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Mesh requirements for the finite element approximation of
problems with sign-changing coefficients

Anne-Sophie Bonnet-Ben Dhia Camille Carvalho Patrick Ciarlet Jr.

October 9, 2017, to appear in Numerische Mathematik

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 Q C R? is a bounded domain partitioned into two regions, o is a scalar, real-valued, 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 (0 < 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 H}(Q) x Hg(£2) 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 H}(Q) x H(£2). For short, we say in this case 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:

O, = 01 is a constant such that o1 > 0,
0|, = 02 is a constant such that oo < 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 = H}(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 2 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:

o (%) in Ql . o U1 — 251}2 in Ql
Tv = { oy £ 28, i Qy respectively Tv = { vy O,

where Svy(z) = v1(Sz) (resp. Sva(z) = v2(Sz)), with § denoting the symmetry with respect to ¥. On
one hand, one can prove that a(-, ) is T-coercive if k, # —1. Then problem (3), which is equivalent to the
problem

Find u € V such that Vw € V, a(u, Tw) = (f, Tw),

is well-posed. On the other hand, if kK, = —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 &, # —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 h a positive parameter that goes
to 0. If T(V") € V" for small h, then T-coercivity can be exploited at the discrete level. In particular, the
discrete problem is well-posed and, by a straightforward adaptation of Céa’s lemma, the error is controlled
by the best approximation error. Hence, we just have to ensure the condition T(V") € V", which is achieved
in this symmetric geometry by using a symmetric mesh (for a uniform degree of approximation). Let us
emphasize that using non-symmetric meshes can deteriorate drastically the convergence of the cFE method
when &, is close to —1 (cf. [11]).

The objective of our paper is to generalize this type of result to an arbitrary polygonal interface. This is
based on two ingredients:

1) adapting the condition T(V*) C V" to elementary geometries where ¥ includes a single corner ;

2) for every h, relaxing the condition T(V") C V" by defining a discrete operator T, € £(V}) such that
limy, o ||Th — T”E(Vh;V) =0.

Finally, our aim is to provide meshing rules for an arbitrary geometry, ensuring that the standard convergence
rate is recovered, as soon as k, is such that the continuous problem (1) is well-posed. Let us emphasize that
in practice, the discrete problem (4) is implemented as it is, the operators (Tj), being used only to prove
convergence theoretically.

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. Section 3 is dedicated to the construc-
tion 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 as a result we derive the optimal condition on the contrast k., to ensure
well-posedness. Our aim is to provide tools that can be extended to the discrete problems, namely the ap-
proximation of problem (1) by ¢cFE methods. This is the main topic of section 5, where convergence is derived
as soon as the optimal condition on the contrast is fulfilled. Numerical results are presented in section 6.
Finally some concluding remarks are given.



2 Historical background: continuous and discrete T-coercivity

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
Ton V:

(% N 2R./'U2 in Ql
—UV9 in Qg

; ()

_ U1 in Q]_ . ;o
Tv = { oyt 2Ry, i Qy respectively T' v = {

where R, R’ are operators (to be precised) such that Rvi|s = vi|s, R'va|s = va|s. This construction is at-
tractive 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 Qs).

The first idea (see [5]) was to consider an operator R(®) that acts from H&é2(2) (the space of traces on ¥
of functions of V') to V,, where V; := {v;, v € V'}, i = 1,2. One can choose for instance a harmonic lifting.
Then it was proven that T-coercivity is realized with T(®) (defined as (5) with R(?)) under the condition that
ko] is "small enough" (with no explicit bound). At the discrete level, for v € V%, RV v was defined as the
discrete-harmonic element of VJ* (V" := {vl', v" € V"}, i = 1,2), with a trace on ¥ equal to v} 5.

A generalization was next proposed in [19, 2] with an operator R that acts from V; to V. Let us point
out the difference between the two approaches: in T(®), R(®) acts on the trace of v; on ¥, while in T (defined
as (5) with R), R acts on the whole function vy, defined on 4. The case of the symmetry-based operator
S (see the introduction) fits into this second category but not in the first one. In that case, T-coercivity is
realized under the condition

Ko & [=IIR'I1% =1/IRI], (6)
with(1)
VRw VR/U)
||R‘H = sup Hv&, and ||R,/|| = sup HVA’ (7)
wy €V \{0} H wl“Ql wa€Va\{0} || w2||Q2

The authors of [19] exhibit a special geometry, different from the symmetric one, where the operators R, R’
can be again built using only axial symmetries.

0

W)
Qo

Figure 1: Examples of geometries that have been handled with the T-coercivity: (left) a square where ; is
one quadrant ; (right) a disk where ; is an angular sector of angle .

This is the case where Q is a square, and {2y is one quadrant of this square (right-angle geometry, see
figure 1-left). Onme finds ||R||?> = ||R’||> = 3. On the other hand, the case where Q is a disk and ; is an
angular sector of angle « is solved in [2] (see figure 1-right). For this second configuration the operators are
based on the composition of a central symmetry and an angular dilation. In this case, ||[R||?> = |[R|]? = I,
where

(8)

The result is optimal in the sense that the problem (1)-(3) is ill-posed when x, € [—I4;—1/1,], cf. [2]. Note
that when o = 7/2, one has I, = 3, and we remark that the interval in (6) is identical for both geometries.

' —
Ia::max<7r @ a )

2T —«

!From now on, we denote by || - |0 the L2-norm over the open set O.



The case of an arbitrary geometry was completely clarified in [2]. It appears that proving the well-
posedness of (1)-(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 k, and on the geometry of
the interface X, but not on the global geometry of 2. The localization is realized with the help of suitably
chosen cut-off functions which vanish away from the interface. In particular for a given closed polygonal line
Y, problem (3) is well-posed in the Fredholm sense if and only if k, & [—In; — 1/1,] where « is the smallest
corner angle of ¥ and I, is defined as in (8).

What are the discrete counterparts of these results? The difficulty is that, in general, the imbedding
T(V") € V" does not hold, due to the presence of the operators R,R’, or due to the presence of the cut-off
functions. To address this issue, various approaches have been proposed in [5], [19] and [11]. We refer to the
latter for the more complete and detailed numerical analysis. Roughly speaking, in all these previous works,
the numerical analysis hinges on the introduction of an approximated operator Tj, defined for instance with
the help of an interpolation operator. In [5] and [19], the drawback is that convergence of the ¢cFE method
is guaranteed under a condition on the contrast which is more restrictive than the one for the continuous
problem. An attempt(?) to remove this limitation has been proposed in [11], but only for interfaces without
corners. In the following we provide results for an arbitrary polygonal interface. We start with the case
where the interface has only one corner.

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

Going back to the case of the disk (see figure 1-right), if & = 7/2 there are at least two alternatives to build
the operators T, T’ to prove well-posedness when x, ¢ [—3; —1/3]. The first one relies on axial symmetries
(similarly to [19]), whereas the second one relies on a composition of a symmetry with respect to the center
and an angular dilation [2]. Although these two approaches are equivalent at the continuous level, this is not
the case at the discrete level. Indeed, for the first approach it is clear that T(V3) C V3 and T/(V},) C V4 if
one uses axially symmetric meshes. On the other hand, for the second approach T(V}) C V}, is never satisfied
since the polynomial nature of basis FE functions is not preserved by angular dilations. The object of this
section is to generalize the first approach to an arbitrary angle. To do so, first we build new operators Ryey,
R’ new as rotation- and symmetry-based operators such that T-coercivity is realized (using T, T’ defined as (5)
with Ryew, R new) under the same conditions as the case of an angular sector [2]. The key idea is to consider

a pattern-based domain Q (see figure 2).
AL : l&
" Z Z ' E
Figure 2: Examples of pattern-based geometries with a corner ¢ of angle @ = 27/3 measured in ;: (left)
sector-based ; (middle) triangle-based ; (right) leaf-based geometry.

To define such a domain €, let p,q € N\ {0} with p+ ¢ even and introduce the angle § := %, and the cone

Cs :={(pcosf, psinf) |0 < p, 0 < @ < B}. Finally let us introduce the axial symmetries S with respect to

2]t is an attempt only, because there is a mistake in the definition of the discrete operator Tj, that will be clarified in section 5.



the line § = j8 for j = 0,p + ¢ — 1 (the numbering is chosen counterclockwise). Let & C Cg be a bounded
domain that coincides locally at the corner with C'3. A pattern-based domain €2 is the union of p+ ¢ patterns,
ie Q= Ufif P;, where 21 = P and Pj 1 =8 P, for j = 1,piq -1 T}icondition P+ q even ensures
that &, = Soﬁﬁq. Then Qlicomposed of the first p patterns, Q; = U§:1 Z;, and Qs is composed of the
last ¢ patterns, Qg = U?izﬂ ;. In figure 2, one has p = 2 and g = 4 with respectively a sector, a triangle,

a leaf as pattern &2. Then one has « := p§ = 271'% and it follows that

I, := max (g, %) 9)

Note that for the disk, the condition on the parity of p + ¢ is by no means restrictive. Indeed if p + ¢ is odd,
one simply doubles p and ¢ without changing the value of a.
For the sake of clarity, we introduce also the following notations:

o OF = 2 k=1,p, the k-th pattern of ;.
e O\ =P, 1=1,q, the [-th pattern of Qs.

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 ey coincides
locally with the line {(pcosa, psina), 0 < p}.

To define Ryeyw as a rotation- and symmetry-based operator from V;j to V5, one introduces R, the rotation
of angle mf3, m = 0,p + q¢ — 1. Define also their inverse R_,, the rotation of angle —mf3. These geometrical
transforms are such that

e for (p,0) € Ok, for all k € I := [1,min(p, q)], S°(p,0) € Q4T
o for (p,0) € Ok for all k € I := [p+ 1 — min(p, q), p], SP(p,0) € Q5T
e for (p,0) € QF, for all k € [1,p], Rpr1—k(p,0) € O, for all I € [1,q].

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

o SWk(p,0) = vH(8%(p,0)) for (p,0) € QT forall k € I,
o S20F(p,0) = V¥ (SP(p,0)) for (p,0) € Q2% for all k € I,
i Rk—(p-i—l)vllc(p,@) - v,f(Rk—(p+l) (p7 0)) for (p7 9) € QIQ’ forall i =1,¢, for all k =1,p.

A rotation- and symmetry-based operator is then an ad hoc composition of S', 2 and R,,. The general
construction of a global, pattern-based, admissible operator R from V; to V3, ensuring Rujy; = v)y is given in
the Appendix A.1. We give one illustrative example below with p < ¢, which is equivalent to o < 7: we build
admissible operators R and R’ in this case. We emphasize that the construction of an operator R’ in the case
a < m can be used to build an operator R in the case « > 7, and wvice versa, cf. (5). We consider o = 27/3,
with p = 2 and ¢ = 4.

Construction of operators R: one can define two admissible operators (illustrated in figure 3):

2,2 : 1 2 92 . 1

S“ vy in Q5 S* vy in Q3

2 02 2,1 02

adm, _ ) B—2vi in €23 adm.. ) S7v1 in 05
RI™Mv; = 19 . 5 » and Ry™Muy = 1 3
S vy in 05 R_4v3 in 5

sto] in Q) sto] in Q3



2,,2 U1 2,2
S“vi Sy

2 2,1
R_ovi slol S?uf sto!

Figure 3: Representation of the two admissible geometry-based operators R.

To realize T-coercivity under the same conditions as in [2], one has to check that these operators R are optimal
in the sense that |[R||* = I, where I, is defined in (8) or (9), while the operator norm is defined in (7). For
the present example, I, = 2. Since 8" and R_,,, (n = 1,2, m = 1,5) are isometry-based operators, one finds
eagsily that

IV R 01) Iy, = 3| VeTge+IVuillgy < 3l[Vuilg,, and [VRE™vi)E, = [IVoR ][ +31Volilg < 3[Verllg,,

with equality for appropriately chosen vy, for instance v; such that v? = 0 when evaluating R34™. According
to (6)-(7), this gives |[R34™(|2 = ||R34™||2 = 3, which is greater than the expected optimal value of the norm
squared. However, considering the average of these two admissible operators gives us the result. More
precisely, define

s%v? in Q3

1

1 i(R_QU% + SQ’U%) in Q%

Rnewvl = i(RTdm + R;dm)vl - 1 )
i(Slfuf +R_4vi)  in Q3
stol in Q3

then one can prove that ||[Ryew||?> = 2. Indeed, for v; € V3
1 1
19 Ruenon) 3, = V(20 3y + 15 V(Rs0? + 82025 + 59607 +Rosod) 3y + V(S ey

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 (Rewv1) |5, < ||va||?2§ + (§||V’U%||sz§ + §||VU%HQ})2 + (§HVU%||Q§ + §HVU%”Q})2 + ||V’U%||?z%~

0 1
H
Define the matrix M = 1;5 };; , and W € R? such that W= (IVutllar, [IVoE]lqz)T; by construction,
1 0
ﬁ
W2 = [[Voi]lq,, where || - ||z denotes the Euclidean norm. Then one has MW = (||[Vv||gz, %HVU%HQ% +

%HVU%HQ%, %HVI}%Hm + %HVU%HQ?, ||Vv%||Q%)T and one remarks that

— —
IV Raewon)lI3, < |MW|E = (MTMW, W) < | MTM]||2]|Vor |3,

Hence ||Rpew||? < ||MTM]|5. A straightforward computation shows that ||[MTM]||y = 2. Finally, the equality
|Ruew||? = [|[MTM]||2 can be recovered easily(?).

3For instance, equality is obtained for Rpew by choosing vy such that vf € H& (Q’f), for £k = 1,p, with v% a symmetric
function w.r.t. the line 6 = 2

5, and v]f(p, 0) = vf(Rk,l(p, 0)), for (p,0) € Q’f, for k = 2,p. Similarly, equality for R'pew is
obtained by choosing v2 such that vé S H& (QZZ), for I = 1,q, with v% a symmetric function w.r.t. the line 6 = (p + %),8, and
Ul2(p7 9) = U%(lel(pv 0))7 for (p7 9) € Qle for il =2,q.



Construction of operators R’: in that case one "folds vy up" such that R'vy is defined over ;. Then
one obtains the two admissible operators described in figure 4:

1,4 3 2.2 ol 1,4 Ol
Jadm Stvy — Rovs + 8705 in O Jadm Sty in Q
Ry v2=19 3 o2 »oand Ry wp =9 o4 2 al,3 o2
S* v, in QF S“vy — Rqv3 + S 05 in QF
€2
1 1,4
Vg S vy
by
C o1
2
) 4
5]

Figure 4: Representation of the two admissible geometry-based operators R’*™™: (left) one applies an axial
symmetry in Q3 to reach Q2 and folds the rest of vy into 2} to ensure continuity ; (right) one applies an axial
symmetry in 3 to reach Q1 and folds the rest of vy into Q2 to ensure continuity.

One can operate similarly for the second example by considering R v2 over € as the average of the two

operators described in figure 4:

1 .
5(281113 — Roul + 5%02) in Qf
R'ilewv2 = 1
5(2821)5 — Ryv3 + S'03) in Q2
Then one finds [[Rie,[|* < [M'TM'||2 = 2, with the matrix M’ = ((1) 1?; }?g é) = MT. Remark that
it is expected to find that M’ = MT as the role of p and ¢ are exchanged. Thus, one obtains the same results

! ew- We note that equality for the norms, that is |[RL.||> = ||M'TM’||2, can be recovered easily(?).
Hence, R, is an optimal operator.

for R/

Summing up, for any p,q, one simply defines Ryew, Rl., as the average of all admissible rotation- and
symmetry-based operators. The general expression of these operators is given in the Appendix A.1 and
propositions 2 and 3 there give us that for any p, ¢, max(||Ruew||?, [Rhew||?) = Ia-

Let us make some comments regarding this approach:

- this approach applies when the corner angle o can be expressed as a rational fraction times 27, that
is a € 2rQ. In the case of an irrational angle a, since Q is dense in R, one can come as close to a as
desired (with an increase of the value of p + ¢).

- 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 optimal operators, that is operators with norm-squared equal to I,. Fi-
nally we explain how it is possible to satisfy T(V"*) C V" and T/(V") C V", with T, T defined as (5) with
these optimal operators. Suppose that € is a pattern-based domain, and that the pattern is polygonal (for
instance a triangle). Once this pattern is meshed, the requirement to get T-conforming meshes is to duplicate
by symmetry this mesh in each pattern successively. When one considers a uniform degree of approxima-
tion on the whole domain, one has automatically T(V"*) C V" and T/(V*) C V" with the new operators
described above. Then, as already mentioned, classical errors estimates directly follow from Céa’s lemma [11,



Corollary 1]|. Note that there is no need for additional symmetry requirements for the meshing of the pattern.

Numerical illustrations.

We consider the geometry described previously: Q8¢ is a hexagon where Q4% locally coincides with a cone
of angle & = 47 /3. In this case I, = 2 and [—1,;—1/I,] = [-2; —1/2]. Let us construct an exact solution
(of a problem of type (1) with s, & [~2; —1/2], see (10) below): consider u, € H!(21°%) such that in polar
coordinates(*)

where p (resp. g) still denotes the number of patterns in Q°* (resp. Q5) and f := —div(oVu,) = 1 ((p +
q)? — 16)sin(ZH2(0—a)) € L2(Q"). By construction, u, is piecewise smooth [17]: u,|guex € H37¢(QP),
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 wus(p,0) = p*®(#), with A := A(¢) € R, such that div(cVus) = 0 in QP*. For
example we consider [6, 19]

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

—(2r-a)/2<0<0

P0)=P2r—0—-/2) —71<O0<—-2r—a)ora/2<0<mT.

One chooses for A the smallest possible positive real number. Its value depends on k., and one can prove
that since ko, & [—2;—1/2], us € HY(Q"X) [3], with ug|gnex € HFTATE(Qh) Ve > 0, i = 1,2. Defining
g := (up + us)|gonex, one checks that u = u, + us is the unique solution of the problem

Find u € H'(Q") such that:
—div(eVu) = f in QM | (10)
u=g on Q"

With the help of a lifting of the non-zero boundary condition, one easily checks that problem (10) set in
this hexagonal domain is well-posed when k, & [—2;—1/2]. We consider two kinds of meshes (see figure
5), 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: x, = —3 and k, = —2.1 (see
figure 6). For this geometry, computations give A = 0.5 when k, = —3, and A < 0.205 when s, = —2.1.
Classically the regularity of the solution u = w, + us is driven by the singular behavior us. Consequently one
expects an order of convergence equal to \ for the relative errors in H'-norm. With figure 6 one concludes
that T-conforming meshes ensure optimal convergence speed while, for standard meshes, convergence is more
erratic with respect to the mesh size. Note that in figure 6 one does not improve the order of convergence
using higher FE orders, due to the low regularity of the solution.

4With this choice u,(-,8) = 0 for § € {nB,n € Z}, then continuity is easily ensured at the crossing of the interfaces.
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Figure 5: (Left) standard mesh (h = 0.2, 385 nodes), Q}l‘ex corresponds to blue region while Q;‘ex corresponds
to the green one; (right) T-conforming mesh (h = 0.2, 379 nodes).
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Figure 6: (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 k, = —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 E 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 w € E such that b(u,w) = (f,w), Ywe€ E, (11)

is equivalent to solving
Find u € E such that Bu= f in E’. (12)

Classically [18, 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 (11)-(12) is well-posed in the Fredholm sense. On the other hand, (11)-(12) 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|lg < C||f||g’- In terms of operators, it means that
B~ is well-defined as a continuous operator from F’ to E.

To prove well-posedness (in the Fredholm sense) of problem (1), we will apply the theory of T-coercivity [5, 2,
11]. Let us recall some results. Within the Banach-Necas-Babuska framework, one can define a weak stability
condition, also called an inf-sup condition. Below, £(E) is the set of linear continuous operators defined on
E, and K(E) is the subset of compact operators.

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

Cek(E), 3o/ >0, €R, Yve E, sup [b(v, w)]

> d|lv|lg = B'lICv] & (13)
wee\{o} wE

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
3¢ € K(E), 3T € L(E) bijective, Ja >0, BER, Yv € E, |b(v,Tv)| > a|v||F — BlCv|%- (14)
In other words, the form b(-, T) fulfills a Gérding’s inequality [21].

Remark 1. When 8’ <0 in (13), one recovers the classical stability condition. Respectively, when 3 <0 in
(14), one obtains T-coercivity for b(-,-).

The operator T introduced in (14) realizes the inf-sup condition (13): it is sometimes called an inf-sup
operator. One can easily prove the following result, see e.g. [8, Chapter 2].

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

(i) (11)-(12) is well-posed in the Fredholm sense;
(i)  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 linear continuous 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, 4 : v — —div(cVv). In operator form, (1)-(3)
writes equivalently

Find u € V such that Au= f in V". (15)

We propose below some realizations of the inf-sup operator that can be used for problem (1) for a polygonal
interface 3. From now on, we suppose for simplicity that 3 is a polygonal line without endpoints, ie. it is a
loop. Let N denote the number of its corners, (¢, )n=1,n its corners, (a;,)n=1,~ the corner angles measured
in ©, and (e, )n=1n its edges. We introduce the polar coordinates (p,,6,) centered at ¢, such that €y
coincides locally with the cone Cl,,, .

First, we build a partition of unity on Q. So, let (xn)n=12~8 € (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 yx, = 0 "far" from
¢, (in particular, (xn)n=1,~ have mutually disjoint supports); respectively xn+n = 0 on X\ e,. Plus, one
imposes the condition ) _, .y Xn = 1 on X. Then we define xyo = 1 — Zn:LQN Xn, Which vanishes in a
neighborhood of the interface ¥ and, setting P = 2N, we obtain that (x;)p=0.p € (C*°(Q;[0,1]))F*! is a
partition of unity on Q. Finally we denote by S, := supp(x,) the support of the cut-off function x,.

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

3C,C" >0, Vwr € Vi, [Rywille, < Cllwnlle, and |/ *V(Rywn)llaans, < C' b/ *Vwilains,,

(16)
3C,C" > 0, Yws € Va,  [[Rywallq, < Cllwallo, and  [Ix)/*V(Rhws)lla.ns, < C' lIxy/ > Vwsllo,ns, -
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We introduce

IR|l := max |[By|l, [|R']| := max |[Ry|l, resp. [R|:= max R, [R'|:= max |R,], (17)

where for all p =1, P,

Ryl = sup Iy VRywi s, [Rpl = sup [Rpwi e
w1 VA, [Ixy 2 Vwr oy ns, =1 w1 €L2(), w1 [lo, =1
4 1/2 I ’ ’ (18)
IRl := sup Xy “VRywallo.ns,, [R,|:= sup [Rywalq,-
w2EVa, Hlen/QszHngsp:l wa€L?(Q2), [walla, =1
Finally, we assume matching conditions on the traces:
Vp, Yu1 € Vi, Rpvilsns, = vilsns,. Vp, Yva € Va, Ryvalsns, = v2lsns, - (19)

Remark 2. At the end of the section, we will show how in practice we can provide xp, Rp, R; which fulfill
all the conditions above.

Finally we define the two operators

VU1 on {}y vy — 2 E XPR;/UQ on
/
To=9 —u,+2 § XpRpv1 on, » Tv= p=L,P . (20)
p=1,P — v on s

Now one can prove the following

Lemma 2. Suppose that x,, Ry, R, satisfy (16) for all p = 1, P. If the contrast k, does not belong to
[—IR'[I%; —1/||R||?] where |R|| and ||R'|| are defined by (17)-(18), then the form a is weakly T-coercive for T or
T’ defined in (20), and problem (1) is well-posed in the Fredholm sense.

Remark 3. According to [15, 2], the case k, = —1 leads to an ill-posed problem (1) in any geometry.
Consequently, it follows that |R|| > 1, ||R|| > 1.

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

A e(V), ITeL(V),3a>0,BER, VeV, alv,Tv) > allv|} — BlCv].

We consider the operator T defined in (20)-left to prove the above condition. Due to the matching conditions
(19) satisfied by (Rp)p, Tv € V for all v € V and, in addition one checks easily that ToT = Iy so T is bijective.
Then:

a(v,Tw) = b(v,w)+ ¢(v,w), where the forms b and ¢ are respectively defined by:
b(v,w) = |o1|(Vvr, Vwr)a, + |02 (Voa, Vws)a, = 2[oa] D (Y2, X5V (Rpw1))0ns, »
p=1,P
c(v,w) = —2|og| Z (Vva, Rpw1 VXp)asns, -
p=1,P

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

b0, 0) > loallVorl3, + o IVl — loal 30 (01xy2VealBuns, + 07 X2V Ryon) Byns, ) -

p=1,P
One has:
> PVoald,ns, <D Iy *Veald,
p=1,P p=1,P
= Z(XpV’Uz,VW)QQ
p=1,P

= ((1=x0)Vv2, Vva)a, < [Voelld,, as |1 = xoll L= (0, = 1.
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Next, using the definitions of (||Rp||)p=1,r and ||R||, we note that:

Yo G AV dns, < D IBlPING 2 Verld, s,
p=1,P p=1,P

BRI > g/ * Vol
p=1,P
IR (1 = x0)Vvr, Vor)a, < [[RI*||Vor]f?, -

IA

Hence,
b(v,v) = (lon] — o2 nHRIP) Vi [I§, + [o2l(1 = n) [Voal,-

Because k, € (— 1/||R||?;0), we can choose 7 such that |[R||?|x,| < n < 1, which is equivalent to
jo1| = lo2|nRI? >0 and  oa|(1 —n) > 0.

Regarding ¢(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
[cvllr = e(v,Cv) < G| Vula [Icvlle,

where G := 2P |R| 02| max,—1 p(|Xp|w1.(0,))- By Rellich’s theorem, one concludes that C is compact. Then
by using Young’s inequality with ' > 0 we find

1,
o(v,v) = =5 () lIcoll§ +n'llollV),

which ends the proof in the case k, € ( — 1/||R||?;0), by choosing 1’ small enough.

On the other hand, if k, € ( — oo; — |[R’]|?), one can reverse the roles of {; and s by using this time the
operator T defined in (20)-right. The proof then proceeds as above to prove that there exist o/ > 0, 8, and
a compact operator C’ such that B

Yo eV, a(v,Tv) 2 o[l - B'IC"lf},

which is the condition (14). O

/

To conclude the study of the well-posedness of problem (1), let us explicit x, (Rp)p=1,p, (resp. (R})p=1,p),
and compute the bounds. In the case where X is a polygonal line with all angles a,, € 27Q, n = 1, N,
one can explicit these bounds using the results of section 3. To do so, let us define (B,),=1,p a sequence of
connected open sets so that Up:LP By, is a neighborhood of the interface. For all n =1, N, define B,, as a
triangle-based neighborhood of ¢,, and Bxy, as a neighborhood of a part of e, (excluding its endpoints)
which is symmetric with respect to e, (see figure 7). More precisely, for all n = 1, N, B,, is a cyclic polygon
centered at ¢, composed of p,, > 0 triangles in €y and ¢, > 0 triangles in Qs, with p, +¢, even: 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 Q; and one in §),, each trapezoid being of side lengths s,, and s,+1(®). For
technical purposes one chooses p, > 2 so that all part edge neighborhoods By.y,, n = 1, N are mutually
disjoint open sets. Note that a part edge neighborhood intersects with two corners neighborhoods. Namely
for n = 1,N — 1, one has Byy, N B, # 0, Byyn N Bpi1 # 0, and for n = N one has Bp N By # 0,
Bp N B; # (0. Then one defines (Ry),—1 p from V; to V5 (and also from L2(£;) to L?*(2)) such that for all
wy € Vi and for alln =1, N
0 ifx ¢ B,
Rowi(z) = , (21)
R w1(z) ifrxe B,

new

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

Ryinwi(z) = , (22)
w1 (:L'z, 7y2) if x € BN+n

5B,y is composed of two trapezoids of side lengths son and s7.
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where (zx,yy) denotes the local cartesian coordinates, and the first axis coincides with 3.

Finally, let us precise some properties the cut-off functions (xp),. Recall that (pp,6,) denote the polar
coordinates centered at ¢,, p = 1, N. For all p = 1, N, xp(x) = xp(pp), and x, = 1 for 0 < p, < pminp
for some ppinp > 0; respectively xn4p is @ symmetric function with respect to the interface. This can
be realized by introducing ¢ € C°°(Q;[0,1]) equal to 1 in a neighborhood of the interface, for which we
remark that ¢ — szl, ~ 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)(7) and in the edge case
Sp C B_pU B,_NUBpii-n (p=N+1,P—1), resp. Sp C BpUBy UB (see figure 7). One can check that
(19) is satisfied for all R,, p = 1, P. We can finally state the result on the well-posedness of problem (1).

Figure 7: Notations around two corners ¢; and co: here p; = 2, g1 = 6, po = 11 and g2 = 3. The gray zones
represent the support of x, while the empty-dashed domains represent the support of xnyp, 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, = nriliaolcv max(2—2n Qﬂa_”an), then the form a is weakly T-coercive and problem (1) is well-posed in the

Fredholm sense.

Proof. With the operators (21)-(22) and using propositions 4 and 5 (cf. Appendix A.1), one finds that
min(||R[|2, |R’||?) > 1 and max(||R||?, |[R'||?) < I,. Consequently [—|R'||%; —1/||R||?] € [~1a; —1/I,]. Then if
ko & [—1n; — 1/1,] the result follows from lemma 2. O

Note that if k, € [—1,; — 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. We define then the critical interval
I.:=[-1,;—1/1,].

5 T-conforming meshes for a general polygonal interface and error
estimates
We study the approximation of problem (1) when the contrast k, does not belong to the critical interval

[-I,; — 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

6The strictly positive, upper limit distance up to which this property applies is a function of min,, Prmin,p and of (ap)p=1,N-
7In accordance with the previous notations, one chooses Pmin,p Such that pmin,p < pe, -
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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 « when h tends to 0 with optimal convergence
rate. The geometry and notations are those of section 4.

To fix ideas, we assume throughout section 5 that x, € (—1/1,;0) so that we can use the operator T as defined
in (20)-left. The conforming approximations in V' are defined on meshes that match with the interface (all
elements are subsets of either Q; or Q5), with piecewise polynomial approximations. Let us consider (73,)5 a
regular family of meshes of €2, made of triangles; for all triangles 7, one has either 7 C Q; or 7 C 5. Define
the family of Lagrange FE spaces (for a degree of approximation d > 1)

V(’fi) = {U eV 1 v, ePy(r), V7 e Th},

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 Vi (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 T, :== {7 € T, : 7Nint(Sp) NQ; # 0}, fori=1,2 andp =1, P.
The meshes (Ty)n are locally T-conform if, for all h small enough, for allp =1, P, for all T € 7',21, the image
of T by the geometrical transforms underlying R, belongs to 7',$2.

In practice, the above definition simply imposes that the meshes are locally: invariant by the axial sym-
metry for each part edge; invariant by the axial symmetries S’ from one pattern, P;, to the next, Pji1,
for j = 1,p+ g — 1, at each corner. Note that if the conditions of the above definition are met, then for
all o € V" it holds that R,v} is equal to the restriction of some element of VJ* on Qs N S,. We set

Oh = int(Up=1 p UT€T£2T).

As mentioned in section 2, in general, for v" € V", Tvh & V" due to the cut-off functions (x,),—1,p that need
to be interpolated. In other words, the condition T(V") C V" is false in general. However one can look for
a relaxed condition guaranteeing optimality of the approximation by introducing a discrete counterpart Ty,
of T such that T,(V") C V" and limj,_ || T, — T||z(v;,) = 0. Our goal in this section is to detail these steps,
using some discrete operators (Tp), (precised below).

In [11] it was proposed to replace x,, by its interpolation of degree 1 denoted by x 5. To fit with the definition
of T in (20)-left, it leads to consider:
h

v in
O oh =3¢ 71 . . 23
h { —vb +2 Zp:LP Xp.hRpvl in Qo (23)

Unfortunately, for all p = 1, P, the degree of x, 5Rpv} (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, T% v" does not belong to V" in
general. This is why we introduce instead the discrete operator:

h .
v in Q;
Tyl =4 1 . , 24
nv {v%ﬂh(zp:l,pxnw?) in (24)

with I;, the Lagrange-interpolation operator on V(Z). Moreover from [16, Corollaries 1.109-1.110] we have for
p =1, P, the stability and approximation estimates

3C >0, [Ixpnllwree @) < Clixpllwres (s, (25)

3C > 0, Vh small enough, ”Xp - Xp,hHWl,oo(Qz) <Ch |Xp|W2,oo(Q2). (26)

8 A Discontinuous Galerkin approach has been studied in [12].
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We emphasize that the analysis presented in [11] remains valid if one replaces T% by Tn, 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", T,0")| > o/ |[0" 3 — BlIco™ |13, (27)

and from there one can follow the last part of the proof of Proposition 3 in [11] to derive a uniform discrete
inf-sup condition (by contradiction). Classically, this yields an error estimate.
In order to obtain (27), we shall evaluate |a(v", (T —Tj)v")| for all v® € V. More precisely we want to prove

3Cy > 0, Vh small enough, Vo € V" |a(v", (T — Tp)o")| < Co b ||0"|%, (28)

which is a consequence of proving that there exists C' > 0 such that, for all A small enough, for all v € V*,
(T — Tp)v" ||y < Ch|[v"||yy. 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 = Tp)v"||v < Ch|]0"|v, (29)
so the form a is uniformly weakly T-coercive.
Proof. Given v € V", let us apply the triangle inequality:
1T = Tw)ot v < 1T = Ty + 1T — Tw)o v

Using the continuity of (R,),=1,p and (26), one has for the first term of the right-hand side:

=Tl <€ 3 T = Xpuallws e [0 v < C B o™y
p=1,P

On the other hand, for the last term of the right-hand side setting wZJ =Ry}, p=1, P, one finds

I(Th =T lv <2 > [V nwpa = In(xpnwp2))lay-
p=1,P

For every p, since the meshes are locally T conform, the discrete function wg’z is equal to the restriction on

Q% of an element of V3. Using lemma 5 in §A.3 and the continuity of the operators (R,),—1,p, one finds
I(Th = Tw)o"[lv < Ch|lo*|lv.,
which leads to (29), and thus to (28). It now follows that
Ja > 0, B€ R, Vh small enough , Vol € VI a(oh, Tpo")| > (a — Coh)||0")|3 —éHthH%/,

with @ and § constants that express the weak T-coercivity of a(-,-) with the operator T as in (20)-left, see
lemma 2 and theorem 1. Hence, one finds the desired result (27), which at the end yields the error estimate
(cf. [11]). 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

lu=u’ly <C_nf fu=c"|y. (30)

We conclude that we have optimality of the approximation for problem (1), thanks to the choice of the
discrete T-coercivity operator as in (24), assuming only that the meshes are locally T-conform.
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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 s is located at (21, 72) =(0,—1/3)) and Q; = 2\ Q5. We want to approximate
problem (1) set in  with a constant right-hand side f:

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

Denoting (¢ )n=1,3 the corners of 3, 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 x, & [-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 (21), and three trapezoid-based neighborhoods (one for each part edge) where one
applies the symmetry-based operator (22). The associated locally T-conforming mesh is deduced by meshing
one pattern of each neighborhood, and duplicating it by symmetry (see figure 8 (right)): in this configuration
we choose p;1 =ps =p3 =10 and ¢ = ¢ = q3 = 2.

\Y NS

N AVAVAVAVAVAVAVAVAVA Y,
< ahmmmm humuu(héh\
'

Figure 8: (Left) example a standard triangulation of Q, (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 9, we plot the relative errors in L2-norm for several standard meshes (figure 8 (left)) and several
T-conforming meshes (figure 8 (right)), for a contrast k, = —5.2, and for several orders of approximation
(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 uy,,, the
discrete solution obtained on the finest mesh (with the same order of approximation) and one can check in
figure 9 that convergence is ensured with a monotonic behavior of the error. With standard meshes however,
the simulation gives unsatisfactory 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 respect to Ozy. One can check that, even for a refined, but standard mesh, the discrete solution does
not satisfy this symmetry principle (see figure 10). This also explains why the approximation considering
standard meshing does not converge so well.

On the other hand, according to [11, 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** due to the presence of a singular
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Figure 9: Relative error in L?-norm of uj, — uy, . for different mesh sizes h (log-log scale) for k, = —5.2.

min

Figure 10: Computed solution, same color scale: (left) solution uj obtained with P3 finite elements on
the finer standard mesh (101576 nodes); (right) solution u; obtained with P3 finite elements on the finer
T-conforming mesh (101716 nodes).

part here (cf. section 3). Then one has the estimates
lu—uplly < Ch*, and |u—unllq < CR*.

The last estimate is obtained with the so-called Aubin-Nitsche lemma [16]. 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.
The results of figure 9 show an average order of convergence equal to 0.9 (that is s = 0.45) while using
T-conforming meshes: this super-convergence phenomenon is classically observed when the reference solution
is also a computed one, and both solutions are very close one to the other. On the other hand, using standard
meshes, the average order of convergence for the last two meshes is s = 0.11, which is almost equal to the
theoretical value.

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.
Below, we list some possible applications of our work.
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e One can study the transmission problem in the time-harmonic regime:

{ Find u € H}(Q) such that: (31)

div(eVu) + w?u = fin Q

at the frequency w # 0, with ¢ € L°°(2). Indeed, the added term w?su is a compact perturbation,
so one concludes that when k, ¢ [—I,; —1/1,], problem (31) 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 (31) to the transmission problem with sign-changing
coefficients and boundary conditions other than Dirichlet boundary condition (see for instance [10,
Chapter 1, §1.7]).

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 [13]. For an interface without corners, well-posedness in the Fredholm sense is then established as
soon as k, # —1 (see [8]). We refer to [15] for the first relation — and proof with the help of integral
equations — of this result. Results for the optimality of the approximation hold using for instance
isoparametric quadrilateral FE (see [8]).

e 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 ability of the T-coercivity
approach to deliver the optimal condition on the contrast has yet to be established in the general
case [2].

e Once the well-posedness of problem (31) is established, one can solve the eigenvalue problem

{ Find (u,\) € H}(Q) \ {0} x C such that:

—div(0Vu) = Au in Q ) (32)

and derive classical error estimates for the eigenvalues’ approximation (see [8, 9]).

e Let us mention that a posteriori error estimates for diffusion problems with sign-changing coefficients
have been carried out in [14] and lead to similar meshing requirements near the interfaces.

e 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, a new numerical approximation
method is proposed in [3], which relies on the use of Perfectly Matched Layers at the corners.
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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@ = 2711)%1 in Qp, with p,q > 0, p # ¢ and p + g even. Proceeding as in section

3, one builds admissible rotation- and symmetry-based operators R*4™, and then take the average of these
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 (R?dm)i:Lp from Vi to V3, the i-th
operator being obtained by (see figure 11 for an illustration):
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1) in Q% &k =1,i: apply 8! to vf;
2) in Q§+1_k, k =i, p: apply S? to v};

3) in Q_lz, lel:=[p+2—iq—i]: froml=p+2—itol=q—i,apply R;_(,+s) to v}, then S2oR, 1_;_ (41
to v}, update [ — [ + 2 and so on. In other words, alternatively apply a rotation-based operator and a
rotation+symmetry-based operator to v}.

At step 3), [I| = ¢ —p — 1 is odd since ¢ + p is even, so one always finishes by Ry;_ (1) in Qg+l_i, which

. . 1—2 —1
ensures continuity of R2™y; on 904" N aNL~".

2 i pen PPt

L

S O/B/_Q’Ui

Figure 11: Scheme representing steps 1)-2)-3) for building R24™.

One constructs p admissible operators (R?dm/),;:Lp from V5 to V; similarly, the i-th operator being obtained
by:
4) in QF, k=1, min(i,p — 1): apply S' to v

)

5) in QF, k =min(i + 1, p),p: apply $2 to vE™ 7

6) in Q% if i < p, add up the remaining contributions (v});cr/, with I’ := [p+1—i,q—i]: forl =p+1—i
tol = ¢q — i, start by 82 o Ri_(p+1-4) then apply —R(11)4p—i, update [ — [ + 2 and so on. If i = p one
adds up (vh)ier, where I' = [2,q —p+ 1]: for l = 2 to l = ¢ — p + 1 start with —R; then apply the
rotation+symmetry-based operator S' o R(g—p+1)—(1+1), update [ — [ + 2 and so on.

At step 6), in both cases, |I'| = ¢ — p is even since ¢+ 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 4, 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 + ¢ is even, one can check that continuity is ensured at all interfaces of the patterns. The algorithm

produces p operators from Vi to Vs, respectively from V5 to Vi. Let us give an example: for p =4, g = 6
(that is o = 47/5).
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Then one finds four admissible operators from V; to V, (each one corresponds to a column):

Réfdmvl
I

d
Rg m’U1

I
82y,
sof,
s?v?,

R—6U%a
s,
sy,

Rgdmv1
Il
sy,
sy,
R_4Ui§,
s,
slvf,
stuy,

demv1
I
s?vi,
R,Q’U%,
stvg,
sy,
slvt,
stvi,

in Q1
in Q3
in Q3
in Q3
in Q5
in QS

In this example, |I| = 1 so one applies only one rotation-based operator (following step 3)).
Conversely, one finds four admissible operators from V5 to V;:

Relldm’ Vg dem/ Vg Rgdm’ Vg Ridm’ Vg
I I I I
Stv§ — Rgvl + 8203, st st st in O}
s2v3, stv — Revs + S%v3, stv3, stos, in Q3
S2v3, S%v3, Stvg — Ryvs + 8203, stvg, in Q3
S?vl, S%vl, s?vd, S%vi — Rou3 + S'wd, in Qf

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

With these guidelines one can write all operators (R24™);_; ,, (R?dm/)izl,p for any p, ¢ such that p < ¢ and
p + g even. Note that by exchanging p with ¢ (and ©; with Q53), one addresses similarly the case g < p.

In the following, we set p < ¢. As mentioned in section 3, the problem is that, taken individually, no
admissible operator R24™ (resp. R2I™') § = 1,p, satisfies |[R2I™||2 = I, (resp. |[R24™'|2 = I,), with I,
defined in (9). Indeed, for all v; € Vi, vy € Va, for i = 1,p, R24™ built from 1)-2)-3) and R2™ built from
4)-5)-6), one gets the bounds

IVE ™ o)lE, < > IVerllhe + (1] + 1) | Vo]

k=1,p

i < lg—p+1) Vol

IVER™ w3, < Y IVosli&y + (111 +1) > IVvallgy < (g —p+1) [Voz |3,
le[1,q]\I’ ler’

The bounds are sharp since:

e in the first case, one may choose v1 # 0 such that vf = 0 for k # i: then |[V(R?™v1)[3, = (¢ —p+
D [IVorll?,, s

e in the second case, given | € I'(# ), one may choose vy # 0 such that v5 = 0 for k # I: then
IVRF™ 02) [, = (a = p+1) [ Ve[,

One can check that I, <g—p+1foralll<p<q I,—(q—p+1)=(p—q)(p—1)/p<0(°).
To get optimal operators (that is of norm equal to I,,), one defines R, R’ as the average of the admissible
operators:

1 1 !
R=- Y RM" and R'=- ) R (33)
P P
9Equality is obtained for p = g (corresponding to a plane interface) for which ||R2d™||2 = ||R?dm, I? =1, or p=1: in that

case there is only one admissible operator.
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Going back to our example with p = 4 and g = 6, one defines R and R’ such that for all v; € V1, vy € V3

s?uf in O}
3 1, , 1 1 .
18211;’ + ZR_Qvl in Q3 18202 — ZRSUQ + s'o in QF
2 1 - 1 - 2 - 1 3
=s?v? + ~R_40% + —s'u] in Q3 =s%u3 — ~Revy + ~S'0d in Q2
Ros = 4 4 4 4 o) 4 4 4
R 1 2, 2413 47R02_ 3e20 1o 3 244 3
2 1 . .
ZS vy + ZR,le + ZS vy in Q5 ZS vy — ZRM}Q + ZS U5 in Q7
1 1, 3a1 0 - Ob 21 1o o 1y 3 L Od
ZR,gvl + ZS Uk in Q3 Svy — ERQUQ + ZS U5 in Q]
st} in Q5
These operators are optimal in the sense that ||R||? = ||R/||> = I,. Proceeding as in section 3, using the

triangle inequality one finds that, for all v; € V7,

||V(Rv1)II%ZSIIW?Hé4+( ||V01H93+ ||Vv1||n4) ( IVeillas + 7 ||Vv1||93+ ||VU1HQ4)
(*||Vv1||91+ ||V01HQ2+ ||Vv§’|\93) (ZHV"HHQ}""ZHVWHSE) +1Voilgs-

0 0 0 1

0 0 3/4 1/4

0 2/4 1/4 1/4
1/4 1/4 2/4 0 |
1/4 3/4 0 0

1 0 0 0
one can check that [|[V(Rvy)[|, < ||MV_[)/H% < [MTM||2[| Vi3, , leading to [[R]|* < [|[MTM]|,. Similarly, by
defining M’ = MT, one can check that ||[R'||2 < || M'TM’||5.

—)
By defining the matrix M = and W := ([ Vol g, [1V03 oz [Vollas. [ Vot o),

: IV (Rw1)|qy
Let us remark that the entries My, [ = 1,6, k = 1,4, are such that My, = sup ————=

. For example
wi1eVy ||Vw]f||sz’f

for [ = 4, one has for all v; € V7,

1 1 2
V(R 3 < (1Yot lay + 5 1V02llas + IV dllag)?
One obtains equality by taking, for every k = 1,4, v; such that v{ = 0 for i # k, which yields My, = i,
My =%, Myz =2, Mys =0.
More generally, one obtains for instance for v; € V

2
: [V (Rw1) o
IV@Ru)IE, = D IV@Re)[Z, < 3 [ D M [ Vobllgy |+ with My = sup —————=. (34)
' [Vwr|| o
l=1,q I=1,q \k=1,p w1 €Vy 1llQk

Above, a sum over k appears due to the fact that for [ = 1, ¢, the (R?dmv1)|Qz2 is a linear combination of

isometry-based operators applied to some v¥. Introducing M € M, ,(R) with entries (M)i=1.4 k=1, ONE

has (see footnote 3 p. 6)
IRII* = [[MT M|l
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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

Mp—7L+1 Mp—7n+1

i
L

<

"= VIS

. N
D=
S

{0} S -

D=
N
i
B~
+
=

{0}

D~
— =
A
——

p—1

= :

3
= .
3=
B IDS =

0 ... 0

where j denotes the column index. In the specific case where n = 1, the matrix M, (resp. Mp) is a square
matrix for which the first column (resp. last column) has non zero entries. All entries are equal to 0 or 1%,
except on one diagonal where they range from % to % = 1. Then the shape of M depends on whether p < 4

or not:
M,

P
e if p < q/2 : let m € N such that ¢ = 2p + m. Then the matrix M is written M = [ M, | with
M,
M,, Mp € M,(R) (defined above for n = 1) and respectively M) € M,, ,(R) whose entries are all
equal to 1/p, with the convention that if m = 0, M/, is empty. The example treated in section 3
corresponds to that case with m = 0.
Mp7m+1
e if p > ¢q/2: let m € N* such that ¢ = 2p—m. If m > 2 then the matrix M is written M = R o |,
Mpfm%»l
with My_p41, Mp,mﬂ € Mp_m+1,p(R) (defined above for n = m) and resp. M, _5 € My,—2,(R)
such that (below ¢ denotes the row index)

p—m—1
0 ... ... 0 mH 2 S 200

e {%} S R (U
0 2 L 5ol 0 0

It is convenient to define M) _, according to some d € Z, defined such that p = 2(m — 2) + d. For
d > 1, one can obtain some "central" columns with only % entries, whereas for d < 1, one gets central

columns of the form (07.“,07%’%,“.,%7%’0’.“’0)7 and (O,...,O,%j,%,...,l, m;i,O,...,O)T
for some ad hoc 4, j that govern the number of 0 entries. For example for d = 0 the two central columns
are given by (mTfl, ]%, e ]%, mT’Q,O)T, (0, mT’z, %, cee %, mTfl)T and for d = 1 the central column is
(mT’l, %, o %, mT’l)T. The key is to start with the first and the last rows, then complete the rest
accordingly.
M,y
The matrix M simplifies to the matrix M = %’;- %, when ¢ = 2p — 1, and to the matrix M =
Mp,_y

M,_
<~p 1) when ¢ = 2p — 2. The previous example with p = 4, ¢ = 6 corresponds to that last case.
p—1
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Note that the cases p > ¢ are obtained by taking the transpose of the matrix presented above.

Let us give two examples to illustrate the cases p < ¢/2 and p > ¢/2.

Case p = 2, ¢ = 6: in that case ¢ = 2p + m with m = 2. Following 1)-2)-3) and using (33)-(34), one can
check that for vy € V7,

522 in Q3
}SZ’Ul _|_ lR 2 1 QQ
5 1t 3 vy in )5 0 1
. 1 ) 1/2 1/2
“R*v] + =S?oR_pv]  in Q3 1?2 1?2 M
va — % 2 1 s and M == 1/2 1/2 = ],\\4,5
587 oR v + R0 in @ 1/2 1/2 M
1 1
inav% + 5317}% in Qg ' ’
sty! in Q5

Case p = 6, ¢ = 8: in that case ¢ = 2p — m with m = 4. One can check that for v; € V1,

s%y% in O}

5 1

ESQ’U? + ER_Q’U? in Qg

4 1 1 ; o 0o o0 o0 0 1

6821)1 + GR_4’U1 + 682 in Q3 0 0 0 0 5/6 1/6

1 2 0 0 0 4/6 1/6 1/6

S +6R36v1+és%§’ in Q3 0 0 3/6 1% 2% é M%
Ru; = , and M = = | M;

2090, 1 o 324 . 0 2/6 1/6 3/6 0 0 g

—8%v —|— R? 00 4+ Zs%u in M-

(13 (15*8 ! 64 ! 2 1§6 1§6 4/6 0 0 0 3

1o > 2t e 1/6 56 0 0 0 0

65 Vit R +gST i 1 0 0 0 0 0

1 5 2.2 : 7

—R_100] + =S%0? in 5

6 6

stol in O3

Moreover, one checks easily by direct inspection the next result.

Proposition 1. The matrices My_p,11 € Mp_pni1,(R), Mp_n+1 € Mp_n+1p,R), M;, € My, ,(R), M) _, €
M—2,(R) satisfy the following properties:

pntl 0 ifk<n
1) Z (Mp—n+1)ik = ;o Vi=1lp-n+1, Z( My i)tk = 1;
2k=n ifk>n
P
2(p+1—k)—n .
pntl - ifk<p—-n+1
2) E (Mp—nt1)ix = ;o Vi=lp—n+1, Z( p—nt1)ik = 1;
= 0 ifk>p—n+1
m p
3) ij = 17p7 E(M;n)lk = %; VZ = l’m’ E (MWL) k= 1
=1 k=1
Q(kp_l) if k < min(m,m —2+d)
o msz fm<k<p—-m+1 ford>1
4) 2 (M o) = ;
=t e ifm—2+d<k<p—-m+3—d ford<l
@ if max(p—m+1,p—m+3—d) <k
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p
Vi=1,m—2, S (M" =1
k=1

Proposition 2. The matriz M € M, ,(R) satisfies the following properties:

P q
— ; _g .
Wi=1,q Vk=1p, My >0 L My=1 ifp=q Y M=% ifp<q
[1] AL ; [3] Yk,
q
o, ko s.t. Mgk, =1 ZMZk—B ifp>q Z Mi=1 ifp>q

q

Proof. Using proposition 1 one can deduce all the above results. Let us simply detail how to obtain the first
result of /3], i.e. when ¢ > p. First consider the case where ¢ = 2p 4+ m, m € [1,p]. Then for all £ = 1,p one
has

q p

2k—1+m—|—2p+2—2k:—1 2p—|—m q
E Mlk:E lk:+§ (M) lk‘f’g ==
1=1 =1 =1 p P D

Now let us consider the case ¢ = 2p —m, m € [3,p— 1] and suppose that d > 1: then min(m,m—2+d) =m
and max(p—m+1,p—m+3—d)=p—m+1. Thenforall k=1,p

q
> My,
=1

p—m+1 p—m+1

Z (Mp—ms1)ir + Z o)k + Z (Mp,mﬂ)lk
1=1

=1

2(k—1)+2(p+1-k)—m 2p—m ¢
p p p

iftk<m

2k—m+m—-24+2p+1-k)—m 2p—-m

ifm<k<p—m-+1.

2k;—m+2(p—7£:2p_ng ifk>p—-m+1
P p p

One reaches the same result in the specific cases d < 1 by noticing that for I =1,p —m+ 1, (Mp—m+1)ix =
(Mp—mq1)ie =0for k=m—-2+d,m—1. O

It follows that

Proposition 3. For allp, ¢ > 0 let M € M, ,(R) be a matriz which satisfies the properties of proposition 2.
Then
|MTM|), = max (q, p).
p q

Proof. Define A := MTM, it holds ||A|]2 = Amax = )\mzﬁ) 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 e U(A)7 Vk = 17}7» |)‘ - Akkl < ZAkh

Ik
then
p q p
A < = < T =
max < max (Arr + ZAkl ma>; Z Ar) max ZZ M) e Mpr) Ilcfrzlff;(ZZthMhl)
1%k I=1,p I=1 h—1 =1 h=1
q p
< M) M,
< ;?i?ﬁ(;(; h) M)
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Due to the second and the third properties in proposition 2 satisfied by M, one finds

q
Amax < max | max (1, p) Z Mpi | < max (1, p) max <1, q) = max (p’ q) .
k=1,p 4/ = q p q p

Let us prove that A\p,x = max (ﬂ %). Consider the vector W € RP such that W = (1,...,1)T. Suppose

for instance that p < ¢, then using again the second and the third properties in proposition 2, we get for all

J=1L1p
((MTM)W> = (MTM)jp Wi =3 ) MMy =Y < th-) My,

I k=1 k=1h=1 h=1 \k=1

q
= max (1’]7) Zth = max (p’q> = max <p’q) W,
q het q p qp

namely (MTM)W = max (%, %) w.
O

Consequently, the proposed operator R in (33) is of optimal norm. One proceeds similarly for R’ by considering
MT instead of M as the roles of p and ¢ are exchanged:

R[> = |MT M|z = max (p, q) , and |R'||] = ||M MT| = max <p7 q) _
P q'p

Remark 4. There is always a unit entry in M according to proposition 2 (denoted by My, ), one readily
checks that if w9 € Vi with supp(w?) C QF, then it follows IVRu))|G, > [Vull|g,. 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 4) or a straight line (proposition 5) of the interface X.
We use the same notations as in §A.1.

Proposition 4. Let £ be a smooth positive function with support S, that depends only on the distance to the
p

corner of angle a = 27rm. Then

Vwr € Vi, (€2 V(Rw1)[§,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 (21).

q p
Proof. Let wy € V7.

ORwy)|®> 1 |0@Rwy)|?
1672V @) fes = [ €0) (‘ S|+ 5 |2 >pdpde
o Kl 8(R’LU1) 2 1 [“)(Rwl) 2
B ;/ngsg(p) (‘ dp p*| 00 papds.

Then similar to (34) with the change of variables (p, 0) — (7%, @) for k = 1, p that maps Qb to QF (note that
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§(ri) = €(p)) one finds

” Owt(ry. o) |*
||§1/2 (Rw1 ||sz < Z Z (/Qkﬁs (Tk) (‘16{:}61’3

2
oWt (i, pr)

9 1/2
) derkd¢k>

=1 \k=1 E o,
2
a
S PACC RN
1=1 \k=
: = 2
Introducing Wg = (||§1/2Vw%||9%ms, cee ||£1/2wa||gzlams)7, then one has MW¢ = > Mlk||§1/2Vw’fHQmeS,
k=1

using proposition 3 one finally gets

_>
1€/ V(Run) [Byns < (MTMWe, We) < Tall€/2Vun |3, s,

Remark 5. Following remark 4, one can find wi € Vi such that [|€*/% ¥V (Ruw) |3, g = (€Y% V|3, ~g-

Proposition 5. Let £ be a smooth positive function with support S that is symmetric with respect to the
interface. Then for all wi € V

1€"2 Y (Rwn) [, ns=11€"2 Vor [, s
where R is the symmetry-based operator (22).

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

wy, € V1
O(Rwy) |? O(Rw) |?
€2 V@) es = [ €@ (] osrd| 4| 2 )dxzdyz
s % dwy ? dwy ? )P 1/2 2
= /Q Sf(l‘ Y7) Fy S dz=dy™ = [|§7/7 Vwillg,ns-
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 € T,

Lemma 4. On the reference triangle 7, one has the estimate
3C >0, VR € P1(7), Vb € Pua(F), IV (fc@ - fd<>w)) I+ < C [Xlwroes) IV (35)
As a consequence, one has the uniform local estimate
3C >0, Yh, V1 € Tp,, Vx € Pi(7), Yv € Py(7), |V (xv — I¢(xv)) I+ < C e [X|wr.oo () [ VO] - (36)
Proof. Write x(z,9) = a + x1(&,9), resp. v(&,9) = _(Z,9) + 0a(Z,y) where x1(&,9) = BE + 7, resp.

0a(2,9) = Ximg.q i ‘g9~ and deg(v_) < d. For i = 0,d, define &;(&,7) = @19t — T,

d( z+1yd z)’ resp.
fz(i,g)) = gigdtl—i Id(wAd-s—l %). Note that IXIw1.(3) = max(|5], [v]).
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Since there holds X — Ia(%0) = X19a — La(X104) = B3 ;_ 4 i€i(2,9) + 7Y 4—.q @i fi(,§), one finds

V(%0 = L(x®) @9)] < 181 Y lal [Ve@ 9l + D lail Vi@, 9)]
i=0,d i=0,d
< Rlwiee Y lail (IVe@,9) + [V £i(@.9))
o 1/2 1/2
< Khwoee | Sl | {2 (Ve n)l+ 1956 0)1)
i=0,d i=0,d

It follows that ||V (x0—1a(%8)) |+ < Ca [Rlwr.(2) (XZimga lail )2, with Ca = V2[X,_ 4(IVE|ZH]V fil 2)]H/2.
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 P7™"(7), the semi-norm
|V - ||+ is also a norm and because PZ"?(7) is a finite dimensional vector space, both norms are equivalent.
Noting finally that, starting from o, one has only to modify the degree-0 coeflicient to obtain a zero-mean
value polynomial, we finally get that there exists ¢’ independent of % such that (Xiz0.a lag)?)1/2 < || Vi|+.
Taking C = Cy € leads to (35).

We recall that provided the family of triangulations (73); is regular, there exists s > 0 such that, for all h
and for all 7 € Ty, there holds h, < sp,, where p, is the diameter of the largest ball that can be inscribed
in 7. One can then derive (36) from (35) by using the affine mapping from the reference triangle 7 to the
triangle 7 € T,. We refer for instance to [16]. We report here the computations for the sake of completeness

(Cy,Ch, - - are constants that are independent of h and 7):
IV (xv — I4(x)) |- < Cos |V (Xv - fd(f(ﬁ)> I+ of. Lemmas 1.100-1.101 of [16]
< 01 |>2|W1,oo(f-) H@’f)“f— cf. (35)

< Gy by |x|wro(r) X C3]| V|| cf. Lemmas 1.100-1.101 of [16],
that is (36) with C' = 02 03. ]

Let us prove the estimate over Qf = int(U,_; p Ure7r,7). Recall that V := H§(Q), V) :=={veV : v|; €
Py(7), V7 € Trn}, and I, is the interpolation operator on V(’(;).

Lemma 5. Consider a cut-off function x, and denote by xy, its interpolation of degree 1. For all v € V(Z),
3C >0, [Vxno" = In(xnv™)llay < ChIxllwis @ VY - (37)

Proof. To obtain (37), we evaluate the L2-norm of V(xxv" — I;,(xsv")) on QF by splitting Q% into triangles,
and then going back to the reference triangle to use the uniform estimate (36):

IV (xno™ — Ih(thh))H?)g = [ V0" = IO )P < COY B2 e e (V0" )12

USCA TCQh

Using the definition of the meshsize h yields
IV 0" = In(xnv™)llay < Chlxnllwie o) V0" o,

One concludes using the stability estimate (25). O
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