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A generalized plane wave numerical method for smooth non constant
coefficients

LISE-MARIE IMBERT-GERARDT AND BRUNO DESPRESH

Laboratoire Jacuges-Louis LIONS, Université Pierre et Marie Curie,
Boite courrier 187, 75252 Paris Cedex 05 France

[Received on 29 August 2012; revised on ?7]

We propose an original method based on generalized plane waves and approximated coefficients for the
numerical approximation of the Helmholtz equation with a smooth constant coefficient. This is justified
by a high order convergence estimate rate. Our motivation stems from the Maxwell’s equations with
Hermitian dielectric tensor € which are used to model reflectometry in fusion plasma. Simplified models
split them into two different propagation modes. Some numerical results are presented in dimension one
and two.

Keywords: generalized plane wave; wave equations; high order.

1. Introduction

Our aim is to describe a new numerical method with generalized plane waves for the numerical approx-
imation of time harmonic wave equations with smooth non constant coefficients. Our model problem is
the Helmholtz problem with a smooth non constant coefficient

—Aut+ou = f, x€eQ,
(Ov+iv)u = Q(—dy+iy)u+g, xerl.

(1.1)

Here the smooth coefficient is real, o € R, but everything could be adapted replacing the homogeneous
problem by the adjoint problem. The 7y function can be a variable physical parameter satisfying 0 <
Y < Y < Yu, but for the sake of simplicity we will consider it constant and positive. The sign of @ may
change even if we restrict the presentation to real coefficients for simplicity. The method can be used for
complex valued coefficients as well. The unknown u(x) € C is sought in the space of complex valued
functions.

1.1 Physical motivations

Our motivation comes from the need of efficient numerical methods for certain Maxwell’s harmonic
equations appearing in plasma physics. These equations read

curl (curlE) — w—s(x)E =0, x=(x,2), (1.2)

where E denotes the electric field, @ is the pulsation, ¢ the sound speed and € the dielectric tensor. The
dielectric tensor represents the electromagnetic behavior of the media. The cold plasma theory Swanson
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(27) yields the already simplified dielectric tensor is

l—a(x) iba(x) 0
e(x) = [ —iba(x) 1—a(x) 0 , =1,
0 0 1 —ca(x)
where b < 1 and ¢ = 1 — b>. Typically the coefficient a satisfies a = x/xq + @, where the perturbation
xr)? Y
is described by @ = dgexp <— @ afzﬂ > exp <—(ywy2f)> cos(q(y —yy)), see Gusakov et al. (12). This
X y

is completed with boundary conditions of metallic or absorbing type. We refer to Monk (23) for the
general theory of Maxwell’s equations and to Cessenat & Després (2); Hiptmair et al. (14); Huttunen et
al. (16) for the use of specific plane wave methods for the numerical approximation of the solutions of
such problems. Two models for different propagation modes are often considered. Both are obtained
from equation (1.2) under convenient assumptions on the direction and polarization of the electric field.
The two dimensional equation for what is called the O-mode reduces to

2
(O]
_AEZ_Cng(xvy)Ez:Q A :axx+ayy7 (1.3)

on the domain Q and can be completed by the following boundary condition
(dv +iy)E. = Q(—0y +iY)E. +¢

on the boundary domain I". Here d, denotes the normal derivative, ¥ > 0 is a smooth positive function
and g is for instance an L>-function on the boundary. Q is a smooth function allowing to fit the condition
:if Q = —1 it gives a Dirichlet condition, if O = 1 a Neumann condition or if O = 0 a Robin condition.
This O-mode (named for Ordinary mode) presents one cutoff : when &, is negative or positive the
nature of the equation (1.3) is either elliptic coercive or elliptic propagative. This coefficient €, € R
is a real continuous function. It depends on the local density of electrons and on the exterior frozen
magnetic field. Since the electron density is continuous, it explains why the coefficient of the equation
is also a continuous function. A more general setting of the physical problem could be to introduce
some dissipation with a complex valued coefficient. This case is not considered hereafter. A further
simplified one dimensional model reads

2
dx?

Equations (1.3) and (1.4) are particular cases of our model problem (1.1). The fundamental solutions
are the two Airy functions Ai and Bi. The first Airy function A/ displays important properties which are
fundamentally related to the physics of the problem. It will be used for validation in our numerical tests.

More generally a challenge is to adapt advanced numerical methods which are at the frontier of what
is used in classical engineering so as to obtain efficient algorithms which can be used in the context of
the numerical modeling of Fusion plasmas. We are in particular interested by reflectometry which is a
diagnostic method to measure density in fusion plasmas, based on the reflection of the probing wave
at a plasma cut-off. The local density at the cut-off layer can be deduced from the reflected signal.
Therefore the mathematical model of the cut-off is crucial for the application. Our motivation is that
the equation (1.3) models the cut-off as the zero of the coefficient &, it is then natural to take into
account the smoothness feature of the coefficient in the design of the numerical method. In fact, classical
numerical methods described in paragraph 1.2 consider only piecewise coefficients which would damage
the description of the cut-off. We hope this work can be considered as a first step in this direction.

E, +xE, =0. (1.4)
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1.2 Plane wave methods

The numerical method that we propose is an extension of plane waves methods, such as the ultra weak
variational formulation (UWVF) Després (4); Cessenat & Després (2, 3); Gittelson et al. (10); Huttunen
et al. (17), to problems with smooth non constant coefficients. Indeed the standard UWVF uses constant
coefficients per cell. This is optimal when the physical domain can be split into sub-domains in which
the coefficients are constant. But if the coefficients of the problem to solve are non constant and smooth,
such a procedure introduces a priori an important error. Our aim is to propose and analyze an extension
of UWVF which uses original basis functions based on the generalized plane waves Melenk (20).

We think that the approach proposed in this work is not restricted to UWVF, and can be generalized
to different plane wave methods that we describe here. PUFEM Melenk (19); Melenk & Babuska (21)
falls in the same class of method Perrey-Debain et al. (24); Pluymers et al. (25). It has also been shown
that UWVF can be interpreted as a special Discontinuous Galerkin procedure Gittelson et al. (10);
Hiptmair et al. (14); Farhat et al. (6, 8). The analysis of the classical ultra weak variational formulation
method described as a discontinuous Galerkin method is performed in Huttunen et al. (16), as well as the
corresponding & and p convergence theory. It has been proved that the analysis of 4-convergence takes
great advantage of this fact in Buffa & Monk (1); Gittelson et al. (10). The analysis of p convergence
is treated in Hiptmair et al. (13). Comparisons between these methods is investigated in Gabard et al.
(9); Huttunen et al. (15); Strouboulis et al. (26); Wang et al. (28). Analysis with respect to the wave-
number £ is performed in Melenk & Sauter (22). The new family of generalized plane waves described
in this work generates a high order method with respect to the basis functions and the coefficients of
the problem: in this direction we refer also to the Enrichment method Kalashnikova et al. (18); Farhat
et al. (7) which could provide an alternative to our method in order to enrich a more conventional
polynomial basis with our generalized plane wave basis. Ultimately there is no opposition between
all these approaches in the sense that it is possible at the level of principles to mix polynomial basis
functions and generalized plane waves to obtain a method with improved approximation properties.
However it is far beyond the scope of this paper and will not be considered.

The performance of the new method relies on a further investigation of the ultra weak variational
formulations method presented in Després (4). In fact, the ultra weak variational formulation uses basis
function adapted to the original problem, in the sense that they are exact solution to the problem. It
makes the approximation of the exact solution more relevant for a given number of elements in the mesh
and a given number of basis functions per element than the approximation obtained with classical finite
elements methods. Then considering smooth non constant instead of piecewise constant coefficients,
it’s coherent to look for more general basis functions since classical plane waves can no more be exact
solutions of the problem. So the idea is to construct, in the vicinity V of a point xo € Q2 basis functions

o that are generalized plane waves, say @ = e’ for x € Vy and P € C[X],

e that are solution to a modified problem : —A@ + &¢@ = 0, such that & satisfies the approximation
property [|&t — &||;=(y,) < Ch?, where h denotes the size of Vp, C is a constant and g > 1 is a
given entire number.

The aim of this paper is first to design the new adapted basis functions, second to construct the adapted
tools to fit with the frame of non confirming finite element methods in order to follow the steps of
the second Strang lemma for the estimation of the convergence rate and third to illustrate with basic
numerical tests for the Airy equation.
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1.3 Plan

This work is organized as follows. We present a family of generalized plane waves in the section 2 :
these functions have been designed to be the standard plane waves in case the coefficients of the problem
are constant in space and non positive. In section 3 we present the general principle of UWVF and adapt
it to smooth coefficients. The next section 4 is devoted to the numerical analysis of the method. Our
main theoretical result is a proof of convergence in dimension one, using the second Strang’s lemma
and some uniform coercivity estimates. This is probably the most original theoretical result in our work.
To our knowledge it is the first time that it is introduced and analyzed in the context of generalized
plane wave methods. Numerical results are provided in section 5 to illustrate the theoretical results.
In particular we display experimental convergence estimates in dimension two. The numerical results
suggest that a different normalization of the generalized plane waves may increase the accuracy, which
is indeed what is observed. Additional technical material is provided in the appendix.

2. Generalized plane waves

Unlike the classical variational formulation used for instance by finite element methods, here the vari-
ational formulation requires meshing the domain as a preliminary task. This feature is shared by Ultra
Weak Variational Formulations, Discontinuous Galerkin Methods, Enriched methods and other plane
wave methods. The coupling strategy between the cells differs of course. But up to this fact the gener-
alized plane waves can be used in principle for all such algorithms. We begin with some notations. The
mesh of the domain € is denoted .7, = {€y };c[ v,]- such that :

Q  =UQL%NQ;=0,Yk# ],
I; :ﬁkﬁr
L =NQ;, oriented from £ to L,
209, = (szkj) Uly.
11
Q;
5y
-Qk

FIG. 1: Example of a meshed square domain £, with elements £, edges X ; and I'; respectively oriented
toward £2; and the exterior of the domain.



A GENERALIZED PLANE WAVE NUMERICAL METHOD FOR SMOOTH NON CONSTANT COEFFICIENTS 5 of 34

2.1 A general method

Shape or basis functions ¢ are sought as solutions of the homogeneous equation

If the coefficient & is constant in the cell and negative, it is sufficient to use plane waves, that is in
dimension two x = (x1,x7)

Q(x,y) = V¥ DY) with d = (dy,d>) and (d,d) = 1. (2.2)

If the vector d is real, it is simply the direction of the plane wave. This is the basic idea of all plane
wave methods. However if ¢ is non constant in the cell, then we do not know of any simple and general
analytical formula for ¢. For example if & = x is linear with respect to the first variable, it is possible
to construct ¢ from the Airy functions Ai and Bi. But the Airy functions are highly transcendental, they
are not that evident to manipulate.

Our main goal is to describe a method of approximation which can be used for any function . By
comparison with (2.2) it is natural to to generalize the plane formula and to consider generalized plane
waves such as

o(x,y) = ) P a polynomial.

One gets that ¢ is solution of (2.1) if and only if

92 2\ 9 J .\’
5Pt (axP) bt (ayP> = a(x,y). (2.3)

However many tries showed that such a representation is not sufficient. The explanation is simple: as P
can be expanded as a finite series of monomial x"y™, the result is a finite series of term

92 %) > ) ?
— " Y on.m Y onm Y nom
92 er(axxy) Jrayz)cy Jr(ayxy>

= (n(n—1)x" 2 +nx>2) y" +x" (m(m — 1)y" 2 + m*y*"2). (2.4)
For example let us consider the case a(x,y) = x and let us look for a polynomial

P= Z Z anmxn)’m7 aKL#Ov

n<Km<L

solution of (2.3). If K > 2 of L > 2, the maximal degree of (2.4) cannot decrease which is contradictory
with the fact that & = x is a polynomial of degree one. So K < 1 and L < 1. In this case the degree of
(2.4) with respect to x is 0, and the same for the degree with respect to y. In summary solutions of the
functional equation (2.3) cannot be polynomial in the general case.

Therefore a modification is needed. Instead of considering that ¢ is given and looking for solution
of (2.3), we look for approximate solutions. That is we consider the approximate equation

(fA +oc,£) ol = 0in

where oc,i is an approximation of ¢ in €.
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Definition 2.1. Generalized plane waves A generalized plane wave will be understood as any function
(with support in cell ) of the form
(Pli — Py

where P,g is a polynomial solution of

92 d N\ 92 d \?
axzp’H((hP’g) +ay2P,§+(ayP,§> = ap(x,) 2.5)

and Ot,i is an approximation of Q.

2.2 Design of the basis functions in dimension one

The one dimensional case is a first step to construct the coefficients Ot,i and the generalized plane wave

functions ¢/. Therefore we will suppose in this section that  =]a,b[C Rand that Q = Uke[1 v, Pt X1

with x; < x¢41. The middle of the open interval £ =]x;, x4 1[ is denoted by xiy/ = % Apart

from providing the technical details of the construction of the basis functions, the central result of this
section is an explanation why it is necessary to use different approximations (X,i of the function ¢ in the
same cell [x, x4 1] in order to avoid a singularity in the construction.

2.2.1 Design principle. 'We want here to set our choice of basis functions : in order to generalize
plane wave methods, we will consider exponential of polynomials

Notice that we only need two basis functions per element of the mesh in dimension one: this is a
common property of plane wave methods in dimension one; the reason is the number of elementary
solutions of a second order differential equation which is two. Plugging the previous representation
formula into the homogeneous equation —¢"” + @@ = 0 we find the functional equation

P'(x)+P (x)* = ax), X € X, Xks1]-

This equation is non linear and no simple solution is available for general right hand side ¢¢. However
if « is locally constant, that is

a(x) = a(xq2) €R, X € [, Xey1],

PE(x) = £/l o)

. . +oy .
are two natural solutions which correspond to the two local plane waves (pki (x) = ¢ ™) in the case
o (xg11/2) <O.

then

2.2.2  Local approximation. To ensure the local approximation of the ¢, one has to fit the polynomi-
als’ coefficients to approximate the Taylor expansion of the equation’s coefficient o, which is performed
with respect to the parameter 4 which represents the length of the mesh

h= m]?x(ka —xk).
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A first idea is to approximate the Taylor expansion of &

o = ax+O0(h?) (2.6)
and to look for polynomials solutions of
PL+(PL)? =0,  x€[x,xp].

Without restriction we assume that & admits a local infinite expansion
= do i
a:;)ﬁ<x1(+l/2) (x—xﬂ%) , X € X, Xpr1)-
=

Using the finite expansion Py =Y ;<; ﬁiiy" where y =x —x;_ 1, one obtains
= 2

= PL+ (P = <Zﬁiiyi> " ((Zﬁiiyi> )
i<l i<l

In order to satisfy (2.6) we have to chose I € N and (f;)o<;<s such that

2

t) Y Ly e 4o
LB+ | LAY Y 7 (F1/2) Y+ O(hY). 2.7)

i<l i<l i=0

Identifying the coefficients in the polynomial part of the previous equation leads to a system of g equa-
tions with 7 unknowns. Then choosing I high enough ensures that the system is easy to solve. At the
same time it is reasonable to choose I as small as possible to minimize the amount of computations. The
main question is therefore to determine the optimal value of the degree of the polynomials, parameter /,
with respect to the order of approximation, parameter g. Some remarks and examples follow.

e Normalization : 8o = 0. It is always possible to take By = 0 since By does not show up in (2.7). It
implies that the amplitude of the corresponding basis function is normalized in the cell since

Pi(x 1)
e V2 =0 =1,

e Trivial case : ¢ =1 = 1. From (2.7) one obtains the equation ﬁlz = (xk +1 ) One recovers from this

procedure B =+, [« (kar%) )
Pi(x) =44/ (kar%) (xfo%).

In the case where o (xk 41 ) < 0, it yields two plane waves with opposite directions. This case
2
is the trivial one.
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o Counter-example : ¢ = I = 2. The discrete equations are obtained from the first two terms in (2.7)

2/324—512:05()6“%) =a,

2.8)
4B 6 = o (xk+%) =b.
Elimination of 3, yields

—2B7 4 2aP; =b. (2.9)

It is of course possible in principle to compute B; as any root of this polynomial, 3, will then
be computed as a ratio, i.e. B = %. So in principle this method has the ability to generate
at least two different polynomials Py. However there is a possibility for 8; to vanish for some
value of @ and b. In such a case 3, would be singular. It must be noticed that we have used such
a method in our first numerical tests: indeed it revealed a singularity near a(x) ~ 0. Another
problem is the generalization to high order : indeed this procedure requires to compute exactly
the roots of a high order polynomial which generalizes (2.9); this is not possible for orders > 5.
This is why we do not use this method to compute the coefficients B; and ;.

e Example : ¢ =2 and I = 3. Since one needs at least one more degree of freedom in the system to be

solved we modify (2.8) and take into account 3. The system becomes

2ﬁ2 +ﬁ12 =a,
{ 63 +4P1 5 = b. 2.10)

This system has 3 unknowns and 2 equations. So it has a priori an infinite number of solutions.
Very fortunately a natural normalization condition arises, by considering that the two basis

. . . . . . Py (J‘ 1)
function should be linearly independent. To insure this we impose that %e 1) =0 =

P
P, (xk+%) =0and Le +(xk+%> =1<=P, (xk+%) = 1. The first case corresponds to ; =0
and the second one to f3; = 1. With this second normalization it is evident that 3, and 33 can be
computed explicitly from (2.10) and that the resulting formulas are just polynomial expressions
with respect to all coefficients. One obtains two sets of coefficients which are Bf =1, =
$a—1), B =3(b—2a+2)and B; =0, B, =%, B; = 5 (b—2a). Notice that o # ot
since B;" # B, .

We use the method described in the last example at any order. The first thing is to chose a convenient
degree I for any order g. In order to obtain an invertible system, one has to consider the first g terms in
the left hand side of (2.7). As long as one considers the terms of degree less than or equal to 7 — 2, the
index of the coefficient from P is higher than the indexes of all the coefficients arising from (P')? terms.

So that

-aslong as I —2 < g— 1 - the computation of the / — 1 coefficients {B; }2< < is straightforward,

given the coefficient B;. Moreover if I < g+ 1 the terms of degree higher than I —2 in (2.7) will give an
overdetermined system. For this reason the choice of Ps degree is settobe I =g+ 1.

In fact, in this case we solve the system of g equations with g+ 1 unknowns obtained identifying the
first g coefficients in both parts of the expansion (2.7) with the normalization

B;" = 0 which corresponds to P, (xk I ) =0
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and
B, =1 which corresponds to P_ (xk+%) =1

The coefficients B, B35, B, ..., and B, B5, B, , ..., are calculated one after the other using the
formula deduced from the definition (2.7) foralln < g —1

n j+j'=n

d . ,
(+2)(n+ DB, = o (xey) = X G+DG+ BB
0<j,j'<I-1

By construction ¢, = e+ and ¢_ = ¢ are linearly independent functions. Once the polynomials P,
and P_ have been constructed up to order g, we set

oy =P+ (P.)?and a = P" +(P.)*. (2.11)

By construction the first g coefficients of these polynomials coincide. But of course all other coefficients
have no reason to be equal, so
o # a_ in the general case.

One can summarize as follows.
Lemma 2.1. The functions o™ defined in (2.11) satisfy the following statements.
1. They are bounded independently from the cell number k, as well as all there derivatives.
2. If a is constant in the cell, then o™ = @, and the basis functions are classical plane waves.
3. By construction there exists a constant C, such that
o™ — ot =) < Cyh?

where h = | Q| and q is the order of the approximation.
4. This construction is valid even if the sign of o changes.
The last point is critical to be able to address the numerical approximation of the Airy equation.

Remark 2.1. It is also possible to choose another normalization such as ﬁli = &, /X451/2- This choice
will be illustrated as a numerical example in section 5.

Remark 2.2. Property 3 of lemma (2.1) establishes a property of approximation with respect to h. One
of our numerical tests shows that a similar property of convergence holds with respect to the order
parameter q. In practice q-convergence is a highly desirable property since it allows to use big cells.

2.3 Design of the basis functions in dimension two

The fundamental equation that defines a generalized plane wave is (2.5). Description of all solutions
of this equation and of effective procedures for the computation of such solutions seems difficult. Nev-
ertheless one can rely on a simple linearization procedure in order to define a set of generalized plane
waves with an order of approximation g > 1.
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2.3.1 Linear coefficients+rotation. A first remark is that a simple procedure exists in the case of a
linear coefficient

o =a+bx+cy.

Up to a local rotation it is always possible to assume that ¢ = 0. Assuming the local form

P(x,y) = p(x) + Ay

one ends up with the equation
P +p (0 = alx) - A2

for which the procedure described in the previous section is well adapted for the construction of a
discrete space of approximation. Some details about the choice of A will be provided in the numerical
section 5.3. Our numerical tests (in the numerical section) show this procedure yields a high order
method at any order.

2.3.2 Linearization. For a smooth coefficient & which is not necessarily linear, it is always possible
to approximate it by a linear function, that is

a(x,y) = a+b(x—xg) +c(y—yc) + O(h?)
where a = a(xg,yg), b = d:0.(x5,Y6), ¢ = dya(xg,y¢) and |x — xg| + [y — yg| = h. We can write
a(x,y) = oG(x,y) +O(h?), oG(x,y) = a+b(x—x¢) +c(y —y6)-

The approximation of ¢ with the method described above yields a procedure a approximation of o by
generalized plane waves.

3. UWVF and generalized plane waves

We now described the introduction of generalized plane waves in the UW VF method.

3.1 Notation

The function space for the UWV formulation is denoted V as

v= [] ),

ke[1,Nu]

equipped with the Hermitian product (x,y) = ¥ [5q, %,xky*k. It defines a norm: ||x|| = /(x,x). In
particular for any operator A € .Z(V), the norm is

A
4] = sup 1421
x#£0 [lx]

Remark 3.1. The space V depends on the mesh. Moreover: if £ C R the dimension of V is finite; if
Q C R with d > 2, the dimension of V is infinite.
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3.2 A standard ultra weak variational formulation

The ultra weak variational formulation is a convenient reformulation of the initial problem. We need to

define (4 ) 0.(20)
—A+a) =0, k)
Hk(a) = {Vk GHl(-Qk)» ((—av“‘i?’)vk)\agk c Lz(aﬂk) } (3.1
and N
h
H =[] Hi(a)
k=1

Theorem 3.1. Let u € H'(Q) be a solution of problem (1.1) such that dy,u € L*(9€) for any k. Let
Y > 0 be a given real number. Then x € V defined by x50, = xi with x, = ((—dv +iY)u|, )90, satisfies

A R — ]l ——
; <'/391‘ ?xk(_av‘f'i'y)ek_ Z / yxj<av+i7)ek>

J,i#k

-y /Fk%xk(&v—i—lyek——ZlZ/ f+2/ g +iyer,

kI 70

(3.2)

forany e = (ek)ke[[erh]] € H. Conversely, if x € V is solution of (3.2) then the function u defined locally

by
U, = U € I‘Il(Qk)7

(—A+ o)y = Sl (3.3)
(—8Vk + i’)/)btk = X,
is the unique solution of the problem (1.1).

This result is classical in the context of UWVFE. We refer to Cessenat & Després (3); Buffa & Monk
(1); Hiptmair et al. (13); Huttunen et al. (16, 17); (author?) (Imbert-Gérard & Després). Our main task
is to adapt this formulation to the generalized plane waves developed previously. In order to give a more
compact formulation useful for further developments, some definitions are required.

Definition 3.1. For any f € L*(Q), let E r be the extension mapping defined by :
E: { V. — H,
' Z = e= (ek)ke[[l,Nh]]7

where e is defined Vk € [[1,Ny]| by the unique solution of the following problem :

{ (—A+a)ex =f (),
(—Oy +iMex =z (9€%).

Also define E which is the homogeneous extension operator with vanishing right hand side, namely
E =E).

Notice that E¢ is well defined thanks to theorem A.1.

Definition 3.2. Let F be the mapping defined by

P Vv — V,
Lz ((av+i7)E(Z)\8Qk>ke[[1,Nh]}'
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This operator relates the outgoing and ingoing traces on the boundaries d €.
Definition 3.3. Let I1 be the mapping defined by

Vv - V,
IT:9 35, = Yz
. = g

Definition 3.4. If F* denotes the adjoint operator of the operator F, let A be the operator F*I1.

With these notations the problem (3.2) is equivalent Cessenat & Després (3) to

{ Find x € V such that Vy € V G.4)
(x,y) = (ITx, Fy) = (b.y), '
where the right hand side b € V is given by the Riesz theorem
, =YY 1 —
(by) = =2 [ JEG)+ [ ZeFG),  WyeV.
Q ry

More precisely

e If u is solution of the initial problem (1.1) such that ((_a"+i7)”\99k)ke[[1.1v,]] €V, then x =

((—ov+ W)u\aﬂk)ke[[l,N,,]] is solution in V of (3.4).

e Conversely if x is solution of (3.4) then u = Ef (x) is the unique solution of (3.2). The problem
(3.4) is equivalent to

{ ForbeV, findxeV (3.5)

(I-A)x=0b.

We now give some properties of the operators defined previously. They will be useful for the theo-
retical study of the method.

Lemma 3.1. The operator IT obviously satisfies || IT|| < 1 for any complex function Q such that |Q| < 1
Lemma 3.2. The operator F is an isometry.
Proof. Foranyy e V,lete € H be E(y). Then

LT Vi J@rimal= ¥ [ Sl el +230e-a)

ke[LN] ke[TN]
MR = X[ Seasimal= ¥ [ Ciael el -2 @),
AR ke[1,N,]
Since [5q, dver-e = [o, |Ver|* + aler|* € R, one gets that [|Fy||* = [|y||>. This implies the result. [J
Proposition 3.1. The operator A satisfies |A]| < 1

This operator also satisfies the following property.
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Proposition 3.2. The operator I — A is injective.

Proof. Let x € V such that (I — A)x = 0, which means x = F*ITx. Define z € V such that z = Ilx, then
F*z = x so that [TF*z = z. Then define u € H such that for all k € [[1,Ny]]

{ —Au+ou =0, (.Qk), (3.6)

(v +ivu =z50,, (9%).

In order to identify F*z, define y € V such that Vk € [1,N,]], yx = (—9v +i¥)ujq,. It is known that
Vv € V, there exists w € H such that w = E(v), which means w satisfies

{ —Aw+ow =0, (.Qk), 3.7)
(= +iv)w =V, (9%). ’
Then
1 -
o) = X[ ot o+ Mwaa,
keI, ‘mk”

= ) / —&vu-avw+yu-w+iavu~W—iu-avw,
ket /0% ¥

@F) = ¥ [ 0+ivug Gt
ke[ TN ] 99k7

Z / favu oW+ Yu-w—idyu-wiu- dyw.

kG[[l Nh

On the other hand, from (3.6) and (3.7) for all k € [1,N,]]

{fagkavww :kaVu'V?—N—f_Qk(xw
Joguu-ovw = [o Vu-Vw+ [o au-

so that 5o —dyu-W-+u-dyw=0. As a consequence
YwevV,(yv)=(z,Fv),

which exactly means that y = F*z. Since ITF*z = z, it leads to [Ty = z.
To conclude let’s read this last equation in terms of the function u defined in (3.6).

. 2 [ (o +ivuys, = (dv+inus,;,
Yk, j) € [1,Ny] { R AR

so that both u and dyu are continuous along every interface Xy, and now

{ —Autou =0, (Q),
(v +iy)u = Q0(=dv+iy)u, (IQ).

Thanks to the preliminary result, u is the unique solution of the corresponding (1.1) problem : it is the O
solution. Then z = 0, and so x = 0. The proof is ended. O
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3.3 An abstract discretization procedure

The next step consists in the discretization of equation (3.4). This could be treated thanks to a standard
Galerkin method which is presented below. That is we consider a subspace Vj, C V with finite dimension.
We seek the discrete solution x;, € Vj, such that

Vi € Vi, (X1, 90) — (TTxp, Fyp) = (b, yn). (3.8)

The definition of the operator F', through the operator E, is linked to the functional space H ; this fact
means that solutions of the homogeneous equation are needed then. In other words this abstract Galerkin
procedure needs a companion constructive procedure to design the basis functions to generate V},.

Before describing in the next section what is our proposition to make such a Galerkin method effec-
tive, we explain below why such a Galerkin approach (3.8) yields a well posed discrete problem. We
provide here an analysis of this well known fact which is slightly different from what can be found in
the literature Després (4); Cessenat & Després (3); Gittelson et al. (10); Buffa & Monk (1); Hiptmair et
al. (13, 14).

Definition 3.5. Let us define the norm |||v||| = ||(I — A)v|| for all v € V, and the bilinear form of the
formulation (3.4): a(x,y) = (x,y) — (Ix, Fy).

Since I — A is injective, ||| ||| is indeed a norm. In the rest of this paper, % (z) (resp. I(z))stands for
the real (imaginary) part of z € C. A fundamental property is

Lemma 3.3. The bilinear form is coercive with respect to the norm ||| - |||
111> < 2% (a(x,x))  VxeV,
and is bicontinuous in the sense
la(e V) < [l < Iyl v,y eV.
Proof. One has by definition |||x|||> = ||x[|> + ||Ax||> — 2% (x,Ax). Since ||A|| < 1 then
el < 2 (]2 — 2(x,Ax)y) = 22 (1 — A)x,x), = 2%alx, ).

The coercivity is proved. The skewed bicontinuity is evident from Cauchy-Schwarz inequality applied
toa(x7y):((I_A)x7y)' O

Proposition 3.3. Assume there exists x solution of the problem (3.5). Then any discrete solution x;,
satisfies the inequality

[[}x = xa||| <2 _inf [l —z]|. (3.9

€V},
Proof. By construction a(x — xp,y,) = 0 Vy, € Vj,. So
a(x—xp,x—xp) = a(x —xp,x—2z,) Wwith z; =y, —xp.

It ends the proof with the coercivity and skewed bicontinuity of lemma 3.3. O
Lemma 3.4. Forall b €V, the discrete solution xj, exists and is unique.

Proof. 1If x;, exists, it is solution of a linear system, the dimension of the system being the dimension
of the discrete subspace V). Therefore it is sufficient to check that if a(xy,y,) = 0 for all y;, € V,, then
x, = 0. Apply the inequality (3.9) with the choice x = b = 0. It yields ||x;|| < 2inf,, ey, [|z4]| =0. O



A GENERALIZED PLANE WAVE NUMERICAL METHOD FOR SMOOTH NON CONSTANT COEFFICIENTS 15 of 34

3.4 The new method

We consider that the generalized plane waves (p,i have been constructed with the procedure described
previously. The local discrete space is

— _ . I 2
Wi = Span {( dv+ ly>¢k}1<l<p(k) C L (d%).

The global discrete space V9 C V is defined by : V¥ = [ <<y, Wi Regarding these definitions, one
sees that the basis functions are defined on the boundaries of the mesh, and that they have compact
support. That is the shape function defined from (p,ﬂ has support in L?(9£2;) and vanishes in L?(9Qy)
for k' # k. It is therefore convenient to define the trace vi €V by

Vi = (—dy +iy)pl on L?(9€), andvi=00nL*(dQy) k' #k.
An equivalent way to define Wy and V< could be
W = Spa”("i)lgz@(k) and V¥ = Span(vi)lgkgp(k), 1<p<Ny-

Next define what are the generalizations of operators E and F in this context. Let EY € £ (V9,H) be
the discrete mapping defined Vk € [1,N;] and VI € [[1, p(k)] by

EI(v) =@l on H' (), andvi=0o0nH'(Qu) K #k. (3.10)
Similarly define F? € .£(V4,V),Vk € [1,N;]] and VI € [1, p(k)]}, by
Fi(vk) = (dy +iy)(@)) on L*(9€), andvi =0onL*(9Qy) K #k.

With these notations and definitions, the abstract UWVF with generalized plane waves is defined as
follows.

Definition 3.6. (UWVF method with generalized plane waves) Find x;, € V4 such that

vyhGVq7(xh7yh)V_(H-xh7quh)V = (bqayh)\/ (311)

with the right hand side given by

- 1
(B9, ya)y = —2i /Q FEu)+ [ gFT0n), eV, (3.12)

4. Numerical analysis of the method

In this section we desire to provide tools for the proof of the convergence of the discrete solution defined
by (3.11) to the exact solution. Since the discrete method (3.11) can be viewed as a convenient modi-
fication of the bilinear form (3.8), it is not surprising that that the convergence analysis strongly relies
on the second Strang’s lemma as it is the case for non conforming finite element methods Farhat et al.
(6). However the technicalities attached to ultra weak formulations are such that the convergence proof
will be completed only in dimension one. This is due to the fact that some uniform coercivity properties
which are part of the second Strang’s lemma are easy to prove in dimension one, see proposition 4.2,
but are open problems in higher dimension.
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4.1 Simplified notations in dimension one

Let the order of approximation ¢ be a given number. Assume that one has two polynomials P, ; and F; »
for all k € [[1,N,]]. The corresponding basis functions and coefficients are denoted ¢y 1, ot 1 and ¢y >,
0y . For the sake of simplicity, the basis functions space will be now denoted by {¢;} je1,2n,] and the
corresponding coefficients 7 = { e} je1 2w, 5 127} jep1,2n,) Will denote the corresponding traces, i.e.

Vi€ [1,2N4]],2) = {(=9v + i) 900, tke[1 N, ]-
The family {z;} je[1.2n,] 1s a basis of the functional space V9. A fundamental property is that

V4 =V only in dimension one.

This will greatly reduce the technicalities of the proof. In fact, the lemmas 4.1 and 4.3 rely on the fact
that in dimension one dimV4 =2

4.2 Preliminary results

For the sake of completeness, here are classical results useful for the study of this new method. The
proofs are postponed to the appendix.

Theorem 4.1. Let O be a one-dimensional open interval with length h. Let w be the unique solution of

—Aw+aw =0, (0), @1
(=ov+in)w =g, (I0). '
Then there exists two constants ho and C which depend of ||0t|| =) and 'y such that Vh < hy
I llz2(0) < CVRIgl200) (4.2)
Remark that the existence and uniqueness of the solution is given by theorem A.1.
We will also need a result on the approximation error between the problem
—-Aw+ow = f, (0)
; ’ ’ 4.3
o = 4 oo @
and the modified problem
—Aw+aw = f, (0),
; 44
{ (*av+17)w = & (aﬁ)a ( )

where O represents any open set with length £ included in €.

Theorem 4.2. Let U be a one-dimensional open interval with length h. If u is solution of the problem
(4.3) and uy, is solution of the problem (4.4), then for small h there exists a constant C such that

3
lu—upl| 200 < C (h2 lglli2(50) +h2|\f||L2(ﬁ)) | — anl| =) (4.5)



A GENERALIZED PLANE WAVE NUMERICAL METHOD FOR SMOOTH NON CONSTANT COEFFICIENTS 17 of 34

4.3 The discrete problem

This paragraph is devoted to showing that the operator F'¢ described in section 3.4 is an approximation
of the operator F up to the order ¢+ 1 in h. Consider the following problem

{ Find x; € V, such that 4.6)

(I—A")xh = b,
where A? = (F7)*I1. Here h and g are given. This result relies on a preliminary lemma.

Lemma 4.1. Let g > 2. Suppose h is small enough and basis functions are constructed as described
in paragraph 2.2.2. For all k € [1,N]], there exists a constant C independent k such that ¥z € V4 and
Vk € [1,N]

Z XjZj

je{1.2}

Y llzillzee) <€
je{1,2}

L2(9)

Proof.  Set k € [1,N;]] and z = x1z; +x220. First x; can be written as a function of z. This is a
priori possible using {w;} je(1 2y which is the dual basis of {z;} jc(12}. For all (j,/) € {1,2}?, the dual
function w; is defined by

(wj,z)v = &j1, (4.7)

where § denotes the Kronecker symbol. The proof proceeds in several steps.
First step. One has that x; = (z,w;)v, therefore
Y, Illlzl < ( Y izl ||w,~|> Iz]-
je{1.2} je{1,2}
So the claim is proved provided the term between parentheses can be estimated.

Second step: estimation of || ¥je 1 5y ||zl [|wj[||. From (4.7) it turns out that

—llzaf? (z1,22)
w1 = 21+ 22
(z1,22) > =zt [|z2]127" [ (z1,22) > = |21 PP llz2 >
vy — (z1,22) - [l o
[2) P =Nzt Pllz2l> 7 115 22) P = llza P llz2] >
so that ) ,
21 1%zl
Iz llllwjll <2 .
je%l,z} N A N G R
Let us set for convenience A = 7”'21”@"' so that ¥ g1 2y I|2lllw)l| < 275 It means that the

whole proof relies on an upper bound for A.

Third step: end of the proof. By definition (z;) 50, = ((—dv +iY)e") 20, BY construction P;(x;.1 ) =
0 for j = 1,2, P[(xt41/2) = 0 and Py (x;;1/2) = 1. Since by construction all derivatives of P and
P, are uniformly bounded, one has P;(x) = O(h) for j = 1,2, P{(x) = O(h) and P}(x) = 1+ O(h)
when & goes to 0 and for all x € [xg, xg41].
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So one can estimate

1 1
|lz1|* = ¥ | =P (x¢s1) + iYPL (Xk+1)|2 lexp (P (1)) * + ¥ |P{ (x) + ivPy ()Ck)\2 lexp (P (x))|?

1 2

2
- 77‘—P{(XH%)+in1(xk+%) +0(h),

1
+7
Y

Pll(xk.,_%) +ivh (xk+%)

that is ||z1]|*> = 2y+ O(h). With the same method one obtains

1 1
|Z2|2:2+/2+0<h>= 7

7 27+ 0(h),

and

1 . -
(z1,22) = ?(_P{(ka/Z) +1Y) (=P (xet12) +17)

1 / . /—
+77(P1 (Xgg1/2) + 1Y) (P (Xp1/2) +iY) +O(h)

that is (z1,22) = 2y + O(h). Therefore A> = % + O(h). It proves the claim for & sufficiently

small.

Final comment. By construction the polynomials designed in dimension one in section 2.2.2 by the
approximation of the Taylor expansion (2.7) are such that all their coefficients are uniformly
bounded up to order g for all cells in the domain. This is why the error O(h) in the above

analysis is uniform with respect to the cell index &, which is therefore not indicated. This is not
true if one constructs the polynomials with the method constructed in the counter example (2.8).

O

Lemma 4.2. For small h and considering the basis functions constructed as described in paragraph
2.2.2, there exists a constant C
|F9—F| <Chit! (4.8)

Proof.
For all j € [1,2N,], the function @; is by construction ¢; = E4(z;) such that

7zj=(=dv+iy)e;,  (I),

®j € {01} 2w, satisfies Vk € [1,Np] { (70,722 +06j> 0 =0, ()
dx ’ ’

We also define y; = E(z;) such that and the equation with the exact coefficient o

‘ zj= (v +iv)y;,  (I€),
y; € H satisfies Vk € [1,N,]] { (_% + Oc) vi=0, ().
Then
[(F4=F)zi|* =1[(0v+iv)(9;— ;)% -
= (= + i) (9; — ¥)) > + 2R (iy(9; — w,) v (9, — v))),

—273((@; — v;)ov(@; — ¥))),
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since @; and y; satisfy the same boundary condition: (—dy +iy)(¢; — y;) = 0. Then on the only one
element where z; is non zero numbered k = k()

/agk Y|( ZJ = _28/ —V;)ov(9; — ;).
: —23/9}{@;—1:1;@@—

< —23/52 (9 — v))(a;p; — ),
k

since both ¢@; and y; satisfy homogeneous equations. Then

o3Pzl <=3 ([ e ale v [ (@- ol vleTw).

<
< o+ all =y ll@; — V’j”iZ(Qk)

+ e — el = 197 — Willi2(0,) (Hq)j”Lz(_Qk) +1l leHLZ(Qk)) ;

thanks to Cauchy-Schwarz inequality. On the other hand, from (4.2) and (4.5) for small hs

3
o — lI’/'||1_2(Q,() < Ch? ||Z/||L2(agk)||0‘ — =y
19ill20) < CVRlIzill200,):
Wil < CVAIZlI200,),

and ||aj + @||;=(gq,) is bounded as noticed in remark 2.1. So for small &

2 2 2 2
1F9 — F)351122 00, < CH2N0G — ooy 12712250,

where still k denotes k(). Now for all k € [[1,N,]] let L(k) be the set of indexes j € [[1,2N] such that
€ is the support of z;. Hence, for all z € V¥ then 790, = Y jc1 (k) Xi1z1 Where both z;s vanish on dQ; for
all j # k, it yields

I(F9—F)zll 1230, Z Pl [(F7 = F)zll 200,
leL

1
<ChlrélLaE§)llak—ale(ak>< ) |Xl|||Zl||L2<an)>'

le{12}
Thanks to lemma 4.1 it means that

I(F? = F)zllr290,) < @hgfgg) llege = elli=(op 121220,

Going back to the definition of the V norm forall z € V

Fi—F Ch ma o — o|ze ,
I(F7—F) < Ch_max oy~ @iy <

which exactly means ||F? — F|| < Chmax e[ o] | — @)l = (g,)- The result then comes from equation
(2.6) ensured by the construction of approximated coefﬁments Oc ]s (]
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4.4 Some norms
The whole point of this paragraph is to define a useful norm to adapt the second Strang lemma.
Lemma 4.3. There exists a constant C such that for all x € V: Ch*/?||x|| < ||(I — A)x|).

Remark that, in dimension one, the dimension of the space V is finite, so all the norms are equivalent;
but the constants in the continuity inequalities depend on /, and this lemma specifies the dependence in
this mesh parameter. Proof.

First step Take x € V, and define b = (I — A)x. In order to interpret this equality in V, define u = E(x)
and w = E(b), so that (u,w) € H x H and

Vke[[LNh}]{ (—%“‘)M =0, (),
(=dv+iv)u =x, (),

Vk € [[laNh]]{ (_§+a>w :07 ('Qk)7
(=dy +iy)w =by, (0).

Since F is an isometry one has
Fx—IIx=Fb.

It means on every interface

Vi € [[1 N, ]] { (—8v+i')/)u‘9k(x;€) —1k¢1(—9v+i7)u|gk71(xk) = (—8V+l.')/)W‘Qk ()Ck>7
T (v F in)ugo, (1) — L, (O + iV upg, (k1) = (9y +i¥)wig, (X1

This leads to a system of jump conditions on the interfaces

(—dy +i7)u|_Ql (x1) = (—0dy +iy)wml (x1),
vk € [2,N:], T2 T e (xx) = 3 ((=0v +iy)wiq, — (v +ir)wig, ) (%),

1 . .
(w10, —w0, ) (%) = 2y ((=ov +iy)wio, — (v +iVIwa, ) (x),
(9 +iV)ujay (xn,+1) = (v +iV)wiay (¥, +1)-

(4.9)
Considering Uy and U; the two fundamental solutions of the homogeneous equation such that

(—% + Oc) u=0on £, then u satisfies
Vk € [[1,Ny], ujq, = 8§Uo + 8{UY, (4.10)
where (8F, 5{‘),(6[[1_%]] completely determine u € H. Plugging (4.10) in (4.9), and defining
Ao = (=dy +iy)wie, (xll),
At =5 ((=0v +iv)wia, — (9 +iM)wig,,) (),
1 . .
W1 = 2y ((—=0v+iy)wiq, — (v +17)W\Qk71) (),
Un, = (av + iY)W\-QNh (xNh+1),

Vk € [[23 Nh]] P
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then

(=0y +iy)Uo(x1)8) + (=0 +iy)U (x1)8] = Ao,
d d
—Up(xi) (85" — &) + U () (8" = 81) = M1,

Vk € [[27Nh]]7 dx ] X 1 « (4.11)
Uo(xi) (8 — &) + U1(Xz<)(5 —01) = M,
(O + V) Uo(xn,+1) 80" + (A + V) Un (i +1) 8" = -
Given the change of variable
Dk — 5k _ 6k+]
Vk e [1,N, — 1 { 0= %% = (4.12)
(1M =100 b~ gh ket

the system (4.11) gives a linear system with unknowns (D](‘),Dll‘) ke[[1,N,—1]- Defining the Wron-
skian Wy = U, %U(} — UO%Ul - which is non zero - the solution is

1 d

Dﬁ:W ;LkUl(xk+1) I.lk Ul(xk+1) ,
Vk € [1,N, —1] ) P d

Dk = W .ukan(ka) — AUp(xk41)

Then the structure of the system (4.11) is

ad) + B! =

8k — 88 = Dk, Vk € [1,N, — 1],
8f — 8+ =Dk Vk € [1,N, — 1],
8"+ 18" = .

Eliminating (8}, 51"),{6[[17,\,]1,1]] it yields

& =y Dk + 8,
51 Ni 1Dk 511\//17

and
ad)" + s =L
4.13
{ 8"+ 08" = py,, 19
with
Nh 1 Nh 1
L=2—(—0dy+iy)Us(a ZD" (—dy +iY)Ui(a ZDk (4.14)

The determinant of the system (4.13) is W) = (—dy +iy)Up(a)(dy +iy)Uy (b) — (dy +iy)Up (D) (— 3y +

iy)U; (a). If it were zero, then its columns would be linearly dependent, say aoC) +a;C2 =0 ;
this would mean (dy + iy)(aoUo +a1U1)(x1) = 0 and (dy +i7¥)(aoUp + a1 U1 ) (xy,) = O so that
u = aplUy + a1Uy would satisfy
—u" +ou=0,
{ (dy+iy)u=0.
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Then u would be the unique solution (zero) of this last system, which is not possible since Uy
and U, are independent. Then W is non zero. One finally obtains that

& = Wil (L(av +iy)U1(b) — un, (—dy +iy)Ui (a)),

1
81" = o (B (=0 + 1) Unla) ~ L(=dy + MU (a) ),
! Np—1
h— .
5 =8+ Y D, @19
vk 1,8~ 1] g
8 =8"+ Y Di.

j=k

Now u is completely known.

Second step The next step is the estimation of the coefficients (5, 51"),(6[[171\,11]] using (4.15). Since F is
an isometry, and A; and py, are linear combinations of the components of Fb

1 (4.16)
Vk € [1,N]), ] < — |-
€ [1,Na]l, lae] ﬂ” |

Thus from (4.12) and (4.16), with C depending on Uy, Uy, ¥y and Wy,
Njp—1
Y Dl
k=1

From (4.14), |L| < CNy||b||, and since |uy, | < C||b|| one has from (4.15)

Y. Dj

k=1

Ny
61'

< CA/h”b”aVZ € {Oﬂ 1}7

Ny—1
and next for k € [1,N, — 1]: |8f| < ‘SI-N” +Y ’D{‘
=1

| 85| < CN||b|| fori € {0,1} and k € [1,Ny].

< CNy||b||. Then all § terms satisfy

End of the proof A last calculus leads to the following inequalities

2
Ik =Y ||8(—0v+in)Uo+ 8 (=v+in)Ui
ke[TN] H ) 1000
< Y (2c(a+18t)) <c ¥ NRbIP < ClBPN;,
ke[[1,N,] ke[[1,N,]

so that ||x|| < Ch—3/?||b||.
g

Definition 4.1. Let us define |||x|||; = ||(I — A?)x|| for all x € V. This is a norm under the condition of
the next proposition.
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Proposition 4.1. Let g > 2 be given and let h be small enough. There exists a constant C > 0 such that
CHY2|lx|| < []|x][lg, Vx € V. 4.17)

Proof. One has
vreV, |(-Ax]

N IN

[(Z = AT)x|| + [| (A7 — A)x]
17 = AT)x|| +Ch+! ]

So [|(I—A)x||, — Cha*!||x|| < ||(I — A%)x||,Vx € V. Then lemma 4.3 concludes the proof since h9*! <
h3/2 for h small enough. O

Proposition 4.2. There exists a constant hy > 0 such that the bilinear form a,(x,y) = ((I —A%)x,y) is
uniformly coercive, i.e. Vh < hy

K2 < 3% (ag(x,x)) W € V.
Proof.
One has |HXH|¢2/ < ||x[12 = 2% (Agx, x) + || Agx||*. Since
1Agx]| < [lAx] + | (Aq — A)xl| < (1+Che*)|x] (4.18)
there exists another constant denoted as C’ > 0 such that ||A,x||? < (1+C'h?1)||x||2. Therefore
[1xl113 < 202>+ C'h Y lxe]|* — 222 (Agx,x)

that is |||x[[|7 — C'h?™!||x||* < 22 (ay(x,x)). For small h since ¢ > 3/2 and due to the proposition 4.1
one has
C'h x| < CR'B(P1% = ) |x|> < B35,

then 5
gIIIXIllﬁ <|Ixll; — Che x>,

Combined with the previous inequality it proves the claim. (I

4.5 Convergence

The main convergence result is an adapted version of Strang second lemma with the ||| - |||, norm.

Theorem 4.3. Suppose that g > 2 and h < min(hg, h|). Denote x € V the solution of the exact problem
(3.5) in dimension one and xj, € V the solution of the discrete problem (4.6). Then there exists a constant
C > 0 such that

|Hx7xh|||q gCh—3/2 <1Iéf;/|xyh|||q+ sup |aq(x,Wh)_fq(Wh)|> , (4.19)
Yh

wyeV—{0} Hwh H

where fy(y) = (b%,y)v.
The proof relies on the following intermediate result already proved in (4.18).

Lemma 4.4. The operator A? satisfies ||A?|| < 1+ Ch9*!,
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Proof. Of theorem 4.3

e The first remark is the uniform coercivity with respect to |||.|||; needed in the second Strang lemma.
It is proved in proposition 4.2.

o The second step consists in characterizing the uniform continuity of a,. For all (x,y) € &

(I =AT)x, y)],
e[l M-

lag(x,y)] =
<|

Using (4.17) one has ||wy, || < Ch=3/2|||wy|||, for some constant C, so that for small &
2 -3/2
V(,y) € V2, lag(x,)| < Ch2| |kl []]]g-
e The last step is the inequality itself. The triangular inequality yields

(ke =xalllg < [l =ynlllg +Il1xn = yalllg, Yyn € V-

On the other hand proposition 3.3 shows that

1
gH\xh—th\zz] < ag(xn = ynoxn — yn)|
< |aq(x*Yh,Xh*Yh)| + |aq(x*xh,xh*yh)‘,
< Ch2| e = ylllql | bn = yalllq + |ag (x, 0 — ya) = by (xn — i) | -

Aswyp =x, —y, €V, then

|aq (0, wn) =bg(w)| _||wall
[[wall [walllg

1 _
3l =yalllg < CH=32[ [l —ylllq +

Using one more time [|wy|| < Ch=3/2|||wy]||,, it yields the desired result.

We now have to estimate the error defined by
Dy (x,wy) = |ag(x,wn) — bg(wy)|,Ywp, € V.

In order to simplify the proof and to match to the physical meaning of the problem, we will assume that
the right hand side (3.12) is characterized by f =0and g € L>(I") C V.

Lemma 4.5. There exists a constant C > 0 such that

Dy (x,w
€V — {0}, W < CH ([l + ) (4.20)

Proof.

Ywy, € V—{0}, Dp(x,wp) [(I—AT)x,wy)y — (bywp)v ],
(A= AD)x,wi)v [ +[((I = A)x,wi)v — (b, wa)v] + | (b = by, wi)|

CRIH x| [lwall + CAE g [[wal

NN

since the second term vanishes (I — A)x = b. The third term is bounded using (3.12) like | (b — by, wy)| <
CIIF —Fy| gl Ilwall < Cho+gl| wy . This gives exactly (4.20). O
It is now easy to prove the theoretical convergence of the method in dimension one.
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Theorem 4.4. One has the estimation
[l —xalllg = O(h?~"72). 4.21)

Proof. In dimension one the discrete space of approximation is equal to V whatever the method of
construction of basis functions is. This is why one can choose y;, = x in (4.19). So infy, cy |[1x — yal] |q =
0. The remaining term is bounded with (4.20).

It is useful to rewrite this inequality using a norm with the usual scaling

Izl = Y, hlul*
\/ kelTml

By construction |z = h? l|z||. Using (4.17) one gets ||z|] < Ch~'|||z]||4- Therefore a corollary of the
theorem is the estimate of convergence

[x =] = Ot =72). (4.22)

5. Numerical examples

All the following examples are linked with Airy functions since it is the physical problem (1.3)-(1.4) we
are interested in. We only consider here coefficients §(x) = x and (x,y) = x, so that in dimension one
as in dimension two that Airy functions are exact solutions of the equation. All the linear systems are
assembled and solved with Matlab.

The parameter ¥ is set to be constant equal to 1 everywhere.

5.1 One dimensional test case

The test problem considered here is the following : on an interval 2 =|a,b[C R

{—u”(x)—l—xu(x) =0, (Ja,b]),
(dv +iy)u(x) = (dy+iy)Ai(x), ({a,b}),

The points of the uniform mesh are denoted {xy }xe[1,n,+1]> Where N, stands for the number of elements
defining the mesh. For a given value of ¢ the basis functions are designed as in paragraph 2.2.2. The
solution computed corresponds to an element x; € V. A simple formula to expresses the traces of u, in
funcrion of x;,
{ 2iyu, = I+ H)x,+g  ({a,b}),
2iyuy, = (I+1T)xy, (%t repzn])-

In all simulations, the accuracy is reported using a discrete /> norm so that the relative error is computed
as

\/Zke[[l,Nh+1]] |t (1) — g (i) [

\/Zke[u,zv,lﬂ]] |ttex (1) |2

Considering the domain 2 =] —5,5], one gets the the typical result of figure 2 where we plot the
exact analytical Airy function and the numerical solution computed with our method. The rates of
convergence are described in figures 1 and 3. The numerical rates of convergence are better than the
theoretical estimates.
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FIG. 2: Plot of the analytical Airy function, and comparison with the numerical solution. Here we used
a large (= 200) number of cells and two high order generaalized plane waves per cell. One clearly
distinguishes between the propagative medium x < 0 and the non propagative medium x > 0.

TABLE 1. Errors and orders of convergence for different orders of approximation q depending
on the number of unknowns N.

q=2 q=3 q=4 q=5 q=6
l Error Rate Error Rate Error Rate Error Rate Error Rate
4 9.5¢-01 9.9¢-01 8.6e-01 8.6e-01 NaN -

8 9.2e-01 -0.05 9.7e-01 -0.03 9.7e-01 0.18 9.9e-01 0.20 9.9e-01 NaN
16 7.8e-01 -0.23  9.5e-01 -0.03 9.2e-01 -0.09 9.6e-01 -0.04 9.4e-01 -0.04
32 6.0e-01 -0.39 3.3e-01 -1.51 2.5e-01 -1.89 1.5e-01 -2.65 1.le-01 -3.14
64 2.0e-01 -1.59 3.2e-02 -3.4  2.0e-02 -3.61 3.2e-03 -5.6 2.0e-03 -5.75
128 54e-02 -1.89 2.1e-03 -391 1.3e-03 -3.93 52e-05 -594 3.2e-05 -5.96
256 1.4e-02 -1.97 1.3e-04 -3.98 8.4e-05 -3.98 8.2e-07 -599 5.0e-07 -5.99
512 3.4e-03 -1.99 8.3e-06 -4.00 5.3e-06 -4.00 1.3e-08 -6.00 7.9e-09 -6.00
1024 8.6e-04 -2.00 5.2e-07 -4.00 3.3e-07 -4.00 2.0e-10 -6.00 1.2e-10 -6.00
2048  2.2e-04 -2.00 3.3e-08 -4.00 2.1e-08 -4.00 3.le-12 -5.99  1.9e-12 -6.00
4096  5.4e-05 -2.00 2.0e-09 -4.00 1.3e-09 -4.00 7.3e-14 -543 7.5e-14 -4.69
8192  1.3e-05 -2.00 1.3e-10 -4.00 8.le-11 -4.00 1.6e-14 -2.21 5.8e-14 -0.37
16384  3.4e-06 -2.00 7.9e-12 -4.01 5.0e-12 -4.01 5.0e-14 1.67 5.0e-14 -0.20

One can also notice that we observe better convergence rates for odd values of g compared to even
values. We have no explanation for the moment.

One can see that on the finest meshes the solution is accurate to machine precision for the highest
values of parameter g.
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FIG. 3: Convergence of the method increasing the parameter g, relative discrete L? error as a function

of the number of elements defining the mesh.

5.2 About q convergence

In figure 3, when the number of nodes is fixed, the error decreases when the parameter g > 2 increases.To
obtain better understanding of this phenomenon, we plot in figure 4 for different values of ¢ and around
two points xgp the Airy function and its approximations thanks to the two basis functions ¢ constructed
in section 2.2.2.

We observe that the approximation is uniform in |xo — €,x0 + €[, with € independent of g.

5.3 Two dimensional test case

A first test case in dimension two is presented here. Consider an open set 2 C R? and the following
simple problem

{_Au(x’y)+xu(xvy) =0, ('Q)a
(v +iv)u(x,y) =(dv+iy)Ai(x), (9Q),

so that the exact solution is again the Airy function Ai. The domain considered here is square and
meshed with regular triangles. A comparison between the exact solution and the numerical solution is
diplayed in figure 5.

As explained in section 2.3.1, the design of basis functions is easy in the case of a coefficient de-
pending on only one coordinate, performing a one dimension reduction. The basis function ¢ is defined
by @(x,y) = e"™¥) with P(x,y) = p(x) + Ay where A still has to be defined. Here we chose

Ae {isin (273rk> ke [[1,3]}}.
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F1G. 4: Approximation of Airy function by corresponding basis functions for different values of ¢, in
the vicinity of xo = 0 and xo = —4.
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FIG. 5: Comparison between the exact Airy function on the right and the numerical solution computed
with 6 basis function per element on the left. The numerical solution is interpolated on a finer mesh.
Here the error is 0.0256%. The tables of errors 2 and 3 show high order convergence.
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(a) With Simpson quadrature formulas. (b) With Boole quadrature formulas.

FIG. 6: First test case in dimension two, with triangular mesh, on the square | — 1, 1[x] — 1, 1], with N
nodes on each edge of the square.

TABLE 2. Errors and orders of convergence depending on the number of unknowns N for the
two dimensional case with Simpson quadrature formulas.

=2 q=3 q=4 q=5 q=6
l Error Rate Error Rate Error Rate Error Rate Error Rate
48 3.1e-01 - 2.1e-02 8.4e-02 2.2e-02 - 3.5¢-02 -

192 8.6e-02 -1.84 5.6e-03 -1.92 5.9e-03 -3.83 1.6e-03 -3.85 8.9e-04 -5.3
768 2.2e-02 -1.98 8.9e-04 -2.67 4.1e-04 -3.85 5.0e-05 -4.97 1.8e-05 -5.62
3072 5.3e-03 -2.04 1.1e-04 -2.96 2.6e-05 -3.96 7.1e-07 -6.12 1.3e-06 -3.74
12288  1.3e-03 -2.04 1.4e-05 -3.01 1.6e-06 -4.00 1.1e-07 -2.67 1.7e-07 -3.03

For each A the corresponding functions p, and p_ are constructed as in the one dimensional case since
"
¢ being a solution of the homogeneous equation means that — (ep (X)) +(x— lz)ep(x) =0.

The other difference with the one dimensional case is the numerical estimation of boundary integrals.
It requires numerical quadrature. The quadrature is performed with a given number of points with either
Simpson or Boole method. The corresponding results are given in figures 6, 2 and 3. One can observe a
clear improvement in the results obtained using Boole formulas compared to the results obtained using
Simpson formulas.

5.4  Other basis functions

Figures 7 and 4 present the numerical convergence results obtained with basis functions designed with
the normalization B + = £, /(x4 /2). Comparing to figures 1 and 3, one can see that the convergence

rate is not modified by this new choice, however for a given number of mesh elements the error is smaller
when the method is constructed with these new basis functions than with the basis functions described
in section 2.2.2. In fact, for a given order g, the numerical results show that the constant underlying
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TABLE 3. Errors and orders of convergence depending on the number of unknowns N for the
two dimensional case with Simpson quadrature formulas.

q=2 q=3 q=4 q=5 q=6
[ Error Rate Error Rate Error Rate Error Rate Error Rate
48 3.2e-01 - 2.3e-02 - 8.5e-02 - 2.5¢-02 - 3.2e-02 -
192 8.7e-02 -1.86 6.2¢-03 -1.92 59e-03 -3.86 1.6e-03 -3.94 8.0e-04 -5.32
768 2.2e-02 -1.98 9.5e-04 -2.69 4.0e-04 -3.86 5.9e-05 -4.78 1.4e-05 -5.85
3072 5.3e-03 -2.04 1.2e-04 -2.97 2.6e-05 -3.96 1.9e-06 -4.99 2.2e-07 -5.98
12288  1.3e-03 -2.04 1.5e-05 -3.01 1.6e-06 -4.00 5.7¢-08 -5.02 3.4e-09 -6.00

TABLE 4. Errors and orders of convergence depending on the number of unknowns N for the
two dimensional case with Simpson quadrature formulas.

q=2 q=3 q=4 q=5 q=6
[ Error Rate Error Rate Error Rate Error Rate Error Rate
16 1.9e-01 -1.92 3.9e-02 -3.69 4.7e-02 -5.65 5.4e-03 -7.07 2.0e-02 -5.19
32 6.2e-02 -1.64 2.9e-03 -3.75 4.2e-03 -3.48 1.4e-04 -528 4.2e-04 -5.54
64 1.6e-02 -1.93 1.9e-04 -3.95 2.8¢-04 -3.92 2.4e-06 -5.86 6.9e-06 -5.93
128 4.2e-03 -1.98 1.2e-05 -3.99 1.8e-05 -3.98 3.8¢-08 -5.97 1.1e-07 -5.98
256 1.0e-03 -1.99 7.4e-07 -4.00 1.1e-06 -3.99 6.0e-10 -599 1.7e-09 -6.00
512 2.6e-04 -2.00 4.6e-08 -4.00 7.0e-08 -4.00 9.4e-12 -6.00 2.7e-11 -6.00
1024 6.5e-05 -2.00 2.9e-09 -4.00 4.4e-09 -400 1.6e-13 -592 4.3e-13 -5.98
2048 1.6e-05 -2.00 1.8e-10 -4.00 2.7e-10 -4.00 9.8e-15 -3.99 1.4e-14 -4.95
4096 4.1e-06 -2.00 1.le-11 -4.00 1.7e-11 -4.00 2.4e-14 1.28 1.9e-14 0.42
8192 1.0e-06 -2.00 7.5e-13 -390 1.0e-12 -4.06 1.3e-13 243 1.4e-13 2.88
16384  2.6e-07 -2.00 2.1e-13 -1.84 2.0e-13 -2.32 2.1e-13 0.73 2.1e-13 0.61

in estimation (4.22) is much better : for a given number of mesh elements the numerical error can be
improved by a factor ~ 10%. Once again the only difference between these two different choices of basis
functions relies on the fact that the leading coefficient in P+ does depend or not on the coefficient ¢. The
theoretical tools that developed previously can be adapted without difficulty to this new family of basis
functions but the vertical shift visible in figures 3 to 7 will require more research to be fully understood.

As in dimension one, one can see that with Simpson method on the finest meshes the errors increase
for g =5 and 6. It is also supposedly linked with machine precision.

6. Perspectives

The method proposed in this work has been designed in any dimension : its goal is to increase the
accuracy of any plane wave methods in the case the coefficients of the equation are smooth. Preliminary
tests in dimensions one and two for h-convergence assess effective gain in accuracy. The evolution of
this method may be pursued in at least two directions, numerical and theoretical.

Our first interest is to validate the method on challenging test problems inspired by the physics of
reflectometry : in particular we have in mind to use non uniform meshes to reduce the computational
burden for problems such that [Q|/¢ >> A where || is the size of the domain and A the characteristic
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FIG. 7: Relative discrete L? error as a function of the number of elements defining the mesh, using the
normalization B + = £,/ a(x /2). Different curves correspond to increasing order parameter q.

wave length of the wave. The design of new families of generalized plane waves with increased or even
better optimal accuracy is of course of major interest for practical applications.

The numerical analysis of the method is also rich of new theoretical questions in dimension higher
than two. We distinguish two particular problems. A first problem is to determine the best choice for
‘3—5 (Gj) and ‘3—5 (G,) where G| is the center of mass of the cell and ¢ = e’ is a basis function; this problem
corresponds to the choice of B described in section 2.2.2. A second problem, more fundamental from
a theoretical perspective, is the generalization in two dimension of the inverse inequalities like those of
lemma 4.3 and proposition 4.1. The main difficulty stems from the fact that V is finite dimensional in
dimension one and has infinite dimension in higher dimension : as a consequence V7 # V in dimension
two and more. Up to this difference we think nevertheless that the functional setting that we have
developed, which is based on the second Strang’s lemma, is still convenient in dimension higher than
two. In this context it could be worthwhile to make the connection with the Discontinuous Galerkin
formalism developed for example in Huttunen et al. (16).

A. Appendix

For the sake of completeness of this work, we review some very classical results needed for the proof
of the convergence of our algorithm.
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A.1  On the initial problem
It concerns the solution of the system in bounded domains

—Au+ou = f, xeQ,
(Ov+iy)u = Q(—dy+iy)u+g, xerl.

It is necessary to assume that the regularity of the boundary of € is sufficient so that a unique continu-
ation principle holds. We do not want to discuss it because it is not in the scope of this work. We refer
the reader to Monk (23) p.92. Moreover, for classical results on polygonal domains we refer to Grisvard
(11). To simplify here Q is constant. A proof can be found in (author?) (Imbert-Gérard & Després).

Theorem A.1. Let Q be a bounded domain in R* with a Lipschitz and piecewise €* boundary T'. Let
fel?(Q), g LX(I') and { € C such that R() # 0. Then there exists a unique solution u € H'(Q)
to the variational formulation

/Vu‘Vier/ (XMVJriC/u?:/ ﬁ+/g?, Wwe HY(Q).
Q Q r Q r

Using the notations of (A.1) with |Q| < 1, then 93(%) +£ 0 so there exists a unique solution u € H' to
(1.1), i.e. such that

= _ 1-0 _ 1 _ 1
Vu-V = — H (Q).
/.Q u v+/9auv+zl+Q}//Fuv /Qﬁ+l+Q/ng, YWweH (Q)

Remark A.1. This result can be generalized to the case where |Q| < 1 almost everywhere on I' and
|O| < 1 on a smooth part of I' which length is non zero.

A.2  Proof of inequality (4.2)

We need a very classical Poincaré inequality in one dimension.

Proposition A.1. There exists a constant C such that for all h > 0, all open interval & C R, for all
ueL(0)

el 2y < € (Valul 2o+l 20 ) (A1)
Proof. There exists a € R such that & =]a, a+h[. From u(x) = u(a)+ [ (t)dr it yields [“™" |u(x)[2dx <
2h|u(a)?+2 [ () \ (1)|d1)* dx, so that [ull 20y < V2h|ull 250y + ﬁh”u’”Lz(ﬁ). It gives the re-
sult for C = /2. g

Proof. We will show a more general inequality than (4.2) . We use u as test function in the variational
formulation (A.1) corresponding to the following problem

_M//+[3u:f, (ﬁ)
{ (=dv+ivu=g, (90). (A2)

One gets

[wPriv[ wl= [ pa- [ pul+ [ g
0 a0 o 2 90
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We obtain

| —

1
||MH%2<M) < Hf||L2(ﬁ)H“||L2(ﬁ) + ?HgHLZ(a@’)”uHLZ(aﬁ)?
<

o =

16120y < I8ll200 ll220) + 1B ll=o 1B )+ 11200 il 201

The first inequality yields
2 1
H””iz(aﬁ) < 77||fHL2(/;')||”HL2(/}) + ?”g”iZ(aﬁ)'

A standard inequality yields

1 14
||g||L2(aﬁ) ||“||L2(aﬁ) < Z,ngiz(am + ) HMHiz(aﬁ)

1 2 1 2
< Z/Ilg\le(a@ + ||fHL2(ﬁ) ||”HL2(/}‘) + Z/”gHanﬁ)-

Inserting in the second inequality we obtain

1
16y < S 8lEr00) +20 Nz 20+ WB imcon

Then from (A.1)
2 1
etz <€ (5 (Gl + el )

1
+12 (3B + 2o Wl + 1Bl ) )

For h small enough we obtain

h n?
Il < (bl + 21 ) (A3)

One can notice that the scaling of this estimate is optimal. Indeed considering that 7y is the dimension
of the inverse of a length which is evident from the boundary condition, all quantities have the same
dimension at inspection of (A.2). Inequality (4.2) is obtained by taking f = 0 in the previous inequality.
]

A.3  Proof of theorem 4.2

Proof. Suppose that u and uy, are the solutions of the two following problems

{—MWﬁu=f, (0)
(= +iyju=g, (90).

and
{ _uz+ﬁhuh:fa (ﬁ)
(=ov+iy)u, =g, (90).
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Then e, := u — uy, satisfies
—ey, + Bren= (B —Blu, (0)
(—0v +iy)e, =0, (00).

Inequality (A.3) yields

h h
llenllz2(p) < C;II (Br = B)ull2(0) < C;,IIBh = Bll=(o) lull 2(6)-
Using one more time (A.3) to estimate u and regarding ¥ which is a positive number, we get

3
lewllz2ioy < € (2 lgllzom + B2 1f 20 ) 1B = Bllm(o,
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