BOUNDARY ELEMENT METHODS FOR HELMHOLTZ PROBLEMS
WITH WEAKLY IMPOSED BOUNDARY CONDITIONS *

TIMO BETCKE?!, ERIK BURMAN*f, AND MATTHEW W. SCROGGS?

Abstract. We consider boundary element methods where the Calderén projector is used for the
system matrix and boundary conditions are weakly imposed using a particular variational boundary
operator designed using techniques from augmented Lagrangian methods. Regardless of the boundary
conditions, both the primal trace variable and the flux are approximated. We focus on the imposition
of Dirichlet conditions on the Helmholtz equation, and extend the analysis of the Laplace problem
from Boundary element methods with weakly imposed boundary conditions [3] to this case. The
theory is illustrated by a series of numerical examples.
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1. Introduction. In a previous paper [3], we introduced a method of weakly
imposing boundary conditions on the boundary element method, inspired by Nitsche’s
method [16] and Babuska’s penalty method [1] for the finite element method. Weak
imposition of boundary conditions here means that neither the Dirichlet trace nor
the Neumann trace is imposed exactly, instead an h-dependent boundary condition is
imposed that is weighted in such a way that optimal error estimates may be derived
and the exact boundary condition is recovered in the asymptotic limit.

In [3], we introduced the weak imposition of Dirichlet, Neumann and Robin
boundary conditions on Laplace’s equation; in [7], we applied this method to Sig-
norini contact conditions, again for Laplace’s equation. In this paper, we look at how
this method and its analysis can be extended to be used for the Helmholtz equa-
tion, focussing on the exterior Helmholtz Dirichlet problem: Find u = u'™® + %8t €
HE (A, Q7) such that

(1.1a) —Au—k*u=0 in QF,
auscat ) ccat 1

(1.1b) ] iku™™ = o(|x| ™) as |x| — oo,

(1.1c) u=gp on T,

where 0~ C R? is a bounded interior open domain with polyhedral boundary I', QF =
R3\ Q" is the open domain exterior to {2, v is the unit normal to the surface I' pointing
outwards into Q7F, ©'™° is a known incident wave, and k € R is the wavenumber of the
problem. We assume that gp € H'/?(T"). Whenever it is ambiguous, we write v, to
denote the outward-pointing normal at the point «.

Due to the Sommerfeld radiation condition (1.1b), the problem (1.1) has a unique
solution [20]. The formulation of Helmholtz problems using boundary integral equa-
tions are covered in detail in [15], and their discretisation is examined in [23, section
7.6].
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The use of discretisation and the boundary element method to solve Helmholtz
problems has been well studied. For sufficiently small wavenumbers k, and sufficiently
smooth boundaries, the operators involved are coercive, and hence a priori error
bounds can be derived [22, 21, 8]. For values of k and domains for which coercivity
cannot be shown, error bounds have been shown that involve both the mesh size h
and the wavenumber k [2, 19]. If the wavenumber is varied, then the mesh must be
refined to keep the value of hk constant in order to maintain a low error [10]. The
use of hp-BEM methods for Helmholtz has also been studied and analysed [13, 14].

The use of blocked operator formulations to solve Helmholtz problems is com-
mon for domain decomposition problems, where the boundary element method is
used in multiple domains with different wavenumbers [17, 12], or a combination of
finite and boundary element methods can be used [11]. To avoid the appearance of
spurious resonances in solutions, coupled stabilised formulations can be solved [9].
The formulations presented in this paper are, in general, more expensive than stan-
dard formulations, as they require the assembly of the full Calderén system. In these
cases, however, larger blocked systems are already being assembled, and so it may be
possible to impose boundary conditions on them weakly with little additional cost.

The method proposed in this paper is applicable to low and medium frequency
problems. In practice, preconditioning limits the method’s effectiveness for higher
frequency problems. However, one main advantage of this method is its immunity to
eigenvalues of the interior problem: the solution to (1.1) can be found for any real
wavenumber using our method without any modification to stabilise against eigenval-
ues being necessary.

Although we do not present an analysis of problems with mixed boundary condi-
tions, we discuss our method’s potential application to such problems in section 6. As
we discussed in [3] for Laplace problems, our method of weakly imposing boundary
conditions is advantageous when solving mixed problems, as they can be implemented
by assembling different sparse terms on different parts of the mesh without needing
to adapt the Calderén part of the formulation.

In section 2, we define the boundary operators used in our formulations, and
present some of their important properties. In section 3, we derive our formulation
for Dirichlet Helmholtz problems. In section 4, we analyse this formulation, and prove
a priori error bounds. In section 5, we present some numerical experiments, and in
section 6 we give some concluding remarks.

2. Boundary operators. We define the Green’s function for the Helmholtz
operator in R3 by

eik|m7y|

(2.1) G(x,y) = e —y|’

In this paper, we focus on the problem in R?. Similar analysis can be used for problems
in R?, in which case this definition should be replaced by G(z,y) = iH(()l) (k|x—y)),
where Hél) is a Hankel function of the first kind.

In the standard fashion (see eg [23, chapter 6]), we define the single layer potential
operator, V : H-V/2(T') — HE (27 UQ), and the double layer potential operator,
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K:HY*T) — HL (QtUQ), for v e HY*(T), p € H Y*(T'), and = € R3\ T by

(2.2) (Vi) () = / G, y)u(y) dy,
(23) (ko)) = [ %;V“Z”mw ay.

We recall that v, denotes the normal to the surface I' at the point y pointing outwards
into Q.
We define the space HL (A, Q1) := {v € HL (QF) : Av € L*(QT)}, and then
we define the exterior Dirichlet and Neumann traces, 71 : HL (QF) — H'/2(T") and
N Hi (A, QF) — H-V2(D), by

(24) i@ = lim @),
(2.5) W)=, lim _ ve-Vi(y).

The interior traces vy and 7y can be defined in the same way but taking the limit
from within Q.

We recall that if the Dirichlet and Neumann traces of a solution of (1.1) are
known, then the potentials (2.2) and (2.3) may be used to reconstruct the function in
QT using the following relation.

(2:6) u=K(ypu) = V().
It is also known [23, lemma 6.6] that for all u € H~'/2(T), the function
(2.7) u? =V

satisfies —Au}j — k2u)f = 0 in R3\ I'. Similarly, for the double layer potential there
holds [23, lemma 6.10] that for all v € H'/?(T), the function

(2.8) ul = Ko

satisfies —Auf — k2uf = 0in R3\ T

We define {ypf} and {ynf}  to be the averages of the interior and exterior
Dirichlet and Neumann traces of f. We define the single layer, double layer, ad-
joint double layer, and hypersingular boundary integral operators, V : H=/2(T") —
HY2(I'), K: HY*(T) — HY*(T), K’ : H-Y*(T') - H-Y*("), and W : H/?(I") —
H~Y2(T), by

(2.9a) (Ko)(z) := { Ko} (z), (Vu)() = {1 Vu}r (z),
(2.9b) (Wo)(z) := — {wKv} (x), (K'p)(z) == {wVu}r (),

where € T, v € HY/?(T') and p € H~'/2(T) [23, chapter 6].

We define [vp]p == 7, —p and [y]p == 73 — 7y to be the jumps of the interior
and exterior Dirichlet and Neumann traces across the boundary. In [23, chapter 6],
the following jump conditions are shown:

(2.10) [l V= [nw]-K =0, [wlpV =—-[wlK=-Id,

where Id is the identity operator.
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It follows from (2.9) and (2.10) that

(2.11a) Y =V, WY =-1ld+ K,
(2.11b) THK = 1ld + K, WK = —W,
(2.11c) Y=V, WY =1ild+ K,
(2.11d) K = —3ld + K, K = —W.

We let (-,-)p denote the H'/2(T')-H~'/2(T") duality pairing. For all v,w €
HY?(T), p,n € H-Y2(T'), and a € C, this pairing satisfies

<’U7M>F + <U777>F )
a<v7/~L>F7

(2.12a) (v +w, wyp = (v, W + (W, W, (v, o+ n)p
(2.12b) {(av, p)p = a (v, p)p, (v, ap)p

where @ denotes the complex conjugate of a.
Following [23, section 2.5, the norms ||| gy1/2(py and [||| gr-1/2(p) are defined, for

ve HY?(T) and u € H-V/2(T), by

IR
(2.13) 1ol g2 (ry = <||U||L2(r)+/FAdedy> )

(w, p)r|
@18 lalgoasg = sup sl
weH/2(M)\{0} ||w||H1/2(r)

The following results are known for the single layer and hypersingular operators
in R3.

LEMMA 2.1 (Garding’s inequality for V). There exists a compact operator Ty :
H~Y2(T') — HY?(T) and ay > 0 such that

(2.15) av [|all3 1oy < (Vi i)p + Ty, ) Vu e HV2(I).
Proof. [23, theorem 6.40].

LEMMA 2.2 (Garding’s inequality for W). There exists a compact operator Ty :
HY?(T) — H~Y2(T) and aw > 0 such that

(2.16) aw 0] 31720y < (W, v)p + (Two, v)p, Vo € HY2(D).

Proof. This follows by applying the proof of [23, theorem 6.40] to the hypersin-
gular operator. O

The following boundedness results are also known.
LEMMA 2.3 (Boundedness). There exist Cy, Ck, Ck/, Cw > 0 such that

(2.17) i) IVEll 2oy < OV il 172y Vue HV(T),
(2.18) i) ||KU||H1/2(F) < Ck HU||H1/2(F) Yo € H1/2(F)7
(2.19) iii) IK bl gr-1/2(py < Cor liall =172y Vu e HVA(I),
(2.20) w) IWoll -1/20y < Cw V]l o2y Vo e H'/?(I).

Proof. |23, sections 6.2-6.5 and 6.9]. d
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We define the exterior Calderén projector by

fd+K =V
+._ (2
(2.21) Ct = ( "W K,) :
and recall that if u is a solution of (1.1a) then it satisfies
(2 22) ct 7;5” —_ FYSU
' U wu)’

When considering eigenvalues of the Laplacian, we will make use of the interior
Calderon projector. This is defined by

Lid—K Y,
-.— (2
(2.23) C ._< W ldsk)
If u™ is a solution of an interior Helmholtz problem, then it satisfies
(2.24) c (WD“> - (713“) .
INU WU

Taking the product of the exterior identity (2.22) with two test functions, we
arrive at the following equations.

(225 (pup)p = (Gl +Kdu p)p — (Vdu, )y Ype HVA(D),
(2.26) <'yf\§u,v>r = <(%Id — K’)7§1L,1)>F — <W'yf5u,v>r Yo e HY2(T).

For a more compact notation, we write u in the place of y'gu and introduce
A = vu and the exterior Calderén form

(227) CT[(u,A), (v, )] := ((31d + K)u, p) . = (VA )y
+ ((31d = KA\ v) [ — (Wu, v). .
We may then rewrite (2.25) and (2.26) as
(2.28) CH(u, A), (v, )] = (u, )y + (A v)p -
We will also frequently use the multitrace form, defined by
(2.29) Al(u, A), (v, )] = = (Ku, )p + (VA, ) p + (KA, v)p + (W, o)

and the multitrace form with compact perturbation,

(230) Arl(u, ), (0,19)] = — (Kuy e+ ((V + T)A iy
+ (K'A\ ) p + (W + Tw)u, v)p,

where Ty and Ty are the compact operators from Lemmas 2.1 and 2.2. Using (2.29),
we may rewrite (2.28) as

(2.31) Al(u, N), (v, )] = =5 (u, )y — 5 (A 0)p -

To quantify the two traces we introduce the product space

V= HY?() x HY*(I).
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We also introduce the associated norm

10, )y = vl gare oy + el 172y -

Using the results in Lemmas 2.1 to 2.3, we obtain the continuity and coercivity

of A.
LEMMA 2.4 (Continuity). There exists C > 0 such that

|A[(w777)> (U7M)]| < C ||(w777)||V H(UHU’)HV V(w777)> (%M) ev.
Proof. Use Lemma 2.3. 0

LEmMMA 2.5 (Coercivity). There exists a« > 0 and compact operators Ty :
H-Y*(T) — HY*(I') and Tw : HY*(T') — H~Y2(T") such that

o (10002 + 02y ) < AL ), ()] + (T )+ (T )
Y(v,p) € V.

Proof. Use the coercivity of V and W from Lemmas 2.1 and 2.2 and let o =
min(aw, ay). |

3. Derivation of a formulation for Helmholtz Dirichlet problems. In
this section, we derive a formulation for the exterior Helmholtz problem with non-
homogeneous Dirichlet conditions.

As in [3], we write the boundary condition as

(31) Rf‘(ua )‘) =0,

and look to solve

(3'2) A[(U, >‘)7 (Uv M)] = _% <u7 M>I‘ - % <)‘7 U>I‘ + <RF(U'7 A)?EU + E:u>1" ’
for some (1, 52 € C.

3.1. Dirichlet boundary condition. To impose a Dirichlet boundary con-

dition, we choose 8; = —iBYy?, By = ify"/?, where Bp will be identified with a
mesh-dependent penalty parameter, and
(33) Rp(u,\) = i85 (g0 — )

where gp € H'/?(T) is the Dirichlet data.
Inserting this into (3.2), we obtain the formulation

(34) .A[(’U,, )‘)7 (vvﬂ)] - % <unu>1“ + % <)‘7U>F + <IBDU7U>F = <9D,67D'U - 'u>[‘ .

This leads us to the following formulation for the Helmholtz Dirichlet problem:
Find (u, A) € V such that

(35) Al 00 + BElw ), (0,0 = Lh () V) €Y,
where

(3'6) BIJDF[(uv >‘)v (Uv N)] = % <>‘v U>I‘ - % <u7 /1'>1" + <ﬁDU7 U>1" )

(3.7) L5 (v, 1) == (g, Bov — p1) . -

We now show that a solution of the Helmholtz problem (1.1) is also a solution of
this weak formulation.
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PROPOSITION 3.1. If u is a solution of (1.1), then (y{u,viu) is a solution of
(3.5).
Proof. Let (v,u) € V. By (2.31), we see that

(A+ BO) (v, v ), (v, )]
=3 (Wu ) — 5 (Ww o) + 5 (0w, v)p — 5 (Hu )+ (Borbu v)p
=~ (vbu, ) + (Borpu, V)
= (vHu, Bov — '“>r :

Using (1.1¢), we see that

(A+ B[, ), (v )] = (g0, Bov — )y
= L (v, ). O

To discretise (3.5), we introduce a family of conforming, shape regular triangula-
tions of T, {7y, }r>0, indexed by the largest element diameter of the mesh, h. We then
consider the following finite element spaces.

PP = {vy, € C'(T) : vp|r € Pp(T), for every T € Ty},
DPY := {v, € L*(T") : w7 € Py(T), for every T € Tp,},

where P,(T") denotes the space of polynomials of order less than or equal to p on a
triangle T', and {I';}}, are the polygonal faces of I'. We observe that P} C HY2(I)
and DPY c L*(T).

We let V), be a discrete product space: in our case, we take this to be equal to
either P} (") x DP{(T") or P¥(T') x P}(T'), although a wide range of other choices are
possible.

Using the space V},, we look to solve the discrete problem: Find (up, A\n) € Vi
such that

(3.8)  Al(un, An), (0n, )] + B [(wny An), (vns pn)] = L3 (0n, i) V0, i) € Vi

We define the norm

v, 1)l g, = Il (v, 1)l + 18

We note that since fp may be dependent on h, this norm is not equivalent to the
norm |||, independently of h.

HU||L2(F)-

4. Analysis. In this section, we analyse the formulation derived in the previous
section. Throughout the analysis, we will use the following notation.

DEFINITION 4.1. For two quantities a and b that may vary with h, we write a < b
if there is a constant hg > 0 and an h-independent constant ¢ € R such that a < ¢b
for all h < hg. We writea=bifa<bandb< a.

4.1. Analysis of the continuous problem. We begin by analysing the con-
tinuous problem (3.5). In the same way as we did in [3], we prove that the form
A+ B is continuous.

PROPOSITION 4.2 (Continuity). There exists M > 0 such that ¥(w,n), (v, 1) €
v,
[Al(w, ), (v, )] + By [(w, n), (v, ]| < M [[(w, )|, (0, 1)l -
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Proof. This can be proved in the same way as [3, proposition 4.13], but with |5p|
in the place of fp. ]

FEigenvalues of the interior Laplacian have an effect on the boundary integral
formulation of the exterior problem. These eigenvalues are defined as follows.

DEFINITION 4.3 (Eigenvalues of the Laplacian). If the interior Laplace problem:
Find u such that

(4.1a) —Au=lpu in Q,
(4.1b) u=0 onT,
has multiple solutions, then lp is called a Dirichlet eigenvalue of the interior Lapla-

cian.
If the interior Laplace problem: Find u such that

(4.2a) —Au = Iyu in Q,
(4.2b) g—z =0 on T,

has multiple solutions that differ by more than a constant, then Iy is called a Neumann
eigenvalue of the interior Laplacian.
If the interior Laplace problem: Find u such that

(4.3a) —Au = Igu in Q,
0
(4.3b) 8—3 + Bpu=0 on T,
has multiple solutions, then we call lg a Robin eigenvalue of the interior Laplacian
with Robin parameter [Bp.

We now prove some important properties of these eigenvalues.

LEMMA 4.4. Forl € C, at most one of the following statements is true:
e [ is a Dirichlet eigenvalue of the interior Laplacian;
e [ is a Neumann eigenvalue of the interior Laplacian;
e [ is a Robin eigenvalue of the interior Laplacian (for some Bp #0).

Proof. By [23, section 7.6], we know that a value cannot be both a Dirichlet and
a Neumann eigenvalue.

If [ is both a Dirichlet and a Robin eigenvalue, then there exist u; and us satisfying
(4.1a) whose values on I satisfy u; = ug = 0 and

0wy _ Ouy
0= B + Bpuy o

- 8UQ - 81,62
0=, Thuw=73

If uy and us differed by a constant, their values on I would differ by the same constant,
contradicting the boundary conditions u; = us = 0. Therefore [ is also a Neumann
eigenvalue, which is a contradiction.

Similarly, if [ is both a Neumann and a Robin eigenvalue, then in the same way
we see that [ is also a Dirichlet eigenvalue, leading to a similar contradiction. 0

LEMMA 4.5. IfIm(Bp) # 0, then the interior Laplacian with Robin parameter fp
has no non-trivial real Robin eigenvalues.
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Proof. Let fp € C with Im(8p) # 0. Suppose that g € R\ {0} is a Robin
eigenvalue of the interior Laplacian with corresponding eigenfunction ug, ie

—Aur = lrur in 0,

% + pfpug =0 on I
ov

Consider the weak formulation of this problem: Find ur € H'(Q2) such that
(Vur, Vu)g + Bp (ur, v)r = lr (ur, v)q , Yv € HI(Q).
Taking v = ur leads to
IVurl|72q) + Bo lurllrs ) = I (ur, ur)g -
Taking the imaginary part of this gives
Im(Bp) [|ur |72y = 0-

As Im(fp) # 0, this implies that |lur|| ;) =0, and so ug =0 on T'.
This, however, implies that ugr is also a Dirichlet eigenfunction of the Laplacian
with eigenvalue [lr, contradicting Lemma 4.4. Hence no such real eigenvalue exists. 0

We now proceed to prove that the form A + B‘S is injective. First we prove this
when k? is not a Dirichlet eigenvalue. Note that by Lemma 4.5, the assumption that
k? is not a Robin eigenvalue of the interior Laplacian holds whenever Im(3p) # 0.

LEMMA 4.6 (Injectivity, part one). Let (v,u) € V. If k* is not a Dirichlet
eigenvalue of the interior Laplacian and k? is not a Robin eigenvalue of the interior
Laplacian with Robin parameter fp, then V(w,n) € V

A[(U’ M)v (wa 77)] + BS[(U, /J), (1U, T])} =0

implies that (v, u) = 0.
Proof. Suppose that (v, 1) € V such that

(4.4) (A +BH)[(v, ), (w,m)] = 0 V(w,n) € V.
Taking w = 0 in (4.4), we see that, for all n € H~/2(T"),
(4.5) (Vim)p = ((31d + K)v,n)y..

k? is not a Dirichlet eigenvalue of the interior Laplacian, so by [23, section 7.6
we see that V is invertible, and (as (4.5) is a direct boundary integral formulation)
there exists a solution to the interior Helmholtz equation p € H'(£)") such that

TP =,
IND = M
Taking 1 = 0 in (4.4), we see that, for all w € H'/?(T),

(4.6) 0 = (Wo,w)p + (Bpv, w)p + ((51d + K )p, w),. .
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We also know from the second line of the interior Calderén identity (2.24) that

A7) Wo,wp + ((5ld + K w) = (Wypp, w)p + ((51d + K)wp w),,
(49) = </J/7 w>1" ’
and so using (4.6) we see that
(410) 0= <,LL, w>1" + <6va w>1" )
and so p = —fpw.
This means that p is the solution of (4.3) with [g = k2. Since k? is not a Robin
eigenvalue, the unique solution of (4.3) is p =0, and so v = . = 0. a0

In order to prove injectivity at Dirichlet eigenvalues, we require the following
lemma.

LEMMA 4.7. If k% is not a Neumann eigenvalue of the interior Laplacian, then
the operator %Id + K’ is surjective.

Proof. We prove this lemma using [6, theorem 2.20]. This states that if a linear
operator F : H=Y/2(T") — H~/(T) is densely defined and closed, then F is surjective
if and only if

1ol iz ry < € IFV ey Vo e H'?(T).
Let F = 11d + K'. F is (trivially) densely defined. Using (2.19), we see that for all
ve HY(T)
||%U||H1/2(F) + 1Kl g2y
(% + Ck) ||U||H1/2(1‘) )

and so F is bounded. This implies that F is closed.
Taking the adjoint, we see that F' = 11d + K. In [23, section 7.6], it is shown that
if k2 is not a Neumann eigenvalue of the interior Laplacian, then the equation

HF”HH1/2(F) <
<

Fo=gyg

has a unique solution for any g € H'/2(I"). This implies that the operator (F’ )71 is
well-defined. As F is bounded, it follows from [6, corollary 2.7] that (F')~"' is also
bounded. Hence,

_ n—1
ol ey = | F) 0] 1y

< cllgll gz

= c|[F'vll g2 -
We therefore conclude by [6, theorem 2.20] that F is surjective. a
We can now prove that A + B is injective when k? is a Dirichlet eigenvalue.

LEMMA 4.8 (Injectivity, part two). Let (v, ) € V. Ifk? is a Dirichlet eigenvalue
of the interior Laplacian, then ¥Y(w,n) € V

'A[(U’ :u)r (’LU, 77)] + BE[(U, ,U), (w, 77)} =0

implies that (v, u) = 0.
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Proof. Suppose that (v, 1) € V such that

(4.11) (A+BE)[(v, ), (w,m)] =0 V(w,n) €V.
Taking w = 0 in (4.11), we see that, for all n € H~'/%(T),

(4.12) (Vi m)p = ((z1d + K)o, ) ..

As k? is a Dirichlet eigenvalue of the interior Laplacian, then we see by Lemma 4.4
that k2 is not a Neumann eigenvalue or a Robin eigenvalue.
As k? is not a Neumann eigenvalue, we see by [23, section 7.6] that the equation

(31 + K)u,n)p = (g, 1) Vne H V2(T)

has a unique solution. By (4.12), we see that v is the solution of this equation with

g=Vu.
Let p = Vu — Kv. By (2.7) and (2.8), we see that

(4.13) ~Ap—Kk*p=0 in Q.
Taking the Dirichlet trace of p and applying (4.12), we see that on T,

7P = Vi + (31d = K)v
= (3ld + K)o+ (31d — K)v
(4.14) = .

We therefore conclude, using the first line of the interior Calderén identity (2.24) and
(4.12), that

Vg = (%ld +K) b
= (31d + K)v
(4.15) - V.

Note that as k? is a Dirichlet eigenvalue, V is not injective so this does not necessarily

imply that yyp = .
As k? is not a Neumann eigenvalue, we can apply Lemma 4.7 to show that the
boundary integral equation

(4.16) (3ld +K)f = p— D
has at least one solution f € H=1/2(T"). Let ¢ = Vf. By (2.7), we see that
(4.17) ~AG—k*G=0 in Q.
Taking the Neumann trace of ¢ and using (2.11c) and (4.16), we see that on T,
Wi =mwWVf)
=($d+K)f
(4.18) = jt = IND-
We know from the first line of the interior Calderén identity (2.24) that

(31d + K)ypd = Vynd.
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Applying (4.18) then using (4.15) gives
(31d +K)vpd = V(i — 7xp)
(4.19) =0.

By [23, lemma 7.6], %Id+K is injective, so ypg = 0. By the interior Calderdn identities
(2.24), this implies that (11d — K')yyg = 0, and so by (4.18),

(4.20) (41d = K')yed = (21d — K')p.

Using (4.20) and the second line of the interior Calderén identity (2.24), we see
that, for all w € H'/?(T),

(Wo,w)p + ((31d + K )p, w) . = (Wo, w) + (p, w)p — ((1d = K )p, w) .
= (Wrpp, w>r + (1, w>r - <(%|d - K/)’Yilﬁaw>p
(121) — {0
Taking n =0 in (4.11) and applying (4.21), we see that
0 = (Wo,w)p + (fpv, w)p + <(%Id + K’)u,w)r
(4.22) = (1, w)p + (Bpv, W),

and so 4 = —fBpv.
Consider p + ¢. From (4.13) and (4.17), we see that

(4.23) ~A(p+q§) -k (H+q =0 in Q.

Using the fact that y5§ = 0 (as we concluded from (4.19)) and (4.14) and (4.18), we
see that on T,

Yo (P +§) = vpP + g

(4.24) =,
YN (D + G) = WP+ mwa
(4.25) =

and so, using (4.22), we see that

op+4q R
%"‘ﬁD(p-l-Q) = u+ fpv
v
(4.26) =0.
Therefore p + ¢ is solution of the Robin problem (4.3). Since k% is not a Robin
eigenvalue, we see that p+ ¢ =0 in Q, and so by (4.24) and (4.25) v = p = 0. d
We now combine the previous two results.

PROPOSITION 4.9 (Injectivity). Let (v,pu) € V. If k? is not a Robin eigenvalue
of the interior Laplacian with Robin parameter Bp, then V(w,n) € V

'A[(U’ M)v (wa 77)] + BS[(U, /J), (HJ, T])} =0

implies that (v, u) = 0.
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Proof. Combine Lemmas 4.6 and 4.8. ]
Using Lemma 4.5, we see that the following corollary holds.

COROLLARY 4.10. IfIm(fp) # 0 and Y(w,n) € V

A[(U’ :u)v (’LU, 7])] + Bg[(vv /’L)’ (’LU, 77)] =0,

then (v, ) = 0.

We now prove that the form At —|—B$ is coercive, where At is the multitrace form
with compact perturbation as defined in (2.30).

LEMMA 4.11 (coercivity). If Re(fp) = 0 then there exists o > 0 such that for
all (v,p) €V,

all(v, wly < [(Ar + BE)[(v, 1), (v, w)]| -

Proof. Using the definitions of At and Ba we see that

Re((Art + B5)[(v, ), (v, )])
= Re(— (Kv, t)p + ((V + Tv)p, t)p + (K'pt, v)pe
+{(W+Tw)v,v)p + % (b v)p — % (v, )r + (Bov,v)p)
= ((V+Tv)m wp + (W + Tw)o, v)p + (Re(fp)v, v)p -

Applying Lemmas 2.1 and 2.2 and using the assumption that Re(8p) > 0, we see that

Re((At + BE)(v, 1), (0, w)]) = av |l g-1/2(r) + aw [0 51 /2(py + Re(Bp) [0l 72r)
> av |ulz -1y + aw 0z
> allw,ml,
for some o > 0.
The result then follows from that fact that for any ¢ € C, |¢| > Re(c). ad

We conclude our analysis of the continuous problem by showing that it is well-
posed.

PROPOSITION 4.12. IfRe(fp) > 0 and k? is not a Robin eigenvalue of the interior
Laplacian with Robin parameter fp, then the continuous problem (3.5) has a unique
solution.

Proof. As shown in [23, theorem 3.15], this is a direct consequence of Proposi-
tion 4.9 and Lemma 4.11. |

4.2. Analysis of the discrete problem. We can now use [18, theorem 4.2.9]
to show that the discrete problem (3.8) is well-posed, and prove a quasi-optimal error
estimate.

PROPOSITION 4.13. If k? is not a Robin eigenvalue of the interior Laplacian with
Robin parameter Bp, then there exists hg € R such that for all h < hg, the discrete
problem (3.8) has a unique solution.

Proof. From Lemma 4.11 and Proposition 4.12, we see that the assumptions of
[18, theorem 4.2.9] are true, hence the result holds. O

To prove our a priori error bounds, we will use the following lemma.
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LEMMA 4.14. Assume that Re(fp) > 0, h < hg and k? is not a Robin eigenvalue
of the interior Laplacian with Robin parameter Bp. Let (u, \) be the solution of (3.5),
and let (up, Ap) be the solution of (3.8). These solutions satisfy

— A=A < inf — Up, A — .
= A=Al S it = 00 d = ),
Proof. This also follows from [18, theorem 4.2.9]. O

4.3. A priori error bounds. If T is a discretisation of a smooth surface, then
we can take Vj, = P¥(I') x P} (T) as our discrete space. The following result gives the
approximation properties of this space.

LEMMA 4.15 (Approximation in P?(T) x PY(T)). If |Bp| S h™', then ¥Y(v,p) €
Ho(T) x H (D),

i _ _ < pe-1/2 £+1/2
ey e oy 10 7 W =)y S AR M0 oy 4 RS el )

where ¢ =min(p+1,s), £ =min(q+1,7), s > 5 and r > —3.

Proof. This can be proved in the same way as [3, proposition 4.14]. 0
We can now prove the a priori error bound for V,, = P} (T") x P}(T).

THEOREM 4.16. Assume that h < hg, Re(8p) > 0, |Bp| < h™Y, and k? is not a
Robin eigenvalue of the interior Laplacian with Robin parameter Sp. The solution,
(u,\) € H¥(T')x H"(T'), of (3.5), and the solution, (uy, Ap) € P} (L) xPiL(T), of (3.8)
satisfy

[[(w = un, A= )‘h)HBD S e/ ‘ungw(r) + hEFI2 |)\|H§W(F) )

where ¢ = min(p+ 1, ) and £ = min(g+ 1,7).
Proof. Combine Lemma 4.15 and Lemma 4.14. O

When TI' is not smooth, the flux space must be chosen so that it can represent
jumps in the normal derivative between cells. In this case, we take V; = PP (T") x
DPZ(F). The following result gives the approximation properties of this space.

LEMMA 4.17 (Approximation in P} (T') x DP}(T')). If|Bp| S h™!, thenV(v, u) €
HA(T) x B (D),

i — — < pS—1/2 §+1/2
(P pps (oo 10 W = 1y S 2 0 oy 1 Ml g
where ( =min(p+1,s), { =min(g+1,7), s > 5 and r > —1.
Proof. See [3, proposition 4.14]. 0

We can now prove the a priori error bound for V;, = PY(T") x DP}(T").
THEOREM 4.18. Assume that h < hg, Re(8p) > 0, |Bp| < h™Y, and k? is not a

Robin eigenvalue of the interior Laplacian with Robin parameter fp. The solution,
(u,\) € H*(T') x H™(T'), of (3.5), and the solution, (un,An) € P} (T") x DP(T), of
(3.8) satisfy

(= un, A= An)llg, S

~

hC—l/Q ‘ulH,ﬁ“(F) + h€+1/2 |)‘|H§“,(F) :

where ¢ = min(p+ 1, s) and £ = min(q + 1, 7).
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Proof. Combine Lemma 4.17 and Lemma 4.14. ]

Recall that due to Lemma 4.5, the Robin eigenvalue assumption in the results in
this section holds whenvever Im(8p) # 0.

5. Numerical results. In this section, we demonstrate the theory with a series
of numerical examples. All the results presented were computed using version 0.2.4
of Bempp-cl, an open source Python boundary element method library [4]. We pre-
condition all linear systems in this section with blocked mass matrix preconditioners
applied from the left. We take V;, = P} (I') x Pj},(T') throughout this section, so we

use the preconditioner
M 0
0 M)’

mgj = (95, bi)p »

where M = (m;;) is defined by

where {¢g, ¢1,...} is the basis of the space Pj (I'). The preconditioning corresponds
to taking the discrete strong form of the operator, as described in [5].
Define

eik‘l’r‘l‘ eik"r‘zl
5.1 p(x) = — + ——,
(5.1) gp(z) T
where ry =@ — (45,3, 3) and ro = — (5, 1, 3)- Let © be a bounded open domain
such that (15, 3,3) € @ and ({5,131, 1) € 7, and let QT := R3\ Q. It is easy to
check that for any wavenumber k& > 0, u(xz) = % % is the solution of the
exterior Helmholtz problem
(5.2a) —Au—ku=0 in QF,
Gany O ofjal ) s fal -
. — iku™* =0 s 00
0 || ’
(5.2¢) U= gp on T,
with u!"¢ = 0 (and so u = u*®"). It can also be seen that
B ik -1 ik|ri] ik -1 ik|ra|
(53) au = (l |T.1| 3)6 rL -V + (1 |’l”2| 3)6 Ty -V on I'y.
ov 71 [

Using (5.1) and (5.3), we can compute the error of the solutions obtained in this
section.

Figure 1 shows how the error and number of GMRES iterations vary as k is
increased, using Sp = 1. It can be seen that at various points, the number of iterations
and error grows as k approaches a problematic Robin eigenvalue of the problem: one
of these is near 2.759, as indicated by the dashed lines.

In section 4, we saw that our formulation can fail to have a unique solution when
k? is Robin eigenvalues of the Laplacian with Robin parameter Sp. This implies that
adjusting the parameter Sp will adjust the locations of these eigenvalues. This can
be oberved in Figure 2, where the error and number of iterations are shown for the
problem with & = 2.759 and varying real Sp. The spike in the error and number
of iterations at fp = 1 (as shown by the dashed lines) is due to approaching the
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Ne of GMRES iterations

Fig. 1: The error (left) and GMRES iteration counts (right) of the penalty method
with Sp = 1 for the Helmholtz Dirichlet problem with varying k& on the unit sphere
with h = 272, Here we take (un, An), (vn, un) € P}, (T') x P}, (T') and solve to a GMRES
tolerance of 1075.

101 E El n 1
o i 1 B -
= 100F 1 B4 : |
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104 | = L e
106 10—2 102 109 106 10—2 102 106
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Fig. 2: The error (left) and GMRES iteration counts (right) of the penalty method
with varying real Sp for the Helmholtz Dirichlet problem with k£ = 2.759 on the unit
sphere with h = 272 (red triangles), h = 273 (red diamonds), and h = 27% (red
pentagons). Here we take (up, \p), (vn, un) € P3(I') x P}(T) and solve to a GMRES
tolerance of 107°.

same eigenvalue that we saw in Figure 1. We observe that the increase in the error is
less pronounced for meshes with a lower value of h. This is due to 2.759 being near
an eigenvalue of a given discretisation of the sphere: the exact approximation of the
sphere changes a little as we increase the number of cells in the mesh, and so the
eigenvalues differ on the different meshes used.

As we saw in [3] for Laplace problems, we observe in Figure 2 that the error and
iteration counts for the problem increase once fp is increased above a certain level.

Figure 3 shows how the error and iteration counts vary as we adjust the imaginary
part of Bp when the real part of Bp is fixed as 1, again taking k = 2.759 so that we hit
an eigenvalue when Im(8p) = 0. We see that once |Im(fp)| is greater than around
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Fig. 3: The error (top) and GMRES iteration counts (bottom) of the penalty method
with varying Sp with Re(fp) = 1 for the Helmholtz Dirichlet problem with k& = 2.759
on the unit sphere with A = 272 (red triangles), h = 273 (red diamonds), and h = 274
(red pentagons). Here we take (upn,\p), (vn, un) € Pp(I') x P}(T') and solve to a
GMRES tolerance of 107°.

1072, the error and iteration count drop. Once |Im(Bp)] is too large, the error and
iteration count rise in a similar way to that we observed when taking a large real Sp.
We observe that the iteration count is slightly lower for a small range of values when
Im(fp) is negative.

Motivated by our observations in Figure 3, we fix fp = 1 —i. Figure 4 shows
how the error and iteration counts change as we increase k with this value of fp.
In agreement with Lemma 4.5, we observe that (in contrast to Figure 1) there is no
vulnerability to eigenvalues in this case, and the iteration count remains steady as we
increase k.

Figure 5 shows the error and number of iterations as we reduce h. We observe
order 2 convergence, and see that the number of iterations remains the same as h is
reduced, demonstrating the effectiveness of the mass matrix preconditioner.

6. Conclusions. In this paper, we have derived and analysed a formulation
for weak imposition of Dirichlet boundary conditions on the Helmholtz equation. By
taking a parameter with a non-zero imaginary part, Helmholtz problems can be solved
at any real wavenumber without any difficulties caused by resonances of the interior
problem.
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Fig. 4: The error (left) and GMRES iteration counts (right) of the penalty method
with Sp = 1—1i for the Helmholtz Dirichlet problem with varying & on the unit sphere
with h = 272, Here we take (un, An), (vn, un) € P}, (T') x P}, (T') and solve to a GMRES
tolerance of 1075.
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Fig. 5: The error (left) and GMRES iteration counts (right) of the penalty method
with fp = 1—i for the Helmholtz Dirichlet problem with & = 3 on the unit sphere as we
reduce h. The dashed line shows order 2 convergence. Here we take (up, Ap), (vp, pn) €
P; (') x P;(I") and solve to a GMRES tolerance of 102,

The formulation derived in this paper bears a close resemblance to the formula-
tions for Laplace that we derived and analysed in [3]. Formulations for Helmholtz
problems with mixed Dirichlet-Neumann or Robin boundary conditions could be de-
rived in the same way. We expect that these formulations could be analysed following
a similar method as used here, although this analysis appears to pose some additional
challenges. The weak imposition of mixed boundary conditions is demonstrated in
Figure 6, where we have plotted the scattering of an incident wave colliding with
a collection of sound-hard (a 0 Neumann boundary condition) and sound-soft (a 0
Dirichlet boundary condition) spheres.

One benefit of formulating mixed problems in this way is that the boundary
conditions are imposed by adding sparse terms to the full Calderén system: for
mixed boundary conditions, sparse terms assembled on parts of the boundary can
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z

c

—-1.9 0 1.9

Fig. 6: The incident wave u'*® = e*®'¢ where d = (0,1,0) and k = 2, scattering off
25 spheres. The white spheres are sound-hard and the black spheres are sound-soft.

be added without any need to adjust the dense Calderén term. When solving an in-
verse problem—for example when looking to find the material properties that should
be used to give a scatterer a certain desired property—the Calderén term (which is
the most expensive part to assemble) can be reused and different sparse terms added
to solve the same problem with different boundary conditions.

One avenue of interest for further interest would be the weak imposition of bound-
ary condition on Maxwell problems. In the experiments we have run to explore this,
however, we have been unable to obtain good solutions in a reasonable amount of
time. Maxwell problems are prone to being strongly ill-conditioned, and it appears
that mass matrix preconditioning is not enough to achieve good performance in the
Maxwell case. Therefore, we believe that it is necessary to design more powerful pre-
conditioners for these weak formulations in order to make this method feasible for
Maxwell problems.
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