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Abstract. We discuss existence, uniqueness, and regularity of the solutions of a
boundary value problem in a strip, which is obtained by linearization of the equations
of the wave-resistance problem for a cylinder semisubmerged in a heavy fluid of constant
depth H and moving at uniform velocity ¢ in the direction orthogonal to its generators.
We show that the problem has a unique solution, rapidly decreasing at infinity, for every
¢ > +/gH, where g is the acceleration of gravity. For ¢ < /gH, we prove unique solvability
provided ¢ # ¢, where ¢ is a known sequence monotonically decreasing to zero. In this
case, the related flow has in general nontrivial oscillations at infinity downstream.

The appearance of the singular values ¢; can be interpreted in terms of a “nonreso-
nance condition” between the length of the cylinder’s section and the gravitational wave
bifurcating from the free parallel flow at the same velocity c.

1. Introduction. In the present work, we conclude the analysis started in two pre-
ceding papers [1], [2], of a boundary value problem which is obtained by linearization of
the wave-resistance problem for the steady-state motion of a semisubmerged cylinder in
an ideal, incompressible, heavy fluid.

Let us briefly recall the formulation of this problem. The cylinder is assumed to
be infinitely long and moving at a uniform speed ¢ in the direction orthogonal to its
generators. The unperturbed fluid, which is at rest, has finite constant depth H; the
fluid motion is assumed to be irrotational. Because of the geometry of the problem, the
flow can be completely described in the vertical plane containing the direction of the
motion. We want to find the steady two-dimensional flow generated by the cylinder’s
motion. This is a boundary value problem for the Laplace equation, characterized by
the presence of a nonlinear condition (Bernoulli condition) on a free boundary (the frec
surface of the fluid); moreover, the frec boundary is the union of two disconnected curves
ending on the cylinder’s profile at unknown points.
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Because of the above features, most of the mathematical work on the wave resistance
problem introduces some kind of linearization, which avoids the treatment of a nonlinear
condition on a free boundary. The lincarization proposed in [1], [2], relies on the as-
sumption that the body is “slender”, in the sense that the piercing part of the cylinder is
small compared to its length; more precisely, we assume that the cylinder’s cross section
depends on a small positive parameter ¢ in such a way that for ¢ — 0 it reduces to a
beamn parallel to the unperturbed flow (the same kind of approximation is discussed in
[3] for a completely submerged cylinder). For € = 0, the trivial parallel flow is a solution
of the problem; by assuming that all the relevant quantities of the problem admit an
expansion in powers of e, the wave-resistance problem is linearized around the solution
at ¢ = 0 by retaining the first order terms. In particular, the Bernoulli condition is
replaced by a linear condition on a fixed boundary. Thus, one obtains a boundary value
problem in a strip, which can be formulated either in termns of the vertical component
of the fluid’s velocity field, or in terms of the velocity potential. As discussed in [1],
[2], the former statement of the problem represents an important difference between the
above linearization and other existing approaches [4]-[6], which lead to boundary value
problems for the potential function in different domains. Actually, the problem for the
velocity field, besides being simpler than the problem for the potential, has solutions
which are continuous and bounded up to the strip boundary; as was shown in [7], [8],
this is a crucial property for the proof of the solvability of the nonlinear problem (in the
case of supercritical velocities, sce below). We refer to [1], [2], for the detailed description
of the two dimensional wave-resistance problem and of the linearization procedure. We
recall here the problem for the velocity field:

Let us denote by Sy the strip {(z,y) € R? : —H < y < 0}; we will call B =
R x{—H} the bottom boundary Rx{0}. We denote by I the open interval (—rg, x¢) x{0}
(representing the beam) and set F' = {R\[—z¢,z0]} x {0}. We consider the foilowing
problem:

PROBLEM P,. Given a function F defined on I and a number v € R, find v € H}, (Sk)
such that

Av =0 in Sy, (1.1)
v=27F on 1, (1.2)
vy — v =0 on F, (1.3)
v=10 on B, (1.4)
lin o(z,y) =0, (1.5)

T——00

uniformly with respect to y € [-H, 0].

sup  |v(z,y)| < oo, (1.6)

(z.y)ESH\A

where A is any neighborhood of I.
Some comments and remarks on the above equations are in order. In the linearized

wave-resistance problem, the function v represents the vertical component of the per-
turbed velocity field; in that case, assuming that the piercing part of the cylinder is
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described by the equation y = ef(z), one has F = ¢f’ in condition (1.2) (see [1], [2]).
Similarly, (1.3) becomes the limit of the Bernoulli condition by setting

v=g/c (1.7)

where g is the acceleration of gravity. Finally, (1.4) indicates that the fluid bottom is
a streamline and the asymptotic conditions (1.5)--(1.6) state that the perturbed field
vanishes at infinity upstream and is bounded outside any neighborhood of the beam. We
remark that the solutions of problem P, are locally in H!(Sg); hence, we will necessarily
take F € H'Y2(I) in condition (1.2), which implies (by Sobolev embedding theorems)
that the cylinder’s profile must be a Hélder continuous Cartesian curve. As we will show
below (see also (1], [2]) for sufficiently regular data F the velocity field is continuous up
to the strip boundary. We point out that this regularity result can not be achieved by
requiring only local finiteness of kinetic energy as in [4], [5].

A relevant parameter for the discussion of the wave resistance problem is the Froude
number F,, defined by F, = ¢?/gH. We say that the motion of the cylinder is supercrit-
ical if F,. > 1 and subcritical if F,. < 1. Correspondingly, by (1.7), one has v < 1/H in
problem P, in the case of a supercritical motion, and v > 1/H for subcritical velocities.
In the former case, we proved in reference [1] that the problem (1.1)-(1.4) is uniquely
solvable in the Sobolev space H'(Sy); the result was extended in [2] to the subcritical
motion, provided the datum F in condition (1.2) satisfies certain linear conditions and
the parameter v in (1.3) does not belong to a discrete subset of (1/H,+o00). In both
cases, the results follow by a suitable variational formulation of the problem (1.1)-(1.4).

In this paper, we discuss existence, uniqueness, and regularity of the solutions of
problem P,, i.e. of (1.1)-(1.6). We rely on the results obtained in [1], [2] with the
variational approach, which are summarized in the next section. By assuming F €
H'Y2(I) in (1.2), we prove in § 3 that for supercritical velocities the problem has unique
solution, which coincides with the solution in H'(Sg) found in [1]; hence, such solution
has vanishing limit also for + — +00. The treatment of the subcritical motion is more
delicate; in this case, with the same assumptions on F, we prove unique solvability
provided the values of v do not belong to a known discrete set, which depends on zg
and H (see § 4). In addition, the flow has in general nontrivial oscillations at infinity
downstream (the same holds for an infinite-depth fluid; sce [4]). Furthermore, we give
sufficient conditions on F for the continuity of the solutions of problem P, (both in
the supercritical and subcritical cases) up to the boundary of the strip Sgy. Finally, we
discuss the relevance of our results for the solvability of the nonlinear wave resistance
problem.

2. A related variational problem. We now briefly recall some results of [1], [2]
which will be useful in subsequent sections. The weak form of (1.1)—(1.4) can be stated
in H'(Sy) equipped with the equivalent norm

|lv||2:/ |Vv|2d:17dy+/ [v|?de,
Jsy B
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which reduces to the Dirichlet integral on any subspace of functions vanishing on B. We
denote with H! the subspace of the functions vanishing on 7 U B. Then, we look for
v € H'(Sy) satisfying v|; = F. v|g = 0. and such that

VuVw drdy — v / vwdr =0 (2.1)
e Jr
for every w € H}
Now, if vH < 1, one readily verifies that the bilinear form at the left hand side of
(2.1) is coercive in H} (sce [1]. Eq. (3.3)). Then, we have

THEOREM 2.1. For every v < 1/H and F € H'Y/2(I). there is a unique v satisfying (2.1)
and the boundary couditions (1.2), (1.4). Morcover. v is harmonic in Sgy. smooth in the
closed strip outside any neighborhood of I, and (1.3) holds.

The details of the proof, together with further regularity results, can be found in [1].
8§ 3.

Let us now review the results for the subcritical case. If vH > 1, the bilinear form in
(2.1) is no longer coercive in H!: nevertheless, one can restore coercivity by restricting
to the subspace

0

Vi = {w € H (Sy): / sinh{vg(y + H)|w(r.y)dy = 0. for jz| > :1:0}, (2.2)

J—H

where v 1s the positive solution of the equation
v

- = tanh(vgH ), (2.3)
v
see (2], Proposition 4.1. We stress that this equation has real solutions only if vH > 1,
i.e.., when the velocity is suberitical. Then, one can prove that for every v > 1/H
and F € HY/2(I), there is v € H'(Sy) satisfying the boundary conditions (1.2). (1.4),
and such that (2.1) holds for every w € V. ([2]. theorem 4.4). Moreover, v is uniquely
determined if one requires the additional condition

0
/ sinh{vg(y + H)Jv(z,y)dy = 0, for |x| > xy, (2.4)
J—H

([2], theorem 4.5 and Remark 4.6). However, the function v is not harmonic in general,

since Eq. (2.1) holds for w € V, € H!. Actually, we have the following result:

THEOREM 2.2. Let v > 1/H, F € HY?(I) and let v € H'(Sy) be the solution of (1.2).
(1.4), (2.4). and of (2.1) for every w € V,. Then, there cxist real constants A. A_. such
that

Av = [Apd(0 — o) + A_d(a + xg)] sinhvy (y + H)J. (2.5)

where §(+) is the ‘Dirac delta function’. Moreover. v is smmooth in the closed strip outside
any neighborhood of the set T U {(xg.y).—H < y < 0} U{(—x9.y),—H < y < 0}

and satisfies (1.3). Finally, v is uniquely determined by (1.2)-(1.4) and (2.5). and the
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following relations hold:

% sin(voxo) = C(vo) [;?) [vy(z,0) — vF ()] sin(vyx) da; (2.6)
Ay -; A cos(voo) = C(I/o)/_ 0 [vy(x,0) — vF(x)] cos(vpx) du, (2.7)

where
vy sinh(vgH)

sinh(vgH) cosh(voH) — vyH '

Clvo) = (28)

For the proof of the above theorem we refer to [2], Theorem 4.7. Here we make
some comments and remarks on the results obtained. The uniqueness of the solution
in H'(Sy) of (1.2)—(1.4) and (2.5) implies that problem (1.1)-(1.4) has no variational
solutions for v > 1/H, except when Ay = A_ = 0. In [2], we proved the following result:
provided the parameter vy in Eq. (2.3) is different from kn/2zq, k = 1,2, ..., a variational
solution exists if and only if the datum F is orthogonal (in the space L?(I)) to a given
two-dimensional subspace, depending on vy, xg, and H. Clearly, such conditions impose
some restrictions on the profile of the cylinder’s hull and on the values of the velocity ¢; if
they are fulfilled, we obtain wave-free solutions of the linearized wave-resistance problem
[2]. On the other hand, one can show that in general the subcritical flow produces
oscillations of wavenumber vy at downstream infinity (see [6], [10], and § 4 below); as we
will show in § 4, the amplitudes of the above oscillations are related to the quantities Ay
defined in theorem 2.2.

3. Unique solvability in the supercritical case. In the case of supercritical ve-
locities, unique solvability of problem P, can be easily proved by the results of the
variational problem and by the following a priori estimate of the solutions:

PROPOSITION 3.1. Let v € H} (Sg) be a solution of (1.1)~(1.6), with v < 1/H. Then,
for every neighborhood A of I, v is smooth in Sy\A and the following bound holds:

sup e ®lu(z, )| < oo, (3.1)
(@y)ESn\A

where p; is the first positive solution of
tan(uH) = g (3.2)
124

Proof. The smoothness of v up to the boundaries F' and B follows by standard
regularity results for weak solutions of elliptic problems. Then, by defining Qr =
[-R, R] x [-H,0], we have that v is bounded in Qg\A for every R > zo. Let us now
consider the restriction of v to the domain (R, +00) x (—H,0). Clearly v is harmonic in
this domain and satisfies the conditions (1.3) and (1.4) on the upper and lower bound
respectively; furthermore, v(£, ) is smooth and bounded in [-H, 0] for every £ > R. We
will write a series expansion for v in (R, +00) x (—-H,0); let us fix R’ > R and observe
that v is H! in the rectangle (R, R') x (—H,0). Then, by (1.3), (1.4) and by standard
results on elliptic problems in polygons [9], v is uniquely determined in the rectangle by
the boundary values v(R, ) and v(R’,-). On the other hand, we can solve the problem for
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v in the rectangle by separation of variables; by clementary calculations, we are reduced
to the (self-adjoint) eigenvalue problem: —o"” = py, ¥(—H) = 0, ¥'(0) = v¢(0), with
i € R and 9 smooth function on [—H, 0]. Since we have vH < 1, we get the eigenvalues
p2,n=1,2,.., where 0 < py < ... < p, < ... are the positive solutions of Eq. (3.2);
then, we can write the expansion

+oc

v(z,y) = Z [ane—“":‘C + by, sinh(p, (. — R))] sin(p, (y + H)), (3.3)
n=1
for (z,y) € (R, R') x (—H.0), with uniquely determined coefficients a,,, b,. Note that
the coefficients a,, depend only on v(R,y), y € [~ H,0]. Since for any fixed = the function
v(z,-) is independent of R, R, it follows that also the coefficients b,, must be independent
of R’. On the other hand, by condition (1.6), the function
“+nc

v(R,y) = Z [a”e*”” Ryp, sinh(p, (R — R))} sin(un(y + H)),

n=1

is uniformly bounded in L?(—H,0) with respect to R’: thus, we casily get the bound
|bn| < Ce_“nR,7

with C independent of R’. By the arbitrariness of R’, we obtain b, = 0 for every n.
Therefore, we have in (R, +00) x (—H,0):
+0oc
v(a,y) = Z ane” M sin{p, (y + H)), (3.4)
n=1
so that |v(z,y)| < Ce #1* for x > R. Clearly, a similar conclusion holds for 2 < —R.
Hence, the bound (3.1) follows. O
Then, we have at once

THEOREM 3.2. For every v < 1/H and for every F € H/?(I), problem P, is uniquely
solvable; the solution v satisfy the estimate (3.1). Moreover, if F € H3/2(I), the function
v is continuous and bounded in the closed strip Sy

Proof. By (3.1), we have in particular that every solution of problem P, with v < 1/H
belongs to H'(Sy). Now, unique solvability follows by theorem 2.1 of the previous
section, and regularity by proposition 3.2 of [1]. a

REMARK 3.3. It is worthwhile to recall that the crucial point for the regularity of the
solutions of P, is the behaviour of v in the neighborhood of the points (+zg,0), where
the two different boundary conditions (1.2) and (1.3) mect. In proposition 3.2 of [1], it
is shown that for F € H3/2(I) one can write, in a neighborhood B C Sy of (z¢.0),

v(z,y) = Crt/2sin(0/2) + vy (x.y), (3.5)

where C is a constant, v, € H2(B), and 7, 6 are the polar coordinates of (x,y) around
the point (z4,0), with 8 = 0 on I and # = 7 on F. A similar statement holds in the
neighborhood of (—x4,0). Then, the continuity of v in B follow by Sobolev embedding
theorems. Furthermore, if (3.5) is true, one can also show that any harmonic conjugate

u of v extends to a continuous function in Sy .
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REMARK 3.4. Clearly, all of the other results proved in [1] for the variational solutions
also hold for the solutions of P, in the supercritical case. In particular, any harmonic
conjugate u of a solution v has finite limits lim,_, 4+ o, u{z,y) = c4+ uniformly with respect
to y; moreover, by assuming F € H3/?(I) and by suitable application of Green’s theorem
(see [1], Proposition 3.3), one has the relation

u(xg, 0) — u(—2xp,0) + I//I]-'da: —(1—-Hv)(cy —c_)=0. (3.6)

The arbitrary constant in the definition of u is fixed by the limit condition
limy— _ o u(z,y) = 0 of the linearized wave resistance problem (sce [1], Eq. (2.16)).
Then, we have c_ = 0 in (3.6) and the perturbed velocity field © — iv has finite limit, for
T — 400, given by

1

cy = =) u(wg, 0) —u(—x0,0) + V/Ifd:v].

4. The subcritical case. In this section we discuss unique solvability of problem
P, for v > 1/H. We start by describing the asymptotic properties of the solutions.

PROPOSITION 4.1. Let v € H} _(Sy) be a solution of (1.1)-(1.6), with v > 1/H. Then,
for every neighborhood A of I, v is smooth in Sy\A and there are real constants A, B
such that the following bound holds:

sup  eflly(z,y) — 0(x)[Asin(voz) + Bos(vpx)) sinh(vp(y + H))| < oo,  (4.1)
(Zy)ESH\A
where 11 is the first positive solution of (3.2), vy is the positive solution of (2.3), and 6
is the characteristic function of (0, +00).

Proof. The smoothness properties of v follow as in the proof of Proposition 3.1; fur-
thermore, we can as well repeat the arguments leading to the series expansions for v in
the regions (R, +00) x (—H,0) and (—o0, —R) x (—H,0), R > x¢. In this case, by solving
the eigenvalue problem, we obtain a sequence of positive eigenvalues 2, n = 1,2... as
before, and a negative eigenvalue —1/3, with vy the positive solution of (2.3); then, taking
account of the asymptotic condition (1.5), we easily get the expansions:

v(z,y) = [Asin(vgz) + Bcos(vpz)] sinh(vo(y + H))
+o0
+Zane_"”xsin(pn(y+H)) (4.2)

n=1

for (z,y) € (R,+o0) x (—H,0), and

+0oc
o(2,y) = bue ™ sin(un(y + H)) (4.3)

n=1

for (z,y) € (—oo, —R) x (—~H,0). Then, the bound (4.1) follows. O
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REMARK 4.2. As can be checked by taking the Fourier transform with respect to x
(see also [10], § 5), the homogeneous problem

Ay = in Sgy.
vy — v =0 on R x {0},
v=20 on B,

sup  |u(x,y)| < oo
(z.y)ESH

has nontrivial solutions in H}! (Sg) for v > 1/H, which have the form
[C1 sin{vgx) + Ca cos(vgz)] sinh(vg(y + H)),

with C;, Cs arbitrary constants. We point out that the above problem is obtained by
lincarization of the equations of the problem of periodic water waves [11] in a fluid with
finite depth (with no obstacles).

We now turn to unique solvability of problem P,; our strategy for its solution relies
on the following straightforward consequence of theorem 2.2:

PROPOSITION 4.3. Given v > 1/H and F € HY?(I), let v € H'(Sy) be the solution of
(1.2)-(1.4) and (2.5), according to theorem 2.2; furthermore, let @ be the characteristic
function of (0, +o0). Then, the function

A
o(r,y) = vz, y) — V_::()(:p — x¢) sin(vp(x — xo)) sinh[vg(y + H))

A .
+7()(—(m + x0)) sin(vo(x + 20)) sinh[vy(y + H)) (4.4)
0
satisfies the conditions (1.1) (1.4) and (1.6) of problem P, (with the same F in (1.2)).
The asymptotic condition (1.5) holds only if A~ = 0. Moreover, by assuming F € H3/2(I)
in condition (1.2) the function ¢ is continuous and bounded in the closed strip Sg,
together with any harmonic conjugate .

Proof. By dircct computation and by (2.5), the function # is harmenic in Sy and
satisfies the boundary conditions (1.2)- (1.4); furthermore, it is readily verified that ¢ €
H} .(Sy) and that (1.6) holds. Morcover, by recalling that cvery v € H'(Sg) is vanishing
for |z] — 400, we get that (1.5) is satisfied only if A_ = 0. Finally, one can verify that
the regularity arguments quoted in remark 3.3 also apply to %, so that the proposition
follows. O

The second step is the construction of nontrivial, continuous and bounded solutions
of the homogeneous problem (1.1)-(1.4) (i.e., with F = 0 in (1.2)). To this aim, we
introduce, for every fixed v > 1/H, a pair of functions v*, v € H'(Sy) in the following
way (sce also [2, § 4]):

Gwen vy > 0 satisfying (2.3), v¢ € HY(Sy) is the solution of (1.2)-(1.4) and (2.5),
with F(x) = sin(vgx) in condition (1.2). Similarly, v¢ € H(Sy) is the solution of
(1.2)-(1.4) and (2.5), with F(x) = cos(vox) in condition (1.2).

REMARK 4.4. By the symmetry properties of the data and by the uniqueness state-
ment of theorem 2.2, we have v¥(—x,y) = —v*(a,y) and v“(—z.y) = v*(z,y): as a con-

sequence, v* and v¢ satisfy (2.5) with Ay = —A_ = A% and A, = A_ = X respectively.
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By recalling (2.6), (2.7), we now have the relations

A sin(vpxg) = Clwg) / [vg(2,0) — vsin(vyx)] sin(vor) d, (4.5)
o
A9 cos(rpxg) = Cwy) / [vy (2, 0) — v cos(rya)] cos(vpx) d. (4.6)

We also remark that the conditions for the existence of variational solutions of (1.1)-
(1.4) (in the subcritical case) mentioned at the end of § 2 are expressed in terms of the
functions v*, v° (see [2], theorem 4.9). Furthermore, these functions are explicitly known
for special values of vy; actually we have

() = m sin(pgz) sinh[vg(y + H)].  if  |z| < o, (47)
0 if |z| > o,
for vg = nn/xg, n=1,2,..;
() = leom cos(vox) sinhjvg(y + H)], if |z| < xo, (48)
0 if |z| > xo.
for vy = (n — 3)7/mo, n = 1,2, ... (see [2]. proposition 4.10).
Clearly, the corresponding values of A%, A°, are easily calculated:
(o oy — (T Lo
(n/z0) = (=1) sinh(nwH/xzy) (4.9)
1 (n—3)m/xo
X((n—1/2)n/xo) = (1) . (4.10)
sinh((n - %)ﬂH/(L’())
withn =1,2....
Now, we can define the functions with the required properties:
PROPOSITION 4.5. For every v > 1/H and vy > 0 solution of (2.3), we set
v (x,y) = vi(x,y) — ;g [H(T — xg) sin(vo(x — 0))
+9(—(x + o)) sin(vo(z + mo))] sinh|vy(y + H)), (4.11)
c c AC .
9z, y) = v(x,y) — V—() {9(:1: — xp) sin(vp(x — x9))
—0(~(x + x9)) sin{vp(a + (170))] sinh(vy(y + H)J, (4.12)
where A°, A¢ are defined in remark 4.4. Then, the functions
. 1
Ca,y) = °(x,y) — ———= sin(vpz) sinh(vo(y + H)), (4.13)
sinh(vp H)
. 1
Cz.y) = (2, y) — Sh(ooH) cos(vox) sinh[vy(y + H)], (4.14)

solve the homogeneous problem (1.1)-(1.4), are continuous and bounded in the closed
strip Sy and satisfy ¢*(—x,y) = —¢*(x.9), (°(—2.y) = (°(x.,y).
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Proof. By (4.11), (4.12) and by proposition 4.3, ©°, 1°, are harmonic and satisfy
9%(z,0) = sin(vor), 9°(x,0) = cos(vpr) together with the other boundary conditions
(1.3), (1.4); continuity and boundedness follow as well from proposition 4.3. Furthermore,
9%, 9 have the same symmetry properties as v° and v° (see remark 4.4). Then, the
proposition follows by the definitions (4.13), (4.14). O

We now show that a condition for unique solvability of problem P, can be deduced
from propositions 4.3, 4.5. All that we need is an asymptotic formula for %, (¢ as
|¢| — oc.

COROLLARY 4.6. Let €%, (“ be defined by (4.13), (4.14). Then, we have the following

asymptotic representation as @ — +oco:

C*(z.y) = [Assin(vpr) £ B cos(vpz)] sinh[vy(y + H)] + (§(x.y), Lz >0, (4.15)
C(z,y) = [Aesin(voz) + B cos(vpx)] sinh[vo(y + H)] + ¢Sz, y), +x >0, (4.16)

where (3, ¢§. are harmonic and rapidly decreasing as |z| — oo and the following relations
hold:

% 1 A

Ag = _(V—o cos(vyzg) + m) B, = " sin(vyzo):; (4.17)
Af AE 1

Ac = o cos(vyag); B. = (1/_0 sin{vyag) — m) (4.18)

Proof. By elementary calculation from (4.11)-(4.14). we find that (4.15), (4.16) hold
for |z| > xg, with (§{x,y) = v*(x,y) and (§(x.y) = v°(x,y). On the other hand, v*, v°
are harmonic for |z| > xg and vanish at infinity; then, we can apply the same arguments
as in proposition 4.1 and find that e*21*1|¢8(x. y)| and e#11#1|¢S (2, y)| are bounded, where
(1 is defined as in proposition 3.1. O

We can now state the promised condition of unique solvability:

THEOREM 4.7. Let v > 1/H be given and suppose that the positive solution vy of
vo/v = tanh(vgH) is such that

Yo

A (o) sin(voro) — A (1) cos(vpxg) # m—H—),

(4.19)

where A%, A° are defined in remark 4.4. Then. for every F € HY/2(I), problem P, is
uniquely solvable.

Proof. We first prove uniqueness of the solution. Assume that vy is a solution of
problem P, with F = 0; let Ay, By be the constants in the asymptotic formula 4.1 for
vg. We now apply Green’s formula to vy and to each of the harmonic functions ¢*, (¢
given by (4.13), (4.14) in a bounded rectangle (- R, R) x (—H,0) with R > xy; then,
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letting R — oo and taking account of corollary 4.6 we get:

0
0= lim / [ (R )u0(R.y) = vo(R.)0:6* (R.y)] dy

R—+o _H

0
— Uo(AoB, — BoAy) / sin®(vo(y + H)\dy,
J—H

0
0= tim [ (R 0)00(R. 1) = vo( R )0uC (R )y
R—+oc J gy

0
= l/()(.A()BC - By A, — / Silth[I/()(y + H)]d?/
J—H

Hence, we get the relations
AoBs — BoAs = AoB. — By A. = 0,
which are cquivalent to Ag = Bg = 0 if the condition
AB. — Bs A #0

holds; by (4.17), (4.18), this condition is equivalent to (4.19). In this case, vy is rapidly
decreasing as |z| — oo, so that vg € H*(Sg). Thus, by the results of § 2, we have vy = 0.

We now show that the same condition (4.19) assures existence of the solution. Given
F € HY2(I), consider the harmonic function # defined by (4.4) and set:

1)“"8 =7 — (XCS — ,[))CC, (420)

where (°, (¢ are given by (4.13), (4.14) and «, § arc real constants. Then, by propositions
4.3, 4.5 and by corollary 4.6, one verifies that v®# satisfies all the relations of problem
P,, including the asymptotic condition (1.5), if the pair a, 3 solve the linear system:

A_ ,
Asa — A8 = — cos(vpxo).
Yy

-B,a+ B.3 = )\—_ sin(voxg). (4.21)
Y
Clearly, the condition for unique solvability of the system (4.21) is again (4.19). O
It is now crucial to check the validity of the condition (4.19) as vy varies in the
interval (0, +o0c); by recalling the relations (4.9), (4.10), we readily see that (4.19) fails
for vy = km /220, k = 1,2,.... We can prove that there are no other “singular values” of
vp; in fact we have:

PROPOSITION 4.8. For every vy > 0 the following relation holds:
Yo

m + K(vo) sin(myz) cos(vpzy), (4.22)

X)) sin(pzg) — A°(vg) cos(vozg) =

where K(vg) < 0.

The proof is reported in the appendix, together with some additional remarks on the
functions vy — A*(vg), vy — A°(g).

We can now state the main result of this section:
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COROLLARY 4.9. For any given F € H'/2(I), problem P, is uniquely solvable for v >
1/H, provided the positive solution vy of vg/v = tanh(vgH) is different from km/2zg,
k=1,2,.... Furthermore, if 7 € H3/2(I), the solution is continuous and bounded in the
closed strip Sg.

Proof. The condition for unique solvability is obtained from theorem 4.7 taking ac-
count of equation (4.22); moreover, the regularity properties of the solution (4.20) in the
case F € H3/?(I) follow by propositions 4.3 and 4.5. O

The solvability of problem P, in correspondence with the “singular values” km/2xq of
v remains an open problem. By the relations (4.7)—(4.14), we see that in these cases one
has * = 0 for k even and (¢ = 0 for k odd; hence, both uniqueness and existence proofs
of theorem 4.7 fail. Nevertheless, we can still get an existence result, for a particular
class of data, from proposition 4.3 and from (4.7), (4.8); let us denote by g — AY the
linear map which associates to each ¢ € H/2(I) the real number A_ according to Eq.
(2.5) of theorem 2.2. Morcover, by recalling (4.9) and (4.10), we set A5 = A°(nw/xg),
AL = A((n—1/2)w/xp), n =1,2.... Then, we have

PROPOSITION 4.10. Let T2, TS, be the bounded linear operators on H'/2(I) defined by

N ,
Tig=g+ 55 sin(%x), (4.23)
9 —1/2
Thg=9— )\—; cos(wx). (4.24)
n /0

Then, if vy = nn/xq and F € RanT?, problem P, has a solution; similarly, problem P,
has a solution for vy = (n — 1/2)7 /2y and F € RanTy.

Proof. Let vy = nw/zg for a given n; by linearity and by remark 4.4, if F is in the
range of the operator (4.23), we have AZ = 0. Then, the existence of the solution follows
by proposition 4.3. A similar conclusion follows for vy = (n — 1/2)7 /2. J

5. Final remarks. We make some final comment on the meaning of the results
obtained in the previous sections from the point of view of the wave resistance problem.
By considering the linearization discussed in the introduction, we have found, for any
cylinder’s profile that is smooth enough, a unique solution with continuous and bounded
velocity field for every value of the cylinder’s velocity above the critical value /gH;
moreover, the flow vanishes at infinity both upstream and downstream. In the case of
subcritical velocities, we have unique solvability (and regularity) if the assumptions of
corollary 4.9 hold, with solutions which (in general) oscillate at infinity downstream with
a wavenumber defined by (2.3). Thus, by recalling (1.7), we get a sequence of singular
values for the cylinder’s velocity given by
2z¢ krH )] 1/2

Cr — [QE tanh(

b =1,2,.... .1

The sequence {c;}7-, decreases monotonically to zero. Note that for large values
of the ratio xo/H, the highest singular value ¢, of the velocity approaches the critical
value gH; for xo/H << 1. the value of ¢; is small compared to the critical velocity.
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We also remark that the same relation (5.1) gives the values of the critical velocities for
the existence of nontrivial water waves (in the fluid without obstacles) bifurcating from
the trivial parallel flow and with wave lengths A\ ~ 4zy/k (see [11], chapter 71); by
recalling that the length of the beam (i.e., of the cylinder’s section as e — 0, see § 1) is
L = 2z, we get the values 2L/k for the wave lengths at the bifurcation points ¢. Thus,
the condition ¢ # ¢ in the assumptions of corollary 4.9 appears as a “nonresonance
condition” between the length of the cylinder’s section (in the limit € — 0) and the
gravitational wave bifurcating from the free parallel flow at the same velocity.

The results of the present work suggest the possibility of proving the solvability of
the nonlinear problem, at least for subcritical velocities bounded away from the singular
values ¢, by following the same strategy (hodograph transformation and implicit function
theorem) adopted in [7], [8], for the supercritical case.

Appendix. In this appendix, we prove proposition 4.8 and discuss further properties
of the functions v*, v¢, and of the corresponding parameters A*, A°, defined in § 4. We
start from the relations (4.5), (4.6) which we report below:

A’ sin(vpz) = Clio) /_IO [v;(2,0) — vsin(vox)] sin(voz) dz, (A1)
A cos(vozo) = Clrg) /_IO [vg(2,0) — v cos(vox)] cos(voz) drr, (A.2)

where '
Clvo) = vg sinh(vgH) (A3)

sinh(vgH) cosh(vgH) — voH '
By the definition of v*, v and by Green’s theorem (see the appendix of [2]), one can
prove the following identities:

)

/ vy (,0) sin(voz)dzx =/ |Vv* |2dady — 1// |v°|2dz, (A4)
—Xg SH F

/ vy (z,0) cos(vox)dz =/ |Vl |?dady — 1// |v°|2dz. (A.5)
—Xp SH F

Then, we can write (A.1), (A.2) in the form:

A’ sin(vpzg) = C(l/o){/ |Vv* [2dzdy — 1// |v*|2dx — 1// sin? (1) dx} (A.6)
Sy F —xq

Zo

A¢cos(vpzo) = C(uo){/ |Voe|2dzdy — 1// |v¢|*dx — 1// cos? (vox) d:c}. (A7)
Su F Zo

REMARK A.1. By the variational characterizations of v°, v© (see § 2), it follows that
they are the minimum points of the functionals at the right hand sides of (A.6), (A.7)
in the classes of the H'(Sy) functions satisfying the conditions (1.4), (2.4), and (1.2)
with F = sin{ypz) and F = cos(vpz), respectively. Moreover, by the regularity of these
data and recalling proposition 4.3, it can be shown that the relation (3.5) holds for v°
and v¢ in the neighborhood of the points (£xz¢,0). In particular, the functions v* and v°¢
are bounded and Holder continuous (in the closed strip Sg) and the same is true for the
traces v®(£xo, -}, v°(£xo, ) in the interval [—H,0].
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Let us decompose the integrals on Sy in the above expressions as the sum of two
integrals, one extended to Qy = (—a¢,x9) X (~H,0), and the other to Sy /Qq. By
recalling that both v® and »° are harmonic in the above regions, we can use Green's
theorem to transform both integrals: taking account of the boundary conditions, of the
asymptotic properties and of the symmetries, we get

/ |Vv|2d;1:dy:/ vy (2, 0)v(x, 0)da
SH/Qo F

0 0
- / v (xd y)v(ro, y)dy + / ve(—xy , y)v(—20.y)dy
_H -H

0
= I// |/U(.’I?,0)|2d(1,‘ — 2/ vT(:L'(“,L,y)'U(:I:U,y)dy. (A.8)
F —H

where in the above relation v denotes either v* or v© and v (2f. ), v,(—zg.-) are the
traces of their z-derivatives as & — xy from the right and * — —xp from the left. We
recall that v®, v© are continuous in the closed strip by remark A.1.

In order to transform the integrals on Qy, we set

v =w’ + 2%, ¢ = w4 2f (A.9)
where
wi(z,y) = ; sin(vx) sinh|vy(y + H)J;
sinh(vyH) )
wé(zx,y) = ———— cos(vpx) sinh{vg(y + H)].
(z,y) ENONZ) cos(vgz) sinh{vy(y + H)|
The functions 2°, 2¢ are harmonic in Q, and vanish for y = 0 and y = —H; further-

more, they satisfy

sin{voxg)

Z-S(:t.’If(), y) = ?)s(:f:")?(h y) + m Sillh[l/o(y + H)] (AlO)
. . cos(gx .
2(tz0,y) = v°(Fag, y) — ﬁo—;{)—) sinh[vo(y + H)). (A.11)

Now, by explicit calculations as in the proof of proposition A.1 of {2], we have

/ |Vvs|2d1'dy:/ IVw® |2dedy + 2 V'u/vSstd:rdy+/ |V 2° |2dady
0 Qo

b Q() 0

o 1T 0
5 vy sin(2upxg) / o )
v /—1‘“ S (VOT) v C(l/()) 2 SiIlh(I/()H) + _H Zl(”ﬂo ’ 1/)2 (.TO’ y) 4 ( 2)

/ |V'U"|2d;cdy:/ Vw2 dedy + 2 V'wCVz"d:Irdy+/ |V 2|2 dady

- Q() 0

T . 0
o 9 vy sin(2uvgzy) / cr - .
= S r)dr 2 x Ty | , .
1// cos*(vpr)dx + Clon) 25imb(vo ) + i 2 (7g . )z (wo. y)dy (A.13)

—Zo
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where z3(zg,-) 25(zg . -) denote the traces of 23, 25 as x — x¢ from the left. By using
(A.8), (A.12), (A.13) in the equations (A.6), (A.7), we find

s sin(2vpxo)
A®sin(vozg) + Yo 2 sinb(vo H)
0 0
—200)[ [ g = [t anteond]. (a1
_H _
. sin(2vpx0)
A% cos(voTo) = tog e i
0 0
—20() [ s5lag )= o)y - / s (e, )y (A.15)

We now write the functionals at the right hand sides of (A.14), (A.15), in a form
which is suitable for proving proposition 4.8. To this aim, by recalling (2.4) and the
proof of proposition 4.1, we can write in the region (zg,+00) x (—H,0) the following
series expansions:

v¥(z,y) = sin(vyxo) Z ase Hn (=) giny, (y + H)), (A.16)
n=1

0" (2,) = cos(oz0) 3 aSe @ sinfjun (y + H)), (A.17)
n=1

where the coefficients a?, af are uniquely determined by the functions v*(zg, -), v°(z0, -);
by the regularity properties of remark A.1 and by the relation

1
0
fin (n+QH+ ()
which follows from (3.2), it is not difficult to check that the above coefficients satisfy the
bound
27L2_E|an|2 < 00, (A.18)

for every € > 0, where a,, denotes either a® or a5. Then, the series (A.16), (A.17) are
uniformly convergent in [zg, +00) x [—H, 0]; by recalling that v*(zg,0) = sin(vze) and
v°(z9,0) = cos(vozy), we now get the condition

o 20
Z a; sin{u, H) = Z al sin(p, H) = 1. (A.19)
n=1
By (A.16), (A.17), we readily obtain
0 oo
2/ S (g, y)vs (zo, y)dy = sin®(voz0) Z Yntin|as|?, (A.20)
H n=1
0 oo
2 [ (a0 )y = 005 (50) Y- vabnl a5 (4.21)
H n=1
where )
= H(1— Sty

vH




654 DARIO PIEROTTI

Since pn, ~ {(n+1/2)w/H and 0 < v, < H, we have that the series at the right hand
sides of (A.20), (A.21) are convergent by (A.18).

We want to transform in a similar way the first integrals in the square brackets of
(A.14), (A.15). By (A.9)-(A.11), we can write in the domain Qq the series expansions

R : b s sinh(nwz/H) |
2°(x,y) = sin{voxp) Z an sin(nmy/H), (A.22)
n=1

cosh(nmz/H)

cosh(nao/H) v/ H), (A.23)

2%(z,y) = cos(vpzy) Z by,
n=1

where the coeflicients b3, b5, satisfy the bound (A.18). Hence, we obtain

0 oG
2/ 25 (2, y)2° (20, y)dy = sin®(vyzo) Z nm coth(nrzg/H)|bS |, (A.24)

—H n=1

0 [os]
2/ 28(zq , y)2°(x0, y)dy = cos?(vozq) Z nm tanh(nmxg/H)|bS 2. (A.25)

—-H n=1

We finally observe that from (A.10), (A.11), it follows:

sinh[vo(y + H))

sinh(vgH) (A.26)

o o0
Z by sin(nry/H) = Z an sinfun (y + H)| ~
n=1 n=1

where a,, b, stand for al, b} or af, bS. Hence, by the usual orthogonality relations we

can write

oo
bn = Z Tnmam + Sn» (A27)

m=1
with uniquely determined coefficients T,,, and S,,. It is not difficult to verify that the
operator T defined by the first term at the right hand side of (A.27) is bounded in the
Hilbert space (2.

We are now prepared for the proof of proposition 4.8: Let us consider the Hilbert space
of the sequences {a,}5, satisfying the bound (A.18) and let A be the closed subspace
of the sequences satisfying (A.19). Let us define the following positive functionals:

J*({an}) = Z(’ynun|an|2 + nw coth(nmzg/ H) by [?) (A.28)
J({an}) = Z(vnunlanl2 + nrtanh(nmro/H)|b,|?), (A.29)
n=1

where the sequence {b,} is given by (A.27). We note that, by {(A.26) and by the orthog-
onality of sinh[vg(y+ H)] to the subspace generated by the functions sin[u, (y + H)], the
coefficients b, can not be all zero; hence, we have

S ({an}) > J°({an}) (A.30)

for every {a,} € A.

Now, from the identities (A.20), (A.21) and (A.24), (A.25), we find that the right hand
sides of (A.14) {A.15) are equal to C(vg)sin®(vgz0)J* ({as,}) and C(vg)cos? (voz0) J¢ ({al }),
respectively; on the other hand, the functionals J*® and J¢ are strictly convex, coercive




SOLVABILITY AND REGULARITY 655

and lower semicontinuous (as limits of increasing sequences of continuous functionals)
and therefore they assume their minimum values at unique points on the subspace A.
By recalling remark A.1l, the minimum points are necessarily the sequences {a} and
{at}, so that by (A.30) we get

J*({an}) > J({az})- (A-31)

Let us now go back to (A.14), (A.15). If vyzg # nr, n = 1,2, ..., we can divide both
terms of (A.14) by sin(vyzg) and obtain:

s cos(VoTo) . sir s
A%+ VO;sinh(uoH) = C(vg) sin(vozo)J*({a }). (A.32)
Similarly, if vozg # (n — 1/2)mw, n = 1,2, ..., we get from (A.15)
¢ sin(vpzo) ‘ o e
VO_——sinh(z/oH) = C(vg) cos(vozo)J°({as}). (A.33)

Now, if vozg # kr/2, k = 1,2..., Eq. (4.22) follows by (A.32), (A.33) with K(vg) =
C(vo)[J({at}) — J*({a})].- Then, proposition 4.8 is proved by the bound (A.31) and
by recalling that (4.22) also holds for vyzo = k7 /2, due to the equations (4.9), (4.10).

REMARK A.2. From (A.32), (A.33), we get in particular the relations:

(=) \((n — 1/2)7/z0) > 0, (=1)"A°(n7/z0) >0, n=1,2, .. (A.34)

Moreover, it can be shown that the maps vg — A*(vg), vo — A(vy) are real analytic
functions in (0, +o00) ([2], corollary A.3). Then, from (4.9), (4.10) and (A.34), we find
that A*(19) and A°(1p) must vanish at some point in every interval (nw/zg, (n+1/2)7/x0)
and ((n — 1/2)n/zg,nmw/x0), (n =1,2,...), respectively.
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