EXISTENCE, UNIQUENESS AND VARIATIONAL METHODS FOR
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Abstract. In this paper we study, via variational methods, the problem of scattering of time
harmonic acoustic waves by an unbounded sound soft surface. The boundary 9D is assumed to lie
within a finite distance of a flat plane and the incident wave is that arising from an inhomogeneous
term in the Helmholtz equation whose support lies within some finite distance of the boundary
0D. Via analysis of an equivalent variational formulation, we provide the first proof of existence
of a unique solution to a 3D rough surface scattering problem for arbitrary wave number. Our
method of analysis does not require any smoothness of the boundary which can, for example, be
the graph of an arbitrary bounded continuous function. An attractive feature is that all constants
in a priori bounds, for example the inf-sup constant of the sesquilinear form, are bounded by
explicit functions of the wave number and the maximum surface elevation.
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1. Introduction. This paper is concerned with the development and analysis
of a variational formulation for scattering by unbounded surfaces, in particular with
the study of what are termed rough surface scattering problems in the engineering
literature. We shall use the phrase rough surface to denote surfaces which are a
(usually non-local) perturbation of an infinite plane surface such that the whole
surface lies within a finite distance of the original plane. Such problems arise fre-
quently in applications, for example in modeling acoustic and electromagnetic wave
propagation over outdoor ground and sea surfaces, and are the subject of intensive
studies in the engineering literature, with a view to developing both rigorous meth-
ods of computation and approximate, asymptotic, or statistical methods (see e.g.
the reviews and monographs by Ogilvy [22], Voronovich [26], Saillard & Sentenac
[24], Warnick & Chew [27], and DeSanto [12]).

In this paper we will focus on a particular, typical problem of the class, which
models time harmonic acoustic scattering by a sound soft rough surface. In particu-
lar, we seek to solve the Helmholtz equation with wave number k > 0, Au+k?u = g,
in the perturbed half-plane or half-space D C R"™, n = 2,3. We suppose that the
homogeneous Dirichlet boundary condition = 0 holds on 0D, and a suitable ra-
diation condition is imposed to select a unique solution to this problem. We shall
give in the next section complete details about our assumptions on D and on the
radiation condition, but we note now that the inhomogeneous term g might be in
L?(D) with bounded support, or be a more general distribution. In addition the
boundary 0D may or may not be the graph of a function.

The main results of the paper are the following. In the next section we for-
mulate the boundary value problem precisely, in the case when g € L?(D) with
support lying within a finite distance of dD. We also establish the equivalent vari-
ational formulation that we use and study in this paper. As part of the boundary
value problem formulation we require the radiation condition often used in a formal
manner in the rough surface scattering literature (e.g. [12]), that, above the rough
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surface and the support of g, the solution can be represented in integral form as
a superposition of upward traveling and evanescent plane waves. This radiation
condition is equivalent to the upward propagating radiation condition proposed for
two-dimensional rough surface scattering problems in [10], and has recently been
analyzed carefully in the 2D case by Arens and Hohage [5]. Arens and Hohage also
propose a further equivalent radiation condition (a ‘pole condition’).

In Section 3 we analyze the variational formulation in the long wavelength
case, showing that the sesquilinear form is then elliptic, so that unique existence of
solution and explicit bounds on the solution in terms of the data g follow from the
Lax-Milgram lemma.

In Section 4 we show that, for arbitrary wave number k, the variational problem
and the equivalent boundary value problem remain well-posed in the case when the
rough surface has the property that, if x lies in D then every point above x lies in
D. Our methods of argument, which depend on an a priori estimate established
via a Rellich-type identity, application of the generalized Lax-Milgram theory of
Babuska, and results on approximation of non-smooth by smooth domains, lead to
simple, explicit lower bounds on the inf-sup constant of the sesquilinear form and
corresponding explicit bounds on the solution in terms of the data g. We note that,
in contrast to earlier uniqueness and existence results for rough surface scattering
problems, no additional regularity conditions on the boundary are required; our
theorem applies, for example, whenever the boundary 9D is the graph of a bounded
continuous function.

The results and methods of our paper are closest to those of Kirsch [19] and
Elschner [15]. These authors study the same problem tackled in this paper, but
consider the 2D diffraction grating case when 0D = {(z1, f(z1)) : 1 € R}, with
f periodic and ¢ quasi-periodic (i.e. g(z)e!®®! is periodic with the same period
as f, for some o« € R). The variational formulation we propose for the rough
surface scattering problem is analogous to that considered for the periodic case
in [19, 15]. We note, however, that the periodicity simplifies the mathematical
arguments considerably compared to the case we study; the variational formulation
is over a bounded region, part of a single period of the domain, so that compact
embedding arguments can be applied and the sesquilinear form which arises satisfies
a Garding inequality for all wave numbers. We note, moreover, that the methods
of [19, 15] require f to be at least Lipschitz continuous, and do not lead to explicit
bounds on stability constants.

The methods of argument used to prove uniqueness in [19, 15] derive, in part,
from Alber [2] and Cadilhac [7]. In fact the argument outlined in [7] for the 2D
diffraction grating problem could be adapted to prove uniqueness of solution for our
boundary value problem in the case when 0D is the graph of a sufficiently smooth
function. However, we will prefer to establish uniqueness via an a priori bound
which also leads to an existence result.

In the general 2D case when f is not periodic, existence of a unique solution
to the boundary value problem we study has been established via integral equation
methods in the case that f € C?(R) (0D is C?), and well-posedness of the integral
equation formulation has been established in a variety of function spaces [10, 9, 8, 3,
4]. The extension to the case when 0D is Lipschitz is outlined in Zhang [28]. To date,
however, the only existence result [23] for the 3D rough surface problem, derived via
integral equation methods, applies only to the Dirichlet boundary value problem
for the Helmholtz equation when the rough surface is the graph of a sufficiently
smooth function with sufficiently small surface slope, and deals only with the case
when the wave number is sufficiently small.

In another, somewhat related body of work existence of solution to the Dirichlet
problem for the Helmholtz equation, with 0D unbounded, is established by the
limiting absorption method, via a priori estimates in weighted Sobolev spaces (see
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Eidus & Vinnik [13], Vogelsang [25], Minskii [21] and the references therein). The
results obtained apply to the problem considered in this paper, but only if we
assume that the rough surface approaches a flat boundary sufficiently rapidly at
infinity and/or that the sign of x - v(z) is constant on dD outside a large sphere,
where v(z) denotes the unit normal at z € 9D. Moreover, this body of work
requires that g decrease sufficiently rapidly at infinity so that a Rellich-Sommerfeld
radiation condition is satisfied.

An attractive feature of our results is the explicit bounds we obtain on the
solution in terms of the data g, which exhibit explicitly dependence of constants
on the wave number and on the geometry of the domain. In part our methods of
argument to obtain our bounds are inspired by the work of Melenk [20] and by
the closely related work of Cummings and Feng [11]. In these publications bounds,
exhibiting explicit dependence on the wave number, are developed for the impedance
boundary value problem for the Helmholtz equation in a bounded domain which is
either convex or smooth and starlike.

In this paper we propose a variational formulation and exploit it as a theoretical
tool to study the well-posedness of the boundary value problem. We anticipate that
the variational formulation will also be very suitable for numerical solution via finite
element discretization, as are similar formulations for the 2D diffraction grating case
[6, 14, 15]. Moreover, the explicit bounds we obtain should be helpful in establishing
the dependence, on the wave number and the domain, of the constants in a priori
error estimates for finite element schemes. These numerical analysis aspects will be
considered in a future paper.

2. The boundary value problem and variational formulation. In this
section we shall define some notation related to the rough surface scattering problem
and write down the boundary value problem and equivalent variational formulation
that will be analyzed in later sections. For x = (z1,...,2,) € R® (n = 2,3) let
Z = (x1,...,%p—1) so that x = (Z,x,). For H € Rlet Uy = {x : =, > H} and
Iy :={z : z,=H}. Let D C R™ be a connected open set such that for some
constants f_ < fi it holds that

(2.1) U, CDCUy_.

This definition of D (the domain of the acoustic field) allows the rough surface
I" = 0D to be more general than the graph of a function. The variational problem
will be posed on the open set Sz := D\ Ug, for some H > f,, and we denote the
unit outward normal to Sy by v.

Given a source g € L?(D) of compact support, the problem we wish to analyze
is to find an acoustic field u such that

(2.2) Au+ k*u =g in D,
(2.3) u=0onT,

and such that u satisfies an appropriate radiation condition.

This problem has been studied in a rigorous manner by integral equation meth-
ods [9, 8, 30, 3, 4, 28, 23] in the case when I is the graph of a sufficiently smooth
bounded function f so that

(2.4) D= {(&x) : xn = f(&), TR}

with f at least bounded and continuous. The most general results are restricted
to the two-dimensional case [9, 8, 30, 3, 4, 28]. In the case n = 2, with (2.2)
understood in a distributional sense, a solution u € C*(D) N C(D) is sought such
that u is bounded in every strip Sy, H > fy, and such that u satisfies the upward
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propagating radiation condition (UPRC) proposed in [9], which states that

(2.5) u(z) = 2/F %ﬁy)u(y) ds(y), =z €Uy,

for all H such that the support of g is contained in Sy. Here the fundamental
solution of the Helmholtz equation @ is given by

i

JHE  (kle —y)), n=2,
PE )= eplklr—y)
Irle —y ’
for z,y € R™, & # y, where H(gl) is the Hankel function of the first kind of order zero.
Under the assumption that I' is Lipschitz (i.e. that f € C%1(R"~!)), and that T" is
piecewise Lyapunov, uniqueness of solution is shown in the two-dimensional case in
[10].

To show existence of solution to (2.2)—(2.5) one approach is to first convert the
boundary value problem to an equivalent Dirichlet boundary value problem. To do
this we need to split u into an incident and scattered field. Introducing the Dirichlet
Green’s function for the half-space U,, defined by

gu(xay) = (b(],‘,y) - (b(x7y<lz)7

where y/, is the reflection of 3 in 'y, we define the incident field v, for a < f_, by

ul(z) = —/Dga(%y)g(y) dy.

Then ! € HZ_(U,) and satisfies (2.2) in a distributional sense in U,. Choosing
a < f_, we write u as

(2.6) u=ul +u,
and seek the scattered field u® € C%(D) N C(D) that satisfies

Au® +k*u® =0 in D,
u*=G onT,

where G := —u! |r. Then u, given by (2.6), satisfies (2.2)—(2.5) provided u* satisfies
(2.5).

In the case n = 2 and f € C1!(R) it has been shown, for arbitrary bounded and
continuous data G, that this Dirichlet problem for u® has exactly one solution that
satisfies the radiation condition (2.5) [9]. Moreover, in the case that G = —uf|r
it holds that G(x) = O(|z|73/2) as |z| — oo, and it is shown in [8, 3, 4] that u®
and u inherit this property; precisely that u(z) = O(|z|=3/2) as |z1| — oo with
29 = O(1). Thus G € L*(T') and u € L?(Sy) for each H > f_. It follows from local
regularity estimates up to the boundary that v € C'(D). Further, by an application
of Green’s theorem, the Helmholtz equation, and the a priori estimates up to the
boundary of [10, Theorem 3.1], it follows also that u € H*(Sg), for every H > f,.
This in turn implies that u|r, € H'/?(T'y) C L?>(T'y) for every H > f,.

In the case that u|r, € L?*(I'y) we can rewrite (2.5) in terms of the Fourier
transform of u|r,,. For ¢ € L?(T'y), which we identify with L?(R"™1), we denote
by (/3 = F ¢ the Fourier transform of ¢ which we define by

@7 Fé(€) = @m) (/2 / exp(—iZ - )p(F)dF, €€ R

Rn—l
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Our choice of normalization of the Fourier transform ensures that F is a unitary
operator on L?(R"~1), so that, for ¢,¢ € L*(R"~1),

(2.8) | ovaa= [ b

If Fyy := ulr,, € L?(Ty) then (see [10, 5] in the case n = 2), (2.5) can be rewritten
as

(2.9)u(z) = m /an exp(if(zp, — H)VK2 - &>+ T - {])FH(Q d¢, x e Uy.

In this equation /2 — €2 = i,/€2 — k2, when [¢| > k.

Equation (2.9) is a representation for u, in the upper half-plane Ug, as a su-
perposition of upward propagating homogeneous and inhomogeneous plane waves.
A requirement that (2.9) holds is commonly used (e.g. [12]) as a formal radiation
condition in the physics and engineering literature on rough surface scattering. The
meaning of (2.9) is clear when Fy € L*(R"!) so that Fiy € L*(R™1); indeed
the integral (2.9) exists in the Lebesgue sense for all € Uy. Recently Arens and
Hohage [5] have explained, in the case n = 2, in what precise sense (2.9) can be
understood when Fy € BC(T'y) so that FH must be interpreted as a tempered
distribution.

The above discussion motivates the following precise formulation of problem
(2.2)-(2.3). To state this formulation we introduce, for H > f,, the Hilbert space

Vi = {¢lsy : ¢ € H)(D)},

on which we impose the scalar product (u,v)vy = [q, (Vu- Vo + k*ut) dz and
norm ||ul|y, = {sz(|Vu|2 + E2|u|?)dz} /2.

THE BOUNDARY VALUE PROBLEM. Given g € L%(D), whose support lies in Sg,
for some H > f4, find u: D — C such that u|g, € V, for every a > fy,

(2.10) Au+ku=g inD

in a distributional sense, and the radiation condition (2.9) holds, with Fr = u|r,, .

REMARK 2.1. We note that, as one would hope, the solutions of the above
problem do not depend on the choice of H. Precisely, if u is a solution to the above
problem for one value of H > f, for which suppg C Sy then u is a solution for
all H > fi with this property. To see that this is true is a matter of showing that,
if (2.9) holds for one H with suppg C Sy, then (2.9) holds for all H with this
property. It is shown in Lemma 2.2 below that if (2.9) holds, with Fg = u|r,,, for
some H > fy, then it holds for all larger values of H. One way to show that (2.9)
holds also for every smaller value of H, H say, for which H > f+ and suppg C Sy,
is to consider the function

v(z) = u(x) —
1 . = - ~

oy e—sy exp(if(zn — H)VEk? =& + T - {])Fp(§) dS, = €Uy,

@072 Jo
with Fg := ulr ., and show that v is identically zero. To see this we note that, by
Lemma 2.2, v satisfies the above boundary value problem with D = Ug and g = 0.
That v =0 then follows from Theorem 4.1 below.

As indicated in the above discussion, it is known that the above boundary value

problem has a solution in the case n = 2 when I' is the graph of a sufficiently smooth
function. A main result of this paper is to prove that the boundary value problem
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is uniquely solvable, both in two and three dimensions, under much more general
conditions on the boundary I'. Moreover we provide explicit estimates of the norm
of the solution in the strip Sy as a function of the dimensionless wave number

(2.11) k= k(H - f_).

We now derive a variational formulation of the boundary value problem above.
To derive this alternative formulation we require a preliminary lemma. In this
lemma and subsequently we use standard fractional Sobolev space notation, except
that we adopt a wave number dependent norm, equivalent to the usual norm, and
reducing to the usual norm if the unit of length measurement is chosen so that
k = 1. Thus, identifying 'y with R"~1, H*(T'f), for s € R, denotes the completion
of C§°(I'y) in the norm || - ||+ (r,,) defined by

1/2
ol = ([ 02 +eriFaeac)

We recall [1] that, for all @ > H > f,, there exist continuous embeddings v :
H (Ug \U,) — HY?(Ty) and v_ : Vg — H'Y?(T'y) (the trace operators) such
that v+ ¢ coincides with the restriction of ¢ to I'y when ¢ is C'°°. In the case when
H = f,, when 'y may not be the boundary of Sy (if part of 9D coincides with
I'yr) we understand this trace by first extending ¢ € Vi by zero to Uy_ \ Uy, . We
recall also that, if uy € HY(Uy \ U,), u_ € Vi, and yyuy = y_u_, then v € V,
where v(z) == uy(z), * € Ug \ Uy, := u_(x), z € Sy. Conversely, if v € V, and
uy = v|y,\v., U- = V|sy, then v vy = y_v_. We introduce the operator T,
which will prove to be a Dirichlet to Neumann map on 'y, defined by

(2.12) T:=F'M,F,
where M, is the operation of multiplying by

(€ = —iVRZ =& e <k,
TN VESRE for e > k.

We shall prove shortly in Lemma 2.4 that T : Hl/Q(FH) — H_l/Q(FH) and is
bounded.

LEMMA 2.2. If (2.9) holds, with Fy € H'?(Ty), then uw € H (Ug \ U) N
C?(Ug), for every a > H,

Au+ k*u =0 in Uy,

v+u = Fy, and
(2.13) / Ty uds + k? uvdr — Vu-Vode =0, veC§°(D).

Further, the restrictions of u and Vu to T, are in L?(T'y), for all a > H, and

(2.14) /F [ %

Moreover, for all a > H, where F, € Hl/Q(Fa) denotes the restriction of u to 'y,
(2.9) holds with H replaced by a.

Proof. If Fy € L?(T'y) then, as a function of &, exp(i[(z, — H)\/k? — &2
+2-€))Fr(€)(14€2)% € LY (R™ 1) for every « € Uy and s > 0. It follows that (2.9)

2
)
— |Vsul® + k2|u21 ds < 2/&/ aa—“ ds.
Fa

T
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is well-defined for every x € Uy, and that u € C?(Ug), with all partial derivatives
computed by differentiating under the integral sign, so that Au + k?u = 0 in Ug.
Thus, for @ > H and almost all £ € R"1,

(2.15) F(ulr,)(€) = explia — H)V/k> — €2 ) Fyy (€),
Ou ) (&) = iVk? — Eexp(i(a — H)\/k2 — €2)Fy (),
I,

2.16 —_—

AU ( ad
F(Vaulr,)() = i€ exp(ila — H)v/k> =€) Fu (8).

Therefore, by the Plancherel identity (2.8), u|r,, Vu|r, € L*(T,) with

/ fuf?ds = / lexp(2i(a — H)V/RZ — )| |F(6) dé < / Fy|? ds
“ Rn—1

T

and

e[ (Valas < [ [ =€)+ llexpl@ila— M)V =) 1Fu(€) de

L ]2-

S/ u—ds-/ VE2 = 2| Fy (€)% de.
T, €<k

Thus (2.14) holds and

while

Vaul® + k2lu2] ds = 2/ (K — €)|Fn (&) de
5

|<k

and

(2.18) / lul? do < (a—H)/ |Fy|? ds.
Un\Ua Ty
Further, from (2.17) it follows that

/ Vul2de < (a— H)k?/ B ()2 de +
UH\Ua |§|<k
/ f21—€X}?>(—2[G—H] £ —k2)
[€]>k

=2 | Py (€)% dé

< / (2(a — H)K? + V2IE)) B (6 de,
]R"_l

since 1 —e™* < z for z > 0 and /€2 — k2 > [¢]/V/2 for €2 > 2k%. Thus u €
HY Uy \ U,) if Fg € H'Y?(Ty). That ulp,, = Fg is clear when Fgy € C§°(T'y),
and y,u = Fg for all Fy € HY?(Ty) follows from the continuity of v, (2.18)
and (2.19), and the density of C§°(T'y) in H'Y/?(T'y). Similarly, in the case that
Fy € C3°(T'y) so that u € C*°(Uy), it is easily seen that Ty u = du/dx,|r, and
(2.13) follows by Green’s theorem. The same equation for the general case follows
from the density of C§°(T'y) in HY/?(T'g), (2.18) and (2.19) and the continuity of
the operator T.

That (2.9) holds with H replaced by a, for all a > H, is clear from (2.15). O

Now suppose that u satisfies the boundary value problem. Then u|g, € V, for
every a > f, and, by definition, since Au + k?u = ¢ in a distributional sense,

(2.19) / (90 4+ Vu - Vo — k?ut)de =0, v € C(D).
D
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Applying Lemma 2.2, and defining w := u|g,, it follows that

/ (g0 + Vw - Vi — k*wd] dz —|—/ Ty_wds =0, veC§°(D).
Su Ty
From the denseness of {¢|s,, : ¢ € C5°(D)} in V and the continuity of v_ and T,
it follows that this equation holds for all v € V.
Let || - ||2 and (-,-) denote the norm and scalar product on L?(Sg), so that

[v]l2 = ’/fSH |v|? dz and

(u,v):/ uv dzx,
Su

and define the sesquilinear form b: Vi x Vi — C by

(2.20) b(u,v) = (Vu, Vo) — k(u,v) +/ y_vTvy_uds.

'y
Then we have shown that if v satisfies the boundary value problem then w := u|g,
is a solution of the following variational problem: find u € Vi such that

(2.21) b(u,v) = —(g,v), veVq.

Conversely, suppose that w is a solution to the variational problem and define
u(z) to be w(z) in Sy and to be the right hand side of (2.9), with Fy := y_w, in Ug.
Then, by Lemma 2.2, u € H*(Ug \ U,) for every a > H, with y,u = F = vy_w.
Thus ulg, € Vg, a > fy. Further, from (2.13) and (2.21) it follows that (2.19) holds,
so that Au + k?u = g in D in a distributional sense. Thus u satisfies the boundary
value problem.

We have thus proved the following theorem.

THEOREM 2.3. If u is a solution of the boundary value problem then u|s,
satisfies the variational problem. Conversely, if u satisfies the variational problem,
Fr := ~v_u, and the definition of u is extended to D by setting u(x) equal to the right
hand side of (2.9), for x € Uy, then the extended function satisfies the boundary
value problem, with g extended by zero from Sy to D.

It remains to prove the mapping properties of T'.

LEMMA 2.4. The Dirichlet-to-Neumann map T defined by (2.12) is a bounded
linear map from HY?(Ty) to H=Y2(Typ), with ||T|| = 1.

Proof. From the definitions of T" and the Sobolev norms we see that, as a map
from HY?(Ty) to H-Y?(Ty),

_ Wk =&
IT| = max Y——==1
& [T e

O

While the variational formulation (2.21) does not appear to have been studied
previously, the analogous weak formulation for the 2D diffraction grating case has
recently been studied in [15], as mentioned in the introduction. The diffraction
grating case, with f periodic and g quasi-periodic with the same period, is signif-
icantly simpler because the variational problem can be formulated on a bounded
domain (one period of the strip Sg) and the corresponding sesquilinear form on this
bounded domain satisfies a Garding inequality. Standard methods of analysis thus
apply, in particular existence follows from uniqueness via the Fredholm alternative.
But we note that, even in the diffraction grating case, establishing uniqueness for ar-
bitrary Lipschitz domains D (f Lipschitz) requires careful and ingenious arguments
[15] which are not required for scattering by bounded domains. Indeed, uniqueness
does not hold in all cases in which 9D is not the graph of a function, as is shown
by the example in Gotlib [17].
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3. Analysis of the variational problem for low frequency. In this section
we shall derive preliminary results and bounds used throughout, and will analyze
(2.21) when k is sufficiently small that b is Vy-elliptic (we shall give an explicit
bound for k to guarantee this). An attraction of our results for low wave number,
in contrast to our results in section 4 for larger wave number, is that we require no
additional assumption on the domain, except that x, given by (2.11), be sufficiently
small. We note also that the bounds we establish for x small in Theorem 3.1 are
somewhat sharper than those which can be established as valid for general x by
the techniques of the next section. From the point of view of numerical solution
by e.g. finite element methods, the ellipticity we establish for small k is of course
highly desirable, guaranteeing, by Céa’s lemma, unique existence and stability of
the numerical solution method.

Let V}; denote the dual space of Vi, i.e. the space of continuous anti-linear
functionals on V. Then our analysis will also apply to the following slightly more
general problem: given G € V}; find u € V such that

(3.1) b(u,v) =G(v), veVy.

We shall prove the following theorem.

THEOREM 3.1. Suppose the wave number k satisfies k < v/2/(H — f_) (equiv-
alently k < \/5) Then the sesquilinear form b is Vi -elliptic so that the variational
problem (3.1) is uniquely solvable, and the solution satisfies the estimate

(3.2) lullvey < ClIGlv;
where the constant C' satisfies
o<t K22
—1-k2%2/2°
In particular, the scattering problem (2.21) is uniquely solvable and the solution
satisfies the bound

K 14+ k2/2

(3.3) kllullv, < B2 llgll2-

In order to prove Theorem 3.1 we establish a sequence of lemmas which are of
some independent interest and are used extensively in the rest of the paper. The
first two concern the Dirichlet to Neumann map 7' and the trace operator v_ and
will be proved using the Fourier transform (2.7).

LEMMA 3.2. For all ¢, € H/?(Ty),

¢Tpds = YT ods.

FH FH

For all ¢ € HY/?(Ty),

R 6Tods > 0.
'y

Proof. Let ¢ = Fo, ) = Fip. Then F(T'¢) = z¢. Thus, using the Plancherel
identity (2.8) and since $(&) = ¢(—¢) and z is even,

Y Thds = b(—€)z(€)P(€) dé = D(E)2(E)p(—€)de = | Tepds.

FH Rn—1 Rn—1 FH
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In particular, putting ¢ = ¢,

5T ds =/ 2(©)|0(6) 2 de

Rn—1

=/ \/52—k2\¢3<s)|2ds—i/ VI E13(6)]? de
[£]>FK €<k

from which the second result follows. O

The above lemma implies that b(-,-) has the following important symmetry
property.

COROLLARY 3.3. For all u,v € Vg,

'y

b(v,u) = b(u,v).

LEMMA 3.4. For all u € Vg,

Iv—ullg/2 ) < llullve

and

ou

H—-f_
Jull < 2255 2

V2

Proof. For v € C°(D) C C§°(Uy_) and defining (&, z,,) = (Fu(-, zn))(§), we
have

2

) " 0
6 B = [ Gl m) P, = 2R [ e )

Thus, if S =R""! x (f_, H),
ey = [ VTR it )P de
<2 [ VETR ile.z)| | it )

1/2
2 2 ~ 2
sz{/ss 2 Ja(€, )| dgda:n} {/S

Now, by Parseval’s theorem,

d¢ du,,

0
Tznﬁ(f,xn)

9 1/2
dgdxn} .

/ €2 [i(€, )2 dE dary = / F(V () ) de da,
S S
:/|V5u(x)|2 dx.
S

Applying Parseval’s theorem again, and since 2vab < a+ b for a,b > 0,

9 1/2
dw} < Jlull,,.

1o}
el a gy < 2 { /ﬂ {Fu(@) + |Veu(@)]?} do /S 'Mu@c)

Further, using the fact that u € C§°(Uy_), for x € S,

2
/f %u(m)dwn <

u(z)]* =
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so that, since fﬁ (z — f-)dxn, = (H — f-)?/2,

(3.4) [ @) da < Ho L /

Since the set {v|g, : v € C§°(D)} is dense in Vi these bounds hold for all v € Vy.
O

9 i)

oz, dx.

We are now in a position to prove that the sesquilinear form b(.,.) is bounded,
establishing an explicit value for the bound.
LEMMA 3.5. For all u,v € Vg,

[b(w, 0)] < 2f|ullvi [[v]lve

so that the sesquilinear form b(.,.) is bounded.
Proof. From the definition of the sesquilinear form b(.,.) and the Cauchy-
Schwarz inequality we have

b, v)| < [Vull2l|Vollz + k2 lull2llollz + [1y-ll gz 1T -0l 172w,

Applying the Cauchy-Schwarz inequality and Lemmas 2.4 and 3.4 we obtain the
desired estimate. O

Our last lemma of this section shows that the sesquilinear form b(.,.) is V-
elliptic provided the wave number k is not too large.

LEMMA 3.6. For all u € Vg,

1—rk%/2
Rbo(u,u) > T r2/2 [l -

Proof. By Lemma 3.2
Rb(u,w) > [full, — 267 [ul/3.

The result follows from Lemma 3.4 which implies that |lul|f, > k*(2/k* + 1)|ull3.
0

Using Lemmas 3.5-3.6 we can now prove Theorem 3.1.

Proof. By Lemma 3.6 and under the assumption of the theorem that k <
V2/(H — f_) we see that b(.,.) is Vj-elliptic. Lemma 3.5 shows that b(.,.) is
bounded and hence by the Lax-Milgram lemma the existence of a unique solution
u to (3.1) is assured. The estimate (3.2) also follows from the Lax-Milgram lemma.
In the particular case that G(v) := —(g,v), for some g € L?(Sg), we have further,
by the Cauchy-Schwarz inequality and Lemma 3.4, that

(v, 9)] lvllzllgllz _ H — f-
1G]lv; = sup < su < llgll2
" vEVH ||U||VH veEVH ||UHVH \/5

and (3.3) follows. O

4. Analysis of the variational problem at arbitrary frequency. The
sesquilinear form b(., .) is not Vp-elliptic if the wave number k is large. In this section
we shall establish, with no restriction on the wave number but some additional
constraint on the domain, that the boundary value problem and the equivalent
variational problem are uniquely solvable by using the generalized Lax-Milgram
theory of Babuska. The domains D for which we will establish this result are those
which, in addition to our assumption throughout that Uy, C D C Uy_, satisfy the
condition that

(4.1) z€D=x+se, €D, forall s >0,
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where e, denotes the unit vector in the direction z,. Condition (4.1) is satisfied
if " is the graph of a continuous function, but certainly does not require that this
be the case. Nor does (4.1) impose any regularity on dD. Our main result in this
section is the following:

THEOREM 4.1. If (4.1) holds then the variational problem (3.1) has a unique
solution u € Vg for every G € Vi and

(4.2) lullvy < ClGlv,

where
C=14+V2r(k+1)%

In particular, the boundary value problem and the equivalent variational problem
(2.21) have ezxactly one solution, and the solution satisfies the bound

K 2
kl|lu < —(k+1 .
[ullvy < \/i( ) llgll2

To apply the generalized Lax-Milgram theorem (e.g. [18, Theorem 2.15]) we
need to show that b is bounded, which we have done in Lemma 3.5; to establish the
inf-sup condition that

|b(u, v)|

4.3 B:= inf sup —————— > 0;
(43) oA o 52 Tallva Tollvn

and to establish a “transposed” inf-sup condition. It follows easily from Corollary
3.3 that this transposed inf-sup condition follows automatically if (4.3) holds.
LEMMA 4.2. If (4.3) holds then, for all non-zero v € Vi,

b
wp 0)

>0
0#u€eEVy ||u||VH

Proof. If (4.3) holds and v € Vg is non-zero then
|b(u, v)] [b(v, u)|

sup = sup
o£uevy [Ullve  opuevy llullvy

> Blvllv,; > 0.

This proves the lemma. O
The following result follows from [18, Theorem 2.15] and Lemmas 3.5 and 4.2.
COROLLARY 4.3. If (4.3) holds then the variational problem (5.1) has exactly
one solution uw € Vg for all G € V. Moreover

lullve, < 571G

V-

To show (4.3) we will establish an a priori bound for solutions of (3.1), from
which the inf-sup condition will follow by the following easily established lemma
(see [18, Remark 2.20]).

LEMMA 4.4. Suppose that there exists C' > 0 such that, for all u € Vg and
G € Vi satisfying (3.1) it holds that

(4.4) lullv, < CG]

V-

Then the inf-sup condition (4.3) holds with 3 > C~1.
The following lemma reduces the problem of establishing (4.4) to that of estab-
lishing an a priori bound for solutions of the special case (2.21).
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LEMMA 4.5. Suppose there exists C > 0 such that, for all u € Vi and g €
L?(Sy) satisfying (2.21) it holds that

(4.5) lullve, < k~'C lgllo-
Then, for all uw € Vi and G € Vi satisfying (3.1), the bound (4.4) holds with

C<1+2C.

Proof. Suppose u € Vy is a solution of
(4.6) b(u,v) =G(v), veVy,

where G € V;. Let by : Vg x Vg — C be defined by

bo(u,v) = (Vu, Vo) + k?(u,v) +/ vy-vTy_uds, wu,v€ Vy.
'y

It follows from Lemma 3.2 that bg is Vy-elliptic, in fact that
Rbo(v,v) > |[v][},, vEVa.

Thus the problem of finding ug € Vg such that

(4.7) bo(ug,v) = G(v), wve Vg,

has a unique solution which satisfies

(48) luollviy < 1G]

V-
Furthermore, defining w = u — uy and using (4.6) and (4.7), we see that
b(w, v) = b(u,v) = b(uo,v) = G(v) = (G(v) — 2k (uo, v)) = 2k*(uo, v),

for all v € V. Thus w satisfies (2.21) with g = —2k?uq. It follows, using (4.8),
(4.5) and Lemma 3.4, that

(4.9) lwllvi, < 2kClluoll2 < 2C]G|

V-

The bound (4.4), with C' < 14 2C, follows from (4.8) and (4.9). O

Following these preliminary lemmas we turn now to establishing the a priori
bound (4.5), at first just for the case when I' is the graph of a smooth function. We
recall that v is the outward unit normal to Sy and v, = v - e, is the nth (vertical)
component of v.

LEMMA 4.6. Suppose T is given by (2.4) with f € C°(R"~'). Let H > f,,
g € L*(Sy) and suppose w € Vi satisfies

(4.10) b(w, @) = —(g,¢) for all ¢ € V.
Then

[wllvi, < k~'Cllgll2
where C = %(ﬂ +1)2.

Proof. The proof of this lemma is motivated by [20, 11], where a Rellich identity
is used to prove estimates for solutions of the Helmholtz equation posed on bounded
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domains, by the proofs of the basic inequalities for rough surface scattering problems
in [10, 29], and by the estimates derived for the diffraction grating problem in [15].

Let r = |Z]. For A >1let ¢4 € C§°(R) be such that 0 < ¢4 <1, ¢pa(r) =11if
r<Aand ¢4(r) =0if r > A+ 1 and finally such that ||¢/4]|cc < M for some fixed
M independent of A.

Extending the definition of w to D by defining w in Uy by (2.9) with Fg :=
~v_w, it follows from Theorem 2.3 that w satisfies the boundary value problem, with
g extended by zero from Sy to D. By standard local regularity results [16] it holds,
since g € L*(D), w = 0 on I', and the boundary is smooth, that w € HZ_ (D).
Further, w € H*(Uy \ U,) for ¢ > b > f (though w € H?(S,) is not clear without
some further constraint on the behavior of T" at infinity). Moreover, by Lemma 2.2,
w is given by the right hand side of (2.9) in U, for all b > H if H is replaced in
(2.9) by b and F;, denotes the restriction of w to I',. Thus w satisfies the boundary
value problem with H replaced by b, for all b > H, and so, by Theorem 2.3,

(4.11) /S (Vw - Vo — K2wi) do = 7/

y_vTy_wds — / vg dx,
Iy

Sy
forall b > H.
In view of this regularity and since w satisfies the boundary value problem, we
have, for all a > H,
ow
2R n—f-)g=—4d
[ et = 105 b

- 2m/sa ba(r)(@n — f)(Aw + k%)(fﬂ dx

Tn
2

-/ {2%{v- (64w = £)5vw) b= 2000 |52
e~ 1 palr) IE
2y — ) (Ve )+ 8o~ 1640 G

Using the divergence theorem and integration by parts

28?/ Pa(r)(zy, —f,)gaaTﬁ dz

ow
=(a—f-) s da(r) { pr

2
— |Vew]? + k2 |w|2} ds

~ /Fm — f-)oa(r) {vnIVw|2 - 2R (5;;” ?j)} ds

s 9o ow |? ) ow dw
+/&{¢A<r> <|Vw| - Plul - 2| )—2¢A<r><xn—f>%(mar)}dx.

Using the fact that w =0 on T, so that Vw = (Qw/dv)r and

L T T
oz,

and rearranging terms we find that

ow 2 2
o d8+2/sa da(r) dx

ow
—/Fm(r)(xn - o
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(af_)/ra¢A(T){ 88711;
+/& {%) (IVwl? = KJwf?) - 26/3(r) (@n — R (gugu)} “

—2§R/S da(r)(x, — f_)ggTm dx.

2
— |Vaw]? + K2 |w2} ds

We now wish to let A — co. The only problem is the term involving ¢y which we
estimate as follows. Let S° = {z € S, : |Z| < b} for b > 1. Then

/ {22010 = 10 (G50 )} aa

as A — oo, where the convergence follows from the fact that w € H'(Sy). In
addition since w € H?(U, \ U,.), for ¢ > a > b > f., Vwlr,, € (H/?(Tg))" and so,
by the Lebesgue dominated convergence theorem,

< QM(aff_)/ |Vw|? dz — 0

Sat\E:

2

ow|? ow
_A(xn—f,)yn 5 d8+2/;va @ dx
—(a—f>/ a*wg—lv K [l ¢ d
= - )\ |oen FW w s
(4.12) +/ <Vw2 — k?lw|? — 2R ((xn - f_)98w>) dx.
Sa 3xn

Now, since w satisfies the boundary value problem, including the radiation condition
(2.9), applying Lemma 2.2 it follows that

311) 2 2 2 2 _ aw
—|Vzw|” + k% |w|” p ds < 2kS | w—ds
Ta 3$n T. axn
(4.13) = —2k%/ vy_wlvy_wds,
r

a

on applying the Plancherel identity (2.8), noting (2.15) and (2.16). Further, setting
v=w in (4.11) we get

(4.14) / ([Vw]?* — k*|w]?) dx:—/ V_ET’y_wds—/ gw dz,
Sy Ty Sp

for b > H, so that, by Lemma 3.2,

(4.15) / [Vw|* — B |w]?de < —R | gwdx
S}, Sb
and
(4.16) —ZkS/ vy-wlvy_wds = 2/4:%/ gwdx.
Fb Sb

Using (4.16) in (4.13) and then using the resulting equation and (4.15) in (4.12)
and noting that supp g C Su, we get that

7/(xn7f—)l/n 3771) d5+2/ Ow

ov T,

2 2

de <2(a— f_)kS / gw dx
SH

0w
—R [gu? +2(zy, — f- ] dx.
- (xn — f-)g oz,
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Since this equation holds for all ¢ > H and v,, < 0 on T, it follows by the Cauchy-
Schwarz inequality that
) lal
2

ow
2[5
1 1
, f)(\/i"f+m+1>||9||2

Now using Lemma 3.4 to estimate |w||2 we obtain
and use of Lemma 3.4 again shows that

2
ow
< <2"f||w||2 +||wll2 +2(H — f-) Hax
2 n

(4.17)

|71,

1 1 1
fuly < (2 - 12 (35+ 1+ 75 ) sl
Using the above inequality in (4.15) shows that

lwll;, < 28[|wl]l3 + llgll2/lwll2

_(H4f)(22(2,€+1+2f +2n+1+2f)llg|2

Thus, for k > 1,

¥, < (5 +1)*gll3.

(H— )

2
The same bound holds for ¥ < 1 by Theorem 3.1. O

REMARK 4.7. The above argument works under milder assumptions on the
boundary T, in particular that T is the graph of a function f € C*(R"~1), so that
I is of class C%. This assumption is enough [16] to deduce the necessary local
regularity result that w € HZ (D).

Combining lemmas 4.6, 4.5 and 4.4 with Corollary 4.3, we have the following
result.

LEmMMA 4.8. If T satisfies the conditions of Lemma 4.6 then the variational
problem (3.1) has a unique solution u € Vg for every G € Vj; and the solution
satisfies the estimate (4.2).

REMARK 4.9. The above result, combined with Lemma 4.4, implies that G,
the inf-sup constant for b(-,-), satisfies 371 < C = O(k®) as k — oco. This high
power of the wave number is, we suspect, not optimal. For an interior problem in a
smooth starlike and bounded domain in R? or R? with impedance boundary data it is
known that the constant in the corresponding bound satisfies the estimate C = O(k)
(for example this can be proved by combining estimate (2) of Theorem 1 of [11]
with the argument of Lemma 4.5, involving a function corresponding to ug). For a
somewhat analogous one-dimensional problem the inf-sup constant is also O(k) as
k — oo (Theorem 4.2 of [18]).

We proceed now to establish that lemmas 4.6 and 4.8 hold for much more
general boundaries, namely those satisfying (4.1). To establish this we first prove
the following technical lemma.

LEMMA 4.10. If (4.1) holds then, for every ¢ € C§°(D), there exists f €
C>(R"~Y) such that

suppp C D' :={x € R" : x, > (&), + € R"1}

and Uy, C D' C D.
Proof. Let S :=supp ¢ \ Uy, . Then either S = (), in which case f(Z) = fy has
the properties claimed, or S # §).
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Thus, suppose S # 0 and let ¢ := dist(S,0D)/2. Then § > 0 and, defining
G:={x+se,:z €S s>0},dist(G,0D) = dist(S,0D) = 20. Let G5 := {x e R" :
dist(x,G) < 6} and let A and As denote the projections of G and Gy, respectively,
onto the Ox1...x,,_1 plane.

Let N € Nand S; C R*™!, j = 1,..., N, be such that each S; is measurable
and non-empty, S; NS, =0, for j # m,

N
As C U Sj,
j=1
and diam(S;) <6/2, j=1,...,N. For j =1,...,N choose Z; € S; and let
[ =inf{r, eR:2=(%;,2,) € Gs ULy }.
Then f_ < fj < fy,j=1,...,N. Define f:R"' — R by

s [ fi ifzeS;, j=1,.,N,
(@)= { f+  otherwise.

Then f € L®(R™1); in fact f is a simple function and f_ < f(&
Choose € with 0 < € < §/2 and let J € C§°(R""1) be such that
|Z] > ¢, and [;,_, J(&)dZ = 1. Define f € C>°(R""!) by

G

1@ = [ JE-piwd, 7R

and let D’ be defined as in the statement of the lemma. Then f and D’ have the
properties claimed.
To see that this is true note first that

(4.18) ‘min [f(§)] < f(Z) < max |f(7)], FeR"Y
|[7—2%| <e [g—%| <€

so that Us, C D'. If ¥ € A then | — Z| < € implies that j € As and so (4.18)
implies that

"y ,
f(@) < ity <€+5/2fj,

so that f(z) < fy,, for some m for which |Z,, — Z| < e+ §/2. Now let x = (&, fim),

Yy = (Zm, fm). Then |z —y| =|T — Tm| < €+ /2 and dist(y, G) = J, so that

dist(z, G) > dist(y,G) — |z —y| > § — (e +6/2) > 0.

Thus 2 ¢ G and so (, f(Z)) € G. Thus S € G C D' and so supp¢ C Uy, US C D".

Arguing similarly, for all € R"~1, either f(Z) = f4, in which case (%, x,) € D,
for @, > f(Z), or f(Z) > fm, for some m for which |Z,, —Z| < €+ /2. In this latter
case, defining x = (Z, f,,) and y = (Z,n, fm), it holds that

dist(z, G) < dist(y,G) + |z —y| < d+ e+ /2 < 24,

so that € D and hence (Z, f(Z)) € D. Thus, for all z € R""!, (#,z,) € D for
T, > f(%),ie. D' C D. O

With this preliminary lemma we can proceed to show that Lemma 4.6 holds
whenever (4.1) holds.

LEMMA 4.11. Suppose (4.1) holds, H > f,, g € L?*(Sy) and w € Vi satisfies

(4.19) b(w,d) = —(g,) for all p € V.
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Then

lwllv, <k~ Cllgll2

where C = T5(h+ 1)2.

Proof. Let V := {¢|s, : ¢ € C(D)}. Then V is dense in V. Suppose w
satisfies (4.19) and choose a sequence (wy,,) C V such that ||w, —w|yv, — 0 as
m — oo. Then wy, = ¢nls,, with ¢, € C§°(D), and, by Lemma 4.10, there

exists f,, € C°°(R""!) such that supp ¢, C Dy, and Us, C D,, C D, where
Dy i={z €R" : z, > f,,(%), € R"'}. Let V{™ and b,, denote the space and
sesquilinear form corresponding to the domain D,,,. That is, where Sl(qm) = D,,\Upg,
VI({m) is defined by V}(Im) = {qb\sgn) 1 ¢ € H}(D,,)} and b, is given by (2.20) with
Sy and Vg replaced by Sl(qm) and V,E,m), respectively. Then Sgn) C Sy and, if
Um € Vlsm) and v denotes v, extended by zero from Sg”) to Sy, it holds that
v € V. Via this extension by zero, we can regard VI({m) as a subspace of Vg and
regard wy, as an element of V;Im).

For all v € Vlgm) C Vg, we have

b (Wi, v) = (Wi, v) = —(g,v) — b(w — Wy, V).
By Lemma 4.8 there exist unique w),, w!/, € V;Im) such that
b (w),,v) = —(g,v), vE€E Vjsm),
and

b (Wi, 0) = —b(w — Wy, v), v E V}gm).

m?

Clearly w,, = w},, + w}/, and, by Lemma 4.6,
[l < K~ C gl

while, by Lemmas 4.8 and 3.4,

[wrllyom < 20w = win v, -

Thus
||wHVH = lim meHV(’") < k_lé||g||2'
m— 00 H

d
Theorem 4.1 now follows by combining Lemmas 4.11, 4.5 and 4.4 with Corollary
4.3.
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