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NUMERICAL SIMULATION OF WAVE PROPAGATION
IN INHOMOGENEOUS MEDIA USING GENERALIZED PLANE WAVES

LISE-MARIE IMBERT-GERARD! AND PETER MONK?

Abstract. The Trefftz Discontinuous Galerkin (TDG) method is a technique for approximating the
Helmholtz equation (or other linear wave equations) using piecewise defined local solutions of the equa-
tion to approximate the global solution. When coefficients in the equation (for example, the refractive
index) are piecewise constant it is common to use plane waves on each element. However when the co-
efficients are smooth functions of position, plane waves are no longer directly applicable. In this paper
we show how Generalized Plane Waves (GPWs) can be used in a modified TDG scheme to approxi-
mate the solution for piecewise smooth coefficients in two dimensions. GPWs are approximate solutions
to the equation that reduce to plane waves when the medium through which the wave propagates is
constant. We shall show how to modify the TDG sesquilinear form to allow us to prove convergence
of the GPW based version. The new scheme retains the high order convergence of the original TDG
scheme (when the solution is smooth) and also retains the same number of degrees of freedom per ele-
ment (corresponding to the directions of the GPWs). Unfortunately it looses the advantage that only
skeleton integrals need to be performed. Besides proving convergence, we provide numerical examples
to test our theory.
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1. INTRODUCTION

The Trefftz Discontinuous Galerkin (TDG) method proposed in [7] is a mesh based method for approxi-
mating solutions of the Helmholtz equation. This method generalizes the Ultra Weak Variational Formulation
(UWVF) of the same problem [4,5] by allowing different weighting strategies on penalty terms in the TDG
method. Error analysis [3,7-10] and computational experience [11] show that the method can be an efficient
way of approximating solutions of the Helmholtz equation. It has also become clear that the method works best
in an hp-mode (see [10]) where large elements are used away from boundaries in the computational domain,
together with larger numbers of plane waves.

However because of the use of simple Trefftz functions (usually plane waves element by element), it has
to be assumed that the coefficients in the governing partial differential equation are piecewise constant. Of
course smoothly varying coefficient functions could be first approximated by a piecewise constant function
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and then the resulting perturbed Helmholtz equation could be solved by TDG or UWVF. But this would
require small elements and hence defeat some of the potential advantages of using large elements in a Trefftz
based scheme.

To circumvent the difficulty with smoothly varying coefficients, we propose to use approximate solutions of
the underlying partial differential equation constructed element by element where the coefficients are variable.
In this work we use the Generalized Plane Waves (GPW) of [13,14] as a basis for the TDG type scheme. The
basic derivation and approximation theory for GPWs can be found in [13,14]. In this paper the novelty is
to use these elements in a provably convergent numerical scheme. In order to do this we have to prove new
approximation results for how well the equation is satisfied (Thm. 3.3) as well estimates for the approximation
of piecewise linear functions by GPWs (starting with the basic Lem. 3.1 through Cor. 3.1).

Note that smoothly varying coefficients arise in the simulation of electromagnetic wave propagation in toka-
maks where the permittivity is spatially variable and may even become negative. Indeed the original design of
GPWs in [13,14] was motivated precisely by this application.

To describe the setting for applying GPWs in more detail let us consider the following two dimensional
model problem from [9]. Given a bounded Lipschitz polyhedron 2 C R? that is star shaped with respect to
the origin and a larger Lipschitz polyhedron 25 containing £2p, we define the computational domain to be the
annulus 2 = 2 \ 2p. The two boundaries of §2 are I'p = d2p and I'r = 02 (so that dist(I'p, ['r) > 0) and
we use a normal n that is outwards from (2. Because we shall use some regularity results from [9] we need to
assume that 2y is star-like with respect to a ball of radius yrd, centered at the origin where yg > 0 and dg,
is the diameter of (2.

Suppose we are given a wave number £ > 0. In addition given a strictly positive, piecewise smooth and
bounded real function € € L°({2) and another function g € L?(I'r), we want to approximate the solution u of

Au+ K2eu =0 in 12, (1.1)
uw=0 on I'p, (1.2)
Opt + 1ku = iKkg on I'y. (1.3)

As pointed out in [9] this is a model problem for scattering (for example of an s-polarized electromagnetic wave
from a perfect conductor embedded in a dielectric in two dimensions). The impedance boundary condition is
then a simple radiation boundary condition.

As we shall detail shortly, if we assume that the function € is analytic on each element, we can approximate it
by a power series. With this in hand we shall give details of a recursive algorithm for generating the coefficients
of basis functions on each element that satisfy (1.1) to high accuracy. These are constructed so that if the
coefficient € is constant on an element, the resulting basis function is just a plane wave. Using these generalized
plane waves we can prove convergence of a modified TDG scheme. The resulting discrete problem obtains
high order convergence for smooth solutions as is the case for the standard TDG or UWVF. We only consider
h-convergence in this paper, and the analysis only pertains to two dimensional domains.

As we shall see, the main disadvantage of the use of GPWs in the TDG method is the need to integrate over
elements in the grid. We would prefer to use them in a generalized UWVF avoiding this integration. However,
although numerical experiments are encouraging [12], we do not have a theoretical justification of this approach.

The paper proceeds as follows. In the next section we briefly outline our modification of the basic TDG
method. Then in Section 3 we show how to construct GPWs and then obtain two new error estimates for these
functions that will underlie our error analysis. We also show that piecewise linear functions can be approximated
element by element using the GPW functions. In Section 4 we derive error estimates for the new TDG scheme
with GPW basis functions. Finally in Section 5 we give some basic numerical tests of the new algorithm.

2. THE PLANE WAVE DISCONTINUOUS (GALERKIN METHOD

Even with a variable coefficient €, the choice of domain {2 and the conditions on € guarantee that if g € H*(I'g)
for some sufficiently small s > 0 (depending on the interior angles of I'g) then u € H3/2+5(2) ([9], Thm. 2.3).
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This regularity will allow us to develop consistent fluxes for u and its derivatives. Unfortunately, because €
is variable, the dependence on x of the continuity constants for estimates in this paper is not easy to track.
Therefore we note now that constants in the analysis will depend in an unspecified way on k.

As is usual for DG schemes, we start with a mesh and continue to define the method using definitions from [9].
Suppose we cover {2 by a finite element mesh 7j, of regular triangular elements K of maximum diameter h (in
fact more general domains can easily be allowed). The diameter of an element K is denoted hg. To simplify
the presentation we have used parameter choices corresponding to the UWVF later in the paper, so we assume
that the mesh is also quasi-uniform. Thus there exists a constant 7 > 0 such that

i <rT
hg —
for all elements K € 7} and all sufficiently small h > 0.
Let ng denote the unit outward normal to element K. Let K and K’ denote two elements in 7, meeting at
an edge e. Then, on e, we make the standard definitions of the average value and jump of functions across e of
a function u and a vector field o:

ul g + ul g ol +olx
fup = BETHE oy = T
[u] = ulkng + ulxmg, [o] = olk -nk +olx - ng.

We denote by &, the set of all edges in the mesh. Then let

e &; denote the set of all edges in the mesh interior to (2,
e &p is the set of all boundary edges on I'p,
e &p is the set of all boundary edges on I'g.

We also need three positive penalty parameters that are functions of position on the skeleton of the mesh: «,
6 and 6. At this point these are simply assumed to be positive functions of position on &, and will be given
in more detail shortly. Using the above defined jumps and average values, we are lead to consider the following
standard sesquilinear form for TDG [6,9, 15]:

Ap(u,v) = /Q (Vhu- Vio — k*eun) dA — / {Vru} - [0] + [u] - {Vr}) ds

Er

1
—— | BIVru][Vro] ds + in/ afu] - [v] ds — oud,vds

K Je; Er Er
— 00 uvds — l 00, ud,vds + in/ auv ds

Er Ik Jer Ep
+i/<;/ (1—9d)uvds — / (OpuT + ud,v) ds. (2.1)
ER «'SD

Here V}, is the piecewise defined gradient and 0,u = Vxu - n element by element. In addition the right hand
side is given by
1
Fv)=—— 5g§nﬁds—|—/ (1—4¢)gvds
Er

1K Er

By virtue of the regularity of the solution of (1.1)—(1.3) noted above, it satisfies
An(u,v) = F(v)

for all sufficiently smooth test functions v (for example piecewise H? is sufficient).
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Now suppose we wish to discretize the problem. Let Vi, C ke, H?(K) be a finite dimensional space. If V,
is chosen to consist of piecewise smooth solutions of (1.1), we have the standard TDG and seek an approximate
uyp, € Vj, that satisfies

Ap(up,v) = F(v) forallv € V.

For piecewise constant media, the space V}, can be chosen in many ways. One choice uses Bessel functions (good
for conditioning but bad for computational speed because of the need for quadrature), another, more standard
choice, uses plane waves (typically worse conditioned but easier to use since integrals can be computed in closed
form) [16].

However if ¢(x,y) is non-constant on an element we cannot use simple solutions of the Helmholtz equation.
In this paper we assume that €(z,y) is a smooth function on each element (but may be discontinuous between
elements). Then, as we shall shortly describe, the space V}, can be constructed using “Generalized Plane Waves”
(GPWs) that approximately satisfy the Helmholtz equation. However we have been unable to prove convergence
for the standard TDG method in this case, and instead add a stabilizing term to the sesquilinear form so define

Bp(u,v) = Ap(u,v) + é/ Y(Au + k*eu)(Av + k2ev) dA.
Q

Here v > 0 is a new penalty parameter that is a piecewise constant function of position on the mesh. We note
that the new term vanishes on elements with constant material coefficients allowing plane waves to be used and
the method reduces to the standard TDG. Now we seek uj, € V}, such that

By (up,v) = F(v) Yv € V. (2.2)

In the next section we describe how to construct GPWs element by element and hence complete the specifi-
cation of the method.

3. GENERALIZED PLANE WAVES

In this section we focus specifically on GPWs. We will use the following notation:

(1) the parameter p is the dimension of this local approximation space (the number of GPWs per element),
(2) the parameter ¢ is the order of approximation of the Taylor expansion for each GPW.

Firstly we describe the design process, including an explicit algorithm to build a local set of GPWs on a given
element of the mesh 7. Secondly we turn to interpolation of a solution of (1.1) and prove error estimates.
We provide various interpolation properties of such a set of local GPWs on a given element of the mesh, and
derive a global interpolation property on the whole domain {2 by piecewise GPWs. Thirdly we prove a result
on approximation of the space of bi-variate polynomials of degree 1 by GPWs. This result will be useful for the
error analysis.

The design procedure together with Theorem 3.1 were already presented in [13], but are repeated here for
the sake of completeness.

3.1. Design and interpolation properties

GPWs have been introduced in [12,14]. They generalize the use of classical plane waves, as exact solutions
of an equation with piecewise constant coefficients, to the case of variable coefficients. The GPWs are not exact
solutions of (1.1) but approximately solve the equation element by element. Their design process is based on
a Taylor expansion and ensures that the homogeneous equation is locally satisfied up to a given order on each
element K of the mesh.

On a given element K, consider the centroid (zx,yx). A GPW on K is a function ¢ = e’ where

dp dp—i

Play) =3 3 Ay @ —ex) (v - )’ (3.1)

i=0 j=0
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dp being the total degree of the polynomial P. A GPW is designed to be an approximate solution of the
Helmholtz equation: the polynomial coefficients {); ;j,0 < i+ j < dp} are computed from the Taylor expansion
of the variable coefficient € in order for the function ¢ = e” to satisfy

[A+ w2 = O (|[(2,) — (ex,yx)|) - (3.2)

The parameter ¢ is the order of approximation of the equation. Canceling all the terms of order less than ¢ in
the Taylor expansion (3.2) is equivalent to a non linear system of ¢(¢+1)/2 non linear equations. The unknowns
of this system are the (dp + 1)(dp + 2)/2 coefficients of P. Setting simultaneously dp = ¢ + 1 and giving the
values of the 2q + 3 coefficients {); j,i € {0,1},0 < j < ¢+ 1 — i} leads to a unique solution of the non linear
system. This solution is explicitly expressed as

1 0L0le (xx,yK) ) )
( — R — (j 4+ 2)( 4+ DAijao

i+2)(i+1) il

i
=Y Y = kA D)k A DXk Aer1a

k=0 1=0
Jj i
D> D> Gk Dk + DAk Az,k+1>, (3:3)
k=0 1=0

where 0, = 0/0, and 0, = 0/0y. More precisely, as defined in [13], a GPW at (zk,yx) corresponds to the
following normalization:

[ ] AQQZO7
e (A1 0,X0,1) = N(cosf,sinh), for some N € C and 6 € R,
o )\,;=0forie{0,1}and1<i+j<gqg+1.

A local set of linearly independent GPWs is then obtained for a given value of IV by considering p equi-spaced
directions 0; = 2w(l — 1)/p for 1 < [ < p. The interpolation properties of this set of functions are the main
topic of [13]. The main result of that paper provides a sufficient condition on the parameters p and ¢ to achieve
a high order interpolation of a smooth solution of (1.1) by GPWs, as well as a high order interpolation of its
gradient. We will denote by GPWP4(K) the space spanned by the p GPWs corresponding to 6, = 27w(l — 1)/p
for 1 <l <pand N = /—r2e(zK,yx), or N = ir\/e(rx,yx). Let Ck(S) denote the set of functions with k
continuous derivatives on a set S. As a reminder, with the present notation, the interpolation result stated and
proved in [13] reads:

Theorem 3.1. Consider K € 7, together with n € N*. Assume that ¢ > n+ 1, p = 2n+ 1 and gx =
(rxk,yi) € K is the centroid of K. Finally suppose the coefficient € € C1~Y(K). Consider a solution u of scalar
wave equation (1.1), satisfying u € C"Y1(K). Then there is a function u, € GPWPI(K) implicitly depending
on € and its derivatives, and a constant C(k, K,n), implicitly depending on € and its derivatives as well, such
that: for allm € K

1
fu (m) — g (m)] < Clx, K, n) = g e )

(3.4)
[Vu (m) — Vug (m)|| < C(k, K,n) lm — g |" [|u|

C'rL+1(K) .

The following interpolation property of higher order derivatives stems directly from the proof of the previous
theorem.

Theorem 3.2. Consider K € T}, together with n € N such that n > 0. Assume that ¢ > n+1, p=2n+1
and gx = (v ,yK) € K is the centroid of K. Finally suppose the coefficient e € C1~(K).Consider a solution
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u of scalar wave equation (1.1), satisfying u € C"*1(K). Then the function u, € GPWP(K) and the constant
C(k, K,n) provided by Theorem 3.1 also satisfies: for all m € K and all j such that 0 < j <k

o Co n+1)! ntl—
10903 () — DIOKu, (m)]| < C(r, K, m) — )>, m — g g (3.5)

n+1-k
where k < n. Moreover there is a constant €(k, K,n) such that for all m € K
1A+ K2eJug (m)] < €6, K, ) [m — gl [l e, - (3.6)

Proof. The interpolation property of GPWs for any derivative of u directly stems from the Taylor expansion
of u — u,, exactly as for the gradient and this proves (3.5).
The design of GPWs directly yields that for all [ such that 1 <1 < p the corresponding GPW satisfies

[[A+ K*eJpr| < Crlm — g |?.
2n+1

Moreover u, = Z X1 and it was already noticed in [13] that |X;| < C(k, K,n)||ul|cn+1. As a result
I=1

2n+1 2n+1
|[A + /<;26]ua (m)’ = Z Xi[A+ nze]gol < C(k, K,n)|ul¢n+r |m — gx|? Z C
=1 =1
2n+1
and so (3.6) holds €(k, K,n) = C(k, K,n) Z C. O
=1

The last step is to build, from the local function spaces GPW?4(K), a set of GPWs on the whole domain {2:
the GPWs space V}, is naturally defined as [ KeT, GPWP1(K). Note that p and ¢ could vary from element to
element but are here considered fixed on every elements.

As a result, we have the following estimates on the whole domain (2:

Theorem 3.3. Consider n € N*. Assume that ¢ > n+ 1 and p = 2n + 1. Finally suppose the coefficient
€ € C171(K). Suppose that u is a solution of scalar wave equation (1.1) which belongs to C"*1(£2). Then the
function vy, € Vi, = [[geq, GPWEY(K), provided element by element by Theorem 3.1, satisfies: there exists a
constant C' independent of h such that

cnt1(0)

q
14+ w2e)(u— ) | 2y < Carea(2)'/? (max hx) I

KeTy,

KeTy,

190~ o0y < Carea(s)* (e ) ey
where hy is the radius of K.

Remark 3.4. If the order of approximation g were allowed to vary from element to element, the local number
of basis functions p(K) = 2¢(K) — 1 would provide the following estimate:

I[A + k%] (u — vn) || L2 () < Carea(£2)"/? max

K
Ret, (h% )> [ullen+r(e)-
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3.2. Approximation of linear polynomials

The result ([7], Lem. 3.10) addresses the approximation of bi-variate polynomials of degree 1 by classical
plane waves, and here we are interested in the approximation of bi-variate polynomials of degree 1 by GPWs.
This result is needed to apply the h-based analysis of [7] or [15]. Even though we use triangular elements in the
numerical algorithm, the next lemma uses a square reference element (as in [7]). This is needed because affine
transformations do not preserve solutions of the Helmholtz equation, and the connection to triangular elements
is explained in the proof of Corollary 3.8.

Lemma 3.5. Consider K € [0,1]2 the reference element. Suppose n € N is such that n > 2. For p = 2n + 1
and ¢ > n + 1 there is a constant C independent of k (but not of p) such that

inf f = vllo g < CRle(egyr)lIfllo o V€ PLIRY).
veGPWE(K)

Remark 3.6. The proof strongly relies on the fact that the GPW space is designed with the normalization
()\’f’o, )\’g’l) =ik/e(x g,y )(cos Ok, sinby), for equi-spaced angles Oy, for 1 <k < p.

Proof. For the sake of clarity we define & = ky/€(x;,yy). Consider
P
b = (i7) U/ ol gy
k=1

where the pis are the GPWs, a,(gj) = (M,)"!, p=2n+1and M,, € RP? is defined for 1 < k,I < p by

lforl=1
l
(M)t = cos <§9k> for [ even
p)kl =
AR
sin (Tek) for I > 3 odd
We know that
Za,(cj) Z Zoz (Pi(z,y))
= n= O
and, if X = (2,9) = (v —2p,y — ,then
) (
Py (x L
it ((Aé,
- (Gi)(
k
A0,1
((”“) (

the function gy, 4, defined as gi q4(

) 72 g x)> see Lemma 3.7

! A\
)) 2% ()= () () st
0

k #\ .
( > Rr1T 2J(<i,1c’0> . <g> ) fr,q(x)" 77, being uniformly bounded

0,1

S B R

Sy R

h 3
ML

for x = (x,y) € K as & — 0.
We assume that (A}, A1) = ifi(cos Ok, sin 6y ). Define

1 [ ([N #\\" ‘
Kl x) = — Loy de dvi<ji<n:
s =5 [ (1) (5)) a0 ewan<izo
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=2 [ () ) o s [ () ) s

k N k

The leading order term of (Py(x,y))™ as & — 0 is (<§,1C 0> <g> )™. As shown in [7], it can be written ((i,ﬁ0> .
0,1 0,1

(33))" = (iR)" 37 KM (x)Myy, so that

2)-()

P

50 ?”i 3ol

00

;

Z Za])Mk-l- Z
n=m+1

(]
2| m
(]~
2

7N
7 N
22
- o

in
N

 ~ n n 2n+1

HM

Za(j)Mlka
k=1

and since K = 0 if [j/2] > n and S lak)Mlk =0j for 1 <1,j < p, it yields

S5 () 0« 5,5 (oo E e

n=0 k=1 n=[j/2] l=p+1
2n+1 ]
Py £ 3 K0 Y oM
n= m+1 l=p+1 k=1

(ir)"

n!

|
=1

K3 (x) + &R (R, x)
n=[j/2]

since [/2 > m+1 = [K]' =0 for n < m|, and where the remainder function R; defined by

LR () L )
R;(k,x) = P E - K}(x) + E K['(x) g o’ My
n=m-+1 l=p+1 k=1

is uniformly bounded on K. So

Zak o= 3 (a0 + a0 ) + 8 R ()
n=[j/2] '

Since bj(x) = (ik)~b/A 30| (J)gok it clearly shows that

fn09) = gty 0

As a consequence, the definition of Kj[j/z] combined with (A} o, Af ;) = i&(cos Oy, sin ) lead to
bi(x) = 1+ O(F?), ba(x) =z — xx + O(F?), b3(x) =y — yx + O(F?). 0
To complete the proof of Lemma 3.5, we need to prove the following result.

Lemma 3.7. Suppose n € N is such that n > 2. For p = 2n+ 1 and ¢ > n + 1, consider the basis of p
functions ¢, € GPWP1 (K) approzimating (1.1) at the point gz = (xp,yz) at order q, and, for all k
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such that 1 < k < p, the corresponding polynomials Py (z,y) = Z )\f,j(x — xK)’(y — yk)j satisfying
0<i+j<q+1
pr = exp Py. These polynomials satisfy

k
)‘1,0

Rt = (30) - (§) + o) )

where x = (x,y), (Z,9) = (v — v,y — Yy ) and the remainder function fy q is uniformly bounded on K.

Proof. The normalization (A}, \§1) = irv/€(zk, yx)(cos Oy, sin 0;) implies that A5 ; = 0 so that the induction
formula (3.3) reads:

oo
A, = -l ve)
: 2 4!
1 [ K20.00e(zrc, yKc)
Eoo_ _ 2t Yy ) k y\k
A3 = 5 ( 7l +4A3 ;AT o
1 20,0} (T K, YK )
k _ z%y ) . . k k .
i1 j
+ Z Z(i —k+1)(k+ 1))‘§—k+1,j—l)‘lli+1,l
k=11=0
i—1 J
D NIESASICHT
1=1 k=0
This clearly completes the proof by induction. O

More precisely, the result needed is the following result that corresponds to Lemma 3.12 from [7]. We state
it here to specify the GPWs parameters, and provide no more than a sketch of the proof since it relies on
Lemma 3.5 but not specifically on the basis function set.

Corollary 3.8. Suppose that n € N is such that n > 2. For p =2n+1 and ¢ > n + 1, suppose wyj, is a linear
function on a triangle K then there is a GPW function wy, € GPWP(K) such that

lwh; — wh L2y < ChE Wil L2(x)-

Proof. By translation and dilation by 1/hx we can map an element K to an element KcCcK= (0,1)2. Let
w° denote the transformed polynomial and note that @§ € P;(R?). Let P the L?(K)-projection onto the plane
wave space GPW!"(K) where & = hxr. Applying Lemma 3.5, we get

(7 = Pydgllo & < CR ez, vzl lo, & (3-8)

The conclusion then follows by transforming back to K using the fact that the transformation from a triangle
K to the reference triangle K changes the frequency into # = hxx and the bound [0, z < Cllwg |, z with

C independent of K which holds because Wy, is a linear polynomial and the mesh is regular. O
4. ERROR ESTIMATES

In this section we start by establishing a straightforward error estimate using the coercivity and boundedness
of the sesquilinear form By(+,-), and then prove convergence in the global L? norm.
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We define the obvious modification of the DG norm from [9] by

1 1
lullbe = ;Hﬁl/z[[vhu]]\liz(s]) + a2 [u]llFae,) + ;II51/25nuH%2(sR)

1/2

1
Hll (1= 0) 2ullae,) + sl Pullfege,) + 517! (Anu + A2eu)l|Za o)

where Ay, is the Laplacian defined piecewise element by element. Obviously this is a semi-norm, but due to the
new term it is also a norm even on functions that do not exactly satisfy the Helmholtz equation.

Lemma 4.1. The semi-norm || - ||pa is a norm.

Proof. Suppose |lu| pg = 0 then u satisfies Au+r2eu = 0 element-wise, and the normal derivatives and function
values have no jump across interior edges. So Au + x?eu = 0 in £2. In addition the Cauchy data vanishes and
so uw=01n £2. Hence || - || p¢ is a norm. O

We also need a new DG+ norm:

- 1, _ -
lullbas = llulbe + w18 Qublzae, + o™ 2 EVaublliae,) + 167 *uliaen,

—1/2

1, _
+EHOK 15nu\|i2(sp)+’f2”7 ul[22(0)-

The following estimates hold:

Lemma 4.2. Under the assumption that « > 0, 3 > 0,1 > 6 > 0 and v > 0 in the generalized TDG, and
provided u is such that |u||pa is finite,
S(Bn(u,u)) > [[u]be-

Provided ||u||pa+ and ||v||pa are finite, there exists a constant C independent of k, u and v such that
| Bn(u,v)| < Cllul pe+|vllpe-

Proof. The coercivity estimate follows from in the usual way by considering (B, (u, u)) and using the assump-
tion that € is real [8].

To obtain the desired continuity, we integrate the term Vju - Vv term in the definition of Ay(-,-) by parts
to obtain, for any u,v € V4,

Ap () = — /Q w(Brv T rPev) dA + /g [}Vl ds — /g {Vhu} o] ds

+ / (1 - 6)udyds — — [ BIVaul[VT]ds
Er

1R &r

+ i/{/ afu][0] ds — l 00 u0,T ds
Er

1K Er

+ i/{/ (1 —=9%)uvds — 00puvds
ER ER

— &ﬂﬁ—i—in/ ouv. (4.1)
ED 5D

The result now follows from the definition of By (u,v) and the Cauchy—Schwarz inequality. g
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The following result is now a standard consequence of the above estimates [6,9]:

Lemma 4.3. There is a unique solution uy, € V), that satisfies (2.2), and the following error estimate holds
with constant C' independent of Kk, u, and up:

lu —upllpe < Cllu—v|pey for all v € V. (4.2)

To obtain an order estimate, we need to make specific choices of the parameters «, 3, § and . There are
several choices in the literature depending on the precise setting of the problem (see for example [3,7,9,10]). In
this paper we shall make the classical UWVF choice [3]:

a=B=056=1/2, (4.3)
so that we can use results from [15]. Then we choose for
7 = Y0hk

where 7 is constant and r > 0. We shall examine the role of r later.
Using the estimates from Section 3 we can then prove the following error estimate.

Theorem 4.4. Suppose n € N is such that n > 2 and consider p = 2n+1 and g > n+ 1. Suppose V}, is formed
from qth order GPWs element by element using p directions. Then the solution up € Vi, of (2.2) exists for all
h > 0 independent of k and it satisfies the following estimate with constant C' independent of k and uy,:

|u — unl|pe < C(R"Y2 4 patr/2),

Here C' depends on the ||u|cmaxtnt1.0) () norm of u.

Remark 4.5. Since we need ¢ > n + 1 in the GPW theory, we see that the choice ¢ = n + 1 guarantees that
the approximation of the Helmholtz equation is high enough order.

Proof. We pick v € V}, in equation (4.2) element by element to be the approximation by GPWs denoted by u,
in Theorem 3.3. We now need to estimate each term in ||u —v||pg+. Using Theorem 3.3 the volume term in the
DG norm reads

172 (A = v) + KPe(u = 0))ll22) = I7"/2(Anv + K2ev) | L2(0) < ChTT2|fullca (4.4)

The remaining terms can be estimated using Theorem 3.2. For example

la™ 2{V (= 0)}IFae,) < C D lla™ 2 Va(u =)k
K
~1 2
<O w0 @IVau = Il
<CZ max a ' (e) |ht | Vi (u —v)|2 + hi||[ ViRV (u — )2
>~ cCHK K h L2(K) K hVh L2(K)
K

where we have used the standard trace estimate on K. Using Theorem 3.2 with £ = 2 and Theorem 3.1 we
obtain

la™ 2gVn(u =)} 72, <CD ggg;ga‘l(e)h?’lhi\lu\léw(m
K
—1 2n—1 2
< Cmaxa™ ()h™ ™ lullensr(o)-

Of course under our assumptions oz = 1/2. The remaining terms are estimated in the same way. O
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We now use the standard duality approach to prove an L?(£2) norm estimate on the error.

Theorem 4.6. Suppose we choose r = 3 in the penalty parameter v, p=2n+1, n > 2 and ¢ =n+ 1. Then
there exists a constant C depending on k but independent of h such that

lu—unl[z2(2) < CP*|lu — un||pe
for some s with 0 < s <1/2 depending on {2 (given in [9], Thm. 2.3).
Under best possible conditions we then have the following convergence estimate:

Corollary 4.7. Suppose u is a smooth solution of the Helmholtz equation, that r =3, p=2n+1, n > 2 and
q=n-+1 then
[ — uplp2(0y < Ch" o712

Remark 4.8. Since s < 1/2 the maximum rate of convergence predicted for the method assuming a smooth
solution and best regularity is O(h™).
Proof. Define the dual variable z € H!(£2) to satisfy

Az + K%z = u—uy in 0,

Opz—1kz =0 on I'y,

z=0on Ip.

Under the geometric assumptions on the domain given in the introduction, it can be shown that z € H3/2+5(82),
s> 0, [9] and so z is sufficiently regular that

n(e) = [ u=myaa
for all test function ¢ that are H? piecewise smooth. This follows from (4.1). Hence, by the definition of By,
Bu(6:2) = 5 [ (At +relimmda+ [ ammyaa
so choosing & = u — uy, and letting z;, € V}, be arbitrary
! /rz Y(An(u —up) + &2e(u — up))(u — up) dA.

2

K
The second term on the right hand side can be estimated using the Cauchy—Schwarz and arithmetic-geometric
mean inequality to give

lu = unllZ2(0) = Blu—un, z = 2) —

—_— 1
/ A An(u = up) + K26 — up))(a —uh)dA’ < 2w = unllaln/2( - un)l2(o
(9]

Y, 1
< Il — unllh + 5l — wnllfagey,

where Ymax = maxgecny = O(h").
To estimate By, (u — up, z — zp,) we integrate the grad-grad term in Ay (u,v) by parts onto u to obtain

An(u,v) = — /Q (Anu + K2ew)TdA + / (Vrul {7} — [l - {V85)) ds—% [ A9 s

Er
—|—i/<;/ afu] - [o] ds — / i(i/{u — Opu)0pvds
&r Er 1K
+/ (1 =06)(Opu —iku)vds + / u(ika® — 0,7) ds. (4.5)
ER 5D

Using this in the definition of By, (u,v) shows that

[Bn(u,v)| < Cllul pallvll e+
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where C is independent of u and v so that we have the estimate

Ymax
Qm [ — un| B (4.6)
It is now necessary to choose zj,. Following the proof of ([15], Thm. 5.6), let z5 denote the continuous piecewise
linear finite element interpolant of z. We choose 2z, € V}, to be the GPW approximation of 2}, constructed in
Lem. 3.8). Of course

llu— uh||2L2(Q) < Cllu=uplpellz = znllpe+ +

Iz = znllpa+ < 2 = zillpo+ + 121 = znllpa+
and it remains to estimate each term. Estimates from the proof of ([15], Thm. 5.6) show that on each interior
edge in the mesh

2
\|a71/2{{vh(2 — Z’Cl)}HL2(e) < Czh%j‘Z‘Hs/zﬁ—s(Kj)

j:l
2
||ﬁ_1/2{{z _ Zﬁ]}HLQ(e) <C Z h};’;s|Z|H3/2+S(Kj)a
j:l

with corresponding results for the jumps in the above quantities and for boundary terms. In addition
IV 2 (An(z = 25) + K2e(z = 2i)| L2y = 172 (u = un — (Anzf; + K2e2f)) |2 ()
< O |lu—unll ) + 102 (A2t + K2e2p) | 2 (o)
On an element K we can use the regularity of the mesh to establish local inverse estimates and prove:
V2 Anzglln2 ey < ORIzl ) < CRETH 125 = 2l o) + 12l ) < ORIzl s iy
Proceeding similarly for the lower order term, we conclude that provided r/2 > 1 we have
IV 240z — 2) + K2e(z = ) lz2gy < CR2 2l s/,

In addition we must estimate

Iv=2(z = 2)|132() = Z/ (2= z)*dA < CZhSHS "l aee i)

< Ch*¥ees T||ZHH3/2+S(Q)’
Taken together, if 3 +2s > r > 2 we have

Iz = z5llpe+ < O+ B2 |2 s )

A good choice is then r = 3 since in that case r/2 — 1 > s and using the a priori estimate for z from ([9],
Thm. 2.3)
Iz = zillpe+ < Ch%|lu — unl|L2(0)-

It now remains to estimate |25 — 23| pc+. As we have seen there are two troublesome terms: ||y ~1/2(zf —
Zh) H%Q(m and ||y 2(An (25 — 21) + £%€(25 — zn))|| L2(2) With the remaining terms following using Lemma 3.5 as
n [15]. Using first a local inverse estimate, then Lemma 3.5,
IV 72(AR (2, = 2n) + B2e(2f = 2|2y < CRL 722 = znllzze) < CRIL IR 2
so that, squaring and adding, and using the a priori estimate for z from ([9], Thm. 2.3)

920 (25 = 2n) + w26l = 20l 22y < O

r/2 c
< ChL (12 = 25l 2y + N2l L2g)
< Ch"lu — up | 12(0)

HZ;:L”L?(Q)
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To estimate the global L? term, again using Lemma 3.5,

_ —r/2 2—r/2
™2 = ) ey < O Nz = ) Bacaey < OW e

Adding over all elements and using the a priori estimate for z from ([9], Thm. 2.3)
V2 = zn)le (o) < CRP 2l — unl| e )
We have thus proved that when r = 3 and noting 0 < s < 1/2 we have
Iz = 2nll < CR®lu = up|L2(2)-
so we conclude the desired result using this result in (4.6). d

5. NUMERICAL TESTS

We now test the GPW based TDG method on two test problems with a known solution: Airy waves (linear
variation in €) and Weber Waves (quadratic variation in €). In Figure 2 we plot the relative L?(2) error in
the computed solution against a parameter labeled C/h. This is computed, using the total number of degrees
of freedom Ngor and the number of directions per element p = 2n + 1, as C/h = /N4ot/p. We choose this
parameter since, in our theorems, convergence is in terms of mesh size rather than total number of degrees of
freedom.

Our basic convergence results Lemma 4.3 and Theorem 4.6 are proved within the geometric assumptions
stated in the introduction (from [9]) allowing corners on the scatterer or external domain. In the upcoming
examples the domain is convex and so full regularity ensues with s = 1/2 in the L? norm estimate. The
convergence rates predicted from our theory in Corollary 4.7 then depend on the regularity of the computed
solution which in our examples is smooth. Thus we can expect the full order O(h™) convergence rate in the
L? norm. If reentrant corners were present the convergence rate of the GPW solution would be limited by the
smoothness of the solution and the appropriate choice of s. The construction of GPW’s near singularities is not
considered that case here.

5.1. Airy Waves

The simplest example of a spatially dependent refractive index is €(z,y) = —y on the domain [—1, 1] x [-1,1].
We can then choose Dirichlet boundary data (for our theory we need an impedance boundary condition, but
the same result holds in the case provided & is not an eigenvalue of the domain) such that the exact solution is

u(z,y) = Ai(s*/%y)

where Ai(r) is the Airy function as shown in the left panel of Figure 1.

Exact Solution

0.3
0.5 02
0.1

-0.5

s E] 05 0 05 1 15

FIGURE 1. Left: Exact Airy function solution. Right: Initial mesh.
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FIGURE 2. Airy Waves. L?(£2) norm convergence when v = h? (left panels), v = h (middle
panels) and v = 0 (right panels). The results are sorted with respect to the value of ¢: ¢ =1 on
the first row, 3 on the second row, 4 on the third row and 5 on the last row, while values of n
vary from 1 to 4. The dashed lines in each figure are reference lines showing O(h?), O(h*), and
O(h®) convergence. Reference lines and axes limits are identical on all panels.
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TABLE 1. Predicted and measured convergence rate for plane wave propagation when v = h?
(see Fig. 2 left column of panels). Our convergence results are stated assuming g = n + 1
and here s = 1/2. For ¢ < n + 1 we state “No Theory”. For ¢ > n + 1 we predict the same
convergence rate as for ¢ =n + 1.

q n Predicted Convergence Rate Measured Convergence Rate
1 1 No theory No convergence
1 2 No theory 3

1 3 No theory 3

1 4 No theory 3

3 1 No theory No convergence
3 2 2 3

3 3 No theory 4

3 4 No theory 5

4 1 No theory No convergence
4 2 2 3

4 3 3 4

4 4 No theory 5

5 1 No theory No convergence
5 2 2 3

5 3 3 4

5 4 4 5

This solution is oscillatory for y < 0 and exponentially decaying for y > 0. In all the experiments, we make
the choice

a=p8=68=1/2,

The initial mesh for the experiments is shown Figure 1 right panel.

Starting with the mesh in Figure 1 and using uniform refinement, we have computed the error in approxi-
mating the Airy function solution for x = 15, and for different values of 4. The order of approximation of the
Helmholtz equation ¢ is set to 1, 3, 4, and 5 and the corresponding results are displayed in separated graphs.

5.1.1. The case v = h?

We focus here on the case v = h?, corresponding to the hypothesis of Theorem 4.6. Our goal is to demonstrate
that an appropriate choice of n and ¢ can produce high order convergence. Indeed our theory predicts that we
should choose ¢ = n + 1, n > 2 and expect O(h™) convergence in the L?(f2) norm since the Airy function
solution is smooth and the domain is convex (see Cor. 4.7). Results are shown in Figure 2.

The left panels of Figure 2 demonstrate the need for GPWs in order to obtain high order convergence. When
g = 1 (first row), the GPWs are plane waves and we see no obvious convergence when n = 1 (three plane
waves per element), but at most third order convergence for n > 1. This suggests that one approach using an
h-refinement strategy is to use simple plane waves with n = 3 to obtain third order convergence under mesh
refinement (it appears that n = 3 offers a useful improvement in accuracy over n = 2 even if the order of
convergence is the same). To obtain fourth or higher order convergence we need true GPWs with ¢ > 1.

The case n = 1 is also interesting. Regardless of ¢ we do not see obvious convergence when n = 1, whereas
for a constant medium the plane wave basis with n = 1 gives O(h?) convergence [4]. The variable refractive
index seems to require n > 1.

For n = 2 regardless of the choice ¢ = 1,...,5 we see O(h®) convergence, and for n = 3 we get O(h*)
convergence provided ¢ > 1, while if ¢ = 1 we get O(h?) convergence. Finally for n = 4 we only have O(h?)
convergence when ¢ = 1, but O(h®) convergence for ¢ > 1 (with some deterioration on the finest mesh when ¢ = 3
or ¢ = 5). These results are summarized in Table 1. This deterioration may be due to the usual conditioning
problem experienced by plane wave type methods since when n = 4 the condition number of the system
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Exact Solution

500
0
-500

1 i
1.5 -1 0.5 0 0.5 1 1.5
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-0.5

FiGURE 3. Exact solution for Weber’s equation with a = 5.

is roughly 10?° which may impact convergence. The last cases n = 3,4 confirms that ¢ must increase as n
increases although apparently more slowly than we predict. In addition, with an adequate choice of ¢ we appear
to see O(h™*1) convergence for n > 1. This is the same order as has been found experimentally using 2n + 1
plane waves when e is constant! [4]. Even in that case, an optimal error analysis in that case is also elusive [3].

5.1.2. The case v = h.

In this section we describe numerical results obtained by increasing the parameter v from h* to v = h, and
we compare convergence rates obtained for different combinations of the order of approximation of the equation
by the basis functions, ¢, and the number of basis functions per element, p = 2n + 1. This choice for v violates
the hypothesis of Theorem 4.6, but should result in greater stability.

The middle column of panels of Figure 2 display series of results for several choices of ¢, while n varies from 1
to 4. The results are broadly similar to those in the left panels of the same figure, although the case n = 4 shows
a slowing of convergence on fine meshes for ¢ = 3 and ¢ = 4. In this case it appears that ¢ = n + 1 is indeed a
good choice.

These convergence studies emphasize the fact that the three choices n = ¢, n = ¢—1, and n = ¢+ 1 seem
to result in approximately the same rate of convergence, suggesting that, in practice, ¢ = n — 1 would be the
best choice for a fixed value of n. The best rates of convergence obtained are 3 for n = 2, 4 for n = 3, and 5
for n = 4. Although the convergence rates are similar to those when v = h3, the accuracy attained on a given
mesh is slightly worse. This suggests that choosing 7 larger than O(h?) is not useful (other tests, not shown,
with 4 = 1 and v = 103 show similar results but even worse error at a particular mesh).

5.1.3. The case v = 0.

Our theoretical analysis requires that v > 0 even to obtain convergence in the DG norm but this term requires
integration over the interior of all the elements (unlike the standard PWDG or UWVF) and we would prefer
to drop it. In addition we saw that v = O(h3) gives better results than v = O(h) so we want to test if an even
smaller penalty is better. In the right column of panels of Figure 2 we show results when v = 0.

Overall the results are similar to previous results. Provided ¢ is chosen large enough, we can obtain O(h"*1)
convergence. In fact the mesh now seems slightly more stable!
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L2 error
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L? error
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- - order 5
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L? error

w0t [ ——g=4 n=2
g=4 n=3
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L2 error
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- - order 5
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C/h

FIGURE 4. Analogues of Figure 2 for the Weber wave example. L?({2) norm convergence when
v = h3. The results are sorted with respect to the value of ¢: ¢ = 1 on the first row, 3 on the
second row, 4 on the third row and 5 on the last row, while values of n vary from 1 to 4. The
dashed lines in each figure are reference lines showing O(h?), O(h*), and O(h®) convergence.
Reference lines and axes limits are identical on all panels.
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5.2. Weber waves

In this section we approximate what we term Weber waves. These are solutions of the following problem

2
Au + K2 <%—E>u:0

K
in the domain §2 = [—1,1]? subject to
u(x2,y2) = Po(Vkxz,a) on 082

where w(xa) = P,(x2,a) is the odd solution of Weber’s differential equation

d?w x3

—+|——-a] =0

da? ( 4 )
defined in [2] and implemented in [1]. We choose @ = 5 and x = 50 which gives the solution in Figure 3. For
this choice of a, # and domain, the solution is evanescent for |za| < 1/(2/5) and oscillatory otherwise. So this
example again tests how well GPWs can approximate both traveling and evanescent solutions.

Results are shown in Figure 4. Broadly the same picture emerges for the Weber example as for the Airy
example. We see O(h"T1) convergence (this is not completely clear when n = 4) provided ¢ is large enough.

6. CONCLUSION

We have provided a modification to the TDG approach that allows the approximation of solutions of the
Helmholtz equation in which the refractive index is piecewise smooth using Generalized Plane Waves. The
resulting numerical scheme maintains one advantage of TDG: the number of degrees of freedom per element
increases linearly with the order of approximation of the method. But the method looses one advantage of pure
TDG: there is now a need to perform numerical integration element by element. This is required because we
introduce a new stabilization term, and also because the GPW basis functions are not exact solutions of the
adjoint problem.

Theory suggests a choice of parameters that balances polynomial degree with the number of GPWs in the
basis element by element. This is examined in detail using Airy’s equation to provide an exact solution, and
substantiated further by using Weber’s example. In the Airy case we have also studied if our new stabilization
term is necessary: the numerical results in this one simple case suggest that it can be ignored, but much more
testing (for example with less smooth solutions with curved wavefronts) and theoretical backup would be needed
to confirm this. Our testing also suggests that our predicted choice of polynomial degree ¢ = n + 1 may be
excessive.

In summary, we have achieved a first theoretical convergence result for GPWs in a TDG setting. Our numerical
investigations suggest that the theory is not optimal so far, but do show examples where GPWs can provide
accurate solutions to wave propagation problems in which the coefficients are smooth functions of position.
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