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This paper is devoted to a spectral description of wave propagation phenomena in
conservative unbounded media, or, more precisely, the fact that a time-dependent
wave can often be represented by a continuous superposition of time-harmonic waves.
We are concerned here with the question of the perturbation of such a generalized
etgenfunction erpansion in the context of scattering problems: if such a property
holds for a free situation, i.e. an unperturbed propagative medium, what does it
become under perturbation, i.e. in the presence of scatterers? The question has been
widely studied in many particular situations. The aim of this paper is to collect some
of them in an abstract framework and exhibit sufficient conditions for a perturbation
result. We investigate the physical meaning of these conditions which essentially
consist in, on the one hand, a stable limiting absorption principle for the free
problem, and on the other hand, a compactness (or short-range) property of the
perturbed problem.

This approach is illustrated by the scattering of linear water waves by a floating
body. The above properties are obtained with the help of integral representations,
which allow us to deduce the asymptotic behaviour of time-harmonic waves from that
of the Green function of the free problem. The results are not new: the main
improvement lies in the structure of the proof, which clearly distinguishes the
properties related to the free problem from those which involve the perturbation.

1. Introduction

1.1. Motivation

The aim of this paper is to propose a relatively general way of establishing gen-
eralized eigenfunction expansions for linear scattering problems, and illustrate the
method by a coupled problem arising in hydrodynamics: the scattering of water
waves by a floating body. The notion of eigenfunction expansion plays an essential
role in the study of wave propagation in non-dissipative continuous media, as well as
in the context of quantum physics. It provides conclusively the connection between
transient and time-harmonic phenomena. More precisely, it offers a representation
of a transient wave as a superposition of time-harmonic waves. In many textbooks,
such a representation appears as a universal truth, but is seldom rigorously justified.
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The fact is that, even for simple situations, the existing proofs are very intricate,
and hardly accessible to the layman.

From a mathematical point of view, the underlying question concerns the notion
of diagonalization of the self-adjoint operator that describes the dynamics of a prop-
agative system: can one always find a family of eigenfunctions which compose an
orthonormal basis of the energy space of the system? The problem is well under-
stood in the case of a bounded propagative domain, for which the operator generally
possesses a pure point spectrum, due to some compactness property (see, for exam-
ple, [36]). Spectral theory then ensures that the eigenfunctions can be chosen so as
to form a discrete orthonormal basis and hence the eigenfunction expansion of the
transient vibrations of the system is expressed as a series of time-harmonic states.
The present paper is rather devoted to wave propagation in unbounded media, for
which the associated operator generally possesses a continuous spectrum. In this
case, eigenfunctions have to be sought outside the finite energy space of the sys-
tem, which justifies the word ‘generalized’. And one may hope to find a continuous
orthonormal basis (in a sense to be specified) of such generalized eigenfunctions.
The general context in which such a family exists is now well understood [7,8,15]
but, apart from differential operators, there is no general way to construct it. Our
purpose is to focus on one particular aspect of the question, in the context of
scattering by obstacles: if one knows a basis of generalized eigenfunctions for the
medium called ‘free’ in the following, i.e. without obstacle, how can one construct
a basis for the perturbed medium, i.e. in the presence of the obstacle?

We do not deal here with the determination of a basis in the free situation, which
generally follows from the usual functional transforms. The simplest example is
given by a homogeneous medium filling the whole space. In this case the Fourier
transform is the appropriate tool for the diagonalization of the associated operator
(see, for example, [43] in acoustics), and the eigenfunction expansion appears as a
plane wave representation. Similarly, for water waves in a half-space, we shall see
in §3 that the eigenfunction expansion follows easily from the use of a horizontal
Fourier transform. On the other hand, some particular inhomogeneous media can
be considered as free. For instance, separation of variables allows us to deal with
stratified media [45], using spectral theory of differential equations with variable
coefficients [38]. The case of gratings [44] also comes within this context.

What happens, then, when an obstacle is inserted in such a free medium? From
a physical point of view, a perturbation approach seems quite natural. Consider-
ing the free generalized eigenfunctions as incident time-harmonic waves, the gen-
eralized eigenfunctions of the scattering problem are sought as perturbations of
the previous eigenfunctions, by adding a perturbation term representing a scat-
tered time-harmonic wave. The first rigorous justification of this approach is due to
Tkebe [24] for the Schrodinger equation. His method was then improved [2,33,37,43]
and applied to many other wave propagation phenomena. The scalar wave equation
has been intensively studied in numerous situations, for example, perturbed cylin-
drical waveguides [16,17,29], wedge-shaped regions [18], stratified media [11,13,41]
and periodic waveguides [30]. Similar approaches were developed in elastodynam-
ics [10,12,31,34] and electromagnetism [4,41] and for more abstract models [40].
In hydrodynamics, the scattering of linear water waves by a fixed body was first
studied by Beale [6] (see also [21,39]).
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Collecting these different papers, one may be surprised at the apparent hetero-
geneousness of the methods used to reach the same goal. Indeed, the distinctive
feature of a given physical situation may affect most proofs, which leads us to think
that these proofs are highly ‘problem dependent’, that is, a slight change in the def-
inition of the problem requires us to adapt most proofs. This is particularly true in
the papers based on a local definition of energy (i.e. in any bounded subdomain of
the propagation medium). The purpose of the present paper is to propose a unified
approach based on a weighted definition of energy, following the notion of Hilbert
riggings developed in mathematical physics [8].

Section 2 presents an abstract perturbation result for generalized eigenfunction
expansions. This section, which is an improved version of the approach proposed
in [20], is organized as follows. In § 2.1 we set the definition of a generalized spectral
basis which furnishes a suitable functional context for generalized eigenfunction
expansions and offers a general but formal point of view on integral representations.
The theoretical framework is close to that proposed in [8]. In §2.2, considering
an abstract wave equation, we show the basic consequences of our definition for
time—frequency analysis. The so-called limiting absorption principle guarantees the
existence of time-harmonic outgoing and incoming waves. We introduce a ‘stable’
form of this principle that plays an essential role in §2.3, where the question of
the perturbation of a generalized spectral basis is investigated. The main result
of this paper, theorem 2.11, shows that, under some compactness property, the
perturbed generalized eigenfunctions are obtained by adding to the unperturbed
ones, considered as incident waves, the outgoing or incoming wave scattered by the
perturbation. The proof is given in § 2.4, which clarifies the connection with spectral
theory of self-adjoint operators. For the sake of simplicity, the theory is presented
under restrictive assumptions: only bounded operators with no point spectrum are
considered. We show in §2.5 how to relax these assumptions in order to deal with
physical applications.

The method is illustrated by the two-dimensional problem of a rigid body floating
on a sea of infinite depth. The section below describes the equations of the problem
and presents a formal expression of the generalized eigenfunction expansion of the
transient motions. Its derivation is the object of § 3. We first state the mathematical
formulation of the problem in §3.1. The free problem is studied in §3.2, and the
compactness of the perturbation is proved in §3.3. The final results are presented
in § 3.4. These results are not new: they slightly improve the known results [19]. The
proofs, however, are new. In particular they clearly identify the part of the work
which has to be revisited when dealing with more involved situations, for instance,
the case of an elastic floating body [22].

1.2. Main results for the two-dimensional sea-keeping problem

The linearized equations that model the coupled motions of a rigid body floating
at the free surface of an inviscid perfect fluid (with a potential flow) are well known
(see, for example, [25]). We present here a non-dimensional expression of these equa-
tions which involves the ‘acceleration potential’ @ = &(X,t) (where X = (z,y) € R?
denotes a point in the fluid, and ¢ denotes the time) instead of the usual velocity
potential (i.e. the former is the time derivative of the latter). The advantage of this
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Figure 1. Free (left) and perturbed (right) fluid domains.

™

Ot
Q

formulation lies in the fact that it only involves second-order time derivatives: it is
well adapted to enter the abstract framework described in § 2.

For the sake of simplicity, we consider only two of the three possible rigid motions
of the floating body. These motions are described by a vector p = p(t) € R?, where
the first component represents the heave, i.e. the vertical displacement of the centre
of gravity G = (z¢, ya) of the body with respect to its equilibrium position, and the
second component denotes the roll, i.e. its rotation in the plane. The sway, i.e. the
horizontal displacement, actually plays a different role from the other displacements
in the coupling process. The fact that it does not contribute to the buoyancy (that
is, Archimedes’) force leads to a one-way coupling: at every time ¢, this motion is
determined entirely by knowledge of the pair (&, p).

We denote by 2 := {(z,y) € R?; y < 0} the half-space filled by the water at rest
in the absence of the body, and by F := {(x,0) € R?} its free surface (see figure 1).
The tilde will be used for all quantities related to this free situation. In the presence
of the body, the fluid domain is denoted by 2 C £2. Its boundary consists of the
part F of F located outside the body, and the immersed part I of its hull. At every
point X € I', we denote by n = (ng, n,) the outer unit normal (exterior to {2) and
by v € R? the vector related to n by v(X) := (ny, (x — zg)ny — (y — ya)nz).

The time-dependent sea-keeping problem consists in finding a pair-(®, p) solution
to the following coupled equations at every time ¢ > 0:

AP =0 in £, (1.1)

0} +0,6=0 onF, (1.2)

On® — dZpr =0 on I, (1.3)

Md§p+Kp+/ Pvdy =0, (1.4)
r

as well as suitable initial conditions. In (1.4), M and K are 2 x 2 real symmetric
positive definite matrices: M is the mass matriz of the body and K is the hydrostatic
stiffness matriz (Kp represents the variation of the Archimedes force due to a
displacement p of the body). Without loss of generality, we assume in the following
that M is the identity matrix: using the Cholesky factorization of Ml = LL*, this
amounts to replacing p, v and K respectively by L*p, L™'v and L~1K(L*)~.

Our aim is to express (?,p) by means of particular time-harmonic solutions
to (1.1)—(1.4) which are constructed by considering this system as a perturbation
of the free water-wave problem:

AP =0 in 0,
(1.5)

O} +08,6=0 onF.
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A time-harmonic free wave is a solution to these equations which has the form
&(X,t) = Re{P,(X) exp(—iwt)},

for some given angular frequency w > 0. Throughout the paper, we shall use a
‘spectral index’ A = w? instead of w. Define

~ 1
Dy p(X) = Wors exp(A(ikz +y)) for A€ R" and k = +1 (1.6)

(where the choice of the coefficient 1/+/27 will be justified later). These functions
obviously satisfy the time-harmonic equations corresponding to (1.5):

Aé)\Jg =0 in .(2, (17)
8yd~5>\7k - )\Q:))\,k =0 on F (18)

They represent plane surface waves of frequency v/A which propagate towards k x co.
We consider two kinds of perturbations of these plane waves, denoted by

wik = (@ik,pfyk% where @ik = éA,k + @fk, (1.9)

which represents the superposition of the incident wave €Z~5,\7k and the scattered
wave @f\t’k. These pairs correspond to periodic solutions of (1.1)—(1.4) if (@f’k,pik)

satisfies
AdY, =0 in £, (1.10)
0y by, — Ay, =0 on F, (1.11)
On®y ) + APy -V = —OnDak on I, (1.12)
(K — /\)pi,c —|—/ @ikljd’y = —/ By v dy. (1.13)
r r

The plus and minus signs are assigned to outgoing and incoming waves, respectively.
This difference is usually specified by means of a radiation condition at infinity,
which expresses that the energy of the scattered wave either radiates towards infinity
(4) or comes from infinity (—). It is given by [25]

li 0o D%, F MDY, |2 dy = 0. 1.14

el |x\:R| le| Py T 1 )\,k| Y ( )

The aim of the present paper is to understand the different properties which

allow us to express the transient solution w(t) := (@(-,t),p(t)) to (1.1)~(1.4) as a

continuous superposition of the time-harmonic solutions (1.9). More precisely, we
show that, for a suitable inner product (-,-), we have

u(t) = Re/ Z <u(0),wik>wike*iﬁt dA, (1.15)
R* p=11

where u(?) only depends on the initial conditions. This formula is called the gener-
alized eigenfunction expansions of u(t).
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2. An abstract context for generalized eigenfunctions

We now describe the mathematical tools which will help us to prove the above
expansion in § 3. Our aim is to show how the well-known discrete spectral expansion
associated with a compact self-adjoint operator extends to the case of an operator
that has a continuous spectrum. Such a generalization is possible in a very general
context, but its description is intricate. Here we restrict ourselves to a particular
situation that applies for self-adjoint operators having an absolutely continuous
spectrum with no change of multiplicity. Our water-wave problem comes within
this framework, as do many other applications.

2.1. Definition of a generalized spectral basis
2.1.1. Functional framework

In a Hilbert space H equipped with an inner product (-,-) and the associated
norm | - ||, consider a bounded self-adjoint operator A, that is, such that

(Au,v) = (u, Av) for all u,v € H.

The kind of pairs (#,.A) we are interested in concerns models of wave propagation
phenomena in unbounded conservative media (see §2.2). The norm of H can be
interpreted as the energy gauge of our system; in practice, such an energy is defined
by an integral over the whole propagative medium. The elements of H represent the
possible states v of the system: their energy ||v| is finite, which implies a sufficient
decay of v at infinity. The operator A describes the dynamics of the system, and the
above self-adjointness property expresses a reciprocity condition between action and
observation. On account of the unbounded nature of the medium, the eigenfunctions
of A with finite energy, if any, cannot describe the propagation at large distance:
generalized eigenfunctions have to be searched in an ‘overspace’ of H, which will
be obtained by a weighted definition of energy. We introduce below an extension
of the notion of ‘spectral basis’ composed of such generalized eigenfunctions, which
requires the following ingredients.

(i) A weighted energy Hilbert space Hy C H equipped with a norm || - ||, where
the index ‘|’ signifies that the states of | have a stronger decay at infinity
than those of H: these ‘localized’ states are obtained by introducing a suitable
weight in the integral that defines || - ||. We assume that | is continuously
embedded in H and dense. In this situation, its dual space H4 := (H,)’ can be
interpreted as an ‘overspace’ of H (containing non-localized states of infinite
energy) when the latter is identified with its own dual, i.e.

H, CH=H CH (2.1)

Hence, the duality product! between H 1 and H;y appears as an extension of
the inner product (-,-) since relation (2.1) means in particular that

(u,v) = (u,v) forallu e H and all v € H. (2.2)

I'We actually consider a semi-duality product: (au,Bv) = af{u,v) for o, 3 € C. We use the
notation (u,v) and (v, u) for both u € H| and v € H4: they are simply conjugated to each other.
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(ii) A spectral Hilbert space H, whose elements will represent the coordinates
of the states of H in a generalized spectral basis. For the sake of simplicity,
we consider here the situation where this spectral space can be chosen as a
standard L2-space, more precisely?

H = L*(A x K), (2.3)

where A :=]A_, A, [is a bounded open interval of R (whose closure will repre-
sent the spectrum of A) equipped with the Lebesgue measure. The elements
of K are intended to number the generalized eigenfunctions associated with
a given A\ € A: these ‘wave numbers’ may compose a discrete, or continuous
set K. Here we assume that K is either finite or a compact subset of R™ (for
some n > 1) equipped with a finite measure do. Both spectral variables A and
k will generally appear as indices, and we shall denote by

(ﬂ,f))AXK = / ﬂ)\7kﬁ>\,k d)\dO’k
AXK

the inner product in L?(A x K). Note that if K is finite, the integral on
K should be replaced by a finite sum. We keep the integral notation for
simplicity.

We are now able to state the definition of a generalized spectral basis composed of
non-localized states wy ; € H4+ indexed by A € A and k € K. For technical reasons
that will be clarified later, we shall need a sufficient regularity of the vector-valued
function (A, k) — wy ;. We shall say that a family {wyx € Hy; (M k) € A x K} is
A-locally Hélder continuous if, for every compact interval A’ interior to A (i.e. A’ =
[a,b] with A_ < a < b < Ay), on the one hand

the map A’ x K 3 (A, k) = wy x € Hy is continuous (2.4)
and on the other hand there exist « €]0,1] and C(A’) > 0 such that
sup |lwx g — wy klly S CA)A=N|* forall \,\ € A'. (2.5)
keK

Note that (2.4) derives from (2.5) when K is finite.

DEFINITION 2.1. A A-locally Holder continuous family {wy , € Hs; (A k) € AxK}
associated with a spectral space L?(/A x K) is said to be a generalized spectral basis?
for the operator A in H if the transformation U given by

(Uv)a = (v,wyg) forall ve Hy, (2.6)

20ur special choice (2.3) of a spectral space is sufficient for the applications we have in mind in
this paper, but not if the ‘spectral multiplicity’ of a point A € A depends on A. In this situation,
which occurs, for instance, in waveguides, instead of (2.3), one may choose

Hi=L*(A1 x K1) @& L*(Ay x K2) @ -+ .

The ideas we present here can be readily extended to this case. More generally, the spectral space
of a self-adjoint operator appears as a direct integral of Hilbert spaces [35].

3This definition extends the notion of a spectral basis for a Hermitian matrix, or more generally,
that of a compact self-adjoint operator A in . In the latter case, one can find a Hilbertian
basis {wn € H; n € N} (i.e. an infinite complete orthonormal family) composed of eigenvectors:
(A—Ap)wyn = 0, where (An)nen is a real sequence which tends to 0. The transformation U defined
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defines by density a unitary operator from H to L?(A x K) (still denoted by U)
which diagonalizes A in the sense that*

A=UN. (2.7)

REMARK 2.2. The functions wy ; € H4 are called generalized eigenfunctions since
they formally satisfy

Awy = Awy . forall (\ k) € Ax K. (2.8)

Indeed, suppose that A(H;) C H,, which allows us to define the extension of A to
the space H¢ by

(v, Au) := (Av,u) for all u € H4 and all v € H.
Relation (2.7) can also be written as UA = MU, i.e.
(Av,wy k) = Mo, wy ) forall veH,

which is merely (2.8). In practice we shall use this relation only for an intuitive con-
struction of a perturbed generalized basis (see §2.3). Hence, the restrictive assump-
tion A(H,) C H, is not necessary for our purposes.

The diagonal representation (2.7) provides the key for a functional calculus of A:
for every bounded function f : A — C, the operator f(.A) is then simply given by

FIA) == U FOU. (2.9)

We show below two interpretations of this formula, which also reads

(f(A)u,v) = (f(MNU,UV) axk = /A . SO (u, wy k) (v, wy ) dAdoy  (2.10)
X

if w and v belong to H|. By permuting the integral on A x K with the second dual-
ity product (involving v), we first exhibit the generalized eigenfunction expansion
of f(A). The permutation of the integral with both duality products then leads to
the notion of integral representations. However, in the present context, this latter
interpretation is but formal (its justification requires more information about .A),
whereas the functional scheme (2.1) yields a suitable framework for the former
interpretation.

2.1.2. Generalized eigenfunction erpansions

The continuity assumption (2.4) on the wy j (which does not concern the behav-
iour of wy i near the bounds Ay of A) allows us to construct some superpositions

by (Uv)n := (v,wn) is a unitary operator from H to the spectral space
2(N) := {U = (bn)nen; on € Cand Y |in|* < oo},
neN

and U diagonalizes A in the sense that Au =Y - An (v, wn)wp, which is merely (2.7).
4In formula (2.7), we abusively denote X the operator of multiplication by the scalar function
X in the spectral space L?(A x K).
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of these functions by means of vector-valued integrals®
v = / ’LA))\ykw)\,k dAdoy € ,HT,
AXK

provided that & € L?(A x K) is A-compactly supported (i.e. 05 =0 for all k € K
and A in a vicinity of A\y). It satisfies the Fubini property

(W', v) = / Ok (v, wy k) dAdoy  for all v € H.
AXK

By virtue of the definition (2.6) of U, this relation reads (v, v) = (0,Uv) ax ik, Where
the right-hand side is merely (U/*0,v). Hence, the above vector-valued integral ini-
tially defined in H4 actually belongs to H and

U*A = / @A,kw&kd)\dok.
AXK

The expression of U*® for any © € L?(A x K) follows by approximating © by its
restrictions to an increasing sequence of compact subsets of A whose union covers A.
Since U* is continuous, the corresponding integrals admit a limit in H, which can
be seen as a principal value at the bounds of A, and will be denoted by

U*o ZH—PV/ Oy kWi dAdoy,  for allﬁELQ(AXK). (2.11)
AXK
This formula provides an explicit form of the diagonal representation (2.9):
f(A)U = H—PV/ f(A)(u,wA7k>wA7k dAdo, for all u € ,H\L, (212)
AXK

which is the generalized eigenfunction expansion of f(A) (for u € H, the same
expression holds if (u,wy k) is replaced by (Uu)x k).

2.1.3. Integral representations

Considering tensor products of Hilbert spaces [5,8] (also called direct products),
formula (2.10) can be rewritten as

(f(A)u,v):/Af(/\){/K«m®w>\,k,u®v>>dak}d>\ for all u,v € H,,

where the double duality product between Hy ® Hy and Hy ® H, is given by

(w1 ® ug, v1 @ v2)) := (u1, v1)(ug,va) for all uq,us € Hy and all vy, ve € H,.

5The vector- or operator-valued integrals considered in this paper can be interpreted as Bochner
integrals (see, for example, [46]). Here this means that the integrand 7 pwy,, can be approximated
by a sequence of finitely valued functions {p )\nk}nEN strongly convergent in H4 for fixed A and k,
in such a way that

; S _ M _
nh—>moo A K H”L))Hk’u))\’k ka,k”T d)\dak =0.

In the vector case the Bochner integral offers most of the nice properties of the scalar Lebesgue
integral. It obeys a norm-dominated convergence theorem, and allows the permutation of the
integral with any continuous operator (the case of linear forms yields the Fubini-like relation
which leads to (2.11)).
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The permutation of [, with ((-,-)) then yields the condensed expression

(Fdw) = [ SO ) ax (2.13)
where
Ty := /Km(@w,\?k dor € Hy @ Hy for A e A (2.14)
Then by permuting similarly the integral on A, we obtain
(F(Ayu,v) = (ry, 0@ 0), where xy = PV /A FOTdA. (215)

This relation is merely the integral representation of f(A) which involves its kernel
kf, expressed here by means of the generalized eigenfunctions.

The permutations of integrals which lead to this representation are easily justified
if f is compactly supported. Indeed, Wy ® wy x is a continuous family of Hy ® Hy
(thus uniformly continuous on A’ x K for every compact A’ C A), so k5 belongs to
‘H+®H+. But, apart from this case, the justification of the last permutation requires
a precise knowledge of the behaviour of T near the bounds Ay of A. This behaviour
determines the singularity of the kernel: in general the principal value must be
understood in a weaker topology than that of Hy ® H4. For instance, the kernel of
the identity operator is the diagonal Dirac measure (given by (ddiag, 4®v)) = (u,v)).
In §3.2 we shall deal with the case of the Green function of our free water-wave
problem, i.e. the kernel of its resolvent (which belongs to #+ ® #4 in this particular
two-dimensional situation).

2.2. Application to time—frequency analysis
2.2.1. An abstract wave equation

In order to illustrate the consequences of the preceding definition of a generalized
spectral basis, we consider in this section an abstract wave equation which consists
in finding v = u(t) € H such that

d?u+ Au=0 fort >0, (2.16)
and which satisfies the initial conditions
uw(0)=g¢g and dwu(0)=h, (2.17)

for some real data g and h in H. As before, A is supposed bounded and self-adjoint
in H. Here we assume in addition that A is real, positive and invertible. In these
conditions the solution to (2.16), (2.17) reads

u(t) = cos(AY?t)g + A2 sin(AY2t)h,
or equivalently,

u(t) = Re{exp(—iAY2t)u®},  where u(® := g +1471/2h. (2.18)
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Definition 2.1 offers an explicit form of operator exp(—iA'/?t) = U* exp(—ivV t)U
(which is unitary since the multiplication by exp(—iv/At) is unitary in L?(A x K)).
Indeed, in this case formula (2.9) becomes

u(t) Re{H—PV / W@ wy p)wy pe VN dAdak}, (2.19)
AXK

which amounts to interpreting the transient wave u(t) as a continuous superposition
of the time-harmonic waves wj j exp(—iv/At).

Consider now the case of a time-harmonic excitation starting at ¢ = 0 which
generates a time-dependent wave u = u(t) € H solution to

du+ Au = fe VAot (2.20)

for some given A\g € A and f € H, and which satisfies initial conditions such
as (2.17). What can be said about the behaviour of u(t) at large time? Does it reach
asymptotically a time-harmonic regime? We first show an essential consequence of
definition 2.1 which will yield the answer.

2.2.2. The limiting absorption principle

By definition the spectrum of A is the complement of the set composed of the
¢ € C such that the resolvent of A,

Re=(A-0O7" (2.21)

is a bounded operator in H. Definition 2.1 contains precise information about the
behaviour of R¢ in the vicinity of A (which will justify in particular the fact that
A is the spectrum of A). This is the object of the so-called limiting absorption
principle, which concerns the existence of both one-sided limits
RE:= lim R¢ with C*:={CeC; £Im¢ > 0}, 2.22

AT Ciscmaed ¢ {< ¢ } ( )
for a suitable topology. Indeed, such limits cannot be bounded in H (otherwise A
would not be in the spectrum of \A). The functional scheme (2.1) furnishes a weaker
topology: by virtue of (2.2), we can write

(Reu,v) = (Reuw,v)  for all u,v € Hy,

which amounts to considering R, in B(H|, M), the space of bounded operators
from H; to H;.

Formula (2.9) applied to f(\) = (A — ¢)~! yields the generalized eigenfunction
expansion of R¢:

Reu = H-PV / { sk wr
AXK A= C

The regularity assumption (2.5) allows us to exhibit the limit of this expression
when ¢ € C* tends to some \g € A as follows.

dM\doy, for all uw € H,. (2.23)

PROPOSITION 2.3 (limiting absorption principle). In the context of definition 2.1,
for every Ao € A, the resolvent R¢ of A has one-sided limits (2.22) for the uniform
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topology® of B(H,,H+). These limits (which are locally Hélder continuous on A)
are given by
<U7w>\,k>w>\,k
M\ Pohxk A= Ao
+ i7r/ (u, wxy k)Wrykdog  for allu € Hy, (2.24)
K

Ry, u = H-PV d\doy,

where the principal value occurs at A+ as well as Ag.

Let us point out that this formulation of the limiting absorption principle is not
optimal in general. In many situations the limits Rfou exist for a finer topology than
the uniform topology of B(# |, H+). The latter derives naturally from our definition
of a spectral basis, whereas Rfou generally has a stronger decay at infinity than
the functions of Hx.

Proof. In order to split the difficulties related to the principal values at Ay and
Ao, choose a compact A’ C A containing A\g as an interior point, and consider the
following decomposition of the resolvent:

R¢ =Re + RE,
where R’C and R’C’ are spectrally truncated parts of the resolvent defined by

XA\A (A)

o xa(A) r
where x4/ and x4\ denote the characteristic functions of A" and A\ A, respec-

tively.

The family of functions f¢(A) = (A —¢)""xa\a(}) is indefinitely differentiable
with respect to ( when the latter lies in a vicinity of \g, uniformly with respect to
A € A. Hence, R{ is also infinitely differentiable near Ao for the topology of B(H),
thus a fortiori for that of B(H,,H+). At point Ao, its limit value is simply given by

= H—PV/ (W OARVONE 4 G for all u € H,, (2.25)
(MAYxK A= Ao

where the principal value is taken at the bounds Ay of A.

It remains do deal with R}, given by (2.23), where A is replaced by A’, which
allows us to get rid of the principal value. The existence of the one-sided limits
depends on the regularity of the integrand with respect to A. In order to point
out this dependence, we introduce the family of operators Uy, for A € A, simply
obtained by fixing the variable A in the definition of U:

(Unv)i = UV)Ak = (v, wrg) forall veH,. (2.26)

SMore explicitly, N
IRev — Ry vl
lim NP ™ 7T

p
CE3¢—20€4 veH  \ {0} llvlly
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The continuity assumption (2.4) implies that, for every A € A, the operator U
is continuous from H,; to L?(K). As for formula (2.11), it is easy to see that its
adjoint is the operator of superposition of the generalized eigenfunctions associated
with A:

Usf = / frwy pdo € Hy forall f e LQ(K).
K

Hence, RIC reads

UsU
rA=¢
Notice then that the local Holder continuity (2.5) of the wy j implies the same

regularity for ) in the uniform topology of B(H, L?(K)). Indeed, by the Schwarz
inequality, we have

Rl = A\ € B(H,, Hy).

Unv — Uy,
sup WU UK gy e forall AN € A
veH \{0} ”U”i

And of course the same property holds for U; € B(L*(K),H4), and thus also
for UiUx € B(H,H+). Hence, the Plemelj formula (also called the Sokhotskyi for-
mula [23]) gives an explicit form of the limits of the above expression of R’C, as well
as the local Holder continuity of these limits:

Ric = B(Hy, H4)-PV / Ut

AN & inlU5, U, (2.27)
AN\{ro} AT Ao

where the principal value is taken at Ag. Combining (2.25) and (2.27) yields (2.24).
O

2.2.3. Physical significance

We now come back to our abstract wave equation (2.20). The existence of the one-
sided limits Rf\t actually guarantees the asymptotic time-harmonic behaviour of its
solution. More precisely R;\r (respectively, R} ) describes the outgoing (respectively,
incoming) regime of propagation which is reached when ¢t — +oo (respectively,
—00). This is the object of the limiting amplitude principle. We give here without
proof” a weak formulation of this property that will not be used in the following:
we want only to justify the physical interpretation of Rf

PROPOSITION 2.4 (limiting amplitude principle). In the context of definition 2.1,
let Ng be an interior point of A, and let f € H, chosen such that U f is A-compactly
supported.® Then for each initial datum u(0) and dyu(0) in H, the solution u(t)
to (2.20) has the following asymptotic behaviour at large time:

lim (u(t) — e*imtRfof,w =0 forallveH,.

t—too

"Proposition 2.4 is easily proved following the idea of Eidus [14] (see also [36]).
8If f is not A-compactly supported, the limiting amplitude principle holds [14, 36] with an
additional condition on the behaviour of R¢ near the bounds of A.
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In other words, forgetting the factor exp(—iyv/Aot), we see that Ri} f represents
the time-harmonic outgoing (+) or incoming (—) wave generated by the excita-
tion f. The fact that Rfo € B(H,,H4) means that we consider localized excita-
tions f € H,, and the corresponding responses are non-localized but have a finite
weighted energy.

2.2.4. A ‘stable’ form of limiting absorption
We see from (2.24) that

Im(Riu,w = :|:7r/ |(u, wrg 1) |* dog  for all u € H,. (2.28)
K

This quantity may be interpreted as the mean energy flux? which is necessary to
maintain the time-harmonic wave ’Rfou (it is positive for outgoing waves, and nega-
tive for incoming waves). If this flux vanishes, can we assert that the corresponding
outgoing or incoming wave has a finite energy? Such a property plays a leading
role in the perturbation approach of §2.3. In short, it guarantees that the limiting
absorption holds for localized enough perturbations of the propagative medium.
Thus, we give the following definition.

DEFINITION 2.5. In the context of definition 2.1, A is said to satisfy a stable lim-
iting absorption principle if the limits Rf of proposition 2.3 satisfy in addition the
‘stability condition’

ueH, and Im(Rfu,u)=0 = RiuecH, (2.29)
for all A € A.

From a physical point of view, this condition signifies that if a time-harmonic
wave does not produce or use any energy on average in time, then the total energy
of the wave is necessarily finite. To a certain extent, this means that there is a ‘no
wave’s land’ between two kinds of time-harmonic waves maintained by a localized
excitation: stationary waves of finite energy (which are both incoming and outgo-
ing), and propagative incoming or outgoing waves of infinite energy. And the energy
flux is the very tool to distinguish between them.

9In equation (2.20), the ‘physical’ wave is represented by the real part ¢(t) of u(t), which
satisfies .
d?e + Ap = g(t) := Re{fe Y0},
Taking the inner product of this equation with dty yields the energy relation
de{ 3 lldeell” + 3 (Ap, @)} = (9(t), deg),

where the right-hand side denotes the energy flux brought to the system. If f € H, we know from
proposition 2.4 that the behaviour of this flux at large time is given by

FE(t) := (Re{fe™V30!}, d; Re{RY, fe~'V30t}),
whose average on one period reads

Vo [V
2 0

FE@)dt = @ (R f, f)-
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The mathematical interpretation of condition (2.29) concerns the link between
Rf and the unbounded inverse (A — A)~! of A — )\, whose domain is the range
R(A—X) of A— A

(A=XN""(A-N)=Idy and (A—N)(A—N)""=Idra_»).

The following lemma shows that both one-sided limits Rf may be seen as extensions

of (A—X)~1.
LEMMA 2.6. In the context of definition 2.1, if u € R(A— ) N'H,, then
Riu=(A—-N"u (2.30)

Proof. For u € R(A — X\g) N H, define v := (A — Xo)"'u € H, which satisfies
(A — Xo)v = u. Applying Ry, +ic to this relation yields

v+ iER)\O:I:is'U = R)\Oiisu.

In order to obtain the limit of this equality as e — 0T, consider the quantity

vE 1= &R, +icv, which can be written vF = fF(A)v, where
+ €
A) = .
QY A— X Fie

Hence, by (2.9),

]2 = £ (VU] = /

AX

|FEO) @) 55 * AN do.
K

Noting that lim. o fZ(A\) = 0 for all A # Ao and that |fZ(\)| < 1, we deduce by the
Lebesgue theorem that lim. ¢ ||v¥|| = 0. The conclusion follows from the limiting
absorption principle. O

The stability condition (2.29) furnishes a sufficient condition for some u € H, to
belong to the range of A — A (so that (2.30) holds).

LEMMA 2.7. In the context of definition 2.5, for u € H | we have
Im(Riu,u) =0 <= u€R(A-N). (2.31)

Proof. First note that if u € R(A — \g) N H,, then v:= (A — \g) tu satisfies
(A — X\p)v = u, which shows that

Im((A — Xo) " tu,u) = Im{(v, Av) — Xo||v||*} = 0.

Hence, Im(Riu, u) = 0 by lemma 2.6.

The converse is based on the stability condition (2.29). Let u € H| such that
Im(Riu, u) = 0. From (2.28), this is equivalent to Uy,u = 0 (where the operators
Uy, are defined in (2.26)). In this situation, the principal value at Ag in the expres-
sion (2.24) of Riu can be removed. As this quantity here belongs to #, we have

(Rfu,v):/MdA for all v € H,,
0 A A— o
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since the Holder continuity of Uy implies that, near A,
lhul| e < CIA = Aol (2.32)

As H| is dense in ‘H, the above expression remains valid for all v € H such that
lUrv| i is continuous near Ao, in particular Av with v € H| since Uy Av = NUyv.
We deduce that

(Rfou, (A—=Xo)v) = /(Z/{Au,Z/{Av)K dX = (u,v) for all v e Hy,
A
which shows that (A4 — )\O)Rf\cou = u, and hence u belongs to R(A — Ao). O

We end this section by a simple criterion for the stability condition, which is
related to the a-Holder continuity (2.5) of the w) .

PROPOSITION 2.8. In the context of definition 2.1, if « > %, then condition (2.29)
holds.

Proof. Let A\g € A and u € H such that Im(’RfOu, u) = 0. As in the proof of
lemma 2.7, we have Uy,u = 0, and thus U u satisfies (2.32). As a consequence,
when ¢ = )\ £ ie tends to Ao, the one-sided limits of UR¢u = (A — ¢)~'Uu exist in
L?(A x K) (and are equal) since

A=) A = Aol A= Ao 1,

which belongs to L?(A) for a > % As U is unitary, R¢cu has a limit in H, which is
merely R;rou =R, u- O

2.3. Perturbation of a generalized spectral basis

We show now how to construct under suitable assumptions generalized spectral
bases for an operator A considered as a perturbation of a ‘simpler’ operator A,
called free, where both A and A are assumed bounded self-adjoint operators in the
same space H. We define their difference by

D:=A-A (2.33)

which is clearly bounded and self-adjoint in . We shall assume that we know a
generalized spectral basis {wy j } for A defined in the context of definition 2.1: the
transformation

UV) sk = (v,05 ) forall v e Hy (2.34)
defines by density a unitary operator from H to L?(A x K) which diagonalizes A.

2.3.1. Intuitive construction

In order to find a generalized spectral basis for A, we search solutions wj j to (2.8)
in the form wy , = Wy x + W k. Using the above definition of D and the fact that
(A — X)Wy, =0, we see that the perturbation term w, ; must satisfy

(A= Ny g = =Dy (2.35)
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But this equation is ill-posed if A belongs to the spectrum of A, which is precisely
the situation we are interested in. A roundabout way to solve it consists in replacing
first A — X by A — ¢ for some ¢ € C*, solving the corresponding equation, and then
letting ¢ — A. This is precisely the purpose of the limiting absorption principle. If
the one-sided limits (2.22) of the resolvent of A exist, we can consider the outgoing
and incoming perturbations w/\i . of the free generalized eigenfunctions wy ; given
by 7
Wy ), = — Ry Dby,

which formally satisfy (2.35). In these conditions, we are led to two families of
generalized eigenfunctions for A:

Wy j, 1= Wk + Wy, = (Id = RED) ik (2.36)

In the context of wave propagation, Wy ; can be interpreted as an incident time-
harmonic wave and wf  then represents the corresponding scattered outgoing or
incoming wave, that is, the response of the perturbation of the propagative medium
to the incident wave. Do these families define generalized spectral bases for A? We
present below sufficient conditions that guarantee such a property.

2.3.2. Compact perturbation of the free problem

In §2.2 we deduce the limiting absorption principle from the a priori knowledge
of a generalized spectral basis. Here the question is reversed: the above construction
of perturbed generalized eigenfunctions is subject to the existence of the one-sided
limits Rf The idea is to derive them from the following relation between R, and
the free resolvent R¢ := (A —¢)~ "

R¢—Re = —R¢DR¢ = —R¢DR¢  for all ¢ € C*, (2.37)

which is easily deduced from the definition (2.33) of D. This relation yields in
particular that

Re = Re(Id + DRe) L, (2.38)

which shows that the existence of Rf depends, on the one hand, on a limiting
absorption principle for the free problem, i.e. the existence of the limits 7~?,f and,
on the other hand, on an invertibility condition for Id + Dﬁf (sometimes called a
‘division’ property).

Proposition 2.3 provides the existence of the one-sided limits 7~2f as operators
from H to H;. Hence, the formal limit of relation (2.38) will make sense if the
invertibility of Id + Dﬁf occurs in H;. We must thus assume that D extends by
density to an operator of B(Hs,H,), which signifies that A differs from A by a
‘localizing’ operator. But this continuity is not sufficient to provide the invertibility
of Id + D?éf With the following definition of a compact perturbation, the question
falls within the Fredholm alternative.

DEFINITION 2.9. A is called a compact perturbation of A in the functional scheme
(2.1) if D extends by density to a bounded operator from 4 to H,, and DRf are
compact operators in #, for every A € A.
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In this context, it remains to find the values of A for which the homogeneous
equations
ut + DRIuE =0 with ut € H, (2.39)

admit a non-zero solution.

PROPOSITION 2.10. Assume that the free operator A satisfies the stable limiting
absorption principle of deﬁmtzon 2.5. Then, for every compact perturbation A of
A, the operator Id + ’D’RA is invertible in H if and only if A is not an eigenvalue
of A.

Proof. Let us first assume that X is an eigenvalue of A. Then there exists a non-zero
w € H such that Aw = Aw, which shows by (2.33) that

(A= Nw = —Duw.

As a consequence u := Dw € H belongs to the range of A— X and lemma 2.6 thus
B+ . . . .
shows that w = —Ru. Applying D to this equality gives

(Id + DR )u =0,

where u # 0 (otherwise w would also vanish). Hence, Id 4+ DR* A is not invertible.

The converse is based on the stability property (2.29) for the free resolvent R
Assume that u® € H is a non-zero solution to (2.39). The function w* := Riui €
‘H4 then satisfies

= —RiDw*, (2.40)
from which we infer that
(RyDw®, Duwt) = —(w®, Dwt) € R,

since D is the extension in H; of a self-adjoint operator in H. The stability prop-
erty (2.29) for the free resolvent then shows that Ry Dw* € H, so w® € H by (2.40).
Moreover, lemma 2.7 tells us that Dw® belongs to the range of A — X, which allows
us to use lemma 2.6. Applying A — X to (2.40) yields

(A—Nw* = —Dw*,

that is, (A — A)w® = 0; hence, X is an eigenvalue of A. O

2.3.3. Main result
The following theorem justifies our intuitive construction of perturbed generalized

eigenfunctions.

THEOREM 2.11. Assume that the free operator A is diagonalized in the sense of
definition 2.1 and satisfies the additional stability property of definition 2.5. Then,
for every compact perturbation A of A (in the sense of definition 2.9) which has no
point spectrum,' the following statements hold.

10See §2.5 if A has eigenvalues.
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(1) (Perturbed limiting absorption.) The perturbed resolvent R admits one-sided
limits'! Rf € B(Hy, Hy) at every point A € A. These limits are given by

RY =Ri(Id+DRY)™" forall e A (2.41)

(ii) (Perturbed spectral bases.) Both families {wfk, (M k) € Ax K} given by for-
mula (2.36) define generalized spectral bases of A in the sense of definition 2.1.

Proof. We have already justified the existence of the right-hand side of (2.41). The
fact that these are the one-sided limits in B(H, H4) of the right-hand side of (2.38)
(as well as the Holder continuity of these limits) follows from standard arguments of
perturbation theory, essentially based on the properties of the Neumann series [27,
theorem IV-1.16]. Hence, (i) is proved.

The proof of (ii) is based on spectral theory; it is given in the next section. [

Translated into a more physical language, theorem 2.11 guarantees fundamental
properties for every sufficiently localized (or ‘short-range’) perturbation of a free
propagative medium:

(i) the existence of outgoing and incoming time-harmonic waves, which involve
a similar asymptotic distribution of energy to free propagation (indeed the
weighted definition of energy is the same for both free and perturbed prob-
lems);

(ii) the fact that the outgoing and incoming perturbations of a complete family
of incident free waves yield the suitable tool for time—frequency analysis.

2.4. Connection with spectral theory

The so-called spectral theorem [9,27] is the keystone of a functional calculus of
self-adjoint operators. This theorem asserts that every bounded self-adjoint operator
A admits a spectral family {E)}er, i-e. a family of orthonormal projections which
allows us to express any function f : R — C of A by the explicit formula

(F(A)u, v) = /R FO)d(Eru,v) for all u,v € H. (2.42)

We denote by &;:= xr(A) the spectral projection associated with any interval
I C R, where x; is the characteristic function of I. This operator is related to the
resolvent of A by means of Stone’s formula, which reads

11 b—5
(Eru,u) = ||Eu)® = = lim lim Im(Rticu,u)dX  for all u € H
T §—0t e—=0% Joqts
for an open interval I =]a, b]. Note that
Im(RAiieu7 u) = iEHR)\iiEUHQa

11 As in proposition 2.3, these limits hold for the uniform topology of B(#H,,H4) and are locally
Holder continuous on A.
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since A is self-adjoint. Hence, if I is contained in the resolvent set of A, the quantity
IR A+icu|| remains bounded as ¢ tends to 0, which shows that ||E;ul|| = 0 for every
u € H, that is, &y = 0.

On the other hand, if I is such that the limiting absorption principle holds near
all its points, i.e. if the one-sided limits Rf exist in B(H},H+), Stone’s formula
becomes

+1
Erul|* = 7/}1m<7€fu,u> dx forall u € H,. (2.43)

This relation tells us that the spectral measure d(Exu,u) = d||Exul® is proportional
to Lebesgue measure, and its density is a continuous function of A\, which is merely
the energy flux appearing in (2.28):

d +1
—|E&xul? = =— Im(Riu,u) for all u € H,. (2.44)
dA T

The spectral measure is called absolutely continuous in this case.

2.4.1. Spectral measures for the free and perturbed problems

For the free problem, limiting absorption is derived from the a priori knowledge
of a generalized spectral basis {w, x}: proposition 2.3 holds for Rf\[, as well as its
consequence (2.28), which gives here an explicit form of the spectral density of A:

d = +1 ~
el = 2 mrEu, ) :/ (i )P oy forallue M. (2.45)
d)\ ™ K

We want to establish a similar formula for the perturbed problem. Limiting
absorption was obtained in this case by means of the perturbation relation (2.41),
s0 (2.44) holds. We first prove the following lemma.

LEMMA 2.12. For A € A and u € H, we denote u* € H, defined by
@t = (Id + DRY) 'u = (Id — DR )u, (2.46)
s0 that (2.41) equivalently reads R¥u = REa*. Then
Im(REu,u) = Im(REa*, at).
Proof. For ¢ € C\ R, define
ue = (Id + DR¢) ru = (Id — DR )u € H,

where the second equality is readily deduced from (2.37) which also shows that
Reu = Reue. Hence,

(Reu,u) = (Reug, (Id + DRe)ue) = (Reug, ue) + (Reue, PReug),
where the last inner product is real for D is self-adjoint. As a consequence,
Im(Reu, u) = Im(Reue, ue).

The conclusion then follows from both free and perturbed limiting absorption prin-
ciples. O
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By virtue of (2.44), lemma 2.12 tells us that the spectral measure d||Exul|* of A
is related to that of A by the relation d||Exul|? = d||Exa™ . It remains to show the
link with perturbed generalized eigenfunctions.

ProroOSITION 2.13. With the assumptions of theorem 2.11, the spectral density of
A is given by

d
EHE,\uHQ = / |<u7wik>|2dak for allu e Hy. (2.47)
K

Proof. By the definition (2.36) of wik, we have
(u, wi,) = (u, (14 - RED)iin ),
which shows by transposition that
(u,w ) = ((Id = DRY Ju, @ k) = (G, Dx 1),
where @F is defined in (2.46). Hence, we deduce from (2.45) that

+1 -
w,wi )| doy, = oty )% doy = = Im(RTa*, at).
(s wy , A
K ’ K T

Lemma 2.12 then yields the result. O

2.4.2. Proof of theorem 2.11

Spectral theory, together with proposition 2.13, provides the isometric character
of the operation of decomposition on the wf i (corollary 2.14). The fact that it is
surjective follows from the same property for the free problem (proposition 2.15).

COROLLARY 2.14. With the assumptions of theorem 2.11, both transformations
UFV)ak = <U,w>ﬂik> for allv e Hy, (2.48)
extend by density as isometric operators from H to L*(A x K) which satisfy
UEFA) = FINUE. (2.49)
Proof. Formula (2.47) means that, for every interval I C A,
Erul* = / X1V |UFu) s k> dNdoy  for all u € H,.
AXK
In particular we have &g = Id. Thus,
lull* = 4 F )%k for all u e H,.
So U* is isometric, and extends to the whole space H since H. 1 is dense. The fact

that this transformation diagonalizes A is a direct consequence of formula (2.42),
where d(Eyu, v) is deduced from (2.47) by the polarization principle:

(F( Ay, v) = /A T A, (2.50)
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which reads (f(A)u,v) = (fF(\UFu,UFv) 2« x; hence,
FLA) = UF) FOU.

Relation (2.49) is a slightly more precise version of this diagonalization formula,
which can be written equivalently as

UEF(A) = PEFNUE,

where P* := U*(UT)* is the orthogonal projection on the range R(UT) of UE. To
remove P+ from the above relation, note that

IF (Aol = U= f(Avllaxk = IFANUFV]axx for all v € A,

which is readily deduced from (2.50) by taking u = v and f(A)f(A) = f(A)(f(A))*
instead of f(A). So (2.49) is proved. O

PROPOSITION 2.15. With the assumptions of theorem 2.11, both transformations
UT are unitary from H to L?(A x K).

Proof. We know that U7 is isometric: it remains to prove that it is surjective,
or equivalently that (*)* is injective. Suppose that (U*T)*@ = 0 for some @ €
L?(A x K). Then

(4, UFv) Ax ¢ = 0 for all v € H.

For every interval I C A, one can replace v by £rv in this formula. Noting that
UTE = xr(MUT by (2.49), we deduce that (x0,UTv)sxx = 0 for all v € H,
which means that (U*)*xri = 0. Following (2.11), this relation reads

/ Xr(\)ixpwy , dhdog =0
AXK ’
for every I interior to A. Hence,
/ @)\7kw;\tk dop, =0 forae. \e A
X ;
Using the definition (2.36) of w/j\E ;» this property becomes

(IdHT — Rf\tp)fb\ =0, where u) := / @)\,kﬁ))\,k doy € HT, (251)
K

for almost every A\ € A. Applying D, we deduce that
(Idy, — DRY)Diiy = 0.
Notice then that, from (2.41) and (2.46), we have
RiD = Ri (Idy, — DRY)D.
Hence, RfDﬂ,\ =0, so uy = 0 by (2.51). In other words, we have proved that

/ X1 ()‘)ib\,kujAJg dA dO'k =0
AXK

for every I C A, that is ux (xr@) = 0. But U is unitary, so U* is injective, and thus
u = 0. O
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2.5. From theory to applications

How does the preceding abstract framework apply in practical situations? For
most models of wave propagation phenomena which enter the framework of our
abstract wave equation (2.16) (in particular our water-wave problem), A is unbound-
ed and may have a point spectrum besides the continuous spectrum investigated
in the present paper. So far this situation was excluded. We show here that the
content of §§2.1 and 2.2 easily extends to such operators, but not the perturbation
approach of §2.3. We give a trick to overcome this difficulty.

2.5.1. Unbounded operators

In the context of spectral theory, dealing with unbounded operators amounts
to allowing unbounded functions f : A — C in the functional calculus offered by
formula (2.9). To do so, it suffices to restrict the latter to the elements of the
domain of f(A) which is naturally characterized by means of the inverse spectral
transformation U*:

F(Av =U*F(\Uv  for all v € D(f(A)), }

) 9 ) 9 (2.52)
D(f(A)) =U{t e L*(Ax K); f(Nv e L*(Ax K)}.

This formula actually provides the extension of definition 2.1 to an unbounded
self-adjoint operator A := f(A). Indeed, suppose that f is a smooth real-valued
diffeomorphism so that it defines a change of variable p := f()). Noting that

d —1
/ ‘@A,k|2d/\d0'k = / ‘f}f—l(#),kﬁcu dpudoy,  with Cy = !
AXK FA XK du

(1)

9

we infer that the transformation

~ C ~ ~
a g — (CO)i = e 20 p-1(uy i

is unitary from L?(A x K) to L?(f(A) x K). Hence, (2.52) can be rewritten
A=U"pU € D(A),

where U := CU is unitary from H to L?(f(A) x K). This transformation takes the
form

/

wx) forallve My with w), = Cll/2w‘f—1(u)’k7 (2.53)

(Uv) i = (v,w
which shows that the family
{w),r € Hrs (n,k) € f(A) x K}

is a generalized spectral basis for the unbounded operator A. The normalization
coefficient c}/ s smooth, so it does not affect the regularity assumptions of def-
inition 2.1, which then holds for unbounded operators: A is simply allowed to be
unbounded. It is readily seen that the matter of §§2.1 and 2.2, that is, generalized
eigenfunction expansions and limiting absorption, extends to unbounded operators
with natural precautions concerning the domain. More precisely, all the properties
mentioned in theses lines hold for A if and only if they hold for A = f(A).
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2.5.2. About a possible point spectrum

The present spectral analysis cannot provide any information about the possible
eigenvalues of the system, which reveal the existence of trapped waves (or bound
states). It concerns only the continuous spectrum (more precisely the absolutely
continuous spectrum) which corresponds to propagative waves, whereas the point
spectrum is related to localized vibrations of the system. Fortunately, both regimes
exist independently.

Indeed, suppose that A has a point spectrum A;,. Let H,, denote the subspace
of H spanned by the associated eigenvectors, and let H. denote its orthogonal
complement:

1
H=H. & Hyp

Both these subspaces are invariant under A, which shows that A can be split as a
direct sum,

A=A ® A,

where the restriction A. := Alz, (respectively, A, := A4, ) has a pure continuous
spectrum (respectively, pure point spectrum). Definition 2.1 then extends as follows,
under the natural assumption H, C H, (trapped waves are always localized states).

DEFINITION 2.16. Let A, := A\ A,. A Ac-locally Holder continuous family
{wxr € Hys (MEk) e A x K}

associated with a spectral space L?(A x K) is said to be a generalized spectral basis
for the continuous part of A if the transformation

(uv),\)k = <’U,’U))\7k> for all v € /Hi’

defines by density a unitary operator from H.= (N(U))* to L?(A x K) which
satisfies
Ac®0=U"NA.

To obtain a spectral representation of A, not only of its continuous part, we
simply have to exhibit an orthonormal family of eigenvectors which spans H,.
The complete spectral transformation then appears as the sum of two orthogonal
contributions: the continuous part described by the w) ; and a discrete part similar
to the finite-dimensional case (see footnote 3).

Definition 2.16 offers a ‘restricted’ functional calculus which involves only the
continuous part of A; formula (2.12) is now the generalized eigenfunction expan-
sion of (f(A.) ® 0)u. Hence, the content of §2.2 holds if we are only interested in
the spectrally continuous part of the solution to our abstract wave equation (which
amounts to considering data in #.), bearing in mind the fact that R now denotes
(Ac. — ¢)~! @ 0. Note that outside A, a complete limiting absorption principle for
A is readily deduced from the restricted version, since the discrete part of the resol-
vent, i.e. (A, — ¢)7', is analytic outside the eigenvalues. All the results concerning
the energy flux then also hold for the complete resolvent of A, provided that X is
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not an eigenvalue, because the discrete part of the resolvent does not contribute to
the energy flux.

Finally, the perturbation approach of §2.3 holds with minor changes if A has a
point spectrum. The perturbed limiting absorption principle (theorem 2.11(i)) is
valid outside eigenvalues: this is exactly what proposition 2.10 tells us. And the
perturbed generalized spectral bases (theorem 2.11(ii)) have to be understood in
the sense of definition 2.16. Indeed, the expression of the spectral density given
in proposition 2.13 is valid outside eigenvalues, and corollary 2.14 now involves
f(Ac) @ 0 instead of f(A).

2.5.3. How to use theorem 2.11

In §2.3 the assumption that A and A are bounded operators defined in the
same Hilbert space cannot be removed without introducing technical complications
that reduce the generality of this approach. But, for most scattering problems, the
operators which describe the free and perturbed dynamics of the system, say A
and A, are not only unbounded but also defined in different Hilbert spaces, say H
and H. Indeed, the presence of the scatterer generally implies a different description
of the possible states of the system, which is particularly clear in coupled problems.
The following idea, which applies in many practical situations (and is illustrated
in § 3) simply consists in comparing bounded functions of A and A in a ‘cumulative’
functional framework into which both free and perturbed problems can be carried.

If both A and A are positive, a convenient choice of bounded function is to
consider their respective resolvents R and I:BC at a given point ( = —a with a > O:

A=R_, = (AJroz)f1 and A:=R_, = (AJroz)*l.

These operators are clearly bounded positive and self-adjoint. As mentioned above,
the limiting absorption principle holds for A if and only if it holds for A, and
likewise for A and A. Here the link is explicit since the resolvent Re¢ of A is related
to R¢ by

Re=—¢1Id+ ¢ Re)  with €:= ((+ )71, (2.54)

which follows from the relation
reor_o ==& N1 +E ), where re(A) == (A= ()L
As a consequence, if they exist, the one-sided limits of these resolvents satisfy
RE=—p '(Id+p'RY) with p:=(A+a)"", (2.55)

where the change of sign is due to the fact that ¢ € C* if and only if ( = ¢ ' —a €
C¥F. Note that this relation shows that the stability condition (2.29) holds for Rf
if and only if it holds for Rf.

We shall be able to say that A is a perturbation of A if both spaces H and H can
be identified with two subspaces of the same ‘cumulative’ Hilbert space H, that is,

H=HEHo=HoHo. (2.56)

In such a case, the operators A and A can be carried into H by defining

A=A50 and A:=A®0,
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which are bounded self-adjoint operators in H. Their difference
D=A-A={(A+a) ' a0} —{(A+a) ' &0} (2.57)

is thus also bounded and self-adjoint. In order to apply theorem 2.11, the cumulative
space must fit into a weighted functional scheme such as (2.1), i.e.

H, CHCHy,
where both spaces H | and H4 are related to their free and perturbed analogues by
Hypp = Hipp ©Ho = Hyp © Ho. (2.58)

In these conditions, it is clear that a family w, i € H is a generalized spectral
basis for A in the sense of definition 2.1 if and only if w, 1 :=w,, ®0 € H is a
generalized spectral basis for A in the sense of definition 2.16 (and the same holds
for the free problem). Hence, the perturbation approach of §2.3 will apply if one is
able to prove the compactness property of definition 2.9 for D.

To sum up, the justification of generalized eigenfunction expansions for a scat-
tering problem consists in the following steps:

(i) find a generalized spectral basis Wy  for the unbounded operator A (using
well-known functional transformations), and verify the stability condition
(2.29);

(ii) find a cumulative functional scheme as described above and prove that
=+ 54 A -1
DR, =D(R, &(—p 1d))
is compact in H | for every p € r_,(A).
Then both families
wik = (Id = RID)wxx € Hy, wWhere Wy := Wx B0,

are generalized spectral bases for A®0. Note that the change of sign in this formula is
due to (2.55). Denoting by P : H — H and Py : H — H, the restricted projections
defined by w = Pu @ Pou (which extend to H by (2.58)), we have

’wf\l:,]€ = (’P — Ri'PD)’J})\?k P (Po + Mfl'PoD)’lI))\’k,
where the component in H, vanishes since
Po'D’LZ),\,k = —P()Aﬁ))\,k = —/[Po’lfi)\’k.

Hence, the families
’wik = (7) — RIPD)’J))\JC € Hy (2.59)

are generalized spectral bases for the unbounded operator A.

3. Application to the two-dimensional sea-keeping problem

3.1. Abstract formulation

We show here that our water-wave problem (1.1)—(1.4) as well as the free ver-
sion (1.5) can be expressed as abstract wave equations such as (2.16) involving
unbounded self-adjoint operators.
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3.1.1. The coupled problem

Substituting (1.4) in (1.3) (recall that we have chosen M = Id), the sea-keeping
problem reads as follows:

AP =0 in R, (3.1)
8f¢+8yq5:0 on F),
On® + (Kp—!—/@udv) cv=0 onl, (3.3)
r
d§p+Kp+/ Pvdy = 0. (3.4)
r

The key of the abstract formulation lies in the following remark: at every time ¢, if
we know the acceleration potential only on the free surface F, say ¢ := @|p, as well
as the position p of the floating body, then equations (3.1) and (3.3) determine ¢
everywhere. This suggests the introduction of the operator @, which maps the pair
(¢, p) onto the solution & = O(p, p) of the boundary-value problem

AdP =0 in £2,
&= F
v o (3.5)
On® + (/ @Vd'y) cv=—Kp-v onl.
r
Hence, our system (3.1)—(3.4) amounts to
8t2<»0+ay@(€0ap) :O on F7
dip+Kp + / O(p,p)vdy =0,
r
which can be condensed as a single equation on u := (¢, p):
d?u + Au =0, where Au := <6y@u,Kp + / Ouv d’y). (3.6)
r

To prove that the operator A is self-adjoint, we have to specify the proper functional
framework in which it is defined. We first give a rigorous definition of ©.

LEMMA 3.1. The operator © formally defined by (3.5) appears as a continuous
operator from HY?(F) x C? (where HY?(F) is the trace space of the standard
Sobolev space H'(§2)) to the weighted Sobolev space

W) = {W;n¥ € L*() and V¥ € L*(2)*},
where
n(X) = (L4 X]*)"2(In(2 + 1X %)~

Proof. The basic property of W (£2) is that the quantity [, [[V¥||* defines a norm
in W1(£2)/C equivalent to the quotient norm [3]. Hence, the following variational
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formulation of (3.5):

find @ € W'(£2) such that ®|r = ¢ and

/QV<1'>-W+</F¢Vd7> . (/F%/dy) :pr./F@dy

for all & € W'(£2) such that ¥|r = 0,

which is easily derived from Green’s formula, falls within the province of Lax—
Milgram theorem, since the second sesquilinear term is positive. This means that
this variational problem is well posed, provided that ¢ belongs to the trace space
W1/2(F) of W'(§2). The statement of the lemma follows by noting that H'/2(F) C
W/2(F), since H'(£2) € W' (£2). More precisely, the following topological equality
holds:

HY2(F) = WY2(F)n L*(F), (3.7)

which is easily deduced from the characterization of W'/2(F) given in [3]. O
Consider then the Hilbert space
H = L*(F) x C?

equipped with the inner product
(u, V) = / pdz +Kp-q foru=(p,p) and v = (¥,q),
F

as well as its subspace
V= HY?(F) x C2

PROPOSITION 3.2. The operator A formally defined by (3.6) appears as an un-
bounded positive self-adjoint injective operator in H, given by

(Au,v)y = a(u,v) for allu € D(A) and allv €V, (3.8)
D(A) :={ueV; 3K, >0 and allv €V, |a(u,v)| < Ku||v|n}, (3.9)

where a(-,-) is the Hermitian form defined in V x V by

a(u,v) ::/ VOu-VOu + <Kp+/ @uudfy) . (K(jJr/@vl/d'y),
Q r r

for allu = (¢,p) and v = (¢, q) in V.
Proof. The link between the formal definition (3.6) of A and the form a(-, -) follows
from Green’s formula and the definition (3.5) of ©, which yield

a(u,v) :/ 0,Ouvdx + (Kp—l—/ @uydv> Kq = (Au,v)%.
F r

By lemma 3.1, we may infer that a(:,-) is continuous on V x V. It is clearly positive
and Hermitian. Moreover, we show below that, for some positive constants Ag and
m, we have

a(u,u) + ollull3, = m|lul|} for all u € V. (3.10)
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For such a form, we know that (3.8)—(3.2) defines a positive self-adjoint opera-
tor [27]. The fact that it is injective is obvious: a(u,u) = 0 implies that Ou = 0,
and thus u = 0 (O is clearly injective).

Property (3.10) can be proved by contradiction. Suppose that there exists a
sequence U, = (¢n,pn) € V such that ||u,|y =1 and

a(tn, ty) + Xollunll3, — 0 asn — +oc.

The fact that ||uy, |2 — 0 tells us that ¢, — 0 in L?(F) and p,, — 0. On the other
hand, a(ty, u,) — 0 shows that Ou,, — 0 in W(§2). Hence, ¢, = (Qu,)|r — 0 in
W1/2(F). From (3.7) we deduce that ¢, — 0 in HY/?(F), and thus u,, — 0 in V,
which contradicts the assumption that ||u, ||y = 1. O

3.1.2. The free problem

In the absence of the floating body, the propagation of water waves is described
by the system (1.5), which leads to an abstract wave equation similar to (3.6):

¢+ Ap=0, where Ag:= 9,00, (3.11)
and where © denotes the harmonic lifting that maps a function QE defined on F to

the solution @ to

AP =0 in 02,
(3.12)

d=¢ onF.
As in lemma 3.1, © defines a continuous operator from H'/2(F) to W'(£2), and

proposition 3.2 can be transposed to the operator A, which is self-adjoint in L2(F):
it is now associated with the Hermitian form

a(¢, V) == /Qvé&w% for all ¢, € HY?(F).

3.2. Spectral analysis of the free problem
3.2.1. Construction of a generalized spectral basis

We first exhibit a diagonal representation of the free operator A= Byé defined
in (3.11). We proceed as in [21] using the horizontal Fourier transform:

1 .
Fo(k) = Wor /Re_””go(x) dz, keR,

which appears as a unitary transformation from L?(R,) to L?(R,). Recall that its
inverse F~! = F* is given by

F oz HRT (k) dk.

A

Applying F to the equations (3.12) satisfied by b = éq@ and solving the resulting
differential equation in the y direction yields

Fob(r,y) = exp(|rly) Fo(x).
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Taking the y-derivative of this expression at y = 0, we deduce that
9,6 = F*|k|F. (3.13)
Consider then the change of variables
Kk €ER — (N k) := (|x|,sgnk) € RT x {£1}.
The corresponding transformation
B(K) % CH ) := B(kN)

is unitary from L?(R,) to L?(RT x {£1}) since

/R 2d’f=/m+ > 1Cp R dx.

k=1
As a consequence, formula (3.13) converts to the required form (2.7), i.e.

¢(r)

A=U*\U,

where U := CF appears as a product of unitary operators; it is then unitary from
L?(R) to the spectral space L?(R* x {&1}).

This diagonal representation of A can now be interpreted by its generalized eigen-
function expansion. Indeed, by introducing the functions

- 1.
O k() = Eelkm for A € RT and k = +1, (3.14)

we see that U reads

(Ué)k,kzé&($)$x,k(x)dx.

We can interpret this integral as a duality product between two weighted L2-spaces
of the form

L2(R) := {¢;ns¢ € L} (R)}, where n,(z) := (1 + 22)*/2. (3.15)

Indeed, L}(R) and L? ,(R) are obviously dual to each other when L*(R) is identi-
fied with its own dual. Noting that ¢y x € L? ((R), provided that s > %, the above
expression of U becomes

(U)ri = (¢, dri) for all ¢ € LA(R), (3.16)

where (-,-) denotes the integral over R in the rest of this section. To sum up, we
have almost proved the following proposition.

PROPOSITION 3.3. In the functional scheme L%(R) C L*(R) C L% (R) with s > %,
the family {¢xr, € L2 ,(R); (N k) € Rt x {£1}} associated with the spectral space
L2(R* x {£1}) is a generalized spectral basis of A (in the sense of definition 2.1).
Moreover, if s > 1, the stability condition (2.29) holds.
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Proof. It only remains to verify the local Holder continuity of (ﬁ,\,k, i.e. prop-
erty (2.5). Here this is a consequence of the inequality

lei” — ™| <217 r —7|* forall 7,7 € R and all a € [0, 1]. (3.17)

which is easily proved by noting that
7_/
|e1'r_em'|<2 and |e1'r_e1'r|:‘/ eltdt’<|7'—7'/|,
T

and taking the product of these inequalities raised to the powers 1 — « and «,
respectively. Applying (3.17) here yields

|I|2o¢
4
(T+a2)y

where the integral on the right-hand side is bounded if & < s — % As s > %, prop-
erty (2.5) is proved. Moreover, if s > 1, one can choose « such that % <a<s— %:

the stability condition then follows from proposition 2.8. O

165k = Sxill72 m) < CIA - >\/|2a/]R

_ We are thus in the context of §2.1. In particular we know that every function of
A has the generalized eigenfunction expansion

f(A)) = PRIPY [ 1) 3 (Gudni)dandh for all 6 € D(/(A) N LA(R).
k==%1
(3.18)

3.2.2. Green’s function and integral representation

Our aim here is to justify formula (2.15) for the resolvent IEQ of the free opera-
tor A. The spectral representation yields in this case

(Reo, ) = /W W dX (3.19)
where
N@e) = Y Gar(@) ® rs(a) = %cos()\\x — ), (3.20)
k=+1

and ((-,-)) stands for a double integral over R, x R,,, more precisely for the dual-
ity product between L? (R)® L? ,(R) and L?(R) ® L?(R): the kernel 7y clearly
belongs to the former.

Permuting ((-,-)) with the integral on R™, we have

(Red§) = (g6, 9 ® D) = / gc (&, )d(2)P(@) der da’,

Rl- XR:E/

where g is the Green function of A, i.e. the kernel of its resolvent, which is formally
given by

’ o
gela,a') == PV/ Dl a) g\ = lPv/ cosMz =al) 4 (3.21)
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The function 1 can be eliminated from the above formula, which then takes the
usual form of the integral representation of R.:

(Red)(@) = /R gc(a,2)d(z) dz for all ' € R, (3.22)

We have to specify the proper interpretation of the principal value in (3.21) which
allows the permutation leading to this integral representation. Here the Green func-
tion has a weak singularity, for the problem is one-dimensional.

PROPOSITION 3.4. The Green function of the free water-wave problem belongs to
L? (R) ® L% (R) with s > %: it is given by (5.21), where the principal value is
understood in L [(R) ® L2 [(R) at A = +o0. And the integral representation (3.22)
holds for every ¢ € L2(R).

Proof. First note that, for fixed x and z’ such that z # z’, the principal value
in (3.21) exists in C. Indeed, integrating by parts yields

Meos(Ar) . M sin(\r) sin(Mr) =z —2a
/0 e d/\_/0 T()\_C)Qd)\+r(M—C)’ r=|z—2|,

which clearly admits a limit when M — +oo. This formula can be written

M M T(*l) (=1)
/ L d/\:/ AN WA
0o A=¢ 0o (A=¢) M—¢

where

_ 1sin(Mz —2'])
o |z—2|

A
7 (@, a') = /0 T, (2, 2') dp

The kernel Tf\_l) is bounded, and thus belongs to L% (R) ® L% (R) for every A > 0.
Moreover,

175Vl @iz, ) < CAY/°

for some positive constant C', since

J

2
12 (x) dx

< )\2/ dx+/\4/3/ 0 (x)de
|w—a’/|<A—2/3 |w—a’/|>\—2/3

< ONY/3,

sin(Alxz — 2'|)
r—2a

As a consequence (A — C)_2T>(\_1) is integrable over RT with values in L? [(R) ®
L? (R) and

_ Do [ 0
gC—PV/RJr)\_Cd)\—/RJr oo
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The integral representation is then easily justified:

- - . Moy -
(i) = i ([ anded)

—{ Yo A\, 6 ® ¥
_<<Min+looo ¢ ’¢®¢>>’

where the first equality follows from (3.19) by Fubini’s theorem, and the second
follows from the above property of ge. O

Proposition 3.4 is not optimal: formula (3.22) actually is valid for every b €
L?(R), but this is not used here.

3.2.3. The limiting absorption principle

Since we are in the context of definition 2.1, the statement of proposition 2.3
holds for the free problem. And the generalized eigenfunction expansion (2.24) can
be translated into the limit form of the integral representation (3.22). This is the
object of the following proposition.

PROPOSITION 3.5. For every A > 0, the one-sided limits Rf of the free resolvent
R exist in B(LA(R), L2 ,(R)) for s > 5. They satisfy the integral representation

(RE)(2') = /Rgf(x,x')q;(x) dz  for all 2’ € R, (3.23)

where g5 € L2 (R) ® L2 [(R) are the one-sided limits of g¢, which can be expressed
in the form

. 1 .
g5 (z,2) = +ieTN 4 —Re{e E1(iNr)}  with 7 := |z — |, (3.24)
m

where Eq denotes the exponential integral function [1].

Proof. Here formula (2.24) yields

(1n, 6@ DY)

AN £ im (T, & @ DY),
R\l A~ Ao

(Ry,,9) =PV
for ¢ and ¢ in L?(R). The existence of the principal value at Ao follows from the
local Holder continuity of 7 (which derives from that of ¢y k). Using the same
arguments as in the proof of proposition 3.4, this formula amounts to the integral
representation (3.23), where

1

+
gy. =PV
Ao EA\[ro} A~ Ao

A\ + inTy, . (3.25)

The equivalent expression (3.24) is deduced from (3.21) written in the form

)= ={pv [ S anepy / L
T U e a=¢ e A=C S
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Indeed, considering each integral as a Cauchy integral in the complex A-plane,
the residue theorem allows us to move the integration path to the half-imaginary
axis located in the half-A-plane where exp(+i\r) is exponentially decreasing. For
instance, if Re¢( > 0 and Im ¢ > 0, we have

e+i)\r ic e—tr
PV d\ = 2iwe’s" —|—/ — dt
/R+ A—=¢ g+ L +iC

—z

= 2imelST 4 eio" / ¢
icr+R+ <

dz,

where the last integral is merely E;(i¢r). Similarly, the second Cauchy integral is
equal to exp(—i¢r)E(—ilr), which yields

. 1 . .
ge(w,a’) = jelor 4 ?{eJr‘C”El(JriCT) + e By (—i¢r)}.
T

The case in which Re( > 0 and Im { < 0 lead to the same expression, where the
first term iexp(i¢r) must be replaced by —iexp(—i¢r). Taking the limit as ¢ € C*
tends to A > 0 gives (3.24). O

3.3. Compactness of the perturbation

We prove here that the sea-keeping problem (3.6) corresponds to a compact
perturbation of the free problem (3.11) using the trick described in §2.5, i.e. by
comparing the resolvents A := R_, and A:= R_,, of A and A for some o > 0 in a
cumulative functional framework.

3.3.1. The comparison operator

The free and perturbed energy spaces H = L?(F) and H := L*(F) x C? appear
naturally as subspaces of H := L?(F) x C?, since (2.56) holds with complementary
subspaces given by Mg := L?(F,), where Fy:= F' \ F and H, := C2. We denote
by P:H — H and Py : H — Hy the canonical restrictions associated with the
perturbed decomposition, that is,

P(6,p) = (lr,p) and Po(é,p) = olr, forall (6,p) € H
Consider then the comparison operator (2.57) for some given « > 0,
D=A-A, where A:=R_,®0and A:=R_,&0,
which can be written
Du={R_oPu—P(R_4$,0)} & {~Po(R_00,0)} forallu=(p,p)cH
The aim of this section is to prove the following proposition.

PROPOSITION 3.6. For s, s’ < 3, the operator D is compact from L2 (F) x C? to
L2 (F) x C2.

_ Let us first make explicit the above definition of D. For u = (¢,p) € H, define
o =R_ agzﬁ € H and u,, := R_,Pu = (Yo, Pa) € H, so that

Du = (pa — ($a)|F,Pa) & (—(a)|Ry)- (3.26)
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By virtue of (3.6), u, is the solution to the following coupled problem:
0y Oy + apo = P,

Kpa +/ Ouav dy + ap, = p.
r

From the definition (3.5) of ©, this amounts to solving the boundary-value problem
Ad, =0 in 2,
0yPo + P, = gz~5 on F,

On@o + <Kpa —|—/ @aud7> .v=0 onl[,
I
Kpq +/ Povdy + aps = p,
I

where @, := Ouq, 50 po = (P4)|F. Similarly, for the free problem we have b =
(@a)| 7, where

Ad, =0 in 12,
(3.27)

(%an—i—a@a:qg on F.

As a consequence, to find Du, we must solve first (3.27) and then the following
coupled system, where ¥ := &, — (D,)]:

AV =0 in 02,
OV +al =0 on F,

¥ + (Kq+/ Lpl/d7> =0, Py — (/ Qsayd'y> -v on I (3.28)
r r

Kq—i—/kpud'y—&—aq:p—/@audw.
r r

Relation (3.26) thus becomes
Du = (¥|r,q) & (—(Pa)lr,)- (3.29)

In order to prove that D enters the framework of definition 2.9, we need pre-
cise information about the solutions of problems (3.27) and (3.28), which will be
obtained with the help of the ‘immersed’ Green function. The latter provides an
explicit integral representation of &, and an implicit one for V.

3.3.2. The ‘immersed’ Green function

The Green function g¢ introduced in §3.2 (see proposition 3.4) is not adapted
to study the solution to (3.28) because the perturbation extends under the free
surface. This function represents the response of the free surface to a point source
located on this free surface. Here we need the response of the whole sea to an
immersed excitation, represented by the ‘immersed’ Green function, which is merely
the function generally used in the literature for integral equations (see, for example,

https://doi.org/10.1017/50308210506000138 Published online by Cambridge University Press


https://doi.org/10.1017/S0308210506000138

1030 C. Hazard and F. Loret
[28,42]). We denote it by G¢ = G¢(X, X'), where X = (z,y) and X' = (z',3')
belong to {2, and ¢ € C\ R*. It satisfies the following equations:
AxGe(X,X") =0x/(X) for X € 2,
0,Ge(X, X") — (G (X, X') =0 for X € F,

where dy/ denotes the Dirac measure at point X’. It is given by

iN(z—2")
+2/ Re(e)d)\}, (3.30)
Rt A—C

where z = 2(X) := 2 + iy and 2’ = 2/(X) := 2/ + iy’. Of course, this expression
coincides with (3.21) when X, X’ € F, that is, y = ¥ = 0: the free surface Green
function is simply the trace on F x F of the immersed one.

In the following we are interested only in the particular case ( = —a with a > 0
for which G¢ has a stronger decay at infinity than for Im ¢ # 0.

z—2z

Ge(X,X") = 1{ln

2

z—2z

LEMMA 3.7. When r = |x — 2’| — +00, we have G_,(X, X") = O(r=2) uniformly
in every strip yo < v,y < 0. And the same behaviour holds for every spatial deriva-
tive of G_q .-

Proof. Under the assumption that y + 4’ remains bounded, we have

_ Wy’ --y)? oY),

212

z—2z

In

z—2z

which shows that the first term in (3.30) is O(r~2). Following the same idea as in
the proof of (3.24), the second term can be written as

Re(ei/\(i—z’)) e tp
2 =R dt, where p:=r —i ",
/R+ T a e/]R+t—ia where p:=r —i(y +v)

Then, integrating by parts twice yields

/ et dt_l/ et 1
gt t—ia  p? Jes (t—ia)3 p2a?  pa’

The two first terms of the right-hand side are obviously O(r~2). As « is real, the
real part of the third term is also O(r~2). Hence, the lemma is proved for G_,. For
its spatial derivatives, the same arguments apply: the logarithmic term is dealt with
by a direct derivation, and the latter formula can be derived with respect to p. O

3.3.3. The free problem
For ¢ € L2(F), problem (3.27) is well posed in

W) = (B € W) 8] € L(P)),

where W1(£2) is given in lemma 3.1. Indeed, its variational formulation reads

[véa.vé/+a/@a5dx:/ ¢&' da for all &' € WL(D),
2 F F
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where the left-hand side defines an inner product in wl (fZ) Hence, the operator
O, which maps ¢ to the solution &@,, of (3.27) is continuous from L?(F) to W%(Q)
The knowledge of G_,, yields an explicit integral representation of this operator:

(0ad)(X") = Po(X') = / G_o((2,0), X")p(z)dz for all X' € 2 (3.31)

F

which is classically obtained by Green’s formula. This relation is merely the har-
monic lifting in 2 of the integral representation (3.22) since @, = OR_, and
G_o((2,0),-) = Og_qn(x,-), where O is defined in (3.12).

We want to extend formula (3.31) to every $eL? o ~) We are interested only
in the local behaviour of @, say in {2p = {X € 2; ||X|| < R}, since the perturbed
problem (3.28) involves only (@,)|r and (9,94 )|[‘

LEMMA 3.8. Fors < 5 and R > 0, the mapping 64 (b — &, extends to a bounded
operator from L2 (F) to HA(Qg) := {® € H'(2gr); A® =0 in 2}

Proof. Choose R’ > R and denote by xg/ the characteristic function of the set
{|z| < R'}. Then 6, can be split as follows:
Oy = O + 62, where OF ¢ := O,(xpd) and OF¢ := O ((1 — xr/)P).

For every s > 0, the operator OF is clearly continuous from L2 (F) to Wé(fl),
and thus also to HA (£2g) by restriction. To deal with ©2°, note that, by Schwarz’s
inequality, (3.31) yields

GEDXO I 5y [ o@)Gal(@,0, X

Lemma 3.7 shows that if s < , the above integral is a bounded function of X’ € Q5.
And a similar inequality holds for every spatial derivative of 9°°¢ Hence, 900 is
continuous from L2 (F) to H™(Q2g) for every m > 0. The conclusion follows. [

3.3.4. The perturbed problem

As above, problem (3.28) is well posed in the space W(§2) x C2. Indeed, its
variational formulation can be written

/VII/-VW’+Q/WW’d:z:wLoz]Kq-q’Jr(quL/Wud*y) . <]Kq’+/&l7’1/d*y)
Q F r r
—/ OBV’ dry — (/ d~5a1/d7> . (Kq’—t—/@ydW) +Kp- ¢,
r r r

for all pairs (¥/,¢') € WA(£2) x C2. The left-hand side is clearly a coercive sesquilin-
ear form in this space, and the right-hand side depends continuously on (@a, p) €
H)(2r) x C? (where R must be chosen so that I" C £2z). This means that the
operator that maps (@,,p) to the solution (¥,q) of (3.28) is continuous from
HX(2r) x C? to WA(2) x C2. Moreover, ¥ satisﬁes the following usual integral
representation [28,42] for all X’ € (2

U(X') = /F(W(X)anxG—a(X’Xl) — 0¥ (X)G o (X, X)) dyx. (3.32)
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LEMMA 3.9. For s’ < %, the mapping

(@a,p) = (¥|F,q)

is continuous from H)(2r) x C? to Hsl/Q(F) x C2, where Hsl/Q(F) = HY?(F)n
L%(F).

Proof. From (3.7) we know that H'/?(F) is the trace space of Wh(£2). On the
other hand, the above integral representation and lemma 3.7 show that ¥(z,0) =
O(|z|~%), and hence ¥|p € L2 (F) for every s’ < 2. a

3.3.5. Proof of proposition 3.6 and consequences

The characterization (3.29) of D together with lemmas 3.8 and 3.9 show that
D is continuous from L2 (F) x C2 to {H/*(F) @ HY*(Fy)} x C2 for s, <3
Moreover, by the Rellich theorem the canomcal injections H'/?(Fy) C L? (FO) and
Hl/2 (F) C L%,(F) are compact if s > s”. So proposition 3.6 is proved.

ThlS guarantees the compactness of the perturbation in the sense of definition 2.9.

~+
COROLLARY 3.10. For % <s < 3, the operators DR, are compact in

H) = L3(F) x C*  for every p €]0,a71].

Proof. From proposition 3.5, we know that ’R 7i’,ff &(—p~'de2) is continuous
from L2(F) x C? to L2 (F) x C2if s > 1 Choosm s’ = s in proposition 3.6 yields
the result. O

3.4. Conclusion

The previous sections show that our wave problem comes within the field of
application of theorem 2.11. Indeed, we know a generalized spectral basis for the
free problem, which satisfies the stability condition (proposition 3.3). And the per-
turbation we consider is compact (corollary 3.10). As a consequence, for 1 < s < %,
both families in (2.59), i.e

wy = (P = REPD)(@rx,0) € L (F) x C*,  where p:=(A+a) ",

define generalized spectral bases for A. It remains to show a more explicit charac-

terization of these eigenfunctions, by a proper interpretation of R7PD.

For u = (¢,p) € Hy, define v := PDu = (¢,q) and 4 := Rev = (¢, p), where
¢ € C*. Formula (3.29) tells us that v = (¥|r, q), where (¥, q) is obtained by suc-
cessively solving (3.27) and (3.28). Moreover, by (2.54), we have 1 = —¢~*(Id +
E7'R¢)v, where € = (¢ + o)~ or, equivalently,

(A O)(€i+v) = —€ o,

By virtue of the definition (3.6) of A, this means that
8,0(&i +v) — ((Ep +9) = =1,
K(ei+a)+ [ Ol +owdy—Clei+a) = —¢a
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By defining & such that )
Ou+v) =D+,

and using the equations (3.28), this system amounts to solving
AP =0 in £2,
0y® — (D=0 on F,

O ® + (K}ﬁJr/@/d’y) ~v—£1<8ni5a+v-/d3avdv> on I,
r r

Kp+/ @Vd’y—(pﬁ—§1<—p—|—/ @aydy>.

r r

This means that, to find @ := R¢PDu, we must solve first (3.27) and then the
above system, which yields @ = (®|g, p).

When ¢ € CT — 1 €]0,7![, that is, when ¢ € C* tends to A € R, the limiting
absorption principle tells us that the limit of (di,p) exists and satisfies the above
equations with ¢ replaced by A (and € by u). In the particular case u = — (W, 0),
we rediscover equations (1.10)—(1.13) satisfied by the scattered wave (@f’k,pfk),
since in this situation &, = Mdg,\7k, where q:))\,k is given in (1.6).

The radiation condition (1.14) that characterizes the outgoing or incoming solu-
tion is then easily justified using the immersed Green function (3.30) again. Indeed,
the solution (&, p) of the above equations satisfies the integral representation (3.32)
with G_, replaced by G¢. Hence,

BE, (X') = / (F 1 (X) Dy GE(X, X) — 0,0% (X)GE(X, X)) dyx VX' € 2,

where Gf are the one-sided limits of G¢, which shows that @f satisfies the radia-
tion condition (1.14) if the same holds for G5 (X, -) and 9, G5 (X, -) uniformly in
X € I'. Following the same idea as in proposition 3.5, we see that

G;l\:(X, X/) — iie)\(ii|x—w’|+(y+y')) + E;\E(X’ X/),

where E5 (X, X') represents the evanescent component of Gf(X , X') whose con-
tribution vanishes in the radiation condition. And the dominant term obviously
satisfies (1.14). As a conclusion, we have justified the intuitive construction of §1.2.

THEOREM 3.11. Under the assumption that the operator A, defined in propos-
ition 3.2, has no eigenvalues, both families

U/ik = ((é)\’k-f—é;\t,k”F,pik)v AeRT and k = +1,

given by (1.6) and (1.10)-(1.14), and associated with the spectral space L?(RT x
{£1}), define generalized spectral bases for A in the functional scheme

L}(F) x C* ¢ L*(F) x C* ¢ L% (F) x C? with s > 1.

In particular the announced generalized eigenfunction expansion (1.15) of the
transient coupled motions is now established: it has to be understood in the sense
of (2.19).
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Note that the absence of eigenvalues of A, which amounts to the uniqueness of the
solution to (1.10)—(1.14), seems to be an open question. The case of the scattering by
a fixed obstacle has been extensively studied, from the uniqueness proof pioneered
by John [26] to the discovery of trapped waves by Mclver [32] (see [28] for a review
of these results). But very little is known about the coupled problem.
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