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Degenerate elliptic equations for resonant wave problems*

A. Nicolopoulos! M. Campos Pintot B. Desprésiand P. Ciarlet Jr.9
July 16, 2019

Abstract

The modeling of resonant waves in 2D plasma leads to the coupling of two degenerate elliptic
equations with a smooth coefficient o and compact terms. The coefficient o changes sign. The
region where {a > 0} is propagative, and the region where {a < 0} is non propagative and elliptic.
The two models are coupled through the line ¥ = {a = 0}. Generically, it is an ill-posed problem,
and additional information must be introduced to get a satisfactory treatment at 3. In this work
we define the solution by relying on the limit absorption principle (c is replaced by « + i0™) in an
adapted functional setting. This setting lies on the decomposition of the solution in a regular part
and a singular part, which originates at 3, and on quasi-solutions. It leads to a new well-posed mixed
variational formulation with coupling. As we design explicit quasi-solutions, numerical experiments
can be carried out, which illustrate the good properties of this new tool for numerical computation.

Keywords: degenerate elliptic equations, weighted Sobolev spaces, singular solutions, manufactured solutions,
mixed variational formulations

1 Introduction

Resonant waves appear in various electromagnetic phenomenons, such as: fusion plasma heating where a
wave is sent inside a plasma and transfers energy to the particles in a localized region [9] [7, [19]; cloaking
devices where the transition between metamaterials of negative index and non-dissipative dielectrics is
exploited [11 [6, [I7]; or photoacoustic imaging of biological tissues where metallic nanoparticles’ heating
[22] is used. The model problem for resonant waves throughout this work is the degenerate equation,
elliptic where o < 0,
{ —div(aVu)—u = 0 inQCR? (1.1)
adpu+idu = f onT, '

where A > 0 is a positive scalar and f € L?(T") is complex valued on the boundary I' = 9. The
resonance occurs at the transition between the propagative and non propagative regions of the domain.
It is characterized by a coefficient o € C2(f2) that changes sign inside the domain €, typically over a
closed curve denoted as X. In this study, 3 # 0 is totally enclosed in the domain €2, and «a behaves as
a signed distance to ¥ = {a = 0}. The equation can be seen as two separate degenerate ellipitic
equations, one based in {a < 0}, the other in {& > 0} with remaining compact terms, both coupled at
3.

This model is easily obtained from the time harmonic Maxwell’s equations in fusion magnetized plasma,
which are often used to model plasma heating in a tokamak [21] [16]. In this context, the system of PDEs
is

B—cuwlE = 0, (1.2)

where ¢ is the so-called cold plasma permittivity tensor, which encodes the specific propagation properties
of the magnetized plasma. It is of the form
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{curlB—eE = 0,
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with real coefficients that depend on the constant frequency w > 0 of the wave sent into the plasma, and
on the space variable x € {2 through the plasma parameters. Precisely,

= (2 (o ) e - (2 (25 e

Here wy, is the plasma pulsation. It varies in space and corresponds to the frequency of oscillations
of slightly perturbed electrons as they return to equilibrium. And w, is the cyclotron pulsation, the
frequency to which electrons gyrate around the magnetic field. We are interested in the singular behavior
of the upper hybrid resonance, localized at ¥ = {x € R?,w? = w2(x) + w?} = {x € R?, a(x) = 0}. We
assume that ¥ is a closed curve that separates the domain 2 in two. On X, the off-diagonal coefficient
is proportional to 6 = “z= > 0. We thus consider § to be positive and bounded below by a non-zero
constant. For simplicity, we will consider from now on that ¢ is constant. In problem , the normal
component of the electric field is expected [7), [I9] to have a singularity at X of the order of 1/«. This
singularity does not belong to L?(f2), nor to L'(Q). Conclusions drawn from the 1D case led us to
consider the auxiliary fields E := E — V% and u := %. The field E is the so-called regular part of the
electric field [2, Chap. 6]. Developing the algebra, it yields id curlu 4+ ideVu = aVu. One gets

onu—gE = 0,
iou —curlE = 0.

Reformulated on the unknown wu, this gives curl (ag*Vu) — i0u = 0, where

1 o —716 2n+1 Z
-1
a2 -2 < 0« > 252n+2 ( > Z(;Qnﬂ < — 0 > )

n>0 n>0

Ien

which yields the expansion

a?nt? ald
5 d1v (aVu) — Zdlv(52n+3< 2 a/é)Vu)—uzo.

n>0

Given that o vanishes on ¥, the terms under the summation sign can be neglected as they are factors of
a?"*2 with n > 0. Adding mixed boundary conditions, it comes down to

—ﬁdlv(aVu)—u = 0 inQ,
alpu+idu = f onl,

which is the model problem for § = 1. We chose « to behave as a signed distance to X.

The main mathematical consequence of the degeneracy of « at ¥ is that singular solutions localized at
> may occur.

Similar equations and problems arise from the study of metamaterials as stated previously. It is shown in
[6, 4 5] that the Fredholm well-posedness of the problem depends on the contrast between the negative
permittivity of the metamaterial and the positive permittivity of the dielectric, as well as the geometry
of the interface. The metamaterial problem was studied under a limiting absorption principle point
of view in combination with Agmon-Douglis-Niremberg elliptic a priori estimates in [I7]. However the
permittivity is constant on each side and does not vanish at the interface, so that the situation is different
for hybrid resonances in fusion plasma.

In strict terms of partial differential equations, is a coupling of two degenerate equations of different
signs. There is ellipticity in the non propagative region, and ellipticity up to the addition of compact terms
in the propagative region. In each separate case, the degeneracy concerns a part of the border. Both are
then coupled through the degenerate border. The class M of Muckenhoupt weights, made of coefficients
which are locally integrable as well as their inverse [23], is commonly used to study degenerate elliptic
equations and we refer to [I3] [12] for results from the elliptic community. Unfortunately, disty; ¢ M. To
the best of our knowledge, the coupling of two degenerate elliptic equations with a coefficient proportional
to the distance to the subset of the border, as |a| = | disty |, is not treated in the literature.

A classical mean to recover the correct solution of such time harmonic wave equations is to resort to a
limiting absorption principle. In this work, as in previous 1D works [7], 19], a small parameter v > 0



is introduced, which regularizes the equation and corresponds to a negligible physical quantity. The
regularized problem is then

(1.3)

—div((a +iv)Vu”) —u” = 0 inQ,
(o +iv)0pu” +idu? = f onT.

Since is well-posed for v > 0 according to the Lax-Milgram theorem, the whole point is to find a
way to pass to the limit as v — 07 to construct a solution to .

Our contribution in this work is to propose an original variational formulation for the limit problem
v = 0%. The mathematical idea is to use a domain decomposition approach. Physically, we decouple the
equations in the propagative region {« > 0} from the equations in the non propagative region {a < 0},
and focus on the transmission area. Equations (|I.1]) and thus separate into two similar equations
written respectively in subdomains O = {x € Q,a(x) > 0} and Qy = {x € Q,a(x) < 0}. The main
difficulty consists in finding transmission conditions on ¥ = 91 N 9N = {x € Q, a(x) = 0}.

To adress these questions, the method that we propose is based on a novel characterization of the singular
behavior on ¥ of the solution, with the design of complex logarithmic quasi-solutions in combination with
an adapted functional apparatus. Before stating the main results of this work, we develop the type of
singular solutions we have in mind on a simple explicit solution in dimension one. The main ideas behind
the construction will appear through this example: we will see that although a generic singular solution
has no Dirichlet trace at the singular locus X, it remains possible to define a Neumann type trace for the
flux at >.

1.1 A singular solution in 1D and hint of the functional setting
In dimension one with a coefficient «(x) = z, the model problem (|1.1)) writes in a simpler form
— (zu/(2)) —u(z) =0, VreQ=(-1,1). (1.4)

The propagative region is 3 = {0 < z < 1}. The non propagative region is Qs = {—1 < z < 0}. We
first describe the analytical solutions to and the singularity occuring at ¥ = {0}. Then we motivate
a convenient weighted functional setting that is adapted to our representation of the solutions.

One can check that v(x) = u(2?/2) verifies the Bessel equation of order 0. So v is a linear combination
of the Bessel functions of order 0,

(—1)F [22\* 2 z (~DFH (22
: CDr (22 YoizeC = | (log2 —mr T
Jo zECHI;) ()2 1 and 0:2€C"— - (0g2 +,Y)JO<Z)+1¢Z>:1 (k)2 4

where v is the Euler constant and Hj, the harmonic sum of order k, see [20] for more details on these
special functions. A solution u of is a linear combination of Jo(2,/7) and Yp(2,/7). But since equation
degenerates at 3, no natural or immediate continuity relations can be deduced at . In consequence,
u is a linear combination of Jo(2,/7) and Yp(2,/7) separately on Q1 and 3. A specific study is needed
at X. Also, since Y has a logarithmic singularity, so does a generic solution u, separately in €1 and 5.
Once again, this singularity inhibits continuity of v or u’ at x = 0. Nevertheless, a solution to with
the minimal requirement that u € L2 (Q) satisfies zu’ € C°(Q). In particular, the continuous function
zu' has a trace at 0, which may be zero or non zero. This information is of tremendous importance in
the rest of this work.

In order to exploit this idea, we introduce the spaces Hll/2 Q) = {v € L*(Q;), fﬂj |z|[v' (x)|?dz < oo} for
j =1, 2. These spaces arise when integrating by parts, and are natural in the variational formulation
of this problem. We next observe that a function u; € Hl1 /2 (€2;) that verifies weakly equation on

Q; is such that zu € H'(€;). Therefore one can write

1
2u’; (2)]p=0 = lim — xu’;(z)dz,
! =0 € Ja;n{|z|<e}

so that the trace of zu at ¥ has a meaning. Indeed, since \/zu; € L*(£;), a Cauchy-Schwarz inequality

and the dominated convergence theorem lead to
1/2

1 / 1 / 2
— . < — . —

Q;n{|z|<e} Q;n{|z|<e}



Hence such a function u; verifies zu’(x)[,=0 = 0, that is, its trace xu; vanishes at the origin. One can
check that Jo(2y") € Hj (). But on the contrary Yp(2v/) ¢ H| (), since the trace of zY{(2y/x)
at the origin is equal to #~'. To be more precise, on the scale of weighted Sobolev spaces (H;(Qj))DO,

one can check that the logarithmic function log || belongs to (] Hj o, .(©2;) but not to Hj ,(€;), which
e>0

is the critical space on this scale. It follows that a generic solution u does not belong to H{ /Q(Qj)7 even
ifue ﬂOHll/2+€(Qj).
€>

We thus propose to represent u on each subdomain €; (i.e., on the propagative and non propagative
regions separately) as the sum of a function u; € H; /Z(Qj) and of a complement term that is more
singular. To characterize this singular term, we introduce the scalar g at = 0 defined by g = 2’ (x)|z—0.
We lift g € C as a function w, with support in (2, in such a way that w, has a logarithmic derivative
and verifies xwy (z)|z=0 = g. The solution u to (1.4) on Q then easily decomposes in regular and singular
parts: one writes

uw(x) = uj(x) +wy(x) = €y, separately for j =1,2. (1.5)

In this Ansatz, the regular part is u; € Hll/2 (), and the singular part is w, ¢ Hll/Q(Qj). This
construction in 1D contains all the ideas behind the decomposition used in this work.

In 2D, a(x) behaves like a signed distance to ¥.. From the above 1D study, we expect a logarithmic growth
in the normal direction to . For a given bounded open set with Lipschitz boundary w C R?, we consider
the weighted Sobolev space H11/2(w) containing the functions v € L?(w) such that \/dists, Vv € L?(w)?.
With these notations, it will be possible to use Ansatz in 2D in combination with the limit absorption
principle v = 0.

1.2 Outline and main results

To treat the singularity at X which is the main objective of this work, we introduce some preliminary
material. The first one is a specific decomposition of the unknown u into a regular part and a singular
part, as in . The second one is a characterization of the singular part following a limit absorption
principle v = 07. This is obtained in Section {4/ and it is the most technical and original part of this work.
The singular part w; is characterized by the singular coefficient g, which is defined along X. The regular
part is denoted as u = (uq,us) and is defined by local problems on the subdomains Q; and €25 that involve
the singular coefficient g. We introduce an auxiliary variable h in the same space as g and a Lagrange
multiplier A in the same space as u. These functions are such that (u,g,h) € V = Q x H3(X) x H?(%)
and A €@ = Hll/2 (Q1) x Hll/2 (Q2). The validity of the decomposition of the solution relies on a technical
lemma.

Lemma 1. Let w C R? be a bounded open set with Lipschitz boundary. The weighted Sobolev space
Hll/z(w) is compactly embedded into L*(w).

This compact embedding is particular useful to show that a local problem used to define u; in the
propagative sub-domain 2; is well posed. The local problem used to define us in the non propagative
sub-domain 25 is also well-posed, but the analysis can be simplified since the local problem is naturally
coercive in ()y. Using a family of explicit quasi-solutions for the regularized problem , we implement
the limit absorption principle in sections |3 and This allows us to formulate and prove the following
result.

Theorem 2. The formal limit v = 0% of problem (1.3) admits a regqularized mized variational formulation

Find (u,g,h) € V and XA € Q such that
{ af (w,g,h),(v,k,D) = bF((v,k1),A) = 0,  V(v,kI)€eV, (1.6)
bt ((uagvh)vu) = 5(#)7 VH € Qv

for b* and a} defined in (4.7) and (4.10) respectively. Moreover, this formulation is well-posed, in the
sense that for all f € L*(T), there exists a unique solution (u,g,h) € V and X € Q, which depends
continuously on || f|lL2(r-

The organization of this work is as follows. Next Section [2]is devoted to 2D geometrical notations and
the functional setting. The variational characterization of the singularity with quasi-solutions and the 2D
justification of the Ansatz is provided in Section (3 The mixed variational formulation which
combines all these ideas is defined and studied in Section |4l Finally, in Section [5] a discrete formulation



(1.6) is constructed in the context of the classical finite element method. It leads to a new methods
method for the numerical approximation of ([1.1). The numerical results illustrate on the one hand the
robustness of the discretized formulation, and on the other hand the accuracy of the discrete solution.

2 Geometry in dimension two

Figure 1: ¥ parametrization

We use a standard parametrization of the geometry, see [10].

2.1 Notations

The coefficient « is assumed to be smooth with enough derivatives, typically C?, and non degenerate
in the sense that Va(x) # 0 in the domain of interest. Under these conditions, we define the curve
¥ = {x € R? a(x) = 0}, and to further simplify, we assume that ¥ is a closed simple line. We consider
the parametrization f : [0,1] — R? of ¥ illustrated in Fig. [2, with £(0) = f(1) and f bijective between
[0,1) and 3. We assume + is a curvilinear abscissa, that is |f’(y)| = 1. The curvature radius of ¥ at
f(y) is denoted R(7), and we note the minimal value of the curvature radius R, := min, R(y) > 0.
This quantity is well-defined for a continuous R. For a given v € [0, 1], the ingoing normal and tangent
vectors to X at f(v) are denoted respectively n(vy) and t(y). For all v € [0,1] and o € R, we set
¥(vy,0) := £(v) + on(y) which belongs to a neighbourhood of ¥ for small values of o. It is known that ¢
is injective on [0, 1) X (—Rx, R.). We next define the tubular extension of ¥

Seub =1 ([0,1) x (=3 R, 3R.)) N Q.
It is convenient to consider the change of variable x = v¥(v,0) for x € X¢y,. The Jacobian of the

transformation
o o 1

pa(y,0) == det Voo = |f'(v)] — R~ 1-— R0 23 (2.1)
is such that for O C Sy
/v(x)dx = / vo(y,o)paly,o)dody.
o $-1(0)
We will always use the notation V = (8,,d,)", and one has
Vy(x) = ty(x)) and Vo(x) =n(y(x)). (2.2)

- 1-0(x)/R(v(x))

For any function v we make the abuse of notation vo(v,o) = v(y,0). So we define r(y) = dya(v,0) # 0,
and we have the local expansion for small o

a(y,0) = r(v)o + 0(0®), (2.3)

with r of constant sign. We suppose without loss of generality that r < 0, therefore on a given X}, C Z¢yb,
one has 0 < ¢, < —0,a < ¢*. In the sequel, we will consider the case Q = X}, . In particular,

0<cy Sf@ <c*, Vi(y,0) €. (2.4)



We also define

Q=9 ([0,1) x (-3R,,0)NQ and Qy:=1 ([0,1) x (0,3R.)) N,

such that Q = Q; U X Uy, and the exterior boundaries
Fl = 6Q1 NI and FQ = 892 n F,

where I' = 9Q = I'; UT3. One has ; = {a > 0} and Q3 = {a < 0}. Finally, we define the L? weighted

norm on X such that L
1
2 2
V|74 = v(7,0)]* ———d~.

2.2 Functional setting

The unknowns are complex valued, and so are the considered functional spaces. We use the a-weighted
Sobolev spaces defined on €2, j =1, 2 as

Hpp(Q)) == {u € LQ(Qj)v/ | (3)[[Vu(x)[*dx < oo}

J

endowed with the a-weighted norm

1/2
@) = (1320, + IVIalVula,)) -

This norm is equivalent to the standard weighted H 11 /2 horm involving the distance to a boundary [15]
according to . The dual spaces, in the sense of the spaces of anti-linear maps into C, are noted with
a prime.

We recall the definition of T-coercivity as introduced in [6] which is an explicit realization of the inf-sup
condition.

lullay ,

Definition 3. Let H be a Hilbert space. Let T : H — H be a continuous linear operator. A bilinear form
b defined on H x H is T-coercive if there exists C > 0 such that |[b(u, Tu)| > C|lul|%-.

If T is a bijection, for all continuous linear forms ¢ defined on H, there exists a unique u € H such that
b(u,v) = £(v) for all v € H. And as it is the case for coercive forms, up to a compact perturbation, b is
associated to a Fredholm operator of index 0. This last property implies that the associated variational
formulation admits a unique solution if and only if uniqueness holds. This result will be used further.
For any z,y € R, we note the complex logarithm log(z + iy) := %log(;zc2 +y?) —iatan(z/y).

3 Limit viscosity v — 0" solution

3.1 Variational formulations

Because the sign of o changes on ¥, it is natural to separate the problem on each side of X, where it has
a fixed sign. For these subproblems, we show a well-posedness result in the Hilbert space

Q= Hll/z(Ql) X Hll/z(Qz), equipped with the norm

3.1
lullg = lluall @1y + Izl ) for = (u,uz). (31)
Define the following problem
Find u € @ such that for all v € Q, (3.2)
b(u,v) = £(v), '
where for u = (u1, uz) and v = (v1,v2) € Q,
b((u1,u2), (v1,02)) = Y (/ (@Vu; - Vo; — u;75) dx +/ i/\ug‘vjd8>
j=1,2 \/% j (3.3)

L(vy,v9) = /fﬂds—l— fUads.
r A



Proposition 4. Let A > 0 and f € L*(T"). Problem (3.2) has a unique solution in Q.
Before proving Proposition [4} we prove Lemma [I] for w = Q;.

Lemma 5. The weighted Sobolev space Hll/Q(Ql) is compactly embedded into L*(2y).

Proof. Let (up)nen C H11 /2(91) be a bounded sequence. Up to a subsequence, u, weakly converges
towards a limit in H11 /2 (©1), and substracting this limit to the sequence, one can consider w,, — 0.
For all € > 0, define Qf := {(y,0) € Qu, |0 <e}. The H' and H} , norms are equivalent on any set

21\Qf since the weight a is positively bounded below on this domain: so |[u,l/z2(0,\0¢) — 0.
To prove our claim, we show that as € goes to 0,

/ |ty |2dx — 0 uniformly in n.
1

Introducing the value of u, on I'y, it yields

0
/ unPdx = / / lun (7, 0) 2 (7, 0)dodry
i v /e

0 0
< 2// Iun(%U)—un(%—R)IQm(%J)dwaﬂ// un (v, —R)[*pa (v, o)dody.
v J—e v

The second term is uniformly controlled by € as
O ~
[ [ 1ualr=BPraropdots < Celualiage,, < Ce.
vy —€

For the first term, a Cauchy-Schwarz argument applied twice gives

/// Oyt )ds|

pa(y,o)dody

0
/ / (7, 0) — 4 (3, — B)|2paa(y, 0)dordy

< / / 6 ( [ bl o) s ) o R‘m(% o)dady
</ ( / Jsliorunsas) (- "1og| 2| pacr 7)o )y
<

(L]
sup log
v —€ 9

po(y,0 )(// 15| [y ttn (7, 5)| dsdy)

The first term is such that

[l
sup log |—
v —€

and the second one verifies

*pa(r,0)do < Ce(1 + [logel) = 0
e—

/ / 151100 tin (1, 8)? dsdy < Clla¥Vun |22, < M,

with M > 0 a constant independent of n. The result is established. O

Proof. [Proposition 4] Let A > 0 and f € L?(I).
First, ¢ is a continuous antilinear form on Q. In fact, for a given constant C' > 0,

) < flezay (loallzzyy + llv2llzzrs))
< CllfllezmlIvile

since the L? norm on T is controlled by the H! norm in a neighbourhood of I' in Q, and that H' and
H 11 5 orms are equivalent away from 3.
Second, the sesquilinear form b is continuous on ) X ) since there exists a constant C' > 0 such that for
all u,v € Q,

b(u, v)| < 2+ AC)[[ull[[v]le-



Third, b is the sum of coercive and compact forms. Denoting by and by the forms such that for u,v € Q,

bo(u,v) := 72/9 uvrdx and  by(u,v) = (U, v) g ) — (uQ,vg)Hll/z(Qz) + Z /F iAu;T5ds,
1 J

1/2
Jj=1,2

one has the decomposition b(u,v) = by(u,v) + b1(u,v). For all v € Q,

Reby(v,Tv) = Hv||?;, for T= < (1) _01 ) ,
hence by is T-coercive for the bijective operator T.
The form by, equivalent to the L? scalar product on 1, is a compact perturbation of b; on @ according
to Lemma for a bounded sequence (v")nen C @, and up to a subsequence, its first component v}
converges in L?(;).
Thus b is associated to a Fredholm operator of zero index. The Fredholm alternative indicates it suffices
to prove injectivity, in the sense that if b(v,.) = 0 for a given v € @, then v = 0, to have bijectivity.
Testing against (0,vz) and taking the real part, we obtain ||v2||H11/2(Ql) = 0. Testing against (v1,0)
we obtain first [|v1/z2(r,) = 0. For all € > 0, the function v; also verifies the Helmholtz equation on
Q\Qf = {x € Oy, distx(x) > €}

—div (aVv) —v =0.

Going back to the variational formulation one finds that d,v1|r, = 0. The uniqueness continuation
principle from partial Cauchy data implies that in €;\Q§ one has v; = 0. Letting ¢ go to 0, the claim
follows. N

Since the weak formulation of is restricted to H{,, solutions, it excludes log || singularities
as seen in Section Thus, it will only allow us to describe the regular part. For the singular part,
we will follow a limit absorption principle which relies on the regularized problem. The classical way is
to introduce a complex shift a + iv [19, 5], and then pass to the limit v — 0. We will prove that for
v = 07 the limit solution decomposes into a regular part in the weighted space @ plus a complementary
singular part.

The remaining part of this section is devoted to show that the problem for v > 0 is well-posed in H*(),
which poses no real difficulties. For any v > 0, problem can be formulated in a variational way as

Find u € H'(Q) such that for all v € H(Q),

b (u, v) = £(v). (3-4)

The sesquilinear form is

b (u,v) = /Q ((a+iv)Vu- Vo — uv) dx + /Fi)\uﬁds, (3.5)

and for purpose of simplicity we redefine another function ¢ that coincides with (3.3) on H!(£2)
() = / Fods. (3.6)
r
Proposition 6. Let v > 0, A\ > 0 and f € L*(T"). The weak formulation (3.4) of problem (1.3)) has a
unique solution u” in H ().

Proof. The continuity of forms b* and ¢ are straightforward, o being bounded and the L? norm on I'
being controlled by the H' norm on €. Let us show b” is coercive. For all u € H(Q),

Imd” (u,u) > v[|Vul[Z>qp  and Reby(uvu)Z_HO‘HLOO(Q)/|VU|2dX+”u”2L2(Q)7
Q

so that for all C' > |la|p=)/v, Re((1—iC)b"(u,u)) > min(1,Cv — ||a||Loo(Q))||uH§{1(Q) and b¥ is

coercive. The Lax-Milgram Theorem can be applied to (3.4]), which thus has a unique solution " in
HY(Q). O



3.2 A family of quasisolutions

For any v > 0, we define a family of quasisolutions to problem ([1.3). It is composed of functions wy
approximating the expected logarithmic singular behaviour as v — 0 with data g € H*(X):

W (,0) = 9(7) <log (r(0)20* +12) i atan (T(Z)U>> . (3.7)

2

When applying the differential operators (—=V - ((a +iv) V) —id) in Q and ((a + iv) 9y, + tAid) on I to
the family, we define the resulting quantities

g = —V-((a+iv)Vwy) —wy inQ, (3.8)
zg = (a+iv)Ohwy +ilwy on I'. ’

Developing the equation in € from (3.7) and using (2.2]), one has

¢(7,0) = =0y ((a+w)dyw!) VA + (o + iv)d,wl (0, V) - V’y
+a + i) 0w’ (0,V0) - Voy — 8y (o + iv)dpw?) [Vo| — w)

= [a=smmae * oy es) (e (g0~ L5 ) wi+ 2055005 )

+ [—80 + R(W)la] (g(v)%) —wy(y,0),

(3.9)

where wY (y,0) = r(y)~! (% log (7“(7)202 + 1/2) — iatan(r(z)”)).

Proposition 7. Let v € (0,1) and g € H2(Z). The manufactured solution wy, the right hand side q;
belong to L*(Q) and the boundary term zj belongs to L*(T'). Moreover, the bounds are uniform with
respect to v.

Proof. Let v € (0,1) and g € H?(X). The manufactured solution is defined in as a product of g
which is an H? function with respect to 7, of 1/r which is a bounded coefficient, and of the sum of a
logarithm and of a bounded term. As a consequence, wy belongs to L?(Q), and the bound is uniform
with respect to v.

Assumption ensures that the fractions

a+iv o ola+iv)
r(Y)o +iv’  r(y)o+iv’  (r(y)o +iv)?’

are bounded, i.e. O(1), for small o with a constant independent of v. For the term

o+ v } _ r(y) (o +iv)
r(

% {r(v)o—l—iu Yo +iv  (r(y)o +iv)?’

one finds once again that

Orcx r(y) (o +iv)

r(’y)a +iv  (r(y)o+iv)?

Ir(v)odsa —r(y)al | v|dsa —r(v)]
(r(y)o)? 2v|r(vy)ol|

Refering to , qlg’ thus amounts to a sum of square integrable terms independently of the value of v.

Finally, for zg, since it involves the function wy and its derivatives away from the curve %, it is indeed

in L2(T") with a bound that is uniform with respect to v. O

=0(1) for small o.

Lemma 8. Let g € H?(X). Asv — 0%, the L? limit of the manufactured functions defined above are

witne) = 2 (loglrt)ol - T sign(r()o)) i L@,
_ —0y o R () R(y)
w0e) = OPRs) *(u)%m—a)s] e
: 9Oy a(log |r o—i—ﬂsinr o gvr"yo a (3.10)
(22 - 297 atog rr)o] - 5 simntrie) + L0000 )
—_— a —wi(y,0) in L

#-0rt = (307555 ) wi o) in @),

z2f(v,0) = adyw) +idw) in L*(T).



Proposition 9. For g € H%(X), the associated manufactured solutions depend in the following way on g
lwi [lz2@) < Cllglley, laVws 2@y < Cllgllar s llag |z2@) < Cllgllazy, and |2 112y < Cllglla ),
for four positive constants C independent of g.

Remark 10. For any non trivial g € H*(X), function wf does not belong to Hl/Q(Q). On the other

hand, for any smooth function ¢ that vanishes on %, the term (|oz|1/2Vw )QS is square integrable. In
Jact, the most singular term in [, |o||[Vw][2¢? is

1 R )
/0 /_R|a|ng((z))iqu?(%a)pQ(%g)dUd%

which is indeed integrable since oy, 0) = r(y)o + O(0?). Therefore w) € ﬂ H1/2+E(Q).

Proposition 11. Let g € H?(X). The a-weighted fluzx of w;r on X is equal to g, in the sense that for all
h e L3(%),

/ a(v,0)Vws (v,0) - n(y)h(y)dy = / g(Vh(7)dy.

Proof. Let v > 0. For all g € H*(X), and v € [0, 1],

g In()* = g(~).

(a(7,0) + i) V! (v,0) - n(y) = M

r(y) x 0+ iv

According to Proposition @ (a + iv)Vw} converges weakly in L?(X) towards aVw], so the result is
proven. O

Remark 12. This last proposition is essential for the decomposition in regular and singular parts. We
will introduce a singular coefficient g supported on ¥ representing the a-weighted flux over the curve X
of the whole solution of . Going back to the 1D case, it corresponds to the fact xYy has a trace at
x =0 and in this case the unknown g is reduced to the coefficient b, see subSection |1.1].

3.3 Decomposition of the solution in regular and singular parts

According to the Ansatz introduced in Section [I.I] we decompose u as

| u—wf, in
u= A (3.11)
ug —wy, in

with the singular coefficient g € H?(X) yet to be characterized, and for j = 1,2, the regular part
uj; € Hl/Q(Qj) such that

-V (aVu;) —u; = qf, in Q;
Qpuj +idu; = f+z5, onT; (3.12)
aldpu; = 0, on 2.

For a fixed g, these equations rewrite in a classical variational way

Find u € @ such that for all v € Q,
b(ua V) = g!}(v)a

where this time the antilinear form ¢, is defined by

g(v1,02) Z/ qgvjdx—i—/ (f + 2 )vjds. (3.14)

Jj=1,2

(3.13)

For f =0 and g € H?(X), we denote the solution u(g) = (u1(g), u2(g)).

Proposition 13. Let A > 0, f € L*(T') and g € H*(X). There exists a unique solution (u1,us) € Q
solution of the weak formulation (3.13)) of (3.12). The solution is such that

”ul”Hl/z(Ql) < C(lgllmz2s) + 1 fllL2ry) and ||U2||H1 ,(Q2) S C(llgllzz=y + 1fllz2y), (3.15)

for constants C > 0 that are independent of f and g.
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Proof. Under the assumption that ¢, is continuous, the proof of Prop. [4] shows that the problem is well-
posed for any A > 0, f € L*(T') and g € H?(¥). And the continuity of ¢, is immediate considering

Prop. 9
Testing against (u1,0) and (0, us) respectively, we obtain the bounds

luillaz @0 = lluallzzn) < CUlgllaz) + 1fll2m), (3.16)
and
w2l (n) < CUlgllmzz) + [1fllz2r))- (3.17)
1/2

Let us now precise the bound (3.16]). We show that there exists a constant C' > 0 that is independent of
f and g such that
lurllrz2,) < CUIf 2@y + 19l m2(s))-

We proceed by contradiction as in e.g. [I1]. Consider there exists sequences (fi)ren C L2(T'), (gk)ren C
H?(Y) and (u1 k)ken C Hll/z(Ql) that verify for all k € N,

-V (aVui ) —urr = qf,, in Q
alpui  +iAur . = fi + z;, on I'q (3.18)
adpury = 0, on X

and such that ||uy x||z2(,) = 1 for all k& and || f||z2(r) + [|9k || #2(z) — 0. Using relation (3.16)), we get
that (u1,x)ken is bounded in Hll/z(Ql) norm. Therefore there exists uf € H11/2(Ql) towards which, up to

a subsequence, u i converges weakly in H /2 (€21) and strongly in L?(Q;) according to Lemma [5, Thus
u} is the weak solution of

-V (aVul) —uy = O, in Ql
adpu; +iAdu; = 0, onIy (3.19)
adpu; = 0, onX

which means uj = 0. But this contradicts the fact that [|u}||z2(0,) = 1.
So the bound (3.16) can be expressed exclusively in terms of the H /2(91) norm of uy as

luillaz ) < Cllgllazw) + 1 Fllz2m)
and the proof is ended. O

It is now necessary to find how to characterize the transmission condition on X, quantified by the unknown
g, to close the system.

4 A mixed variational formulation of the limit problem

4.1 Energy estimates

Let u” denote the solution of (|1.3). We introduce the set of compactly supported, smooth and positive
cutoff around ¥ functions depending only on o, and not on

Co () ={peC3(2),0,9p=0, 020, pls =1}. (4.1)
Let ¢ € Cj,(Q). We introduce a new unknown h € H?(X), which corresponds to a dual variable
associated to the unknown g. For a given h, testing the equation verified by u” 4+ wj, against (u” 4+ w} )¢
gives
/ (—V ((a+i)V(u” +wy)) (uw +wy)p — |u” + wZ|2 cp) dx = / qp (u” 4wy )edx.
Q Q
Integrating by parts, it yields
/ (0t ) V@ + i) o+ (a+ i) @ + W)V +wh) - Voo = |u* + wif* ¢ ) dx = / gj, (u” + wp)pdx,
Q Q

wich implies

Im/ ((a + ) (u” + wp)V(u” +wy) - Vo + gy (uw” + w,”l)go) dx = / vV’ +wy)?dx >0. (4.2)
Q Q

11



Definition 14. Let v >0, ¢ € Cj (). For allu € H'(Q) and h € H*(X), define the quadratic form

J"(u, h) = Im/Q ((a +iv)(u +wy)V(u+wy) - Vo + g (u + wZ)go) dx. (4.3)

We also define the Hilbert space
V= Q x H%(X) x H?(X), equipped with the norm

4.4
1,9 B)llv = l[allq + lgllme(s + 1l r2s. (44
and the limit quadratic form such that for all (u,g,h) € V with u = (u1, uz)
T (u,g.h Im/ SV —w ) Vet (w—wy )p)dx. (45)
j=1,2

For a given (u, g, h), the quantity J*(u, g, h) is the formal pointwise limit of J"(u,h) where u|q; is a

regularization of u; — w; for j =1, 2. Since relation ([4.2) holds, the idea is now to minimize J+ under

the constraint that (u,g) verifies equation (3.13)). We define for this purpose the following Lagrangian
on V x @, such that for all (u,g,h) € V and v € Q

LT (u,g,h,v) =T (u,g,h) +Im (b(u,v) — ly(v)). (4.6)
4.2 Mixed variational formulation
To begin with, define b the sesquilinear form on V x Q such that for all (u,g,h) € V and v € Q,

T ((u V)= aVu; - VUi — (u; Vo7 dx
b" ((u,9,h),v) Z(/ﬂj(vjv] (J"‘%)J)d +/

(tAuj — z;)vjds> . (4.7
j=1,2 Ly
Remark 15. On V x Q, it holds that b*((u,g,h),v) = bt ((u,g,0),v) =b(u,v) — £4(v) + £(v).
Define at a sesquilinear form on V x V that verifies Imat = dJ+. We choose the form defined for all
(u,g,h), (v, k1) € V by
ot (g (kD) = 3 [ (ot~ ) Vo~ W) Vot e~ W) dx
*/Q ( (v — wli_ DV (u; — w;_—h) Vo +$(Uj - w;_h)so) dx.
Note that a™ is anti-hermitian.

The Euler-Lagrange equations associated to the minimization of (4.6 have the following structure

Find (u,g,h) € V and X € @ such that
{ a* ((w,g,h), (v,k,0)) — bT((v,k1),A) = 0, V(v,k, D)€V, (4.9)
bt ((u,g,h), p) = Up), Vp € Q.
We will see that with an arbitrary small regularization in g and h for the form a™, this form is T-coercive
on V', which allows us to apply the classical results of [3] and lead to the conclusion that the regularized

problem is well-posed.
For p, ;1 € RT, we introduce the regularized form on V x V

a’j ((uvga h)v (V, k, l)) =a* ((uv 9, h)a (Vv k, l)) +i <_p (gv k)H2(2) +u (hHV l”)Lz(E)) : (410)
Theorem 16. Let A >0, f € L*(T), and p, p > 0. The regularized formulation of (4.9)

Find (u,g,h) € V and XA € Q such that
{ af (w,g,h), (v, k1) — b ((v,k,D),A) = 0,  VY(v,kI])eV, (4.11)
bt ((u,g,h), p) = ), Vi e Q,

admits a unique solution.

Remark 17. Theorem [16] means that the regularization in v across the curve ¥ has been replaced by a
reqularization in p and p along X.
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4.3 Proof of the well-posedness

Denote Bt : V — @’ the linear continuous operator such that for all (v,k,l) € V and p € Q,
(B+(Va k? l)a M)Q’,Q = b+ ((V7 k7 l)7 l'l’) )

and let K := ker BT. Denote A;K, : K — K’ the linear continuous operator such that for all
(u7g’h’)7 (Vakal) S Ka

(Ak g (u, g, ), (v, k, l))K,’K =a ((u,g,h), (v, k1)), (4.12)
The proof of Theorem [16| will consist in applying the following classical result.

Theorem 18 (Theorem 4.2.2 of Boffi-Brezzi-Fortin [3] in C). For any k € V' and » € Q’, the mized
system

Find (u,g9,h) €V and A € Q such that
{ a:r ((u797 h)a (Vv ka l)) - b+ ((V, k’ l)? A) (Hv (Va ka Z))VQV I V(V, ka l) € Vv (413)
b+ ((u’g7h)’l’l’) = (%a “)QQQ ) VH € Q

has a unique solution if and only if A;K, is an isomorphism from K to K’ and if In BT = Q’.
Proposition 19. Operator B is onto Q’.
Proof. This is a consequence of Prop. Indeed, according to , BT is such that

(B+(u,g,h),,u)Q,’Q =b(u,p) — Z (/ q;;TjdX—l—/ zjwds) .

=12 \/9 r;

For any s € @', it has been proven that for all g € H?(X), there exists u € Q such that

b(u,p) = Z (/ q;rijder/ z;,ujds> +(a)g g YHEQ.

=12 \/9 r;
As a result, operator B is onto Q’. O
Proposition 20. The kernel K of operator B™ can be described as
K ={(wgh) €V, ulg)=(u(g),ulg)}. (4.14)

Proof. As the last component in H?() is a silent variable for BT, it is not constrained. Necessarily
(u,g) is such that b(u, ) = £,(p) for all p € Q, where the boundary term f € L?(I") is taken equal to
0. Refering to Prop. this is verified for all g € H%(X) by u(g) = (u1(g), u2(g)). O

Let us now address the properties verified by a™.

Proposition 21. For all (u,g,h), (v,k,1) € K,

at ((w,g,h), (v, k1) = Z/ ay (v —wi_ ) =g (uj —w,)_,)dx
j=1,27%
+ g z;(’u] w;j_l) 2 (u; fw;_h) — 2 (uy; fw;_h)(v] w,:” ,)ds

and a™ is independent of the cutoff , as long as ¢ € Céﬂ_(Q), see (4.1)).

PTOOf. Let (uagah)v (Vakal) € K7 with u = (u17u2) = (Ul(g)ﬂlg(g)) and v = (Ul,vQ) = (ul(k)?UQ(k))
according to Prop. Remark that

a® (0, 9,h), (v, k1)) = Z /Q (a(uj - w;—h)v(vj - wlj—l) V(p—-1)+ q;{(vj - wlj—l)((p - 1)) dx
j=1,2"%%

- /Q (alo; = Wi V(s = wi_p) - Ve = 1)+ af (w5 = wi_y) (9~ 1)) dx



Since ¢|x =1 and « \Vwﬂ2 = w + c1(y, o) with co,c; € L?(Q), the terms in « |Vw.+|2

(p—1) are

integrable thanks to Hardy’s inequality, which ensures that 9"7_1 is square integrable on 2. Therefore the

quantity
> [ avley =i - Vs —wf) (- Dix

j=1,2
is well defined. The first two lines above thus rewrite

= 5 [, (ot ¥ e Vo 4w )

(O‘(UJ —wy )V (uj — “’; n) - Vie—1) ‘5‘5(% - w:;r—h)(%’ - 1)) dx

- Z / Yj wl:_ A% ((Uj _w;—h)(‘:p_ 1)) +qh(7w,fl)( )) dx

j=1,2

- / (av< w )V (=i = 1) +af (5 —wi_y)(p — 1)) dx

= Z/ aV —wi l) V((Uj*w;_h)(¢*1))+( Uj — Wy thqh)w

7j=1,2

B /Q (W(uj — i)V (= w6 = 1) + (0 — ol + @)y —wi_y) e -

Jp—1)) dx
1)) dx.

Since on each Q; u; — w;r_h verifies weakly —V - (aV(u; — w;_h)) — (uj — w;r_h) = ¢ with boundary

conditions on I'; a0y, (uj — w;r_h) +i(uj — w;r_

relations for g = k, h =l and uj; = v; = u;(k), integrating by parts and using that (¢ —1)|s

A

S (G = ol oontu = i) = (05 = 0o, (o, —wi) ds

7j=1,2

n) = f—i—z;{, and since v; — w,j_l verifies the corresponding

= 0 it yields

j=1,271
and the result is proven.

Lemma 22. For all g € H*(Z),

Im/ qy w:{dx = 7T||g||L2 () Im/ — i w) w ;ds.

Proof. For all € > 0, define ¥, a cutoff of ¥, a real valued piecewise affine function of

Z/ ((vj—wk D(=iX(uy —wl )+ ) — (g — wi ) (—iA(; w,j_l)+zl+)) ds

(4.16)

o such that

Ye(y,0) = 0if |o| < €/2 and Y (7,0) = 1if |o| > €. For all g € H?(X), using . and integrating by parts,

Im/ qq wg = 21;1(1) Im zqg Wy wedx
= hm Im / (04|Vw;'\21/)€ + QEVUJ;’ - Vipe — |w;r|2¢€) dx — / adnw, w?ds)
=0 Q ’ ’ ’ r
= 21_% Im /Qawg Vs - Vipedx — /F(z;r - i)\w;)wjds) .

Let us now compute this first integral on Q for a given € > 0. Expressing the functions in terms of (v, o),

)
Im awng Vpdx = Im// |g

o 7”(7)0

(108 Ir()a| = i sign(r(1))) pa(y, 0)dody

+Im [y/e; 2‘9(7)|2 a (10g|7“(’7)0\—l—igsign(r('y))) pa(y,o)dody

er(y) r(v)o

(
2[g(M> «
er(y) r(y)o

(10gr(x)a| + i3 sign(r(1) ) paly

ImL/€:2 [Wr(v)o (10g]r(+)er —igsign(r(y))) paly, —o)
+ ,0)} dody



for the weight po(y,0) =1 — o/R(7) defined in (2.1). Identifying the imaginary part, it follows

Tm / awy Vw) - Vipedx / / 2lg(y rdody
2 €|7“ )U
\g

which is equal to 7[|g[|z2 () The proof is ended. O
With this technical lemma we can now state the following.
Proposition 23. For all (u(g),g,h) € K,

- ((0,0,h),(0,0,h)) = 2iﬂ‘|h||%$u(2) and a* ((u(9),9,0), (u(g), g = —2i\ Z / |uj w;'|2ds.

j=1,2

Proof. Let h € H?(X). According to (4.15)),

+((0,0,1),(0,0,h)) = / (g wy — qf wi)dx + / (2w — zhwf — 2i\|w) [*)ds

27Im (/ qh wy dx—i—/(zh wh —z/\\w Q)ds) .
Q

By Lemma it is thus equal to 217r\|h||L2 (x)- Now let g € H?%(Y) and u = u(g) € Q. Relying again on

({4.15)), it follows

a* ((u(g), 9,0), (u(g), g Z/ ~2iA|uj — w}[?ds.

7j=1,2
O

Proposition 24. Let p, u > 0. The sesquilinear form a; defined in ([4.10) is T-coercive on K in the
sense that there exists a positive constant C' such that for all (u(g),g,h) € K,

Ima,} ((u(g),g.h), T(u(g),g.h)) > Cll(ulg), g, h)llv,

for T : (u,g,h) € V +— (—u,—g,h) € V. In particular, the operator AL ., defined in ([E12)) is an
isomorphism.

Proof. Let p, u > 0, and (u(g),g,h) € K. Using the definition of form a5 and the fact that a¥t is
anti-hermitian, it follows from Proposition [23| that

tma ((a(g).0.h). (~u(g).~9.h) = 2hly )+ 23 T [uy(o) — wf [Faqr,y
J=4

+ollg 13 sy + 1l s
CllgllFrz(s) + 1Rl (s))

Y%

for a C' > 0. Using Proposition [13{on the control of [[u(g)|lq by ||g|lz2(s), we are able to conclude. [
Proof. [Theorem The hypotheses of Theorem [18| have been verified in Propositions [19| and O

Remark 25. An equivalence between g — Nu;(g) — wf |20y and the L?(X) norm can be obtained on
the kernel of a*, see [1§].

5 Numerical illustration

The general objectives of this section are to confirm the theoretical analysis by showing numerical results
for the approximation of singular solutions of system and to show that the mixed variational
method developed in this work is compatible with standard finite element solvers, such as Freefem-++ [14]
in our case. To do so, we construct simple reference analytical solutions with and without a logarithmic
singularity and use them for numerical error measurements.
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5.1 Construction of analytical solutions

We construct an analytical solution on a simplified model. Dropping out the 0 order term, which is a
compact perturbation, in (|1.1)), one has

{—div(aVu) = 0 inQ, (5.1)

adpu+idu = f onT.

Let Q be (—1,1) x (—1,1) with periodic boundary conditions at y = +1, with ¥ = {# = 0} and « = x.
A Fourier decomposition in the y-direction u(x) = >_, o, ux(x) exp(ikmy) yields for all modes

zufl +uj, — x(km)?upy =0 in (—1,1).
The general solution is

(lkfo(k’frl') + kao(k’iT.’L') Vk 75 07

uk() = ag + bo | log || — %T sign(x) k=0,

where the modified Bessel functions are given by

{ In(z) = Jo(ix),

o) = —g (iJo(iz) + Yo(~ia))

see Section for the Bessel functions. We consider four test cases which respective solutions are

ul(x) =1, u*(x)=log|z| — %T sign(z), ud(x) =e™Iy(nxr) and u'(x) =™ Ky(rz).  (5.2)
The functions u' and u? are solutions for the k¥ = 0 mode. For these two functions, one computes easily
the associated (u,g,h) € V and A € Q solution of the variational formulation (4.11]). According to the
decomposition (3.11)), one has

ul=1 and g¢'=0,
{ =0 and g¢%=-1, (5-3)

and in both cases, h = g and A\; = u;p, where ¢ is the cut-off function that localizes near . In the
illustration below, the cut-off function is p(z) = exp (4% /(422 — 1)) 1(_1/2,1/2)(x).

On the other hand, the functions u? and u* are solutions for the & = 1 mode. One can compute the
corresponding (u,g,h) € V and A € @ as well.

The functions u' and u3 are regular, while the functions u? and u* exhibit the logarithmic singularity
which is the object of this study.

With A = 1, the boundary condition source term f in is determined accordingly and

lx) =i, fA(x) = (1—&-%) sign(z), f3(x) = "™ (nl}(nz) + ilo(mz)), fi(x) = e™ (rK{(mzx) + iKo(mx)) .

5.2 Principle of the discretization

The tests were implemented using the Freefem++ [14] code. Freefem-++ offers a large choice of bidimen-
sional finite elements, but does not allow so far to discretize a generic bilinear form like a, (up, vy) where uy
belongs to a 1D FE space and v, to a 2D FE space. Since we need this feature, we have decided to focus
on simple geometry and to use a penalization method to constrain a 2D FE space to unidimensionality.
For this reason, the H2(X) space is discretized using 2D P3 Hsieh-Clough-Tocher (HCT) elements [8]
penalized in the 2-direction on a 2D triangular mesh denoted ¥ . The upper script M stands for the
number of triangles that lie on ¥. The more standard H'(£2;) 2D spaces are discretized using P1 elements
on uniform triangular meshes of €2; denoted Q;V , where the upper script N stands for the number of edges
on each I';. In the presented test cases, the parameters are M = 4 for the P3 elements and N = 40 for
the P1 elements.

The discretization of leads to the linear system

AU =L (5.4)
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with U = (u;,us,9,h, A;, Ay) the coefficients of the solution in the appropriate FE bases, and where A
and L have block matricial structures

A1 0 Agl Ahl B1 0 0

* Ag Agg Ah2 0 BQ 0

o * * Ag Ahk Blk ng _ 0
e D e PR I (5.5)

* * * * 0 0 12

* * * * * 0 /L

2

As a consequence of the structure (4.11)) and because the sesquilinear form o™ (4.8]) is anti-hermitian,

the matrix A is anti-hermitian A = —A". Note that the penalization used to achieve unidimensionality is
performed in a similar way to (4.10)), so that the anti-hermitian nature of the matrix is preserved.

5.3 Numerical results

The numerical solution is obtained by solving the linear system (5.4)-(5.5). With the numerical imple-
mentation described above, we observe that the matrices are non-singular and the computations run
smoothly.

5.3.1 Numerical errors

In Table [I] we present the relative errors in L?(Q) norms for the four test cases on the total solution
u of . We observe a relative error of order 1072 for all problems even for this coarse mesh. We
also observe that the error magnitude is slightly smaller for the case 1 in mode 0 and case 3 in mode 1.
Our interpretation is that it is due to the regularity of ! and >, whereas u? and u* have logarithmic
singularities.

‘ case 1 case 2 cased3 cased

0.017 0.047 0.008 0.024

luee = Unumllz2
l|wexll 2

Table 1: For the four test cases of (5.2)), relative L?(Q) error between the exact solution wu., and its
approximation .y, = uj — w;.
In Table [2| we present the block residual errors of AU — L. The block residuals are defined from ([5.5) as
the residuals for each of the 6 unknowns. It allows a more accurate description of the residual error. We
perform the test for the test cases 1 and 2, which means that U takes the two exact values

1% 0
15 0
1 0 2 —1%,
u' = 0 and U = > . (5.6)
o O]\/I
©
w% 0

In this expression cf. , 151\2," and cpg\),j are the coefficients of the P1 interpolations of the functions 1
and ¢ in H1(£;), and 13, are the coefficients of 1 in the HCT space.

A priori, a residual error is the result of three main contributions which are an interpolation error, a
penalization error, and errors due to the approximation of the bilinear forms.

We observe in Table 2 that all block residual errors are close to machine precision, except for the first
four blocks in test case 1. After inspection of the structure of A and the nature of the exact solutions
, our interpretation is that when machine precision is reached, the only significant error comes from
interpolation errors.

5.3.2 Plot of the numerical solutions in cases 3 and 4

The imaginary part of the numerical approximation of the solutions u? and u* is shown on the right
part of figures [2] and The exact solutions, which are Bessel functions modulated in the direction y,
are shown on the left part of the figures. The trace of the 2D FE mesh is also visible, together with

17



norm case 1 case 2
uy block L2(2)  0.0419775  7.76013e-16
up block L?(Q)  0.0491617  7.14962e-16
g block L?(X) 0.0360422  3.86971e-12
h block L?*(¥X) 0.0361913  4.37914e-12

(€)
()

A1 block L2 7.04875e-15  7.68808e-16
7.29193e-15  2.70813e-15

A2 block L2

Table 2: Residual errors in L? norms for the two first test cases.

the vertical line . In Fig. 2] we observe that the numerical solution on the right is qualitatively and
quantitatively very similar to the exact one on the left. The Fig. [3]is of greater interest since the exact
solution presents the logarithmic singular behaviour. Qualitatively, the results are very similar and the
logarithmic singularity seems to be correctly captured by the numerical solution. Quantitatively, the L?
norm of the relative error is small, as reported in Table [T} even if a small discrepancy is visible, partly
due to a different scaling between both representations.

Im(u_ex) Im(u_tot)

Figure 2: Imaginary parts of the exact solution u?(x) = ™ Io(wz) (left) and its approximation (right).

Im(u_ex) Im(u_tot)

Figure 3: Imaginary parts of the exact solution u*(x) = €™ K(wx) (left) and its approximation (right).

5.3.3 Plot of the numerical solution of the full problem

We now consider the initial equation —V - (aVu) —u = 0 from (1.1)). For this problem, we do not know
any analytical solution, and we stress that our goal is not to observe wave propagation nor absorption
but to focus on the interface between these regions. In the matrix A (5.5)), only the blocks A; and As are

modified by adding block diagonal terms corresponding to the discretization of fﬂj ujv v;»V . The results
are displayed in Fig. [4] and can be compared to the results of figures [2] and [3] We observe that the
logarithmic singularity behaviour is present in both illustrations in Fig.[d] Little burr can be seen around
the logarithmic singularity, however it seems to be related to the size of the first layer around X cells and

can be expected to resorb as the mesh is refined.
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Im(u_tot) Im(u_tot)

Figure 4: Imaginary parts of the numerical solutions to the complete variational formulation (4.11)) with
BC f2 (left) and f* (right).

5.3.4 Comments on the value of the penalization parameters

The numerical illutrations presented above have been obtained with small non-zero values for the pe-
nalization parameters . Non-zero values of the penalization parameters are compatible with the
theory presented in this work. Arbitrarily, we used the values p = 1072 and p = 10~%. However, other
simulations taking these parameters equal to 0 lead to results with similar accuracy.
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Figure captions

Figure 2} 3 parametrization

Figure [2t Imaginary parts of the exact solution u?(x) = ™ Io(rz) (left) and its approximation (right).
Figure [3; Imaginary parts of the exact solution u*(x) = €™ K¢ (mx) (left) and its approximation (right).
Figure |4} Imaginary parts of the numerical solutions to the complete variational formulation with
BC f2 (left) and f* (right).

Table captions

Table For the four test cases of 7 relative L2(Q)) error between the exact solution wu., and its
approximation wpym = u; — w;.

Table 2} Residual errors in L2 norms for the two first test cases.
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