4.16) 0< % + Cn(v — B (@) < % for all z € (0, 7),
1 / 1 /

(417) E + Ckh(v )(0) > 0, E + Ckh(v ) (7T) > 0,

m T 2 ! 1 /
(4.18) + o %[v | = YChp(vv') + Tv <E + Cin(v )) > 0 for all z € R.

Equation (2.20) implies that (4.18) is equivalent to @ — 2gv # 0 and (v/)* + (1 4+ Cppv’)? # 0. Because
of Lemma 2 and the discussion in Section 2, any solution in K7 that satisfies (4.12)-(4.18) corresponds
to a water wave.

We will study to what extent these properties are satisfied along K7 . To that aim, it is convenient
to define the sets

(4.19) Vi = {(m,Q,v) € R x R x C3°,(R) : (4.12) — (4.18) hold}

the choice of sign in V. being the same as that in (4.18). Note that V. are open setsin R xR x C’gffe(]R).
The next lemma deals with solutions on K7 which are close to the trivial one.
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Lemma 3 (Local Properties). For either choice of sign in £, let K7 = {(m(s), Q(s),vs) : s € (0,00)}
be the curve of solutions of (2.22) given by (4.4). Then there ezists € > 0 sufficiently small such that

(4.20) {(m(s),Q(s),vs) : s € (0,6)} C Vi forallse (0,¢).

Proof. Since the set of (m,v) defined by the conditions (4.12), (4.16), (4.17), and (4.18) is open
R x C’gffe(]R), and the mapping s — (m(s), vs) is continuous from R into R x 022;3‘6(]1%), the fact that
those conditions are satisfied at s = 0 implies that they are satisfied on (—&1,¢1), for some €1 > 0

sufficiently small. Similarly, since the set

YVi={ueCy*[R):u#0,u(z) <0 foral z € (0,7),4"(0) < 0,u"(r) > 0}

2m,.e

is open in C’g;ffe(R) and the mapping

| (vs—h)/s fors#0,
5 s '_{ (x — cosz) for s =0,

is continuous from R into Cg;r‘i‘e(R), the fact that ug € Y implies that us € Y for all s € (—eq,e3),

for some g9 > 0 sufficiently small; it follows that v, satisfies (4.13)—-(4.15) for all s € (0,e5). Setting

e := min{ey, g5} yields the required result.
O

Fix some ¢ > 0 given by Lemma 3, and let us define K7 |, := {(m(s), Q(s),v;) : s € (0,¢)}. By
reparametrizing K . such that Proposition 1(ii) holds, let us define also K% ;. == {(m(s), Q(s), vs) :
s € (—¢,0)}. The main result of this subsection is the following theorem.

Theorem 5 (Global Continuation). For either choice of sign £, let K7 = {(m(s),Q(s),vs) : s €
(0,00)} be the curve of solution of (2.22) given by (4.4). Then one of the following alternatives
occurs:

(A1) K3 C V4, in which case alternative (o) in Theorem 3 occurs;
(As) there exists s* € (0,00) such that {(m(s), Q(s),vs) : s € (0,8")} C Vs, while (m(s*), Q(s*), vs)
satisfies (4.12), (4.13), (4.14), (4.15), (4.17) and (4.18), while instead of (4.16) it satisfies

(4.21a) 0< % + Crn(v — h)(x) < % for all z € (0,7),
(4.21b) % + Crn(v — h)(xg) = % for some xo € (0, 7).

Remark 5. (i) Roughly speaking, alternative (A;) means that all the solutions on K7 correspond to
physical water waves that are symmetric and whose vertical coordinate strictly decreases between each
of its consecutive global maxima and minima, which are unique per minimal period. However, since we
make no claim that the horizontal coordinate is strictly monotone, such waves could have overhanging
profiles. The existence of overhanging waves is strongly suggested by numerical simulations and
remains an important open problem. More generally, the behaviour of the solutions on K7 as s — oo
remains another important open problem.

(ii) Alternative (As) means that solutions on K7 that correspond to physical water waves with
qualitative properties as described above do exist until a limiting configuration with a profile that self-
intersects on the line strictly above the trough is reached at s = s*. Indeed, recall that u(z) = U(z,0).
By (2.10), (4.21b) and (4.8), u(xg) = zo/k + Cpi(v — h)(z9) = m/k = wu(m). This implies that
the physical point (u(xo),v(zg)) € S lies directly above the trough (which is at (u(w),v(w))). By
(2.4) and (4.6), u(2m — x9) = u(—xg) + 2w /k = 27/k — u(xo) = u(xo), while (2.4) and (4.5) yield
v(2m — x0) = v(—29) = v(x). Thus the curve S intersects itself at the physical point (u(zg),v(zo)),
which lies directly above the trough.

Proof of Theorem 5. Fix a choice of sign in 4. In what follows we choose the + sign merely for
definiteness. All the arguments below can be straightforwardly adapted to the choice of the — sign.
For convenience, define I = {s € (0,00) : (m(s),Q(s),vs) € Vi}. Since V, is an open set in
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X A

FIGURE 3. The possibility of a loop is eliminated by a nodal pattern analysis.

R x R x Cgfe(R), it follows that I is an open subinterval of (0, 00). In case I equals all of (0, c0), the
definition of V; implies K7 C V,, so that () in Theorem 3 is excluded and therefore () is valid.

Hence we are left with the case that the open interval I is not the whole of (0, 00). With € > 0 given
by Lemma 3, we have (0,e) C I. Let s* be the upper end-point of the largest interval that contains
(0,e) and is contained in /. Then (0,s*) C I and s* ¢ I. In what follows we shall investigate the
properties of the solution (m(s*), Q(s*), vs+).

We first claim that necessarily vy # h. Suppose on the contrary that v« = h. Then the point
(m(s*), Q(s*),h) belongs to K., and is a limit of a sequence of nontrivial solutions. It follows
from Theorem 3 that necessarily there exists an integer n > 1 and a choice of sign in + such that
m(s*) = m;, 4 and Q(s*) = Q, 4, where m; . and Q;, , are given by (3.3) and (3.4). At this point
note that it is a consequence of Theorem 3(iv) and the periodicity in Lemma 1(i) that, for any
n > 2, all nontrivial solutions in a neighbourhood of (m;, ., @, ., h) are periodic of period 27 /n. By
(4.14), vi. < 0for 0 < o < 7. Thus n = 1. It follows that either (m(s*),Q(s*) = (mj , Q7 )
or (m(s*),Q(s*) = (mj _, Q7 _). However the possibility that (m(s*),Q(s*) = (m} _, Q7 ) is ruled
out by the fact proved in Lemma 3 that all nontrivial solutions in a neighbourhood of (mj _, Q7 _,h)
satisfy (4.18) with the minus sign, combined with the fact that all solutions on K7 satisfy (4.18) with
the plus sign. Thus the only remaining possibility is that (m(s*), Q(s*) = (m] ,, Q7 ;).

Now all the nontrivial solutions in a neighbourhood of (mj ,, Q7 ,,h) belong to K7 UK. By
the evenness and periodicity, the solutions on IC—<|—,loc satisfy the opposite of (4.14), so that K% is
excluded. Hence there exists 07,02 > 0 sufficiently small such that {(m(s), Q(s),vs) : s € (0,61)} =
{(m(s),Q(s),vs) : s € (s* — g, s*)}. However, this possibility is ruled out by (C}) in Theorem 4, that
is, by the construction of the real-analytic global bifurcation curve in [6]; see Figure 3. We have thus
proven that v = h is not possible, which proves the claim.

For notational simplicity, throughout the remainder of the proof we shall denote (m(s*), Q(s"), vg)
by (m,@Q,v). This is a limit of solutions satisfying (4.12) to (4.18). The definition of I implies that

(4.22) v(xz) > 0 for all x € R, and is even of period 27,
(4.23) v'(x) <0 for all z € [0, 7], so that v > 0 in [, 27],

(4.24) 0< % + Cin(v — h)(x) < — for all x € [0, 7],

T
k
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FIGURE 4. The rectangular domain R, the conformal image of which is the fluid domain
between the wave crest and a successive wave trough.

(4.25) + (% - %[vz] — YCpp(v0') + Yo <% + Ckh(v’)>> >0 for all x € R.
By (2.10), (4.24) may be rewritten as

(4.26) 0=U(0,0) <U(x,0) <U(m,0)=7/k forall x € [0,n].

Also, by (2.19) with ¢ defined as in Section 2, (4.25) may be rewritten as

(4.27) Cy(x,0) + YV (2,0)V,(2,0) >0 forall z € R.

By Theorem 1, v also satisfies (2.20), which is the same as (2.14).

We are now going to show that (m, @, v) satisfies the remaining properties claimed in the statement
of alternative (As) of Theorem 5. The proof will be based on sharp forms of maximum principles in
the infinite strip Rgp, as well as in the rectangular domain

(4.28) R:={(x,y): 0<z<m, —kh<y<O0},

whose boundary OR is the union of the four line segments
IRy = {(z,0): 0 < x <7}, ORy = {(x,—kh) : 0 <z < 7},
IR, ={(0,y): —kh <y <0}, OR.={(0,9): —kh <y <0},

see Figure 4.
Suppose on the contrary that (4.12) fails. Then (4.22) and (4.23) imply that v(7) = 0. Since then

the harmonic function V' in Ry, has a global minimum in Ry, at (7, 0), by the Hopf boundary-point
lemma, V,(7,0) < 0. On the other hand, it is a consequence of (4.26) and the Cauchy-Riemann
equations that V,(m,0) = U,(m,0) > 0, which is a contradiction. It follows that (4.12) does hold.

We now prove the strict inequality (4.18) with the + sign; that is,

. m T 2 / 1 /
(4.29) ¢, +TVYV, o =+ (k:h Qk:h[v | = YChp(vv") + Tw <k: + Cpn (v ))) > ( for all x € R.
Recalling from Theorem 3(i) that
(4.30) Q —2gv(z) > 0 for all z € R,

and taking (2.14) into account, the validity of (4.29) is equivalent to
(G + TVV)? = (Q—29V)(V? + V) >0 fory =0

or equivalently
1 2
(4.31) V(1) + (E + Ckh('U,)(ZL')) > 0 for all z € R,

or also equivalently
(4.32) VZ(x,0) + V7 (x,0) >0 forall z eR.
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We will prove (4.32) by contradiction. Suppose that there exists a point x5 € R such that V*(zg, 0)+
V2(20,0) = 0. It follows from (2.14) that (,(xo,0) 4+ TV (20, 0)V,(x0,0) = 0. Combined with (4.27),
this ensures that ¢, + V'V, = O((z — x)*) as © — 20 at y = 0. By (2.14) it implies that V,? + V;? =
O((x —x)*) as © — x¢ at y = 0. Examining the second derivative of the expression in the right-hand
side of (2.14), we see that

(4.33) Via(20,0) = Vi (20, 0) = 0.

Because of the evenness and periodicity of v, we may assume with no loss of generality that 0 < zy < 7.
If zp = 0, it follows from (4.23) that the harmonic function V' in Ry, has at (0,0) a global maximum
in Ry;,. By the Hopf boundary-point lemma, V,,(0,0) > 0. Hence

(4.34) L+ Cn(v')(0) = V,(0,0) > 0,

a contradiction. So zy # 0. Now suppose 0 < xg < w. The harmonic function V, has its global
maximum in R at (z9,0) because V, = 0 on three sides (by oddness and the bottom boundary
condition) while V, < 0 on the top OR; by (4.23). By the Hopf boundary-point lemma, V;,(zo,0) > 0,
which contradicts (4.33).

It remains to consider the case xy = 7. Since x +— V(x,y) is even about m, for each y € [—kh, 0], it
follows that

(4.35) Viwa (7, 0) = Viyy (7, 0) = 0.

Now the harmonic function V, in the rectangle R = {(z,y) : 0 < x < 7, —kh < y < 0} has
its global maximum in R at (7,0). It follows from the Serrin corner-point lemma, by taking into
account (4.33) and (4.35), that V., (7, 0) < 0. By the Cauchy-Riemann equations, U,,,(m,0) < 0.
Similarly, we also deduce that U,(m,0) = U,,(7,0) = 0, since V,(m,0) = 0 by assumption and
Viy(m,0) = 0 by (4.33). These properties of the derivatives of the function U(-,0) at (7, 0) imply that
U(z,0) = U(7,0) = Usga(m,0)(x — 7)3 4+ O(x — m)* > 0 as & /' w. This contradicts (4.26).

Thus xy does not exist and (4.32) is true. Since V,(m,0) = 0, we must have V, (7, 0) # 0. It is a
consequence of (4.26) and the Cauchy-Riemann equations that V, (7, 0) = U,(m, 0) > 0. It follows that

1
(436) E + Ckh(vl)(ﬂ') = ‘/y(ﬂ', 0) > 0.
We have therefore proved not only (4.18), but also (4.17) and (4.31). It remains to prove (4.14), (4.15)

and (4.21).

Recall at this point that the solution (m, @), v) that we are discussing (more precisely, (m(s*), Q(s*), vs))
is the limit in R x R X 0227’3‘6(1&) of a sequence (m?, Q’,v7) := (m(s;), Q(s;), vs,) where s; € I for all
j€Nands; 7 s*asj — co. For each j € N, let V7 and U’ be the associated harmonic functions in
Rin. The definition of I means that, for each j € N, we have that (m?, Q7,v7) € V., which implies
by Lemma 2 that the mapping = +— (U’(x,0), V?(z,0)) is injective on R. As noted in [44],[18], a
suitable application of the Darboux—Picard Theorem [7, Corollary 9.16, p. 3| yields that U7 + iV is
a conformal mapping between the strip Ry, and the domain €2 whose boundary consists of the curve

S = {(U(z,0),V(x,0)) : z € R}
and the real axis B, that extends continuously from Ry, to Q.
As a consequence,
(V)2 + (VI)? >0 in Ry, U{(z,—kh):z € R}

On {(x, —kh) : x € R} we have that V7 = VI = 0 and V;/J # 0. Using the maximum principle and the
fact that U + ¢V is not constant, we may pass to the limit as 7 — oo to obtain

VZ+V2>0 in Ry U{(x,—kh):z € R}.
By taking (4.32) into account, we therefore deduce that
(4.37) VZ4+V2>0 in R
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At this point we state the following lemma, whose proof is somewhat technical. In order not to
disrupt the flow of the argument, we choose to take its validity for granted for the moment, and defer
proving it until after the proof of Theorem 5.

Lemma 4. Let (m,Q,v) € R xR x C3__(R), with [v] = h and v # h, be a solution of (2.22) which

2m,.e

satisfies (4.30), (4.37), and (4.23). Then v also satisfies (4.14) and (4.15).

It has been noted in the proof of Theorem 3 that any solution v of class C>® is necessarily of class
C3, so that Lemma 4 is applicable. As a consequence of Lemma 4, our solution (m,@,v), which is
in fact (m(s*), Q(s*),vs+), satisfies (4.14) and (4.15). It finally remains to prove (4.21). Recall that
(4.24) is valid. Suppose first for a contradiction that (4.21a) fails, so that there exists z € (0, 7) such
that

o:%+cM@—m@@:U@mm

Then the harmonic function U in R has at (xg,0) a global minimum in R. Hence it follows from
the Hopf lemma that U,(zo,0) < 0. By the Cauchy-Riemann equations, V,(xy,0) > 0, which con-
tradicts (4.23). This proves that (4.21a) is valid. On the other hand, (4.21b) must necessarily be
true, since otherwise, taking into account everything we have proved so far, it would follow that
(m(s*), Q(s%),vs) € V4, a contradiction to the definition of s*. This completes the proof of Theorem
5, modulo Lemma 4. O

Proof of Lemma 4. By Theorem 1, equation (2.20) is also satisfied. Let ¢ be the solution of (2.13) and
V' the solution of (2.9). Then (2.14) also holds due to the discussion after (2.20). The assumptions
(4.30) and (4.37) ensure that

(4.38) Gy =—-TVV, +(Q—-29V)"2(VZ+ V) at (2,0) for all w € R,

the choice of sign in the + above being the same for all z € R. The required result will be obtained
by applying maximum principle-type arguments to the function f : Ry, — R given by

ch -V Cx
4.39 = 20 Y7
(1.39) =
(The choice of f is motivated by the formula (2.21) for the horizontal velocity of the fluid in a steady
water wave. However, here we are not assuming (2.6), so that our solution need not correspond to a

water wave.) It is easy to see that f is a harmonic function in Ry, because it is the imaginary part of
g/h, where g = —((, +1i(,) and h =V, 4+ iV,. Note that f =0 on OR; U IR, UIR,, while

T —9 1/2
(4.40) po Vel VY V(@ — 29V)
Ve+vy (V2 + V)t

as a consequence of (2.25) and then (4.38). Therefore, in view of the assumptions (4.30) and (4.37),
f has a constant sign on JR; (depending on the choice of sign in +), and f # 0 on OR;. By the
maximum principle it follows that f has a strict sign in R.

We will first prove that v'(z) < 0 for all x € (0,7). Suppose on the contrary that v'(xzy) = 0 for
some zg € (0,7). Since ¢ is a global maximum for v on (0, 7), it follows that v”(z¢) = 0. Also, it
follows from (4.40) that f(zo,0) = 0, and thus the harmonic function f in R has at (x¢,0) a global
extremum in R U JR. It follows from the Hopf boundary-point lemma that f,(x,0) # 0. We shall
now prove, by direct calculation, that f,(zo,0) = 0, thus obtaining a contradiction. To simplify the
following calculations, it is convenient to write f = p/q, where p = V,(, — V,(s, ¢ = V2 + VyQ. Then,

on OR;,

at every point in Ry, we have
Pyq — Pq
This implies in particular that, at the point (z,0), at which p =0, V, =0, and V,, = 0, we have

(4.42) e

Y
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We now differentiate equation (4.38) with respect to z to obtain

—wwﬁ+ww2<Q—meM%ﬁwwm>

@—2gV)'7 (VZ+V3)7

at (z,0) for all z € R. It follows from (4.38) and (4.43) that, at the point (xg,0), at which V,, = 0 and
Ve = 0, we have

(4.43) Coy = —TY(VLV, +VV,,) £ (

(4.44) Gy =—TVV, £ (Q—29V)"?|V,,
—29V)' 2V,
(4.45) Cop = —TVV,, + (@ 9|V)| ylzy
Y

from which one can see that V,,(, = V,(,, and therefore, by (4.42), that f, = 0, thus obtaining a
contradiction. This proves that indeed v'(x) < 0 for all z € (0, 7).

We will now prove that v”(0) < 0 and v”(7) > 0. Since v'(0) = v/(7) = 0 and v" < 0 on [0, 7], it
follows that v”(0) < 0 and v”(7w) > 0, so we just need to prove that the two inequalities are strict.
Suppose on the contrary that v”(zg) = 0 for some zg € {0,7}. Then V, = 0 and V,, = 0 at (x,0).
Since the harmonic function f in R has at (zo,0) a global extremum in R U OR, the Serrin corner-
point lemma [10] ensures that not all first and second order derivatives of f can vanish at (x,0). We
now show however by direct calculation that under the present assumptions all first and second order
derivatives of f do vanish at (z,0), which will constitute a contradiction. Indeed, because f = 0 on
OR;UOJR,, it follows that f, = 0 and f,, = 0 and also that f,, = 0 on 9R;UJR, since f is harmonic.
Thus we can see from (4.40) that each term in the expression for the derivative with respect to = of f
at (zo,0) contains as a factor either V, or V,,, so that f,(xo,0) = 0. It thus remains to examine the
mixed derivative f,,(x,0). To accomplish this task, we calculate from (4.41) that at every point in
Ry, we have

(Payq + Pyle — Paly — Play) > — (Pyq — P2y) 244
(4.46) Jay = Jya = . . . pz . . . .

This implies in particular that at the point (z0,0), at which ¢, =V, =(y = Vo =Vou =V, =p =
Pz = py = 0, we have

(4.47) foy =2

It is easy to see, when calculating p,, by differentiation in the formula p = V,(, — V,,(;, that at the
point (zg,0) six out the eight terms are zero and we are left with

(448) Pzy = anzyCy - VyC:m:y-

We now calculate (g4 (70,0) by differentiating with respect to z in (4.43) and, taking into account
that at (zo,0) we have V, = V,, =V, = 0, we obtain
(Q = 2gV)" 2V, Vi,
Vil '
Because (4.44) is also valid at (x¢,0), we see that V,,,(, = V,,Cuuy. Therefore by (4.47) and (4.48) we

have fy,(20,0) = 0. Thus all first and second derivatives of f vanish at (zo,0), a contradiction. As
explained earlier, this implies that indeed v”(0) < 0 and v”(7) > 0.

(4.49) Coay = =YV Vi £

t

5. THE FLOW BENEATH A WAVE OF SMALL AMPLITUDE

In this section we point out some features of the small amplitude waves whose existence was es-
tablished in Section 3. As before, we only discuss the bifurcation from the lowest eigenvalue so that
throughout this section n = 1. For simplicity, we refrain from using the subscript “1” when referring
to Aj L or to Kix.
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By restricting the local bifurcation curve to a sufficiently small neighborhood of (A},0) € R x X,
the condition v’ # 0 in (0, ) will hold everywhere on it, except for the bifurcating laminar flow (with
a flat surface profile) corresponding to s = 0. For s # 0 the wave profiles S obtained thereby are
graphs that are strictly monotone between crests and troughs and are symmetric about the crest line.
For s > 0 the crest is located at x = 0, while for s < 0 the trough is at x = 0. As for the velocity
field in the fluid, for a given fluid domain €2 beneath the surface § and above the flat bed Y = 0,
the boundary-value problem (2.2a)-(2.2b)-(2.2¢) with L-periodicity in the X-variable has a unique
solution. The symmetry of § implies that the stream function ¢ is even in the X-variable.

Recall that by a critical point we mean a point where ¥y = 0, while a critical line is a curve of
critical points, and by a stagnation point we mean a point where vy = ¥y = 0. We will state the
results for the local bifurcating curve K_ ., corresponding to the choice of the minus sign in (3.18),
the case of K} j,. being obtained by interchanging + in Ky and in the sign of 7.

Theorem 6 (The local curve K_,.). (i) A laminar flow on K_ that is a bifurcation point admits
critical points if and only if T < 0 and
tanh(kh) - T2h
kh = g+ Y2h~
If they exists, all critical points are located on a unique horizontal line beneath the flat free surface.
(ii) If either T > 0, or T < 0 is such that (5.50) fails, then the flows on the local bifurcating
curve K_ 5. that are sufficiently close to the bifurcating laminar flow present no critical points and the
streamlines foliate the fluid domain (see Figure 5).
(1ii) If T < 0 and if the laminar flow at the bifurcation point has a critical line strictly above the
flat bed, then the nearby waves on K_ 1,. have a cat’s eye structure with critical points (see Figure 6).
(i) If T < 0 and if the flat bed is itself a critical line of the laminar flow at the bifurcation point,
then the nearby waves on K_ j,. have an isolated region of flow reversal near the bed, delimited by a
critical layer (see Figure 7).

(5.50)

Proof. (i) The stream function (X,Y") of the laminar flow corresponding to the bifurcation point
(A*; u=0,w = 0) solves (2.2) with ¥x =0 and m = m* = X\*h — Th?/2 throughout Q = {(X,Y) :
0 <Y < h}. We have explicitly

T 2 * * ThQ
(5.51) YY) = SV (= Th)Y —Mh+—-,  0<Y<h,
the corresponding velocity field being

(5.52) (Yy, —thx) = (YY +X* —=Th,0), 0<Y <h.

Since A* < 0 by (3.18), there are no critical points in the irrotational case T = 0. On the other hand,
for T # 0, it is easily seen that critical points exist in the bifurcating laminar flow corresponding to
A" if and only if

A*
5.53 h>—>0.
(5.59 S
Whenever (5.53) is satisfied, critical points lie on the critical line
A*
5.54 Y=h——
(5.54) =

that is located beneath the flat free surface Y = h, since \* < 0. Straightforward manipulations
starting from (3.18) show that (5.53) is satisfied if and only if T < 0 and (5.50) holds.

If T < 0, we remark that since the function s — tanh(s)/s is a strictly decreasing bijection from
(0, 00) onto (0, 1), critical layers in the bifurcating laminar flow occur if and only if k£ exceeds a certain
critical value; since L = 2%, this means that critical layers occur whenever the wavelength is sufficiently
small.

(22) If T > 0, then (5.52) shows that the maximum of 1y throughout the laminar flow at the
bifurcation point is attained at the flat free surface Y = h, where 1y (h) = A* < 0, so that ¢y < 0
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FIGURE 5. Streamlines of a flow of constant vorticity T, in the absence of critical points:
On the top left laminar flows for T > 0, on the top right laminar flows for T < 0, and
below nearby waves of small amplitude, lying in function space on the local bifurcation
curve. In both settings the horizontal fluid velocity is negative throughout the flow.

throughout the flow. If T < 0 is such that (5.50) fails, then (5.52) with the choice A\* shows that
the maximum of ¢y throughout the laminar flow at the bifurcation point is attained on the flat bed
Y = 0, with the inequality opposite to (5.50) ensuring that 1y < 0 there. Consequently, we have again
that 1y < 0 throughout the laminar flow at the bifurcation point. Using (2.21), we infer that this
inequality will persists along the curve K_ of non-trivial solutions, provided that these are sufficiently
close to the bifurcating laminar flow. All these waves will therefore not present critical points in the
flow, with the streamlines in this case providing a foliation of the fluid domain. Typical streamline
patterns for the laminar flows with bifurcation parameter \* are depicted in Figure 5.

On the other hand, for a bifurcating laminar flow with critical points in the case T < 0, the
streamline pattern for a wave corresponding to a non-trivial solution on K_ . is in marked contrast
to that familiar from flows without critical points. Indeed, the previous considerations show that the
bifurcation parameter is A* < 0. Moreover, from (5.52) we get that the horizontal fluid velocity vy of
this laminar flow takes on the value 1y (h) = \* < 0 at the surface Y = h, with ¢y (0) = A\* —=Th >0
on the bed Y = 0, the latter inequality being a restatement of (5.53).

In the specific scenario (ii7) the stream function 1 of the laminar bifurcating flow is such that
Yyy < 0 throughout the fluid, with 1y < 0 near the surface and 1y > 0 near the bed. All these
inequalities will persist for the stream functions associated to the flows along the curve K_ of non-trivial
solutions, provided that these flows are sufficiently close to the bifurcating laminar flow. Let Y = n(X)
be the free surface of such a flow, with the wave crest located at X = 0 and the wave troughs at X =
+1/2. At every fixed X, the corresponding real-analytic stream function ¢ is such that the function
Y — (X, Y) is strictly concave on [0, n(X)], with ¢y (X,0) > 0 and ¢y (X, n(X)) < 0. Consequently,
there is a unique maximum point Yy(X) € (0, n(X)) of this function, with ¥y (X, Yp(X)) = 0, and
Uy (X,Y) > 0 for 0 <Y < Yy(X), while ¢y (X,Y) < 0 for Y € (Yo(X), n(X)]. Since ¢yy < 0
throughout the flow, the implicit function theorem [6] ensures that the critical layer {(X,Y) € Q :
1y (X,Y) = 0} coincides with the graph of the real-analytic map X — Y(X).

On the other hand, by (2.2b) we have (X, n(X)) = 0 for all X € R. Differentiating this relation
with respect to X and taking into account the fact that iy (X, n(X)) < 0 while '(X) < 0 for
X € (0,L/2) in view of (4.14), we deduce that ¥ x(X,n(X)) < 0 for all X € (0,L/2). The boundary
condition (2.2¢) and the fact that ¢ is even and L-periodic in the X-variable yield ¢x(0,Y") = 0 for
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FI1GURE 6. Flows with constant vorticity T < 0, with critical points above the flat bed:
On top, for a laminar flow the horizontal critical layer consists of stagnation points that
mark the flow reversal, while below, for a nearby wave of small amplitude (lying in
function space on the local bifurcation curve) only the points of the critical layer that
are beneath the crest or the trough are stagnation points. In the moving frame the
stagnation point beneath the crest is surrounded by closed streamlines (Kelvin’s ‘cat’s
eye’ flow pattern). The critical layer, depicted by the dashed curve, delimits an upper
region of negative horizontal fluid velocity, and beneath it the flow direction is reversed.

Y € [0,7(0)], ¥x(X,0) =0 for X € [0,L/2], and ¥x(L/2,Y) =0 for Y € [0,7(L/2)]. Applying the

strong maximum principle to the harmonic function ¥y in the domain
QL ={(X)Y): 0<X<L/2, 0<Y <nX)},

we conclude that ¥x(X,Y) < 0in Q.. The fact that 1 is even in the X-variable yields ¢x(X,Y) > 0
in

Q. ={(X)Y): -L/2<X<0,0<Y <n(X)}.
These considerations show that the only stagnation points of this flow are the points on the critical
layer that lie beneath the wave troughs and crests.

To describe qualitatively the streamline pattern of the flow, notice first that dx (X, Yy(X)) =
¥x (X, Yo(X)) is positive in £2_ and negative in 2. Consequently the quantity M(X) = (X, Yo(X)),
representing the maximum of the function Y — ¢(X,Y") on [0,7(X)], attained uniquely on the critical
layer, is strictly increasing as X runs from —L/2 to 0 and strictly decreasing as X runs from 0 to L/2.
Set M_ = M(—L/2) = M(L/2) and M, = M(0). We know that 1)y < 0 in the region

QO ={(X,)Y): —L/2< X <L/2, Yo(X) <Y <n(X)}
above the critical layer, while ¥y > 0 in the region
QO ={(X,)Y): -L/)2< X <L/2,0<Y <Yy(X)}

beneath the critical layer. Since max{0,—m} < M_ < M(X) = M(—-X) < M, for every X €
(—L/2,0), the implicit function theorem yields that in QF := Q_NQF the level set [y = M_] consists
of the graph of a smooth strictly increasing curve C., joining the points (—L/2,Yy(—L/2)) and
(0,Y4), where Y, € (Y5(0), n(0)) is the unique solution to ¢(0,Y) = M_ in this interval. Similarly, in
O :=Q_NQ the level set [t = M_] consists of the graph of a smooth strictly decreasing curve C_
that joins (—L/2,Yy(—L/2)) to (0,Y_), where Y € (0, Y,(0)) is the unique solution to (0,Y) = M_
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X=—L/2 A X=0 B X = L/2

F1GURE 7. Flows with constant vorticity T < 0, admitting in the moving frame stag-
nation points on the flat bed: On top, a laminar flow for which all points on the bed are
stagnation points, and below, a nearby wave of small amplitude (lying in function space
on the local bifurcation curve) presents in a periodicity window only three stagnation
points (identified as A, B, C' in the figure), connected by the critical layer curve (de-
picted by the bold dashed curve) that encloses a near-bed region of flow-reversal. The
stagnation point located beneath the wave crest is surrounded by closed streamlines.

in this interval. The level set [¢p = M_] in €2 is the mirror image of the union of these two curves.
In the closure of Q_ U Q. the level set [¢p = M| consists of the stagnation point (0, Y,(0)), while
each level set [1p = ] with v € (M_, M,) is a closed curve encircling (0, Y5(0)). For v € (0, M_), the
implicit function theorem yields that the level set [¢) = 7] in QF is the graph of a strictly increasing
function, located between C, and the free surface, [¢) = 7] in QZ is the graph of a strictly decreasing
function, located between C_ and the flat bed, while [¢) = 4] in £ is the mirror image of the union
of these two curves. The cat’s eye type flow pattern depicted in Figure 6 emerges.

(7v) We now consider the case T < 0 in which the critical points of the bifurcating laminar flow
(with a flat free surface) are confined to the flat bed, that is, \* — Th = 0. The proof of Theorem 3
shows that along the solution curve K_ the non-trivial solutions sufficiently close to the bifurcating
laminar flow correspond to vy(x) = h + s cos(z) + o(s) in C3* (R) and m(s) = m* + o(s) for s > 0

2m,e

small enough, where m* = Th?/2 due to (3.18), (3.3) and \* = Th. From (A.3) we deduce that
us(x) = % + 5 coth(kh) sin(z) + o(s) in C2*(R).

The corresponding solution of (2.9) is given by
y+ kh sinh(y + kh)

’ + s cos(x) Snh (k) + o(s)
so that, in view of (2.10), the harmonic conjugate of —V* on Ry, is

cosh(y + kh)
sinh(kh)

(5.55) Vi(z,y) = in C**(Ry),

Us(z,y) = % + s sin(x) Yo(s)  in C2(Rpyp).
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Furthermore, we have that the solution to (2.13) is given by

sinh(y + kh)

(5.56) Clavy) ==L sh cosle) =20 o)

+o(s) in C%*(Ryp).
For s > 0 small enough, the expansion
1
(ul(x), vi(z)) = (E + s coth(kh) cos(x) + o(s), — s sin(z) + o(s))

in Cy%(R) ensures that the free surface is the graph of a function Y = 7,(X) with 7/(X) < 0
for X € (0,L/2). Throughout the bifurcating laminar flow we have that ¢yy = T < 0, while
Yy (h) = A2 < 0, so that for nearby waves we will have ¢§, < 0 throughout the flow and ¢35 < 0
near the free surface Y = 7,(X). Recalling that n.(X) < 0 for X € (0,L/2), by differentiating the
relation (X, 75(X)) = 0, valid due to (2.2b), we deduce that % (X, (X)) < 0 for X € (0, L/2).
On the other hand, ¥%(X,0) = 0 for all X € R due to (2.2¢), while the symmetry properties ensure
5%(0,Y) =0for 0 <Y < ny(0) and ¥%(L/2,Y) =0 for 0 <Y < ny(L/2). The function % being
harmonic in the domain {(X,Y): 0 < X < L/2,0 <Y <n,(X)} by (2.2a), the maximum principle
permits us to deduce that % (X,Y) < 0 throughout the domain, while Hopf’s maximum principle
yields

(5.57) Yy (X,0) <0, X e (0,L/2).

To elucidate the behaviour of ¥§ in the closure of the domain {(X,Y): —L/2< X < L/2,0<Y <
ns(X)}, note that (2.21) yields

(5.58) U3 (U* (2, —kh), 0) = — f#ﬁg” +o(s)  in CR(R),

since V*(z, —kh) = 0 by (2.9¢), while by (5.55) and (5.56),

1 cos(z) . e
‘/ S — = — [ ’ R
Y(x7 kh) k + s Slnh(kh) + 0(S> m CQTF ( )7

and
cos(z)

sinh(kh)

For x = 0 and x = £+ in (5.58) we get ¢5(0,0) > 0 and ¢35 (£L/2,0) < 0, respectively. Taking into
account (5.57) and the fact that X — 1°(X,0) is even, we deduce the existence of some X, € (0, L/2)
with 9% (£X0,0) = 0 and ¢5(X,0) > 0 for X € (—Xo, Xo), ¥5(X,0) < 0 for X € [~L/2, —X¢) U
(Xo, L/2]. Denote the points (—Xy,0) and (Xo,0) by A and B, respectively. Along the vertical
segment {(X,Y): 0 <Y < n(X)} we know that ¢35, (X,Y) < 0, with ¢35 (X,ns(X)) < 0. Thus
Y3 (X,Y) < 0 for all X € [—L/2,—Xo] U [Xo,L/2] and Y € (0,75(X)]. On the other hand, for
every X € (—Xj, Xy) there exists a unique Y;(X) € (0, n5(X)) such that ¢35 (X, Y§(X)) = 0, with
Y3 (X,Y) <0 for Y € (YJ(X), ns(X)] and 5 (X,Y) > 0 for Y € [0, Yy (X)). Denote the stagnation
point (0, Y5 (0)) by C. The curve X — Y (X) with X € [—X,, Xo] is the critical layer and A, B, C
are the stagnation points of the flow in the closure of the domain {(X,Y): —-L/2 < X < L/2,0 <
Y < ng(X)}. Recall from (2.2) that ¢*(X, ns(X)) = 0 while ¢¥*(X,0) = —m(s) > 0. For a fixed
X € [-L/2, —X,] U [Xo, L/2], the function Y +— ¥*(X,Y) is strictly decreasing on [0, 75(X)], while
for X € (—Xo, Xo), the function Y — ¢*(X,Y) attains its maximum M*(X) > —m(s) on [0, ns(X)]
at y = Y (X), being strictly monotone on either side of Y (X). These considerations suffice to infer
the full qualitative flow pattern — see Figure 7. In particular, the stagnation point C' is surrounded by
closed streamlines. O

G (z, —kh) = =Y sh + o(s) in Cy*(R).
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FI1cURE 8. Waves with stagnation points and corners of 120° at their crests: overhang-
ing profiles (on the right) and profiles that are graphs (on the left).

FiGURrE 9. Overhanging wave with self-intersections on the trough line.

6. FURTHER RESULTS AND CONJECTURES

In a sequel to this paper, we will prove the following results:

e If K becomes unbounded in R x R x C5:*(R), then ¢’ is unbounded in L3 _(R);
e For all waves in IC, the free surface § is a real-analytic curve.

Furthermore, we have a conjecture about the furthest boundary of the global curve K that is more
specific than Theorem 5. Our conjecture is that at this boundary we reach

e cither a wave with a stagnation point and a corner of 120° at its crest whose surface may be
overhanging or a graph (see Figure 8)

e or a wave that has no stagnation point but its surface is overhanging with self-intersections on
the trough line (see Figure 9).

This conjecture is supported by some analysis and by the numerical simulations in [21,49].
It would also be interesting to extend our analysis in Section 5 of the nature of a flow beneath the
wave profile from the case of small-amplitude waves to larger waves.

APPENDIX A. THE PERIODIC HILBERT TRANSFORM C; ON A STRIP

We discuss the conjugation and Dirichlet-Neumann operators acting on periodic functions on a
strip. The Dirichlet-Neumann operator G, for the strip R, is defined by

(A.1) (Ga(w))(z) = W,(,0), we CEYR) with p>1 an integer,
where W € C}:%(Ry) is the unique solution to the boundary-value problem

AW =0 in Rd,
(A.2) W(z,0) = w(z), r € R,
W(x,—d) =0, z €R.
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Gu is a bounded linear operator from C2*(R) to C2-"*(R), given by
2 2m

(Ga(w))(z) = [ + Z nay, coth(nd) cos(nz) + Z nb,, coth(nd) sin(nx)

= n=1

where w € C5*(R) has the Fourier series expansion

= [w] + Z a, cos(nx) + Z by, sin(nx).

The conjugation operator Cy is defined as

(A.3) (Ca(w) Z a, coth(nd) sin(nx) Z by, coth(nd) cos(nz) ,

n=1 n=1

for 2m-periodic functions w € C%° (R) of zero mean, [w] = 0, having the Fourier series expansion

27,0
o
E a, cos(nx) + g b, sin(nz) .

n=1 n=1

For any integer p > 0 and any a € (0,1), the operator C4 is a bounded invertible operator from the
class CY° (R) into itself. The two operators are related by means of the identity

27,0

_ ] ' _ ] : P
(A.4) Ga(w) = = + (Calw — [w]) ) = =7 + Ca(w'),  we G (R),
that holds for all integers p > 1. Given W as in (A.2), let Z € C5:*(R,) be the harmonic function in
R4, uniquely determined up to a constant, such that Z + ¢ is holomorphic in R4. Then Z(x,y) =
[%] x + Zo(z,y) throughout Ry, for a harmonic function (z,y) — Zy(x,y) that is 2r-periodic in the
a-variable (see [18]). The function Z, being unique up to an additive constant, we normalize it by
requiring that x — Zy(x,0) has zero mean over one period. Then = — Zy(z,y) has zero mean for
every y € [—d,0]. The restriction of this particular harmonic conjugate of W to y = 0 is given by

w
(A.5) Z(x,0) = [T‘l]x—I—Cd(w— [w]), z € R.
Let L%F’O(R) be the space of 2m-periodic locally square integrable functions of one real variable, with
zero mean over one period. The operator Cy can be extended by complex-linearity to complex-valued
functions in L3__(R), being characterized by its action on the trigonometric system {e™},cz (o as

27,0
(A.6) Cy(e™) = —icoth(nd) ™, neZ\{0}.
It is a skew-adjoint operator. Let C denote the standard periodic Hilbert transform [6, 41], defined by
(A.7) C(e™) = —isgn(n)e™, neZ\{0}.

It is well-known that C has a pointwise almost everywhere representation as a singular integral

(A.8) (Clw)(t) = % PV / cot (t . S)M(s) ds,

—T

where PV denotes a principal value integral [37], which is instrumental in the investigation of the
structural properties of the operator C. Writing

(A.9) Cq=C+ Ky,
we see that the operator g corresponds to the Fourier multiplier operator on L3 (R) given by

(A.10) {w = Z Cn ei”t} — { Z —isgn(n) A, ¢, ei”t},

nez\{0} nez\{0}
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u,.(t)

A | y=-2 d‘
u_(t) 1

FIGURE 10. The correspondence between boundary values of harmonic functions on a strip
and on the unit disk.

2

with A, = ST for |n| > 1. Since Z In|*? A2 < oo for every integer p > 0, the function
€ nezZ\{0}

kq € L3, (R) given by

(A.11) Kq(t) = Z —isgn(n = 22)\ sin(nt), teR,

neZ\{0}

is of class C™ (see [24]). From (A.10) we infer that K4(w) is the convolution of w with this smooth
function kg, that is,

™

(A.12) (Ka(w))(t) = %/ Kq(t — s)w(s)ds, teR.

—T

This representation is useful in establishing the following commutator estimate (see [18] for the proof).

27,0 21,0

Lemma 5. If f € C3° (R) and g € CJ-1*(R) with j € N and o € (0,1), then (de(g) —Cd(fg)> €

CI2(R) for all § € (0,a) (with the inequality § < a being sharp), and there exists a constant C' =
C(j,,d) such that

1fCa(g) — Calf )6 < Cllflljallgllj-1.0-

In order to complete the description of the periodic Hilbert transform in a strip, we now derive the
analogue of the fundamental formula (A.8).

Lemma 6. For any w € C’lo‘ (R), we have

(A.13) (Ca(w))(z) = % PV / {tanh <2d> + coth <%> } w(s)ds
and also
(A.14) (Ca(w)) () = ?1d : (ng(s) + 23) w(s) ds+ 5 PV / Ba(a — ) w(s) ds

for some 2m-periodic functions gq and By, where g4 is continuous on R and [, is continuous on R\27Z,

— 2rk

while s — [(s) — coth (M
2d

We do not pursue the quest of providing an explicit formula for g; and [, since the intricacy

of the hypergeometric point evaluations available for g;(0) and (4(0) is indicative of the level of

complexity involved [22]. To illustrate the usefulness of the representation (A.14), note that term

by term differentiation of their series representations from above yield that g and § are decreasing,

respectively increasing, on (—m, 7). This information is not immediately obtained from (A.11).
: : eza (EFid) — 7 . : .
Proof. Given d > 0, the function ¢(§) = EE@ ] tanh <4_d (& + zd)> with £ = = + 7y maps

the horizontal strip Rgq conformally onto the unit disc D = {z € C: |z| < 1}; see Figure 10. Let

) 1s continuous at s = 2wk with k € Z.



GLOBAL BIFURCATION OF STEADY GRAVITY WATER WAVES WITH CRITICAL LAYERS 35

(U +14V)(€) be a bounded holomorphic function in Ry, admitting a C1%(Raq) extension, and denote
by 14 41 01 the boundary values on the horizontal lines y = 0 and y = —2d, respectively. For z = ¢(¢)
with £ € Raq, let (U + ZV)( ) = (U +iV)(€) be the corresponding holomorphic function in ID, whose
boundary values at z = e on the upper/lower semicircles that make up the boundary of D we denote
by ux(t) + ivL(t).

Now the bounded holomorphic function U + ¢V in D can be represented by Poisson’s formula

(A.15) U(2) +iV(z) = 1/%%” NOY Rt Oeljt—kzu_(t)dt, 2eD.

2 J, et —z 2m —z

For t € (0, ), if " = ¢(s) with s € R, then
— tanh (-d (s + z’d))

yields cos(t) = tanh (£ s) and sin(t) = so that ¢ = 2 arctan (e724%). On the other hand,

cosh (;—d s)’
for t € (—m,0), if e = ¢(s — 2id) with s € R, then

sinh (2%3) —1

— tanh <4d (s — Zd)) cosh (%3)

1 =
yields cos(t) = tanh (35 s) and sin(t) = — ﬁ so that t = — 2 arctan (e~ 24 *). Thus the change
cos
2d
of variables ¢ = 2 arctan (e~2¢%) for ¢ € (0,7) and ¢ = — 2 arctan (e 24°) for ¢ € (—m,0) transforms
(A.15) into

, B tanh (55 (s + id)) + tanh (55 (z + iy + id)) 1 .
V) +iV(z) = 4d r tanh (5 (s +id)) — tanh (5 (2 + iy + id)) cosh (55 s) +(s) ds
(A.16) 1 [ tanh (g5 (s — id)) + tanh (5 (v + 4y +id)) 1 i (s) ds
' 4d Rtanh(f—d(s—zd)—tanh(f—d x—i—iy—kzd)cosh(%l )
1 [ sinh (5 (s 4 @ + 2id + iy)) 1 _
T 4d /R sinh (£ (s —x —iy))  cosh (£ s) i (s)ds
1 sinh (5 (s + z + iy)) 1 B
+@ r sinh (£ (s — ¢ — 2id — iy)) cosh (35 s) ~(s)ds

for z = ¢(z +iy) € D with (z,y) € Roq. Note that

sinh(a + 1b) = sinh(a) cos(b) + i cosh(a) sin(b), cosh(a + ib) = cosh(a) cos(b) + ¢ sinh(a) sin(b) ,
cosh(2a) = 2 cosh?(a) — 1 = 2 sinh?*(a) + 1, cos(2a) = 2 cos*(a) — 1 =1 — 2 sin*(a),
2 sinh(&;) sinh(&) = cosh(&; + &) — cosh(& — &),
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for a, b € R and &, & € C, respectively. Using these identities, we get
sinh (& (s + z + 2id + Zy)) sinh (& (s + z + 2id + iy)) sinh (55 (s — = + iy
sinh (£ (s — z — iy))

y))
S (5 (s — ) con? (351) + con (5 (s ) s (50)
2 { cosh (35 (s + id + iy)) — cosh (35 (:c+zd))}
{cosh(7r (s—x)—l}{cos 2 ) } {cosh( (s—x))+1}{1—cos(l

(
(A:qush(m (s +id +iy)) — cosh (55 (z + id) ) cosh (Z s)
cosh (& (s — z)) — cos (5

cos (55 (y + d)) — cosh (35 z) cos (35
oF ) cosh (;—d (s — x)) — oS (2—7; y)
b sinh (ﬁ ) sin (2% y+d ) — sinh (%x) sin (2% d)
cosh (&5 (s — z)) — cos (& y)

cosh (2% s) sin (27; y) { sinh ( s) coS (2—7; y) — sinh (% x)}
cosh (5 (z — s)) — cos (5 )
Similarly, we get
(A.18)
g (2t o) sin () — i {sinh (F5) cos (Fy) + sinh (F2)
sinh (55 (s — x — 2id — iy)) cosh (&

(# =) +cos (35 9)

Taking (A.17) and (A.18) into account, from (A.16) we deduce that for z = ¢(z + iy) € D with
x + 1y € Raa, we can express U(z) + iV (z)

: x . sinh(Z; z)
1 sin (35 ) _ i tanh (35 s) cos (35y) — cosh( 5 5) -
(A 19)40[ / cosh (35 (z — s)) — cos (&5 y) Uy (s) ds + 4d Jr  cosh (55 (z —s)) —cos (& y) @y (s) ds

cosh(g; 8)
z—s)) + cos (& y)
As y 1 0 the imaginary part of (A.19) tends to

- sinh(Z x) - sinh(=% z)
- 1 tanh (ﬁ S) - cosh(zijl s) - 1 tanh (ﬁ S) + cosh(QLd s) .
U+($):—PV po +( )dS"‘
4d g cosh (35 (z —s)) — 1 R 2d
the principal value integral being due to the singularity at x = s. Since

sinh(Z- x) 7r T . @
tanh(Qd s) F WZ%S) = :F{tanh (ﬁs) {cosh (ﬁ (z—s)) F 1} F sinh (ﬁ (x — s))}
we deduce that

- - sinh(g5 =
_1/ sin (25 y) i(s)ds+ - i /tanh(ﬁs) cos (& y) + h(zg @)
4d Jr cosh (5 ( (z —

. 1

Oy(z) = —@PV / {tanh (27T_d 3) + sinh (g5 (z — 5))

1 sinh(Z& (z — s)) .
- h 2d -
+4d R{tan (2d )+cosh(1d x_s>)+1}u(s)ds
1

T T
= —@PV/R{tanh(ﬁs)%—coth (—

¥ IR{{temh( 5 )+tanh( d(:p—s))}ﬁ_(s)ds.
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Application of the same argument to the bounded holomorphic function Z(U + z\N/) = —V 44U leads
to the representation

(A.20) ty(r) = %PV/{tanh(Qd )+c0th(4d (x—s))}m(s)ds

—% R{tanh(2d )+tanh(4d(x—s))}f),(8)ds.

Consider now a holomorphic function U + iV in Rag, admitting a C’l *(Raq) extension, for which V
is 27-periodic in the z-variable throughout Rag. In contrast to V, the harmonic conjugate U of —V
need not be in general 27-periodic in the x-variable. Indeed, using the Cauchy-Riemann equations
and the 27-periodicity of V in the z-variable, we see that the function (x,y) — U(x + 27, y) — U(z, y)
equals to a constant K throughout Roq. Since the expression

d T T T B B
& / V(ry)dr = / Vy(T,y) dr = / Un(r,y)dr = U(m,y) = U(=my),  —2d<y<0,
2
is independent of y, integration on [—2d, 0] yields K = 27;([ +] — [0_]), where [-] denotes the average

of a 27-periodic function. Consequently, one may write

[04] = [o-]

(A.21) Ulz,y)+iV(z,y) = oy

("L‘—I—Zy)—f_l[ﬁ-f—]+00(xay)+l%(xay)a (x,y) €R2d7

for some holomorphic function U, (z,y) + ﬂN/O(x, y) that is 27-periodic in the z-variable, and therefore
bounded.

The previous considerations made to justify (A.20) are therefore applicable to Uy (x, y) + iVo(z, ),
and lead to the following representation of the boundary values 4y on y = 0 of U in terms of the
boundary values 94 of V on y =0 and y = —2d:

ty(r) = %d[@]x—i—ﬁlﬂ//{tanhgd )+c0th(4d (x—s))}(@r(s)—[m])ds

(A.22) — % g { tanh (Qd s) + tanh (4d (x — 3))} (0_(s) — [0-]) ds.

Let us now assume that U + ¢V is analytic in the strip Ry and has for some a € (0,1) a che

R ~ loc
extension to Ry, with V' =0 on y = —d. The reflection principle [7] permits the analytic continuation

of U +iV to Roq by setting

(U+iV)(z+iy) = (U +iV)(x—2id—iy), ze€R, —2d<y<—d.
In this case v_(z) = — 0, (x), so that (A.22) takes the form

ty(r) = % + @PV / {2 tanh (2d s) + tanh (4d (z — s)) + coth (4d (x — 3))} (04(s) — [04]) ds

wd] +ﬁPV/{tanh(2d )+coth(2d (:E—S))}(?7+(5)_[17+])d5'

Comparing this with (A.5) we obtain, for w € Cy% (R), the explicit representation (A.13) for Cy(w).

2m,0

Now since w € C’Qlfo(R) is 2m-periodic, we can expand (A.13) as

(A.23)  (Ca(w))(z) = = PV /7r w> + coth (W(x — ;d_ 27Tk)>}w(s) ds.
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Define the functions g and g by

g(s) = Z { tanh <7T(%d2ﬁk)> — sgn(k)}, s € R,

kEZ

p(s) = Z { coth (W) + Sgn(k)}, s € R\ 27Z,

keZ
where sgn(k) =1 for k > 0, sgn(k) = —1 for k£ < 0 and sgn(0) = 0. The estimates

(s + 27k) 2 2

tanh (T )~ se(h)] = | om® e S Ty ey el seR
(s — 27k) 2 2

‘coth <T> + sgn(k‘)‘ = T 7 < AT R, ke Z, s € R\ 27Z,

ensure the continuity of g on R and of 5 on R\ 27Z. The nature of the singularities of 5 at points of
277 is plain. For s € R\ 277 we have

2= Z {sgn(k: +1)— sgn(k:)} =g(s+2m)—g(s) = — <B(s +27) — B(s)) :
keZ
Finally defining 4(s) = 5(s) + s/m and g4(s) = g(s) — s/, both of which are 2r-periodic, we obtain

(A.24) Z { tanh <W> + coth (W(x - ;d_ QWk))} = 287: g ga(s) + Ba(z — s).
keZ

Substitution of (A.24) into (A.23) yields (A.14). O

APPENDIX B. SOME VARIATIONAL CONSIDERATIONS

We present two new variational formulations of travelling periodic gravity water waves with constant
non-zero vorticity over a flat bed. We make no assumptions on the shape of the wave profile, thus
allowing profiles that are not graphs.

The much-studied irrotational flows (that is, flows without vorticity) are models for swell entering
a region of still water, in which case there is no current, or else models for swell entering a region with
currents that are uniform with depth. The earliest variational formulation dates back to Friedrichs
[25]. It was followed by the work of Luke [28], Zakharov [51], Babenko [2] and others, all of which
expressed the Lagrangian in terms of a velocity potential. See [14] for further references.

While there is no velocity potential in the presence of vorticity, there is a stream function. The
first formulation, valid for general vorticity distributions, recasts the water waves as extremals of a
suitably defined Lagrangian functional that is roughly the total energy of the wave. Lagrangians
of a similar type, expressed in terms of a hodograph transform involving the stream function, were
considered in [14] under the assumption that there are no stagnation points in the flow and that
the free surface is the graph of a function (no overturning). A related approach was pursued in the
paper [8], which considers a water wave beneath an elastic sheet obtained by minimization in a class
of rearrangements. The novelty of our formulation is that it allows rotational waves, overturning
free surface profiles, stagnation points and critical layers in the flow. Another advantage is that the
Lagrangian is expressed directly in terms of the physical variables instead of depending on a specific
choice of coordinates. A key aspect of our formulation is that the Lagrangian involves a variable
domain of integration. Although we are not aware of an earlier deduction of this formulation in this
generality, we refer to it as “the standard variational formulation” due to its rather classical form.

The second variational formulation is specific to waves with constant vorticity and it turns out to be
more useful than the first formulation because it involves just a single function of a single variable. Its
essential advantage is that it reduces the governing equations to one pseudo-differential equation for
a function of one variable, namely, the elevation of the free surface when the fluid domain is regarded
as the conformal image of a strip. Somewhat unexpectedly, this equation for the elevation is coupled
to a scalar constraint. The corresponding Lagrangian is essentially obtained by composing the first
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Lagrangian, suitably restricted, with a conformal mapping from a strip. This formulation is new
even for irrotational flows of finite depth. As mentioned in the introduction, it could be regarded as
an analogue of Babenko’s formulation [2] for the irrotational water-wave problem of infinite depth,
which has turned out to be instrumental in the recent theory of global and subharmonic bifurcation
in the irrotational infinite-depth case [3, 4, 5, 36]. Our formulation opens up the possibility of similar
investigations for waves of finite depth with constant non-zero vorticity, in which case numerical studies
21, 50] indicate that a much richer picture is expected to emerge.

B.1. The standard variational formulation. In this section we construct a functional on a certain
function space, critical points of which are solutions of the travelling water-wave problem (2.1)—(2.2).
Since we are dealing with a free-boundary problem, in which the domain €2 is unknown, the function
space, to be denoted by A, will consists of pairs (£2,1), where 1) is a function on Q. Some of the
conditions expressed by (2.1)—(2.2) will be required to hold for every element of A, while the remaining
ones will emerge from the condition of criticality.

A domain ) contained in the upper half of the (X,Y) plane is called an L-periodic strip-like
domain if its boundary consists of the real axis B and a curve S described in parametric form by
(2.1b) such that (2.1c¢) holds. We consider the space A of pairs (€2,1), where 2 is an L-periodic strip-
like domain of class C*%, and v € CE’Q(RQ; R) satisfying (2.2b)—(2.2¢). The subscript “L” is used to
indicate periodicity in the X-variable, with period L > 0, while a € (0,1) is a Holder exponent. The
behaviour of ¢ outside a neighbourhood of € is of no importance. The only restriction we impose
on the geometry of the free surface S is the requirement that the curve is not self-intersecting. No
restrictions are imposed on the pattern of the streamlines so that we can handle overhanging profiles
and critical layers.

For any pair (£2,7) in A, the periodicity in the X-variable permits us to restrict ourselves to a cell
Qf bounded below by the real axis B, above by the free surface S and laterally by two vertical lines
situated at horizontal distance L. For definiteness, and to ensure that Q is a connected set, one may
choose one of the vertical lines in the definition of Qf (and hence the other one too) so as to pass
through the lowest point of S. Consider on the space A the functional

(B.1) qaw:/é{wwﬁwn¢_@Y+Q}m,
where X = (X, Y).

Theorem 7. Any critical point (€2,1)) of the functional L over the space A is a solution to the
governing equations (2.1)-(2.2).

Proof. We only need to show that a critical point (€2,%) of £ on A satisfies (2.2a) and (2.2d). We first
investigate, for a fixed domain €2 the rate of change of £ with respect to variations of the dependent
variable 1 which do not change the boundary values on & and B. For smooth functions ¢ : 2 — R

that are L-periodic in the horizontal variable and vanish in a neighbourhood of & and of B, the first
variation 0L(€, ¢, ¢) of L at (£2,1) in direction of ¢ is defined by

d
5£(Qa 1/}7 ()0) = % ﬁ(Qa w + 5@)

cf. Section 2.1 in [26]. A weak extremal ¢ of L is a solution of the Euler-Lagrange equation
IL(2,1, ) = 0 for all ¢ of the type described above, and a straight-forward computation shows
that the weak extremals ¢ € C’E’O‘(Q; R) are precisely the solutions to the Euler-Lagrange equation

(B.2) AY=T in Q.

e=0

We now consider variations X — ©.(X) of the independent variables X, allowing modifications of
the domain €2, but such that the modified domains are still L-periodic strip-like domains. This leads to
the notion of strong inner extremals that will not only satisfy an equation of Euler-Lagrange-type but
also a free boundary condition, cf. Section 3.2 of [26]. Given a vector field f of class C7*(R?; R?), the
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support of which is contained in the upper half-plane {X : Y > 0}, consider the parameter-dependent
family of mappings ®. : R? — R? defined by

D.(X) =X + f(X).

Let Q. = ©.(Q). For |g| < gy with gy > 0 sufficiently small, D, is a diffeomorphism from Q onto €..
For a given v € C’i’a(Q; R) we can now define a strong inner variation in the direction of § by

V(X)) =¢(®1X)) for X€Q. and e € (—gg,50).
Note that, for any € € (—&g, &9), the palr ., 1.) still belongs to A. Correspondingly, the expression

oL, // F(X, $2(X), V¢.(X)) dX

where
(B3) F(X7 Y7 Z, P1, p2) :p% + pg + QTZ - QQY +Q7

is the integrand in the functional L, is called the inner variation of the functional £ at 1 in the
direction of the vector field f. A mapping ¢ € Ci’a(ﬁ, R) is said to be a strong inner extremal of L if
AL(€, 10, f) = 0 holds for all such vector fields f. Also, a mapping ¥ € C>*(€, R) is said to be an inner
extremal of £ if 0F (£2,1,§) = 0 holds for the subclass of vector fields f that vanish in a neighbourhood
of § and of B. Any inner extremal ¢ € C’i’a(ﬁ; R) will satisfy the Noether equation

(B.4) (AY—T)Vy=0 in Q,

cf. Section 3.1 and Proposition 1, Section 3.2 in [26]. Note the equivalence of (B.2) and (B.4) if
stagnation points do not occur. However, in our setting stagnation points are permissible.
Moreover, a strong inner extremal satisfies (B.4) as well as the boundary conditions

oF OF
41 <p18—_F> + vap1 57— =0,
P1
OF ey < OF F) 0 on S,

v I - — fd

1P2 O D2 Oy ,
where v = (v, 1) is the outer unit normal to & and F' is defined in (B.3). The condition ¢» = 0 on
S, which must hold since (€2, ¢) € A, ensures that v is collinear with Vg at all points X € S where
Vxt(X) # (0,0). At every such point, a mere substitution into (B.5) in combination with (2.2b) leads
us to (2.2d). On the other hand, at points X € & where Vx¢(X) = (0,0), inspection of (B.5) yields
F =0, which in this case is the same as (2.2d). This completes the proof of Theorem 7. u

(B.5)

Remark 6. While Theorem 7 is specifically formulated for flows with constant vorticity, there is a

counterpart for travelling waves on flows with general vorticity distributions, in which case equation
(2.2a) is replaced by

A =T (),
where now Y is an arbitrary function of one variable. In this case, we would work on the same space
A, but with the functional £ in (B.1) replaced by

//m |V¢|2+2 ()—29Y+Q}dx

and, correspondingly, the integrand F' in (B.3) being replaced by
F(Xa Ya 2, p17p2) :pl + p2 + 2:‘(’2) - 2gY +Q7

z
where =(z) = / T(s)ds. Even discontinuous vorticity functions T are permissible if one lowers
0

the regularity requirements and uses a suitable weak formulation (see [17, 48]). The setting of weak
solutions is well-suited for the use of geometric methods to investigate the behaviour of the surface
wave profile near stagnation points cf. [46, 47]. Note that in [14], an equivalent form of the functional
L, expressed in terms of a hodograph transform that involves the stream function, was considered
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under the restrictive assumptions that there are no stagnation points in the flow and that the free
surface is the graph of a function. The present setting accommodates overhanging free surface profiles
as well as stagnation points in the flow.

B.2. An alternative convenient variational formulation. Since one of the great advantages
of Lagrangian dynamics is the freedom it allows in the choice of coordinates and since variational
formulations involving as few dependent and independent variables as possible are preferable, we
will express the functional £ in terms of the function v, introduced in Section 2.1. In terms of v, the
governing equations (2.1)—(2.2) were reformulated in Section 2.2 as a single pseudodifferential equation
(2.22a) coupled with the scalar constraint (2.22b). We will show that the functional A introduced in
the variational formulation of the equations (2.22a)-(2.22b) of Section 2.2, which were discussed in
Section 2.3, corresponds to an energy-type functional in the physical variables.

In the notation of the previous subsection, with € an arbitrary 27 /k-periodic strip-like domain,
let us express £(£2,%%) in terms of the corresponding function v, where (2, ¥%) € A and ¥ is the
unique solution of (2.2a)-(2.2c). We would like to emphasize that, throughout the rest of this section,
we always deal with pairs (2,%*), rather than with arbitrary elements (Q,1) of A. However, for
notational convenience we often use the notation v instead of ¥*. In what follows, we will prove the
formula

L(Q, %) = /7; <Qv — gv? — %21)3> (% + Ckh(v')) dx
(B.6) + /7; (m - gv2> (% - % [v?] — TCkh(m/)) dz,

which is the same as A(w, k) in (2.40). In order to do so, it is convenient to choose Q' so that one of
its lateral boundaries passes through a lowest point (trough) of S, and we denote by ST and B the
top and bottom boundaries of Qf. It is also convenient to choose the conformal mapping U + iV so
that ST is the image of the horizontal line segment {(x,0) : € [~7, w]. Then BT will be the conformal
image of a segment {(x, —kh) : x € [ —m, f+ |}, for some § € R. Firstly, denoting by v the outward
unit normal at the boundary €2 of 2, Green’s formula yields

// |W|2dX=—T/ vax —m [ %o
ot ot BTaV

by periodicity in the X-variable and by taking (2.2a), (2.2b) and (2.2¢) into account. The outer normal
on Bis v = (0,—1), so that
0
8_¢(X’ 0) =—v¢y(X,0) on B.
v
Recall that the conformal mapping is X = U(x,y), Y = V(z,y). Since ¥ x(X,0) = 0 by (2.2¢), from

(2.11) we infer that
&y(x, —kh) = Yy (X,0) Uy(z, —kh)

as V, = U, by the Cauchy-Riemann equations. Therefore, using the periodicity of &,
aw B+ ™
/ —do = —/ &y(x,—kh)dx = —/ &y(x, —kh) dx,
Bt ov -7

—T

so that

(B.7) //QT\VQ/J\QdX:—T//mdeer/_:&y(:c,—kh)d:c.

Similarly,

oo f] G5y ff B [ o (e [

2
:I// Y%lX—/ Y—a—wda.
2 Of St 2 Jv
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(_ ‘/ma Ux)
Uz + V2

T T

But v = is the outer normal on &, so that on S we have

8@/} ¢XUy +Yy'V, &y

JEAVE lwoy  JTZT 12

in view of (2.11) and the Cauchy-Riemann equations U, =V,, U, = —V,. Hence
Y2 aw ™ g V2 ™ V2
— —do = — VU2 + V2 dr = —

/Swaua . o Vs ,O)x/ﬂ2£ym

U2+V?
as do = /U2 +V? dx. Moreover, using the Cauchy-Riemann equations for U+:V, the divergence

(2,0

theorem, the per10d1c1ty in the X-variable and the fact that V(xz, —kh) = 0 from (2.4), we get

= (Vx,y) - v

(2,0)

dx

1 1
// Y2dX = // Vx - (0, dX_ / V3(z,0) V,(2,0)dx = = / V3(x,0) Uy(x,0) da.
ot Qt 3 J x 3 ) .
Combining the last four dlsplayed equations, we obtain
T [T 1 ["
(B.8) / WX = E/ V3 (2, 0) Uy (z, 0) dar — 5/ V2(2,0) &, (x,0) da
Qf -7 -7

Proceeding as above, we also get
™ 1 ™
// 1dX = / V(z,0)Uy(x,0)dx, // Y dX = 3 / V3(x,0) Uy(,0) da .
Qf - Qf -
Substituting the last three equations and (B.7) into (B.1) yields

L(Q,¢7) = m/ &y(x, —kh) dx —g FV2(x,O)§y(x,O)dx

—T

+/_w{£ V3(@,0)— gVi{z,0) + QV(x,O)} U, (x,0) dz

Using (2.12) to express
&=TVV,+(=TVU, + ¢,
and using V =0 on y = —hk, we get

L(Q,¢%) = m/ ¢y (x, —kh) x——/ V2(x,0) ¢, (z,0) dx

- /_W{—% V3(x,0) — gV3(x,0) + QV(:U,O)} U, (x,0) dz .

However, the harmonicity (2.13a) of ¢ in the strip Ry, yields

/Cy kh)dx:/_wcy(x,O)dx

L0 = /ﬂ [QV(.0) — gV(.0) - %21/3(3:,0)}[]1(3:,0) do

—T

so that

[ {m = V00

—T

Using the relations (2.19) and the fact that U, (z,0) = V,(z,0) = & + Cy(v'), we obtain (B.6), which
is precisely the functional A(w, h) introduced in Section 2.3.
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