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Abstract

This work is devoted to the numerical solution of the Helmholtz equation with variable wavenum-
ber and including a point source in appropriately truncated infinite domains. Motivated by a two-
dimensional model, we formulate a simplified one dimensional model. We study its well posedness via
wavenumber explicit stability estimates and prove convergence of the finite element approximations.
As proof of concept, we present the outcome of some numerical experiments for various wavenumber
configurations. Our experiments indicate that the introduction of the artificial boundary near the
source and the associated boundary condition lead to an efficient model that accurately captures the
wave propagation features.

Keywords: Helmholtz equation, variable wavenumber, finite elements, artificial boundary conditions

1 Introduction

The Helmholtz equation is a mathematical model for time-harmonic wave propagation and scattering
problems and finds application in diverse fields like acoustics, electromagnetics, oceanography, and geo-
physics. Very often it is posed in infinite or very large (compared to the characteristic wavelength)
domains as, for example, in problems in underwater acoustics where the marine environment is modeled
as an infinite waveguide. The numerical solution of the Helmholtz equation in such domains remains a
very interesting and challenging task and an active area of extensive research. In fact, the resolution of
the Helmholtz equation in dimensions three for moderate to high wavenumbers and realistic geometries
and/or boundary conditions is a problem where current computational methods are not yet capable to
address efficiently.

In order to approximate the solution of the Helmholtz equation in an infinite domain with a direct nu-
merical method, the domain first has to be truncated in some way and, in turn, an equivalent problem
be posed in the resulting finite computational domain. A common approach for truncating an infinite
domain is to introduce an artificial boundary that surrounds the region of interest for the wave phenom-
ena that are studied, and derive appropriate absorbing boundary conditions (ABCs) to impose on this
artificial boundary. In the ideal case, these ABCs aim to allow waves to leave the computational domain,
as if they were propagating into an infinite one, without causing spurious reflections from the presence
of the artificial boundary. Several types of ABCs exist, including local and nonlocal ABCs (see, e.g., the
book by Givoli [12]) and perfectly matched layers (PML) [35, 21, 4]. Other numerical methods for these
kinds of problems that have been developed and widely used during the last four decades include the use
of absorbing layers, infinite elements, boundary integral methods, and various semi-analytical methods.
Similar challenges arise in the important case where a point source emanating waves is included in the
model. The treatment of artificial boundary conditions follows standard approaches, provided that the
point source remains within the computational domain, but then the numerical treatment of the problem



with finite elements becomes cumbersome due to the presence of a distribution as a source. Our aim
is to systematically develop efficient finite element methods which simultaneously fulfill the following
objectives: (i) they are able to handle realistic scenarios, including geometries and boundary conditions,
(ii) point sources are included in the model, but lie outside the computational domain, and thus the
derived model includes their effect on the boundary rather than as a distribution appearing in the right
hand side of the principal part of the equation, and (iii) the resulting models are mathematically stable
with wavenumber explicit constants [27, 29, 28]. Several challenges arise from both computational and
analytical perspectives due to the mathematical structure of the problem. Notably, the model exhibits
distinct behaviours in the near-field and far-field, even in one dimension, placing it in the class of scat-
tering problems involving a non-compact perturbation of the boundary. The focus in this paper, is to
consider the spatially dependent, variable wavenumber case, and as a proof of concept, to analyse the
one-dimensional model problem, including finite element approximations.

Our model has interesting similarities, which will be further explored in a forthcoming work, with a
problem of great importance appearing in several applications and concerning the understanding of the
acoustic scattering effect of a non compact perturbation of the boundary of a flat two-dimensional waveg-
uide, resulting to a non-uniform waveguide with different constant widths at infinity. In such a model,
it is usually assumed that the acoustic field is generated by a harmonic point source located in a region
with constant width. It is known that while scattering by bounded obstacles can be treated essentially
by the same methods as the corresponding problem for the Schrodinger operator with short-range, even
of compact support, potential, scattering by non compact obstacles acquires remarkable similarities with
multi-particle quantum scattering, and different channels can be considered that correspond to different
exits of the obstacle at infinity [36].

A two-dimensional waveguide problem.

To fix ideas, we describe first a two-dimensional problem. Then, in the forthcoming sections we shall
study its simplified one-dimensional version. We consider the Green’s function for the Helmholtz equation
in a two-dimensional waveguide consisting of a single water layer overlying an acoustically-soft bottom
of variable topography. The upper boundary of the waveguide is assumed to be a horizontal pressure-
release surface. We introduce a Cartesian coordinate system (x,y), where the z-axis lies on the surface
and the y-axis (depth) is taken to be positive downward, see Figure 1. The acoustic field is generated by
a time-harmonic point source of frequency located at (zs,ys). We also assume that the inhomogeneities
of the medium and the variable bottom topography are confined in range within an interval [z7, z5].
Specifically, we assume that the bottom is the graph of a sufficiently smooth, positive function h, such
that h(z) = Dy, for © < x; and h(z) = Dp, for © < x9, where z; < 21 < 23 and Dy, D are positive
constants.
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Figure 1: Schematic representation of the waveguide and basic notation.

In this model the acoustic field (usually acoustic pressure) satisfies the Helmholtz equation,[19]
—Au(z,y) — Ku(z,y) = 6(z — 25)6(y — ys), (1.1)

where § denotes the Dirac distribution and the (real) wavenumber k is a sufficiently smooth function of
the form

kn, for z < x4,
k(x,y) = kwi(z,y), for z1 < x < z9,
kp, for x > xs.

Moreover, we assume that k(x,y) is continuous and 0 < kpin < k(2,y) < Kkmas for all (z,y). Equa-
tion (1.1) is supplemented by homogeneous Dirichlet boundary conditions on the surface and on the
bottom and by appropriate radiation conditions stating that

u(zx,y) is ‘outgoing’ as x — +oo.



When one is interested in solving this problem computationally with a direct numerical method, the
original infinite domain has to be truncated. One way to achieve this is by introducing two artificial
boundaries at some appropriate values of z, near the source (at = xny € (zs, 21)) and far from the source
(at x = xp > x3), denoted by T'y and 'y, respectively. On these artificial boundaries suitable nonlocal
conditions of DtN type may then be imposed, which are essentially derived from explicit solutions of the
associated PDE problem in the semi-infinite strips (z < 1 and & > x3). Moreover, €, I's and I'; denote
the bounded part of the waveguide, of the surface and of the bottom, respectively, that are confined
between x = xny and x = xr. The construction of the DtN map at the boundaries z = zn,zp is an
involved procedure based on the analytical construction of the radiating wave fields in the half strips
r < xn,x < xp. For example, at the boundary = = xp, we get the condition

ou
%(xFU y) = T1U<y) + TQU(y)7
where
MF oo
Tyu(y) =i Y \[k% —pf ul(@p) Y (y) and Tou(y) :=— Y\ ul — k2 ul(zr) YV,F ().
n=1 n=Mpr+1

Here, Mp is the finite number of propagating modes (waves oscillating at © = +o00, as it is dictated by
the radiation condition), and

2 D
2 F
pﬁ = (gi) , YnF = HiDF sin —Tgrj, n=12..., uf;(:vp) ::/0 u(xp,y) Ynf(y) dy,

are the eigenvalues, resp. the orthonormal eigenfunctions (that form a complete orthonormal system in
L?(0, D) with respect to the standard inner product), and the corresponding Fourier coefficients of the
wave field u(z > zp,y), respectively. The DtN condition at the boundary z = z has a similar form,
apart that it contains an extra term arising from the point source in x < z .

It is important to emphasize here that the waveguide problem described above is quite different from, and
much more difficult, than the case of a locally perturbed waveguide, where Dp = Dy and k = const. for
x> zp and z < zy, and any perturbation either of the boundary (bottom) or/and of the wavenumber
is confined in the region zny < x < xpg. In the latter case the radiation conditions at x = d-oco are the
same, while in the former case, where Dr # Dy or/and kr # ky, they are different on the left and
the right. Therefore, when the perturbation of the waveguide is non local, we cannot exploit ideas and
techniques from the theory of smooth compact perturbations [31] and “black box” scattering [9]. In
order to understand the problem, it seems appropriate to look separately at the scattering mechanisms
arising from the perturbation of the boundary and from the perturbation of the wavenumber. In this
respect, we study in this paper the FEM solution of the simplified one dimensional problem of smooth
non local perturbation of the homogeneous medium.

Literature review.

Finite element methods coupled with ABCs in unbounded waveguides can be traced back to the work
of Fix and Marin [10], where they study the Helmholtz equation in a cylindrical semi-infinite waveguide
and propose a finite element method coupled with a “generalized radiation condition” imposed on an
artificial boundary. They used separation of variables to derive their outflow boundary condition which
is now known as the Dirichlet-to-Neumann (DtN) boundary condition [20, 12]. Goldstein [13] intro-
duced a finite element method for solving the Helmholtz equation in a perturbed semi-infinite cylindrical
waveguide with a nonlocal ABC of the form du/0n = T'(u), where n denotes the outward unit normal
on the artificial boundary and T is the DtN map in the form of an eigenfunction series, He rigorously
demonstrated the accuracy of the method and, moreover, he examined the effect on error estimates of
truncating the infinite series appearing in the definition of T'. Bayliss et al [3] considered the Helmholtz
equation in a two-dimensional Cartesian waveguide with a suitable radiation condition at infinity. Their
numerical experiments indicated that for a second-order method the error in the L? norm grows with
the wavenumber k, when kh is kept constant, whereas it remains bounded for k3h? = const., where h is
the mesh size. Bendali and Guillaume [5] introduced quasi-local non-reflecting boundary conditions for
the Helmholtz equation in a semi-infinite waveguide that were perfectly transparent for all propagating
modes. Athanassoulis et al. [1] considered an underwater sound propagation problem in a two-layered



marine waveguide with (locally) range-dependent interface and locally variable sound speed, and com-
pared the results of a coupled mode method with those of a finite element method in range-dependent
test problems.

Frequency explicit stability and finite element error bounds are important, since may highlight subtle
correlations between the wave number and the mesh size. Such detailed analysis was initiated by I.
Babusgka and his collaborators on mid 90’s, for detailed experimental and theoretical studies of these
works we refer to the book of Thlenburg [17] and the references therein. The stability analysis based on
energy methods via nonstandard test functions was considered in the works of Makridakis, Thlenburg
and Babuska [24] and Melenk [25]. Similar test functions were considered previously [30], and were
instrumental in the derivation of a Rellich-type identity [8]. Such tools were employed in the case of a
constant wavenumber, two-dimensional model problem [28]. The well-posedness was established under
the assumption that the bottom is downsloping, i.e., it is described as an increasing function of the range
x. A key step to this analysis was the derivation of a stability estimate that implied uniqueness which,
in turn, inferred existence [24, 25, 15].

We are interested in analysing the model mentioned above in the case of a variable wavenumber that
reflects time-harmonic wave propagation in an inhomogeneous medium. Variable wavenumber introduces
a number of technical issues which we address in the one dimensional problem below. For related early
works we refer to the work of Aziz et al. [2], where they proved a rigorous convergence theorem for a
one-dimensional heterogeneous Helmholtz problem under the assumption that k%A is sufficiently small.
Makridakis et al. [24] considered a problem with piecewise constant material properties in one dimension.
Recent works include the paper by Chaumont-Frelet [7] on high order methods for a one-dimensional
problem with piecewise constant coefficients that allow for an arbitrary number of jumps, the work of
Sauter and Torres [33] on the stability of a one-dimensional heterogenous Helmholtz equation for high
frequencies with non-smooth and rapidly oscillating coefficients on a bounded interval, and the paper
by Graham and Sauter [15], where they present the stability theory and the numerical analysis of the
Helmholtz equation with variable coefficients of low regularity, in one to three space dimensions.

The rest of the paper is organized as follows. In Section 2 we describe the problem governed by the
Helmholtz equation in the whole real line, with a harmonic point source located at some point x = x4,
and a wavenumber that may vary within a bounded interval that does not contain the source, while it
assumes constant but different values elsewhere. Then we introduce two artificial boundaries near and far
from the source, and we formulate an equivalent problem on the resulting bounded domain by imposing
DtN-type conditions on the artificial boundaries. The derivation of the near-field boundary condition is
discussed in detail. In Section 3 we describe the weak formulation of the problem, we introduce notation
and prove some preliminary results. Section 4 is devoted to the well-posedness of the variational problem,
that is established under an assumption that allows k to increase arbitrarily with x but imposes significant
restriction on the oscillations that are allowed. However, this assumption and the use of a “Rellich”-type
test function let us derive a stability estimate that implies uniqueness. Then existence is inferred by the
Fredholm alternative. Let us remark here that well-posedness may be also obtained using the unique
continuation principle, as in Graham and Sauter [15], without resorting to proving a stability estimate,
but this approach does not lead to wavenumber explicit estimates. In the remaining part of this section
we prove an inf-sup condition. Our approach allows for the reduction of the computational domain size
(see Section 6), enabling the use of efficient computational methods for higher wavenumbers. In Section
5, we demonstrate that classical error analysis can be derived for finite element approximations of our
model problem, with a focus on bounds that explicitly depend on the wavenumber. In Section 5.1,
we derive error estimates for linear elements by calculating the dependence on the variable k of the
corresponding mesh restrictions. In Section 5.2, we provide a more general stability and quasi-optimality
analysis applicable to abstract discrete spaces. We employ standard arguments based on ideas introduced
by Aziz et al. [2], Makridakis et al. [24], and Melenk [25], adapting the approach from Schatz [34]. The
concept of the approximability of the dual problem, introduced by Sauter [32], is essential in Section 5.2.
In Section 6, as a proof of concept, we present the outcome of some numerical experiments for various
wavenumber configurations. Our experiments indicate that the introduction of the artificial boundary
near the source and the associated boundary condition lead to an efficient model that accurately captures
the wave propagation features.



2 Formulation

We consider the (locally) heterogeneous Helmholtz equation
—u" — k*(2)u = §(x —x,), z€R, (2.1)

where § is the Dirac distribution. We assume that the wavenumber k is a C' function that may vary
in a bounded interval [z1, 3], which does not include xs, while it remains constant elsewhere, see the
schematic representation in Figure 2. In particular, let s < 1 < x2 and

kr, for x < x1,
k() =< ki(x) foraz <z <mog,
kr for x > xs.

Moreover, we assume that k(x) is bounded below and above by two strictly positive numbers ki, and

k =k « k= ki(x) —» k=kgp

Ty T, I Zo TR xr

Figure 2: Schematic representation of the problem setup and basic notation. The cross indicates the
location of the point source.

Emax, respectively, i.e. 0 < kmin < k(2) < kmax. Equation (2.1) is supplemented by the Sommerfeld
radiation condition at o0, ensuring that the wave field is outgoing as x — £o0.

A common procedure for the numerical solution of problems of this type, with a direct numerical method,
is to truncate the originally infinite domain by introducing an artificial boundary and applying suitable
non-reflecting conditions on it. In this one-dimensional model problem a standard practice is to introduce
two artificial boundaries at * = x, and = = xR, so that the computational domain (zr,,zg) includes the
point source and the interval (z1,z2) where all the medium heterogeneities reside. Next, the classical
Dirichlet-to-Neuman (DtN) boundary conditions may be imposed to the artificial boundaries (z = =,
and z = zg). In this simple one-dimensional case, outgoing waves at +oo satisfy the corresponding
Sommerfeld condition at any finite x [12, 17], therefore the usual DtN boundary conditions are simply
u'(zr) + tkpu(zr) =0 and v/ (xg) — ikru(xr) = 0.

However, in the current setup we may further truncate the domain and introduce the artificial boundary
at x = xp so that x5 < z; < x1. In this way, the source is outside the computational domain and an
alternative condition must be imposed on the artificial boundary x = z, ‘near’ the source, that will
account for the effect of the source and will also be ‘transparent’ (in the sense that it does not introduce
spurious reflections) for left-going waves. In what follows, we present the derivation of this ‘near-field’
boundary condition.

2.1 Derivation of the ‘near-field’ boundary condition
Let z < 27 and consider the associated homogeneous problem
—u —kiu=0. (2.2)

Equation (2.2) has two independent solutions o1 (x) = 2% and po(z) = e~ 2%, The Wronskian is
equal to W (p1, p2) = —2iky,. Therefore, the solution of (2.1) for < z; may be written as

(@) = ae®rT 4 pemikie | /l @1(5)@2(3?2;22(%)%(5) 6(& — xs) de

Z1

_ aelk:Lw + befzk:L;v o 7/ (eszgefszw o eszwefsz§> 5(5 o xs) df
QZkL 1

— aesz:r + befszm S / (672]6[,(175) _ esz(m7£)> 5(5 _ ll:s) dé
2ZkL 1

Case A: Let x5 < x < x1. Then, x4 & (x,x1) and

u(x) = aeFL® 4 pethre,



Case B: Let x < x4, < 1. Then

wlz) = aesza: + befsza: - (efsz(wfa;s) _ esz(wfx5)>
( ) QZkJL
— (a+ e*ikL(ES) eik[,iv + (b eikaEs) e*ikLz.

2ik; - 2ikr

The term e**2® represents a right-going wave while the term e~ **2% represents a left-going wave. There-
fore, u is outgoing at —oo if

_ 1 —ikLxs
T T2k € '
Hence, for —oo < x < x5 we have
— b o ik‘LIS 72’](7[,:6.
u(z) = ( ik e )e
For z, < x < x1 we have
. . 1 .
—_ ikrx b —ikpx ith - _ —ikpxs
u(z) =ae +be wi a iy e ,
so that 1
u(z) = “ o, ethr(@=2s) 4 peikre, (2.3)

Differentiating (2.3), we get for z, < x < 21

1 - )
’ — _ . ik (x—xs) _ —ikrx
u'(z) Sk ik e ikpbe
. 1 . )
(2:3) -3 eikr(z—xa) _ iky, (u(x) + S esz(ac—xs))

= —ikpu(x) — ethr(z=zs),

Now, the near-field non-homogeneous DtN-type boundary condition results by evaluating the above at
x =z, for some z, € (x5, 21)

W' (xp) = —ikpu(xy) — etFr@r=as), (2.4)

Therefore, the original problem for (2.1) is replaced by the following equivalent problem posed in the
bounded interval 2 := (z1,xr). We seek a complex-valued function u such that

—u —E*(x)u=0, z€Q,
u'(xp) = —ikpu(xp) — e*rd,
v (xg) = ikru(xg). 2.7

where d := x;, — x5 is the distance between the source and the near-field artificial boundary.

3 Weak formulation of the problem

Let H := H*(Q) and denote by || - || the usual L?-norm and by || - ||; the corresponding H'-norm. We
introduce the k-dependent norm
"2 2\ /2 "2 2 2, \1/?
oy = (I ) = (11 + | K2 (o)) (3.1)
Since 0 < Emin < k(#) < Emax, |||l is equivalent to the standard H'-norm || - |[;. Moreover, let

D := xp — xp, denote the distance between the two artificial boundaries.

Let v be a test function in H'(Q). Multiply (2.5) by v, integrate over (zr,7r), and use integration by
parts and the boundary conditions (2.6), (2.7), to get

/lR (W — K (z)uv) do — ikpu(zR)v(zR) — ikpu(z)o(zr) = ™4 5(z ).



We introduce the sesquilinear form

B(u,v) := /wR (W' — k*(z)uv) dx — ikpu(zr)v(zR) — ikpu(zr)v(zL). (3.2)

L

Let u € H'(2). Then the weak form of the problem (2.5)-(2.7) reads:

B(u,v) = F(v) for all v e H(Q), (3.3)
where F is the antilinear functional defined by F(v) := e?*r4
Lemma 3.1. Letv € H.

(i) It holds that

@(Z'L).

loll < =llwlly and Jolls < Cillolly,  where Cy:=max{1, .—}. (34)
(i) The following trace inequality holds
1
w(a)] < (Jo(e)]? + [o(er)?) " < Cs o] V2[l0] 1/ < Cs Z= 1ol (3.5)

where Cy := 23/4 maX{L %}, C3:= 011/202, and a is either of the endpoints xy, xr of ).
Proof. (i) Since v € H,

1 1 )
ol < ||kv||2<k—(uvu2+||kvn) ol

min min min

ol < [lv'I1” +

- < max{l }HUHH

(i) Consider the integral [, (h|v|?) where h is the linear function h(z) := & (z — ) — 1, so that
h(zr) = —1 and h(zg) = 1, [15]. Using the fact that Re{vt’} = %(|v|?),, the Cauchy-Schwarz

inequality, the elementary inequality o + 3 < v/2(a? + 42)Y/2, and (3.4), we get that

len)P +lote)? = [ (o), = / (o) 55 [ =2 [ h Refurt) + 5 Jol?

TrrL L

TR
< 2/ |h] [ol [v'] + =5 Hvll2 < 2|l + & ||v||2 = 2[ol| (V[ + & IIUH)

L

1
< 2max{1, —}an( |v’|| + ol < 2v3max{1, T} wlel

< 2v/2max{1, }01 ||UHH
O
Proposition 3.1. For all u,v € H, B is a bounded sesquilinear form with
kr +k
Blu,0)] < Callully ol where Cy=1-+C3=222R, (36)
and satisfies a Garding inequality
Re B(u, u) > [[ull3, — 2k lul* (3.7)
Proof.
TR TR
Blu,v)| < | [ W'da|+]| [ K (e)uvda| + krlu(zr)o(zr)| + krlu(zr)o(zL )]
xr xrrL

< [l + lkulll kvl + krlu(zr)l[o(@r)| + ko lu(zo)[[o(zL)]-



Holder’s inequality and (3.5) imply that

C? C? kr + kg
= krlullyllvlly + = kellully vl = (1+C3

kmm kmin

1B(u, )| < [lullyllolly + ) iz llvlly,-

kmin
Moreover,

Re B(u,u) = /

TR

TR
(Ju'* = & (@)[ul®) da = ||ull3, - 2/ K2 (@)[ul® do > J|ul3, — 2o llull*.

X T,
O
4 Well-posedness of the variational problem
Assumption. Suppose that there exists some 6 > 0 such that
K (x)
1 - >0 . 4.1
+ (x xL)k:(x)_ >0 (4.1)
Theorem 4.1. Assume that (4.1) holds and let w € H*(Q) NH be a solution of (3.3). Then,
C
lull,, < Cs5(k,0,D), where Cs5= ; ; (|1 = 6] + 2kgD). (4.2)
Proof. Consider the ‘Rellich’ test function w(z) := (z — p)u/(x) + cu(x), where « is a real constant.

Clearly, w'(z) = (x — xp)u” (x) + (o + 1)u/(z). Then,

B(u,w) = /:R (W'w' — k*(z)uw) dz — ikgu(zr)W(zR) — ikpu(zr) W(zL)

L

{

=au(zr)

:/zRu’[(a—&—l)a’—i-(x—a:L)ﬂ”] dx—/xR k() u [(x — 2p) @' + o] do

L

—ikgu(zr)[(zr —z) W(zr) +ot(zg)] —iakp|u(zr)|?
— —
=D =—ikru(zr)
TR TR TR
= (a+1)/ |u/\2d:cfa/ E*(x) |ul? der/ (x —xp)u'u" dx
Ty T, TrL

TR
- / (x — xp) K*(x) vt de — k% D |u(zgr)|* —ickr|u(zgr)|* —ickp|u(zr)|*.

L

ecall that Requu'} = 5(|u|®)  an equ'u’ = 5(|u|?) . erefore, taking real parts, we have that
Recall that R, ! ;21 d Re{u'u" ;’QLThf ki 1 h h

TR TR
Re B(u,w) = (o + 1)/ |u'|* do — a/ E*(x) |u|? dx

TR TR
—|—/ (x—xL)Re{u’ﬁ”}dx—/ (x —zr) k*(2) Re{ut'} dz — k% D |u(xg)|?
Ty, on on Ty,
- (a—|—1)/ |u’|2dx—a/ k2(2) |uf? da
1 [on /2 Loen 2 2 2 2
+§ (x— ) (|| )de—§ (z —zp) kK*(z) (|u?)  dz — k% D |u(zg)]*.
xr L

We integrate by parts to deduce that

5 [ ) (W), do = [ @ - ) W@ e 5[ WP

L xrr L
S0 W 5 [
=—-D |u'(z —= u'|”dx
2 Y2,
=K lu(er)?
1 2 2 1 on 112
=5 Dkglu(zr)l” 5 |u'|” dz,
Tr



f/IR(x — ) k*(z) (|u|2)xdx = [2 (x —xp) K> 3
= 5 Dk lute) = 5 [ @) o
- ;/:R(x—xL)Qk(x)k () |u|? da

Hence,
TR

TR TR 1 1
Re B(u,w) = (a + 1)/ lu'| dx — a/ E*(x) |ul? dz + = D E%|u(zr)|* — 7/ |u'|? dx
x x 2 2 zr
TR

1 1
~ 3 DR luCe)? + 5 [ B @)l do

L

L L

1 [*r k’(x)
+ B LL k2($) (x—zp)2 o) |u‘2 dr — /C?%D |U({ER)|2
= (a+ %)/x e d;v—i—%/m k2(2) {1 20 —2) ’Z((;f)) _ 20{} e — K D u(zn)]

Now take a = —1 + . (Of course, a + 3 = £ and 1 — 2a = 2 — 6.) Then,

k/
Re B(u,w) = | l|lu'[|? + / E*(z 2—|—2(m—x,;) k((:f)) —9) |u|? dz — k% D |u(zgr)|*. (4.3)
1) holds, it turns out that 2 + 2 (z — z) ]Z This implies the

Since (4. 2 _ 9 >0 foral z € [z, 25
estimate

TR
SR+ 5 [ R P do < ReBluw) + K Dlutzr) P = 3 lul, < |B(ww)] + ¥ Dlu(er) .

Recall that [B(u,w)| = |F(w)| = [e*24||w(zL)| = |a|lu(zr)| = |252||u(z)|. Therefore
> _[1-6 2 2
2ty < 25 () + K D utara) P (14)
It also holds that
—Im B(u,u) = kglu(zr)|* + kru(zr)> (4.5)
Hence
k% D u(en)|* < kn D (knfu(en)® + kylu(en)?) = ~kn D Tm Blu, u),
from which we have
ki D u(wg)|* < kr D|B(u,u)| = krD |F(u)| = krD |u(zy)|- (4.6)
Therefore, (4.4), (4.6), and (3.5), imply that
1t < (5 4 kD) el < (57 + kaD) <22l
that is,
e < 5= (11 =01+ 2kxD).



Remark 4.1. The wvirial condition (4.1) can be formally derived from a well-known quantum non-
trapping estimate applied to the homogeneous version of the Helmholtz equation (2.2). Let ko be any
fixed reference wavenumber and 7(z) = k?(x)/kZ. We rewrite the homogeneous Helmholtz equation in
the form of a Schrédinger equation —u” + V(z) = Eu(z), where V(x) = k(1 — n(z)) and E = k3. The
quantum non-trapping condition (see equation (21.9) in Section 21.1 of Hislop and Sigal [16]) requires
Se(x; Viv) =20 (x)(E — V(z)) —v(x)V'(x) > € for some ¢y > 0, and a smooth function v(x). Thus,
we get the condition

k2(2v'n+vn') > € . (4.7)
Here, we make the special choice v(x) = x — z,, which implies
20+ (x —xp)n > eo/k3. (4.8)

By substituting n = k?(z)/k2 in the last inequality we derive (4.1) with 6 = €o/2k2, .-

The solution of the differential inequality (4.7) is v(z) = 50~ /?(x) f(fo a(s)n~Y2(s)ds, ap < = < o0,
0

where a(s) > € is an unspecified function which can be chosen according to a particular problem. Then,

Se(z;Viv) = a(z),a0 < o < co. Note that Aziz et al. [2] use such function v with a(s) = 1 in the

proof of Lemma 2.1.

A multidimensional version of condition (4.8) is required for the proof of Theorem 2.19 in Graham et al.
[14], where they study the 2D and 3D exterior problem for the Helmholtz equation in a heterogeneous
medium by using Morawetz’s multipliers. An instructive explanation of this condition, on the basis
of geometrical optics, is given in Section 7 of this paper. To the best of our knowledge, this virial
condition appeared for first time in the works of Kucherenko [22, 23] where he constructed the short-wave
asymptotic expansion of Green’s function for the multidimensional Helmholtz equation in inhomogeneous
medium and the stationary Schrédinger equation.

Remark 4.2. The use of the standard test function w(x) = (x —zp)u'(x) would require the assumption

142(z —z1) ]Z,(('f)) > ¢ > 0. Note that in two and three dimensions [14], the use of the analogous test

function w(z) = x - Vu requires again the assumption 1 + I'Z(];()w) >0" > 0.

Remark 4.3. The case § > 1 in assumption (4.1) forces k to be strictly increasing. Therefore, to allow
some oscillatory behavior for k, in practice we will assume that 0 < 6 < 1.

Proposition 4.1. Assume that (4.1) holds and let u € H*(Q) N*H be a solution of B(u,v) = 0, for all
v€H. Then, u=0 a.e. in Q.

Proof. Take v = u. Then (4.5) implies that kg|u(zgr)|> + ki|u(zL)|? = 0, i.e. u(zr) = u(zr) =0. In
turn, (4.4) shows that Hu||§_[ <0. O

Proposition 4.1 implies uniqueness for the problem (3.3). Existence follows from Garding inequality (3.7)
and the Fredholm alternative.

In the remaining of this section we will prove a stability result for an auxiliary problem which will allow
us to establish an inf-sup condition for the sesquilinear form (3.2).

Proposition 4.2. Assume that (4.1) holds and let u € H?(Q) N'H be a solution of
B(u,v) = (f,v) for allveH, (4.9)
for some f € L*(Q). Then

2v2D max {1, 2 (1+ 1=0)}
. .

[ully; < Co(k, 0, D)||f||, where Cg = (4.10)

Furthermore, u € H*(Q) and
]| < (14 Cokmax) || fI- (4.11)

Proof. As in the proof of Theorem 4.1, we consider the ‘Rellich’ test function w(z) = (z — zp)u'(x) +
9=1y(z). Using the same arguments as before we may prove that

0. ,, 0 [*F
5 I1”+ 5/ k(@) |uf? de < |B(u, w)| + kr D [B(u, )| = |(f,w)| + kr D |(f,w)|-

L
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Obviously, |(f,u)| < ki;n , i (z) = (z — xL)u’(m) + %51 u(z) we have that
0 —

Kﬁwﬂzy/”[w—xmﬂ@w<>+ ()] daf

gD|/:f(x v) da| + 1L 9||/ f(@)a(z) da]

1-0
< DA ] + 200 .

2 min

Using the relations above we get that

0 2 , |1 —9| krD
— <
5 lullze = DSkl + ( ST — ) [l

k 1-—
= DU+ 2 (14 2 D )k

Kmin 2krD
=20 [l + 2 (1 B ] 221
<& i 2 (s B )+ 2 g
<& [P+ (;TR> (1+ |21k;1:9)|)2 ou2] + D; I£12
< S mac {1 () (0 B i, + Z e,

where ¢ is an appropriately small positive number. Therefore,

(0 max {1 (k]zi)Q(l + |21k;g|)2}) lulf, < QTDQ 71

2 2
Now we choose ¢ such that € max {1, ( kr ) (1 + ;}C_%‘) } = g. Then,
rn]n R

0 e 2D o ADPmax{L () (4 g g))
Sl < == 17112 = - I1£1
8D2%max {1 2 1+ [1-0]y2
= Jlully, < {(gf( ab) by
2v/2D max {1, 22 (14 101
= [lully, < 3“ it

To prove (4.11), note that u is also a (strong) solution to the problem:
—u — B (x)u=f, z€Q,
u'(zp) = —ikpu(zr),
v () = ikpu(xg).
Hence, u € H*(Q) and
| < I%ull + 1IN < Fmascllkull + 1] < Rmaellully, + [1£]

(4.10)
< CkaaXHf” + ”f” = (1 + CkaaX)”fH'
O

Theorem 4.2 (Inf-sup condition). Assume that (4.1) holds. Then, the sesquilinear form B(-,-) defined
on H x H satisfies

ReB 1 1 -1
sup e Blu,v) > ( + C7> llull,, forall uweH, (4.12)
0#£veEH HU”’H kmin kmm
where o
) 4v2D max{L k}fan ( + ikm:l))} .
T 0 k2.

11



Proof. Let u € H be given. We shall show that there exists v, € H such that
Re B(u,vu) 2 [lullygllvulls,

where we use the notation A 2 B as a shorthand for the inequality A > ¢ B, for some constant c¢. To
this end, it is enough to show that: (a) Re B(u,v,) 2 ||u||3{, and (b) [Jully 2 [|vally-

Let v, := u + z, for some z € H. Then,

k?nm
1 1
B(u,v,) = B(u, T u+z) = = B(u,u) + B(u, z)
k12nax 2 rnax 2
= B ) + 2 2 4 B, 2) — 2w,

=1 =II
Now we choose z such that the term II vanishes, i.e., let z be the solution of

2

B(p,z) = 21;;';‘”‘ (¢p,u), forall ¢ € H. (4.13)

min

Note that, since H C L?(€2), the strong formulation associated to (4.13) reads: Find z € H that satisfies

the following adjoint boundary value problem with datum 2 k‘;"‘”‘

min

2

k
— k% (x)z = Zkglaxu, x €,

min

2(xp) = ikpz(zp),

2'(xRr) = —ikrz(zR).

For (4.13), we may prove that the results of Proposition 4.2 still hold, thus z may be identified as the
unique solution of (4.13) that satisfies the estimate (4.10). Hence,

4\/>D max {17 kmm ( ;cRQD‘)} kmax
0 Fin

min

Izl < C7llul|, where C7 :=

Moreover, (3.4) implies that
Cy
2l < 2 Nl (4.14)

With this choice of z we have that

max 1 2 krznax max
Re B(u ) = B )+ 2522 2 % Lz, — 2B ey 2B = g,
This shows that (a) holds. Specifically,
1 2
Re B(u,v,) > = l|ull, - (4.15)
Now,
1 1 14) Cy 1 /1
hwﬂhaﬁ+zﬂs%mwm+wm < gl + o ol = 5= (5= + O e
Hence 1
lullyy = Fmin T Cr l[vallg, (4.16)
kmln

and (4.15), (4.16), imply that

1 1 1 -1 1 1 -1
Re B(u, va) 2 To—llulf, = —lulyghmin (- + C1)  loully = (== +C1)  lullalivnlae

min min min kmln kmm

O
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5 Finite element approximation

In this section, as a proof of concept, we demonstrate that classical error estimates and quasi-optimality
bounds can be derived for finite element approximations of our model problem. Since one of the aims of
our approach is to significantly reduce the size of the computational domain, see the numerical results
in Section 6, thereby enabling efficient methods for higher wavenumbers, we wanted to theoretically
support the claim that the behaviour of the finite element method remains stable as expected. The
material presented here can be derived using well-established arguments.

First, we derive error bounds for linear elements following Schatz [34], aiming to explicitly calculate the
dependence of the mesh size restriction on k, see (5.7). Next, we extend our analysis to arbitrary discrete
spaces, including any type of conforming finite elements, demonstrating quasi-optimal bounds and the
discrete analog of the inf-sup stability condition (4.12). This analysis is based on ideas introduced in
Aziz et al. [2], Makridakis et al. [24], Melenk [25], and adapts the approach from Schatz [34]. It also
incorporates the notion of approximability of the dual problem introduced by Sauter [32], all of which
are now considered standard arguments.

In Section 5.1, we explicitly work out the dependence on variable k in the involved constants. In
Section 5.2, we provide a more general stability and quasi-optimality analysis. For a discussion on the
restrictions and a comparison to existing results, see Remarks 5.1, 5.2.

5.1 Convergence for linear elements

In what follows we use the classical ideas of Schatz [34]. For 0 < h < 1, let S, be a finite-dimensional
subspace of continuous, piecewise polynomial functions in H'. We assume that for every v € H?(Q) the
following approximation property holds

inf {[|lv—¢| +hlv" — ¢} < Cs h*|[0"|. (5.1)
PESH

In the sequel, C' will denote generic constants, not necessarily the same at any two different places, that
are independent of k. Let uj, be the solution of

B(up, ¢) = e 94(xr), Vo € Sy (5.2)
Let us denote ep, := u — up. Then, Garding’s inequality (3.7) implies that
Re B(en,en) > llenlls” = 2kmaxllenl® & llenlly” < ReBlens en) + 2 kimaxllen]”-
Note that B(ep, ¢) = 0, for all ¢ € S},. Hence for Cy defined as in (3.6)

|B(en, en)| = |B(en,u — ¢)|
< llenllll(w = o)l + [[kenlllu — oIl + kr len(zr)||(u — @) (xr)| + ki len(zL)||(u — ¢)(zL)|
< lenllll(w = @)l + [kenllllu — ol + kr |en(zr)||(u — ¢)(zr)| + kL en(xL)||(u — ¢)(zL)|
(5.1)é3.5)

1/2
Csh [leplllu”|l + Csh?|[kenl|u”|| + kr lenlly Callu = @Il u— @11’

_Cs
V kmin
¢—J%MQM—MWM ol

Csh?
=2e|| h”

Q\f 2\

<ellenl + O§£‘|u1/||2 +e|lken* + C§EIIU"IIQ +¢|lenll3,

kr +k
0] + 2VE [len]l 5, C2C3C0F 22 B3/2||u”||?

"
+2 k
|| l \[” enl| 8 2V Fmim,

k kr)? .
ozogey PR e
h?  h? (kr + k’R)Q h3
< w " 2.
2eenllyy + O3 + 3 + G5 T i) I

Hence

lenlls* < ReBlen, en) + 2 kmaxllenll® < [Blen, en)| + 2 kmaxllenl?
kr + k‘R) h3

h? ( ht
<2 ( ) "2 49 k2 2
cllenll® + (G +C3 SEEEEE S NP + 28 e
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Choosing € = 1/4 shows that

(kL + kgr)?

kmin

1
Slenlls” < C(1+C3 B h2) B2 2 + 2K llen (5.3)

Now let z € H be the solution of the adjoint problem
B(¢7 Z) = krznax(qpv eh)v for all 7/) € H. (54)
Then, (4.11) shows that
1271l < (1 + Cokrmax)kinaxllenll- (5.5)
Let x € Sp,. Equation (5.4) for ¢ = e, implies that

(3.6
kmaxllenl® = Blen, 2) = Blen, 2 —x) < Callenllyllz = xll-

Notice that
2
Iz = xllz” =1z =X)II” + 1k(z =1 < (2 = X)'II° + Faxllz = X7

(5.1)
< CERP 2P + CF kb 127117 = C (14 B2Ea) h2(|2" [
Therefore

1/2 (5.5) 1/2
) 2R < CCullenllyy (14 K200 P B (1 + Cobimax) Kaadlen])

k2 axllen]|? < CClullen]lyy (1 + h?K2

max

from which we conclude that
llen]| < CCa(1+ h2k2,.) 2 (1 + Colimax) b [lenll,. (5.6)
Hence, by (5.3) and (5.6) we obtain

1 (kr + kr)?
slenlls” < c(1+ ¢t i B2) B2 (2 + 2 ke

ax|

kr + kg)?
< C’(l +C3 (Llji.R) h + h2) R?||u"||? +2C2C3 (1+ h2kr2nax) (1+ C’kaax)%fmaxhz||eh||H2.
Equivalently,
1 kp + kg)?
(5 — 2C2CH (1 + P22 (1 + Colimax) *Kch? ) llenlly* < € (14 €3 (Lk*i’*) B R2) B2 |2
=C
Then, provided that h is small enough so that
1 1
(5 —202C3 (1+ W2k, ) (1 + Ckaax)nglath) =Cz> 4, (5.7)

the following H'-estimate holds
lenlls; < C(k,h) b ||u”|.

The corresponding L?-estimate follows from (5.6):

llenll < C(k, k) h® [[u”|.

5.2 Convergence for general discrete spaces

The results below are based on general discrete spaces V},, which are finite-dimensional subspaces capable
of approximating efficiently solutions to our model. Without loss of generality, we denote by h the generic
discretisation parameter, not necessarily associated with the mesh size. It will be instrumental to use
the dual problem: for g € L? let z € H be the solution of the adjoint problem

B, z) = (¢,g), forallyeH. (5.8)

14



Let T be the solution operator T : L? — H, i.e., 2 = Tg. The main idea in Sauter [32] is to introduce
the quantity

Ta—
n(Vy) = sup inf M

5.9
L M (59)

We shall assume that 7(V3) — 0 as h — 0. Denoting ¥ = T'(u — up,), where up € V}, is the solution of
the discrete problem o
B(un, ¢) = e™¢(ar), Vo € Vi, (5.10)

we have that
lenll* = Blen, ¥) = Blen, ¥ — x) < Callenll5 ¥ — x5
Therefore,
lenll < Can(Va) llenlly,-
Hence, for any ¢ € V},,

lenlls,” < ReBlen, en) + 2k2 . llenl® < |Blensen) + 2 k2 llen)?
< [Blen,u— @) +2(Can(Vi) )2k 0x lenll -

N

Therefore we conclude that
lu—unllae < 2Cs inf u—xla, (5.11)
XEVh

provided the discrete spaces are chosen for sufficiently small h so that the following condition is satisfied:

(Can(Vi) K2 <

max — 4 * (5.12)
This condition, for constant wavenumber k, is the same as that used in the work of Sauter [32]. Under
similar restrictions on 7, one may prove the discrete analog of the inf-sup condition, i.e., for all ) € Vj,
there holds

Re B(v,v) @ 1
>
i (kmin

-1
> +Cr) Wl (5.13)
ozvevi  lvlly Kmin "

where « is independent of k and the constant C7 is defined in (4.12). Notably, (5.13) implies quasi-
optimal bounds but with constants that depend on the inverse of the inf-sup constant in (5.13). For
interesting discussions on this issue, see [18, 24]. Analogous differences on the stability and quasi-
optimality constants appear in [32, 26].

Remark 5.1. The main ideas of the proofs of inf-sup stability and quasi-otimality using variational
arguments can be traced back to Aziz et al. [2] (quasioptimality), Makridakis et al. [24] (discrete
inf-sup), and with a slightly different proof in Melenk [25]. Discrete stability using discrete Green’s
function was established by Ihlenburg and Babuska [18] . The variational arguments were enriched by
the interesting idea of Sauter [32] to include the approximability of the dual problem in an abstract form,
described above. This was important, since it allowed a series of developments regarding the concrete
assessment of restrictions of the type (5.12) for each discrete space. For example, in the case of Helmholtz
equation with constant coeflicients and constant &, [26] demonstrated that the h-p finite element method
yields quasi-optimality and discrete stability provided hk is sufficiently small and p > Clogk. These
results are based on explicit representations of the solution of the dual problem with right-hand side in
the discrete space and do not extend straightforwardly to other cases of interest, such as when variable
coefficients and wavenumbers are considered. Recent developments in this direction include, e.g., [6, 11].

Remark 5.2. The quasi-optimality bound (5.11) is very similar to the one derived in Theorem 4.2 of
Graham and Sauter [15], although the definition of n(V4) is slightly different. In Theorem 4.5 of [15],
concrete bounds for n(V}) are derived for finite element spaces that satisfy the analog of (5.1). It is
interesting to note, as expected, the similarity of the corresponding mesh restrictions to those required
to establish the bound in Section 5.1, as a consequence of the analog of (5.12). These restrictions, roughly
speaking, require k2h to be sufficiently small which is known to be an irreducible constraint for linear
elements.
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6 Numerical experiments

In this section we comment on the outcome of some numerical experiments performed with a code
that implements a finite element method with piecewise linear, quadratic or cubic basis functions, for
the solution of (3.3) with a variable wavenumber. In the case of a constant wavenumber ko, a direct
comparison of the numerical solution with the exact solution of the problem u(x) = i/(2ko) exp(iko|z —
5]), confirmed the expected rates of convergence in the L? and ||-||;, norms.

Here, we consider a variable wavenumber k(x) = 27 fs/c(x), where f, is the frequency of the harmonic
source (in Hz) and c(x) is the sound speed (in m/s). In all test cases reported below, the frequency is
set to fs = 4.2 kHz, the source is located at xy; = —10, and the sound speed varies within the interval
[z1, z2] = [5,15], where all distances are in meters. The results shown below were obtained for a uniform
discretization of the interval [z, xg] with N elements and piecewise linear basis functions.

Test case 1. In our first experiment we consider a sound speed that is equal to ¢; = 5500 m/s for
x < 1, decreases linearly from ¢; to ca = 2500 m/s in [z1, 2], and is equal to ¢p for > x5. This
corresponds to a wavenumber k that increases from ky (z1) ~ 4.80 to kr(x2) &~ 10.56, see the graph in
the left subplot of Figure 3. The right plot of Figure 3 shows the modulus of the approximate solution
up, in a logarithmic scale for the vertical axis. The two line colours, blue and red, correspond to the
numerical solution computed on a uniform partition of [z, xr| = [-5, 25] with N = 15000 elements and
a uniform partition of [z, zg] = [0,20] with N = 10000 elements, respectively. In Figure 4 we plot the

11 K 100 frq = 4.2 kHz
107
107
4 . . . . . 102 . . . . .
-5 0 5 10 15 20 25 -5 0 5 10 15 20 25
x (m) X (m)

Figure 3: The graph of the wavenumber (left) and the modulus of u; (right) for a linearly decreasing
sound speed profile and two different locations of the artificial boundaries.

real (left subplot) and the imaginary part (right subplot) of the finite element solution w;, for the same
two locations of the artificial boundaries. A direct numerical comparison indicates that the quality of
the approximation is independent of the location of the artificial boundaries.

Real part, frq = 4.2 kHz Imaginary part, frq = 4.2 kHz

0.15 0.15

I I

0.05 0.05

-0.05 -0.05
0.1 u 0.1} u

-0.15 - - v v v -0.15
-5 -5

x (m) x (m)

Figure 4: Real part (left) and imaginary part (right) of the numerical solution for a linearly decreasing
sound speed profile and two different locations of the artificial boundaries.
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Test case 2. Here we consider a sound speed that increases linearly from ¢; = 2500 m/s to ¢y =
5500 m/s in [z1, 23], while it is equal to ¢; for < 21, and to ¢y for & > w3, respectively. The wavenumber
k decreases from kp(z1) =~ 10.56 to kr(xz2) ~ 4.80 and is depicted in the left subplot of Figure 5. In
the right plot of Figure 5 we present the modulus of the approximate solution u; in a logarithmic scale
for the vertical axis, for the same locations of the artificial boundaries as in the previous test case. The
two line colours, blue and red, correspond to the numerical solution computed on a uniform partition
of [xp,zg] = [-5,25] with N = 15000 elements and a uniform partition of [xp,zgr] = [0,20] with
N = 10000 elements, respectively. The corresponding real and imaginary parts are shown in the left and
right subplots of Figure 6, respectively. Numerical comparisons verifies the excellent agreement between
the two solution curves and confirms the efficiency of the proposed approach.

(k) Modulus, frq = 4.2 kHz

10°

-5 0 5 10 15 20 25 -5 0 5 10 15 20 25
X (m) X (m)

Figure 5: The graph of the wavenumber (left) and the modulus of u; (right) for a linearly increasing
sound speed profile and two different locations of the artificial boundaries.

Real part, frq = 4.2 kHz Imaginary part, frq = 4.2 kHz

0.08

0.08

0.06 0.06}
0.04 H 0.04
0.02 1 0.02
0 0
-0.02 1 -0.02
-0.04 . -0.04
-0.06 -0.06
0085 0 5 10 i 20 25 0085 0 5 10 15 20 25
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Figure 6: Real part (left) and imaginary part (right) of the numerical solution for a linearly increasing
sound speed profile and two different locations of the artificial boundaries.

Test case 3. As a more challenging numerical experiment we consider an oscillatory sound speed
profile defined by

5500 for x < z1,
c(z) =4 5500 —3000[z — 21 +sin(5m(z — x1))]/(x2 —21) for 21 <z < w9, (6.1)
2500 for x > ws.

The graph of the wavenumber & for the sound speed defined in (6.1) appears in the left plot in Figure 7.
The right plot of Figure 7 shows the modulus of the approximate solution uy in a logarithmic scale for
the vertical axis. The two line colours, blue and red, correspond to the numerical solution computed
on a uniform partition of [xp,xr] = [—5,25] with N = 15000 elements and a uniform partition of
[z, xr] = [0,20] with N = 10000 elements, respectively. In Figure 8 we plot the real and imaginary
parts of uj, computed with the same two different locations of the artificial boundaries.
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Modulus, frq = 4.2 kHz
T T T

-5 0 5 10 15 20 25 -5 0 5 10 15 20 25
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Figure 7: The graph of the wavenumber (left) and the modulus of wy, (right) for the sound speed profile
(6.1) and two different locations of the artificial boundaries.

02 'Real part, ffq =4.2 kH% 0.08 Ima‘glnary pars, frq = 4.2 Isz

0.15
0.1
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-0.1H
-0.15}
02g 0 5 10 - 10 15 20 25
x (m) x (m)

Figure 8: Real part (left) and imaginary part (right) of the numerical solution for the sound speed profile
(6.1) for different locations of the artificial boundaries.

Test case 4. As a final example, we consider a sound speed defined by

2500 for x < z1,
c(z) =14 2500+ 3000[z — z1 +sin(5m(z — x1))]/(z2 —x1) for 21 <z < w9, (6.2)
5500 for x > 5.

The graph of the wavenumber k& for the sound speed defined in (6.2) appears in the left plot in Figure 9.
The right plot of Figure 9 shows the modulus of the approximate solution uy in a logarithmic scale for
the vertical axis. The two line colours, blue and red, correspond to the numerical solution computed
on a uniform partition of [xp,xr] = [—5,25] with N = 15000 elements and a uniform partition of
[z, xg] = [0,20] with N = 10000 elements, respectively. In Figure 10 we plot the real and imaginary
parts of u; computed with the same two different locations of the artificial boundaries.

From the test cases presented here, and from the outcome of many other experiments with different
sound speed profiles and with finite element spaces with piecewise quadratic or cubic basis functions,
we can conclude that the truncation of the domain and the introduction of an artificial boundary near
the source leads to an efficient method which requires only a small number of elements, and captures
the wave propagation well. It is worth mentioning that although in the last three test cases the virial
condition (4.1) does not hold, the computation of the numerical solution is still effective, and the quality
of the approximation is excellent, independently of the location of the artificial boundaries.

A final note concerns the modulus of the computed solution shown in Figures 3, 5, 7, and 9. As
expected, outside the interval (x1,z2) = (5,15) where k is constant it appears to be periodic while
within the interval is aperiodic due to the scattering of the wave by the inhomogeneity. It turns out that
the scattering effect is stronger and the oscillations of the solution are profound in the presence of rough
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(k) Modulus, frq = 4.2 kHz
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Figure 9: The graph of the wavenumber (left) and the modulus of wy, (right) for the sound speed profile
(6.2) for different locations of the artificial boundaries.
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Figure 10: Real part (left) and imaginary part (right) of the numerical solution for the sound speed
profile (6.2) for different locations of the artificial boundaries.

oscillations in the wave speed, the worst case among the test cases that we have presented here appears
for a rough inhomogeneity where the wavenumber decreases in an oscillatory way (Figure 9).

References

[1]

G. A. Athanassoulis, K.A. Belibassakis, D. A. Mitsoudis, N.A. Kampanis, and V. A. Dougalis.
Coupled mode and finite element approximations of underwater sound propagation problems in
general stratified environments. Journal of Computational Acoustics, 16(1):83-116, 2008.

A. K. Aziz, R. B. Kellogg, and A. B. Stephens. A two point boundary value problem with a rapidly
oscillating solution. Numerische Mathematik, 53(1-2):107-121, 1988.

A. Bayliss, C.I Goldstein, and E. Turkel. On accuracy conditions for the numerical computation of
waves. Journal of Computational Physics, 59(3):396-404, 1985.

Eliane Bécache and Maryna Kachanovska. Stability and convergence analysis of time-domain per-
fectly matched layers for the wave equation in waveguides. SIAM Journal on Numerical Analysis,
59(4):10.1137/20M 1330543, 2021.

Abderrahmane Bendali and Phillippe Guillaume. Non-reflecting boundary conditions for waveg-
uides. Mathematics of Computation, 68(225):123-144, 1999.

T Chaumont-Frelet and S Nicaise. Wavenumber explicit convergence analysis for finite element dis-
cretizations of general wave propagation problems. IMA Journal of Numerical Analysis, 40(2):1503—
1543, 05 2019.

19



[7]

8]

[9]

Théofile Chaumont-Frelet. On high order methods for the heterogeneous helmholtz equation. Com-
puters and Mathematics with Applications, 72(9):2203-2225, 2016.

Peter Cummings and Xiaobing Feng. Sharp regularity coefficient estimates for complex-valued
acoustic and elastic helmholtz equations. Mathematical Models and Methods in Applied Sciences,
16(01):139-160, 2006.

S. Dyatlov and M. Zworski. Mathematical Theory of Scattering Resonances, volume 200 of Graduate
Studies in Mathematics. American Mathematical Society Providence, Rhode Island, 2019.

George J. Fix and Samuel P. Marin. Variational methods for underwater acoustic problems. Journal
of Computational Physics, 28(2):253-270, 1978.

Jeffrey Galkowski and Euan A. Spence. Sharp preasymptotic error bounds for the helmholtz h-fem.
arXiv2301.03574, 2023.

Dan Givoli. Numerical methods for problems in infinite domains. Elsevier, New York, 1992.

Charles I. Goldstein. A finite element method for solving helmholtz type equations in waveguides
and other unbounded domains. Mathematics of Computation, 39(160):309-324, 1982.

1.G. Graham, O.R. Pembery, and E.A. Spence. The helmholtz equation in heterogeneous media: A
priori bounds, well-posedness, and resonances. Journal of Differential Equations, 266(6):2869-2923,
2019.

[.G. Graham and S.A. Sauter. Stability and finite element error analysis for the helmholtz equation
with variable coefficients. Mathematics of Computation, 89(321):105-138, 2020.

P.D. Hislop and .M. Sigal. Introduction to Spectral Theory: With Application to Schréidinger
Operators, volume 113 of Applied Mathematical Sciences. Springer-Verlag, 1996.

Frank Thlenburg. Finite Element Analysis of Acoustic Scattering, volume 132 of Applied Mathemat-
ical Sciences. Springer New York, NY, 1998.

Frank Thlenburg and Ivo M. Babuska. Finite element solution of the helmholtz equation with
high wave number part i: The h-version of the fem. Computers & Mathematics with Applications,
30(9):9-37, 1995.

Finn B. Jensen, William A. Kuperman, Michael B. Porter, and Henrik Schmidt. Computational
Ocean Acoustics. Springer New York, NY, 2nd edition, 2011.

Joseph B. Keller and Dan Givoli. Exact non-reflecting boundary conditions. Journal of Computa-
tional Physics, 82(1):172-192, 1989.

Seungil Kim. Error analysis of pml-fem approximations for the helmholtz equation in waveguides.
ESAIM: M2AN, 53(4):1191-1222, 2019.

V.V. Kucherenko. The short-wave asymptotic behavior of green’s function for the n-dimensional
wave equation in an inhomogeneous medium. USSR Comp. Math. Math. Phys., 8(4):294-302, 1968.

V.V. Kucherenko. Quasiclassical asymptotics of a point-source function for the stationary
schrodinger equation. Theor. Math. Phys., 1(3):294-310, 1969.

Charalambos Makridakis, Frank Ihlenburg, and Ivo Babuska. Analysis and finite element methods
for a fluid-solid interaction problem in one dimension. Mathematical Models and Methods in Applied
Sciences, 6(8):1119-1141, 1996.

Jens Markus Melenk. On Generalized Finite Element Methods. PhD thesis, University of Maryland,
University of Maryland, College Park, MD, 1995.

J.M. Melenk and S.A. Sauter. Convergence analysis for finite element discretizations of the
helmholtz equation with dirichlet-to-neumann boundary conditions. Mathematics of Computation,
79(272):1871-1914, 2010.

Dimitrios A. Mitsoudis. Near- and far-field boundary conditions for a finite element method for the
helmholtz equation in axisymmetric problems of underwater acoustics. Acta Acustica united with
Acustica, 93(6):888-898, 2007.

20



[28]

[29]

[34]
[35]

[36]

Dimitrios A. Mitsoudis, Charalambos Makridakis, and Michael Plexousakis. Helmholtz equation
with artificial boundary conditions in a two-dimensional waveguide. SIAM Journal on Mathematical
Analysis, 44(6):4320-4344, 2012.

Dimitrios A. Mitsoudis and M. Plexousakis. A finite element method with nonlocal boundary condi-
tions for the helmholtz equation with complex wavenumber in stratified waveguides. Acta Acustica
united with Acustica, 95(4):753-756, 2009.

C. S. Morawetz and D. Ludwig. An inequality for the reduced wave operator and the justification
of geometrical optics. Communications on Pure and Applied Mathematics, 21(2):187-203, 1968.

A. G. Ramm. Scattering by Obstacles and Potentials. World Scientific Singapore, 2000.

S. A. Sauter. A refined finite element convergence theory for highly indefinite helmholtz problems.
Computing, 78(139):101-115, 2006.

Stefan Sauter and Céline Torres. Stability estimate for the helmholtz equation with rapidly jumping
coefficients. Zeitschrift fir angewandte Mathematik und Physik, 69(139), 2018.

Alfred H. Schatz. An observation concerning ritz-galerkin methods with indefinite bilinear forms.
Mathematics of Computation, 28(128):959-962, 1974.

I. Singer and E. Turkel. A perfectly matched layer for the helmholtz equation in a semi-infinite
strip. Journal of Computational Physics, 201(2):439-465, 2004.

D. R. Yafaev. Scattering Theory: Some Old and New Problems, volume 1735 of Lecture Notes in
Mathematics. Springer-Verlag Berlin Heidelberg, 2000.

21



