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Abstract

Maxwell’s equations with hermitian permittivity € are used to model reflectometry in fusion
plasma. Simplified models split them into two different propagation modes. Here we focus on
the O-mode equation. We propose an original method based on generalized plane waves and
approximated coefficients for the numerical approximation. This is justified in dimension one
by a high order convergence estimate rate. Some numerical results are presented in dimension
one and two.

1 Introduction

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

—Autaou = f, T € Q, (1)
Oy +iv)u Q(-0, +iyv)u+g, zel.

The real smooth function is a € R. The 7 function can be a variable physical parameter satisfying
0 < Ym <7 < vum, but for the sake of simplicity we will consider it constant and positive. The
unknown u(x) € C is sought in the space of complex valued functions.

1.1 Plane wave methods

The numerical method that we propose is an extension of plane waves methods, such as the ultra
weak variational formulation (UWVF) [5, 3, 4, 11, 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 [19].

We think that the approach proposed in this work is not restricted to UWVF| and can be gen-
eralized to different plane wave methods that we describe here. PUFEM [18, 20] falls in the same
class of method [23, 24]. It has also been shown that UWVF can be interpreted as a special Dis-
continuous Galerkin procedure [11, 13, 7, 9]. It has been proved that the analysis of h-convergence
takes great advantage of this fact in [2, 11]. The analysis of p convergence is treated in [12].
Comparisons between these methods is investigated in [10, 14, 25]. Analysis with respect to the
wave-number k is performed in [21].

In this work we recast the classical UWVF as a special Galerkin procedure with a bilinear
form which is coercive and bicontinuous in appropriate spaces. It helps to develop the family of
generalized plane wave methods needed to treat variable coefficients. This family of plane waves
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generates a high order method with respect to the basis functions and the coefficients of the
problem: in this direction we refer also to [8, 15]. Our most original theoretical result is probably
the fact that the underlying non conformity of the new bilinear form can be treated with the second
Strang’s lemma. Classically non conformal methods are analyzed in the context of Finite Element
Methods. To our knowledge it is the first time that it is introduced and analyzed in the context of
generalized plane wave methods.

1.2 Physical motivations

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

2
curl (cwrlE) — “2e(x)E =0, x = (2,9,2), (2)
C

where F denotes the electric field, w is the pulsation, ¢ the sound speed and e the dielectric tensor.
The hermitian dielectric tensor represents the electromagnetic behavior of the media. The cold
plasma theory [26] yields the already simplified dielectric tensor is

1—a(x) iba(x) 0
e(x) = | —tba(x) 1-—a(x) 0 , i? = —1,
0 0 1 — ca(x)

where b < 1 and ¢ = 1 — b%. This is completed with boundary conditions of metallic or absorbing
type. We refer to [22] for the general theory of Maxwell’s equations and to [3, 13, 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
(2) under convenient assumptions on the direction and polarization of the electric field. The 2D
equation for what is called the O-mode reduces to

2
w
—AE, — C—zsz(m,y)Ez =0, A =0y + 0y, (3)

on the domain 2 and can be completed by the following boundary condition
(8u + Z.’Y)Ez = Q(_al/ + Z.’Y)Ez +9

on the boundary domain I". Here J, denotes the normal derivative, v > 0 is a smooth positive
function and ¢ is for instance a L? function on the boundary. @ is a smooth function allowing to fit
the condition : if @ = —1 it gives a Dirichlet condition, if Q = 1 a Neumann condition or if Q =0
a Robin condition. This O-mode (named for Ordinary mode) presents one cutoff : when ¢, is
negative or positive the nature of the equation (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 further simplified 1D model writes

d2

The fundamental solutions are the two Airy functions Ai¢ and Bi. The first Airy function Ai
displays important properties which are fundamentally related to the physics of the problem. This
equation will be used for numerical purposes. Equations (3) and (4) are particular cases of our
model problem (1).

1.3 Plan

This work is organized as follows. In section 2 we present the general principle of UWVF and
adapt it to smooth coefficients. It is made possible with new basis functions. The next section



3 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. Numerical results are provided in section 4 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 Description of the proposed numerical method

2.1 Notations

Unlike the classical variational formulation used for instance by finite element methods, here the
variational formulation requires meshing the domain as a preliminary task. The mesh of the domain

IRY;
Q,

J

| Sy

Qy,

Figure 1: Example of a meshed square domain €2, with elements €1, edges ¥;; and I'; respectively
oriented toward 2; and the exterior of the domain.

Q is denoted T, = {Q}yeqr,n, - Such that :

[ _gﬁk QkﬁQj:(Z),Vk#j,
', = Qk nr
Sk = O§TJ oriented from Q to ;,

The functional space for the UWYV formulation is denoted V as

v=][ 0w

ke[1,Ny]

equipped with the hermitian product
(ZL', y) = / TrYk-

It defines a norm: ||z| = \/(z, ). In particular for any operator A € £(V'), the norm is

HAxII
r;ﬁo [l

Remark 2.1. It is fundamental to notice that the space V already depends on the mesh. Moreover:
if Q C R the dimension of V is finite; if Q C R? with d > 2, the dimension of V is infinite.

Al =




2.2 A standard ultra weak variational formulation

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

(—A + a)vp =0, (),
Hi(a) = {vk € H' (), (-9, +i’7§vk)\am éL2(BQk) } ®)
and N
H= H Hy(a).
k=1

Theorem 2.1. Let u € HY(Q) be a solution of the problem (1) such that 8,,u € L*(9) for any k.
Let~y > 0 be a given real number. Then x € V defined by |50, = w1 with v = ((—0,+iv)u)q, )00,
satisfies

Z /mkxk( 8+wek—2/ *%W

k jirk ki T
- > / ka(8y+i7)ek (6)
ko Trgt0 /T 7
1 -
= -2 / fe+ /fga,,Jrz' ek,
Zk: a9 Zk: e ( ek

for any e = (ex)rep,n,] € H.
Conversely, if x € V is solution of (6) then the function u defined locally by

U|Q, = Uk S Hl(Qk),
(—A + a)uk = f‘Qk, (7)
(=0, +i7)uk = zy,

is the unique solution of the problem (1).
Proof. By hypothesis u € H' and the normal derivatives d,u are square integrable. It allows us to

write for a given k € [1, Nj]

1 - 1 . -
/ Lo, +ivyu-Ta, Tiv)er = / Lo, +inu- @ Fien — 2 / (uByer — Do), (8)
o, Y o, Y a0,

then definition (5) and problem (1) yields

(—Atau=f (@),
{( Atader =0, (2, )

Performing two integrations by part, the following holds Vk € [1, N3]

{kaVU'vek+kaOéu'6kfagkayu’ek :fgkf'aa
kaVu-Vﬁ—&—kaau-@—faﬂku-auek =0.

So using the boundary conditions together with the smoothness of the solution u, namely Vk €
[[17 Nh]]
{ (81/ + ily)umkj = (_au + Z"Y)Umjw (10)
(O +iy)ur, = Q(=0, +iy)ur, +9,

the identity (8) yields Vk € [1, Ny]

/ ka( Oy +iv)ey — Z/ i (0y +iy)er
o9, Y

0 PRETEe
e / © k0 F iv)en
r, Y

1 ——
= 722‘/ f§+/ —g(0y +iv)ek
a0y, e Y



Summing over k then gives the UWVF (6).
Conversely, let = be a solution of (6) and let u satisfy (7) on every Q. The hypothesis on u
and e, gives (9) and then Vk € [1, Ny]

1 —_ 1 —_
/ —(=0y +iv)u- (=0, +iv)er — / —(0y +i7)u- (0 +iv)er = =20 | feg.
oy, oy, Qp,

Summing over k and combining the result with (6) satisfied by « we obtain for all e = (e) € H

Z/Ekjvxk @ +iv)ex+ Y / —zp, - (O +17)en

k,j#k kD), 0
1 - = . . .~ = . N
= Z i Oy +iv)er + Z ka +9)- (0, +i7)ex
kyjAk? Tk 7 kL0 e

Therefore u satisfies (10). It shows that w is the unique smooth solution of (1) given by theorem
A.1 in the appendix. O

In order to give a more compact formulation of this problem, some definitions are required.

Definition 2.1. For any f € L?(2), let E; be the extension mapping defined by :

5 { V. — H,
f- z = e=(€k)ke[[1,1\’h]]7

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

{ (~A+a)ery =f (),
(=0 +iV)er =z, (O%).

We also define E which is the homogeneous extension operator with vanishing right hand side,
namely £ = Ejy.

Notice that E is well defined thanks to theorem A.1.
Definition 2.2. Let F' be the mapping defined by

P Vi =V
: z ((8y + lfY)E(Z)ngk)kGﬂl,Nh]]

This operator relates the outgoing and ingoing traces on the boundaries 9€.
Definition 2.3. Let Il be the mapping defined by

vV - V,
11 : 2|5k — 2|50
2|1y, — QZ|Fk

Definition 2.4. If F* denotes the adjoint operator of the operator F', let A be the operator F*II.
The proof of the following result is to be found in [4].

Theorem 2.2. The problem (6) is equivalent to

{ Find x € V such that Vy € V (11)
(xay) - (Hvay) - (ba y)7

where the right hand side b € V' is given by the Riesz theorem

(b,y) = —m/fE / ~gF(y), Wyev

More precisely



e If u is solution of the initial problem (1) such that ((—9, + iv)ujs0,) e V, then

ke[1,N]
z=((-0, +i7)u|39k)ke|[1 Na] solution in V of (11).

o Conversely if x is solution of (11) then u = E¢(x) is the unique solution of (6). The problem
(11) is equivalent to
{ ForbeV, finde eV

(I — Az = b. (12)

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

Lemma 2.1. The operator II obviously satisfies ||II|| < 1 for any complex function @ such that

Q] <1.

Lemma 2.2. The operator F' is an isometry.

Proof. For any y € V, let e € H be E(y). Then

1 .
Iy = Y /a 1.+ e
k

ke[1,Np]
1
= > | Sl —alenl +23(0en )
ka[[lyNh]] k
1 .
Wir = Y [ ieo el
kelL,Na] 7 2% 7
1 2 2 oon _
= Z —|Over]” — vlek|” — 23(dver - Ex).

ke[L,Ny] ¥ OS2k

On the other hand, for all k € [1, Ny]

/|Vek|2+a|ek\2—/ Dyer -7 = 0,

IFyI1* = llyll*.

This clearly implies the result. O

so that

As a consequence, it yields
Proposition 2.1. The operator A satisfies || Al < 1.
This operator also satisfies the following property.
Proposition 2.2. The operator I — A is injective.

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

{—Au—!—au =0, (), (13)

((% + i’y)u = Z‘an, (GQk)

In order to identify F*z, define y € V such that V& € [1, N], yx = (=0, + iv)ujq,. We also know
that Vv € V, there exists w € H such that w = E(v), which means w satisfies

{ —Aw+aw =0, (), (14)

(=0, +ivw  =vjaq,, ().



Then

1 . -
(yv U) = Z / 7(_8u + 7’7)“|Qk : (_al/ + ZV)w\BQka
kE[LN] o, Y
1
= -0yt - O, W + yu - W+ i0,u - W — iu - 0, W,
ke[Lna] Y 0% 7
]- . - a . - N
Ry = Y [ 2@+, @ B
ke[t na] Y 0% 7

1
—0yu - 0, W + yu - W — i0,u - W+ iu - 0,70.
ke[1,N5] ok Y

On the other hand, from (13) and (14) for all k € [1, Nj]

faﬂk oyu-w :fﬂk Vu-V@—i—ka ou -,
fmku-am zkaVu-V@—l—kaau-E

so that faﬂk —0yu-w+u-d,w=0. As a consequence
Vo €V, (y,0) = (2 Fu),

which exactly means that y = F*z. Since I1F*z = z, it leads to Ily = z.
To conclude let’s read this last equation in terms of the function w defined in (13).

. =0y +i)us,, = (0 +iV)us,,,
V(k,j) € [1, N, 2, ( 1 ' [Zk;
(k) € [L, No] { Q=0 + M, = (0 +i7upr,

so that both u and J,u are continuous along every interface Xj;, and now

{ —Au+ou =0, (Q),
Oy +iv)u = Q(=0, +iy)u, (09Q).

Thanks to the preliminary result, u is the unique solution of the corresponding (1) problem : it is
the 0 solution. Then z = 0, and so x = 0. The proof is ended. O

2.3 An abstract discretization procedure

The next step consists in the discretization of equation (11). This could be treated thanks to a
standard Galerkin method which is presented below. That is we consider a subspace V};, C V with
finite dimension. We seek the discrete solution xj € V3, such that

Yyn € Vi, (xn,yn) — (Man, Fyn) = (b, yn)- (15)

The definition of the operator F', through the operator F, is linked to the functional space H ;
this fact means that solutions of the homogeneous equation are needed then. In other words this
Galerkin procedure is only abstract until on provides a constructive procedure to design the basis
functions to generate Vj.

Before describing in the next section what is our proposition to make such a Galerkin method
effective, we explain below why such a Galerkin approach (15) 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 [5, 4, 11, 2, 12, 13].

Definition 2.5. Let us define the norm ||| - |||
Vo eV, ||| =II(I— A
and the bilinear form of the formulation (11)

a(xay) = (l’,y) - (HJE,Fy) :



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

Lemma 2.3. The bilinear form is coercive with respect to the norm ||| - |||
llzlli* < 2R (a(z,2)) Vz eV,
and is bicontinuous in the sense
la(z,y)| < [llz][| x[lyl| Vz,y V.
Proof. One has by definition |||z|||* = ||z||* + ||Az|? — 2R(x, Az). Since ||A]| < 1 then
[z]|1> < 2 (lz]|* = R(z, Az)v) = 2R ((I — A) 2, z),, = 2Ra(z, z).

The coercivity is proved. The skewed bicontinuity is evident from Cauchy-Schwartz inequality
applied to a(z,y) = (I — A) z,y). O

Proposition 2.3. Assume there exists x solution of the problem (12). Then any discrete solution
xp, satisfies the inequality
llz = ap[| <2 inf |lz—zp]]. (16)
2p €Vp

Proof. By construction a(z — xp,ypn) = 0 Yy € V4. So
a(x —xp,x —xp) = alx — zp, ¢ — 2zp)  with z, =y, — xp.
It ends the proof with the coercivity and skewed bicontinuity of lemma 2.3. O

Lemma 2.4. For allb €V, the discrete solution x;, exists and is unique.

Proof. If xj, 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(xp, yn) = 0 for all yp, € V4,
then z;, = 0.

We apply the inequality (16) with the choice x = b = 0. It yields

Jonll <2 inf [z = 0.
zn€Vh

2.4 The new method

If one desires to implement the discrete ultra weak formulation (15), it is necessary to manipulate
shape or basis functions ¢ which are based on solutions of the homogeneous equation

(—A+a)p=0.

If the coefficient « is constant in the cell, it is sufficient to use plane waves, that is in dimension
two © = (z1, z2)
o(z) = V) with d = (dy,dy) and (d,d) = 1.

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 a 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, it is possible to construct ¢ from the Airy
functions A7 and Bi. But the Airy functions are highly transcendantal, they are not that evident
to manipulate.

Our main goal is to describe a method of approximation which can be used for any function «.
Instead of approximating a by a piecewise constant function on every element of the mesh, here the
approximation of the coefficient is performed up to order ¢ in h. This is the main novelty compared



to the classical method. More precisely, for all cell k € [1, Nj,], define p(k) € N* functions o}, null
on Q — {Q} and satisfying for all [ € [1,p(k)]

e — e || oo () < C(k)RY, (17)

where h denotes the size of the mesh and C(k) denotes a constant independent of h but depending
on k. The letter ¢ indeed refers to the order of approximation of the initial equation’s coefficient
a. We will assume that there exists a constant C' independent of h and k, such that

A e < CRY. 18
kelﬁ?ﬁh]]leﬁ%é)]]”a |z (@) = o

We also assume that we are able to construct a corresponding smooth function go%c such that
(-A+ afc) ol =0in Q.
Here smooth means that
(=0 +17)(k) € L*(0%).
Under these assumptions we are able to make the following general definitions.

Definition 2.6. The local discrete space is
Wi, = Span {(—0, + iv)gofg}lglgp(k) C L2 (08,).
The global discrete space VI C V is defined by : V9 = HlSkSNh 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 ga%c has
support in L%(9€) and vanishes in L?(9Q4) for k' # k. Tt is therefore convenient to define the
trace va eV by

vl = (=0, +i7)¢l on L2(0Q), and v, =0 on L?(0Q,) kK # k.
An equivalent way to define Wy, and V7 could be

Wk = Span(vfc)lglgp(k) and V9 = Span(vé)lgkgp(k), 1<p<Np-*
Next we define what are the generalizations of operators F and F' in this context.
Definition 2.7. Let E7 € L(V9, H) be the discrete mapping defined Vk € [1, Np,] and VI € [1,p(k)]

by
El(vh) =t on HY(Q), andvl, =0 on H' () k #k. (19)

Similarly we define F1 € L(V1,V), Yk € [1,N,] and VI € [1,p(k)], by
Fi(vt) = (0, +i7)(ph) on L2(0Q),  and vl =0 on L*(0Q) K # k.
The corresponding numerical method now writes : find z; € V¢ such that

Vyn € V9, (xn, yn)v — (ap, Flyn)y = (0%, yn)v (20)

with the right hand side given by

(%%W:f%AfW@Q+A%MW%% Vyn € V. (21)

Before studying the method we desire to describe the exact construction of the basis functions.

2.5 Design of the basis functions in dimension one

The one dimensional case is enough to explain how we propose to construct the coefficients afg and
the generalized plane wave functions ‘P%« Therefore we will suppose in this section that Q =]a, b[C R
and that Q = Ukel1,n,] [Tks Trr1], With 2 < 241 The middle of the open interval Qj =]z, Tp41[
is denoted by 41/ = TetThts

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 a%c of

the function « in the same cell [z, 2x41] in order to avoid a singularity in the construction.



2.5.1 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

o(x) = @,

Notice that we only need two basis functions per element of the mesh in dimension one. The reason
is that dim(Hy(a)) = 2 because the number of elementary solutions of a second order differential
equation is two. Plugging the previous representation formula into the homogeneous equation
—¢" + ap = 0 we find the functional equation

P"(z) + P(z)* = a(z), x € [T, Tri1].

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

Oé(f,C) = a(xk—‘rl/Z) S R? HARS [xkvkarlL

Pl(w) = £y/ @y 2)n

are two natural solutions which correspond to the two local plane waves w%(x) = P @ in the
case a(Tpq1/2) < 0.

then

2.5.2 Local approximation

To ensure the local approximation of the « coefficient (18) using exponential of polynomials, one has
to fit the polynomials’ coefficients to approximate the Taylor expansion of the equation’s coefficient
a. The Taylor expansion is performed with respect to the parameter h which represents the length
of the mesh

h= mgx(:z:k+1 — ).

A first idea is to look a priori for approximate functions a4 such that
a = ax + O(h?) (22)

holds together with
P!+ (PL)* = ax, T € [Tk, Thr1]-

Without restriction we assume that o admits a local infinite expansion

oo i
6% 3
a= Zw(ﬂjk+1/2) (z —xk+%> , x € [k, Trt1]-
i=0

i
Using Py =3,/ Bi (;E—kar%)
" n 2

as =P+ (PL)? = Zﬁi (x—kar%)i + ZBi(x—kar%)i

i<I i<I

In order to satisfy (22) we have to chose I € N and (8;)o<i<r such that

" N 2

Zﬁi ($—$k+%>i + Zﬂi ($—$k+%>i :i:%(fkﬂ/z) (x_mk—&-%)i—i_o(h‘q)'
i=0

i<I i<I
(23)
Identifying the coefficients in the polynomial part of the previous equation leads to a system of g
equations with I unknowns. Then choosing I high enough ensures that the system is easy to solve.
Some remarks and examples follow.
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e Normalization : 8y = 0. It is always possible to take Sy = 0 since Sy does not show up in (23).
It implies that the amplitude of the corresponding basis function is normalized in the cell
since

Pi(l‘, l)
e 2) =0 =1,

e Trivial case : ¢ =1 = 1. From (23) one obtains the equation 37 = « (xk+%). One recovers

from this procedure 81 = 4/« (xk+%) SO
Pi(z) =%/« (:r,H%) (m—kar%) .

In the case where « (ack +1 ) < 0, it yields two plane waves with opposite directions. This

case is the trivial one.

e Counter-example : ¢ =1 = 2. The discrete equations are obtained from the first two terms
in (23)

252+B%=a(xk+%> =q,
46182 = o (kar%) = b.

Elimination of 3, yields —23; + 2a8; = b. It is of course possible in principle to compute
B1 as any root of this polynomial, S, will then be computed as a ratio, i.e. P = ﬁ. So
in principle this method has the ability to generate at least two different polynomials Py.
However there is a possibility for 81 to vanish for some value of a and b. In such a case (5,
would be singular. Ultimately the inequality (17) will not be true near a singularity. It must
be noticed that we have used such a method in our first numerical tests: indeed it revealed a
singularity near a(z) & 0. This is why we do not use this method to compute the coefficients

p1 and Sa.

e Example : ¢ =2 and I = 3. Since one needs at least one more degree of freedom in the system
to be solved we modify (24) and take into account 83. The system becomes

{ 262 + 612 = a, (25>

(24)

383 + 4182 = b.

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 function should be linearly independent. To insure this we impose that

d Py (x
—€

1)
I 2 =0 Pl(741) =0

and
iePHﬂfH%)
dx
The first case corresponds to ;7 = 0 and the second one to 31 = 1. With this second
normalization it is evident that S2 and f3 can be computed explicitly from (25) and that
the resulting formulas are just polynomial expressions with respect to all coefficients. Notice
that a priori ay # a_.

=1+ Pl (rp41) =1

e General case : ¢ > 2 and I = g+ 1. We use this method at any order. That is we solve the
system of ¢ equations with g+ 1 unknowns obtained identifying the first ¢ coefficients in both
parts of the expansion (23) with the normalization

1 = 0 which corresponds to P (xk+%) =0

and
B1 = 1 which corresponds to P’ (mk +%) =1.
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By construction ¢, = e+ and ¢_ = e’~ are linearly independent functions. In practice we
use an automatic procedure with Maple to compute the solutions, but it can easily be done
by hand. The coefficients (s, 83, B4, - .., are calculated one after the other.

Once the polynomials P, and P_ have been constructed up to order ¢, we set
ap =P} +(P.)*and a_ = P + (P )%

By construction the first g coefficients of these polynomials coincide. But of course all other
coefficients have no reason to be equal, so

a4 # «a_ in the general case.

That is we use I > g to get rid of the singularity described in the case I = ¢ = 2. We observe
then that when ¢ > 1, a; and a_ are different since Py # P_ . This construction is the
major motivation for the introduction of the general formalism (19)-(21) which permits to
define and study such non conformal methods.

Remark 2.2. Note that a and all the a; functions constructed here, as well as all there derivatives,
are bounded independently from k.

Remark 2.3. It is also possible to choose another normalization such as 1+ = %, /Tpy1/2- This
choice will be illustrated as a numerical example in section 4.

2.6 Design of the basis functions in dimension two

The generalization in dimension two corresponds to a basis function p(z,y) = e’ ®¥) solution to
—Ap + ap = 0. It is associated to the equation

92 o \* 02 o \?

In theory a local expansion with respect to the x and y variables is possible, as it was performed
in dimension one.

2.6.1 Linear coefficients+rotation
A simple procedure exists in the case of a linear coefficient
a=a+bxr+ cy.
Up to a local rotation it is always possible to assume that ¢ = 0. Assuming the local form

P(z,y) = p(x) + 0y

one ends up with the equation
p'(@) +p'(2)* = a(z) - 0

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 # will be provided in the
numerical section 4.3.

3 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 (20) to the exact solution. Since the discrete method (20) can be viewed as a convenient
modification of the bilinear form (15), it is not surprising that that the convergence analysis strongly
relies on the second Strang’s lemma as it is the case for non conformal finite element methods [7].
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 3.2, but are open problems in greater dimension.

12



3.1 Simplified notations in dimension one

Let the order of approximation g be a given number. We assume that we have two polynomials
Py1 and Py for all k € [1,Ny]. The corresponding basis functions and coefficients are denoted
Y1, o1 and g 2, ag 2. For the sake of simplicity, the basis functions space will be now denoted
by {¢;}jen,2n,) and the corresponding coefficients D = {c;} ;e 2n,] 5 12j}ieq,2n,) Will denote
the corresponding traces, i.e.

Vj € [1,2Nh], zj = {(=0, + iv)¢j100, ke[, Nu]-
The family {z;};c1,2n3,] is 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.

3.2 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 3.1. Let O be a one-dimensional open interval with length h. Let w be the unique
solution of

—Aw+pw =0, (0),
{ 2

-0, +iy)w =g, (00).
Then there exists two constants ho and C which depend of ||B|| L~ oy and v such that Yh < hg
lw |20y < CVRIIgll 200 - (27)

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+Bw = f, (0),
{(—@Hv)w = g, (00), (28)

and the modified problem

_Aw+18hw fv (0)7
{ (=0, +i)w = g, (90), (29)

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

Theorem 3.2. Let O be a one-dimensional open interval with length h. If u is solution of the
problem (28) and uyp, is solution of the problem (29), then for small h there exists a constant C
such that

Ju = wnllzz0) < € (B2 lgllzzoo) + K21 S ) 18 = Brll e (o) (30)

3.3 The discrete problem

This paragraph is devoted to showing that the operator F'? described in section 2.4 is an approxi-
mation of the operator F' up to the order ¢ + 1 in hA. Consider the following problem

Find x}, € V, such that (31)
(I - Aq)xh = b,
where A? = (F9)*II. Here h and q are given. This result relies on a preliminary lemma.

Lemma 3.1. Let ¢ > 2. Suppose h is small enough and basis functions are constructed as described
in paragraph 2.5.2. For all k € [1, N,], there exists a constant C independent k such that Vz € V1
and Vk € [1, Np]

Z lz|l[2ll 2 (00,) < C Z T;2j

Jje{1.2} Jje{1,2} L2(09%)

13



Proof. Set k € [1, N3] and z = x121 + x225. First we desire to write x; as a function of z. This
is a priori possible using {w;};e(1,2 which is the dual basis of {z;};ef1,0}- For all (j,1) € {1,2}?,
the dual function w; is defined by

(wj, z1)v = bj1, (32)

where § denotes the Kronecker symbol. The proof proceeds in several steps.

First step. One has that z; = (z,w;)v, therefore

Yo dasllzll < | D0 zlillwsl ] ll=l-

je{1,2} je{1,2}

So the claim is proved provided the term between parentheses can be estimated.

Second step: estimation of || 3 . o [|2;l[lw;l[|. From (32) it turns out that
—|lz2]? (21, 22)
w = 21+ z
! (21, 22)[2 = [z lPllz2l2 ™" " (21, 22)2 = [z l2ll22]2
o awm) lal?
L )P = APl G 2)P — Pzl
o that a2z 2
Z1 V)
> Izl € 25— 3
o a2l = [Gor,22)
Let us set for convenience
LG
[z1llllz2]l”
so that 1
Z [zl lw;ll < 2
je{1,2}

It means that the whole proof relies on an upper bound for A.

Third step: end of the proof. By definition (2;)90, = ((—&, + iv)epf)lagk.
Pj(wyq1/2) = 0 for j = 1,2, P/(xy41/2) = 0 and Pj(zp41/2) = 1. Since by construction
all derivatives of P; and P, are uniformly bounded, one has P;(z) = O(h) for j = 1,2,
P{(x) = O(h) and Pj(x) =14 O(h) when h goes to 0 and for all z € [z, 2x11].

So one can estimate

By construction

1 . 1 )
HMP=;FﬂwHﬁ+wH®mﬂE+ﬂH@w+wH@wf

1 , .
=3 —Pl(py1) +ivPr(wpy1)

2 1 . 2
2 [Plasy) + P y)| +00),
that is
|z1][* = 2v + O(h).
With the same method we obtain

1+72

1 2
Y L om) = 221+ 0(h),

||22] > =2

and

1 . -
(21,22) = ;(—P{(%H/Q) + W)(_Pgl(xkﬂ/z) +17)

]- / . 7 3
+;(P1($k+1/2) +iy)(Py(xgy1/2) +1v) + O(h)
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that is
(z1,22) = 27+ O(h).

Therefore )

Y
A% = e + O(h).

It proves the claim for h sufficiently small.

Final comment. By construction the polynomials designed in dimension one in section 2.5.2
by the approximation of the Taylor expansion (23) are such that all their coefficients are
uniformly bounded up to order ¢ 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 k, which is therefore not indicated.
This is not true if one constructs the polynomials with the method constructed in the counter
example (24).

O

Lemma 3.2. For small h and considering the basis functions constructed as described in paragraph

2.5.2, there exists a constant C
|[F?—F|| < Cht*! (33)

Proof. Notation: for all j € [1,2N4], k will denote the index of z;’s support. For all j € [1,2N],
the function ¢; is by construction such that

Zj = (_av + i’Y)(pjv (aﬂk)v
i € tisfies Vk € [1, N,
P {Spl}le[[lgNh]] satisnes [ Al { (_% + aj) 0; =0, ().
We also define 1; which satisfies the same boundary condition and the equation with the exact

coefficient « ‘
zj = (=0, +iv)Y;,  (0Qk),

1 € H satisfies Vk € [1, N] { (_ﬁ +a) V=0, (%)
dx? J :

Then

|(F1—F)z[*> =18, +iv)(e; — ¥;)]?,
[(=0y + i) (w5 — ¥)|* + 2R(iv(p; — ;)0 (0j — ¥5)),

—293((p5 — ¥3)0u (@5 — ¥5)),
since ¢, and ; satisfy the same boundary condition: (—08, + iy)(¢; — ;) = 0. Then

1
/ —|(F1 = F)z|* = —2%/ (05 —¥5)0u (@5 —¥5),
o0y, o, )
d -
= —23/Q (¢j —wj)w(%' —5) —23/Q
<-23 [ (¢ - )5 - o),

Qp,

2

)

d
%(%‘ — ;)

since both ¢; and 1; satisfy homogeneous equations. Then

1
| 2iE - Fysp
o, Y

IN

-3 </Qk,(aj +a)lp; — v |? +/Qk(04j —a)(p; — 5 )@ +; )) ;

e + el les = %5 17200
+ lloyy = el e lles — 5 N2 (leillzzn) + 195 llz2n)) »

IN

thanks to Cauchy-Schwarz inequality. On the other hand, from (27) and (30) for small hs
los = % ez < Ch2 125l 20 o = ajll (a4

leillze@n < CVAllzllL2 o),
51200 < CVRIZi L2 000)5
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and ||a; + oL (q,) is bounded as noticed in remark 2.2. So for small &
[(FT = F)zl|7200,) < C'h2lla; — allfe @172 00,)

where still k£ denotes k(j). Now for all k € [1, N3] let L(k) be the set of indexes j € [1,2N}] such
that €, is the support of z;. Hence, for all z € V¥ then z)5q, = ZleL(k) x;z; where both z;s vanish
on 0§); for all j # k, it yields

I(F? = F)zlp200,) < D |ulll(F? = F)allr2 00,
1eL(k)

< Ch max |lag —allp=@y | Y lulllzlliz oo,
1eL(k) T

Thanks to lemma 3.1 it means that

(% = P10y < VEh max o, = all o= 0 ]2 o0

Going back to the definition of the V norm for all z € V'

quF <Ch a. ;T oo P
(77 = Pzl < Ch_max ;= allu=(ay <]

which exactly means
F1—F|<Ch m — aj||pe .
[ | < je[[l,%)szh}] o = ajll Lo ()

The result then comes from equation (22) ensured by the construction of approximated coefficients
ays. O

We now want to address the convergence problem.

3.4 Some norms
The whole point of this paragraph is to define a useful norm to adapt the second Strang lemma.

Lemma 3.3. There exists a constant C' such that for all z € V
ChY2 ||l < (1 = A)z|].

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 does depend on h, and this lemma
specifies the dependence in this mesh parameter.

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

a2 _
Vk € [1, Ny] (‘dz? + O‘) w =0 (%),
(=0, +iv)u =z, (0Q),

Vk € [[1,Nh]]{ (_%JFO‘)“’ =0 (),
(=0, +iY)w = b, (O9).

Since F' is an isometry one has
Fx —1Ilx = Fb.

It means on every interface

vk € [[1 Nh]] { (_811 + Z,Y)U’\Qk (.’I}k) - 11@751(_81/ + 27)u|9k_1 (Z‘k,) = (_81/ + 27)w|Qk (xk)a
L (O + iv)ujg, (Trt1) = Lezn, (O + iY)uj,, (Tr1) = 0y + iY)wie, (Tr41)-
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This leads to a system of jump conditions on the interfaces

(=00 + i7)ujq, (z1) = (=9y +iv)wjg, (1),
d d 1 . ,
prrelll T e o (7x) = 5 ((_au +iy)wia, — (O, + W)wmk,l) (71),
vk € [[2, Nhﬂ, x x 1
(e, —ug,y) (#1) = 5o (=0 +iNwi, — (0 + imMwia,_,) (@),
(O + ey, (@n,+1) = Oy + V)wiay, (TN, +1)-

(34)

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

(_% + 04) u = 0 on (2, then u satisfies

Vk € [L, Ni], wq, = 6Uo + 6t Un, (35)
where (8§, 01)keqi,n,] completely determine u € H. Plugging (35) in (34), and defining

Ao = (=0, +iv)wjq, (1),
1
)\k—l = 5

Vk € [2, Nal,

1 . .
1 = 5 (=0 +iv)wia, — (8, + iV wjq,_,) (zk),

N, = (0 +iv)wiay, (TN, +1),

(=0, + iv)wja, — (O +iMwja,_,) (T1),

then
(=0y + i) Uo(21)8g + (=0, + i7)Ur(21)8] = Ao,

d k=1 _ sk d k=1 _ shy _
Vk € [2,Ny], %UO(“)(,‘?U L fO) i %Ul(x’“)k(‘sll _k‘sl) = M-t (36)
Uo(wk)(6g —0p) + Ur(wk)(67 — 07) = pge—1,
(D0 + ) Uo(@, +1)00" + (B + i) Us (w3, 1) = pig,.
Given the change of variable
Dk — 5k _ 5k+1,
Vke[[LNh—l]]{ D%:(S‘%_é%ﬂ, (37)

the system (36) gives a linear system with unknowns (D, le)ke[l,Nh—l}]~ Defining the Wron-
skien Wy = UlﬁUo — UO%Ul - which is non zero - the solution is

L1 d

Dy = — | MU (zr41) — = Ui (@p41) |
Wo dx
VkE[[l,Nh—l]] Dkii iU(x )7/\U(x )
1= W, dem 0\ Tr41 EVo(Tr+1

Then the structure of the system (36) is

adg + 1 = Ao,

ok — okt = D Wk € [1, N, — 1],
ok — oh*1 = Dk vk € [1,N;, — 1],
Y6 + 0oL = -

Eliminating (8§, 01)keqr,n, —1] it yields
05 = Yprr Db+,
o = St DY+ o,
and

{ ad)™ + B6" =L,

38
Yoo " 8" = 3%
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with

Np—1 Np—1
L=\ — (=0, +i7)Us(a) Y Df — (=0, +i7)Ui(a) > D}. (39)
k=1 k=1

The determinant of the system (38) is Wy = (=0, +iv)Uy(a)(0,+iv)Uy (b)—(0,+iv)Uo () (=0, +
i7)Uy (a). If it were zero, then its columns would be linearly dependent, say agC1+a1C2 =0

; this would mean (9, + iy)(aoUp + a1U1)(z1) = 0 and (9, + i7)(aoUy + a1U1)(x N, ) = 0 so
that u = agUy + a1 Uy would satisfy

—u" +au=0,
(O, +iv)u=0.

Then u would be the unique solution (zero) of this last system, which is not possible since
Up and U; are independent. Then W is non zero. We finally obtain that

sV = L(L(ay + i) U1(b) — pn, (=0, +iv)Un (a)),

W1
1
3 = oo (i (=00 + V(@) — L=, + )01 (@),
1
N}L_l
5 =6+ > D, "
Vk € [1, Na — 1] s

sf =06+ > Di.
=k

Now w is completely known.

Second step The next step is the estimation of the coefficients (6§, 1) ke, n,] using (40). Since

F is an isometry, and A\; and pj are linear combinations of the components of F'b

1
vk € [Nl el < =l (41)

Thus from (37) and (41), with C depending on Uy, Uy, v and Wy,

Np—1

> Do

k=1
N}L—l

D D

k=1

< CNyp||b]|,

< ONy|[b].

From (39), |L| < CN||b||, and since |pn, | < C||b|| one has from (40)

5| < CNy b)), Vi € {0,1},

and next for k € [1, Ny, — 1]

Np—1
+ > |Df

k=1
< CNy||b||.

85 < o™

)

Then all § terms satisfy for ¢ € {0,1} and k € [1, Ny

|65] < CNy|b]l.
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End of the proof A last calculus leads to the following inequalities

. . 2
=2 = Z Hég(f&, +iv)Up + 5’1“(7& + W)U1||L2(8Qk) ,
kEIIl,Nh]] )
< Y o8|+ 18tD)”
ke[1,N]
<C > N,
ke[1,N3]
< C[]blI*Ny,
so that
lz| < Ch=3/2 b
O
Definition 3.1. Let us define the norm ||| - |||,
Hzlllg = 1T = AD)zll,  VeeV.
Proposition 3.1. Let q be given. There exists a constant C > 0 such that
C(h*? — )|l < |||]llq, Vo € V- (42)
Proof. One has
veeV, |(I-Az| <||(I—-A%z|+][(A? - A)z|
< (I = A%)z|| + Che*|].
So
I(Z = A)zlly, — ChT ]| < [|(1 = ATz, Vo € V-
Then lemma 3.3 concludes the proof. 0
Proposition 3.2. There exists a constant hy > 0 such that the bilinear form aq(z,y) = ((I —
ANz, y) is uniformly coercive, i.e. Yh < hy
llzlllf < 3R (ag(z,2)) Yz € V.
Proof. One has
zlllf < llzl® = 2R (Agz, z) + || Agal*.
Since
[Agz|l < || Az]| + [|(Ag — A)z|| < (1 + CRTH)|]| (43)
there exists another constant denoted as C’ > 0 such that
[Aq]® < (1+ C'he) ]2,
Therefore
Izl < 2l|z]|* + C’hT|z]|* - 2R (Agz, 2) ,
that is
|zl = C'hTH|l2|* < 2R (aq(z, 2)) -
For small h since ¢ > 3/2 and due to the proposition 3.1 one has
C'ha|® < C'RYA (R — h) x| < W27,
then 5
glllx\l\2 < llz[l17 = C"h?)jz]*.
Combined with the previous inequality it proves the claim. O

19



3.5 Convergence

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

Theorem 3.3. Suppose that ¢ > 2 and h < min(hg, h1). Denote x € V the solution of the exact
problem (12) in dimension one and xp, € V the solution of the discrete problem (31). Then there
exists a constant C > 0 such that

9

ml‘—l‘hquCh_g/Q i%fV”lm_thHq“‘g sup |aq($,wh)_fq(wh)| (44)
Yn

wneV—{0} [[wall
where fqo(y) = (b4, y)v.
The proof relies on the following intermediate result already proved in (43)
Lemma 3.4. The operator F9 satisfies || A% <1+ Chatt.
Proof. Of theorem 3.3

e The first remark is the uniform coercivity with respect to |||.|||; needed in the second Strang
lemma. It is proved in proposition 3.2.

e The second step consists in characterizing the uniform continuity of a,. For all (z,y) € V>

((I - Aq)xa y)|a
21l llyll,

lag(z,y)| = |
<

s lellalil
so that there exists a constant C such that for small h

V(z,y) € V2, Jag(z,y)| < Ch=>[[[z[l]/lIylllq-

e The last step is the inequality itself. The triangular inequality yields
[z = zallly < [llz = ynlllg + llzn = yallle; Yyn € V-
On the other hand proposition 2.3 shows that
1 2
lllzn = wnllly - < lag(zn —yn an —yn)l,

< lag(® — yn, xn — yn)| + lag(x — zn, 20 — yn)l
< Ch=32||z = ynlllglllen — ynlllq + lag(a, xn — yn) = fo(zn —yn)l -

As wyp = xp —yn €V, then

lag(z,wn) — fq(wn)|
[[wn|

1 _
3lllzn = wnllle < Ch 2|z — ynlllq +

Finally we minimize the first error term with respect to y;. It yields the desired result.

O
We now have to estimate the error defined by
Dy (z,wp) = |ag(z,wp) — fq(wn)], Vwy, € V.
Lemma 3.5. There exists a constant C' > 0 such that
D
Yy, € V — {0}, ’W < Cht+|z). (45)
h
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Proof.

Vwy, € V — {0}, Dp(z,ws) I((I — A%z, wp)y — (b,wp)v/|,

< (A= ATz, wp)v |+ [((I = A)z,wa)v — (b, wn)v ],
< Cha ||| [lwn|
since (I — A)x = b. This gives exactly (45). O

It is now easy to prove the theoretical convergence of the method in dimension one.

Theorem 3.4. One has the estimation
Iz = zalllg = O(hTFY). (46)

Proof. In dimension one the discrete space of approximation is equal to V' whatever is the method of
construction of basis functions. This is why we can choose y;, = x in (44). So infy, cv |||z —ynl|lq =
0. The remaining term is bounded with (45).

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

lzl= | > hl=l
ke[1,N]

By construction [[z]] = hz||z||. Using (42) we get [[z] < Ch™Y|||]|l4- Therefore a corollary of the
theorem is the estimate of convergence

|z —zn| = O(h?). (47)

Numerical experiments show that this estimate is optimal for ¢ even, and under-optimal by a factor
one for ¢ odd.

4 Numerical examples

All the following examples are linked with Airy functions since it is the physical problem (3)-(4) we
are interested in. We only consider here coefficients S(x) = x and B(x,y) = =, so that in dimension
one as in dimension two that Airy functions are the exact solutions.

All the linear systems are assembled and inversed with Matlab.

4.1 One dimensional test case

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

{ —u"(z) +x u(x) =0, (Ja, 0]),
(au + ZV)U(J;) = (811 + iV)Ai(x)v ({CL, b})7

The discretization of the domain is

%k 1), Vk € [1, Ny + 1],
Np,

T = a+

where Nj, stands for the number of elements defining the mesh and Qj denotes |xg, zx11[, so that
the mesh is uniform. For a given value of ¢ the basis functions are designed as in paragraph 2.5.2.
The solution computed corresponds to an element zp € V. A simple calculus permits to express
the approximation uy of the initial unknown u. In fact, since :

{ 2i’yuh = (I + H)Ih + g ({a7 b})7
2iyup, = (I +Mxn  ({oktrepz,n])s
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q=2 q=3 q=4 q=5 q=6
N Error | Rate | Error | Rate | Error | Rate | Error | Rate | Error | Rate
4 9.5e-01 - 9.9e-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

32

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
6.0e-01 | -0.39 | 3.3e-01 | -1.51 | 2.5e-01 | -1.89 | 1.5e-01 | -2.65 | 1.1e-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 | 5.4e-02 | -1.89 | 2.1e-03 | -3.91 | 1.3e-03 | -3.93 | 5.2e-05 | -5.94 | 3.2e-05 | -5.96
256 | 1.4e-02 | -1.97 | 1.3e-04 | -3.98 | 8.4e-05 | -3.98 | 8.2e-07 | -5.99 | 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 | 3.1e-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 | -5.43 | 7.5e-14 | -4.69
8192 | 1.3e-05 | -2.00 | 1.3e-10 | -4.00 | 8.1e-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

Figure 2: Errors and orders of convergence for different orders of approximation g depending on
the number of unknowns .

the discrete solution uy, satisfies :

2i”yuh|gl =g+ Z (xh)j(*au + Z"Y)(pja

JjeJ(1)
2ivunjo, = Y (@) (=0, + i)+ Y (2n); (=0, +iv)ps, Y € [2, Ny — 1],
jeJ(k) jeJ(k—1)
2iyuniay, =9+ Z (@) (=0u +17)e;,
JE€J(Ny)

where, for all k € [1, N,], J(k) denotes the set of indexes of basis functions supported in . As
a consequence, for all k € [1, Nj]

2ivup(21) = (zh)oy1- (9023171(351) + iv0,,1(21))
+(xn)a, 2. (94, 2(21) +ivpa, 2(21)) + g(z1),
2ivun(zn,+1) = (@n)ay, 1 (—Pay, 1(@k) T 17PN, 1 (TN, 1)
+@n)aw, 2 | —Pay, 2(@N1) + W@QNh,2($Nh,+1)) + 9(zn,+1),
2ivun(ok) = Y seqr,23(Th)o0u (—%,Qk,l(l’k) + W%m,l(m))
+ Lsepray @nsnn (~ha, @0)-(=1) +iresa,@r))

this last line standing only for k € [2, N, — 1]. In all simulations, the accuracy is reported using a
discrete [? norm so that the relative error is computed as

\/Zke[[l,Nh]] [tex (Tr) — up(zk)|?
\/Zke[[l,Nh]} [Uex (21)]2

Considering the domain =] — 5,5[, one gets the results described in figures 2 and 3. The
rates of convergence are equal to the theoretical estimates for ¢ even, and better (h9*! instead of
h?) for g odd.

4.2 About q convergence

On figure 3, when the number of nodes is fixed, the error decreases when the parameter ¢ > 2
increases.The classical method with plane waves corresponds to ¢ = 1. To obtain better under-
standing of this phenomenon, we plot in figure 4 for different values of ¢ and around two points
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Figure 3: Convergence of the method increasing the parameter ¢, relative discrete L? error as a
function of the number of elements defining the mesh.
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Figure 4: Approximation of Airy function by corresponding basis functions for different values of
q, in the vicinity of zo = 0 and g = —4.

xo the Airy function and its approximations thanks to the two basis functions ¢ constructed in
section 2.5.2.
We observe that the approximation is uniform in |z — €, 29 + €[, with ¢ independent of q.

4.3 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) +z u(m, y) =0, (Q)v
(81/ + i’Y)u('rv y) = (au + Z7)AZ($), (aQ)v

so that the exact solution is again the Airy function Ai. The domain considered here is square and
meshed with regular triangles.

As explained in section 2.6.1, the design of basis functions is easy in the case of a coefficient
depending on only one coordinate, performing a one dimension reduction. The basis function ¢
has the form o(z,y) = e£'@¥) with P(z,y) = p(x) + Ay and 6 still to be defined. In practise we
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(a) With Simpson quadrature formulas. (b) With Boole quadrature formulas.

Figure 5: 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.

q=2 q=3 q=4 q=>5 q=6
N Error | Rate | Error | Rate | Error | Rate | Error | Rate | Error | Rate
48 3.1e-01 2.1e-02 8.4e-02 2.2e-02 3.5e-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

Figure 6: Errors and orders of convergence depending on the number of unknowns N for the two
dimensional case with Simpson quadrature formulas.

0 e {sin (27?{) k€ ﬂl,r]]}.

Then r has to be odd since for even values, k = r/2 and r would give the same value of 6 so that
the resulting family of basis functions would no more be independent. For each 6 the corresponding
functions Py and P_ are constructed as in the one dimensional case.

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, for r = 3
in figures 5, 6 and 7. One can observe a clear improvement in the results obtained using Boole
formulas compared to the results obtained using Simpson formulas.

chose

q=2 q=3 q=4 a=>5 q=6
N Error | Rate | Error | Rate | Error | Rate | Error | Rate | Error | Rate
48 3.2e-01 - 2.3e-02 - 8.5e-02 - 2.5e-02 - 3.2e-02 -

192 | 8.7e-02 | -1.86 | 6.2e-03 | -1.92 | 5.9¢-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 | 5.7e-08 | -5.02 | 3.4e-09 | -6.00

Figure 7: Errors and orders of convergence depending on the number of unknowns N for the two
dimensional case with Boole quadrature formulas.
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Figure 8: Relative discrete L? error as a function of the number of elements defining the mesh,
using the normalization 81+ = £\/a(x41/2). Different curves correspond to increasing order
parameter q.

4.4 Other basis functions

Figures 8 and 9 present the numerical convergence results obtained with basis functions designed
with the normalization 31 + = £/a(2}41/2). Comparing to figures 2 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 2.5.2. In fact, for a given order ¢, the numerical results
show that the constant underlying in estimation (47) is much better : for a given number of mesh
elements the numerical error can be improved by a factor ~ 102. Once again the only difference
between these two different choices of basis functions relies on the fact that the leading coefficient
in Py does depend or not on the coefficient a. The theoretical tools that developped previously
can be adapted without difficulty to this new family of basis functions but the vertical shift visible
on figures 3 to 8 will require more research to be fully understood.

q=2 q=3 q=4 q=5 q=6
N 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 | 2.9¢-03 | -3.75 | 4.2e-03 | -3.48 | 1.4e-04 | -5.28 | 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 | 6.9¢-06 | -5.93
128 | 4.2e-03 | -1.98 | 1.2¢-05 | -3.99 | 1.8e-05 | -3.98 | 3.8e-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 | -5.99 | 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 | 2.9¢-09 | -4.00 | 4.4e-09 | -4.00 | 1.6e-13 | -5.92 | 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 | 1.1e-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 | -3.90 | 1.0e-12 | -4.06 | 1.3e-13 | 2.43 | 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

Figure 9: Errors and orders of convergence for different orders of approximation g depending on
the number of unknowns NN, using the normalization 81 + = £4/a(zks1 /2).
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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.

A.1 On the initial problem

It concerns the solution of the system in bounded domains

—Aut+aou = f, x € Q,
Oy +iv)u Q(-0, +iv)u+yg, zel.

To prove the next result, it is necessary to assume that the regularity of the boundary of € is
sufficient so that a unique continuation principle holds. We do not want to discuss it because it is
not in the scope of this work. We refer the reader to [22] p.92. To simplify here @ is constant.

Theorem A.1. Let Q be a bounded domain in R with a Lipschitz and piecewise C* boundary T.
Let f € L*(Q), g € L*(T") and ¢ € C such that R(¢) # 0. Then there exists a unique solution
u € HY(Q) to the variational formulation

/Vu~W+/auﬁ+ig/u@:/f@+/gﬁ, Yo € HY(Q).
Q Q r Q T

Using the notations of (A.1) with |Q| < 1, then 3?(1+Q) # 0 so there exists a unique solution
u € H! to (1), i.e. such that

/Vu V'U—|—/auv—|—z —Q /uv*/f +1+Q gu, Yve HY(Q).

Proof. This very classical result will be used in the following.
This proof relies on classical methods for variational formulations. Let us introduce an intermediate

problem
Oy +i¢y)w = g (D).

Let a and [ be the corresponding sesquilinear and antilinear forms, so that for any w and v in

H(Q)
a(um)z/ﬂVu-W—&—/ﬂuﬂ—i—iC/ruﬁ, l(v)z/ﬂfﬁ—i—/rgﬁ.

As a is sesquilinear and continuous, b is antilinear continuous and Re(a(v,v)) is coercive, there
exists a unique u € H' such that

a(u,v) =I(v),Yv € H, (48)

for any couple (g;, f;) € L*(Q2) x L*(T"). See [6] for this version of Lax-Milgram theorem. Then let
us define the linear operator A by

A (firgi) € L2(Q) x LA(T) = u € L*(9),

where w is the solution given by (48). Moreover, we can notice that from a classical a priori estimate
we have |[ullg1 < [|fillz2 + l|gillL2(r)- A is compact since the injection of H' in L? is compact as
Q C R. We remark that

u is solution of (1) @u=A<(ld a)u+ f, 1iQ )
& [ - A((id — a)-, 0)] u (f, 1107 >
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Since « is bounded, the operator K := A((id — «)-,0)) is also compact, and we are in the frame of
Fredholm alternative, see [1]. So uniqueness is equivalent to existence of a solution for the problem
(1). Then suppose u € L?, actually also in H', is such that (I — K)u = 0, which means

/Vu-ﬁ—i—/au@—i—i{/u@zO,VvGHl. (49)
Q Q r

Choosing v = u as test function, and taking the imaginary part of (49) we get that u = 0 on I".The
regularity of I' is such that d,u = 0. A unique continuation principle given in [22] shows that there
exists a unique solution to (1). O

Remark A.1. This result can be generalized to the case where |Q| < 1 almost everywhere on T
and |Q| < 1 on a smooth part of I' which length is non zero.

A.2 Proof of inequality (27)

We will 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 O C R, for
all w € L*(0)

lullzzo) < € (VAllullza(oo) + v/ 12(0)) (50)

Proof. There exists a € R such that O =la,a + h[. From u(z) = u(a) + [ u/(t)dt it yields
S () 2de < 2hfu(a) P42 [ (2 (5]dr)” de, so that [ull o) < V2RIl c2go0y +vER | 12 o),

a

It gives the result for C' = V2. O

Proof. We will show a more general inequality than (27) . We use u as test function in the
variational formulation (A.1) corresponding to the following problem

_u// +ﬁu _ f, (O)
{ (=0, +iv)u=g, (00). (51)

/|u’|2+w/ |u|2:/ fﬂf/ﬂlmu/ JT.
O o0 O (@) o0

, 1 1
lull 200y < = Ifllz2o) llull2(0) + = ll9ll200) Ul L2 (00)

One gets

‘We obtain

141720y < 9200y 1ull L200) + 18]l ) 1wl 720y + [ £l 220 Ul L2(0) -

The first inequality yields
2 2 1 2
[ullz200) < ;HfHLz(O)”uHL?(O) + ?HQHLZ(SO)'
A standard inequality yields
1 Y
l9ll200) lull 200y < %HQH%Z((‘?O) + §Hu||2L2(a<9)
1 2 1 2
< ZHQHL%OO) + 1 fllz2 o lull 220y + %HQHL%BO)'
Inserting in the second inequality we obtain
1
41720y < ;HQH%Q(E)O) + 2| fllz2 oy lullz2 0y + 18] 2 0y 1l 20
Then from (50)

2 1
20y < C (h <7|f||L2(0)||U|L2(0) ; 729%2@@))
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1
2 (hngni%a@) 20 f Lm0 lull o) + ||a||mo>|u||iz(o>)) .

For h small enough we obtain

h h?
lull20) < C (72||g||iz(ao> n 72||f||%2<o>) | (52)

One can notice that the dimension of this estimate. Considering that « is the dimension of the
inverse of a length which is evident from the boundary conditon, all quantities have the same
dimension at inspection of (51). Inequality (27) is obtained by taking f = 0 in the previous
inequality. O

A.3 Proof of of theorem 3.2

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

and

{ —u"+Bu=f,  (O)
(=0, +iy)u=g, (00).

{ —U;{ + ,BhUh = f7 (O)
(=0y +iv)up =g, (20).

Then e, := u — uy, satisfies

—ej + Bren = (B — Blu, (O)
{ (=0, +iv)en =0, (90).

Inequality (52) yields

h h
llenllz2(0) < C;H(ﬁh = Bullr20) < C;Hﬁh — Bl (oyllull z2(0)-

Using one more time (52) to estimate u and regarding v which is a positive number, we get

3
lenllzoy < C (’” lgllz200) + h2Hf||L2(o)> 18 — Bl (0)-
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