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Abstract

Transmission problems with sign-changing coefficients occur in electromagnetic theory in the presence
of negative materials surrounded by classical materials. For general geometries, establishing Fredholmness
of these transmission problems is well-understood thanks to the T-coercivity approach. Moreover, for
a plane interface, there exist meshing rules that guarantee an optimal convergence rate for the finite
element approximation. We propose here a new treatment at the corners of the interface which allows
to design meshing rules for an arbitrary polygonal interface and then recover standard error estimates.
This treatment relies on the use of simple geometrical transforms to define the meshes. Numerical results
illustrate the importance of this new design.

Keywords: T-coercivity, transmission problem, sign-changing coefficient, conforming finite element method,
T-conforming mesh.

1 Introduction and setting of the transmission problem with sign-
changing coefficients

Our aim is to solve the problem
Find u € H}(Q) such that: (1)
—div(cVu) = f in Q,

where 0 C R? is a bounded domain partitioned into two regions, ¢ is a scalar, sign-changing coefficient,
and f is some given data. In electromagnetic theory, this problem can be interpreted as a transmission
problem, in a domain composed of a classical dielectric material (o > 0), and a negative material (o < 0).
A negative material can be for example a metal at optical frequencies, or a metamaterial (e.g. [22, 1]), for
which some physical parameters become negative (the permittivity for metals, both the permittivity and the
permeability for metamaterials). Due to the sign-changing coefficient o, well-posedness of problem (1) is not
guaranteed. In particular, classical tools such as Lax-Milgram theorem do not apply since the coercivity on
HY(Q) x H}(Q) of the corresponding sesquilinear form

a:(v,w) / oV - VwdS, (2)
Q

is lost. However, over the past decade, techniques have been developed to establish well-posedness, under
appropriate conditions, via the T-coercivity theory: introduced in [5], it consists in building isomorphisms T
such that the form (v, w) +— a(v, Tw) is coercive on Hg () x H (2). For short, we say that a(-, -) is T-coercive.
What is less clear is the discrete counterpart of this approach.

In this paper, we consider problem (1) with the following hypothesis on o:

01 1= 0|q, Is a constant such that o1 > 0,
02 = 0|q, is a constant such that o3 < 0.

The ratio k, := 03/07 is called the contrast. Let Ql)e zxjo@n of R?, that is a connected bounded open
subset of R? with a Lipschitz boundary. It is split as Q = Q; UQ,, where Q; and 5 are two disjoint domains.



The interface separating 2, and €2, is called ¥: we assume that it is a polygonal line made of straight edges
and corners. Given v defined over {2, we use the notation v; :=v|q,, i = 1, 2.
The equivalent variational formulation of (1) reads:

Find u € V such that Yw € V, a(u, w) = (f, w), (3)

where V = HE(Q), a is the form defined in (2), and (-,-) denotes the duality pairing between V and its dual
V.

Let us first describe a simple configuration for which everything is well understood. It is the symmetric
geometry: X is a part of a straight line and €25 is the symmetric of 2; with respect to X. Then one can easily
prove that the problem is well-posed if and only if k, # —1, by considering the following operators T:

Tv = v in §4 respectively Tv = vi = 28vy in(h
- —V9 + 23111 in QQ ’ p y - —7V3 in QQ

where Svi(z) = v1(Sx), with S denoting the symmetry with respect to ¥. On one hand, one can prove that
a(-,-) is T-coercive if k, # —1. On the other hand, if k, = —1, the problem (1) is ill-posed since it has
a kernel (set of solutions with zero right-hand side f) which is infinite dimensional. Thus we say that the
condition k, # —1 is optimal for the well-posedness of the continuous problem.

Suppose now that k, # —1 and that we want to approximate the solution with a conforming finite element
method (for short, a ¢cFE method). This leads to the discrete problems

Find u" € V" such that Yo" € V", a(u", w") = (f,w"), (4)

where (V") denotes a sequence of finite-dimensional subspaces of V, with A a positive parameter that goes
to 0. If T(V") c V" for small h, then T-coercivity can be exploited at the discrete level. In particular, the
discrete problem is well-posed and, by Céa’s lemma, the error is controlled by the best approximation error.
Hence, we just have to ensure the condition T(V") C V", which is achieved in this symmetric geometry
by using a symmetric mesh (for a uniform degree of approximation). When T(V") C V" we say that the
mesh is T-conforming. Let us emphasize that using non-symmetric meshes can deteriorate drastically the
convergence of the cFE method when «, is close to —1 (cf. [10]).

The general objective of our paper is to generalize this type of result. To do so for an arbitrary geometry,
one has to build an operator T such that: 1) the form a is T-coercive ; 2) it is possible to choose V"
such that T(V") C V*. To our knowledge, it has been provided operators T satisfying 1) (see [2]) for any
2D configuration, however condition 2) is not always ensured. The main difficulty lies in the treatment of
the corners’ interface . Indeed, proceeding similarly as presented for the symmetric case, one can build
geometry-based operators realizing 1) near the corners [2]. Unfortunately these operators involve angular
dilations, therefore 2) is never satisfied since the polynomial nature of basis FE functions is not preserved
by such transform. The goal is to propose another construction of operator T, based on isometries [18], such
that for appropriate meshes condition 2) holds. In other words, as 2) boils down to some condition on the
mesh, our aim is to provide meshing rules for an arbitrary geometry, ensuring that the standard convergence
rate is recovered, as soon as Kk, is such that the continuous problem (1) with sign-changing coefficients is
well-posed.

The outline of the paper is as follows. In the next section, we provide a review of the techniques proposed so
far to approximate problem (1) with sign-changing coefficients and motivate why and how to satisfy condition
2). Section 3 is dedicated to the construction of new explicit T-coercivity operators for elementary geometries
whose interface has only one corner. Then in section 4 we develop the theory that allows one to study the
well-posedness of problem (1) for an arbitrary polygonal interface, and to derive the optimality condition
on the contrast k,. Our aim is to provide tools that can be extended to the discrete problems, namely the
approximation of problem (1) by ¢FE methods. This is the main topic of section 5, where convergence is
derived as soon as the optimality condition on the contrast is fulfilled. Numerical results are presented in
section 6. Finally some concluding remarks are given.

2 Historical background: T-coercivity and T-conforming meshes

Let us review known results concerning the T-coercivity approach. Introduced in [5], the T-coercivity technique
has then been developed in [2|. Similarly to the symmetric case, the idea is to build linear continuous operators



TonV:
U1 — QR/UQ in Ql

o V1 in O } . /L
Ty = { , Tespectively T' v = { v mQ, (5)

—V9 + 2R.’U1 in QQ
where R, R’ are operators (to be precised) such that Rvi|s = wvi|s, R'va|s = wve|x. This construction is
attractive because once the operators R, R’ are settled, the operators T, T define isomorphisms of V. Let us
present the available constructions of R (note that R’ is obtained by inverting the roles of Q; and s):

e the first idea (see [5]) was to consider an operator R(!) that acts from Héé ?(2) (the space of traces on % of
functions of V') to Va, where V; := {v;, v € V'}, i = 1,2. Then it was proven that T-coercivity is realized with
T (defined as (5) with R™)) under the condition that || is "small enough" (with no explicit bound) ;

e an alternative was next proposed in [18] with an operator R that acts from V; to V5. Let us point out the
difference between the two approaches: in TV, R acts on the trace of v; on X, while in T(®) (defined as (5)
with R(?)), R(®) acts on the whole function vy, defined on Q. The case of the symmetry-based operator S fits
into this second category but not in the first one. In that case, T-coercivity is realized under the condition

ko & [—IIR'[1% =1/, (6)
with - R
R R
R = sup VROl gy gy YRRl ) (7)
wieviv{o} IVwille, weeva\ {0} [IVwz2(la,

e the case of an arbitrary geometry was completely clarified in [2]. The main conclusions are twofold. First,
it appears that proving the well-posedness of (3) is too restrictive, and possible only for very simple cases.
A more relevant objective is to ensure that the problem is well-posed in the Fredholm sense (see section 4).
And it has been proved by a localization process that this property depends only on the value of the contrast
ko and on the geometry of the interface ¥, but not on the global geometry of 2. To do so, the authors

introduce
(3) _ (%1 on Ql
T { —vy 4+ 2 YRGBy on y ’ (8)

where, thanks to the introduction of a cutoff function x (whose support coincides with a neighborhood of
Y), the operator R(®) needs only to be defined with the help of local geometrical transforms, which map a
part of Q; to a part of Q5. For instance, R® is based on the composition of a central symmetry and an
angular dilation near a corner. The main result is that, for a given closed polygonal line ¥ (possibly with
curved edges), problem (3) is well-posed in the Fredholm sense if and only if k, & [—I4; — 1/1,] where « is
the smallest corner angle of the polygonal line and

21—« «
s (100 :
¢ * « 2T — « )
What are the discrete counterparts of each approach ?
e At the discrete step, the condition T(l)(Vh) C V" was not sought. Instead, the idea was to introduce a

discrete counterpart of the operator T: for v € V", one defines

T(l) o { U{L in Q4
h —vb + 2R§Ll)(vf|g) in Q9

where R;Ll)(vﬁg) is defined as the discrete-harmonic element of Vi* (V' := {v}, vh € VP} i = 1,2), with a
trace on X equal to ’U{L|2. It is furthermore proved in [5] that, for a quasi-uniformly meshed interface, under
a condition on the contrast which is more restrictive than the one for the continuous problem, convergence
of the cFE method is achieved. Obviously, in the symmetric geometry, this result is less satisfactory than
the one obtained for the symmetry-based operator T.
e To avoid the use of quasi-uniform meshes, in [18] is proposed the discrete counterpart, for v € V",

() b U{L in Q4
h T vk 20, RP0P)  in Q

1From now on, we denote by || - |0 the L?-norm over the open set O.



where I, is a projection operator, with values in VJ'. Note that in the case of a symmetric domain, one
does not need to introduce an operator Ij if the meshes are symmetric. However, despite the analogy to the
symmetric geometry, this second approach has the same drawback than the first one, at least for a general
geometry: due to the presence of the projection operator I, numerical convergence is not guaranteed even
if the continuous problem is T-coercive.

Interestingly, the authors of [18] exhibit a special geometry, different from the symmetric one, where the
operator R can be again built using symmetries. This is the case where () is a square, and (2 is one quadrant
of this square (right-angle geometry). The definition of R now only involves axial symmetries with respect to
axes Oxy and Oz (if the origin O is located at the center of ). For the continuous problem, this allows to
prove the well-posedness if k, ¢ [—3; — 1/3] (condition that has been proved to be optimal in [2]). Then at
the discrete level, one doesn’t have to introduce an operator Ij,. Indeed, if the mesh is symmetric with respect
to Oz, and Oy, then the condition T(?) (V") € V" is satisfied (T-conforming mesh) and the optimality of the
approximation is obtained: in others words, the convergence is ensured as soon as the continuous problem is
well-posed.

Summing up, imposing T(V") C V" is essential to guarantee convergence of the cFE method under the same
conditions as the ones to prove well-posedness of the continuous problem, and providing T-conforming meshes
is an attractive method to satisfy this condition.

With the results of [2], since the global geometry of € does not matter for the well-posedness (in the Fredholm
sense) of the continuous problem, one can expect that the properties of the mesh "far from the interface" %
should not matter either. In other words, can one prove that a local T-conformity of the mesh around ¥ is
sufficient to ensure convergence of the cFE method as soon as the continuous problem is well-posed in the
Fredholm sense?

e A partial answer to this question has been given in [10, p. 17], considering T4 with the discrete version,
for v" € V*, .

@), n_ ) U in €,

Tho vt = { —vb 4+ 2y RGOV in Qy (10)
with yy, the interpolation of x on V". In this framework, the constraint on the meshes boils down to a simple
requirement: namely, that the mesh on 5 is locally deduced from the mesh on €; by some geometrical
transforms. This is the so-called local T-conformity of the mesh [10, Definition 10]. In principle, optimality
of the cFE method follows. However, they are two shortcomings. The first one is technical, namely there is a
mistake in the definition (10) of the discrete operator TE?): as a matter of fact, even if R®)v! is locally in V!,
xnR® v does not belong to V)" in general. The second shortcoming is that, except for special geometries such
as the right-angle geometry described above, no interface with corners was tackled. Again, let us emphasize
that, in the case of an interface with corners, for the operator T(3) defined in [2], the condition T} (V") c V"
is never satisfied because the angular dilation of a polynomial function is not a polynomial function.

The questions are then: is it possible to find another optimal construction of the operator T such that for
appropriate meshes there holds T(V") C V", as it was the case with the axial symmetries for the right-angle
geometry? This topic is addressed in §3. More generally, for a polygonal interface, can we recover optimality
of the cFE method under a generalized local T-conformity condition of the meshes? This is the subject of §4.

3 New T-coercivity operators and associated T-conforming meshes
around corners

In this section, we consider a domain €2 whose interface ¥ separating €27 and )5 is a polygonal line with only
one interior corner ¢ of angle o measured in Q, and two endpoints on the boundary 92. Moreover, if (p, 0)
denote the local polar coordinates centered at ¢, then  locally coincides with the cone {(pcosf, psin) |0 <
p, 0 < 6 < a}. In the particular case of a disk Q, one considers the operators (5) realizing T-coercivity [2],
with R, R’ such that, for all (vy,vs) € V} x Vs,

a (0 —2m)), V(p,0) € Qa, and R'va(p,0) = va(p, o2

Rv1(p, 0) = v1(p, 0 +2m), V(p,0) € Q.

o — 27



It is proved in [2] that a (defined in (2)) is T-coercive if and only if k, & [—I,; — 1/1,] where I, is defined in
(9)(?). The goal of this section is to propose an alternative operator Ryey (resp. Rl ) such that:

e T-coercivity holds for T®®) with Rpey (resp. T'?) with R!_ ) under the same conditions as above;

e one can provide meshing rules such that the condition T®) (V") € V" (resp. T/ (V") c V") holds (such
as using a symmetric mesh when one considers a symmetry-based operator).

This alternative method consists in building rotation- and symmetry-based operators, and can be applied to

other geometries than a disk. In fact the key idea is to consider a pattern-based domain §2 (see figure 1).

D AN A

Figure 1: Examples of pattern-based geometries with a corner ¢ of angle & = 27/3 measured in Qq: (left)
sector-based, (middle) triangle-based, and (right) leaf-based geometry.

Let us introduce some notations. Suppose one can identify a pattern &2 such that € is a pattern-based
domain of pattern & (sector, triangle, etc.). Introduce p,q > 0, p # ¢, with p + ¢ even such that ; is
composed of p patterns, and s is composed of g patterns (in figure 1, one can choose for instance p = 2 and
q = 4 with respectively a sector, a triangle, a leaf as pattern 4?). Then one rewrites o := 27rﬁ and due to
the symmetry of the geometry it follows that

I, := max (E,g> (11)
q p

Note that the case p = ¢ corresponds to a straight angle (this case is already treated in [2, 10]). Also, the
condition on the parity of p + ¢ is by no means restrictive. Indeed if p + g is odd, one simply doubles p and
q without changing the value of «. Introduce also :

__ P
e OF k = 1,p, the open set corresponding to the k-th pattern of Q;: Q) = [J QF. Respectively define
k=1
Y —
0L, 1 = 1,q, the open set corresponding to the [-th pattern of Qa: Qy = |J Q5. The numbering is
1=1
chosen counterclockwise.

o vf :=v[qr, k = 1,p the restriction to QF. Similarly, v} :=v|g, I = 1,¢.

e ¢,, n = 1,2 the two edges of ¥ such that e; coincides locally with {(p,0), 0 < p}, while e5 coincides
locally with the line {(pcosa, psina), 0 < p}.

To define Ryew as a rotation- and symmetry-based operator from V; to V5, one introduces 8™ the axial
symmetry of axis e,, n = 1,2, and R,, the rotation of angle ma/p, m = 1,p+ g — 1. Define also their
inverse, S™ (being its own inverse) and R_,, the rotation of angle —m «/p. These transforms are such that

e for (p,0) € Ok for all k € I := [1,min(p, q)], S}(p,0) € QL
o for (p,0) € QF, for all k € I := [p+ 1 —min(p, q), p], S*(p,0) € Q§+17k,

e for (p,0) € QF, for all k € [1,p], Rp+i—k(p,0) € Qb, for all I € [1,q].

2In general one has to be careful in the presence of the two exterior corners c‘f"t, CSXt, that is the endpoints of ¥ on the
boundary 9. Nonetheless, in the case where the angles at the corner c¢§*' (resp. c§*') are the same in €1 and Q2 (as it is
always the case in this paper), (9) holds. If not, then the expression of I, is modified and it depends on the corners’ angles at

et and c§** (see [2]).



Then one defines symmetry-based operators 8” (n = 1,2) and rotation-based operators R,,, (m = 1,p+q—1)
from V¥ := {v¥, v € V} to Vi := {0}, v € V} by:

o Sk (p,0) = v (S(p,0)) for (p,0) € QLT 7F for all k € I,
o S20F(p, 0) = v¥(82(p, 0)) for (p,0) € Q0T F for all k € I,
1 Rk—(P-l‘l)v]f(p:e) = Uf(Rk—(p-H) (p7 0)) for (pv 9) € Ql27 for all [ = 13Q7 for all k = lap'

Finally one can define global operators R from V; to Vo composing these rotation-based and symmetry-based
operators. To be an admissible operator, R has to ensure continuity at all interfaces between the patterns.
Roughly speaking, the definition of an admissible operator is based on three steps (the general construction
is given in the Appendix A.1):

1) apply S! to v¥ for some ad hoc k, for (p, ) € Q4T ",
2) apply S? to vf for some ad hoc k, for (p,0) € Qgﬂfk;

3) ensure continuity by applying geometry-based operators to the remaining (vf/) xer, I being an appro-
priate subset of indices (see Appendix A.1).

Let us give some examples. In the following we consider a triangle-based domain ).
First example (o < 7): consider for instance « = 27/3, p = 2 and ¢ = 4. Then one can define two
admissible operators (illustrated in figure 2):

s%v? in Q} s%v? in Q}
2 02 2,1 02
adm R_ov7 in Q3 adm S“v; in Q3
RI™Mv; = 19 . 5 » and Ry = 1 .3
Stvy in Q3 R_4v; in Q5
stol in Q) stol in Q3
1
1 v
v 1
S2v? 1 s2v?
€1 €1
z 2 z b3
R_ov? 11 g2yl glyl
Stvg 1 1

Figure 2: Representation of the two admissible geometry-based operators for the first example.

Second example («a > 7): consider for instance o = 4w /3, p = 4 and ¢ = 2 (one simply inverts the roles of
p and ¢ from the first example). In that case one "folds vq up" such that Rv; is defined over §25. Then one
obtains the two admissible operators described in figure 3:

2,4 ol 2,4 3 ql,2 ol
adm ) S7uy in €5 adm ) S7v7 —R_ovy + 870 in 5
Ri7vi =19 11 2, q2.3 o2 oooand RTRur=4 g 02
Stv; —R_qvi + S%07 in Q3 Stuy in Q5



U1 U1
€1
C by
1,.1
v} Sty
€2

Figure 3: Representation of the two admissible geometry-based operators for the second example: (left) one
applies an axial symmetry in ] to reach Q3 and folds the rest of v; into Q3 to ensure continuity, (right) one
applies an axial symmetry in 2} to reach Q3 and folds the rest of v; into Q3 to ensure continuity.

Remark that we can build admissible operators R’ with the same operators (using the inverse of the rotation-
based and symmetry-based operators), by simply inverting the roles of p and gq. One can easily generalize
this method to any p,q > 0 (see the Appendix A.1 for details).

To realize T-coercivity under the same conditions as in [2], one finally has to check that these operators R, R/
are optimal in the sense that ||R||?> = ||R||? = I, defined in (9) or (11), the operator norms being defined in
(7). For the two previous examples, I, = 2. Let us check whether ||[R24™ |2 = ||[R2™'||2 = 2, n = 1,2. Let us
go back to our first example. Since 8™ and R_,,, (n = 1,2, m = 1,5) are isometry-based operators, one finds
easily that

IR0 3, = 3[Vo3||2 + Vol |3, <3IVerl,, and [ VRE™u 3, = Vo3 |2;+3]Vodl3; < 3]Vunl,,

which is less satisfactory that the expected optimal norm (that is 2). However, considering the average of
these two admissible operators gives us the result. More precisely, define

2,2 Ol
S*vi in 5

1
~(R_av} + S%v7) in Q3

1
Rpew?¥1 = §(Ridm + Ry = % )
i(Slvf +R_4vi) in Q3
stol in Q3

then one can prove that ||[Ryew||?> = 2. Indeed, for v; € V3
1 1
IV Ruewvn) 1, = IV (8%0) 18y + ||§V(R—2Uf +8%01) G2 + H§V(Slvf +Rogv})l[Bg + V(8T01) ]G

and since S™ and R_,, (n = 1,2, m = 1,5) are isometry-based operators, using the triangle inequality one
finds that

1 1 1 1
IV Rnewvn)ll, < [Vl3s + GIVeilias + 5l1Verlan)? + GIVeillos + 51 Votllay)® + [Vorllg;.

0 1
Define the matrix M = 1;; 1;; , and W € R? such that W := (||VU%HQ%, HVU%HQ%)T Then one has
1 0

%
MW = ([Voillaz, 5lIVoillor + 51Voillaz, 51 Voillar + 5lIVetllos, [Voillar)T and one remarks that

— — =
[VRuewvi g, < [MW|3 < (MTMW, W) < |[MTM||2[[Vor[|3,

where || - || denotes the euclidean norm. Hence |[Ryew||? < ||MTM||2. Finally a straightforward computation

shows that ||[MTM]||s = 2. One can operate similarly for the second example by considering R}, v1 over



as the average of the two operators described in figure 3:

1
5(2821/1l —R_ov} 4+ 8M0?) in Q}
R/

new V1 =

1 .
5(2811)% — R_4v% 4 S%0) in Q2

0 1/2 1/2 1
1 1/2 1/2 0
is expected to find that M’ = MT as the role of p and ¢ are exchanged. Thus, one obtains the same results for
R, Finally, we note that equality for the norms, that is |[Rpew||> = [|[MTM |2, resp. ||R. o ||? = [|M'TM’||2,
can be recovered easily(?).

Summing up, for any p,q, one simply defines Rpew, R, as the average of all admissible geometry-based
operators. The general expression of these operators is given in the Appendix A.1 and propositions 1 and 2
there give us that for any p, ¢, max(||[Ruew||?, [Rhew||?) = Ia(®).

Let us make some comments regarding this approach:

Then one finds ||R].[|2 < [|[M'TM'||2 = 2, with the matrix M’ =

new

> = MT. Remark that it

- this approach is optimal when the corner angle o can be expressed as a rational fraction times 27, that
is a € 2rQ. Since Q is dense in R, one can theoretically come as close to « as desired.

- in the case of a general polygonal interface X, Q is locally pattern-based in a neighborhood of any interior
corner. Consequently this approach can be adapted using a localization process (see next section).

At this point we have provided new operators that satisfy the first requirement (namely optimality). Is it
possible also to satisfy the second requirement T(V") Cc V" ?

Suppose that € is a pattern-based domain, and that the pattern is polygonal (for instance a triangle). Once
this pattern is meshed, the rule to get T-conforming meshes is to duplicate by symmetry this mesh in each
pattern. When one considers a uniform degree of approximation on the whole domain, one has automatically
T(V") € V* (vesp. T/(V") € V") with the new operators described above. Then, as already mentioned,
classical errors estimates directly follows from Céa’s lemma [10, Corollary 1]. Note that there is no need for
additional symmetry requirements for the meshing of the pattern.

Let us give some numerical results. We consider the geometry described previously in the second example.
In that case Q" is a hexagon where Q"% locally coincides with a cone of angle o = 47/3. In this case
I. = [—2;—1/2]. Let us construct an exact solution (of a problem of type (1) with x, & I., see (12) below):
consider u, € H*(2"**) such that in polar coordinates

where p (resp. g) still denotes the number of patterns in Q1% (resp. Q3%) and f := —div(cVu,) = 1((p +
q)? — 16) sin(2E9(0—a)) € L*(Q**)(*). By construction, u, is piecewise smooth [16]: u,|quex € H375(QheX),
Ve > 0, i = 1,2. To illustrate the importance of T-conforming meshes around corners, let us add to u, a
singular part, that is some u,(p,6) = p*®(0), with X := A(o) € R, such that div(cVu,) = 0 in Q"*. For
example we consider [6, 18]

cosh(A(0 — a/2))
cosh(Aa/2)

o(0) = )

cosh(A(0 + (2m — «)/2))
cosh(A(2m — a)/2)

0<0<a/2

— (2T —)/2<0<0

PO) =27 —0—a/2) —7<O<—-2r—a)ora/2<0<m.

3For instance by choosing vy such that vf € H}(QF), for k = 1, p, with v} a symmetric function w.r.t. the line § = nd
vf(p,0) = v} (Re—1(p,0)), for (p,0) € Qf, for k = 2,p.

4With this choice u,(-,8) =0 for § € {n%, n € Z}, then continuity is easily ensured at the crossing of the interfaces.
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One chooses for A the smallest possible positive real number. Its value depends on k., and one can prove
that since k, & I, A # 0 [3], s0 us € HY(QMX), with ug|gnex € HTA7E(QReX) Ve > 0, i = 1,2. Defining
g = (up + us)|ganex, one checks that u = u, + us is the unique solution of the problem

Find u € H'(Q") such that:
—div(eVu) = f in QM | (12)
w=g on QP

With the help of a lifting of the non-zero boundary condition, one easily checks that problem (12) set in this
hexagonal domain is well-posed when x, & I. = [-2; —1/2]. We consider two kinds of meshes (see figure 4),
namely standard meshes (without rotation- or symmetry-based invariance) and T-conforming meshes, and
discretize the problem for several FE orders, for two chosen contrasts: £, = —3 and k, = —2.1 (see figure 5).
For this geometry, computations give A = 0.5 when k, = —3, and A = 0.2051664777 when x, = —2.1. Clas-
sically the regularity of the solution v = u, + us is driven by the singular behavior us. Namely one finds that
u;, i = 1,2, belongs to H1tA=¢(Qhex) Ve > 0. Consequently one expects an order of convergence equal to A
for the relatives errors in H}-norm. With figure 5 one concludes that T-conforming meshes ensure optimal
convergence speed while standard meshes are not stable with respect to the mesh size. Note that in figure 5
one does not improve the order of convergence using higher FE orders, due to the low regularity of the solution.
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Figure 4: Left: standard mesh (h = 0.2, 385 nodes), Q1% corresponds to blue region while Q4% corresponds
to the green one. Right: T-conforming mesh (h = 0.2, 379 nodes).

3 . -15
— % —P2non T conform X — % - I‘32 non T conform
— * —P3non T conform Q — »* - P3non T conform
— & - P2T conform N — & -P2T conform
— & -~ P3T conform & N — & - P3T conform
3.5 T B S A
= & \ \ _ x ;)
N \ -2 KT \ S 4
SN X \
& /a?\ \ ! \\
* —x >\ FREN \ / \
& N \ !
_ab \ \\Q%/‘\\ i // \\ N \\ / \\
Ve T o0 x / NS N
S ~_ N ~ ‘ \\ L \\
~ . \\ .. -25F & R / . B
x RGN b !
—45F \ x NS B S ! -
oL S 5 e\ - .
T v rel L
X \\\\\ sl @ \\Q\\\ \*777 i
s 0.5 . 9 R
1 0- (JA2‘ 5
5.5 ! . . . 35 . . \ 1 .
s 1 15 2 25 3 05 1 15 2 25 3
Figure 5: Left: relative error in H' norm for different mesh sizes h (log-log scale) for x, = —3. Right:
relative error in H' norm for different mesh sizes h (log-log scale) for x, = —2.1.



In a more general case of a polygonal interface with several interior corners, one has to apply locally this
tilings method in the neighborhood of the corners. This strategy is explained in the next two sections.

4 Weak T-coercivity for a general polygonal interface

In this section we recall some theoretical results regarding the T-coercivity approach, and prove well-posedness
of problem (1) for an arbitrary geometry using the new geometry-based operators introduced in section 3.
Consider a Hilbert space FE with its dual E’, a bilinear form b defined over E X E and B a (linear continuous
operator) from E to E’ such that (Bv,w) = b(v,w), for all v,w € E. Then, for some data f € E’ solving

Find v € E such that b(u,w) = (f,w), Yw € E, (13)

is equivalent to solving
Find u € E such that Bu= f in E’. (14)

Classically [17, 7], we recall that B is said to be a Fredholm operator when dim(ker(B)) < oo, its range R(B)
is closed and codim(R(B)) < oo} in this case its index is equal to dim(ker(B)) — codim(R(B)). If in addition
the associated form b is hermitian, the index is automatically equal to 0. When B is a Fredholm operator of
index 0, we say that (13)-(14) is well-posed in the Fredholm sense. On the other hand, (13)-(14) is well-posed
if, and only if, for all f € E’, it has one and only one solution u, with continuous dependence: there exists
C > 0 such that, for all f € E’, the solution u verifies ||u||g < C||f||g’. In terms of operators, it means that
B~ is well-defined as a continuous operator from E’ to E.

To prove well-posedness (in the Fredholm sense) of problem (1), we will apply the theory of T-coercivity [5, 2,
10]. Let us recall some results. Within the Banach-Necas-Babuska framework, one can define a weak stability
condition, also called an inf-sup condition.

Definition 1. Let b(-,-) be a continuous sesquilinear form on E x E.
It verifies a weak stability condition if

b
3C a compact operator, 3o’ >0, ' €R, Vv € E, sup M

> d||lv]|lg = B'lIcv]| & (15)
wee\{o} wle

Let us now introduce an a priori intermediate condition (cf. [5]).

Definition 2. Let b(-,-) be a continuous sesquilinear form on E x E. It is weakly T-coercive if
3C a compact operator, 3T a bijective operator, Ja > 0, B € R, Yv € E, [b(v,Tv)| > aljv||; — B|Cv||%. (16)
In other words, the form b(-, T-) fulfills a Garding’s inequality [21].

Remark 1. When 8’ <0 in (15), one recovers the classical stability condition. Respectively, when 3 <0 in
(16), one obtains T-coercivity for b(-,-).

The operator T introduced in (16) realizes the inf-sup condition (15): it is sometimes called an inf-sup
operator. Let us state a simple result.

Lemma 1. Let b(-,-) be a continuous, sesquilinear hermitian form on E x E. Then the three assertions below
are equivalent:

(i)  (13)-(14) is well-posed in the Fredholm sense;

(ii)  the form b satisfies a weak stability condition ;

(iii)  the form b is weakly T-coercive.

As seen in the introduction, problem (1) set in the Hilbert space V = H}(2) can be expressed in variational
form as (3). Let us introduce the (continuous linear) operator A from V to V' such that (Av,w) = a(v, w)
for all v,w € V, with the form a defined in (2): by construction, A : v — —div(cVv). In operator form,
(1)-(3) writes equivalently

Find u € V such that Au= f in V. (17)

10



We propose below some realizations of the inf-sup operator that can be used for problem (1) for a polygonal
interface . From now on, we suppose for simplicity that X is a polygonal line without endpoints, ie. it is a
loop. Let N denote the number of its corners, (¢, )n=1,n its corners, (o, )n=1,~ the corner angles measured
in O, and (e, )n=1,n its edges. We introduce the polar coordinates (p,,6,) centered at ¢, such that €y
coincides locally with the cone {(p, cos0,, p,sind,) |0 < p,, 0 <6, < a,}.

First, we build a partition of unity on Q. So, let (xn)n=1.2n € (C°°(2;[0,1]))" with supports localized in a
neighborhood of the interface, such that, for n = 1, N, x,, = 1 near the corner ¢,, and x,, = 0 "far" from c,;
respectively xn4+n = 0 on X\ e,. Plus, one defines (x,)n so that it holds >, _; 55 xn = 1 on 3. Then we
define xyo =1 — Zn:mN Xn, Which vanishes in a neighborhood of the interface by and, setting P = 2N, we
obtain that (x,)p=0.pr € (C°°(Q;[0,1]))F is a partition of unity on Q. Finally we denote by S, := supp(x,)
the support of the cutoff function x,.

Now, let (Rp)p=1,p be (linear continuous) operators that act from Vi to Vo (resp. (R},)p=1,p from V5 to V7).
We suppose in addition that these operators are such that, for all p =1, P,

3¢, c’' > 0, Vwy € V1, ||R'Pw1||92 <C ||w1||91 and HX;})/ZV(RPwl)HQzﬂsp < c’ ||X;1)/2vw1||9105p7

(18)
3C,C" > 0, Vwy € Vo, |[Rywallo, < Cllwalla, and [Ixy/*V(Ryws)llains, < C' x> Vwslla,ns, -
We introduce
Rl == max [IRy [, R := max R, resp. [R|:= max [Ry|, [R'] := max [R,], (19)
where for all p =1, P,
Ryl == sup Ixp/*VBpw1llasns, [Rpl = sup [Rpwi e
w1 eV, [Ixp > Vwi lla; ns, =1 w1€L2(Q1), [[wilo; =1
4 1/2 U 4 ! (20)
Ry |l := sup X" VRywallans,, Ryl = sup [Rpw2]l,-
w2 €Va, [Ixp * Vws|lagns, =1 w2 €L2(Q2), [|wa o, =1
Finally, we assume matching conditions on the traces:
Vp, Yu1 € Vi, Rpvilsns, = vilsns, Vp, Y € Va, R valsns, = v2|sns, - (21)

Remark 2. Later on at the end of the section, we will show that in practice we can provide Xp, Rp, R;, which
Sulfill all the conditions above.

Finally we define the two operators

U1 on )y vy — 2 Z XPR;UQ on )y

/
Tv=9 —u+2 Z XpRpv1 onQy » Tv= p=LP . (22)
p—1,P — Vg on 2

Now one can prove the following

Lemma 2. Suppose that x,, Ry, R, satisfy (18), (19), (20) for all p = 1, P. If the contrast k, does not
belong to [—|[R'||?; —1/|[R||?], then the form a is weakly T-coercive for T defined in (22), and problem (1) is
well-posed in the Fredholm sense.

Remark 3. As for any geometry the case k, = —1 is always ill-posed [14, 2], necessarily ||R|| > 1, ||R'|| > 1.

Proof. We assume for instance that x, € (— 1/||R||?;0). By lemma 1, we just have to show that the form a
is weakly T-coercive, namely

3C a compact operator, 3T a bijective operator, 3a >0, 8 € R, Yo € V, a(v,Tv) > aljv|}, — Bl|Cv||} .

We consider operator T defined in (22)-left to prove the above condition. Due to the matching conditions
(21) satisfied by (Rp)p, Tv € V for all v € V and, in addition one checks easily that ToT = Iy so T is bijective.
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Then:
a(v,Tw) = |o1|(Vv1, Vunr)a, + |o2|(Vve, Vws)q, — 2|o2] Z (Vvz, V(xpRpw1))a,ns,
p=1,P
= b(v,w) + ¢(v,w), where the forms b and ¢ are respectively defined by:

01| (Vo1, Vo, + [0a](Voa, Vws)a, = 2|0 Y (Voa, xpV (Bpwi))sns,
p=1,P

b(v, w)

—2|0| Z (Vwa, Ryw1Vxp)auns, -
p=1,P

c(v,w)

First we prove that b is coercive. Using Young’s inequality with n > 0 on b(v,v), we get

bv,v) > |1 [Vorl3, + loal [Veallf, — loal 3= (71xy/ Vo lhuns, + 17 Iy 2V ) [, ) -

p=1,P
Then we find a first lower bound:
—loaln D I *Vualuns, = —loaln D Ixy*Veal,
p=1,P p=1,P
= —loaln Y (xpVva, Vin)o,

p=1,P
= —lo2|n((1 = x0)Vva, Vv2)a,
—lo2|n [[Voalld,s as |1 — xollpec(q,) = 1-

v

Next, using the definitions of (||R,||)p=1,p and ||R||, we find a second lower bound:

—loaln™t Y0 G PV Eu)lRans, = —loelnTh Y IR IG 2 Ve, ns,
p=1,P p=1,P
> —Joaln M RIP D /A Vell?,
p=1,P
= —loa|n RI* (1 = x0)Vor, Vor)a,
> —oa|n M RIZIVULllf,, as 11— xollz=(o,) = 1.

Hence,
b(v,v) > (lo1] = loz| nHRIP) [Vuil[E, + [oa|(1 = n) [[Voa|[3,-

We remark now that we can choose n > 0 such that
(lo1] = |2 n 7 [IR[*) >0 and  |o2|(1 —n) > 0.

Indeed, the former condition is equivalent to ||R||?|k,| < 7. Because k., € ( — 1/||R||%;0), we can choose n < 1
such that this condition is fulfilled.
Regarding c(v,v), if we let C: V' — V such that (Cv,w)y = ¢(v,w) for all v,w € V, then by Cauchy-Schwarz
inequality one gets

Icull§ = e(v, cv) < [[Volle G P R|[ICua,
where G := 2|0z max,—1 p(|Xp|lw1.~(q,))- By Rellich’s theorem, one concludes that C is compact. Then by
using Young’s inequality with 1’ > 0 we find

1 -
o(v,v) 2 =5 () lIeoll§, + n'llvl%),

which ends the proof for ' small enough.

On the other hand, if k, € ( — oo; — ||[R'||?), one can reverse the roles of 2; and Qy by using this time the
operator T’ defined in (22)-right. The proof then proceeds as above to prove that there exist o’ > 0, 8, and
a compact operator C’ such that N

Vo eV, a(v,Tv) = o[ll} = BlIcvly,
which is the condition (16). O
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To conclude the study of the well-posedness of problem (1), we let us explicit xp, (Rp)p=1,p, (resp. (R})p=1,P),
and compute the bounds. In the case where ¥ is a polygonal line with all angles a,, € 27Q, n = 1, N, one
can explicit these bounds using the results of §3. To do so, let us define (B,),=1,p a sequence of connected
open sets so that Up:lyp By, is a neighborhood of the interface. For all n = 1, N, define B,, as a triangle-
based neighborhood of ¢,, and By, as a neighborhood of a part of e, (excluding its endpoints) which is
symmetric with respect to e,, (see figure 6). More precisely, for all n = 1, N, B, is a cyclic polygon centered
at ¢, composed of p, > 0 triangles in ©; and ¢, > 0 triangles in Qs: define p., the radius and s, the side
length of this polygon. Then for all n = 1, N one defines By, as a trapezoid-based open set with one
trapezoid in €2; and one in Qy, each trapezoid being of side lengths s,, and s,41(®). For technical purposes
one chooses p, > 2 so that all part edge neighborhoods Byy,, n = 1, N are disjoint open sets. Note that
a part edge neighborhood intersects with two corners neighborhoods. Namely for n = 1, N — 1, one has
BNinNBy#0, ByinNBuyr # 0, and for n = N one has Bp N By # 0, Bp N By # 0. Then one defines
(Rp)p=1.p from V; to V5 (and also from L?(Q4) to L?(22)) such that for all wy € V; and for all n =1, N

0 ifx ¢ B,

Rowi(z) = ) (23)
R wi(x) ifx e B,

with R, defined as in §3 (the general expression is given in Appendix A.1), and

RN+nw1 (x) = 5 (24)
wi(zs, —ys) ifx € Bnyn

where (25, ys) denotes the local cartesian coordinates, and the first axis coincides with X.

Finally, let us precise some properties the cutoff functions (x,),. For all p = 1, N, x,(z) = xp(pp)(®), and
Xp = 1 for 0 < pp < pmin,p for some ppinp > 0; respectively xn4p is a symmetric function with respect
to the interface. This can be realized by introducing 1 € C>°(Q;[0,1]) equal to 1 in a neighborhood of the
interface, for which we remark that ¢ — Zp:l, ~N Xp is a (smooth) function that vanishes in a neighborhood
of the corners, and also that "close" to the interface, it is a function which is symmetric with respect to the
interface(”). Then one chooses S, the support of x, such that S, C B, for the corner case (p = 1, N)(®) and
in the edge case S, C B, UB,_yUDBp;1-n (p =N +1,P—1), resp. Sp C Bp U By U B;. One can check
that (21) is satisfied for all R,,, p = 1, P. We can finally state the result on the well-posedness of problem (1).

5Bon is composed of two trapezoids of side lengths son and si.

6Recall that (pp,0p) denote the polar coordinates centered at cp, p= 1, N.

"The strictly positive, upper limit distance up to which this property applies is a function of ming Pmin,p and of (ap)p=1,N-
8In accordance with the previous notations, one chooses Pmin,p such that pmin,p < pe, -
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Figure 6: Notations around two corners ¢; and co: here p; = 2, g1 = 6, p2 = 11 and g2 = 3. The gray zones
represent the support of x, while the empty-dashed domains represent the support of xn4p, p =1, N.

Theorem 1. Assume that all the corners’ angles of the interface belong to 2w Q. If ks & [—In; — 1/1,], with

I, = nax max(%a;n‘"", ses-), then the form a is weakly T-coercive and problem (1) is well-posed in the

Fredholm sense.

Proof. With the operators (23)-(24) and using propositions 3 and 4 (cf. Appendix A.1), one finds that
min([[R][?, [R']|*) > 1 and max(|[R]?, [R']|*) < Ia. Consequently [~|[R'[|* —1/|[R||*] € [~Ia;—1/la]. Then if
ko & [—In; — 1/1,] the result follows from lemma 2. O

Note that if k, € [—I,; — 1/1,], then the problem (1) is not well-posed in the Fredhom sense, according to
section 6 of [2]. Hence, we conclude that the condition on the contrast k, & [—I,; — 1/1,] is optimal for a
2D geometry with a polygonal interface separating the two subdomains.

5 T-conforming meshes for a general polygonal interface and error
estimates

We study the approximation of problem (1) when the contrast x, does not belong to the critical interval
[-1I,; —1/1,]. According to the previous section (see theorem 1), it follows that problem (1) is well-posed
in the Fredholm sense (namely there might be a finite dimensional kernel). From now on, we impose further
that it is well-posed, to ensure the uniqueness of the solution u to be approximated. We study the family
of discrete problems (4), focusing on conforming(®) finite element approximations. Our aim is to prove
that they can be solved in geometries with interfaces that include corners, and to prove optimality of the
approximation, that is the unique solution u” tends towards the exact solution u when h tends to 0 with
optimal convergence rate.

We assume throughout §5 that x, € (—1/I,;0) so that we can use the operator T as defined in (22)-left. The
conforming approximations in V are defined on meshes that match with the interface (all elements are either
subsets of Q or ), with piecewise polynomial approximations. Let us consider (73); a regular family of
meshes of Q, made of triangles; for all triangles 7, one has either 7 C Q; or 7 C Q5. Define the family of
Lagrange FE spaces (for a degree of approximation d > 1)

V(Z) = {v eV 1 v, ePy(r), V7 e Th},

9 A Discontinuous Galerkin approach has recently been studied in [11].
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where P4(7) is the space of polynomials of degree at most d on the triangle 7. Unless otherwise specified, the
index (4 is omitted. The parameter, or meshsize, h is defined as h := max,¢7;, h,, where h, is the diameter
of 7. We recall that V;* (resp. VJ) denotes the FE subspace of V; (resp. V) built on the triangulation 7.
Throughout this section, C' is used to denote a generic positive constant which is independent of the meshsize,
the triangulation, and the data/unknown of interest.

Definition 3. Given h, let 7,0, := {7 € Tp, : 7Nint(Sp) NQ; # 0}, fori=1,2 andp =1, P.
The meshes (Ty,)n are locally T-conform if, for all h <1, for allp =1, P, for all T € 7}?71, the image of T by
Ry belongs to Tp,.

Note that if the conditions of the above definition are met, then for all v" € V", it holds that va{‘ is equal
to the restriction of some element of V3* on Qy N S,. We set Qf := int(U,_; p Urer?,T)-

In general, for v* € V" Tvh ¢ V" due to the cutoff functions (x,),=1p that need to be interpolated. Then
our goal is to prove optimality of the approximation, using some discrete operators (Tp)p (precised below).
In [10] it was proposed to replace x, by its interpolation of degree 1 x, 5. In our case, it leads to consider
(10) with an additional summation »_ _; p to fit with the definition of T in (22)-left:

h .
3) n vy in Q4
T = . . 25

ho v { —vl +2 Ep:l,P quthU{L in (25)

Unfortunately, for all p = 1, P, the degree of x, 5R,v} (restricted to a triangle) is too high. For instance, if

)

one is dealing with Lagrange FE of degree 1 (d = 1), its degree is 2: hence, Tf’ v" does not belong to V" in

general. This is why we introduce instead the discrete operator:

h .
v in
Tyl =4 1 : , 26
ne { —v5 +2I4(3 =1 p XpaRpvl) 0 Qo (26)

with I} the interpolation operator on V(Z). Moreover from [15, Corollaries 1.109-1.110] we have for p =1, P
and for h small enough, the stability and approximation estimates

3C >0, [[xpnllwie @) < C lIxpllwiee@y)s (27)

3C >0, [[Xp — Xphllwree ) < ChlXplw2e(,)- (28)

We emphasize that the analysis presented in [10] remains valid if one replaces (the generalization of) TEIS) by
Ty, as we explain below. Our aim is to prove that the form a is uniformly weakly T-coercive, namely

Ja’ > 0, B€ R, Vh small enough, Yo" € V", |a(v", Tpo™)| > o/ 0" |3 — Bllco" I}, (29)

and from there one can follow the last part of the proof of Proposition 3 in [10] to derive a uniform discrete
inf-sup condition (by contradiction). Classically, this yields an error estimate.
In order to obtain (29), we shall evaluate |a(v", (T —Tj)v")| for all v* € V. More precisely we want to prove

3Cy > 0, Vh small enough, Vol e Vh, |a(vh, (T - Th)vh)\ <Coh ||vh||%,, (30)

which is a consequence of proving that there exists C' > 0 such that, for all h small enough, for all v € V",
(T — TM)v"|lyy < Ch|[v"||y. This result is the object of lemma 3.

Lemma 3. Assume that the meshes are locally T-conform then there holds
3C > 0, Vh small enough, Yo" € V", |(T — T")o" ||y < Ch|]v"|v, (31)

and the form a is uniformly weakly T-coercive.
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Proof. Given v € V", let us apply the triangle inequality:
(T =)o v < T =T )" v + (T, = Tw)o" v
Using the continuity of (R,),=1,p and (28), one has for the first term of the right-hand side:

3
T =Tt v <€ Y Ixe = xpblwrs o 0" lv < CR W™y

p=1,P

On the other hand, for the last term of the right-hand side setting wﬁz = va?, p =1, P, one finds

3
T = Tl <2 3 IVOawhs = In(xpnwhs))las-
p=1,P

The last term is technical to bound due to the presence of x,  (see details in the Appendix A.3). Since the
meshes are locally T conform, one has wh € V", then using lemma 5 in §A.3 and finally the continuity of the
operators (Rp)p=1,p, one finds

(T = Th)o"|lv < Ch (|,

which leads to (31), and thus to (30). It now follows that
Jda >0, BeR, VA <1, Vol e VP Ja(o”, To™)| > (o — Coh)||0"3 — §||th||‘2/,

with o and 3 constants that express the weak T-coercivity of a(-, -) with the operator T as in (22), see lemma 2
and theorem 1. Hence, one finds the desired result (29), which in turns yields the error estimate (cf. [10]). O

Theorem 2. Assume that problem (1) is well-posed and that the meshes are locally T-conform. Then for h
small enough there exists one and only one solution u" to (4), with the estimate
h : h
uU—u <C inf ||lu—wv . 32
| lv <€ jnf v (32)

We conclude that we have optimality of the approximation for problem (1), thanks to the choice of the
discrete T-coercivity operator as in (25), assuming only that the meshes are locally T-conform.

6 Numerical experiments

We are now in position to present some numerical illustrations. Consider the case of a squared cavity with
a triangular inclusion. Define the square Q := (— 4;4) x ( — 4;4): Q5 is an equilateral triangle of height 4
(the center of gravity G of Qy is located at (x1,z2) =(0,—1/3)) and Q; = Q\ Q5. We want to approximate
problem (1) set in 2 with a constant right-hand side f:

Find u € Hj(Q) such that:
—div(eVu)=1 inQ

Denoting (¢, )n=1,3 the corners of ¥, then ; locally coincides near ¢,, n = 1,3 with the cone of aperture
a := 5w /3. For this configuration one finds I, := 5, and with theorem 1 one can prove that if k, & [-5;—1/5]
then problem (1) (with the data f = 1) is well-posed in the Fredholm sense. Then in order to define locally
T-conforming meshes, proceeding as in sections 3 and 5, one defines first a neighborhood of the interface X
made of three polygonal neighborhoods (one for each corner) where one applies the ad hoc symmetry-and
rotation-based operator (23), and three trapezoid-based neighborhoods (one for each edge) where one applies
the symmetry-based operator (24). The associated locally T-conforming mesh is deduced by meshing one
pattern of each neighborhood, and duplicating it by symmetry (see figure 7 (right)): in this configuration we
choose p; = py = p3 = 10 and q1 = g2 = g3 = 2(*°).

10As explained in section 4, we choose ¢, p > 2 to avoid the neighborhoods of the straight parts of ¥ to overlap.
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Figure 7: Left: example a standard triangulation of €, (1430 nodes). Right: example of locally T-conforming
mesh (1424 nodes). The dashed lines enclose regions where we built T-conforming meshes near a corner,
respectively a straight line.

In figure 8 are represented the relative errors in L?-norm for several standard meshes (figure 7 (left)) and
several T-conforming meshes (figure 7 (right)), for a contrast k, = —5.2, and for several orders of approx-
imation (d = 1,2,3). Note that we do not compare the discrete solution with the exact solution. As the
optimality of the approximation (see theorem 2) with T-conforming meshes is satisfied, one can compare with
the discrete solution obtained on the finest mesh and one can check in figure 8 that convergence is ensured
with a monotonic behavior of the error. On the other hand, with standard meshes the simulation gives
unsatisfying results with a slightly erratic behavior of the error. Numerical results illustrate the importance
of using T-conforming meshes to guarantee convergence of the numerical method.

Due to the symmetry of the geometry (and the right-hand side), one is expecting a symmetric solution with
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Figure 8: Relative error in L?-norm for different mesh sizes h (log-log scale) for k, = —5.2.

respect to Oxs. One can check that, even for a refined, but standard mesh, the discrete solution does not
satisfy this symmetry principle (see figure 9). This also explains why the approximation considering standard
meshing does not converge so well.

Let us make some remarks regarding the convergence’s orders. First let us mention that problem (1) with
f =1 might have a non trivial kernel as we only proved Fredholmness. Nonetheless numerical computations
did not present non trivial solutions of the homogeneous problem. With [10, Proposition 2| the regularity of
the solution u of problem (1) is such that, away from the corners, u;, i = 1,2 is piecewise-H? whereas near
the corners there exists a singularity exponent s € (0, 1] such that u; is only guaranteed to be piecewise-H!**
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Figure 9: Left: solution w obtained with P3 finite elements on the finer standard mesh (101576 nodes).
Right: solution wy, obtained with P3 finite elements on the finer T-conforming mesh (101716 nodes).

due to the presence of a singular part here (cf. §3). Then one has the estimates
lu—uplly <Ch*, and |u—unllq < Ch*.

The last estimate is obtained with the so-called Aubin-Nitsche lemma [15]. Note that in absence of the
singular part, one expects that s = 1.

For k, = —5.2 computations yield a singularity exponent s = 0.13, whereas the results of figure 8 show an
average convergence’s order of 0.9 (that is s = 0.45). This higher convergence order is due to the fact that
we did not compare the discrete solution with the exact solution.

7 Concluding remarks

In this paper we extended the approximation theory for transmission problems with sign-changing coefficients
with the T-coercivity approach. The novelty lies in the treatment of polygonal interfaces. This construction
can be directly applied to the discrete problem by designing T-conforming meshes, which allows one to
guarantee convergence of conforming finite element methods as soon as the continuous problem is well-posed
in the Fredholm sense. Below, we list some possible applications of our work.

e One can study the transmission problem in the time-harmonic regime:

: 1 .
{ Find uw € Hy(€2) such that: (33)

div(eVu) + w?su = fin Q

at the frequency w # 0, with ¢ € R. Indeed, the added term w?cu is a compact perturbation, so
one concludes that when k, ¢ I., problem (33) is well-posed in the Fredholm sense and, when it is
well-posed, one obtains convergence of the cFE method using locally T-conforming meshes.

e One can extend the results on problems (1) and (33) to the transmission problem with (one or two)
sign-changing coefficients and boundary conditions other than Dirichlet boundary condition (see for
instance [9, Chap.1 §1.7] for changes).

e The previous proofs can be easily adapted to 2D geometries with a curved boundary or a curved
interface. In particular, the case of the curved interface can be covered with the help of Theorem 3.1-1
of [12]. For an interface without corners, well-posedness in the Fredholm sense is established as soon as
ko 7 —1 (see [8]). We refer to [14] for the first relation — and proof with the help of integral equations
— of this result. Results for the optimality of the approximation holds using for instance isoparametric
quadrilateral FE (see [8]).
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One may apply similar techniques to a transmission problem with sign-changing coefficients in 3D
geometries with straight or curved boundary and interface. However the optimality of the T-oercivity
approach has yet to be established in the general case [2].

Once the well-posedness of problem (33) is established, one can easily solve the associated eigenvalue
problem
{ Find (u,\) € H}(Q) \ {0} x C such that: (34)

—div(cVu) = \u in Q ’
and derive classical error estimates for the eigenvalues’ approximation by following [19] (see [8]).

Let us mention that a posteriori error estimates for diffusion problems with sign-changing coefficients
have been carried out in [13] and lead to similar meshing requirements near the interfaces.

On the other hand, the study of problem (1) when «, belongs to the critical interval cannot be handled
as previously, due to the appearance of singularities [20, 6] that do not belong to H*(£2). This problem
has been investigated in [4] for particular geometries: it requires a new functional framework explicitly
taking into account the singularities. For a general polygonal interface, it is proposed in [3] a new
numerical approximation method which relies on the use of Perfectly Matched Layers at the corners.
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A Appendix

A.1 General construction of R around corners

In this section we generalize the tilings method presented in section 3 to any corner of angle a € 27Q. Recall
that we define a = 27}9%1 in Q, with p,q > 0, p # q and p + g even. Proceeding as in section 3, one builds
several admissible rotation- and symmetry-based operators R*I™, and then take the average of all admissible
operators to obtain the desired result (that is operators R and R’ with the same minimal norm as in [2]). We
propose min(p, ¢) admissible operators below based on a simple algorithm.

Consider for instance that p < ¢. One constructs p admissible operators (R24™);_; , from V; to Va, the i-th

operator being obtained by (see figure 10 for an illustration):
1) in Qg+1_k, k = 1,i: apply S! to v};
2) in QTR k=i, p: apply S2 to vk,

3) in Qé, lel:=[p+2—i,q—i]: froml=p+2—itol=q—i,apply R;_(,4+) to v}, then S2oR, 1 _;_ (1)
to v}, update I — [+ 2 and so on. In other words, alternatively apply a rotation-based operator and a
rotation+symmetry-based operator to v.

At step 3), since ¢ + p is even (|I| = ¢ —p — 1 is odd), one always finishes by Ry;_(p44) (Which ensures
continuity of R24™y; on QLT 1 N oL,
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;":R%:‘T(pﬁ'g)vi

Qq+17i

Figure 10: Scheme representing steps 1)-2)-3) for building R24™.

One constructs p admissible operators (R?dm,)izlﬁp from V5 to V; similarly, the i-th operator being obtained
by:

4) in Q% k=1, min(i,p — 1): apply S! to v

p+l-—k,
2 9

5) in QF, k = min(i + 1,p), p: apply S% to v

6) in Q%, if i < p, add up the remaining contributions (v});cys, with I’ := [p+1—i,q—i]: forl = p+1—ito
l = q—i, start by 82 oR;_(p+1—i) then apply —R(;41)4p—i, update [ — [+ 2 and so on. If i = p one adds
up (vé)lel/z[[27q_p+1]]: forl =2 tol =q—p+1 start with —R; then apply the rotation+symmetry-based
operator S' o R(g—p+1)—(i+1), update I — I + 2 and so on.

At step 6), in both cases, ¢ + p is even (|I'| = ¢ — p is even) so one applies successively pairs of operators.
Note also that at step 6), one adds contributions in the i-th pattern of 0, already considered at step 4) or
5), and remark that when the index is zero, Ry = I so that the rotation+symmetry-based operator simply
becomes a symmetry-based operator.

Since p+q is even(!!), one can check that continuity is ensured at all interfaces of the patterns. The algorithm
produces p operators from Vi to V3, respectively from V5 to Vi. Let us give an example: for p =4, g = 6
(that is o = 47/5). Then one finds 4 admissible operators from V; to V; (each one corresponds to a column):

Rjdmy, R3Imy, R34my, R3dmy,
I I I I
s, S2vt, s?vi, s?vi, in Q}
s%v3, s?v3, s?v3, R_ovf, in Q3
sv?, s?v?, R_4v3, stvf, in Q3
s?vi, R_gv3, stvg, stv3, in Q3
R_gv1, stv?, stv?, stv?, in Q3
stof, stoi, stol, stol, in Q5

H'Whereas if p 4+ g were odd, continuity would not be not ensured at all interfaces: e.g. for 1)-2)-3), at the interface between
Q8" and Q7
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In this example, |I| = 1 so one applies only one rotation-based operator (following step 3)). Conversely, one
finds 4 admissible operators from V5 to Vi:

adm’ adm’ adm’ adm’

U1 U1 U1 U1

I I I I

Stv§ — Rgvl + S2v3, stu§, stu§, stv§, in OQf
2,3 1,5 1, q2,3 1,5 1,5 02
S*vs, Stvs — Revs + S7vs, Stvs, Stws, in 7
s2v2, s?v2, Stvs — Ryv3 + 8203, stvg, in Q3
2,,1 2,1 2,1 2,1 2 1 al,3 i (Od
S*v3, S%vy, S*v3, S*vy —Rous + S w3, in O

Here |I'| = 2 so one applies two additional operators to v}, I € I’ (following step 6)).

With these guidelines one can write all operators (R24™),_; ,, (R?dm/)izl,p for any p, q such that 0 < p < ¢
and p + ¢ even. Note that by exchanging p with ¢ (and Qq with Q5), one addresses similarly the case ¢ < p.
In the following, we set p < g. As mentioned in section 3, the problem is that, taken individually, each
admissible operator R24™ (resp. R2™") i = 1,p, does not satisfy |R24™ |2 = I,, (resp. |[R24™'||2 = I,,), with
I, defined in (11). Indeed, for all v; € V4, vy € Vs, for i = 1, p, R24™ built from 1)-2)-3) and R24™" built from
4)-5)-6), one gets the bounds

IV R 0) [}, < IVorlIge + (1 + D IIVeilig, < (¢ —p+ 1) IV,
Pl 1 1
=Lp

IR wa)lE, < D IVesligy + (11 +1) D IVesliéy < (a—p+ 1) [Vozd,-
le[1,q]\I" ler’

The bounds are sharp since:

e in the first case, one may choose vy such that of = 0 for k # @ then |[V(R¥™v1)|3, = (¢ —p +
D [IVorllf,, s

e in the second case, given | € I'(# (), one may choose vy such that v§ = 0 for k # [: then
||V (Radm’ v)1g, = (q p+1) Va3, .

One can check that [, <g—p-+1lforalll<p<qg Io—(q—p+1)=(p—q)(p—1)/p<0(1?).
To get optimal operators (that is of norm equal to I,), one defines R, R’ as the average of all admissible

operators:
1 ,
R=— > R and R =-) RM™. (35)
pi:l,p i=1,p

Then one obtains for instance for v; € V;
. [V (Rw1)llq
||V Ruy ||Q2 Z HV Ruy ”Ql < Z Z Mlk HVUIfHQIf 5 with Mlk = Ssup 7]62 (36)

I=1,q I=1,g \k=1,p w1€VL ”vleQ’f

Above, a sum over k appears due to the fact that for [ = 1,q, the (R?dmvl)bzz is a linear combination of

isometry-based operators applied to some vf. To evaluate ||R|, |[R’], it is convenient to introduce the matrix
M € M, ,(R) of coefficients (Miy)1=1,4,k=1,p- Then from above one has(?)

IRII* = [[MT M|l

12Equality is obtained for p = g (corresponding to a plane interface) for which [[R24™||2 = ||R?dm/||2 = 1, and in addition
p = 1: in that case there is only one admissible operator.
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Let us give the general expression of the matrix M for any p,q, and evaluate |MTM]||2 to conclude. For
n € [1,p], define Mp_p11, Mp_pnt1 € Mp_pnt1,,(R) such that

My—nt1 My—nt1

jem)
o

i
-
"= VIS
B SN
S
S

*|

{0} 1) e

T
— =
T =
——

0 ... O 0

3
™= .
3=
B IBS =
o»s‘

where j denotes the column index. All entries are equal to 0 or %, except on one diagonal where they range
from 2 to £ = 1. Then the shape of M depends on whether p < £ or not:

p P
M,

e if p < q/2: let m € N such that ¢ = 2p + m. Then the matrix M is written M = van with
M,

M,, Mp € M,(R) (defined above for n = 1) and M, € M,, ,(R) whose entries are all equal to 1/p,
with the convention that if m = 0, M/, is empty.

Mp—m+1
e if p > ¢q/2: let m € N* such that ¢ = 2p—m. If m > 2 then the matrix M is written M = AM,’,Q,_Q ,
Mp7m+1
with My,_p,41, Mp_m+1 € Mp_m+1p(R) (defined above for n = m) and M) _, € M,,_2,(R) such
that (below i denotes the row index)

0 ... ... ... 0 =™ 1 12 9
P P P P
Y R C R N (7 R AL
0 2 1 1ome1 g 0
P p D P
—_——
p—m—1
M,_1 M
One simply finds the matrix M = % cee % when ¢ = 2p — 1, and the matrix M = (Mp_1> when

M,_; Pt

q=2p—2.

Note that the cases p > ¢ are obtained by taking the transposed matrix presented above. Moreover, one
checks easily by direct inspection the next result.

Proposition 1. The matriz M € M, ,(R) satisfies the following properties:

p q
— . g .
Vi=1,q,Vk=1,p, My >0 L My=1 ifp=q YMi<i ifp<q
/1] ;2] v, ;3] VEk,
P q
Hloako s.1. Mloko:l Z Mlkg% przq ZMlk::[ 2fp2q
k=1 =1

It follows that
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Proposition 2. For all p, ¢ > 0 let M € My ,(R) be a matriz which satisfies the properties of proposition
1. Then

|MTM|l> < max (q,p) .
P q

Proof. Define A := MTM, it holds || A|l2 = Amax = /\me?;‘) A(A)> 0, where o(A) is the set of eigenvalues of
€o

A. Using Gershgorin circle theorem, one bounds the spectrum of A as follows:

VA€ a(A),Vk=1,p, |\ — Apx| < ZAkh
1£k
then

P q P q
Amax < H_la?; (Apr + ZAkl = ax Z Ap) < l?ﬁ);(zz (M) enMpy) = max ZZthMhl

I#£k Ly D 7 l=1 h=1 I=1 h=1

Due to the second and the third properties in proposition 1 satisfied by M, one finds
_ P q
Amax < max max( ) E My | < max <1 ) max <1 > max< >
k=1,p U et q P q p

Consequently, the proposed operator R in (35) is of optimal norm. One proceeds similarly for R’ by considering
MT instead of M as the roles of p and ¢ are exchanged:

O

IR||? = [ MTM|)> < max (p, q> ., and |R/|? =||M MT|; < max (p ")
q p q p

Remark 4. There is always a unit entry in M according to proposition 1 (denoted by My, ), one readily
checks that if w9 € Vi with supp(w?) C QF°, then it follows IVRw))|G, > [Vull|y,. Hence |R]* > 1.
Similarly, |R'||* > 1.

A.2 Weighted estimates for operators R

In §A.1 we provided bounds for the norms of the geometry-based operators R. Here we provide bounds for
the operator norm when we use a localization process (see section 4), that is when the operator R is locally
applied in the neighborhood of the interface thanks to a cut-off function & (defined as in section 4) whose
support is localized either near a corner (proposition 3) or a straight line (proposition 4) of the interface .
We use the same notations as in §A.1.

Proposition 3. Let £ be a smooth positive function with support S, that depends only on the distance to the

corner of angle a = 27rp+q Then

Vwr € Vi, [[€Y2 VRw1)[G,ns < Tallé? Vi, s,

where I, = max (p, q) , and R is a rotation- and symmetry-based operator from Vi to Vo defined as in (23).
q p

Proof. Let wy € V7.

ORw) | 1 [0®Rwy)|?
Hfl/QV(Rwl)H%ms = /ngs £(p) <‘87;]1 pj 8211 ) pdpdf
< ORwy) > 1 |9Rw)|?
_;/@gnsg(m (‘ dp P2 | 90 papdb.
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Then similar to (36) with the change of variables (p, ) — (rk, px) for k = 1, p that maps Q) to QF (note that

&(ri) = €(p)) one finds
k 2 1/2
1 |dut(re,0) ) derkd%)

dwl (i, ) |
12 (R < M / ’ 1(Tk, o
1612 V (Rw1) 2,05 ;1 Eﬁ lk( oo (i) o

L 8(,0k
q p 2
< Z (Z Mlkfl/valfHQ’fns)
=1 k=1
: = 2
tutroducing We = (1€72Vulloges. 1672Vt logos)T, then one has MV = 3= Mull€/*Tuf logrs.

using proposition 2 one finally gets

€12V Rw1)|ns < (MTMW e, We) < L [€/2Vwn |3, ns-

Remark 5. Following remark 4, one can find w) € Vi such that ||/? V(Rw?)|8,ns > [|£1/2 Vu? (g, s

Proposition 4. Let £ be a smooth positive function with support S that is symmetric with respect to the
interface. Then for all wy € V}

11/ V(Rwl)H?zzms:Hfl/z Vi |lg,ns

where R is the symmetry-based operator (24).

Proof. This inequality is obtained using the change of variables (z*,y%) — (2*, —y%) in Qs N S. For all

wy, € Vi
d(Rwy) |? A(Rwy) |2
||€1/2V(Rw1)”éms - /Qmsg( E’yz) <‘ 5911321) ’ (51/531) )d:cEdyZ
Y % owi|” | ow |? . 12 )
= /Q Sf(l‘ Y ) (Q).’Eiz @ dx dy :Hf Vw1||QmS,
1N

A.3 Local and global interpolation estimates

Let 7 be the reference triangle, with corners (1,0), (0,1) and (0,0), and let I, be the Lagrange interpolation
operator over Py(7). Given (73,)s a regular family of triangulations of a domain 2 we call I¢ the Lagrange
interpolation operator over Py(7), for all h and all 7 € Tp,.

Lemma 4. On the reference triangle 7, one has the estimate
3C >0, ¥R €P1(#), Vi € Pu(#), |V (%0 — La(%0)) ls < C [RIwroeis) [V5]]5. (37)
As a consequence, one has the uniform local estimate

3C >0, Yh, V7 € Ty, Vx € P1(7), Yv € Py(7), ||V (xv — If_l(xv)) 7 < Chyr [Xlwie ) VO£ (38)
Proof. Write x(&,9) = a + x1(Z,4), resp. 0(&,9) = Z,9) + 0a(Z,9) where xl(A

b (2 9) = B + vy, resp.
Va(Z,9) = >, Odazxzyd © and deg(v_) < d. For i = 0,d, define é;(z,7) = 2*H1gd— —

f( +1gd=1) resp.
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fi(e,g) = &igdti—i — fdA(ﬂAfiZ?dH*i)' NOteAthat IX|w1.e () = max(|B], [v])- A
Since there holds x0 — I4(X0) = X104 — 1a(X104) = 8 Zi:o,d a;é;(Z,9) + Zi:o,d a; fi(&,9), one finds

IV (%0 = L)) @) < 181 D laal IVes(@,g)l + Il D lasl IV fil,9)
i=0,d i=0,d
< Rwiee Y lail (Ve 9)] + Vi@ 9)])
i=0,d
1/2 1/2
~ A 2
< Rlwise | D lal?] | X0 (Ve )l +1VHi@9))
i=0,d i=0,d
1/2 1/2
< Wwiee [ X lal?] (2 D0 (IVe@ o)l + 1V i@.9)7)
i=0,d i=0,d

It follows that |V ({0—1a(%0)) ||+ < Ca [Rlwr. () (g ,q lail*) /2, with Ca = VAT, o (I Ve |2+ V [l )12,
Then, we remark that the £2-norm of the coefficients is a norm over P4(7), hence it is also a norm over its
vector subspace P7™?(7) made of zero-mean value polynomials on 7. Now, over PZ7™"(7), the semi-norm

|V - ||5 is also a norm and because PZ"*(7) is a finite dimensional vector space, both norms are equivalent.
Noting finally that, starting from 0, one has only to modify the degree-0 coefficient to obtain a zero-mean
value polynomial, we finally get that there exists ¢’ independent of % such that (Pico.qlai®)/? < C'||Vi+.
Taking C' = Cy € leads to (37).

We recall that provided the family of triangulations (73)p is regular, there exists s > 0 such that, for all h
and for all 7 € Ty, there holds h, < s p,, where p, us the diameter of the largest ball that can be inscribed
in 7. One can then derive (38) from (37) by using the affine mapping from the reference triangle 7 to the
triangle 7 € T,. We refer for instance to [15]. We report here the computations for the sake of completeness

(Cy,Ch, - - are constants that are independent of h and 7):
IV (xv = I¢(xv)) |, < Cos||V (Xv - fd(x@)) I+ cf. Lemmas 1.100-1.101 of [15]
< Cl |>%|W1,zx>(7‘-) ||@IIA)||7A- cf. (37)

< Crhr|xlwre(r) X C3s || Vo cf. Lemmas 1.100-1.101 of [15],
that is (38) with C' = 02 Cg S. O

Let us prove the estimate over Q". Recall that V := H}(Q), V(Z) ={veV v, ePylr),Vr € Ty}, and

I}, is the interpolation operator on V’é). Consider a cutoff function x whose support is included in €2, and
denote by Yy, its interpolation of degree 1.

Lemma 5. For all v" € V(Z),

30 >0, [IVOmv" = In(xwv™))llor < Chlxllwre @) Vo" la. (39)

Proof. To obtain (39), we evaluate the L2-norm of V(x,v" — I,(xnv")) on Q" by splitting Q" into triangles,
and then going back to the reference triangle to use the uniform estimate (38):

IV Oenv”™ = Tn et = D [ IV O™ = O™ o)) P < C 0 W2 Xnge e () IV 12
rcQh T TCQM

Using the definition of the meshsize h yields

IV Oenv” = I (xnv™) ln < C h( sup xh el @) (Y IV0" 122 < Chlxallw @) V0" |
TC TCQh

One concludes using the stability estimate (27). O
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