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Abstract

We address scattering problems for impenetrable obstacles in an infinite elastic Kirchhoff-Love
two-dimensional plate. The analysis is restricted to the purely bending case and the time-harmonic
regime. Considering four types of boundary conditions on the obstacle, well-posedness for those
problems is proved with the help of a variational approach: (i) for any wave number k& when the plate
is clamped, simply supported or roller supported; (ii) for any k except a discrete set when the plate
is free (this set is finite for convex obstacles).

1 Introduction

We consider the diffraction of an incident wave by an impenetrable obstacle within an infinite elastic
thin plate characterized by the Kirchhoff-Love model. More precisely, we focus on the pure bending case
in the frequency domain. Such an impenetrable obstacle D C R? can be modeled by a bounded open
domain of class C? (see Remark 2). Denoting Q := R? \ D, the scattered field v* satisfies the problem

A5 —k*® =0 in Q,

(Bl(vs ), Ba(v® + ui)) = (0,0) on AL,

2
. ovs
lim
Tt Jop,

ds =0,
n
where k > 0 is the wave number, u' is an incident field which satisfies A?u' — k*u! = 0 in R?, B, is the
open ball centered at 0 and of radius » while n is the outward normal to B, and s is the curvilinear
measure on 0B,..
The first equation of (1) comes from the equation of the flexural waves in a plate

(1)

—ik®

0%u

2
DAu+ ph— =0, (2)
with D := Eh3/12(1 — v?), where E > 0 is the Young’s modulus, v € [0,1/2) is the Poisson’s ratio, h
is the thickness and p is the density per unit of volume. In the time-harmonic case at frequency w, the
equation (2) coincides with the first equation of (1) with k defined by k* = phw?/D. We mention that
several plate models in the time domain, in particular the one given by (2), are derived in [13] starting
from a three dimensional setting. Such models enable us to reduce the spatial dimension of the elasticity
problem from 3 to 2 provided the thickness h is small with respect to the wavelength 27 /k.
The surface differential operators By, By involved in the second line of (1) characterize the boundary
conditions on 0f). In order to specify these operators, let us introduce some notations. In the sequel, a
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generic point of R? is denoted # = (z1,22). Moreover, n = (n1,nz2) denotes the unit normal vector to
0N directed into the exterior of Q (that is, the interior of D), while ¢ is the unit tangent vector such that
t is obtained from n by a 7/2 counterclockwise rotation (in other words, t1 = —ns and to = ng). The
curvilinear abscissa associated with vector ¢ is denoted s: it defines the curvilinear measure ds used in
boundary integrals. We also define the surface differential operators

0 0 0 0

+ng— and — = -ng——+n1—.
x

on "16)?1 0z Os

The operators B; and Bs are two among the following four surface differential operators: I (trace opera-
tor), 8/0n, M and N, where M and N are defined as follows:

{ Mu = vAu+ (1 —-v)Myu,
0 0
N = ——Au—(1—-v)=—N,
b an " (1=v) 9s 0%
where My and Ny are given by
0%u 0%u 0%u
M, 242 ———n3
ot 63512”1 + 021024 mang + O0x92 "2
0%u 0%u 0%u
N = 2_p2)— - .
ot 81'18{,62 (nl n2) <8x12 (9{1}22) e

Some alternative useful expressions of Mu and Nu are

2
Mu = Au—(1-v) @—i—’y@ )
0s? on 3)
1o} 0 ([ 0%u ou
Nu = —gpfu-{-v)5 (asan”as)’

where 7(s) is the curvature defined by dn/ds = v7. It should be noted that physically, DM corresponds
to the bending moment while DN corresponds to the transverse force. In what follows, four different
cases for the boundary conditions on 02 will be considered:

1. By =1 and By = 9/0n: clamped plate,

2. By =1 and By = M: simply supported plate,
3. By = 9/0n and By = N: roller supported plate,
4. By = M and By = N: free plate.

We emphasize that except the third case, these boundary conditions are classical and relevant from the
physical point of view. For instance, the last one models a hole within the plate.

Lastly, the third line of (1) is the radiation condition at infinity. Essentially, it specifies that among
the scattered waves, only the outgoing ones are physically acceptable. Such kind of condition is required
to guarantee well-posedness of scattering problems in unbounded domains.

The main result of this paper is the following.

Theorem 1. The problem (1) has a unique solution in HZ ()

o for any k > 0 if (B1,B2) = (I,0/0n) (clamped plate), (B1,B2) = (I, M) (simply supported plate)
or (B1,Bs) = (0/0n, N) (roller supported),

e for any k > 0 except for at most a countable set of numbers k,, n € N, such that k, — +oo, if
(B1,B2) = (M, N) (free plate).

Remark 2. Concerning the reqularity of the domain D for which Theorem 1 holds, D shall be at least
of class C? to correctly define the surface operators M and N in (3). Such regularity is enough for
Theorem 1 to hold for the clamped, simply supported and roller supported plate. But the strategy we use
to prove Theorem 1 for the free plate needs D to be C3. Such assumption might be purely technical.



The radial case, that is when D is a disk, was addressed in [14] where a closed-form expression of
the solution was obtained. Note that in the present paper, well-posedness in the radial case is proved
for any boundary conditions above and for any k (see Theorem 9 when the curvature «y is supposed to
be constant). To our best knowledge, well-posedness of problem (1) for an obstacle of any shape has
never been fully justified. In contrast with plate problems in the static case, which benefit from a huge
amount of contributions, plate problems in the dynamic case are less popular. If we restrict ourselves
to the mathematical justification of existence and uniqueness for scattering problems in the frequency
domain, the number of contributions is very low. However we mention the recent article [19] which in
particular addresses existence and uniqueness for solutions of a similar scattering problem involving a
biharmonic operator perturbed by zero and first order terms. The proof of well-posedness in [19] is based
on a Lippmann-Schwinger integral equation and relies on the assumption that & is sufficiently large. The
proof we propose for Theorem 1 is based on a variational approach. As highlighted in the statement of
Theorem 1, uniqueness in the case of a free plate for any k is still an open problem for us. Our uniqueness
proof for such boundary condition classically relies on the Analytic Fredholm theorem [7, Theorem 8.26],
but the latter is applied in an original way to an eigenvalue problem set on the boundary of the obstacle
and involving the trace and the normal derivative of the scattered field. As our uniqueness result excludes
a possible countable set of frequencies, it is natural to wonder if such exceptional frequencies actually
exist, that is if trapped modes can really occur for the free plate. Let us mention some contributions
which prove existence of trapped modes in situations which are close to ours, for example the case of a
simply supported strip in the presence of a free obstacle [16] or the case of an infinite thick plate in the
presence of a free obstacle and v = 0 [9]. It is interesting to note that for a circular hole, the trapped
modes disappear when the thickness of such thick plate tends to 0, in view of Theorem 9.

Before giving the outline of our article, let us say a few words about the numerical resolution of
problem (1). It could be noted that some numerical methods were already used to solve problems of type
(1), for instance in [8] with the help of Perfectly Matched Layers or in [17] with the help of a boundary
element method. As a by-product of the present paper, by using a Dirichlet-to-Neumann operator we
alternatively propose a weak formulation in the bounded domain 2N B which is equivalent to the strong
problem (1). Such weak formulation can be directly discretized with the help of a finite element method,
as done in [4]. Lastly, proving well-posedness for problem (1) paves the way to the corresponding inverse
problem: retrieve the obstacle D given some scattering data. This is the main concern of [4].

The article is organized as follows. The second section can be viewed as a preliminary work on useful
properties that are equivalent to the radiation condition given in problem (1). Section 3 is dedicated to
a uniqueness proof for problem (1). In section 4, we introduce the so-called Dirichlet problem outside a
ball, which is nothing but the particular case of problem (1) when the obstacle D is a disc Bg and the
plate is clamped. Existence of a solution is proved for that problem, which implies that the Dirichlet
problem outside a ball is well-posed with the help of section 3. This enables us to properly define a
Dirichlet-to-Neumann operator on the boundary dBg. Such operator is used in section 5 to prove that
problem (1) is equivalent to a problem set in the bounded domain Q2 N By for which we give a weak
formulation. The Fredholm character of this equivalent problem is proved in section 6. By gathering the
results of section 3 and section 6, we finally complete the existence/uniqueness proof of Theorem 1.

In order to avoid the appearance of non meaningful constants in inequalities, hereafter we employ
the symbols < and 2 which mean that the inequality is satisfied up to a positive factor which does not
depend on the parameters involved in the inequality (for instance, |f(z)| < 1 means that f is bounded).

2 The radiation condition

The aim of this section is to show that the radiation condition in problem (1) can be reformulated
equivalently as a series expansion of v which results from separation of variables in polar coordinates
(r,0). This expansion is an essential tool in our proof of Theorem 1. It involves the Hankel functions of

the first kind H,(,P, for m € Z, (see, e.g. [1]), as well as
im6

Em(0) := W for 0 € [0,27) and m € Z. (4)




Note that if we identify the interval [0,27) with the unit circle S; in R2, then each function &, appears
as a unit vector of L2(S;) (thanks to the factor 1/v/27 in (4)). It is actually well-known (see, e.g., [12])
that the family {£,,; m € Z} is an orthonormal basis of L?(S;) and for any s > 0, an orthogonal basis of
H#(S,) for the inner product which derives from the following norm

1/2
160 222 s4) = (Z(l +m?)* ‘(675m)L2(S1)|2> : (5)

meZ

For brevity, we say that a solution u to A%u — k*u = 0 outside a given ball By (for some R > 0) is
radiating if it satisfies the radiation condition

2
@—Ucu ds =0. (6)

on

lim
r—+00 9B,

The two following propositions, which are somehow converse to each other, gather the mains results
about such radiating solutions that are needed in the present paper. Their respective proofs use mainly
arguments which are well-known in the context of Helmhotz equation (see [7]).

Proposition 3. Suppose that u is a radiating solution to A?u — k*u = 0 in R?\ Bg for some R > 0.
Then there exist two families of complexr numbers o, and B, for m € Z, such that u can be split into
the sum of a propagative part uP* and an evanescent part u¥ as follows:

uPr(r, 9) Z o HW (kr) €,,(0),

u=uP" +u® with mer (7)

Zﬂm m lk’f‘ 6 (0)5

mEZ

where both series are absolutely and uniformly convergent on compact subsets of R?\ Bg, as well as any
term by term partial derivative with respect to v and 6. Moreover uP* and u® are related to u by the

formulas
1 A 1 A
uPt = 3 <u - k:) and u = 3 (u + k:;b) , (8)

AuP* + E*uP" =0 and Au® —k*u® =0 in R?\ Bg. (9)

and satisfy respectively

Proof. The starting point is to use the factorization
Ay —kru = (A = k) (A +E)u= (A + k) (A - k?)u. (10)

Hence, by defining uP* and u® by (8), we see that the equation A?u — k*u = 0 is equivalent to the
decomposition u = uP" + u® where uP" and u®¥ satisfy (9).

In order to obtain the series expansions (7) of uP* and u®¥, we consider their respective Fourier series
with respect to 0. First recall that standard elliptic regularity results tell us that «P* and u® are infinitely
differentiable in R? \ Br. We then easily deduce from (9) that their Fourier coefficients are solutions to
Bessel type equations with respect to r, which yields the existence of four families of complex numbers

7(%), aS?J, fﬁ) and 555% for m € Z, such that

uP*(r, 9) Z ub(r where  uP"(r) := oV HW (kr) + oD HP (kr),
mEZ
= Z us (r) Em(0) where uS¥(r) := B HW (ikr) + o2 HP (ikr),
meZ



where Héll) and Hf,%) are the Hankel functions of order m of the first and second kinds, respectively. As
both functions uP* and u®¥ belong to C*>° (R2 \?R), these series are absolutely and uniformly convergent
on compact subsets of R? \ Bp, as well as any term by term partial derivative with respect to r and 6.
As a consequence, by Parseval’s equality, we see that for all r > R,

/ ou
9B,

2
o iku| ds = Z hum(r), where

mEeZ

d
<d7“ - ik> (Ul +uy)

ho(r) =7

Using the following asymptotic behavior of Hankel functions [15, Chap. 7, §4.1] which is valid for |z| — oo
with arg z € [—m/2, +7/2] and fixed order m € N :

. 2 i1,
H) () = \[ = eV Hiemmn/an/y (1 n ﬁ(z—l)) for j = 1,2, (11)
T

as well as the recurrence relation [1, §9.1.27]

m

HDY (2) = By (2) = — HY(2), (12)

we infer that, as r — 400,

d d 8k
—j (1) - —3/2 i (2) ~
’(dr 1k> Hy, (kr)| = 0(r=>/%) and ’(dr 1k> HY (kr) —
d d 8k
- (1) s — —kr -~ (2) s ~ Oh kr
‘ (dr 1k) H,,’ (ikr)| = 0(e™"") and ’<dr 1/<:> H (ikr) e

As a consequence, if there exists m € Z such that 553) # 0, we will have h,,(r) = e?*" and u will not

satisfy the radiation condition, so ﬁg) = 0 for all m € Z. In the same way, if 045,21) # 0 for some m € Z,

we will have h,,(r) 2 1 and u will not satisfy the radiation condition, so a2 =0 for all m € Z. O

Proposition 4. Let o, and By, for m € Z be two families of complex numbers such that

sup |am| |H7(1P(kR)| < oo and sup |Bn] }Hf,p(ikR)| < 00 (13)
meZ meZ

for some R > 0. Then both series in (7) are absolutely and uniformly convergent on compact subsets of
R2\ Bg, as well as any term by term partial derivative with respect to v and 0. Moreover, their respective
asymptotic behaviors as r — +0o are

‘upr(r, 0)‘ = ﬁ(r‘lﬂ) and |uev(7"a 9)‘ = ﬁ(e_m)’ (14)

uniformly with respect to 0 € [0,27), and the same holds true for any partial derivative with respect to r
and 0. Finally, the function u := uP* +u® is a radiating solution to A%u — k*u =0 in R?\ Bpg.

Proof. The absolute and uniform convergence of both series in (7) is a straightforward consequence of the
asymptotic behavior of Hankel functions for large order, which is recalled below for positive order m (the

case of negative order follows from the relation H El,),L(z) = (—l)mH,% ) (2)). From the series representations
of Bessel functions (see [1, §9.1.10 & 9.1.11]), we deduce that
-1 /2\"
HWV(z) = M <> (1+0(m™")) asm — +oo, (15)
im z
uniformly with respect to z in any compact subset of C\ R™. We deduce from this asymptotic behavior
that @

Hmf 1 (Z) z

e = 2 1 0(mT?) asm — oo
gV 2m



Using formula (12), we infer that

(1)y/
WTZJrZJrﬁ(mz) as m — 00. (16)

Iterating this process, we see that for any given p > 1,

(1)\ (P) 5 AP
(Hgg))(z)( ) = (—;) +O0(mP™Y) asm — oo. (17)

All these asymptotic behaviors are valid uniformly in compact subsets of C\ R™.
We now come back to the convergence of the series in (7). For uP", simply notice that for M € N,

S M (1)
> \ame(kr)gm(e)\s(sup |am|H7gp(kR)‘> 3 ‘Hmw

m=—M |m|<M m=—M HT(V}) (kR)

Thanks to assumption (13), the first term of the right-hand side remains bounded as M — 400, and so
is the second one, since the asymptotic behavior (15) shows that

M 1) M |m|
> s 2 (7))
m=—M m(kR) m=—M r

The same arguments are still valid for u®” (replacing k by ik), as well as for any term by term partial
derivative of these series. Indeed, if we derive p times with respect to r and ¢ times with respect to 6,
the above inequality has to be replaced by

M (1) (») M |m|
Z q (Hml) (/{:7‘) < Z ‘m‘erq <R> ,
m=—M H'f(n)(kR) m=—M r

using the fact that &/, = im&,, and the asymptotic behavior (17). As a consequence, both functions uP*
and u® belong to C* (R2 \B73) Applying respectively the operators A + k? and A — k2 to both series
in (7) yields (9), which shows by (10) that u := uP* + u®" satisfies A?u — k*u = 0 in R? \ Bpg.

On the other hand, the asymptotic behaviors of uP" and u®¥ for large r, in particular the fact these
series satisfy the radiation condition, cannot be deduced easily from a direct study of the series. This
can be done by a cumbersome analysis of the series, as shown in [10] for a similar water wave scattering
problem. However, there is an alternative (and more elegant!) approach which consists in rewriting these
series as integral representations of uP" and u°V, since the latter are well suited to extract their asymptotic
behaviors for large r. This approach is extensively described in [7, Chap. 2] for the three-dimensional
Helmholtz equation and briefly explained in [7, §3.4] for the two-dimensional case. We recall here the
basic steps for uP".

Starting from the series representation (7) of uP*, the idea is to show that for any fixed R’ > R,

OGP" ouP”
wi) = [ G ) - G 6 fas, o el > o (18)
R
where GP" is the radiating Green’s function of the Helmholtz equation, given by
T 1 1
¥ (x,y) = 7 Hy" (Kl — y)),

and n denotes the unit normal vector to dBgs directed into the exterior of Br/. The key tool is the
famous Graf’s addition theorem [1, §9.1.79]

G (z,y) = %T Y HY (klz]) €n(6s) Jm(klyl) € (8,) for |z| > Jyl,

meEZ



where J,, is the Bessel function of order m [1] and 6, (respectively, 6,) denotes the polar angle of x
(respectively, y). As above, this series is absolutely and uniformly convergent on compact subsets of
|z| > |y|, as well as any term by term partial derivative with respect to  or y. If we insert this formula
as well as the series (7) for all y € OB into the integral of the right-hand side of (18) and use the
orthonormality of the &, in L2(S!), this integral can be written as

itkR' Z o {Hr(nl)(kR/) J,:n(kR/) _ (Hr(r%)),(kR/) Jm(kR/)}Hy(r})(Ml'ng(ox)

2
mEZ

The term between braces is the wronskian of Hr(nl) and J,,. It is explicitly given by [1, §9.1.16]

2
irkR"’
which shows that the integral of the right-hand side of (18) is exactly the series (7) of uP"(x). Hence (18)

is proved. Replacing k by ik, we obtain in the same way the integral representation of u®¥, which involves
the Green’s function

HD(R') Ty, (kR') = (H)) (kR') T (RR') =

G (z,y) = *Ho ikl — y)-
Using the asymptotic behavior (11), we infer that
|GP (2, y)| = ﬁ(|x\_1/2) and |GV (z,y)| = ﬁ(e_km) as |x| — +oo,

uniformly with respect to 6, € [0,2n) and y € dBg. Using (12), we see that the same holds true for
any partial derivative of these Green’s functions with respect to = or y. These estimates together with
the integral representation of uP* and u® yield (14). Finally, the same arguments show that

0
5o O™ @) =k GP ()| = (o] ),
uniformly with respect to 8, € [0,27) and y € dBpg/, from which we deduce that uP* satisfies the
radiation condition (6). This obviously holds true for u®¥, since it is exponentially decreasing, as well
as its derivatives. Hence u := uP* + u° is a radiating solution to A?u — k*u = 0. This completes the
proof. 0

3 Uniqueness

We now address the question of uniqueness in problem (1): if ' = 0, does a solution v® € HZ () to
problem (1) vanish in Q7 Throughout this section, we simply denote v® = u. To begin with, we prove
that the “propagating part” of u actually vanishes by a standard argument based on the energy flux. In
order to introduce such energy flux, we need the following Green formula (see for example [11]).

Lemma 5. In a bounded domain O of class C%, denoting H*(O, A?) := {u € H*(0), A%u € L?*(0)}, the
linear mapping T : u — (Nu, Mu) is continuous from H?(Q, A?) to H=3/2(00) x H='/2(00). Moreover,
for all u € H?(O,A?) and v € H?(O), we have the Green formula

/ A?uTdz = a(u,v) — / (Nuv + Mua> ds where
80 on
a(u,v) / {vAUAT + (1 —v) Z 81:18% axza% } dz. (19)

Here, the unit normal vector to 00, which is involved in the definition (3) of the surface operators M
and N, is directed into the exterior of O. The first part of the integral on 0O has the meaning of duality
pairing between H3/2(00) and H~3/2(0O) while the second part has the meaning of duality pairing
between H'Y?(00O) and H~'/%(00).



Let us consider the annulus B, ,» := B, \ B, with 7/ > r for sufficiently large 7 (so that B, ., C Q).
Starting from

/ (A'u — E*u)adr = 0
By

T

and applying the Green formula of Lemma 5 in the domain B, ,s for v = u, we obtain that the quantity

Flu) = Im{/{gBr (Nuu+MugZ> ds}, (20)

where the unit normal vector to 0B, is directed into the exterior of B,., does not depend on r. It is called
the energy fluz.
We are now in a position to prove that the propagating part uP" of u vanishes.

Proposition 6. Let us consider a solution u to problem (1) corresponding to ul = 0. Then uP* = 0 where
uP* is defined by (8).

Proof. Let us introduce the bounded domain €2, = QN B,., where r > 0 is sufficiently large to contain
the obstacle D, and write

/ (A?%u — k*u)adr = 0.
Q.

Next we use Lemma 5 for O = €),., which implies that

P
a(u,u) — k4||u\|%2(ﬂr) = /OB <Nuu+ Mu 82) ds =0,

r

for any of the four boundary conditions that we consider on 9€). We conclude that for sufficiently large

717
Im{/ (Nuu—i—Mu%) ds}—O,
9B, on

that is the energy flux F(u) vanishes. By using the decomposition v = uP* + «*¥ and the asymptotic
behavior when r — +o00 of uP* and u®¥ given by (14), we infer that

F(u) = lim F(uP").

r—+00

To obtain an asymptotic behavior of F(uP") when r — +00, let us compute NuP* and MuP* on 9B,. We
first rewrite the definition (3) of M and N in polar coordinates as follows

10u 1 9%u
Mu = Au—(l—l/) <Ta’l"+7'2862)’ (21)
O DTS e T U
L Yizo0 \oro0 " r a0 )

That AuP™ + k?uP™ = 0 in Q and making use once again of (14) imply that

ouP*

T

MuP™ = —K2uP* + ﬁ(r*3/2) and NuPt = k2 + ﬁ(r75/2).

We obtain that

ouPr OuPr
pry _ 1.2 T _ ,,Pr —1
FuP) =k Im{/aBT( G W )ds}+ﬁ(T )

pr
= 2k2Im {/ 8; uprds} +or
OB,

T

. pr o
= 2k‘3/ [uPT|* ds + 2k* Im{/ (ag —ikupr> uprds} + o).
9B, 9B, r




From (14) and the radiation condition, we have

2

pr
/ [uP"|>ds = (1) and  lim Qu™” _ ikuP"| ds =0,
9B, r—-4o00 B, r
hence we end up with
F(u) =2k> lim |uPT|? ds = 0.

The so-called Rellich Lemma (see for example [6, Theorem 3.5]) tells us that the only possible solution
uP* € H () to the Helmholtz equation AuP* + k?uP™ = 0 in Q which satisfies the latter asymptotic
behavior at infinity is uP* = 0. O

Proposition 6 is independent of the boundary conditions on 0f). Uniqueness in three cases of boundary
conditions out of four can then be easily obtained.

Theorem 7. For (B1,Bs) = (I,0/0n) (clampled plate), (B1,B2) = (I, M) (simply supported plate) or
(B1,B3) = (0/9n, N) (roller supported plate), problem (1) has at most one solution.

Proof. Let us consider a solution u to problem (1) for u' = 0. From Proposition 6 we have u = u¢", in
other words Au—k?u = 0 in . By multiplying this equation by %, integrating over 2, and using Green’s
formula, we obtain

0 9,
—/Q (|Vu|2+k2\u|2)dx+/63 %ﬂds—l—/@ﬂa—;iﬂds:o. (22)

r

Given that in the three cases of boundary conditions we have either ulso = 0 or (Ou/dn)|sq = 0, the
integral on 9 vanishes. In addition, using the Cauchy-Schwarz inequality and the asymptotic behavior
of u® given by (14), we have

. u __
lim —uds=0.
ro+too Jop on

Passing to the limit 7 — +oc0 in the identity (22), we get
/ (IVul* + k*|ul?) dz = 0,
Q

so that u = 0 in €, which completes the proof. O

The fourth case of boundary condition (By,B2) = (M, N) (free plate) is more complicated. We begin
with a general result which is weaker than Theorem 7, since we have to exclude a countable set of wave
numbers k which accumulates at +oo.

Theorem 8. The problem (1) for (By,B2) = (M, N) (free plate) has at most one solution for all k > 0,
except for at most a countable set of numbers k,, > 0, n € N, such that k,, — +0c0.

Proof of Theorem 8. Let us consider a solution u to problem (1) for u' = 0. From Proposition 6 we have
Au —Kk*>u=0in Q. That u € H?(Qp) for sufficiently large R implies that u|sq € H'(9). Since (2 is of
class C2, by standard regularity results for elliptic equations [5] we additionally have that u € H?(Qgr),
hence (Gu/0n)|sq € HL(OS). As a consequence of Au — k?u = 0 in , Mu = 0 and Nu = 0 on 99 as
well as formulas (3), the functions U := u|pq and V' := (Ou/In)|sq are solutions to the following problem
on 9Q: find (U,V) € HY(92)? such that

d2
v +9V =AU,
ds?
d?v d dU (23)
_ _ 4 — — =\
ds? + ds <fy ds ) v



where we have introduced \ := k?/(1—v). Such coupled system can be seen as a non-selfadjoint eigenvalue
problem. Let us rewrite the system (23) as

d2
<—dQ+U> ( —)\)U—’YVZO,

@ U ,

which itself can be rewritten in the form of a weak formulation: find (U, V) € H*(8€)? such that for all
(U,V) e H' (00)2,

(), (o)),

where the operator J()\) on H*(9Q)? is defined as

1-—A v
T(A) = oD ez
=) M 1T
Introducing X = (U,V), X = (U,V) and the operator K()\) such that for all X and X in H'(09)?,

(Kn)X, /'?)Hl(ag)z = (J(N)AX, X)2(90)2, such weak formulation also reads as the equation X —KC(\)X =
0 in H1(09Q)%, where A — K ()\) is obviously a family of compact operators on H'(92)? which analytically
depends on A € C. From the Analytic Fredholm theorem (see [7, Theorem 8.26] or [18]), we can conclude
that X = 0 except for a countable set of C if we can find a particular point A € C such that the operator
I — K()) is injective. Then we will obtain that except for a countable set of positive k,, € R such that
kn — 400 when n — +o00, we have (ulgq, (Ou/0n)|aq) = (0,0), which implies that u = 0 in Q.

Let us find some p € R such that I — K(ip) is injective. In the remainder of the proof, we will use
the short notation U’ = dU/ds, while (-,-) and || - || will denote the scalar product and the norm of
L?(09), respectively. Multiplying the system (23) by (U, V)7 in the sense of the scalar product (-,-) and
integrating by parts, we get

{ 1012 +iplU)? = vV, U),

IV |I* =i VI* = (U, V),

which implies that
{ 1U11* + p?(U)* = (V. O) 2 S IRV,

IVNI*+ e [VI* = 16U VP S IT PV
From the first inequality of (24), we obtain that there exists C' > 0 such that
1T + @2 Ut < cul* + VI,

which induces that if 2 > C, we get |U’||* < C ||V||*. Plugging such estimate in the second inequality
of (24) yields
VI + w2 VIS VIV S TellIVI® + =V

Taking || sufficiently large, we finally obtain V' = 0, and then U = 0, which completes the proof. O

We complement Theorem 8 with a result for sufficiently large values of k& when the obstacle D is
convex.

Theorem 9. Let L denote the perimeter of D. Assume that

there exists vo < 0 such that y(s) <o for all s € [0,L] and (25)
! 2k
sup 7 () . (26)
s€[0,L] v(s) 1-v

Then problem (1) for (By,Bs) = (M, N) (free plate) has at most one solution.
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Remark 10. The first assumption of Theorem 9, that is (25), implies in particular that v(s) < 0 for all
s € [0, L], which means that the obstacle D is convex. The assumption (26) means that the obstacle has
a slowly varying curvature or that k is large. In particular, if D is a disk, then uniqueness holds for any
k> 0.

Proof of Theorem 9. Considering again a solution u to problem (1) for ' = 0 and proceeding as in the
proof of Theorem 7, we obtain by passing to the limit » — 400 in (22) that

ou

/Q(\Vu\QJrk2|u|2)dx:/(SQ%ﬂds.

As a consequence of Mu = 0 on 952, the first formula in (3) and Au — k%u = 0 in Q, we have on 9Q:

0%u ou
2 p— — —_— + — =
Fu—(1-v) <8s2 78n> 0

1 k2 0%u
Vul? + K22 dz = / ( u—)uds
/Q(‘ | [ul") o v(s) \1—v  0s?

Hence

Il
S
o]
=
iﬂ/)—‘

—_
%%
=
[V}
+
Q| Q
S
Plo
A~
S

S|

o,

&

Il
Q;\
o]

2
-
VR
—_
[N
T
Q
®[8

We have that for all s € [0, L],

k> o> A(s)ou k> o> |y(s)]|ou
R 2122 = Zas > 2= - — | |ul.
e{l—y|u| * 0s ~(s) as' (= 1—V‘u| * 0s ‘ ~v(s) || Os ful
Since the right-hand side is non negative if |y/(s)/v(s)|? — 4k%/(1 — v) < 0, the assumption (26) implies
/(|Vu|2 + k*|u|?) dz < 0, which yields u = 0 in €. O
Q

4 The Dirichlet problem outside a ball

We now consider a particular case of problem (1), namely a circular obstacle Br of radius R > 0 with a
pair of Dirichlet boundary conditions, i.e.,

A%y —k*u =0 in R?\ Bp,
ou
(u, 8n> =(f.9) on 0Bg, (27)
. o .|
lim — —iku| ds=0.
r—+too Jop on

Unlike our initial problem (1), we choose here the opposite direction for the unit normal on Bg: in this
section n denotes the unit normal vector to dBg directed into the exterior of Br. On the other hand, we
keep the same direction for the unit normal on 0B, involved in the radiation condition: it is also directed
into the exterior of B,.

We already know by Proposition 3 that if there exists a solution u to (27), it can be expressed by the
series expansion (7) which involves two complex sequences (a;,) and (8,,), for m € Z. We first rewrite
these series in a more convenient form by introducing two families of functions (F,(r)) and (G, (r))
whose definition simply follows from linearity. The idea is to relate the Fourier series of f and g,

f= Z fmé&m and g= Z gm Em  where

meZ mMEZL

1

1
fm = R (f, $m)r20By) and  gp, 1= E(gﬂfm)Lz(BBR)’ (28)
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with that of u. The latter will simply write as

u(r,0) = Z (fm Fr(7) + gm Gm(r)) Em(0), (29)
mMmEZ

if we choose F,,, and Gy, so that F,,(r) &, (0) and G, (r) &, (0) are respectively solutions to (27) for the
particular pairs (,,,0) and (0,&,,) of Dirichlet data on Bg. Note that &, initially defined in (4) as a
unit function of L?(S!), is trivially identified here with a function of L?(0Bgr) (that is no longer unit,
which explains the factor R™1 in the expression (28) of the Fourier coefficients). It follows from (7) that
F,.(r) and G,,(r) are both linear combinations of anl)(kr) and H&l)(ikr). The coefficients are found by
writing the two boundary conditions at »r = R. We readily obtain

(1) (1)
1 Hpy,
F(r) = —Sm —0y (kr) + T D (ifr) and (30)
T'm = Sm Hy,’(kR) m’ (1kR)
1 HY(kr)  HY (ikr)
Gm(r) = — ) G (31)
Tm = Sm \ Hp'(kR)  Hp' (ikR)
where we have denoted
(1)y/ . W7y
Hm Hm
o RUYGR) kY GR) )
Hy,’ (kR) Hy,’(ikR)

It remains to describe a functional framework in which the series (29) provides us the existence of a
solution to our Dirichlet problem (27). This is the subject of the following proposition.

Proposition 11. For all pair (f,g) € H3/*(0Bg) x H'Y?(dBR), problem (27) has a unique solution
u € HE_(R?\ Bgr) given by the series expansion (29), where the series converges in HZ (R* \ Bg).

loc

Proof. Most part of the work is already done. First, using the uniqueness Theorem 7 in the clamped case
with D = Bg, we know that problem (27) has at most one solution. We are going to prove its existence by
examining the convergence properties of the series (29). And here again, a non-obvious result is already
known: Proposition 4 tells us that this series, as soon as it converges in some sense, defines a radiating
solution to A%u — k*u = 0 in R? \ Bg. The C*° convergence properties stated in Propositions 3 and 4
are valid outside a vicinity of the boundary dBg. They follow actually from interior regularity of elliptic
equations. Here we need a sharper study of the behavior of the series up to dBpg, that is, exactly where
it has the worse convergence.

First recall that thanks to (5), the choice of the trace spaces H3/2(9Bg) and H'/?(0Bg) for f and g
can be interpreted in terms of convergence of their respective Fourier coefficients (28) as follows:

S @ +mP2 ol < 400 and > (14 m3)? g2 < +oo. (33)
meZ MmEZL

It remains to understand how these assumptions dictate the behavior of the series (29). Recall that
convergence in HZ _(R?\ Br) means convergence in H?(Bg r/) for any annulus B r := Br/ \ Bg with
R > R.

We start by proving the convergence in L?(Bg g/) for any R’ > R. Denoting

Uy (T, 9) = (fm FM(T) + 9m Gm(TD §m(9),
we deduce from the orthogonality of the &,, in L?(S!) and Fubini’s theorem that the u,, are orthogonal
in L?(Bg g). So, by Parseval’s identity, for all mg € N, we have

mo 2

D, tm

m=—mgo

mo

2
= Z ||umHL2(BR,R,)7 where (34)

L*(Bg,pr) MTTMO

RI
2
||um||§’2(BR,R’) = /R ‘fm F’m(r) + gnL G?n (T)’ ’/‘d’/‘. (35)

12



Using formula (15), we infer that

2P [ HP ) WG [ 1
HY (kR)| ™ HY (kR)  HS (kR)| ™ Iml’

for all m # 0 and r € (R, R"). Moreover, it follows from (32) and (16) that

k2
T'm ™~ 7%7 Sm "~ *% and Tm — Sm ~~ WT as |m| — +o00. (36)

Hence by egs. (30) and (31), where (30) can be rewritten equivalently

HY (kr)

—Tm Gm (T‘),

we deduce that |F,,(r)] < |m| and |Gy, (r)] S 1 for m # 0 and r € (R, R'), which shows by (35) that
”um”i?(BRYR,) 5 m2 |fm|2 + |gm|2'

By virtue of the assumptions (33), this yields the convergence of the series (34) as my — +oo. We have
thus proved that the series (29) converges in L?(Bg r).

To see that the convergence holds true in H?(Bg gr/), we use Green’s formula of Lemma 5 in the
domain Bpr, g/, which shows that

8um/
a(Um, Upms) = k* (Um, um’)LQ(BR, r) / <Num U/ + My, ) > ds,
’ aBRué)BR, n

where a(-,-) is given in (19). Note that the minus sign before the integral is due to our choice of the
unit normal vector n on @Bg directed into the exterior of Bg, provided we make the opposite choice on
O0Bprr, so that n is directed into the interior of Br g on both circles 0B and 0Bpg.

We already know that the u,, are orthogonal in L?(Bg g/). Using again the orthogonality of the &, in
L?(S1), we see that the last integral also vanishes if m’ # m. So the u,, are also orthogonal in the sense
of the sesquilinear form a(-,-). Hence, by virtue of Lemma 14, to prove the convergence in H?(Bpg r'),
we simply have to verify that the series with general term a(u,,, u,,) converges. By (33), this amounts
to showing that

S |m|3 |fm|2 + ‘m‘ |gm|2 (37)

o
/ <Numum+Mumum> ds
OBRUOB on

for large |m|. From Proposition 4, the integral on dBgs does not raise any difficulty. To study the integral
on OBg, let us compute Nu,, and Mu,, on OBgr by using the expressions (21) in polar coordinates. To

compute Au,,, we use the fact that the functions (r,0) — HT(,%)(IW) &m(0) and (r,0) — Hf,})(ikr)fm(e)
belong to the kernel of operators A + k? and A — k2, respectively. From the expressions (30) and (31) of

F,, and G,,, we easily obtain
Num(e) _ fm
() =m0 (J2)

where T,,, denotes the 2 x 2 matrix

7m2(1—u) g2 _TmSm m2(1 —v) r Tm + Sm
R3 T — Sm. R2 T — Sm
T, := , (38)
m(l—u)+kzrm+sm 1-v 012 1
R? Tm — Sm R T — Sm,

Then o "
/ (Numum—i— Mu,y, aum> ds = (fm> T <fm> ,
aBR 6” gm gm
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where the exponent * stands for the conjugate transpose of a matrix. Using (36), we see that

2|m[® m[* (1 + v)
=g tO(mf) ="+ O(ml)
o 2 )
m v m
as |m| — +o0, which shows that for large |m/|,
fm>* (fm) 3 2 2
Tm < m + m b
(IY o (J)] & 0 2+ ]
and (37) follows. O

5 Weak formulation in a bounded domain

From now on, we denote by S the operator from H*/2(0Bg) x HY/?(0Bgr) to H2_(R?\ Bg) which maps
the pair (f,g) of Dirichlet data to the solution u of the Dirichlet problem (27). In this section, we
show that our initial problem (1) is equivalent to a problem set in a bounded domain with the help of a

Dirichlet-to-Neumann operator T defined from H3/2(0Bg) x H'/?(0Br) to H=3/2(0Bg) x H~/%(0Bg)

by
T (£> = (Z\]\;Z) where u: =S8 <§) .

As in the preceding section, the definitions of M and N are based here on the unit normal n oriented
outside Br. That T is a continuous operator is a direct consequence of Lemma 5. From the proof of
Proposition 11, an explicit expression of the operator T is given by

()5 () e

where T, is defined in (38) and f,, and g,, are the Fourier coefficient of f and g given by (28).
Let us now consider the following problem in the bounded domain Qg := QN Bg, where R > 0 is
sufficiently large so that Br contains the obstacle D:

Find u® € H?(Qg) such that

A%u® — k' =0 in Qg,

(Bl(us +ul), Ba(u® + u’)) = (0,0) on 09, (41)
Nus\ u?loBg

(M“S> - ((%S/an)bBR) on OB

Problems (1) and (41) are equivalent in the sense of the following proposition.

Proposition 12. Assume that problem (1) has a solution v® in . Then its restriction v®|q, is a solution
to problem (41). Conwversely, if u® is a solution to problem (41), then the function v® which is equal to u®
in Qg and S(u|apy, (Ou®/On)|spy) in R?\ Bg is a solution to problem (1) in Q.

Proof. Assume that (1) has a solution v* in €. It is clear that its restriction to R? \ Bg coincides with
S(v®og, (0V°/0n)|aB, ), so that T(v¥|ap,, (0v°/0n)|ap,) = (Nvs, Mv®). We obtain that v%|q,, satisfies
problem (41).

Conversely, assume that (41) has a solution u® in Qp. We consider the function v® in €2 such that
V|, = u® and v¥lge\ g = w* = S(v’|opy, (0u®/On)|op,). To prove that v* is a solution to (1), we just
have to verify that it satisfies A%v® — k*v® = 0 in Q. By construction, it satisfies this equation separately
in Qp ans R?2\ Bg. As (Nus, Mu®)T = T(uv®|oBy, (0u®/On)|op,) ", we know that the respective traces,
normal derivatives, bending moments and transverse forces of v® and w® coincide on 0Bgr. As shown
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below, this yields the result. Indeed, consider a function ¢ in C§°(€2), which is the set of infinitely smooth
and compactly supported functions in 2. We have, considering distribution brackets,

(A% — kY, ) = (0%, A% — k'p)
= / u® (A% — ko) dx + / w® (A%p — k*o) de.
Qr R2\Br
Using twice Green’s formula of Lemma 5 in Qg yields

/ u® (A%p — ktp)de = / (A% — k') o dx
QR QR

7/ (8u MgaJrusNgo) ds+/ <&pMu5+gaNus> ds,
OBRr on OBgr on

where the integral on Qg in the right-hand side vanishes, since A?u® — k*u® = 0 in Qg. By proceeding
in the same way in R? \ Bg, we obtain

ows  ou’
<A2vs—kz4vs7ap):/aB ({ 6‘11711 - aZ}Mcp—s—{ws—us} NLp) ds
R

—/ <6g0 {MwS—MuS}—Hp{NwS—NuS}) ds.
OBr 8n

As mentioned above, the four terms between braces vanish. We conclude that (A%v® — k*v®, ) = 0 for
all ¢ € C§°(€2), which is the desired result. O

Let us find now a weak formulation of problem (41). Such a formulation depends on the choice of
the boundary conditions only by the associated functional space. That is why we introduce four Hilbert
space Hg, for 5 =1 to 4, associated respectively to the four possible pairs of boundary conditions:

Hy = {u € H*(QR), ulsa = (0u/0n)|sq = 0} (clamped plate),

Ho = {u € H*(QR), ulsq = 0} (simply supported plate),
Hs = {u € H*(QR), (Ou/dn)|sq = 0} (roller supported plate),
Hy = H?*(QR) (free plate).

All of them can be equipped with the inner product of H?(Qg). Instead of the scattered field u®, it is
more convenient to consider the total field u := u® + ' in the weak formulation, where we recall that the
incident field u! satisfies A%u! — k*u' in R2. Tt is then easy to see that (41) is equivalent to

Find u € Hg such that
(42)
blu,v) =£(v) for all v € Hg,
where b is the sesquilinear form defined by
b(u,v) := a(u,v) — k4/ uvde — t(u,v),
Qr
a is given by (19) with O = Qg, t is defined by
v Y\ U
Hu,v) := /{)BR (81}/871) T (3u/8n> ds
and the antilinear form ¢ is defined on Hg by
v Y Nu! ul
(0= [, Conjo) { (i) = (o)
Let us notice that from (40), the sesquilinear form ¢ can be expressed as
1 <v7£M)L2 OB * (’u”gm)L2 OB
t(u,v) = — ©Bz) )T, ©Br) ) (43)
R mEE:Z ((81}/81@, fm)L2(aBR) ((9’11,/(971,, gm)Lz(aBR)
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6 Fredholmness

The weak formulation (42) is equivalent to the equation Bu = L in Hg, where the operator B : Hg — Hp
and the element L € Hg are defined from the sesquilinear form b and the antilinear form ¢, respectively,
with the help of the Riesz Theorem:

(Bu,v) g2(0p) = b(u,v) for all u,v € Hpg,
(L, v)m2(qp) = £(v) forall v € Hp.
Theorem 13. The operator B is a Fredholm operator of index 0.
To prove this theorem we need two lemmas. The first one is proved in [2].

Lemma 14. For v € [0,1), there exist two constants co > 0 and Ao > 0 such that the sesquilinear form
a given by (19) satisfies the Garding inequality

alu,u) > co||u||§{2(o) — )\0||u||2Lg(o) for all u € H*(0).

Remark 15. By using a similar proof as in [3, Lemma 4.2], we point out that if we restrict ourselves to
u€ Hg, B=1 or2, then A\g can be set to 0 in Lemma 14.

The second lemma concerns the family of 2 x 2 matrices T,, defined in (38) and involved in the
expression (43) of the sesquilinear form ¢.

Lemma 16. There ezists mo € N, such that for all |m| > mg, we have

—Re { (5:)* T, (5:)} >0 for all (fm,gm) € C2.

Proof. The asymptotic behavior (39) of T,, for large |m| shows that
—R fm . T fm — Ry Rrem
€ g m - t'm (fTergm)+ m (fmagm)’
where

as 2lm|3 2lm|?(1 4+ v o 2lm
RS s gm) 1= 2 2 AL oy 4 2, 2,

Ry (fmy gm) = O(Im[*) | fm|* + O(Im]) Re(frn G) + O(1) lgm|*.

We notice on the one hand that

as 2|m/® m[*(1+v) im|(1+v) 2|m|
RYY (fms Gm) = R | fm|? — TR | fm|? — R |gm|* + R |gm|?
ml3 m
=(1-v) <|Rz|z |fm|2+|}2||gm|2)
and on the other hand, that
Ry™(fms gm) = O(Im* | fm? + |gm|*) = €(Im[™Y) Ry (fons gom),
which yields the result. O

Proof of Theorem 13. Let us choose my as in Lemma 16 and define the two sesquilinear form ¢y and
deduced from the expression (43) of ¢ by splitting the series in two parts:

to(u,v)::% Z ... and too(u,v)::% Z

[m|<mg |m|>mo
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Then we decompose the sesquilinear form b into b = ¢ + d where
c(u,v) = a(u,v) + )\0/ utdr — too(u,v) and
Qr

d(u,v) = —(Xo + k‘4)/Q uvdz — to(u,v).

On the one hand, we observe that for all u € Hg,
Re{c(u,u)} = a(u,u) + /\o/ ul” dz — Re{too(u,u)} > co||u||§12(QR),

where we have used Lemmas 14 and 16. This implies that the operator C which is associated with the
sesquilinear form ¢ via Riesz theorem is invertible. On the other hand, the operator D which is associated
with the sesquilinear form d via Riesz theorem is compact. This follows from the compactness of the
embedding of H%(Qg) in L?(Qr) and the fact that the operator associated with the form t, is a finite
sum of operators of rank 2. We conclude that B = C' 4+ D is Fredholm of index 0. O

We are now able to prove the main Theorem 1.

Proof of Theorem 1. From Theorem 13 and the Fredholm theory we obtain that existence is equivalent
to uniqueness in problem (41). Uniqueness is given by Theorems 7 and 8. O

Remark 17. In the case of the free plate, an alternative method of ours would have been to use the
Analytic Fredholm theorem directly on problem (42) by using analyticity with respect to k. The main
difficulty is to prove the analytic dependence of the Dirichlet-to-Neumann operator T with respect to k.
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