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Study of a degenerate non-elliptic equation to model plasma
heating

Patrick CIARLET* Maryna KACHANOVSKA* Etienne PEILLON*

July 5, 2023

Abstract

In this manuscript, we study solutions to resonant Maxwell’s equations in heterogeneous
plasmas. We concentrate on the phenomenon of upper-hybrid heating, which occurs in a local-
ized region where electromagnetic waves transfer energy to the particles. In the 2D case, it can
be modelled mathematically by the partial differential equation — div (aVu) — w?u = 0, where
the coefficient « is a smooth, sign-changing, real-valued function. Since the locus of the sign
change is located within the plasma, the equation is non-elliptic, and degenerate. On the other
hand, using the limiting absorption principle, one can build a family of elliptic equations that
approximate the degenerate equation. Then, a natural question is to relate the solution of the
degenerate equation, if it exists, to the family of solutions of the elliptic equations. For that, we
assume that the family of solutions converges to a limit, which can be split into a regular part
and a singular part, and that this limiting absorption solution is governed by the non-elliptic
equation introduced above. One of the difficulties lies in the definition of appropriate norms
and function spaces in order to be able to study the non-elliptic equation and its solutions. As a
starting point, we revisit a prior work [I3] on this topic by A. Nicolopoulos, M. Campos Pinto,
B. Després and P. Ciarlet Jr., who proposed a variational formulation for the plasma heating
problem. We improve the results they obtained, in particular by establishing existence and
uniqueness of the solution, by making a different choice of function spaces. Also, we propose a
series a numerical tests, comparing the numerical results of Nicolopoulos et al to those obtained
with our numerical method, for which we observe better convergence.

1 Introduction

When an electromagnetic wave is sent inside a plasma, it can transfer energy to the particles to
produce plasma heating in a localized region. This phenomenon is related to the so-called resonant
waves. In a magnetized plasma set in a region of R? under an exterior constant magnetic field
By = (0,0, By), the electric field E and the magnetic induction B are governed by the following
Maxwell system in the time-harmonic regime (w > 0):

curl E = iwB, a 0 0
iw with =|—-i6 a 0 (1.1)
curl B = ) E, 0 0 8
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where is the cold plasma dielectric tensor [I5], [IT]. For a single species plasma, the coefficients «,
6 and B have the form:

a(x) =1 — CquNe(x), d(x)= CsNe(), B(x) =1— CauNe(), (1.2)

where N () is the particle density (assumed to be a continuous function) and Cy ., Cs,, and Cp,,
are three real-valued frequency-dependent constants which do not vary in space. We consider an
upper hybrid resonance in the plasma, see [15, Chapter 2-6] and recent works [111 [7, [4} [5] [8] [6] 12}
141 [13], which is characterized by the fact that a = 0 on some curve inside the region. Like in the
above cited works, we will be particularly interested in the cases when the density NV, (x) is s.t. the
sign of a changes continuously between subregions separated by an interface.

We will consider a simplified model, which we derive in detail below. Let (e1, ez, e3) be an
orthonormal basis of R, with (21,22, 23) the normalized orthogonal coordinates. With obvious
notations, E = FEje; + Eses + Eses, etc. We will assume in this manuscript that all quantities
are independent of x3 (a variable corresponding to the direction of the exterior magnetic field), i.e.,
Ey = Eq(z1,22), etc. Then, because of the block diagonal structure of | we observe a decorrelation
between E3, B, = Bjej; + Boes on one hand, and E| = Eje; + Eses, B3 on the other. As a
matter of fact, the Maxwell system can be split into two independent systems, referred to as
the system for the Ordinary mode:

curl, F3 =iwB |,

; O-mode
CUI'IJ_ BJ_ = —% ( )

and the eXtraodinary mode:

curl, E| =iwBs,

curlJ_ Bg = —Zc% J_EJ_, <X mOde)
where | = (_";5’3
Oyv ey — O1v es.

For the discussion that follows, we will need to introduce auxiliary notation. Let x;, = z1e; +

Toes, A v = 0110 + Oov, div| v = O1v1 + Obve and V| v = d1vey + Oves. In this case we
evidently have that curl; = —R;/,» V) and curl; = —div, Ry, where R/, = ((1) _01) is the /2
rotation matrix.

). The differential operators are defined by curl | v = 0yv9 — 0ov1 and curl | v =

Let us now focus on the equations governing the scalar unknowns F3 and Bs. The second-order
2
PDE derived from the system for the Ordinary mode is — A | E3 = WC—Q’BE?,. In the case when the

sign of B changes continuously, this equation is reminiscent of an Airy equation, cf. [11].
On the other hand, the second-order PDE derived from the (X-mode) is

2
. _ w
div (Rrj2 ['Rpjo V1 Bs) = 0733.

We will assume that the tensor | is invertible everywhere in the region, more precisely, that
a?(x,) — 0%(xy1) # 0, and thus the above expression is well-defined. Let us define the two-by-two
tensor

) :
o, . B c a —1i0
(x1)=cRypp | RW/2_52—042(Z'(S a >



Then, since it holds that « and J depend on the space variable x| only via the density of the
plasma N (x), @ and § have the same level curves.

As discussed before, we assume that the coefficient a(x ) vanishes on some interface I. In view
of the last remark, the tensor (x,) is constant on I, and it holds that = iA there, with A being
a real-valued skew-symmetric matrix. Denoting by 6 the value of § on the interface I, we remark
that §(x,) — 6T = —6Ta(x_). From this it follows that we can decompose (x_) as

(1) = —ao(x1)H(xL) +iA,

2 : " o
where ap = 5%, and H(x_) is a Hermitian matrix given by

H= (z 0 —i—1a/5+) B (6+1a/5+)>'

In what follows, we will assume that H(x ) is positive definite in the whole computational region,
which in particular requires that

|5(XL) + a(xL)/5+| < 1.
Since A is skew-symmetric, div; (AV Bs) =0, so the second-order PDE governing Bs becomes
— divy ( ¢V, B3) —w?B3 =0. (1.3)

We suppose that the electron density N, is C2-regular, so that og and H are also C2-regular. We
assume that the interface I = {ag(x,) = 0} is a Cl-loop (without self-intersections), and that
|ag(x )| behaves like dist(x,, ) in its neighborhood.

Hence, considering the model derived from the eXtraodinary mode with unknown Bs in the neigh-
borhood of the interface leads to a degenerate elliptic PDE. How to solve this equation will be the
manuscript’s goal. This problem was originally investigated by A. Nicolopoulos, M. Campos Pinto,
B. Després and P. Ciarlet Jr. in [I3], where a numerical method based on a mixed variational for-
mulation was proposed. In this manuscript we revisit this method and propose some improvements.
The outline is as follows. We introduce in section [2| the geometrical and functional settings used in
this paper. We also discuss the a priori regularity assumptions on the solution using the limiting
absorption principle. Then in section [3| we investigate the construction and the discretization of
the method introduced in [13]. Numerical experiments indicate that the discrete solution does not
converge to the exact solution. Then, in section [d we propose a new method, designed to overcome
the limitations of the original one. Its properties are studied in section Finally, we discretize
the new method in section [} numerical experiments show drastic improvement over the original
method.

2 Mathematical setting

We consider a bounded Lipschitz domain D in R%2. Let A > 0 and f € L?(0D). We study the
following boundary value problem:

{ diVJ_( 0VJ_B3)-LU2B3:0 inD,



where n; denotes the outward unit vector field to dD. According to our model, it holds that

o(x1) = ap(x1)H(x1), where the scalar field ap and the hermitian matrix field H are C?(D)-
regular. We set D, = {x; € D: ap(x1) > 0}, D, = {x, € D : ap(x1) < 0}, and recall that the
interface I = {x; € D : ag(x,) = 0} is a Cl-loop (without self-intersections). We assume here
that meas(D, ) > 0, and that I does not intersect dD. Observe that outside every neighborhood
of I we are solving a classical second-order elliptic PDE with smooth coefficients. Hence, following
the classical theory, we shall look for a solution that belongs to H' outside this neighborhood. To
fix ideas, we consider the case where that D is a tubular neighborhood of I. Finally, we recall that
|a| behaves like dist(-, I) in a neighborhood of the interface.

Like in [I3], we focus on the problem posed in the neighborhood of the interface. Let
Q = (—a,a) x (0, L) be a subset of R?, with the normalized orthogonal coordinates (z,y). Introduce
the volume preserving bijective transform ¢ : (x,y) — x, (more precisely, |det(Dv)| = 1) which
maps € to D with the following properties, see Figure

e the preimage of the interface I is the straight line ¥ = {0} x [0, L] ;
e the preimage of the subregion D,, is the rectangle Q,, = (—a,0) x (0,L);

e the preimage of the subregion D, is the rectangle ©, = (0,a) x (0,L);

the preimage of D, \ I is the straight line {—a} x [0, L);

the preimage of 0D, \ I is the straight line {a} x [0, L);

the image of (—a,a) x {0} is equal to the image of (—a,a) x {L}.

n

Figure 1: [Left] The tubular neighborhood D of I. [Right] The domain 2 = (—a, a) x (0, L). [Center]
The transform ¢ : Q — D with (%) = I, ¥(Qp) = Dy, and (Tp,) = 0Dpp \ 1.

We split the boundary of ) into 4 components:
Fp = {(I} X [OaL)a Iy = {_a} X [OaL)v ' = (—(L, CL) X {0}7 Iy = (—(I, CL) X {L}
Via the mapping ¥~ !, the problem is recast onto the rectangle Q = (—a, a) x (0, L). Let us introduce

_(z,y) = [DY(z,y)] " o(x1)[DY(z,y)] " with the correspondence x| = 1(z, y).



Because the transform is volume preserving (see e.g., [2, §2.1.3]), we find that the BVP (2.1)) is
equivalently reformulated with the unknown v = B3 o) (and data still denoted by f) as

—div(_Vu) — w?u =0 in Q,
NVu-n+idu=f on I'y UT, (2.2)
u(z,0) =u(xz,L), (_Vu-ey)(z,0)=(_Vu-ey)(z,L), =€ (—a,a).

Above, the divergence and gradient operators are the classical 2D operators, while n denotes the
outward unit vector field to 9). The last conditions account for periodicity.

The requirement that the transform is volume preserving does not reduce the scope of the study.
Indeed, if the transform is not volume preserving, then the definition of _(z,y) in changes to
_(x,y) = [DY(z,y)]7" o(x1)[DY(x,y)]tdet(Dyp(x,y)). This applies for both the second-order
term in €2, and for the flux-like term on 0. Regarding the zero-order terms, we note first that,
in €, the zero-order term becomes —w?u(z,y) det(Di(x,y)). But, since there exist two constants
Chin, Cmax > 0 such that Cpin < |det(D(z,y))| < Cmax for all (z,y) € Q, one simply needs to
add a smooth, bounded above and away from below, weight to the zero-order term in the domain
Q. For the zero-order term on the boundary 952, one has to make a similar modification, ending up
with a second weight with the same properties.

In what follows, we make two simplifying technical assumptions. First, that _ is pointwise
proportional to the identity matrix, that is _(x,y) = a(z,y) () everywhere in Q. Here we use,
with an abuse of notation, the same letter for the new coefficient a(z,y) and the coefficient a(x )

in (1.1)); those however are not to be confused. In this situation, the model can be recast as

—div(aVu) — w?u =0 in Q,
aOpu + iAu = f onI', UT,, (2.3)
u(z,0) =u(z,L), (ady)u(z,0)= (ady)u(z,L), z € (—a,a).

Second, we assume that d,«(0,y) > 0 for every y € (0, L). Because the coefficient « is a scalar, we
observe that the interface ¥ is now described by {(z,y) : a(z,y) = 0}, while the two subdomains
are respectively described by Q, = {(z,y) : a(z,y) > 0} and Q, = {(z,y) : a(z,y) < 0}.

There remains to specify the requested regularity of u, so as to allow for the modelling of plasma
heating. In this manuscript, we look for limiting absorption solutions of the above problem, namely,
we look for u being an L?-weak limit of u”, as v — 07, where v” is the unique solution of the
(coercive) limiting absorption problem:

find v € HY(Q) s.t.

—div((a + iv)Vu’) — w?u’ =0 in §,

alpu” + i u? = f onI'y, UT,,
u’(z,0) =u”(z,L), (ady)u’(z,0)= (ady)u’(z,L), x€ (—a,a).

(2.4)

Remark 2.1. Remark that we study the family of problems (2.4), where the absorption appears in
the principal part of the operator, rather than in zero-order terms, as in more classical cases. Indeed,
in real plasmas, due to the presence of dissipation, the frequency-dependent cold plasma dielectric
tensor  has a small imaginary part, cf. [9, Chapters 15.4.4, 15.5] (which in the model we
study is modelled by v > 0).



Up to our knowledge, the limiting absorption principle can be justified in 1D, as well as for
particular values of a(z,y) in slab geometries, cf. [7, [6]. Let us provide an illuminating example
whose goal is two-fold. On one hand, we will show how the limiting absorption principle leads to
the occurrence of a logarithmic singularity in the solution. On the other hand, we will highlight the
difficulty in the choice of the functional framework that would accommodate such singular solutions.
Consider the 1D boundary-value problem: given ci, ¢3 € R, find u solving

—(zu') =00on T = (—a,a), u(—a)=-cy, ula)=cs.

=l 172
b

We could have looked for the solution to the above problem in the space H] /2(1) =C>(I)

where
ol s = [ 1o+ [ fall'
T s

In the definition of the norm || - [|,1/2, the choice of the weight in front of [v'|* is motivated by the
ODE itself, since after multiplying it by any admissible function v supported away from 0 in either
Z; = (0,a) or Z_ = (—a,0) and integrating by parts, one gets a volume term like + fIi |z|u'v'. In
this space, the bilinear form associated to the above equation is obviously continuous. A straight-
forward computation shows that in this case u is a piecewise constant function

/‘2

u=cy on (—a,0), wu=cyon(0,a).

We see that the above solution does not contain any singularity except for the jump at the origin.
On the other hand, we can have a look at the limiting absorption solution to the above equation,
where the absorption solution solves

~(@+w)(@)) =0on I, u(=a)=cy,u"(a) = co.

In particular, for each v > 0 the H!(Z)-solution to this problem is unique. With z + log z defined
by its principal value (i.e., log(z) = log |z|+i Arg(z), Arg z € (—m,7]), we then compute the solution
to the above equation

Co — C1
log(a + iv) — log(—a + iv)

u” = aylog(x + iv) + by, with a, = and b, = ca — a, log(a + iv).

Since log (x + iv) — log |z| + inl,<p for x € R*, the limiting absorption solution u™(z) =
v—0

lim «” is given by the pointwise limit
v—0+

. 1 — ¢
ut(2) = ay (log|z| +inlyco) + by, ay = 1i7r 2 by = co —ay loga.

Note that [ |z||(u")'|* = 400 as soon as ay # 0. We thus see the difference between the two
solutions u € Hi /Q(I) and u™: the first one has a jump singularity only, while the second one has
both a logarithmic and a jump singularities. Interestingly, from the physics viewpoint, we know that
it is the logarithmic singularity that is responsible for plasma heating phenomenon [7,[6]. Therefore,
for the 2D model , we focus on using the latter one, that is solutions that include the jump
and the logarithmic singularities (log |x| + iml,<0). From now on, we use the notation

S(x) :=log|z| +imly<o



to describe those singularities.

Let Cpe, (ﬁj) = {v € C™(Q) : oy v(x,0) = 0 v(x, L), Vm}, j € {p,n}. Introduce the two

=~ . : .
spaces Hll/Q(Qj) =53, () 2 e {p,n}, with associated norm

[olts= [ 1o+ [ lallVol’, j € {p.n}.

|| Q. Q.
J J

Defining the above spaces is motivated by the same observation as above: multiplying the second-

order PDE by any admissible function v supported either in €2, or €2,, and integrating by parts, one

gets a volume term like + fﬂpn |a|Vu - Vo. So, in light of the 1D example, we now consider that

one can recast the 2D model with solution u as follows.

Assumption 2.2. The family of solutions (u”), > 0 of converges in L2(Q) to the limiting
absorption solution u™ € L?(12)

L2(Q
u” —)> ut, (2.5)
v—0+
Moreover, ut can be represented as
+_ 7t +
u = ureg + using’

where the pair (u;’feg,ujmg) is such that wlgq, , € Hll/z(prn) and ujmg(x,y) = gt (y) S(x) with
gt € Bl (D).

Starting from ([2.5)), it is easy to verify that the limiting absorption solution u™ is governed by
the 2D model

—div (aVu+) —wiut =0 in Qpp,
adput +idut = f on 'y, (2.6)
u(2,0) =u"(z,L), (ady)ut(x,0) = (ady)ut(z,L), z € (—a,a).e.

In Appendix [A] we prove further results for u™.

We identify the function w,f,, with a pair

1 1
ut = (u;j-eg‘Qp’u;j—eg‘Qn) € H1/2(Qp) X H1/2(Qn)-
For generic g(y), we use the notation

sg(x,y) = g(y) S(x).

As noticed in the 1D example, when the singular coefficient g does not vanish, s4+ does not belong
to the space H%/Q(Qp) X H11/2(Qn), hence the notation sg+, with s for “singular”.

Given ut = (u,u,)) € Hll/Q(Qp) X H%/Q(Qn) and g* € H},,.(2) a solution of the system (2.6)),
no transmission condition through ¥ is imposed a priori between u; and u,". On the other hand,
the convergence assumption contains a hidden transmission condition through ¥, as we will
see in section [B

Let us conclude by the simple result below.



Proposition 2.3. Let u be governed by .
In the framework of Assumption there holds that uw € HY(Q2\ Vs), for every neighborhood Vs,
of the interface.

. _ 1
Conversely, if u can be decomposed as u = Ureg + Using where Ureg|Q,., € H

1/2
direction and using(z,y) = g(y) S(x), and if there holds that w € H' (Q\ V) for every neighborhood
Vs, of the interface, then g € H, .(%).

per

(Qp.n) is periodic in y-

3 The numerical method from Nicolopoulos et al [13]

We now recall the main ingredients that were used by Nicolopoulos et al in [I3 14] to build a
numerical approximation to problem , with its solution split into a regular and a singular part.
A stronger assumption on the singular part is used in [13], namely that g € ngT(E). This choice
has strong consequences on the variational reformulation of the model, see and also on the

numerical approximation of the model, see

3.1 Main ideas and formulation of the method

In order to explain the method of [I3], let us introduce the following functions, which we describe
as "singularities with absorption"

sg(z,y) = g(y) log <:1c + Z(Vy)> with v >0, g€ H;ET(Z), (3.1)
r

and where r(y) = 9,a(0,y). The absorption parameter scaled by 1/r(y) will ensure some nice
convergence properties on second order derivatives, see lemma We also introduce the weighted

L*(Z)-norm ||gll, == ([x |9(v)[*r(y)dy) /2 and its associated inner product is denoted (-, -)y.

Note that for any g € L?(X), it is easily checked that s — s, in L?*(Q) as v — 0+. We then
have the following lemma, whose proof is left to the reader.

Lemma 3.1. Given g € H,.(X), the following limits hold in L*(Q) as v — 0+:

per
Sy = Sg, Oysg — Oysg,
(a4 il/)@xsg — a0z5g, Oz ((a + iu)@xs;) — 0z (a0y8g).
Let ¢ be a truncation function satisfying
Definition 3.2. Given ¢1 € C3((—a,a);R) and o1 = 1 in the vicinity of x = 0, let p(x,y) = 1 ().

The method of [I3] relies on the observation that, for g # 0, the singular ansatz s, does not
belong to H11 /2(Qn) X H11 /2(Qp). One can check through simple computations that, as soon as

1 . . 2 .
g € H,.,(¥), and in particular for g € Hj,,.(X), it holds that

. V|2 _ 2
Vlggﬁ QI/\ng| pdx =m||g|lz > 0. (3.2)

Physically, the above identity is related to the plasma heating [14, [7]. The above observation
serves as a basis to construct a functional to minimize; this minimization procedure will yield a



variational formulation. Let u¥ € H'(Q2) be the unique solution of (2.4) (see [L3], Proposition 6).
By assumption u’ — u;”eg + 84+ in L?(Q), as v — 04. We then split u” = Ueg + SZ+; evidently,
(),

+

g+ — Sg+ In L and uyey = U, in L%(9). Recall that ., is identified with a pair of functions

ut = (uy,uy).
Next we introduce the function sy, with h € H, 2

per
following energy functional:

JY (W’ h) =1Im </Q(oz(x, y) + iv) |V (u” — %) godx) = /QV ‘V (u;feg + SZ+_h) ‘2 pdx. (3.3)

(X) being an artificial variable, and define the

Clearly, J"(u”, h) is non-negative.
To be able to carry out the derivation of the model, one needs some a priori convergence results.
One can prove the following result (see lemma , appendix [A]).

Proposition 3.3. Let (u”), be a family governed by fulfilling assumption . Then,

. vo|2 _
V1_1>r(1)1+ ; v ‘Vureg} pdx =0. (3.4)
As a consequence of the above, J(u”,h) converges to the limit 7 ||g™ — th when v — 0+.
Obviously, lim,_,g+ J”(u”, g7) = 0. Hence, the limit of (u”,g") = (Uyegs SZ+,g+) as v — 0+ should
solve the limiting minimization problem ( mi+nh) Jt(u, g%, h), where JF := lim, o, J"(u",h),
u7g b
subject to the constraint of u,g" satisfying assumption It remains to write the respective
saddle-point problem.

To do so, we follow [I3]|, where it is suggested to use a stronger assumption, namely that g*
(and consequently, h) belongs to the space H2,.(X). Introducing @Q = H1/2(Q ) X Hl/z(Q”) and

per
= QxHZ2,,.(X)x H2 (), we find that the limit is governed by the following mixed variational
formulatlon (cf. appendix [B] for a detailed derivation):

Find (u,g,h) € V® and X € Q such that
a? ((u, g,h), (v,k, 1)) = b® ((v,k,1),X) = 0, Y(v,k,1) € VP, (3.5)
b ((u,9,h),p) = (P (n), YpeQ.

First, the form a? . v@ xv® 5 Cisst. Ima® = dJ 7T, and can be recast as

a(2) ((uvg7 h) v, k, l Z / U] + Sg— h 8 (Uj + Sk— l)a pdx
j€{p,n}
- / a(vj + Sp—1)0z(uj + sg—p)Ozppdx
" (3.6)

— / (— divaVsy, — w2sh) (vj + Sk—1)pdx
Q

J

+ / (—divaVs; — w2$z)(uj + Sg—h)SDdX-
Q

i
The sesquilinear form b2 : V(2 x @ — C is, in its turn, given by

2 (2)
o2 ((u,g,h),v) = b2 (u,v) + by, (9, V), (3.7)



where, for all u,v € Q, g € H2,.(%)

per
bﬁ,ge)g(u V) = Z / (aVu; - Vv; — w?u;v;) dx—l—/ iAu;Ujds, (3.8)
]E{pvn} FJ
bg%g( = Z / —div(aVsy) — w?s,) vjdx + /F (aOpsg + iAsg)vjds. (3.9)
]e{p7n} J

Remark that neither bﬁi}, nor bg)lg do not depend on k. Finally, the antilinear form ¢2) : Q — C
is defined as

5(2 / fds.
je{pn}

To stabilize the method in order to guarantee uniqueness, two stabilization terms are added to ({3.5)).
Namely, one considers

Find (u,g,h) € V® and X € Q such that
al’) ((w,9,h), (v, k1)) = b@ ((v, k,1),A) =0, V(v, k1) €V, (3.10)
b2 ((w,g,h), p) = (@ (), YpeQ,

al?) ((u,g,h), (v, k, 1)) = a® ((u, g, h), (v, k1) + i (—p(g, k) g2z + 16(Dyyh, Byyl) 12(5)

with p, u > 0. It is shown in [I3, Theorem 16] that for p, u > 0, and f € L?(I', UT},), the problem
(3.10) is well-posed. Up to our knowledge, there exists no proof that the solution to (3.10]) is a
limiting absorption solution of the original problem.

3.2 Numerical experiments and comments

In [13], a conforming discretization of ( - was proposed, with Vh(1 hy = @hy X H ,3 x H }2@,

= {vh €Q: vn |k € PI(K), for all K € T2},
Hp, = {pny € Hop(S) 1 Dol € Hm(K), for all K € 7,2},

where H,,(K) is Hermite finite element of order m, 77512 is a triangulation of  with meshsize h;
that is conforming with respect to the interface ¥ (for all K € Ty, int(K) NY = (), and 77122: is a
triangulation of ¥ with meshsize hy. Notice that the restriction to €2, (respectively €,,) of elements
of Qp, belongs to H'(£2,) (resp. H'(Qy,)). On the other hand, there is no matching condition at
the interface for elements of Qp, .

In the original paper [I3], the numerical experiments were done for a single discretization.
Structured meshes were used for both regular and singular parts, with hy = 4h;. In particular, the
question of the convergence of the discrete solution to the continuous one was not addressed. The
goal of this section is to provide insight into this question, by letting h; vary and keeping ho = 4h;.

We use the code provided by A. Nicolopoulos written in FreeFem++ [I0]. The singular coefficient
g" is discretized with the 2D HCT finite elements penalized along the normal direction.
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We consider the case a(x,y) = z, w = 0 and perform two experiments with L = 2 on the domain
Q= (-1,1) x (—1,1) with known exact solutions. We choose the boundary data so that, in the
first case, the exact solution is purely regular and equal to u*(z,y) = 1, and in the second case it
is given by u™(z,y) = —Ko(mx)e™, where Ky is a modified Bessel function of the second kind H
In the first case g*(y) = 0, while in the second case, there is a non-zero singular part s,+(x,y) with
gt (y) =em™.

The stabilization parameters po, s are taken equal.

We denote by er2(u™), resp. eg(u™), the relative error of the regular part in L?(Q)-norm, resp. in
|lg norm. And we denote by ez2(g") the relative error of the singular coefficient in L?(¥)-norm.
Note that, when measuring volume errors, we do not take into account the cells that touch the
interface.

Although u*t(z,y) = 1 belongs to the discrete space, the computed solution does not seem
to converge, see figure This phenomenon happens regardless of the value of the stabilization
parameters pa, po. The situation improves somewhat for the singular solution, where one observes

T N
L ||—*ep2(ut)
10-2 ||~ equ™)
; i 11—*—ep2(g")
=}
5
[}
2 1073} E
E N
[
ot
1074 E
1 L Il

h

Figure 2: Relative errors for u*(z,y) = 1, with ps = g = 1075,

a monotonic decrease of the relative error in L?(X)-norm for the singular coefficient g, see figure
However, convergence for the regular part is not obvious in [|-[| norm nor in L?(Q)-norm,
see again figure Bal In figure we provide convergence curves depending on the choice of the
parameters po = uo. As expected, the convergence seems to stagnate for larger values of po, and
finally we see that decreasing ps from 107 to 1075 has no visible effect on the convergence curves.

These experiments seem to indicate that the numerical method of [13] does not converge numer-
ically. We do not know whether the source of the instability is intrinsic to the numerical variational
formulation itself, or is due to the penalization of the HCT elements in the normal direction, used
in the implementation. In this manuscript, we will not dwell on the precise reason for this insta-
bility. Instead, we propose in section [4| an alternative method, which we study mathematically
in section [5] Interestingly, this method can be discretized in a conforming manner without using
Hermite elements on the interface: it relies on the more common P; finite elements.

'For x < 0, we use the convention Ko(x) = lim, 0+ Ko(x + iv).
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10° 4 ] +CL2(U+) e =102
i 1| eq(u®) 1| py=10"3
b _— 1|—er2(g™) 1| p2 = 1074
£ El ] ——p2 = 105
T —=—py =106

Relative errors
Relative errors

(a) po = po = 1075. (b) Relative L? errors on the regular part with
different stabilization parameters py = pso.

Figure 3: Relative errors for u*(z,y) = —Ko(rx)e™.

4 An alternative method

One of the drawbacks of the formulation is that it requires the extra regularity on g (g €
ngr(E)), which renders the underlying numerical method quite cumbersome to implement. Also,
a priori, there is no reason to assume such a regularity, especially from the variational viewpoint.
As a matter of fact, this regularity assumption can be weakened. To see that, we observe that the
form a® can be rewritten by integration by parts of the last two integrals along the y-direction

(recall that ¢ is independent of y):
alV ((w, g.h), (v, k Z>
Z / (uj + 8g—n)0z(vj + sp—1) — Op(uj + sg—n)(v; + sk,l)] Oppdx
je{pn}

— /Q (aaysh Oy (vj + sp—1) + (—dc (Oysp) — w2sh) (vj + sk,l)) pdx

J

+ / (o@ysl Oy (uj + sg—p) + (—0z(0zs1) — w?sp)(uj + sg_h)) wdx.

J

The periodic boundary condition on 0,¢ is now a natural boundary condition.
Remark that the expression fQj adysp Oy(vj + sp_1)dx is well-defined for all h, k, | € H},,.(%)

and v; € Hl/2(Q ). Indeed,

‘/ a (log|z| +inly<o) Oyh Oyvidx| < 400,
£

< +00.

‘/ allog|z| + imly<o|? 8yh 9, (k — 1)dx
Q;

Thus, we consider the larger function space V1) x Q with V(1) .= Q x H}.,.(X) x H},.(¥). The
form a® is naturally continuous and sesqulhnear on V) x v,

12



Remark 4.1. The form V) can also be obtained as the differential of a limit functional, like a®
by repeating almost verbatim the derivation in appendiz[B, and the limit functional writes:

T+ (a,g.h) = 5z (9.1, (. 9,1). (1.2

While for g,h € H2,,(X) one has also:
1
VAl (uag7 h) = 27Z'a(2) ((uvga h) ) (u7ga h)) :

Remark 4.2. [t does not seem possible to further reduce the reqularity of g, h, k,l because their first
derivative appears in (4.1)).

2)

The same integration by parts along the y-direction can be applied to the form b_;/ g we define,
forallve @, ge HpeT(Z)
Smg (g,v) = Z / (a0y840yvj + (— 0 (a0y84) — w?s)T5) dx+/ (aOpsg + iAsg)Tjds. (4.3)
je{p,n} L
We now define b : V(1) x Q — C, which is, in its turn, given by
bW ((u,g,h),v) = bL) (u,v) + b (9,v), (4.4)
with
1) _ 1(2)
b, =02 QxQ—C. (4.5)

Finally, we introduce /(1) = ¢ : Q — C.

Remark 4.3. Compared to the definition of bsmg , only the first order derivatives of g appear.

Hence, if g € H}.(X), then bg”)w (g,-) defines a continuous antilinear form on @, and, moreover,

1655099 Mier S Mgl (s) (to be compared with b3 (9, Mlar S llglla2(s)). While for g ¢ H(S),

bST)Lg(g, -) cannot be defined. On the other hand, the regular parts of b@ and bV are identical, and

so are the right-hand sides.

Hence, we end up with the following variational formulation:

Find ((u,g,h),A) € VIV x Q such that
am«m%mmwhw%wﬂawth%ﬂx V(v k1) e v, (4.6)
b ((u,g,h), p) = (D (), VpeQ.

With this method, a stabilized counterpart of (4.6|) reads:

Find ((u,g,h),A) € V) x Q such that
alt ((u,g,h), (v,k, 1)) — b ((v,k,1),A) = 0, V(v, k1) e VD, (4.7)
b ((u,g,h),p) = (D(p), YpeQ,
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where

alt ((u, g, h), (v, k1)) = aV ((w,g,h), (v, k, 1)) —ip ((9. k) sy — (hy D pri(sy) . with p > 0.

The stabilization terms involve the HI}ET(E) scalar product, which corresponds to the fact that g
does belong to ngT(E).

Retracing the steps of [I3], we can prove the well-posedness result below regarding the stabilized
variational formulation. We use a classical approach to the well-posedness of the mixed formulations.
According to the BabuSka-Brezzi theory, it is sufficient to prove a surjectivity property of the
operator BY) 1 V() — ) associated to the form b and an inf-sup condition for the form agl) on
the kernel of B, The kernel of the operator B! can be characterized as

KerB® = {(u,g,h) € VD - b) (u,v) +b{) (9,v) =0, forall veQ}. (4.8)
We observe that, since the third variable h does not appear in the characterization of the kernel, it
can take any value. We use this property on several occasions throughout the manuscript.
To study the surjectivity of the operator B()), we introduce the following problem: given ¢ € @/,

Find v € @ s. t.
1
b, (v, ) = n), YpeQ.

Problem is well-posed. The result can be proven like in proposition 13 of [I3].
As a straightforward consequence, one finds that

(4.9)

Proposition 4.4. The operator BY) is surjective.
We can now state the well-posedness result of the stabilized variational formulation.

Theorem 4.5. Let p > 0. For all f € L*>(T, UT,), the stabilized mized formulation (£.7) admits a
unique solution.

Proof. One needs to verify an inf-sup condition for the form af)l) on the kernel of B(Y. Again, the
proof mimics the one in [I3], and is based on the following two equalities for (u, g, h) € KerB™):

a(l)((u,g,O), (u7970)) = _QZ)‘ Z ||uj + SQHiQ(I‘j) I
je{pn} (4.10)
aV ((0,0,h),(0,0,h)) = 2ir ||h2.

For completeness, we give the proof of these equalities in corollary [D.5
Regarding the inf-sup condition, we note that for any (u, g,h) € Ker B,

tmaf((u,g,h), (—u,—g,h) = 2|2 +2X 3 s+ sl 22, (4.11)
j€{pn}
+ pllgll 7 sy + ol s
> C (Il + llgls ) + NAlrssy) (412)

since the norm of u is controlled by the norm of g. In the statement of proposition 13 (with f = 0) in
[13], one shows that ||uljg < Hb(z) (9:) llo S 9]l g2y, while in our case the same argument yields

sing
a stability bound [jullg < HbSZLg(g, e < llglla1(s), according to the discussion after (4.3)). O
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5 Existence and uniqueness of the solution of the mixed variational
formulation (4.6))

We now study the mixed problem (4.6|) (without stabilization) in more details. Namely, we address
the uniqueness and existence of its solution. First, one can prove that the solution to the mixed
problem is unique. Moreover, its existence can be ensured through a direct construction:
indeed, under assumption , the limiting absorption solution satisfies with an appropriate
choice of the Lagrange multipliers h, A.

In order to prove these results, we introduce a notion of weak jump of the regular part of the
solution (section . This notion will serve to prove, on one hand, the uniqueness of the solution
to the mixed formulation (4 (Section and, on the other hand, its consistency with the original
limiting absorption problem sectlon .

5.1 Weak jump of a regular part

It is possible to define a notion of a jump in a weak sense for functions u € @) which satisfy the
constraint in the mixed formulation (4.6). This definition is formalized in the statement of the
following lemma.

For the sake of conciseness, (-, )5, denotes (-, until the end of the manuscript.

N hor(20)) Mo (220
Lemma 5.1. Letue Q, g € per( Yand £ € Q', supplNY = qﬂ related by

bfn?g (u,v)+ 3% (g,v)=1L(v), VYveQ. (5.1)

sing

Let ¢ be a cutoff function as in deﬁnition and pe(x) = @ (%) with € > 0. The jump [u]y, of
the reqular part is defined as

Vk € Hy o (2),  ([u]g, k)y, = lim | {Z }/Qj uj (=0, (a0 (sppe)))dx, (5.2)

and it is finite for all k. The limit is independent of the choice of .

Before proving the lemma, let us make a few comments. For piecewise regular u € H 1(Qp) X
H'(Q,), the above definition of the jump coincides with the classical definition [u]y, = 70(up) —
Yo(un), Yo denotes the trace on ¥, seen either as a part of €2, or of ,. Indeed, in this case (.2))
yields

Z / u] 0‘8 (Sk(p5>))dx _/ [’YO(up) 'YO(un)} (Oéa (SkSps )‘Edy"’— Z / ad uja (Skws)d

je{p,n} Jj€{p,n}

The first term in the right-hand side of the above can be made more explicit. Indeed, by the
regularity assumption on a and using an explicit form of si, we have ad, (srp.) € H'()) and

2By writing supp /N Y = (), we mean that there exists § > 0 and a d-vicinity Q° of £, Q° := {(z,y) € Q: |z| < d},
s.t. L(v) =0for allv € Hll/Q(Q) : suppv C 7.
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a 0z(sppe)ly, = k(y)r(y). Observing that [[ady(sk@e)llr2,) S Ikllf2(s), the second term is
bounded with the help of Cauchy-Schwarz inequality:

‘/Q a0pujOy (sppe)dx| < |Jull g1 (0, n(jz)<act) 11002 (5k0e) | 20,
J

S lallr @, ngjai<acy) Rl 22y —5 0

so that

3 / 0 (=0r (00, Grpeix = [ [uly rdy + 0.(1).

Jj€{pn}

On the other hand, the jump defined by ([5.2)) is not finite for all u € Q; take e.g., u = (log|log |z||, 0).
Finally, we note that, even for u satisfying (5.1), the jump [uly, is defined in a very weak sense,
since it is taken in the dual space of Hl, (2, 7).

Before proceeding to prove lemma let us define, for £ € @', s.t. suppfNY =, any ¢ € C1(Q)
and k € H!, (X), the quantity

per
loo(st0) = m £(sp (1 — ), (5.3)

where the sequence (¢g)e>0 is defined in the statement of lemma The above quantity is well-
defined and independent of the choice of ¢, since supp £ N3 = 0.

Proof of lemma[5.1 We test (5.1)) with v = sx(1 — ) € Q. On one hand, we have
reg sing

bty (st (1= 02)) —= Lo (58) — Blan, (9 58 (5.4)
e—

where (o (sy) is defined like in (5.3)), with ¢» = 1. On the other hand, integrating by parts in the
x-direction bﬁ)g (u, sk (1 —¢)) gives:

bty (w1, (1= 02))

= Z / {Uj(—ax (Ozam (Sk (1 - 506)))) + aayujay (Sk (1 - 506)) - WQUJ'Q(I - 805)} dx

jefpmy

+ Z / oz@ Sk +Mu]sk) ds

je{p,n}

biw)zg u) + 2\ Y /UJSde_ > / {adyu;0,sppe — w u;Spp:} dx — Je,

je{p,n} je{p,n}
with

Z / U (— 0,0y (Spipe))dx,
je{p,n}

cf. the definition of the jump (5.2 . Next, using Lebesgue’s dominated convergence theorem yields

lim b, (w, s (1 - o)) = 5D (k, a) + 2\ 3 u@ds—;igéjs.

smg
Jj€{p,n}
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Replacing the left-hand side of the above by (5.4) shows that hn’(l) Je is finite and, with the definition
E—r
(5.2), the jump of u is expressed as

1 1 . _
(oK) (11 ) 11 ) = Dot O ) 000 (950 200 7 /F wjsids — Lo (1) (5.5)
j€{pn} I

As claimed, the last expression does not depend on the chosen cutoff function . O

Remark 5.2. We can relax the condition on the support of £ by requiring only that lin(l)ﬁ (sk (1 —¢2))
e—

ezists and is independent of (¢c).. In particular, if it holds that bg)g (u,v) + bgzlg (g,v) =L (v) for
any v € Q with
()= X [ fuix uhere ;€ (9), € {pink
jel{pm} /4
then the trace can be defined as in .

Remark 5.3. The definition of the jump does not depend on the jump part of the singularity
ik(y)la<o. Indeed, in (5.2), sk can be replaced by k(y) log |z| or k(y) (log |#| — im1ly<o). This holds
because, given ¢ as in lemma (5.1, we have, by the Cauchy-Schwarz inequality and after integration
by parts in the x-direction,

/Q udy (0, (Lo<op-k(y)))dx

_ ‘ / (0, (p:h(y)dx

= ‘ / a0y un Oy ok (y)dx
—ae<x<0

S Hun”Hll/Q({|CC|<(l6}) HkHLQ(Z) =0 0.

Therefore, the jump can also be computed as

fi s =ty 3 /| (7% @0 () (08 ] — i) o)) (56)

This identity will be useful later, see section[5.3.3

5.2 Uniqueness of the solution

The goal of this section is to prove the following result.
Theorem 5.4. The solution to (4.6)), if it exists, is unique.

Remark 5.5. Let us remark that the uniqueness result does not follow directly from the identities
(4.10). Indeed, applying these identities allows to conclude that h = 0, and (u; + 89)|Fj = 0; the
latter, however, does not imply that u =0 and g = 0.

The proof of this theorem hinges on some technical results, which will additionally allow us to
understand some properties of solutions to ({.6). First, given a solution ((u,g,h),A) € V) x Q
of (@.6), the condition (5.1)) is obviously satisfied for u, g with ¢ = ¢V and consequently the jump

[u]y. is well-defined. Therefore, we can reexpress a(!) using the jump [uy;.
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Lemma 5.6. Let (u,g,h) € VY be such that £ : v — bV ((u,g,h),v) € Q" with supplNY = .
Let ¢ satisfy definition and supp ¢ Nsupp p = 0. For any (v, k,l) € Ker B, we have

a) ((u,9,h), (v,k,1)) = 2im (g — b,k — 1), = ([u] g, k = Dy +([V]5, g — M)y (5.7)
A proof of lemma [5.6] can be found in appendix [D} see Lemma [D.1]

Remark 5.7. In the context of lemma and in the light of remark one can rewrite the
minimization functional Jt (u,g,h) = +aV ((u,g,h), (u,g,h)) on the kernel of B :

24
It (u,g,h) =7 llg = b2 —Im([u]g,g — h)y, V(u,g,h) € KerB.
We now have the necessary ingredients to prove theorem

Proof of theorem[5.7. Let ((u,g,h),A) € V(Y x Q be such that

a ((u,g, 1), (v, k, 1)) = bO (v, k,1),A) =0, Y(v,k1)ecVD,
b ((u, g,h), p) =0. Vp€Q.

First, we recall that (0,0, %) € KerB(", cf. (4.8). Using the identities (£.10) yields h = 0.

So, one has in particular
aM ((u,g,0), (v, k1)) =0, V(v k1) € KerB®. (5.8)

We now prove that (u,g) = (0,0) by choosing ad hoc test functions in Ker B().
As a matter of fact, since (0,0,9), (u,g,0) € Ker B, from (5.7) it follows that
aM((u,4,0),(0,0,9)) = =2im ||g + ([u]s, 9) s,
a®((u,g9,0), (u,9,0)) = 2ir |lg]2 — 20 Tm ([u]s;, g)y;,
so that
ma® ((u,9,0), (u,g.29)) = ~27 gl
Recalling (j5.8]), the above implies that g = 0.
Finally, (u,0,0) € KerB™") implies that bﬁ)g (u,v) = 0 for any v € Q. According to the well-
posedness of the problem (4.9)), this implies that u = 0.

The above allows to handle the part of the solution that belongs to V), To conclude, one has to
handle the Lagrange multiplier. According to the above, it is governed by

bV (v, k,1),A) =0, Y(v,k1)eVD,

But the operator BV : V(1) — @’ is surjective thanks to proposition : one has indeed A =0. 0O

5.3 Further properties and existence of the solution

Below, we denote by u the pair (up,uy) € Q.
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5.3.1 Consistency and jump of the regular part

Theorem shows that the mixed variational formulation has at most one solution. Therefore,
if we can construct a solution to this formulation, it will be unique. It is thus reasonable to look
for (u,g) as the limiting absorption solution of the original formulation (2.4), as v — 0+. From
the content of section [3.1 we should expect that h = g. Moreover, again, by explicit computations,
in this case one can show that the Lagrange multiplier A is equal to up. However, this is not
straightforward when comparing the section and the remark due to the presence of the
extra term involving the jump [u]y in the functional J*, which did not seem to occur in the
original functional J". This term becomes more apparent in the following proposition.

Proposition 5.8. Let (u,g) € Q x H},,.(X) be such that bﬁ)g (u,v) + biW)Lg (g,v) =D (v) for any
v € Q. Then, for any (v,k,1) € VI,

a(l) ((u7 g, g) ) (Va k? l)) - b(l) ((Vv ka l) 7u90) = _<[u]27 k — l>2 (59>
As a consequence, ((u,g,g),up) is the solution of (4.6)) if and only if [uly, = 0.

The above proposition shows that h = g and A = uyp if and only if the jump of the regular part
of the solution u vanishes. Notice that the above proposition does not ensure the existence of a
solution to the mixed variational formulation (4.6)), nor that (u, g, g) is the solution, since it may
happen that the solution of satisfies [uly, # 0.

Nonetheless, the above shows that the question of the consistency of the mixed variational
formulation with the original limiting absorption problem reduces to the question of vanishing of
the jump of the regular part [u]y,, where we seek (u,g) to be the limiting absorption solution.
Precisely, it will be proved that its jump vanishes in proposition

The proof of proposition again relies on two auxiliary lemmas, which we present below and
which are proven in appendix [D]| First, let us introduce the form

C, (UV) = / o [UB,V — 0,UV] 0, pdx, (5.10)
Q

with ¢ as in definition so that 0, vanishes in the vicinity of ¥. Using the definitions of C,
and bV (cf. ([&.3))), we rewrite the sesquilinear form a(!) originally defined in 1} Below there is

sing
no contribution on I'y, or I', because ¢ also vanishes in their vicinity:

a® ((u,g,h), (v, k1)) Z / a(uj + 84-1)0z (v + sk—1)Oppdx
je{pn}
- / a(vj + sk—1)0z(uj + sg—p)0zpdx
- /Q (o@ysh Oy (vj + sp—y) + (—81 (a0zsp) — w2sh) (vj + sk_l)) pdx

+ /Q (aaysl Oy (uj + sg—p) + (—0z(dzs1) — w?sy)(uj + sg,h)> pdx

J

=Cy (U4 Sg_p,V+ k1) — ) (h, (v + sk_1)@)

sing

+ 00 (1, (u+ sy_n)). (5.11)

sing

We will need the following two identities, whose proofs can be found in appendix [C]
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Lemma 5.9. Foru,v € Q, Cy(u,v) = b,(ézq(v, up) — bglezq(u,vcp).

Proof. This is a direct application of proposition where we used supp () N supp ¢ = 0. O

Lemma 5.10. Let (u,9) € Q x H,,.(X) be like in proposition . Then, for any k € Hp,,.(%),

Col,51) = by (k) + b3 (9, 509) = ([l B
Proof. This is a direct application of proposition where we used supp () N supp ¢ = 0. O
With these identities, we can prove proposition
Proof of proposition[5.8. By (5.11]),
0 ((,9,9), (v, k1)) = Co (W, v - s11) = biih (9, (v si-)9) + 00, (Lwg). (5.12)

Replacing in the above Cy, from lemmas and yields

oD ((w,g.9), (v, k,1)) = by (v, up) — b (u,vip) + 50 (k — L ug) + b5 (g, 55-1)
—([ulg b — Dy, = b (9, (v + sp-0)9) + b3 (1, up)
— by (v, uso>+biz3lg (k, up) — L) (w,vep) — b3) (g ve)
— ([, b — ).

The sum of the first two terms above is by definition b() ((v,k,1),up). The sum of the next two
terms gives ¢(1) (ve) by the assumption of the proposition, and vanishes because supp Y Nsupp ¢ =
(). This allows us to conclude. O

5.3.2 Properties of the limiting absorption solution

Given g € H;W( ), let us introduce some “artificial singularities” with non-zero absorption A

sy (2,y) = g(y) log <:v + r?;) .

For positive A, one recovers the "singularities with absorption" of (3.1). We remark that one has
convergence almost everywhere as v — 0+:

g oo sy =glloglal +imleco), and sg” —sg = g (logla| —imleco).

We then have the following lemma (which generalizes lemmal[3.1]to the case of artificial singularities),
whose proof is left to the reader.

Lemma 5.11. Given g € HY, (), the following limits hold in L?() as v — 0+

per

+ +v
g Oysg —>8ysg,
0

(v £ iv) xs;t” — a@msgi, Oz ((a £ w)@ws;t”) — 835(048353;).

g
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Note that s, = s;. We adopt this convention from now on. From the above lemma, it follows

in particular that for any ¢ € C*°(Q),

O ((a = iy)ﬁx(sgt”w)) :O—: 896(04896(5;'[1#)) in LQ(Q). (5.13)

Going back to our problem, one can prove the result (see lemma |A.1])

2
(o +iv) Vu” 2O v (u +ul ). (5.14)
l/—>0+ reg swmng

Then, one has the result below, which follows directly from assumption[2.2Jon the limiting absorption
solution and lemma As argued in proposition in order to construct a solution to (4.6, it

is sufficient to
findue@,ge H;er(E) such that

1
by () + 005, (9.v) = (0 (v), Wv e Q,
[u]y, = 0.
Let us show that the limiting absorption solution verifies the sufficient conditions above. The
problem with absorption (2.4) can be written in the variational form:
find u” € H'(Q) such that

v (u?,v) = (D (v), Vv e HY(Q), (5.15)

with 0" (u,v) = / [(a+iv) Vu- Vo — wQUE] dx + 1\ Z
Q .
je{p:n}

/ uvds.
r;

First, we remark that the limiting absorption solution (u™, g%) verifies the desired variational for-
mulation.

Lemma 5.12. Let (u*,g%) € Q x H},.(X) be as in assumption . Then, for any v € Q,

b(L) (uf,v) + bt (97, v) = (W (v).

reg sing

Proof. See lemma (Appendix . O

Next, we show that the limiting absorption solution (u™, g*) has a vanishing jump.
Proposition 5.13. Let (u®,g") € Q x H}..(X) be as in assumption . Then [ut]y = 0.

Proof. Let u™, g* be like in assumption[2.2] To prove that [u*]y = 0, we will use the identity (5.6)
defining the jump with s, , for a given k£ € ngr(E). More precisely, let ¢ be a truncation function

as in the definition and, for € > 0, p-(z,y) = ¢ (£,y). We will show that the quantity below is
well-defined and converges to 0 as € — 0+:

Je(k) = Z /Q.uj(—&v(oa&v (s,;gpg))dx.

je{pm} """
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We reexpress J.(k) with the help of (| and the convergence (uy.,,), to ut of Lemma

Jo(k)= lim JZ(k), with JZ(k Z / Teg (o —iv) Oy (s,”¢c)) ) dx for & > 0.

v—0+
Jj€{p,n}

The main idea of the proof consists in reexpressing J? via b”(u”, s, “¢.). By (5.15)) and the decom-
position u” = u,, + sy, defined in Lemma @,
D (ufeg, 55" pe) + 1" (1, 5" ipe) = () (51" pe) = 0, (5.16)

since supp /M N supp ©- = 0. One has, by integrating by parts in the z-direction,

b (Uregs sk”cpg):/gazuzeg(a i) Oy (sk gos dx+ Z / (o + i) Oty e Oy (5, ) — w 2 Tegs,;'jcpg] dx

i€{p.n}
Z / Q@ + i) Oty Oy s];” — W ;fegs?} pedx.
je{p.n}

Indeed, the boundary terms vanish due to the choice of ¢, which is supported away from I',, and
I'y. As v — 0+, by lemmas and the limit ([5.13)), it holds that

V (Uyey, s, e) — Je(k) + Z / aa u; +o,s, Sy — wiu sk] pedx. (5.17)
je{p.n}

Next let us consider the second term in (5.16]). Performing once again integration by parts in the
z-direction, one finds

b”(s;+, s];”gog) = /

; {(a + i) ysy+ er <(78x ((a +iv) amSZ+)> - W2SZ+> m} dx,

and by lemma [5.11} as v — 0+,

b”(sg+, s7V) — bgig (g+73;%) = /Q [a(‘)yszlﬁr m—i- ((—81; (Q&;S})) — w25;r+) (SI;TE)} dx.
(5.18)

Finally, by Lebesgue’s dommated convergence theorem, as ¢ — 0+, I, bgzig (gJr sggoa) both go to
0. Therefore, combining ([5.17) and - in -, and taking € — 04, we obtain that

li =
Jim Je(k) =0,
which leads to the conclusion thanks to the alternate definition of the jump (5.6]). O

5.3.3 Existence and uniqueness of the solution

We start with the following proposition about the existence of the solution to (4.6)).

Proposition 5.14. Let (u™,g*%) be like in assumption[2.9 Then (u*,g", g%, uty) satisfies ([{.6).
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Proof. Tt suffices to verify that the limiting absorption solution (u™,g") as defined in assumption
satisfies the assumptions of proposition with [u™]y; = 0. This follows from lemma and
proposition [5.13| O

The principal result of this section is then summarized below.

Theorem 5.15. Given (u™, g") satisfying assumption (ut,gT, g%, utyp) is the unique solution
of (9.

Proof. The solution to the mixed formulation (4.6]) is unique by theorem and exists by propo-
sition [5.141 O

Remark 5.16. The mized formulation takes its origin in the minimization of a functionallim, o+ J,
see (3.3). The minimum of this functional is achieved in particular when h = g*, and thus it is
unsurprising that the Lagrange multiplier h is chosen as g% in the above. As for the explicit form
A =u'y, it follows from the computations.

6 Numerical experiments

Below, we study the numerical approximation of (4.6]), or of its stabilized version (4.7). In order to
test the accuracy of the method described in section 4}, we reproduce the experiments conducted in

section replacing the discrete space Vh(zh) with the space Vh(l) = Qp % H}L X H}lL,

Qn={vh€Q: vy|x € PI(K), forall K € 7;19},
Hi ={gn € H;ET(E) : ghly € PI(K), forall K € 7,7}

Above, 7}? is a triangulation of €2 that is conforming with respect to the interface X, and 77?
is a triangulation of 3, both with meshsize h, however we do not impose that 7;12 is the trace
of 7',? on Y. Different triangulations 77? are used, which are all symmetric with respect to the
interface X, and we choose equidistant triangulations 7;?. Like in section , elements of @)y, have
no matching condition at the interface. The relative errors e;» and eq are the same as those of
section Furthermore, we denote by egs is the relative error in a discrete H*(X)-norm, with
se{-1,-1/2,1}.

The code is written in FreeFem++ [10]. Whereas 2D HCT finite elements were used to discretize
the singular part g;: in [13], we now use P; Lagrange finite elements on the interface Eﬂ

We consider the same setting as in section where a(z,y) = z and w = 0, with a purely
regular solution u*(z,y) = 1, and with a singular solution u*(z,y) = —Ko(rz)e™ where the
singular coefficient is equal to g*(y) = e/™V.

The cutoff function we use is the C!(Q) function ¢(z,y) = 3 (1 + cos(2mz)) 1,<0.5- Notice that
¢ is prescribed equal to 1 only on the interface in the experiments (compare with definition .
The approach in section [] and its theoretical justification in section [5] remain valid also for this
choice of ¢. It has been also checked numerically that the results presented below do not depend
on the choice of ¢ provided that ¢ € C1(2), 9,0 = 0, ¢|s; = 1 and is compactly supported in
x € (—a,a).

3To our knowledge, in FreeFem++, it is not possible to combine 1D and 2D discretizations. So, in practice, to
represent elements of H}, we use P, Lagrange finite elements on a single elongated cell in the z-direction, and as
many cells in the y-direction as there are in 7>, with periodic conditions in .
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Influence of the triangulation. The design of 7719 has a noticeable influence on the numerical
stability of the method. In particular, we observe that the method is unstable with an unstructured
triangulation 7;?’“"8“", see figure 4al even though it is symmetric. On the same figure, we see that
one can stabilize the method by using a structured triangulation 7;52’8”, as long as structuring
occurs on the geometrical support of ¢ (see figure .

] Q,unstr
10*1: | +Ths;“-l .7
i
5 02l 7 :
= 1073} E ’
] E 1
o = 1 02
10t | ] »
L1 I I | V
1072 10 N
h -1 0.8 0.6 0.4 0.2 0 02 04 06 08
(a) epz(ut) errors for ut(z,y) = —Ko(7z)e™ with (b) T,4°" with h = 0.25.

a stabilization parameter p; = 107°.

Figure 4: Influence of structuring 7',? on the stability of the method.

Numerical convergence and stabilization parameter. We observe on figure [5| that the
method using H }1L performs significantly better than the one using H 22, compare with figures
and [3| Let us remark that, as before, when computing ey2(ut) and eg(u™), we exclude cells that
are adjacent to the interface.

In figure we notice that the errors increase when decreasing h: this is likely due to the fact
that already at the most coarse discretization the machine precision had been reached, and for finer
discretizations we can observe the effects of the round-off errors in cells close to the interface (note
that the total area of the excluded cells diminishes linearly with the meshsize).

We observe on ﬁgure@that the relative error on u,, 5 decreases proportionally to the stabilization
parameter p;. Moreover, one can still compute the discrete solution for p; = 0 and, for the range
of meshsizes that we use, it gives the same results as those obtained for p; = 1076, The latter is
due to the fact that, for the chosen meshsizes, the error due to stabilization is negligible, even for
"small" values of p;. On the other hand, we have proved that the solution to the (non-stabilized)
variational formulation (4.6 exists and is unique, see theorem So uniqueness also holds for its
conforming discretization: as a result, the discrete solution exists.

Experiments. Now, we take the same geometry, with a(z,y) = z(1 + 3 cos(ry)) + % cos(my),
w = 0 and data f(z,y) =i (1{1}x(0,1) - 1{_1}X(_1’0)). Remark that o depends on y non-trivially,
and thus the exact solution is not known. According to section [5.3.2] given the limiting absorption
solution (u™, g%), which has a vanishing jump according to proposition (ut, g™, 9", utyp) is
equal to the solution (u, g, h, X) of . Therefore, we expect that upp — Ap, gn — hp and finally
[up]s: go to zero in the appropriate norm || - || when the triangulations 7,> and Eg’m are refined.
We will refer to the norms of these quantities as indicators. First, we observe that the value of each
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(a) For u™(z,y) = 1 with p; = 1073, (b) For ut(x,y) = —Ko(mz)e™ with p; = 1076,
Q,str

Figure 5: Relative errors with 7, . Notice the difference in the scale of the two figures.

1072 F | .
z
g 1073 L
<
Z
S 107
~

1070 F

L I I Lo |
1072 107!
h
. . Q,st ]
Figure 6: ez2(u™) errors with 7, """ for u™ (z,y) = —Ko(rx)e'™.

norm || Ax|l, |lgn|l and ||hp|| stabilizes quickly with respect to the meshsize h. Hence, in figure [7}, we
can report the relative errors defined by

_ llgn = halle

upp — Anlle
| koo = Ton]

|
B PV

In figures [7a] and [7h] we see that the first two indicators converge nicely to 0. Regarding the last
indicator (the norm of the jump [up]y;), we observe in figure [7c| that it does not converge in L?(X)-
norm (or, if it does, the convergence is extremely slow), but it clearly does so in discrete H~1(X)-
and H~Y 2(E)-norm. This indicates that the jump must indeed be handled carefully.

“The discrete H ™ *-norm of [uy]y, is evaluated as h* ||[uh}EHL2<E>7 see [1].
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(c) Convergence of the jump [u]y, to zero.

Figure 7: Experiment with a(z,y) that depends non-trivially on y.

7 Conclusion and perspectives

In this paper, we have discussed, analyzed and improved the method introduced by Nicolopoulos
et al in [I3] for solving a degenerate PDE with a continuously sign-changing coefficient . This
has led to the design of an improved mixed variational formulation. Analysis has shown that this
new mixed variational formulation is coherent with the limiting absorption principle under suitable
assumption on the splitting of its solution. On the other hand, when it is stabilized, this formulation
can be fully analyzed via classical techniques of functional analysis. Numerical examples support
the analysis.

Nevertheless, several issues need to be addressed. The first one is the limiting absorption princi-
ple assumption Of special interest is the case where the support of the data intersects with the
interface. Another one consists in simplifying the mixed formulation , the analysis of which is
somewhat cumbersome due to its mixed nature.

Regarding the model, the degeneracy is caused by the continuous sign-change of the coefficient
« through an interface ¥. One could also consider another family of degeneracy, namely the sign
of a changes but « also blows up through an interface. This case has been investigated in [I1] for
instance.
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In the appendices, we write || - || for the L?(Q)-norm, and || - ||o for the L>°()-norm. For the
convenience of the reader, we also make an abuse of notations by writing u™ for (u:’egmp , ujfegmn) €Q
and vice versa when referring to the regular part of the limiting absorption solution.

Moreover, where applicable, we will denote by n = (n4, n,) the unit normal to ¥ directed from
€2, towards €2, and by 0, the respective normal derivative.

A Auxiliary results for the limiting absorption solution

The goal of this appendix is to prove several auxiliary results on the limiting absorption solution
under assumption [2.2]

Lemma A.1. Let (u”),., be a family of the solutions of (2.4)). Assuming , there holds

2
(a + iv)Vu” L@, aVut,
v—0+

Proof. The variational formulation for (2.4) reads: find u* € H'(Q) s.t. for all v € H'(Q),

/rjuyvdsz > /ijvd& (A1)

/ [(a + iv) Vu” -qu)Zu”E] dx + i\ Z
¢ je{p.n}

je{pn}

We split the proof into two steps.

Step 1. Proof that v||Vu”|| — 0 as v — 0+. We test the equation (A.1) with v = «” and take
the imaginary part of the resulting expression. This yields

V||V |* + )\||UV”%2(rpury) <[ fllz2pury vl L2 ur,)-

One obtains that Al|lu”||z2r,ur,) < [Ifll20,ur,)s SO v||Vur||? < )\_IHfH%Q(Fqun), hence the claim.

Step 2. Proof that aVu” — aVu' in L}(Q). We will show that (aVu""),en is a Cauchy

sequence for any (vp)nen C RT, st lim v, = 0.
n—-+o0o

For this we consider the difference of (A.1]) written for v = v, and v = v}, namely
/ [ (Vu™ — Vu™) - Vo + i (v, Vi — v, Vu™) - Vo — w? (u™ — u”™) 1] dx
° (A.2)
—l—z’A/ (u"™ —u"™)vds = 0.
I,ur,
Let us denote ey, = (u — u*™). We test the equation (A.2) with v = aep,, which yields
/ UaVenm|2 + aVeum - Va %] dx + / i (v, Vu'™ — vy, Vu™) - (Va% + onenm) dx
Q

Q
- / wialenm|2dx + i)\/ olenm|*ds = 0.
Q IpUTy,
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Taking the real part of the above, and using the Cauchy-Schwarz inequality to bound sign-indefinite
terms yields:

/Q ]aVenm\de < Vel l[aVenmlll[enml + [[vn Vu"™ — v Vu"™ [[([[Vallsollenm || + [aVennl|)
+w?|alloo llenm .
With the help of the Young inequality, we obtain the following bound:
[aVenm|| < C (lenmll + [vaVu™ — v Vu™ ),

where the constant C' depends on ||a||yy1, and w? only. Because v||Vu”| — 0 as v — 0 and u”
converges in L?(Q2) as v — 0, we conclude that (aVu*"),cn is an L?(Q)-Cauchy sequence, and thus
converges. Evidently, its limit is aVu™; this follows from the following expression (which allows to
define the distribution aVv for v € L?(Q2) and a € C1(Q)):

aVu” = V(au") —u’Va.

We have that u*Va — u™Va in L?(Q); similarly, cu” — au™, thus, in the sense of distributions,
V(au”) — V(au™), and by the uniqueness of the distributional limit we conclude with the desired
result. O

Let v > 0, and u” satisfy (2.4). Introducing uY,, := u” — sg+ and using the previous lemma

reg

together with lemma [3.1] one has the improved result below.

Lemma A.2. Let v > 0 and u” satisfy (2.4). Under assumption the unique solution u” €
HY(Q) of can be decomposed as

v __ VvV v
U _ureg+sg+>

where SZ+ is defined as in (3.1), and it holds that

L*(Q) L2(Q)
v + . v +
reg oy Ures: and (o +iv) Vuy, ~or aVu,l,,

The result that follows relies on the definitions (4.5)), (4.3)) of the forms b,(ﬂgq and b

sing”
Lemma A.3. Let (ut,g%) € Q x H,.(X) be governed by (2.6, Then, for any v € Q,
1 _
b,(nlle?q (u+,v) + bgi%g (g+,v) = Z /F fvds. (A.3)
j€{pmn} I
Proof. Let us proceed as follows. E| First of all, we know that

—div(aVu') —w?ut =0 in D'(Q). (A.4)

®The main difficulty in the proof lies in the fact that a priori it is not clear whether H'(Q) functions are dense in
the space @, and thus passing from the variational formulation (5.15) with absorption to the variational formulation
in the statement of the lemma is not completely straightforward.
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Moreover, using the decomposition of assumption and the fact that 9,(ad,s,+) € L*(9Q), cf.
lemma [5.11} we conclude that

dt = div (onureg) + 0y (adys,+) € L*(Q). (A.5)

Testing the equation (A.4) with v, € Cp¢,. (9710 on €, using the boundary conditions of (2.6)) and
integrating by parts yields (cf. (A.5)), lemma and the periodicity of g*):

/ {adpuly Opvp — Oy (@0nSy+) Tp + Oy (u)loy + 54+ ) Oyvp — w? (uloy + 54+ ) Ty} dx
Qp

+i)\/F (uﬁg+sg+)%ds+/r

p p

On 84+ Upds — <a6 ureg,vovp>( 1/2( HY2 (s /fvpds

per

~~

Is

Finally, it remains to show that Iy, vanishes. Let ¢ be a truncation function as in the definition
and, for given € > 0, p.(z,y) = ¢ (6, ) By integration by parts, we have for any ¢ > 0,

s = [ {at ez ady(uiy + 500 Ol it [ adsud, Bilupplix

P P

It suffices to consider the case € — 0. The convergence of the first integral follows from Lebesgue’s
dominated convergence theorem and the fact that d,¢o. = 0. As for the second integral, we can
estimate it as follows (where QF = €, N supp e ):

/Q ad uregﬁ vp pedx| +

p

adyu’, Up O e dx

reg

'/ a0, uffegﬁ (vppe)dx| <

Q5
<C <HuregHH1 (©Q2) ||UpHH1 ,(93) + Hu'l_!;ig||H11/2(QZ€)) ||Up”Loo(Q;) ”305|H%/2(Q;)> .

Remark that there exists C; > 0, s.t. for all ¢ > 0, ||g05||H1 (@) < C1. Since, additionally,
g € H1/2(Q ), we conclude that, as e — 0+,

— 0.

/Q ad uregf) (vpipe)dx

Therefore, Iy, = 0, and hence for all v, € C.

oory(Qp), it holds that

/ [y, Brvy + dy (uhy + 5,+) Tyt — O (0Basyr) Ty — w? (s, + 5,0) Ty} dx
P

+i)\/ (u,'feg+sg+)vpds+/ a@nsg+vpds:/ [ vpds.
Iy Tp

P

Repeating the argument for v, € Cpg, (Qn), we conclude that a similar identity holds true

in . By density of the functions C7g, (ﬁn) X Cpery (ﬁp) in @), we arrive at the formulation

). 0
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Lemma A.4. Let (u”), be a family governed by fulfilling assumption and ¢ € C1(Q) be
such that suppp NI, UT, = 0. Then

. vo|2 _
Vli%gr Z/‘Vureg’ pdx = 0.

Proof. Firstly, remark that fQ ‘Vu pdx =Im&F,, with

reg | reg

1% . v 2 1%
iy = [ {la+in) [9ut, o = Plut P ax.

Therefore, using that Vuy, ¢ = V(uy,.,0) —

Vi and that u” = uy,, + sy is a weak solution of
the problem with absorption (2.4]), one has

reg

Ereg = /Q {(a + i)V, - W — wzu;fegu?eggo} dx — /Q(oz + i)V, - regV<pdx
= /Q {(Oz +iv)Vsy - W — wzsgu;{egcp} dx — /Q(oe + i) Vg, - regvSDdX
= = /Q {(a + iV)aysgme [*% ((a + iu)azs’;)] UegP — w2s;u$eggo} dx

—/Q(a—kz'V)Vu?eg regV<pdx

where an integration by parts in the x-direction is made in the last equality. According to lemma
and lemma the following convergences hold in L?(€) as v — 0+:

89 = Sgy Oysy = Oysg, —0Oq ((a + iy)ams;) = =0 (Q08g) , Upey — u;feg, (a+iv)Vug,, — aVul

reg’

so that £, converges to (see . . ) for the definitions of the forms b,(ﬂe)g and b( ) E

reg sing
Sﬁ;g— bgw)ng ,utp) Z / aVu +Vg0dx
je{pn}
2
_bggq(u uty) Z / onu +V90dx—/{a‘Vu;r‘ gp—w2|u;r|2<p}dx,
je{pn} @

where are used the facts that (ut, g*) is a weak solution of ([2.6]) by lemma V(ujgp) — ujV(p =

Vujnp and the condition on the disjoint supports. Finally, considering Im E;Qg gives the desired

result. O

B From the energy functional to the mixed formulation

Let ¢ be as in definition (u¥), such that v € HY(Q) and —div((a + iv)Vu?) — w?u? = 0 in
supp ¢, and h € ngr( ). Recall the energy functional defined in ({3.3)):

j”(u”,h):/V\V(UV—SZ)]2¢dx:Im8”, where
Q

& = [ [(@te.)+ ) |9 = s~ w2 = ] pax
Q
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Our goal is to minimize the limit J+ of J"(u”,h) when v goes to 0.
In order to compute the limit of J"(u”,h), we will integrate by parts the expression for £.
First, using definition of ¢, ie., Oy = 0, and the identity VUp = V (Uyp) — UV, one can

rewrite £¥ as
e = [ [taty) + )7 o s T =)o) - = 55) (0 = 7) )
- /Q [(04(33, y) +iv)0y (u” — SZ)W@JW} dx.

Then we separate

& = e"(u”, (u” = sp)p) — €"(sp, (u” = sp)p) — (0" = s, u” = sp),

where

e’ (u,v) = /Q [(a(z,y) +iv)Vu - Vv — w?ud] dx,
' (u,v) = /Q(oz(as,y) + 1) 0, u00, pdX.

Since u” is a weak solution of the problem with absorption (2.4), (u” — s¥) ¢ € H'(2) and supp ¢ C
(—a,a) (cf. definition for ¢), we have that for all v > 0, e”(u”, (u” — s})¢) = 0. It remains
to integrate by parts the term e”(s}, (u” — s} )¢), which is allowed since h € H;er(E). Using the
boundary conditions, we find that:

e’ (sy,p(u” —sy)) = /Q [— div ((a(z,y) +iv)Vsy) — wQS,VL] (ul’ — s%)godx.
Given that sj = hlog (a: + (y)>, according to lemma and noting that 0y((o + iv)0dys}) —
dy(adysy) for h € H2, (%), the following limits hold in L*(€2):
sy — S, (a(z,y) +iv) Opsy, = algsp, div ((a(z,y) +iv)Vsy) — div(aVsy).

Therefore, using an assumption and lemma , according to the limits above and [3, Prop.3.5],
we have that

e’ (sh,p(u’—sp)) = e (sp,u” +s,45) and (u” —sh,u’—s}) = c(ut + sy _p, 0" + 540 p)

where the sesquilinear forms are respectively given by

e(sp,v Z / —div(aVsp) v —w shv] pdx,

Jj€{pn}

Z / a(x, y) 0, uv0ypdx.

Jje{p,n}

We observe that the limit depends on the triple (u*, g, k). Then we define

T (ut, g™, h) = —Ime (sp,ut + sy0_p,) —Ime (ub + sy _p,u” + 5,4 4)
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From this point on, one finds by integrating by parts that J+ (ut, g™, g7) = 0 (this is reminiscent
of the proof of lemma[A.4). Since we know that the limit of J”(u",h) is non-negative, we conclude
that (u™, g%, ¢g") is a minimizer of JT. Finally, it is straightforward to compute the differential of
Tt

dTt ((w, g, h), (v, k1)) =Ima® ((u,g,h), (v, k1))

2)

where a?) is a sesquilinear form defined on V& x V(2 by

a(2) ((u7ga h) 3 (Va ka l)) = 6(81, u-+ Sg—h) - e(5h> v+ Sk—l)

+ C(V + Sp—;,u+ Sg—h) — c(u + Sg—n, vV + Sk—l);

cf. the definition (3.6).

C Auxiliary Green’s identities

Below, we denote by u the pair (up,u,) € Q. Recall that the term C, (u + s4_p,V + sp—;) appears
in the expression (5.11) of the form a"), with

Cy (U, V) = /Q o [UBV — 0,UV] dydx. (1)

The goal of this appendix is to express Cy, (U, V') using the sesquilinear forms b,(nle)g and b

sing’

The first step is the following manipulation, which will be used elsewhere:

[t Opv — 0puT) Dp) = 02 (uth) pv — Opudpvth — Dpudy (V1)) + Oyud vt

_ - (C.2)
= 0y (ut))0zv — Oyu0y (vY)).
Therefore, given a Lipschitz domain O and u, v smooth in O, we have
/ o [u@ — &Euﬁ] Ophdx = / o [%(uw)@ — 8xu8w(vw)} dx. (C.3)
@ @]

From now on, unless stated otherwise, we will assume that ¢ satisfies the following assumption.
Assumption C.1. Let ¢ € C! (ﬁ; R) be such that Oy = 0.
With this assumption, we obviously have that
Oy (utp) Oyv = Oyudy (vy)) = Oyudyvh. (C.4)

We observe that, depending on whether U, V' are regular, i.e., belonging to H11/2(Qp) X H11/2(Qn),
or singular, i.e., of the form s, with g € H},.(X), the expression (C.1) of Cy (U, V) will obviously
change. There are three different cases:

e U, V are both regular, in @Q, see proposition [C.2]
e U, V are both singular, i.e., U = s4 and V' = s, see proposition @

e U is regular and V is singular, see proposition [C.6]
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The simplest case is when U,V € Q. According to the above, using it}ﬂ =Uandv=V
allows us reexpress the right-hand side of the identity (C.3|) with O = int (Qp U Qn) Namely,

/ a [U0,V — 0,UV] Oppdx = / [aV(Uy)-VV — wZ(UdJ)V] dx
o 0 (C.5)

- / aVU -V (V) - AU (V)] dx
@
Recalling the definition of breg
b,(é)g(u v) Z / (aVu; - Vv; — w?u;vy) dx—i—z/\/ u;U5ds,
je{pn} T

one has the following proposition.

Proposition C.2. Let u,v € Q and ¢ satisfy assumption[C.1 Then

Z / uja vj — Oy UJU]) Ophdx = bweg(v ) — Teg(u vih) + 2\ Z / u;Uepds.

Jj€{p,n} je{p,n}

Let us now consider the second case, when U and V' are both singular, that is U = s, and
V' = si. Evidently, we cannot apply (C.5) for O = €, ,, and 1) non-vanishing on the interface, since
the terms fﬂp _aV(sgt) - Vspdx and pr _aVsg - V(sgtp)dx are not defined. This difficulty can be

overcome by integrating by parts in the z-direction. Let u,v be sufficiently smooth in O, then

[ e[t~ 0,u) duix = [ [(ww) (0% (@0:0) — (-0 (adh) w9 dx (C.6)
0 o
+ /60 [um (aOpu) }wds
/ [aay (ur)) Oyv + (u)) (—0y (dzv) — w%)} dx (C.7)
/ {aa udy (V) + (=0, (adu) — wu) w} dx
o

Lemma C.3. For g,k € H;er( ) and ¢ € C' (Q;R) (not necessarily satisfying assumption ,
for j € {p,n}, it holds that

/ o [890, 5 — OpS¢Sk) Opthdx = / [Sg(fax(aaxsk)) — (fﬁx(aﬁxsg))ﬁ] Ydx
Q; Q;

+ [ [solads0) = (05, o] s +.0; [ ot EIx)6(0.0) d

J

where o, = 0 and o, = 2.
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Proof. Applying (C.6) in O = QS = {x € Q; : dist(x,X) >}, € > 0, j € {p,n}, with u = s, and
v = S yields

/E o} [Sg@ - &rsg@] Ozphdx = /8 [59(*656(0‘8:6516)) - E(*aﬂﬁ(aaﬂﬁsg))} Ydx

+/r [ng (O sg)sk} Yds — a;l7,

J

with a, =1 and a,, = —1 and

If = /{ [svfa@un) = (adusy o] vy
Tr=aji€

As € — 0+, the volume integrals over 2 converge to the volume integrals over €, since the
integrands are obviously in Ll(Qj). Let us compute the remaining limit hI(I)l I7. Recall that

E—
sq(x,y) = g(y) S(x) with S(z) =log |z| + imlyco. As e — 0+,

If = /Eg(y)k(y)ow [S(ajé?) - S(aﬁ)} w(aj&y)dy%Uj/zg(y)k(y)r(y)w(&y)dy,

a;&e
where o, =0, 0,, = 2i7. O

The proposition below is a rewriting of formula (C.7)), using the above lemma and the definition
(4.3) of bg”)l , recalled here for convenience:

Smg (g,v Z / (a0ys40,v; + (— 0 (adypsy) — w?sy)T;) dx—l—/ (aOpsg + 1Asg)Tjds.

F.
je{p,n} j

Proposition C.4. Let g,k € Hl}er( ) and 1 satisfy assumption . It holds that

La [89@ B 8$898k] Opipdx = bgig ( ’ gw) - bgzng (ga Skw)
+ 2iA Z Sgsptpds + 2im (1) k() (y)w(0,y)dy.
je{p, n}/ /E

Applying the last proposition with 1) = 1 yields immediately the following counterpart of Green’s
third formula.

Corollary C.5. For each g, k € H;e,, (%),

bgm)lg(g, k) — bgm)lg(k: sq) = 2im(g, k)r + 20X Z / S¢5kds. (C.8)
je{pn}

The third and last case consists in taking U regular and V singular, namely U belonging to a
certain subspace of Hl/Q(Qpn) and V = si. Let us introduce ¥s(z,y) = ¥(0,y) in Q. According to

assumptlonu Yy, € C! (Q R) with 0,95, = 0y = 0, so ¥y is actually a constant.
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Proposition C.6. Letuc Q, g € H, (X) and £ € Q" with suppf N Y = (), be such that

per

bV (0, v) + b (g v)=L(v), WweQ. (C.9)

reg sing

Let k € H),.(X) and ) satisfy assumption . Then

Z / o [u]'aISk - 83”“]%] 8dex = bgr)Lg (k7 uw) - EOO (Skw) + bgr)Lg (gv Skw)
je{pny 74 (C.10)
+2iN Y ujsppds — s([ulg, k)y,

jetpmny 7l
where the jump [uly, is defined in the statement of lemma and loo(sK) as in (5.3)).

The proof of the previous proposition relies on the following technical lemma, most of the proof
of which is left to the reader.

Lemma C.7. Let u € Q, g € H},.(X), and 1 satisfy assumption . Then, (v —x) Opu; €

per

L% (), and (¢ —1bx) Ozsy € L2(Q). As a consequence, u € L?(R), s.t. ulg, , = Upn, satisfies
(Y — ) u € HY(Q). Moreover, the trace o [(v — ¥s)u] = (¢ — ¥s)uly, vanishes.

Proof. We will prove the statement about the trace of h, = (¢ — ¥x)u, € H'(Q,) only. With
the standard density argument, it suffices to prove the result for u, € C>(£,). We start with the
expression

hp(0,) = hy(x,y) — /0 Dshy(s,y)ds, (z,y) € Q.

Applying the Cauchy-Schwarz inequality in R? and L?*(Q,) yields

T 2
hp(0.9)2 < 2y (2, ) +2 1 [ oyt

< 2y (2, y)2 + 20 / 1Ol (s, y)[2ds.
0

Remark that a priori (z,y) — hy(z,y)/z € L*(Q,). Integrating both sides of the above inequality
in the strip QF, = {(z,y) € p : [z] < ¢}, € € (0,1), allows to obtain the following inequality, where
all terms in the right-hand side are finite:

[ 0.y < (2 | rhp<a:,y>r2dx+52\|Vhp||%mg>)
p

SE(Q’

The above is valid for all € > 0, hence taking € — 0 in the above shows that |[yohy|l2(xy =0. O

hp(.T, y) ?

T

+ ||Vhp!%2(ng)> :

L2(93)
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Proof of proposition [C.0. We start by using (C.3)), with O = Q,, ,,:

Z/ uJ(‘) Sp — 8ujsk] Oydx = Iy — I, with

Jj€{pn}

Z / a0y (uj (Y —y)) Opspdx, and I = Z /048 w0y (s (V¥ — ¥x))dx

Jj€{pn} Jj€{p,n}

Remark that the above two integrals are well-defined by lemma [C.7] On one hand, integrating by
parts in €);, j = p,n, and noting that, according to proposition , (¢ —s)u € HY Q) with
vanishing trace on X, and ad,sily, = k(y) r(y) yields

=Y / uj (Y — s) (—0x (@0psp))dx + > /u] Y — 1bs) By spds

j€{p,n} j€{p,n}

= b0k, u( — ) Z/ (0, (u (1 — ) Fyar — w? (uy (4 — b)) 57) dx

je{pn}
42 Z /u] W — 1y Sds.

Jje{p,n}

On the other hand,

I = b (w sk — ) — 3 / 008, (o1 (9 — 9) — i (55 (9 — ) ) dx

j€{p:n}
— i\ Z /uj Y — ty) Skds.

je{pn}

Hence, using 0,9 = 0,

Z / uﬂa sk — 0 uﬂsk] Optpdx = bsmg ( (1/} ¢E>) - breg (u Sk(w wz))

j€{pn}
+2i0 ) /Ugskz Y —x)ds

Jj€{pn}

(C.11)

Comparing the above with the statement of the proposition, it remains to rewrite bgeg (u, sk(v —¥y)),
using the identity (C.9) and the fact that vy is constant:

b (w, s — ) = £ (s (0 — ) — B3 (9. 50t — x))

=l (Skw) - bsing (97 Sk¢> — 1y < oo (‘Sk) - bgv)@g (97 3k)> ) (012)
where (o (s10) and £y (sx) are well-defined because supp ¢ MY = ). Notice that bi,”)lg (g, skt) and
bg}lg (g, sx) are also well-defined since bgn)lg (g,v) is well-defined as soon as v € L? (Q), 9,v € L? (Q)

and the trace of u on I'; belongs to L?(T';) for j = p,n. Recall that the jump [u]y, satisfies (5.5)),
namely

loo (58) = b (g, 1) — b (k) = 2in 3 / ujsgds — ([u)s, k).
j€{p:n}
Combining (C.11)), (C.12)) and the above identity results in the desired expression. O
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Remark C.8. Let ¢ be as in definition [3.4. With this particular regular function, the previous
propositions are respectively summarized as, with u, v, g and k satisfying the assumptions of the
corresponding propositions,

(prop. Cyp (u,v) = biey(v, up) — b (u, vep), (C.13)
(prop. Cy (sg,8K) = bgq)lg(k:, S¢) — szlg(g, skp) + 2im(g, k)x, (C.14)
(prop. [C)  Cp (w, 1) = b3 (kyup) — bog (s0) + b0 (9. 510) — ([Wlyss k) - (C.15)

D Expressions of a(!)

This section is dedicated to the study of a®) on KerB™. For the convenience of the reader, we
recall the expression ((5.11]) of the form a(!), written using the respective definitions (5.10) and (4.3)
of the forms C, and bgzb g

a(l)((ua g, h)7 (Va ka l)) = Ccp (u + Sg—h,V + Sk—l) - bSZLg (h7 (V + 3k—l>30>
+ 0050 (L (0 + 54-1)0). (D.1)

sing

The following technical lemma allows to reexpress the form oY) ((u,g,h), (v,k,1)) for (u,g)
satisfying the assumption of proposition and (v, k,l) € Ker B(1),

Lemma D.1. Letu e Q, g € Hy,. (X) and £ € Q" with supplNX =0, be such that

1 (1) -
b} (u,v) + by, (9,v) =L(v), WWeEQ. (D.2)
Let ¢ in the definition of a\V) satisfy additionally to deﬁm’tion supp/ Nsupp ¢ = (. Then, for
any (v, k,1) € KerBUD) | it holds that

oV ((w,g,h), (v, k1)) = 2im (g = hok = 1), = ([u]s;, k = Dy + V], g — By (D.3)

Proof. We start by developing the first term in the definition of a(!) given by (D.I). Our goal is
to rewrite it in terms of the forms b(*) and bgig. Since (v, k,l) € Ker B, u =v, g = k satisfy
the assumption of proposition [C.6| with £ = 0. Then, the form C, is skew-hermitian, which yields,

together with (C.13]), (C.14)), (C.15|) the following expression:

Co (W4 sg_p,V + k1)
=Cy(u,v)+Cy (u,85-1) + Cop (sg—n, V) + Cop (Sg—h, Sk—1)
= bley (v, up) — b (u, ve)
by (k= L) — € (sg_i0) + 3, (g su—10) — ([l k= Dy
— by (9= hve) = b5 (k, sg-np) + (Vo g — B

+ by (k= L sg—nip) = b;)

sing sing

(9 — h,sk—1p) + 2im(g — hyk — 1)y
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Remark that in the above the term ¢(sx_;¢) is well-defined and vanishes, since supp £ Nsupp ¢ = 0.
Rearranging the terms in the above yields

C (u + Sg—h;, V + Sp— l) - b’g‘eé(v u@) + b‘(SZ’I)'Lg (ka uSO) - bgﬂ?g(uvvw) + bgzzzg (gaVSO)

— 00 (1 (et sg-p) @) + 05 (B (v + s5t) )
— ([u]y, k — l>Z + ([vly, 9 — h> + 2im(g — h,k —1)y.

Using the definition (4.4]) of the form bW, namely b = bﬁeﬂ, bgig, and the assumptions of the
lemma on (v, k,1) and (u, g, h) we rewrite the above as follows:

Co(u+sg_p,vHsp)= —L(v )—b() (I, (u+ sg_p) )+b() (h, (Vv + sk—1) @)

sing stng
- <[ ]27 k— l>2 + <[V]Evg - h>2 + 2271'(9 - h7k - l)r

Again, since supp/ Nsupp¢ = 0, the first term in the above vanishes. Plugging in the resulting
expression into the definition (D.1]) of a(!) yields the desired expression (D.3). O

The results that follow lead to an alternative expression to a¥) on Ker B() x KerB(!),

Proposition D.2. Let (u,g,h), (v, k1) € Ker B, Then we have the following identity:

([uls ks — (V] g0 = 2im(g, )e + 200 3 / (u+ 5,) (v T sp)ds. (D.4)
Jje{p,n}

Proof. Let J := ([u]y;, k)5, — ([V]s;, 9)5;- According to the jump formula (5.5, we have

J = bgm)zg (k ) biz?]g 97816 + 24\ Z / u]Sde
j€{pn}

— iy (9,v) = b, (Bosg) + 20 Y / 5, 75ds.
Jj€{p.n}

Making use of the fact that b ((u, g, h),v) = 0, b ((v, k,1),u) = 0 and using the definition (4.4)
of b yields

J = bfnlle)g (u,v) — bﬁz, (v,u) + bg,)lg (g,sK) — bg”)w k,sq) +2iA Z / u;Si + S4U5) ds.

b 7 je{pn}
From the definition (4.5)) of bq(é)g, it follows that J; = 2iA fF u;U;ds.  Applying (C.8) to
je{p,n}
reformulate Ja, we readily arrive at (D.4)). O
Remark D.3. The above proposition can easily be extended to any (u,g), (v,k) € Q x H per (X) as
in lemma[5.1. Indeed, reproducing the computations in the proof leads to:
(s, B)yy = (Vs 9)g = 2im(g, k)e + 200 ) / (u+sg) (v + s1)ds
j€{p.,n} (D.5)
(1) (1) (1) _p
+b"’€9 (V u+59)+bszng (k7u+s ) breg (u V+Sk) bszng (g,V+8k).
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The above proposition yields immediately the following property.
Corollary D.4. Let (u,g,h) € KerBY with g # 0. Then Im ([uly, g)y, > 0.

Proof. 1t is a direct application of previous proposition with v = u and k& = ¢, so that
2 2
Im ([uly, gy =7 glZ+A D lutsglle,)-
j€{pn}
O

Finally, proposition and lemma allow us to prove the following result, the second part
of which is a reformulation of proposition 23 from [I3], now in V(1.

Corollary D.5. Let (u,g,h), (v,k,1) € KerB(. Then
o ((u,g, 1), (v, k1)) = 2i(g — h, & — D) — 20m(g, k)e — 200 3 / (114 5,)(v F 0)ds.
jetpmy 7T

In particular, it holds that

aW ((u,9.0), (1,9,0)) = =2ix Y Jluj + sgll72p,) - and a'V (0,0, h),(0,0,h)) = 2ix ||A] .
je{p,n}
(D.6)
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