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ON THE APPROXIMATION OF ELECTROMAGNETIC FIELDS BY
EDGE FINITE ELEMENTS. PART 3: SENSITIVITY TO
COEFFICIENTS*

PATRICK CIARLET, JR.f

Abstract. In bounded domains, the regularity of the solutions to boundary value problems
depends on the geometry, and on the coefficients that enter into the definition of the model. This is in
particular the case for the time-harmonic Maxwell equations, whose solutions are the electromagnetic
fields. In this paper, emphasis is put on the electric field. We study the regularity in terms of the
fractional order Sobolev spaces H®, s € [0, 1]. Precisely, our first goal is to determine the regularity
of the electric field and of its curl, that is, to find some regularity exponent 7 € (0, 1), such that they
both belong to H®, for all s € [0,7). After that, one can derive error estimates. Here, the error is
defined as the difference between the exact field and its approximation, where the latter is built with
Nédélec’s first family of finite elements. In addition to the regularity exponent, one needs to derive
a stability constant that relates the norm of the error to the norm of the data: this is our second
goal. We provide explicit expressions for both the regularity exponent and the stability constant
with respect to the coefficients. We also discuss the accuracy of these expressions, and we provide
some numerical illustrations.
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1. Introduction. We study the numerical approximation of electromagnetic
fields governed by Maxwell’s equations. More precisely, our goal is to characterize
the dependence of the error between the exact and computed fields, with respect to
the coefficients that define the model (PDEs, supplemented with boundary condi-
tions). This paper is the third part of the series entitled “On the Approximation of
Electromagnetic Fields by Edge Finite Elements” [12, 13].

For Maxwell’s equations, the coefficients are the electric permittivity, the magnetic
permeability, and the conductivity. Classically, the model is recast as an equivalent
variational formulation. The first goal is to determine the value of the constants
that appear in the analysis of the variational formulation, which are the continuity
modulus of the forms, and the coercivity or inf-sup constants. Then, one performs the
numerical analysis of the model. In addition to the abovementioned constants, one has
to estimate the order of convergence, which depends on the (extra-)regularity of the
fields; this (extra-)regularity depends itself on the behavior of the coefficients and on
the geometry of the model. In particular, it is crucial to use ad hoc norms to measure
the fields and the data, and particular care is devoted to the definition of those norms.
We observe that if the coefficients belong to a set not reduced to a singleton (e.g.,
random coefficients), then the (extra-)regularity may vanish in some limit cases.

The outline of the paper is as follows.

In the next section, we introduce the model problem (see, eg., [2]), set in a
bounded region of R?, with volume sources. We prescribe some a priori conditions

*Received by the editors July 16, 2019; accepted for publication (in revised form) April 27, 2020;
published electronically DATE.
https://doi.org/10.1137/19M 1275383
TPOEMS, ENSTA Paris, Institut Polytechnique de Paris, 828 Bd des Maréchaux, 91762 Palaiseau
Cedex, France (patrick.ciarlet@ensta-paris.fr).


https://doi.org/10.1137/19M1275383
mailto:patrick.ciarlet@ensta-paris.fr

2 PATRICK CIARLET, JR.

on the coefficients and on the source terms; the coefficients are only supposed to be
piecewise smooth, hence they may be discontinuous. The variational formulation is
introduced. Then, in section 3, we recall the main results regarding the discretization
of electromagnetic fields by Nédélec’s finite elements [30, 29, 12, 20]. We also define
the function spaces that will allow us to perform the analysis of the model. Particular
attention is paid to the fractional order Sobolev spaces, which play a crucial role in
the analysis. These are defined either using the real interpolation method [28, 33, 9]
or with the help of the Sobolev—Slobodeckij norms [24, 25, 11]: this yields two ways
to measure their elements. In section 4, we provide the (well-known) estimates for the
continuity modulus and the coercivity constant related to the variational formulation,
with respect to the coefficients of the model.

It remains to estimate the so-called regularity exponent and the stability con-
stant, which relate the norm of the electromagnetic fields in ad hoc fractional order
Sobolev spaces norms to the norm of the source terms. Estimating these last two
quantities with respect to the coeflicients of the model is less classical. Hence, most
novelties in the paper are contained in the approach developed in sections 5 and 6.
In section 5, we recall how one can split the electromagnetic fields into a regular part
and a gradient part [4], so the (lack of) regularity of the fields rests on the regularity
of the gradients. This is the subject of section 6. We use a perturbation argument a la
Jochmann [27] or Bonito, Guermond, and Luddens [6] to estimate this regularity with
respect to the coefficients of the model. We call it the global approach. When the co-
efficient are piecewise constant, one may also use the local approach; see Appendix B.
The main novelties are threefold: the extension of existing results to problems with
complex-valued coefficients, set in a nontopologically trivial domain; the use of the
two measures for elements of the Sobolev spaces, and their interplay; and the design of
estimates for the numerical error that depend only on the coefficients of the model (see
Theorem 6.15). To conclude, we illustrate our results by two examples in section 7.

We denote constant fields by the symbol ¢st. Vector-valued (resp., tensor-valued)
function spaces are written in boldface characters (resp., blackboard bold characters).

Given a nonempty open set O of R3, we use the notation (+|-)o.o0 (resp., ||-|lo,0) for the
L*(0) and the L*(O) := (L?*(0))® hermitian scalar products (resp., norms). More
generally, (-|-)s,0 and || - ||s,0 (resp., | - |s,0) denote the hermitian scalar product and

the norm (resp., seminorm) of the Sobolev spaces H*(0) and H*(O) := (H*(0))3
for s € R (resp., for s > 0). The index zmv indicates zero-mean-value fields. If more-
over the boundary 9O is Lipschitz, n denotes the unit outward normal vector field to
00. Finally, it is assumed that the reader is familiar with function spaces related to
Maxwell’s equations, such as H (curl; O), Hy(curl; O), H(div; O), Hy(div; O), etc.
A priori, H(curl; O) is endowed with the norm v — (|[v||§ o + | curlwl?2 ,)'/2, etc.
We refer to the monographs of Monk [29] and Assous, Ciarlet, and Labrunie [4] for
details. We will define more specialized function spaces later on.

2. The model problem. Let  be a domain in R?, that is, an open, con-
nected, and bounded subset of R? with a Lipschitz-continuous boundary 0. We are
interested in solving the time-harmonic Maxwell’s equations (with time-dependence
exp(—wwt), for a given pulsation w > 0),

(2.1) wd + curlh = j in Q,
(2.2) —wb+curle =01in Q,
(2.3) divd = p in Q,

(2.4) divb = 0 in Q.
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Above, (e, d, h,b) are the electromagnetic fields. We suppose that d and b are related
to e and h by the constitutive relations

(2.5) d=ce, b=phin Q,

where the real-valued coefficient € is the electric permittivity and the real-valued
coefficient p is the magnetic permeability.

The source terms 3 and p are respectively the current density and the charge
density, and they are related by the charge conservation equation

(2.6) —wp +divy =0.
We suppose that the current density may be written as
(2.7) J =Jegt +0€in €,

where j.,, is an externally imposed current, and the real-valued coefficient o is the
conductivity.

2.1. A priori assumptions. Classically, the electromagnetic fields all belong
to L*(Q) and the coefficients €, pu, and ¢ have a fixed sign (positive): we make
these assumptions from now on. We also assume throughout this work that these
coefficients together with their inverses belong to L*(Q)), and we use the notation
Emaz = H‘C:HLOC(Q)a Emin = (Hsil”Lx(Q))il’ ete.

We choose the data (j,,,, 0) in H(div; ) x H~1(Q2). It is also possible to choose
Jewt € L*(Q) with divj,,, € H 1(Q) for some t € (0,1), but we assume for simplicity
that divj,,, € L%(2). We refer to section 6.5 for the study of the more general case.

Finally, we assume that the medium {2 is surrounded by a perfect conductor, so
that the boundary condition below holds:

(2.8) exn=0 ondN.

Equations (2.1)—(2.8) together with the assumptions on the coefficients and on the
source terms define our model problem. When we focus on the discretization (see
section 3.3 and afterward), we assume that Q is a Lipschitz polyhedron, that e, o
are piecewise smooth on (), and that p is constant on 2. We call this setting the
polyhedral model problem. Let us mention that once the field e is known, then all
other electromagnetic fields d, b, and h are known too. As a consequence, we focus
on the study of the field e. In particular, we note that e belongs to the function space
H(curl; Q).

2.2. Variational formulation. In the spirit of the charge conservation equa-
tion, let us introduce geyy = —1/wdivj.,; € L*(Q). Our model problem can be
formulated in the electric field e only, namely

Find e € Hy(curl; Q) such that
(2.9) —w?e e+ curl(p! curle) = wj,,, in Q,
dive,e = Qgeqt in Q.

Above, the complex-valued coefficient ¢, is defined by e, = € 4+ 10 /w. Note that in
(2.9), the equation dive,e = gc¢ is implied by the second-order equation —w?e, e +
curl(z~!curle) = wyj,,,, together with the charge conservation equation (2.6) and
the splitting of the current (2.7), so it can be omitted. Moreover, one can check that
the equivalent variational formulation in Ho(curl; ) is written

(2.10) Find e € Hy(curl; Q) such that
: (pcurle|curlv)g g — w?(es€elv)o,0 = W(Jep[V)0,0 Yo € Ho(curl; Q).
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Under the assumptions on the coefficients, this variational formulation is well-posed
(see, for instance, [4, section 8.3.2]). In other words,

3C p,0) > 0 such that Vj,,, € L?(Q), Je solution to (2.10), and

2.11 :
@I el o) < Clepo 1Fentllo.

3. Discretization of electromagnetic fields. Here, we define finite element
approximations of the electric field e. We also recall how one can build an a pri-
ori error estimate between e and its approximation. When we study the numerical
approximations and for ease of exposition, we assume that 2 is a Lipschitz polyhe-
dron (polyhedral model problem). To define finite dimensional subspaces (V') of
H(curl; ), we choose the so-called Nédélec’s first family of edge finite elements,
defined on simplicial meshes of Q. We follow here [12, section 2.4]. It is sufficient
to use first-order finite elements because we focus on electromagnetic fields with low
regularity. Q is triangulated by a shape regular family of meshes (73)x, made up of
(closed) simplices, generically denoted by K. A mesh is indexed by h := maxg hg
(the meshsize), where hg is the diameter of K. Denoting by px the diameter of the
largest ball inscribed in K, we assume that there exists a shape regularity parameter
¢ > 0 such that for all h, for all K € T, it holds that hx < ¢pr. Nédélec’s
H (curl; Q)-conforming (first family, first-order) finite element spaces are defined as

Vi :={vn € Ho(curl;Q) : v, x € Ri(K) VK € T},
where R4 (K) is the six-dimensional vector space of polynomials on K
Ri(K):={vePi(K) : v()=a+bxz, a,beR*}.

According to [30, Theorem 1], any element v in R;(K) is uniquely determined by the
degrees of freedom in the moment set Mg(v):

Mg(v) = (/ev~tdl)e€AK.

Above, Ak is the set of edges of K, and t is a unit vector along the edge e. The global
set of moments on V', is then obtained by taking one degree of freedom as above per
interior edge of T,. We recall that the basic approximability property is written (cf.
[29, Lemma 7.10])

(3.1) lim <vhlg£,h v — vh”H(curl;Q)) =0 Vv € Ho(curk; Q).

Assuming for simplicity that the integrals are computed exactly, the discrete electric
problem is written

(3.2) Find ey, € V', such that
: (= curley| curlvy)o o — w?(esenlvn)o.a = w(Jep|vn)o.0 Yor € V.

Because the exact problem is well-posed (cf. (2.11)), one may apply Céa’s lemma to
find

(33) HC?E’MU) >0 Vha He - ehHH(curl;Q) < C?e,p,,a) 'u;ig{/; ||€ - vh”H(curl;Q) .
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Classically, the constant C?E 1,0 depends on the coercivity constant and on the norm

of the sesquilinear form in the left-hand side of (2.10) and (3.2). This constant is
investigated in detail in section 4. It follows from (3.1) that

lim [le — el rcurt;) = 0.

In order to obtain a result which is more accurate, typically a convergence rate in the
order of h® for some s > 0, one has to use information on the (extra-)regularity of the
electric field. Let us recall how this can be achieved.

3.1. A few reminders about Sobolev spaces. Let O C Q be a nonempty
connected open subset of R? with Lipschitz boundary. To give a precise meaning to
the regularity of a scalar or vector field on O, we use the well-known Sobolev scale

(H*(0))s-
(0) For s € N, one uses the standard definition:

H*(0) :={v € L*(0) s.t. Va € N?, |a| < s, 9,v € L*(0)},

equipped with the norm [[v[s,0 = (3 ens, )< ||8av||%2(o))1/2. Obviously, H°(O) =
L?(0).

(1) To define those spaces for s > 0, s € N, several possibilities exist. Let us begin
with the real interpolation method [28] (see also Appendix A), which allows us to
define those Hilbert spaces for noninteger indices s =m + o, m € N, o € (0,1), as

H*(0) := (H™(0), H"(0)).2.

The corresponding norm is denoted by || - ||s,0. In particular, for all 0 < s < ¢, it
holds that H*(O) C H*(O) with continuous embedding [9, section 14]:

30(5725) >0V e Ht(O), HUHS,O < C(s,t) HU”t’(m

Given 0 < s9 <81 <t <1, s Cf,y is continuous on [sg, s1].
A well-known alternative is to define, for o € (0, 1),

H?(0):={v e L*O0) st. V] o (o) < 0},

where

_ 2 1/2
[v| o (0) = (/@ ; de dy) is the Sobolev-Slobodeckij seminorm,

and H’(O) is endowed with the Sobolev—Slobodeckij norm

) ) 1/2
Wlaeo) == (Il 0 + @) -
And then, for s=m+0o, meN, o € (0,1):
H*(0) :={v e H™(0) s.t. Ya € N* with |a| = m, d,v € H°(0)},

endowed with the Sobolev-Slobodeckij norm

1/2

ollz= o) = | Ilmo+ D 10avffe (o)

a€N3, |a|=m
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The Sobolev—Slobodeckij seminorm is
1/2

V= (0) = Yo 10avlio)

a€N3, |a|=m
For all s € RT \ N, it holds that H*(O) = H*(O) algebraically and topologically:
Im(s), M(s) > 0 Vo € H*(0),  mys) |[vllm=(0) < llvlls,o < M) vl m2(0)-

However, in a bounded set O, there are no results on the uniform equivalence of
Sobolev—Slobodeckij norms and real interpolation norms when s spans (0, 1), i.e., on
bounding one norm with the other times a constant that is independent of s € (0, 1).
We refer to [25, 11] for illuminating discussions on this topic. On the other hand (see
[24] or [9, section 14)]), if s spans [sg, s1] with 0 < sp < s1 < 1, there is a uniform
equivalence of norms: in other words, m, m~1, M, M~1 are continuous on [s, 51].

(2) For s > 0, Hj(O) is the closure of D(0) in H*(O). For s € [0,1], it holds
that H§(O) = H*(O) algebraically and topologically (see, for instance, [21, Theorem
1.4.2.4]), while for s > 1, it holds that Hg(O) C H*(O).

(3) For s < 0, H*(O) is the topological dual of H; *(O).

(4) For s > 0, H*(O) (also denoted in the literature by Hg,(0)) is composed of
elements of H*(O) such that the continuation by zero outside O belongs to H*®(R?);
for s ¢ 1 + N, it holds that H*(0) = H§(0), while for s € 2+ + N, it holds that
H*(0) C Hi(0O). Going back to the real interpolation method, for noninteger indices
s=m+o,meN, o€ (0,1), one has H*(O) = (H(0), H'10)),..

For the regularity studies, we choose the real interpolation method, while we
use the double-integral Sobolev—Slobodeckij norms and seminorms to perform the
numerical analysis and derive convergence rates.

3.2. Piecewise smooth fields. The set P := {Q;},;=1 s is called a parti-
tion of Q if (€;),=1,.. s are disjoint domains, and it holds that Q= U}J:l(Tj. When
the () =1,....s are Lipschitz polyhedra, we use the term polyhedral partition. Given
a partition, we introduce the corresponding interface ¥ := Ui<;-j< (08 N 0KQYy0).
For a field v defined on {2, we denote by v; its restriction to €2; for all j. In relation
to the partition P and for s > 0, we define

PH*(Q):={ve L*(Q) : v; € H(Q;), 1 <j < J}, endowed with
1/2 1/2

vl prs () = Z 10113 0, or |[v]| prs (o) = Z ”Uj”Zﬁb'(Qj)
1<5<J 1<5<J

To simplify the notation, the reference to P is usually omitted. Let us recall the
technical result (Theorem 4.1 of [1], or Lemma 2.1 of [6]).

PROPOSITION 3.1. For all s € [0,1], it holds that
lvllpas) < vllso Yo e H¥(Q).

Note that one has PH*(Q2) = H*(Q2) algebraically and topologically for all parti-

tions and for all s € [0, 3).
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Finally, we introduce

PH?(curl; Q) :={ve PH*(Q) : curlve PH*(Q)} for s > 0;
PWES(Q) = {¢ € L™(Q) : ¢ e WHe(Q;), 1<j < J}.

PH?(curl; Q) is endowed with the graph norm. We observe that one has the embed-
ding PH*(curl; Q) C H(curl;Q), according to the definition of PH?*(2).

And we endow PWl’OO(Q) with the norm ||<||PW100(Q) = HCHLOO(Q) + |C|pW1,oo(Q)
and the seminorm |C|pyy1.0(q) = maxi<;j<y [|V(l|L=(q,). For a piecewise constant
coefficient ¢, it holds that [|(|| pw1.(0) = ||z~ (@) = maxi<;j<s (Gl

When the partition is trivial, that is, P = {2}, we omit the P or P in the name
of the function space.

We note that, for the polyhedral model, the assumption on the coefficients is
written ¢,0 € PW1°°(Q), and the interface ¥ can be viewed as the locus of the
discontinuities of at least one of the two coefficients. More generally, if €,0,u €
PW1(Q), ¥ is the locus of the discontinuities of at least one of the three coefficients.

3.3. Finite element interpolation or quasi-interpolation operators. In a
Lipschitz polyhedron €2, one can build finite element interpolation, or quasi-interpola-
tion, operators that act on piecewise smooth fields, with range in V',. For a polyhedral
partition P := {Q;};=1,....s, the family of meshes (7)s, is said to be conforming if, for
all h, for all K € T}, there exists jo such that K C ;. Let us recall briefly the theory
of finite element interpolation. Classically, those results are obtained by studying the
properties of the mappings to the reference element, using Sobolev—Slobodeckij semi-
norms. It holds, for conforming meshes, that

Vs € (0,1], EQ’('ZT;"P >0, Yv € PH*(curl;Q), Vh,

||’U _ H;’lnterp interp LS

3.4 i
(34) UHH(curl Q) < C (5,8) {||U||MS(Q) + I Curlv”@‘*(ﬂ)}-

In (3.4), the interpolation operator IT,"**? is defined in [29, section 5.5] for

5 > %, resp., is the so-called combined mterpolation operator of [12, section 4.2

for s < % Regarding the theory of finite element quasi-interpolation, a similar result
can be derived, namely, that (3.4) holds, where H;L"t”p now stands for the quasi-
interpolation operator defined in [20, section 3.5]. The two finite element interpolation
and quasi-interpolation bounds are identical, bearing in mind that Hmt”p is either the

znterp is

interpolation or the quasi-interpolation operator. In addition, we note that C'
not proven to be independent of s in the abovementioned papers. On the other hand
one can check that QE?:TP depends continuously on s in (0,1) with the help of the
tools proposed in those papers. For the derivation of those continuous dependence
results, we refer precisely to the proof of Theorem 3.3 in [20] using abstract estimates
from [19, section 5] for the quasi-interpolation, resp., [12, section 4.2] using estimates
for the Scott-Zhang interpolation, for the combined interpolation. Both proofs rely
on [9, section 14.3].

With the help of the results on the equivalence of norms of section 3.1(1), we
conclude that one can write (3.4) with the real interpolation norms

Vs € (0,1], 30;’3’;‘3’”” >0, Yv € PH*(curl;Q), Vh,

3.5 ;
( ) ||’U _ H;lnterp

vHH(Curl Q) Clgie)Tp h? H,U”PHS (curl;Q)-

Furthermore, one can choose s C’(i?i‘;rp that is continuous on [sg, s1] for all 0 <
so < s1 < 1.
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3.4. Extra-regularity of the electric field and convergence rate. Since
Jewt € H(div; ), one may prove that the electric field that solves (2.9)—(2.10) enjoys
extra smoothness. More precisely, the aim is to prove that

ET(5H0)>O vt € (0, T(EMU)) Hceuat V] oy € H(div; Q),

3.6
B e e PH (curl; ) and |lellprre(curton < C oy | eatll rcaivien.

Above, 7. ) Plays the role of a regularity ezponent, while C’(*E can be seen as
a stability constant.

Let © be a set of coefficients (g, u, o) whose elements are all piecewise smooth
on the same partition, and assume that 7 = inf(. , o)co T(c,u,0) > 0, Where 7(c , o) is
defined in (3.6), and let j,,, the data be given. Regrouping all the previous results,
one concludes first that for all (e,u,0) € O, the solution e to (2.9)—(2.10) is in
Msepo,r) PH"(curl; ), and second that one has the error estimates

2450 58)

Vs € (0,7),

3-7 mnter
GBI e enllpreunny < Ch ) CEPCE B G eatllran)-

In the error estimates (3.7), only C’?E and C} depend on the coeflicients

,0) (e,p,0,8)

(e, ,0). Also, for a given € € (0,7), since s — C(l?t:irp is continuous for s > 0, one

may replace CéZie)Tp by the s-independent max,¢ - C(iztse)rp for all s € [¢, 7).

Our purpose is now to estimate more prec1sely the constants that appear in
(3.3), (3.5), (3.6), and (3.7). The dependency of C(E jo) O1 (e, u,0) is addressed in
section 4. For 7., ») and C'(E 10,5 this dependency can be studied via the global
approach, which relies on a decomp081tion of the electric field, and of its curl, into
a regular part and a gradient part. To obtain this splitting, we adapt [4, Chapter
6] to the case of complex-valued coefficients, and in the process we generalize the
results of [15] to the case of a nontopologically trivial domain: this is the subject
of section 5. In section 6, one studies the regularity of the gradient part, where the
scalar potential is governed by a second-order elliptic PDE complemented either with
Dirichlet boundary conditions (for the electric field) or with Neumann boundary con-
ditions (for its curl). The global approach, in the spirit of [27, 6], uses a perturbation
argument, where the regularity of the gradient part, i.e., of its scalar potential, is
derived in comparison to the regularity of the solution to the Laplace equation with
the same boundary condition. Indeed, in a domain 2 and for L?(Q2) volume data, it
is known from [26] that the gradient of the solution to the Laplace equation belongs
to H? (€2). Using interpolation theory, one can find a regularity exponent 7 , ») in
(3.6) for our problem. To our knowledge, this analysis has only been carried out for
PDEs with real-valued coefficients. Here, we check in particular that the analysis
proposed in [6] can be extended to the case of complex-valued coefficients. The main
results are the derivation of a regularity exponent 7. , » that depends polynomially
on the coefficients, and the computation of an upper bound for the stability constant

(*6%078) when s spans (0,7, ,,-)). Finally, in section 7 we illustrate the theory in
two examples for which the singular behavior can be determined explicitly.

Remark 3.2. For piecewise constant coefficients, there exists an alternative, which
focuses on the singular behavior of the gradient part of the solution by finding directly
the “best” regularity exponent T( e10,0) attached to this part of the solution. We call
it the local approach; see Appendix B. On the other hand prov1d1ng an upper bound

with the local approach for C: when s spans (0, 7/ ) is an open question.

(&:4:0,5) ’ (EMU)
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4. Estimating the constant C(E#a) Let V := Hg(curl;Q) be endowed

with [[v]ly := (vl o + || curlv||Z ;)!/2, and let a(-,-) be the sesquilinear form on V
defined by
(v,w) = (u~* curlv| curlw)g g — wW?(e,v|w)o 0.

Then, let Ccont be the best continuity constant, or continuity modulus, of a(-,-),

cont |a(’v, w)‘

(ep,0) =  SUP

vwev\{o} 1vllv]w|v’

resp., Cfg"i’"o) be the best coercivity constant of a(-, ),

la(v,v)|
CCOET — f
Emn) = ey ollZ

PROPOSITION 4.1. Let the coefficients €, u, and o be as in section 2.1. Then the
sesquilinear form a(-, -) is continuous, with C’c‘mt < max(w(w?e2,,, 4022, 1Y),

(g,p,0)
and it is coercive with CF25; . > 20 min MIN(WEpinmbes b1 (W2 10 + 302,:0) " 1/2).
Proof. (We omit the subscript o for the L?*(Q)-scalar product and norm). Re-
garding continuity, given v, w € V', one finds
la(v, w)| < W?|leo |l =@ llv]l [[w]l + ¢~ || curl ] || curlw]|
< max (&l o=y ™) (o] o] + || curl o] | curluw])
< max (w?lleq (o), 17") W]V [wllv
/2 _
< max (w (w262, + 0%00) 270 Jolly lly
because ||eq|| (@) < (€200 + W 202,4.)"2.
Regarding coercivity, given v € V7 we let ¢ = curlwv, and one finds
_ 2
la(v,v)]? = (~w® (ev|v) + 1 1||C||2) +w?(ovlv)?
= w'(evv)? + p?le]* - 2w u (evlw) el + w? (ow|v)?
> (w! = w’n) (evfv)” + p 2 (1 =) e]* + WP (ovfv)?
for all n > 0 (Young’s inequality). Then,
la(v,v)]? > (w* — w277) (ev[v)? + 72 (1= w’n7") lell* + o l0]*
> w Emin (w + Umzn“:;ﬁzm - ) ||’UH4 +,U,72 (1 - U.) 77 ) ||C||4

2

As a consequence, choosing n E (w? w? + 02,,e.2.), one derives coercivity. For

instance, let n = w? + 302,62, It follows that

2 0.2

—

g“ .
0w, 0)? 2 5?02, 22 o] min el
’ 2 e E?naac 2N2 ( max + % 72nzn)
o2 . g2 . 1
2 min i w2 min ||’U||4+ ||C||4
2 ‘L:?naav7 ﬂ (W2€$nax + % 72n7,7l) ( )
>

2 2
Tmin : 2 €min 1 4
— Imin | w v .
4 < E%naz /14 (W Egnam + ;Ugrnn)> ” ”V

Hence, |a(v,v)] > 50min mln(wsmmsmaz,u 1(“’2 ?nam + éa-?nzn) 1/2)”7’”%% o
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COROLLARY 4.2. Let the coefficients €, u, and o be as in section 2.1. Then the
error estimate (3.3) holds with

’ 2max (w (wzs?mx + U,%Lm)l/2 ,u’l)
C

(o) =

. —1 _ 1 2 \—1/2\°
Omin MIN (W5min5maxa pt (w25$nax + §Umin)

Proof. This is an obvious consequence of the fact that one can choose

Ccont

? _ (ep0)
e,u,0)  (coer
Ciio
in the error estimate (3.3). d

5. Splitting into a regular part and a gradient part. Below, we recall
some results of [4], and we adapt them to the case of complex-valued coefficients if
necessary. Letting £ be a coefficient defined on €2, we assume in the current section
that ¢ fulfills

(5.1) ¢ is a complex-valued measurable scalar field on Q, &, €71 € L>(Q),
’ 3¢ >0,0% €]0,27), R(exp(—16*)&) > &- ace. in Q.

LEMMA 5.1. Let the coefficients € and o be as in section 2.1. Then & = ¢, fulfills
(5.1), where 6* can be any element of [0,7/2].

Remark 5.2. In other words, £ = &, belongs to a subclass of those coefficients that
are defined by (5.1). In the case where o > 0 (in particular, in the nonconducting
case, that is, when it holds that o = 0 on some region of ), the above result still
holds for all 8* € [0,7/2). On the other hand, a real-valued, sign-changing coefficient
& does not fulfill (5.1). We refer to [8, 7, 18, 10] for those more “exotic” configurations
of Maxwell’s equations, in which € and/or u are real-valued and exhibit a sign change.

Proof. One has e,,e;t € L>®(Q). The result follows from R(exp(—10*)e,) >
O

€08 0* €min, + SN O* Opin/w > 0 ace. in Q.

Define

X pir(2,8) :={v € Hyo(curl; Q) : (v e H(div;Q)},
X new(2,6) :={v € H(curl; Q) : &v € Hy(div;Q)}.

The function spaces X p;(€2,€) and Xy, (2,€) are endowed with the graph norm
v (||v||%{(cur1;9) + vaqu(div;Q))l/Q. In the particular case where ¢ is equal to 1, one
writes X 5(Q) instead of X (€, 1) for B € {Dir, Neu}. We also define the subspaces
of reqular fields, resp., the null subspaces:

Hp(Q):= X5(Q)NH'(Q), B € {Dir, Neu},
Zp(Q):={ve Xp(Q) : curlv =0, dive =0 in Q}, B € {Dir, Neu}.

In our case, both ¢, and p fulfill (5.1) and moreover, since j,,, € H(div;Q), we
note that the solution e to (2.9) is such that e € X p;(Q,¢,), and p~!curle €
XNeu(QaN)~
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5.1. Geometric framework. The domain €2 can be topologically nontrivial or
with a nonconnected boundary. Regarding the first item, we assume that
e cither (Top)i—o: “given any curl-free vector field v € C'(Q), there exists
p € C°() such that v = Vp in Q7;
e or (Top)rso: “there exist I nonintersecting manifolds, %1,...,%;, with
boundaries O%; C 89, such that, if we let Q) = Q\Uf:1 3, given any curl-free
vector field v, there exists p € CO(Q) such that v = Vp in Q.”

When I = 0, = Q. For short, we write (Top); to cover both instances. One
can build cuts that are piecewise plane, see [23, Chapter 6]. Finally, we assume that
) is a connected set. For the polyhedral model problem, we assume that (Top); is
fulfilled.

The domain {2 is said to be topologically trivial when I = 0. When I > 0, the set
Q has pseudo-Lipschitz boundary in the sense of [3].

The a priori regularity of elements of X p;-(2) and X ne,(€2) is described in [3,
Remark 2.16 and Proposition 3.7]. Below, C refers to an algebraical and topological
embedding.

PROPOSITION 5.3. Let Q2 be a Lipschitz polyhedron: there exists opg. € (%, 1] such
that it holds that X p;r(2) C H??" (). Assume in addition that (Top)r is fulfilled:
there exists o ey € (5,1] such that it holds that X ye. () C HOVe (Q).

Let Q) be a domain: the embeddings hold with ocpir = ONew = %

COROLLARY 5.4. With the same assumptions as in Proposition 5.3, it holds that
Zpir(Q) C H°P"(Q) and Z neu(2) C HONe4(Q).

Finally, one can prove that the null spaces Z p;-(2) and Z ye,(§2) are finite di-

mensional vector spaces.

5.2. Splittings of fields. We now provide splittings into a regular part and
a gradient part of elements of X p;(€,&) (“electric case”), resp., of elements of
X new(2,€) (“magnetic case”), called regular/gradient splittings. The proofs can be
found in sections 6.1.6 and 6.2.6 of [4]. We provide some comments on these splittings
below.

THEOREM 5.5. Let Q be a domain such that (Top); is fulfilled, and assume that &

fulfills (5.1). Then, there exists a continuous splitting operator acting from X pi-(€2,€)
to Hpir(Q) X Zpir(Q) x HE(Q).
More precisely, given v € X p;(22,£),

(5.2)  I(Vyegs 2,00) € Hpir(Q) X Zpir(Q) x Hy(Q), v = Vyey + 2+ Vpg in Q.
One has
(5.3)

[oregllie + 10regllx i) + 1Zllopi0 + [Vreg + 21720 < CX 0] (eurto)-
The scalar field pg is governed by the variational formulation:

(5.4)
{ Find pg € HJ(Q2) such that
(EVDo|V)o,0 = —(£2|V) 0,0 — (EVreg| V) 0,0 — (divEv|Y)o0 Vi € Hy(Q).

THEOREM 5.6. Let Q be a domain such that (Top); is fulfilled, and assume that &
fulfills (5.1). Then, there exists a continuous splitting operator acting from X new (€, )

to Himv(Q) 2 ZNQU(Q) X Hzlmv(Q)
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More precisely, given v € X yeu(2,€),
(5.5) I(wreg, 2, q0) € H.,,
One has

(5.6)
[wregllt,0 + [[Wregllx wew @) + [2llonen,2 T [Wreg + 2[l1/2.0 < CX 0] F (curti)-

(Q) X Znew(Q) x HL,,(Q), v =w,ey + 2+ Vqo in Q.

zZmuv

The scalar field qo is governed by the variational formulation:

(5.7)
{ Find ¢ € H},,,(Q) such that
(EV 0| V)00 = —(£2|VY)0,0 — (EWreg| V)0,0 — (divEv|Y)o o Vi € HL,,, ().

In the splitting (5.2) of v € X p;r(2,§), all three terms v,g4, 2, Vpy have vanishing
tangential components on the boundary 92, whereas in the splitting (5.5) of v €
X New(2,6), wyey does not verify a homogeneous boundary condition in general. Since
¢ fulfills (5.1), both variational formulations (5.4) and (5.7) are well-posed. Finally,
we note that regarding the a priori regularity in (5.2), one has v,., € H' () and z €
HP"(Q). Likewise, regarding the a priori regularity in (5.5), one has w,., € H'(Q)
and z € HVe(Q)).

5.3. Comments. One may easily generalize the splitting theory to the case
where ¢ is a complex-valued, measurable, tensor field. As a matter of fact, it is
straightforward to check that if £ fulfills

¢ is a complex-valued measurable tensor field on Q, &, 71 € L°°(Q),
3¢ >0,0% €[0,27), Vz € C3, R(exp(—10*)€z -Z) > £ |z|? ae. in Q,

then the conclusions of Theorems 5.5 and 5.6 still apply. Obviously, (5.4) and (5.7)
are well-posed.

In the special case where £ is a normal tensor field (£*¢ = £€* ae. in ), or
equivalently there exists a unitary tensor field U and a diagonal tensor field I such
that ¢ = U~'DU a.e. in €2, one can reformulate the second line of the above condition
as
(5.8) 3¢ >0,0" € [0,27), lning?R(exp(—zQ*)Dkk) > ¢ ae in Q.

6. The global approach for finding a regularity exponent 7 , ) and a
stability constant CZ‘E’ 1,038 To estimate the regularity exponent, we adapt some
results of [6] to the case of complex-valued coefficients. Let £ be a coefficient defined
on 2; we assume in the current section that £ fulfills (5.1). This assumption prescribes
that

§ € {Z = PCXP(19)7 pE [5—7§max]a NS [GHLinv amax]} a.e. in Q, where
Emaz = ||€| L= (), and 0 < 0,00 — Orin < 2 arccos ( £ ) .

Emaz

(6.1)

In other words, since arccos(€_ /€mar) < 7/2 the coefficient £ takes its values in some
open, half plane in C. If the coefficients € and ¢ are as in section 2.1, then £ = ¢,
takes its values in some open, quarter plane in C.

We recall that e € X pi(Q,6,) and u~ ' curle € X yeyu (2, 1t). Hence, according
to Theorems 5.5 and 5.6, we may write

(6.2) € =ereq + 2.+ Vpo in Q, €reg € HI(Q), z. € H°P"(Q);
(6.3)  plcurle = crey + 2+ Vo in Q, ¢y € H(Q), 2. € H™V"(Q).
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In addition, it holds that

leregll + lleregllx pi@) + 1Zellopi 0 + llereg + 2l /20 < CX™ llellar(eurny,

[eregllt.e + lleregl|x yow (@) + 1Zellonen.2 + lCreg + Zellij2,0 < CX ||~ curle]| g(curt)-

It now remains to evaluate the regularity and norm of the gradient parts Vpy and
Vqo. Note that pg is governed by the second-order scalar PDE (5.4) with Dirichlet
boundary condition, while qo is governed by the second-order scalar PDE (5.7) with
Neumann boundary condition. We will use this vocabulary in the following to address
both cases.

6.1. Preliminary results. To start with, given O C € a nonempty connected
open subset of R® with Lipschitz boundary, let H°(O) be equal to L?(O) in the
Dirichlet case, resp., L2, (O) in the Neumann case, and H!(O) be equal to Hg(O)

zZmuv
in the Dirichlet case, resp., H,,,(O) in the Neumann case. We equip H'(O) with
the norm |[|v{|31 (o) := [|Vvl|o,0-

Then, for s € (0,1), we introduce H*(O), the Sobolev space obtained by the
real interpolation method between H!(O) and H°(O): if needed, we distinguish the
two cases by writing H%,,.(O), resp., Hy..(O). In particular, by definition (cf.
section 3.1), it holds that H3,,.(0) = H*(0) for all s € [0,1], and we recall that
H*(O) = H*(O) for all s € [0, 1).

We denote by H~*(O) the dual space of H*(O) for s € [0, 1]. Finally, for s € [0,1],
we define H1T*(0) := {v € HYO) s.t. Vv € H*(0)}, equipped with the norm
[oll31+20) == V]

s,0-
LEMMA 6.1. Given s € [0,1], there exists C(Iz) > 0 such that
Yo e H'F(0),  vlarso) < lvllivs,0 < CF) l[vllaeso)-
Proof. The result is obvious for s € {0,1}, according to the Poincaré inequality.
We let now s € (0,1).

For the left inequality, notice that

Yo € HY(0), |[Vullo.a < vlia; Yo € H*(0), |[Vullia < |[v]2.0-

As a consequence, the left inequality follows. This is the so-called exact sequence
property. Following Appendix A, if we let v € H1**(0),

[v][#1+50) = [IV2]ls,0
_ l|4—s . 2 2 2 \1/2
=l nf (lvoll3.0 + 2 [0111F.0) 120,005
v € L?(0),v; € HY(0)
_ . 1/2
<= inf (IVuollg.o + 2 IVuillf o) " 20,002
v = vo + v1
vo € HY(0), v, € H*(0)
_ . 1/2
(cf. above) < ||t inf (leoll2 0 + 2 lo13.0) " 20,0071,

v =vo + v
vo € H'(0),v1 € H*(O)

= [[v]l1+s,0-
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For the right inequality, let us introduce the Poincaré constant:

c=  sup oo
verr ooy 1Vvllo.o

Using the equivalence of norms, the definition of || - || z1++(¢), the Poincaré inequality,
and finally the equivalence of norms again, we find

1/
[oll1ss.0 < Moo [0y = Mars) (10 0+ IVoldz- o))
1/2
< Mays) (1462 V0l 0 + V0l (o))

1/2
< Mgy (1462 V0] a2 (0)
1/2  _ /2 _
< M(1+S) (1 + CQ) m(S%HVUHS,O = M(1+S) (1 + 62) m(s;||'l}|"}.[1+s(o).

Hence, one may choose C(Iz) = M@+ (1+ 02)1/2771(_5;. O

If we let s € [0, 1], we want to find the a priori regularity of the solution to

' 1
(6.4) { Find uw € H'(Q) such that

(EVulVv)o.a = (f,v)n () Yv € H (),

and f is some data in H™2(Q).

If € is constant on €, that is, if one considers the Laplace operator with Dirichlet
boundary condition, or with Neumann boundary condition, then one may apply the
classical results of [26] or [32] (see [6, p. 504]). See also Proposition 6.7 below. In the
statement of the next theorem, the constant ¢“??(s) depends on . For the sake of
conciseness, we omit this dependence.

THEOREM 6.2. Let £ # 0 be constant on Q. Then, for all s € [0, %), there exists
c(s) == ct(s) > 0 such that for all f € H*~1(Q), the solution u € H*(Q) to (6.4)
belongs to H*T1(Q), and

c(s)
lellerioy < &= Fllaee—re)-

DEFINITION 6.3. Let the coefficient & fulfill (5.1). We say that £ fulfills the coef-
ficient assumption if there exists a partition P of Q such that £ € PWH*°(Q).

If ¢ fulfills the coefficient assumption on a partition, then £ 1 fulfills the coefficient
assumption on the same partition.

From now on in the current section, we consider the case where £ # 0 is a scalar,
nonconstant, complex-valued coefficient that fulfills the coefficient assumption on a
partition P := {Q;},;=1,...s. In [6], the authors study the case of a symmetric-tensor,
real-valued coefficient €. There are similarities between the two cases, and also some
differences, that are highlighted below. We refer to section 6.5 for a generalization to
the case of a normal-tensor, complex-valued coefficient £. Let

1€l pwo< ()
R T

By definition, it holds that [|£]|pw1.(q) = &max(l 4+ A¢). For a piecewise constant
coefficient £, one has A¢ = 0. Otherwise, A¢ > 0.
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For s € [0, 3), choosing O € {Q;, 1 < j < J}, we denote by D2 the norm of the
natural embedding of H*(£2;) into H* (Q;):
||UJ||ﬁs(Q)
D3 = sup _
(6.5) T wemonoy villse,
D, := max (l,maxlngJ Dj) > 1.

,1<i< J;

Remark 6.4. It holds that lim, ,1 Dj = 400, because constant, nonvanishing
fields defined on €2; belong to H%(Qj) but not to ﬁ%(ﬂj).

Also, we denote the Poincaré constants by

L . [[vjllo.c, o 4
(6.6) C; = sup ,1<5<J; C:= max C; >0.
v e @\{0} VU500, 1<5<T

We note that, obviously, the constants A¢, (D5);, Ds, (C;);, and C all depend on Q
and on the partition P. These dependences are omitted.

Then, we define the multiplicative operator me € L(L*(2), L*(R2)) by mev(z) =
£(z)v(z), for all v € L*(), a.e. « € Q. One may now adapt the proof of Proposition
2.1 of [6] to the complex-valued case, to find the following.

PROPOSITION 6.5. Let & fulfill the coefficient assumption. Then, for all s € [0, 1),
it holds that m¢ € L(H®(Q), H*(Q)) and in addition,

s s .__ 2 2\ 8/2
(6.7) Hm5||£(HS(Q)7FﬁS(Q)) < &max NZ, where N§ := D, (2(14+C?A¢%))7".

Furthermore, for all r € |0, %), it holds that

(6.8) el 2 e 0 Fo () < man (Ng)S/T Vs € [0,r].

We then recall the technical Lemmas 3.1 and 3.2 of [6], which are independent of
the coefficient £. Introduce the operator D € L£(L*(Q), H~'(Q)) defined by

(Dv, )31 (o) = (v|Vq)oa Yv € Lz(Q), Vg € H(Q).
PROPOSITION 6.6. For all s € [0,1], one has

(6.9) D € L(H* (), 1)) and | D] <1.

H:(Q),H—1(Q))
Introduce the operator L € L(H™1(Q2), H1(Q2)) defined by
(V(Lv)|[V@)o,o = (v, @)1 () Yv € HH(RQ), Vg € H(Q).

One may rephrase Theorem 6.2 (with £ = 1) as follows.

PROPOSITION 6.7. For all 7 € [0,%), one has L € L(H"'(Q),H"(Q)) and
there exists K, > 1 such that it holds that

(6.10) Ll £ =1 (@) r+1.(0)) < K s
(6.11) for all s € [0,7], |Ll| g1 pe+1 () < ()"

Obviously, K, depends on 2. This dependence is omitted.
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6.2. Regularity of scalar fields. We transpose Theorem 3.1 of [6] to the
complex-valued case. Since the second half of the proof (choice of the parameter
k, here complex-valued; explicit dependence of the regularity exponent 7 and stabil-
ity constant ¢ on P, £...) is quite different in this case, we provide it for the sake of
completeness.

THEOREM 6.8. Let £ be a scalar, nonconstant, complex-valued coefficient that
fulfills the coefficient assumption. Then, there exists a regularity erponent T¢ :=
T(P, &~ /Emaz, Ne) € (0,%) such that, for all s € [0,7¢), there exists a constant
c(8,€) :== (P, 8,&— [&maz, Ae) such that for all f € H¥71(Q), the solution u € H'(Q)
to (6.4) belongs to H¥1(Q), and

c(s, &)
fmax

/1

||u| Hs+l(Q) S Hsfl(Q).

Remark 6.9. By introducing the scaling factor (&,q.) !, one is able to refine the
dependence of the constant ¢ on the coefficient, namely that ¢ depends only on the
amplitude €_ /&4, and the local, scaled, variations As. And because the coefficient

¢ is nonconstant, condition (5.1) yields &é_ /&maz € (0,1).

Proof. Let k € C\ {0}. Using the operator D, we note that given f* € H~1(Q)
and denoting by u* the solution to (6.4) with data f*, it holds that

£ = D(EVW) = Dk V) — D((k— &)Vu*) = D(V(ku*)) — D ((1 - i) V(ku*)) .
Introducing £ = (1—-¢/k) € PWH®(Q) and v* = ku* € H'(Q), we get f* = D(Vv*)—
D(£Vv*). Because L D'V is equal to the identity operator in £(H!'(Q2),H' (1)), it
follows that

Lf* =v* = L(D(EVv*)) = v* — L(D(mg(Vv™))).

Let us now denote Q := LDmgV € L(H'(2),H'(22)). If moreover @ belongs to
L(H(Q), H*T1(Q)) for some s € (0, %), then we derive from the above that if we
consider some data f € H*~1(Q2) in (6.4), one has

[ L] s=1,5+1
(6.12) ] s @y € AUsbtl_ o

— 1Qlls+1,5+1
under the condition ||Q||s41,s41 < 1, where ||L|[s_1 o41 := [|L|| (25 -1 (02,141 (02)) and
1Qls+1,541 := QN cers+1 (), o+ (2))-

Given s € (0,3), let v € H*T1(Q). One checks successively that Vv € H*(1);
mg(Vo) € H*(Q) (cf. Proposition 6.5); D(mg Vv) € H*~'(Q) (cf. Proposition 6.6);
L(DmgVv) € HH(Q) (cf. Proposition 6.7). In addition, all those results are ac-
companied by a continuous dependence. Hence, one has Q € L(H*1(Q), H5T1(Q))
with

(6-13) ||Q||s+1,s+1 < ||L||s—1,s+1 ||D||£(ﬁs(g)’7.[s—1(g)) ||mé||£(HS(Q):HVS(Q))'

So it remains to prove that there exists 7 € (0,3) such that, for all s € [0,7),
|Qlls+1,s+1 < 1, where the bound on the norm is derived by an appropriate choice of

ke C\ {0}.
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To that aim, let 7o € (0,1) be given, and let s € [0,70). Using the bound (6.13), we
obtain first that

s/ 7o

(6.14) 1Qlss1051 < (Koo)' ™ Emas (Ngo) ,

where &nap = [|€]| 1 (q), according to (6.8), (6.11), and Proposition 6.6. We know
from Proposition 6.7 that K, > 1, and that it is independent of k and §. Let us study
now the behavior of £, and Ng“ with respect to k and &, so that for an appropriate

choice of k and of T € (0, 79, one can guarantee that
_ s/ T
(6.15) (Kr)*'™ Emas (NgO) <1 Vselor).
To achieve (6.15), one needs that &,,,, < 1. Indeed, once k is given, it holds that

lim, o+ (K, )%/ ™ (Ng))s/fo =1.
Let k = pexp(4f), p > 0, 6 € [0,2r). Keeping the notation of (6.1), one has

@) = 11— /i =1+ A2 (22 s @) ~9) ) ae. o e

It follows that |£(x)| < 1 a.e. = € Q if, and only if,

1@ < cos(f(x) — 5), a.e. x € ).

p

[\

Choosing the angular part 0 = %(Qmm + Omae) and recalling that &nee = [0l ()
(cf. (6.1)), this condition is implied by

]- é‘mal‘ 1
5 5 < cos (2(0max - gmzn)) .

Since one has a0 — Omin < 2 arccos(é— /Emax), a sufficient condition is

e £ 1 (Emas)®
2 0 e 2 e P

So, let us choose k = v (§max)?/E— exP(% (Omin + Omax)) for some v € (%,90) to be
determined. With this value of k£ = k(7), one can find an upper bound for &,.:

IE(x)]* =1+ P(z)(E-)" (p(a:) — 2’y§m{w cos(f(x) — 5)) , a.e. x € Q.

72 (5maw)3 gmaz 67
But p(2) < &maz and cos(f(x) — 5) > cos(%(&mw — Omin)) a.e €  so
g(az) — 2752"‘” cos(f(x) — N) <1- 275?‘” coS <;(6magC - Qmm))

<1-2v, ae. e

Since 1 — 2y < 0, we now observe that p(x) > £_ a.e x € Q leads to

3
E(z)]* <1+ 1;227 (55‘ )  ae z e
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The minimum of v +— (1 —2v)/4? on (5,00) is obtained for v = 1 and is equal to —1.
So we finally choose k = k(1), i.e.,

(gmaz)Q
k= >
€

and conclude that, for this choice of &, it holds that

3\ 1/2
(617) f_maac S <1 - (66_ ) > .

With this choice for k, one can also infer an upper bound for N, go = D, (201 +

(6.16) exp (E(Gmin + Gmaz)) ;

2

C2A§2))T°/27 where Ag = €l pwioe (@) /Emaz = maxi<j< s [IVEj || L (0,)/Emac-
Let us bound &,,,4, from below:

2 2
0<<1 €_> §<1p(m)§_> , a.e. T €

Emaz (gmw)Q
57 ? gmam
- Pgwiiw)g (2):2 e > , ae @ €Q,
2
<1+ pgii)g (QSZ — 252”:196 cos(f(x) — 5)) , a.e. x €€,
= |§_($)|2, a.e. x € €,
so [€(x)] =1~ & >0, ae. €O

Hencea gmaz Z 1 - 5—/€maz-
Next, for 1 < j < J,

_ 1 ¢
[VEillL=(q,) = T IVEillL=(a,) = o) V&l Lo (a,)-

It follows that!

m 1?;&3}% Hvﬁ_jHLm(Qj)

gmaa')
B 1 £ maxi<j<g ||ij||L°°(Qj)
(1- &) e Emas ’
1
so Ag < Ae.

We conclude that

T0/2

CQ
()

INotice that in the particular case where £ is piecewise constant, we have that Ag =Ac=0.

A¢?
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From this point on, one can choose 7 < 7 to ensure that (6.15), and so (6.14), holds.
Due to the upper bounds on &,,,, and NETU, it is sufficient that

s/2

§ 3 1/2 02
( - (5 - ) ) 2K D)™ [ 14— AP <1 Vsel0,7).
max fmaz .
(%= 1)

Since 2(K,,D,,)?/™ > 2 (see Proposition 6.7 and (6.5)) and (1 + C2?---) > 1, this
last condition is equivalent to

T

3 2
1— ( = ) 2(K, D)%™ |1+ B S 5 Ag? <1
Emaz (&mw _ 1)
[

This leads to choosing

(6.18)

log (1 - (Ef;z)3>

log 2 + T% log(K ., D;,) + log <1 + (E#Ql)z A£2>
I

Te = min | 79, — S (O,To].

Finally, we also conclude from (6.12), (6.14), (6.16) and the bounds above that, for all
s €[0,7), for all f € H*~(Q), the solution u € H1(2) to (6.4) belongs to H5T1(Q),
and

- (Krp)*/T0

max 2 F T s/7o
(f ) 1— (KT())S/TU gmaw (Ngo)

c(s,8)

£maa:

IN

|l 3¢=+1 () 1 fll3¢s—1(02)

I|.fll24s-1 (), where

& K s/To
(6.19) (s, &) = e (Kn)

5/2 3 1/2.
]_ - (2(K7—0DT0)2/TO (1 + @#21)2 A£2>> <1 - (gf;m) )
Te_ T

This proves the claim. ]

According to (6.17), one finds that &mnae = 0 only in the particular case where
- = &maz- As a matter of fact, in this case, we know from (5.1) that {(x) =
&_ exp(e0*) a.e. in Q. Hence, the operator Dmg V is proportional to the Lapla-
cian DV and the result is trivial: one can even pick any regularity exponent 7
lower than %; cf. Theorem 6.2.

On the other hand, for a piecewise constant coefficient £, one has A¢ = 0, so that
once 7y € (0, 3) is chosen, (6.18) and (6.19) respectively simplify to
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g (1- ()’

(6.20) Te = min TO, — S (0,7‘0];
log2 + % log(K+,D+,)
& (K'r )S/To
(6.21) o(5,€) = Smas 70 i
1= @ D) (1- (£))

For our model problem, of special interest is the electric case, with the coefficient
§ = &, in this case, (¢,)_ can be chosen among (cos 0* € pin +8IN 0% Opnin /W) g (0,7 /2]-
In particular

o)- = 6 min T Si 0 min = min 2 + (Omin 2)!/2 .
(eo) 79*&10:?;(/2](005 € Sin6* Tpin/w) = ((Emin)® + (Omin/w)?)

On the other hand,

(co)maz < ((Emaz)® + (Tmaz/w)?)/2.

When both ¢ and o are constant on {2, the operator — dive,V (with Dirichlet bound-
ary condition) is proportional to the Laplace operator (with Dirichlet boundary con-
dition), and one has (€min)? + (Cmin/w)? = (Emaz)? + (Fmaz/w)?, so the bounds on
(es)— and (€4 )mazx are sharp. According again to Theorem 6.2, any 7., < % with
ce, = cl?(7. ) is admissible in this case.

In the other configurations (nonconstant e,), let 79 € (0,1) be fixed, and intro-
duce

REO- = (Ea)maz/(gcr)f >1;
then the regularity exponent (6.18), resp., the stability constant (6.19) of Theorem
6.8, is given by
log (1 - (R.,)™®)
log2 + = 2 = log(Kr,Dr,) + log (1 + W AEUQ)
(Re,) ! (Ko )*/m0

_ (Q(KTODT[))Q/TO (1 + (R:iil)zAEUQ))S/Q (1- (Rso)_3)1/2'

(6.22) 7., = min | 79, — € (0,70];

(6.23) c(s,e4) =

6.3. Bounding the norm of scalar fields. We now bound the norm of the
right-hand sides of the variational formulations (5.4) and (5.7), governing, respectively,
po and go.

LEMMA 6.10. Let Q be a domain such that (Top); is fulfilled, and assume that
¢ fulfills the coefficient assumption. Let v € X g(Q,&) be given, for B € {Dir, Neu}
Let s € [0,1): if B = Dir, the right-hand sides f defined by (5.4) belong to Hjy;-(€2);

respectively, if B = Neu the right-hand sides f defined by (5.7) belong to ”HNPU( ).
In addition, for all s € (0, %), it holds that

(624) ||f||HS—1(Q) S CB 31/2 H din’UHO’Q + C(s,%) fmaz Ng ||U||H(curl;§2)~



ON THE APPROXIMATION OF ELECTROMAGNETIC FIELDS 21

Proof. Let us focus on the case B = Dir (proof is similar in the case B = Neu).
We use the same notation as in Theorem 5.5. Introduce f € H~1(€):

f : w — (f(z + /Ureg)|vz/})0,§2 + (le §U|¢)0,Q Vdj € HI(Q)

Let s € (0, %) be given.
First, it is obvious that fo : ¥ ~— (div&v|i)oq belongs to H*~1(Q). Indeed,
according to Appendix A,
Vi € H'TH(Q), [(divEév|elosl < [l divEvfoallvlon < ¢ s | divevlloalldll - ()-

Hence, fo € H*71(Q) and || fols—1() < P s1/2 | div &vo.q-

Then we recall that z+v,.., belongs to H? (Q) C H?(Q), so that me(2+vreg) =
E(z4vreq) € ﬁs(ﬂ) according to Proposition 6.5. Then it follows from Proposition 6.6
that D(me(z + vyeg)) € H*1(2). In other words, ¥ — (£(z + Vrey)|VP)o,0 also
belongs to H*~1(Q).

Regarding the norm estimate (6.24), we simply use the bounds (6.7) and (6.9)
together with (5.3) to conclude the proof: the dependence in s (the constant C, 1))

comes from the continuous embedding H%(Q) C H?(Q). O
Given 7 € (0,1), one may use (6.8) for s € (0,7] and thus replace (6.24) for all

s € (0,r] by

(6.25) [ Fllaes-10) < P "2 || divEv]lo.e + Cs 1) Emaz (VD" [0 H(eurre) -

6.4. Application to the polyhedral model problem. We recall that, un-
der the assumptions defining the polyhedral model problem, the coefficients (e, i, o)
are such that e, o fulfill the coefficient assumption, and g is constant on €. Accord-
ing to the definition of the model problem (2.9), it always holds that u~!curle €
X New(82, ). Here, because p is a constant, X ye. (2, 1) = X new(2). It follows that
ptcurle € HV"(Q) with one, > %; cf. Proposition 5.3. Then, regarding the
choice of a regularity exponent for the electric field e itself, because €, € PW %> (Q),
we note that either any 7., < 1 is admissible (constant ,) or that it is given by
(6.22) (nonconstant €, ). Indeed, one has the regular/gradient splitting (6.2):

€ =€reg+ 2e+ Vpo in 2, where e,y € Hl(Q)7 ze. € HP" ().

The regularity of the gradient part, namely Vpy € H*(Q), is a straightforward con-
sequence of Theorems 6.2 (constant €,) and 6.8 (nonconstant ¢, ), provided that the
right-hand side f given there belongs to H*~1(£2) for all values s € [0, 7., ). But, since
this regularity result on f was proven in Lemma 6.10, one has indeed Vpy, € H®(Q)
for all s € [0,7,).

It follows that we can provide values for 7 , ) (regularity exponent), resp.,
Cr (stability constant), in (3.6). Because the limiting value of a regularity

(€,4,0,5)
N . 1 .
exponent is constrained by 7., (7, < 5 < Oneu), We choose

1
T(e,u,0) ‘= Te, € <O, 2) .

From now on, we assume that we are given a set © of coefficients (g, i, o) such
that ,0 fulfill the coefficient assumption, and g is constant on 2. Moreover, we
consider the case where 7 := inf(. , 5)co T(e,u,0) > 0. This covers in particular the
case where O is a singleton {(¢°, u°,0%)}, and 7 = T(e0, 10,69 -
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LEMMA 6.11. Let pg be defined as in (5.4). For all (e, p,0) € ©, for all s € (0,71),
the norm in H*~1(Q) of the right-hand side f in (5.4) is bounded by
||fH"H*_1(Q) < ng ||jezt||0,9 + cgivw_1 || divjezt”(),ﬂﬂ where
08 = C(s,%) (gU)maw (Nga)s/z (C(coer )_17 and Cgiv =P st/

c1,0)

Remark 6.12. We recall that

(NELH)S/Z — (DL)S/z (2 (1 + C2A502))S/2,

where D; is defined at (6.5), resp., C' is the Poincaré constant defined at (6.6), and
A, = ((Eo—)maa;)_1|50—|PW1,oo(Q). Note that only D, and C, and hence Nz, depend
on the partition induced by (e, p, o).

Proof. According to (6.25), we know that the right-hand side that defines Vpy is
bounded by

£ ll3s-1() < P 82| divesellog + Ca,y) (Eo)mas (NE ) |lell r(curi)-

Going back to the model problem (2.9), the left part of the upper bound is readily
replaced by cP /2w || div j,./l0.0- Then, using the coercivity bound of Propo-
sition 4.1,

C(CEOE:U) ”e”%{(curl;ﬁ) < w'(jext|e)079| < w”jezt”()yﬂ ||eHH(cur1;Q)7
we find for the right part the bound
-1
Clet (€odmas (NE)™ (Ci25 ) @ ldearlloes

which proves the claim. 0

The bound on [[Vpo|ls.o = [[polls1+s (o) follows: for all s € (0,7),

CDir(S; EO’)

vaOHS,Q S (080.} ||jewt||0,Q + Cgivw_1 H divjewt' O;Q) ’

( o)maz
where ¢p;r(8,€5) is given in Theorem 6.2 or Theorem 6.8 ; ¢p;, (s, £,) depends on the
partition induced by (e, u, o).

We are now in a position to estimate the norm of e in PH?(curl;{?), for all
values s € (0,7), which then leads to the desired convergence rate.

LEMMA 6.13. For all (e,u,0) € ©, for all s € (0,7), one has the estimate

||e||PHS(CuI‘1;Q) S Oa(g,u7a-7s) ||jezt||07Q + Oéiv(e,u,o,s) H divjezt |0,Q7 where
Ci1 .
05(6“11,70',5) = <Cc(ose7r2) (CDir(Sv 60)(N61,7)8/I + C)D(W>
(e,1,0)
1+ uwz o
+C(Sﬁz\reu) Ixy.., <( CCOE(T Jmas) +u w,
(e,1,0)
. CDir(Saga) CDir 81/2 3
Cdiv(e,p,,a,s) = )
(5o)maz

and Ix ., denotes the norm of the embedding X ne,(2) C H Ve ().
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Remark 6.14. The above is slightly different from (3.6), where both contributions
of the norm |7, || #r(aiv:0) are merged. Also, only cpir(s,e,) and Nz, depend on the
partition induced by (e, i, o).

Proof. One has ||e[|s.a < ||€reg + 2ells.o + | VPo
is given right above. On the other hand,

5,0, and the bound on ||Vpol|s,a

||ereg + ze”s,Q < C(s,%) ||ereg + Ze”l/Z,Q
Clos) CRI"
3 (577) X >
< C(S’%) C)D(““ He”H(curl;Q) < 70(620(% : w ”Jezt”O,Q'
&,1,0

We conclude that for all s € (0, 1),

Dir
CDiT(S7EO')08 C(Sv%)cx -t

He”s,ﬂ S (6 ) + Ccoer
g/maz (e,p,0)

CDir(S, Ea) Cgiv w
(€U)maz

|| divjezt”()xfh

) w ”jezt”OvQ +

where ¢} and ¢§,, are defined in Lemma 6.11.
Regarding the norm of curl e, we recall that curle € X ney (). But X ney () is
continuously embedded in H7N(Q2) (Proposition 5.3) so we find that for all s € (0, 1),

5;0Neu

| curle|so < C ) [l eurle|oy., 0
S C(S,O'Neu) IXNcu || curleHXNeu(Q)

= C(Sao'Neu) Ixy.. I curleHH(curl;Q)~
Next, we have, using the model problem (2.9),

| curlel| g (cur:0) < || curlel|o.q + || curlcurle|o o

= | curleljp.q + i | curl g curleljp.o

0,2
<(1+ Nw2 (Eo)max)He”H(curl;Q) % HjethO,Q

1+ pw? (60)maz .
< (( e )+u> & licatlos

(e,p,0)

= |[curlefoq + plw’cse + 1wjem

Hence, for all s € (0, 1),

1+Mw2 (50 maa:) .
|| CurleH&Q < C(S7UNC'U.) IXNeu <( (C'coer ) ) w ||Jeact|

0,0-
(&,4,0)

Then, using Proposition 3.1, we find, for all s € (0, 1),

lell pes(curo) < llellpa=() + [[curlel|pr: (o) < elsqo + | curle|sq,

and the conclusion follows. |
We recall that C?E,H,U) = Cfgﬁfa)(C(cgjg))_l is the constant appearing in Céa’s

lemma (and bounded in section 4) and that ¢ > 0 is the shape regularity parameter of
the family of meshes. Then one has the following convergence rate for the polyhedral
model problem.
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THEOREM 6.15. Let (e, u,0) be such that e,0 fulfill the coefficient assumption,

and i is constant on Q. For all s € (0,7 ,.0)), there exist constants C(izts(;rp,

Clepsos)r 0 Ciy (o oy SUch that for all j.,, € H(div;Q) and all h, the error
estimate holds:

int .
||6 - eh”H(curl;Q) < C?E’#’J) CEZSE)TP h® (Ca(s,y,a,s) HJethO-,Q

(6.26) + Cliv oo 14V dezellog)

Let © be a set of coefficients (g, u,0) whose elements are all piecewise smooth on the
same polyhedral partition, and assume that T := inf(. , »)co T(c,p0) > 0. Then (6.26)
holds true for all s € (0,1).

Remark 6.16. The above is slightly different from (3.7), where both contributions
of the norm |7 .|| (aiv;0) are merged.

Proof. Tt is straightforward to derive the result (6.26) by using successively (3.3)
and (3.5), and finally the estimate of Lemma 6.13 for 7 = 7. , »). O

6.5. A few possible generalizations. Let us mention two cases we have ex-
cluded so far: first when p fulfills the coefficient assumption, but p is not constant on
Q, and second when j,,, ¢ H(div;Q), but j,,, € L*(Q) with divj,,, € H*(Q) for
some t € (0,1).

In the first situation, all the previous analyses apply, except when one addresses
the regularity of ~! curl e with respect to the scale (H*(Q2)),. Although it still holds
that ' curle € X yeu(Q, 1), one has X new(Q, 1) # X new(2). To find a regularity
exponent, one uses now (6.3), where the regularity is determined by the gradient
part Vqo: see Theorem 6.8 (Neumann case), which yields the value of the regularity
exponent 7,,. One then chooses

1
T(ep,o) i= Min(re,,7,) € (0, 2) .

Next, one derives an estimate on || curlel|, o for all s € (0,7, )). Noting that the
multiplicative operator m,, belongs to L(H*(Q2), H*(12)), it follows that

| curlel|s.o < |[mull e @), @) |1 curlelfs o.

The first quantity, ||mu||£(Hs(Q),Hs(Q)), is easily bounded from above, thanks to
Proposition 6.5 and (6.5).
Then, using (6.3), one writes

" curle|lso < llereg + 2ells,0 + [ Vaolls,0-
Thanks to (5.6), one has

[ereg + zclls0 < C(sé) llereg + zc||1/2,§2 < C(sé) Cﬁeu ||/F1 CurleHH(curl;Q)-

On the other hand, according to Theorem 6.8 it holds that

CNeu(57 .UJ)

max

Vaolls.0 < 1 12212
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where f is the right-hand side of (5.7). Using Lemma 6.10 yields

IVaolls,o < enveuls, 1) Cs 1) (ND)*/~ ||~ curl e|| g(curt;o)-
Aggregating the two estimates, one finds now

Hﬂ_l Curle”s,ﬂ < C(s’%) (Cgeu + CNeu(Sa I‘L) (Nﬁ)S/Z) ”:u_l Curle”H(curl;Q)'

Writing finally

A

ot curle| gieurto) < [[p " curlelo.q + || curl ™" curleloq

1

IN

||curlello.q + || curl p~ " curle|o.qo

main

0,0

<d<zm>s(

+w%%»wgndm@mmn+wmwA

Hmin

and using the coercivity, the rest of the estimates follow easily.

In the second situation, namely when div j.,, € H () for some ¢ € (0,1), one
must use a generalized regular/gradient splitting. Precisely, one introduces (see [4,
Theorem 6.1.15])

X pir(Q,€,—t) :={v € Ho(curl; Q) : divév € H1(Q)}.

Then, one may generalize Theorem 5.5 to elements of X p;-(2,£,—t). The only
difference is that Vpg is now governed by

{ Find py € H(Q) such that
(EVPo| V)00 = —(£2VY)o,0 — (§reg| Vib)o,0 — (divEv, ¥) iy (o) Vi € H(Q).

With this result at hand, one may proceed as before, replacing the occurences of
|| div 7 eillo.0 by || div jopell—t.0: one simply notices that when div j,,, € H~(Q2), one
may still apply Lemma 6.10, but only for all s € (0, min(%,1—¢)). Hence, one chooses

: 1
Tepot) 7= MiN(Te, T 1= 1) € (0,5 ).

Computations can then be carried out.

Then, what happens when © is not reduced to a singleton? For simplicity,? let us
consider that all its elements (g, u, o) are such that €, 0, u are piecewise constant on
a fized partition and that j, ., € H(div; Q). Then the regularity exponent is written

7:= inf min(7,, 7).
(e,11,0)€O

According to (6.20), we see that if condition

(6.27) sup (Eg)ﬂ—i— sup  Amer oo
(e,1,0)€O (€0)- (g,11,0)€0 Hmin

2If more generally the coefficients are piecewise smooth, or if the partition depends on the element
(g, u, o), the condition is more involved than (6.27) proposed below.
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holds, then 7 > 0, and for any (&, u,0) € © one may apply the previous results for
all s € [0,7). Note that this condition is comparable to the one found using the
local approach (see (B.8)), because one has (g4 )maz < W (2,40 W + 02,4,) /2, and
(60)- > w (2, w?+ 02, )2 On the other hand, there exist configurations such

mn man
that if, e.g., sup(. ,, »co Pmaz/ Hmin = 00, it holds that inf. , ;)ce 7, = 0. In other
words, there is no (extra-)regularity in this limit case. We refer to section 7.2 for an
illustration.

Also, what can be said in the context of section 5.3, that is, when £ is a complex-
valued, measurable, tensor field that fulfills the coefficient assumption? It turns out
that one may address the case of a normal tensor field, i.e., ¢ = U™'DU a.e. in €,
where U is a unitary tensor field, resp., D is a diagonal tensor field, defined in 2. Let
us briefly explain why.

First, Proposition 6.5 still applies. Then, (5.1) is now replaced by (5.8), but the
latter can be seen as the equivalent of the former, imposed on Dq1, Do, and Ds3.
Hence one may use the reformulated (6.1), namely

Dir € {z = pexp(e0), p € [E—,&maz)s 0 € [Omin, Omaz]} a-e. in Q for k=1,2,3

where &0 := SUp  esssup f—z, and 0 < 0,02 — Omin < 2 arccos ( = ) ,
2eC3\{0} o |z max

in the proof of Theorem 6.8.

The proof then proceeds as before, and one can conclude that Theorem 6.8 still
holds. The rest of the proofs are unchanged.

Finally, let us mention that the nonconductive case (¢ = 0) can be handled
similarly, under the assumption that the model problem is well-posed (i.e., w? is not
an eigenvalue of the corresponding eigenproblem). In this case the coercivity constant
is frequency dependent, in the sense that it is inversely proportional to the distance
of w? to the closest eigenvalue; see, for instance, [4, section 8.3]. On the other hand,
the estimates on the regularity exponent and on the stability constant can still be
recovered in this context.

7. Evaluating the regularity exponent. Below, we evaluate the “sharpness”
of the bounds on 7(. ,, ») on two examples.

7.1. The coplanar waveguide. First, let us consider the coplanar waveguide
case, as provided by the MORwiki Community [34, 5]. Precisely, the geometry of
interest is a parallelepided; see Figure 1. The upper part of the domain is made of
air, while the bottom part is made of a substrate (in yellow) in which three perfectly
conducting striplines (in blue) are embedded. The electric permittivity ¢ and the
conductivity o are piecewise constant (with different values in the air and in the
substrate), while the magnetic permeability u takes the same value in the air and in
the substrate.

The resulting €2 is thus equal to the paralleliped minus the three striplines, and
the interface 3 separates the two materials (air, substrate): it is flat; see Figure 1.
Importantly, all angles, either at the boundary or at the interface between the two
materials, are equal to multiples of /2. One solves the model problem (2.9) in this
configuration for a given j_,,.

Since the coefficients are piecewise constant, one may use the local approach;
cf. Appendix B. According to the framework developed there, one has to study the
local problems on interior domains (no intersection with 9€; cf. section B.1), resp.,
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metallic striplines
|

discrete port

Fic. 1. A coplanar waveguide [34].

on boundary domains (cf. section B.2), to determine the “best regularity” exponent

T&p L o) In the present case, studying local problems on interior domains (see (B.7)),
pt

one finds that there is no constraint on 7'(06 o) because the interface is flat. On the
other hand, the study of local problems on boundary domains is more involved a priori;
there are edge problems with interface (at the intersection 92 N X), edge problems
without interface (on 9€2), and finally corner problems without interface (on 9%2).
Interestingly, for the edge problems with interface and because the diedric angles
are equal to m/2 in both materials, one notices that, using a symmetry argument
(odd reflection for the Dirichlet boundary condition, resp., even reflection for the
Neumann boundary condition; see [22, p. 41]), one can recast the problem as an
interior problem, with a flat interface. Hence, 7 5(§) =1 for £ € {p, &5}
Also, making the same observation on the value of the angles, and using again
a symmetry argument, one can recast the corner problem without interface as an
edge problem without interface: it follows that 7 00 (£) = 7e 00(§), where 7e s (€) is
characterized next, for £ € {u,¢e,}, and one has 7'(06’97;70) = min(1, 7e 00 (1), Te.00(£0))-
So, in the end, it remains to study the edge problem without interface to determine
the value of T(o8 1? L’U). But this is a standard problem: one looks for the regularity ex-
ponent in an L-shape (local) domain O for the Laplace operator (there is no interface,
hence no jump of the coefficient) with either homogeneous Dirichlet or homogeneous
Neumann boundary condition: it is well-known that 7. ga (i) = Te,00(cs) = 2/3.
Aggregating all results, one concludes that 7'(0;? L)U) = 2/3 for the coplanar wave-
guide, independently of the values of the coefficients (e, 1, o). In other words the lower
bounds provided by (6.27) and (B.8) are not “sharp.”

7.2. The checkerboard. We study now a simple example (cf., for instance,
Dauge’s benchmark [16]) to illustrate the fact that the conditions (6.27) and (B.8)
can be “sharp”: let us consider the domain  := (—1,1) x (—1,1) x (0,1), made of
four cubes, stacked together,
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TABLE 1
Asymptotic and computed values of \/vg.

é %\/S (V70) computed
101 | 4.026310°1 3.8996 1071
102 | 1.273210°1 1.269010~1
108 | 1.273210~% 1.273210~4

We assume that € and o are constant, while u is piecewise constant, and equal to 1
in Ql U Qg, resp., to & S (O, 1) in QQ U Q4.

Again, all angles are multiples of 7/2. Proceeding as in section 7.1, one observes
first that T(OEZ?L,U) = min(1, 7 x(p)). Then, solving (B.7) and looking for the smallest
nonzero eigenvalue v, one may check that it is governed by

1-9¢ 2 1-4
cos (ﬁg) =11 or equivalently /vy = —arccos (1+5) )

Performing the expansion in the limit § — 0, one finds that /vy ~ %\/5 Since

Tex(n) = /Yo, we find T(OspL o) ™ 2./5, so there is no (extra-)regularity in the limit
case: in this sense the conditions (6.27) and (B.8) are “sharp” for the checkerboard.
To conclude, we provide some excerpts from Dauge’s benchmark [16]; see Table 1.

These numerical values corroborate the asymptotic formula when § goes to 0.

7.3. Comments. When applicable, the local approach allows one to compute
the “best” regularity exponent T(OE ’j iw)’ up to numerical precision. As a matter of fact,
one has to solve numerically a series of eigenproblems; see sections B.1-B.2. Or, in
more favorable cases (cf. section 7.1), it is even known exactly. However, the theory
we recalled in Appendix B is limited to the case of piecewise constant coefficients, on
a polyhedral partition, or, at least, to coefficients that are locally (piecewise) constant
near the interface and locally smooth near the boundary. And, near the boundary
and for smooth coefficients, one may use the so-called frozen coefficients technique;
cf. [21, section 5.2] or [17, section 5]. In principle, the value of TOE’?ZJ) can still be
computed. But when the coefficients are only piecewise smooth, the technique no
longer applies.

Also, there is no obvious way to compute the constant C(*au,on £ appearing in (3.6)

when ¢ spans (0, T(OE ’? L’U)), or to provide bounds of such a constant with respect to the
coeffficients, with the help of the local approach.

On the other hand, the global approach allows one to address all of the above, on a
partition made of (possibly) nonpolyhedral domains. It is only when the discretization

is concerned that one assumes the partition to be made of polyhedra.

Appendix A. Real interpolation method. We follow here [33, sections 22—
23] and [9, section 14]. Let Hy, H; be two Hilbert spaces, continuously embedded
into a third Hilbert space H:
e Hy+ H; is equipped with the norm ||v|| gy +1, = infy—vg+v, (Vo m, + V1l ) ;
e resp., Hyo N H; is equipped with the norm ||v|| gyne, = max(||v]|m,, |Vl z,)-
One introduces, for v € Ho + Hy, K(t;v) := infy—yy 0, (0o, + t2||v1H§{1)1/2. For
s € (0,1), one defines the interpolated space

dt
(HQ,H1)572 = {U € Hy + H; s.t. t_SK(t;’U) S L? (0,00, t) } ,

equipped with the norm [|v (o)., = [t K (£;0)[| 12(0,00;22)-

Sy
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In the case where Hy C Hy, we use the notation Hy, = (Ho, H1)s,2. In this case
and after elementary computations, one finds that
e forall s,¢' €(0,1),s<¢,

ICs,6n Yo € Hyy  |vl|m, < Crs o Ivllm,,5
e for all s € (0,1), H; C Hy,
Jeg >0, Vs € (0,1), Yo € H, ||v]lz, < cos?(1—s)Y?|0]a.:
e forall s € (0,1), H; C Hg,
Je1 >0, Vs € (0,1), Yo € Hy, sY2(1— )2 ||lv||a, < c1 ||v]m,-

If H, = Hy, the above holds for cq = 2, resp., c; = %

Appendix B. The local approach for finding a regularity exponent
T(e,u,0)- We know that e and 11 curl e may be split into regular and gradient parts
(6.2)—(6.3). The regularity of the regular parts is known to be independent of the coef-
ficients (see Proposition 5.3). On the other hand, the regularity of the gradient parts,
Vpo governed by (5.4), resp., Vqo governed by (5.7), depends a priori on the coeffi-
cients: it is now determined by the local approach. Based on the global approach,
we have obtained a regularity exponent 7. , ,y which is strictly lower than % So it
may not be equal to the “best” regularity exponent T(OE p LJ). Indeed, one knows that
the best regularity exponent is always lower than or equal to 1 and that there exist
configurations for which it is equal to 1; see, e.g., [3]. To summarize, T(OE%J) € (0,1]
and

e cither pg, g0 € PH?(Q) always holds, in which case T(OEPZ o) =1
o or podo € Myeporern ) PHIT(52), and possibly po,qo ¢ PH' 7o (9),

always holds, in which case T(O;"; s €(0,1).

Below, we recall how one can characterize the best regularity exponent 7'(05 Ij Z,cr) by the
local approach, in the case where the coefficients (e, u, o) are as in section 2.1, and
moreover (g, i1, 0) are piecewise constant over a polyhedral partition. Below, we focus
on the influence of the interface X, that is to say, on the influence of the coefficients.
Obviously, the influence of the boundary 92 must be taken into account. But unless
the interface intersects with it, the coefficients do not play a role in the regularity of
the solution there, only the geometry of the boundary does. Along the same lines, if
the coeflicient is constant on €2, the local approach allows one to determine the “best”
(largest) value of op;r and oney. We follow here [14, 15] and the references therein:
according to Kondratiev’s theory, one studies the second-order elliptic PDEs locally
all over Q and in particular the (local) regularity of its solution [21, section 8.2].

B.1. Interior domain. Let O be the domain on which a local problem is de-
fined. We consider here that O is an interior domain, that is, 90O NOQ = (). The case
of a boundary domain (0O N 9§ # ) is sketched in section B.2.

The first type of local problems occurs when O does not intersect with the inter-
face, and then the solution belongs to H2(O).

There are three other types of local problems, namely

e problems where the interface is a smooth manifold, in this case the solution
is piecewise smooth, i.e., it belongs to PH?(0);
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e edge problems where the interface is a smooth manifold, ezcept for one edge
e, that allow us to determine the so-called edge singularities: there exists
Te € (0,1) such that the solution always belongs to [ )PHHS(O) but
may not belong to PH!*™(0);

e corner problems, where the interface is smooth, except for several edges that
intersect at a corner c, that allow us to determine the so-called corner sin-
gularities: there exists 7. € (0,1) such that the solution always belongs to
Nsefo,7) PH'$(0O) but may not belong to PH*7=(0).

We focus first on corner problems. The case of the edge problem is treated next.
For a corner c, the singularities are obtained as nonzero quasi-homogeneous functions
which solve the same problem in I' with zero right-hand side, where I" is the infinite
cone that coincides with the domain O at c. Introducing S? the unit sphere, resp.,
(p,0,p) € RT x [0,m) x [0,27) the spherical coordinates, centered at c, and defining
G :=TN'S?, one can choose a priori those functions in the sets

s€[0,7e

SHIT) = {W = p*p(0, ) s.t. ¥ € H(G)}, where A € C.

More precisely (see [15, p. 818]), one should look for quasi-homogeneous functions
of the type p* > g=0.0log p)Te (0, ) with @ € N. However, it is sufficient for
our purposes—determining the exponent—to focus on homogeneous functions. In
spherical coordinates, we recall that the volume element is written p?dpds, where
ds = sinfdfdyp, whereas the gradient is written Vv = d,ve, + p~'V.v, with
Vv = Ggveg + (sinf)~19,v e,.

Because O is an interior domain, observe that one has G = S? and OI" = 0.

For the local corner problem at hand, since one is looking for ¥, = p*<1)(6, ¢) in
H} (T'), one finds that a necessary and sufficient condition on the exponent X is that
R(Xc) > —1 and moreover that

1
(&) = min Ae + =),
© A St ROA)>—1 ( 2)
where ¥, # 0 is a (nonsmooth) function governed by div(éVW¥.) = 0 in I'. The
coeflicient € being independent of p, one easily checks that it is equivalent to finding

solutions to the eigenproblem

Find ¢ € HY(S*)\ {0}, v € C such that

(B-1) [ v v di=v [ coacww e Hh(e)

52 2
with the relation v = Ac(Ac + 1). Note that ¢» = 1 and v = 0 is an eigenpair of
(B.1), which yields the values A\c = 0 or A; = —1. The latter is excluded, because one
has necessarily R(A\c) > —3, whereas the former yields U, = 1, which is a smooth
function, and thus one concludes that no singular behavior is associated with v = 0.
Then, choosing ¥' = 1 in (B.1) one finds that

2ds = 2 ds.
[eveok = [ el a

Using the notation vg := R(v) and v; := S(v) for complex-valued fields, and taking
respectively the real and imaginary parts of the previous equation, one derives the
relations
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(B.2) wvg:= (sz 53‘V<¢|2d§) (fsz Erlvl? dg) + (fs2 leclMng) (fgz le‘ng)
(Jso €rl012 d)* + (Ji 1112 de) ’
(B-?)) yp = (fgz €I|V<¢|2d<) (fS2 £R|¢|2d§) - ( S2 §R\V<1/J|2d§) (fgz f[Wj‘ng) .

(Jye €Rl[2ds)” + ([ 1162 de)?

Considering both cases £ = p and £ = ¢, one notices that, under the assumptions
of section 2.1, the spectral theorem can be applied to characterize the solutions to
the eigenproblem (B.1); see, for instance, [31, section 2.1]. In particular, the eigen-
functions can be chosen as the elements of a Hilbert basis of L?(S?). We already
observed that 1» = 1 is an eigenfunction (with related eigenvalue v = 0). Hence, as
a consequence of the Poincaré inequality in HY, (S?), there exists cp > 0 such that,
for all eigenfunctions v related to a nonzero eigenvalue, it holds that

/ Vb2 de
Js2 > C%;.
/ p[? de

SQ

For the two cases of interest, the following hold:
o If £ = p (real-valued coefficient case), one has according to (B.2)—(B.3) that

(B.4)

[ovewka
s > Hmin 2

(B.5) v= >
/ MW}‘Q d§ Hmax
s2

Recall that v = A¢(Ac + 1), ie, Ac = —% + /v + i. Due to the condition

R(Ac) > —% and because one has v > 0, the only admissible relation is

Ae = —% +4/v+ %. Hence A. > 0 for all nonzero eigenvalues v, which yields

Te(p) > 1/2 independently of the values of pmin and timaq-
e If £ =&, (complex-valued coefficient case), one has according to (B.2) that

IVe|? ds
(ER)Ein + (E1)20in Jso ' ° > E2inW + 0in 2 >0,

B.6 VR >
( ) = (gR)gnaac + (ff)gnax / |w|2 d§ N 61277,(111 w2 + U?naz
S2

while, according to (B.3), v; can take positive or negative values. Due to
the condition R(\¢) > —3% and because one has now vz > 0 (see (B.6)), the

only admissible relation is again A\, = —% +4/v+ %. Let V—i—% = p,exp(i6,),

py > 0,0, € [0,27). Then R(y/v + 1) = (p,)/2 cos(0, /2), with p, > (vp+1)
and cos?(6,/2) = (14 cos6,) = +(1+ (p) "*(vr + 1)). Hence,

1 1 1\ /2 N\NY? 1
i I - > - .
R vy <2<py+uR+4>> <I/R+4> >3

This yields 7.(e,) > 1/2 independently of the values of €mazx, Emin, Tmaz
and Opin-
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We focus now on edge problems. For an edge e, the singularities are obtained as
nonzero quasi-homogeneous functions which solve the same problem in I" with zero
right-hand side, where I x R is the infinite sector that coincides with the domain O
at e. Introducing S! the unit circle, resp., (p, 0, 2) € RT x [0,27) x R the cylindrical
coordinates with e C {z = 0}, and defining G := T'NS*, one can choose a priori those
functions in the sets

ST :={W = p*p(0) s.t. ¢ € H'(G)}, where A € C.

One should look for quasi-homogeneous functions; however, restricting to homoge-
neous is again sufficient to determine the exponent. In the polar coordinates (p, 6),
we recall that the surface element is written pdp df, whereas the gradient is written
Vv = Oyve, + p 10pvey. Because O is an interior domain, observe that one has
G =S! and oI = ().

For the local edge problem at hand, since one is looking for U, = p**3(6) in H} (T),
one finds that a necessary and sufficient condition on the exponent ), is that R(Ae) > 0
and moreover that

Te(§) := min Aes
Ao 8t. R(Ae)>0
where U, # 0 is a (nonsmooth) function governed by div(§VW,) = 0 in I". The coeffi-
cient £ being independent of p, it is equivalent to finding solutions to the eigenproblem

Find ¢ € HY(S) \ {0}, v € C such that

(B.7) | comoizas —v [ cwiao v e (s
St St

with the relation v = A\2. The spectral theorem can be applied under the assumptions
of section 2.1 for £ = p and £ = &,. As previously, ©» = 1 and v = 0 is an eigenpair
of (B.7), leading to ¥, = 1, and one concludes again that no singular behavior is
associated with v = 0. So, using the Poincaré inequality in H},,, (S'), there exists
cp > 0 such that, for all eigenfunctions ¢ related to a nonzero eigenvalue, the bound
(B.4) holds, and one also recovers (B.2)—(B.3), with V. replaced by 9p1, resp., ds by
df. Then we have as follows:
o If £ = p (real-valued coeflicient case), one derives again the lower bound
(B.5) on v. Due to the condition R(As) > 0, the only admissible relation is
Ae = /. Hence As > 0 for all nonzero eigenvalues v, which yields 7e(u) > 0.
More precisely, one gets the lower bound

tomin \ /2
To(p) > cp ("””) .

Hmazx

o If £ = ¢, (complex-valued coefficient case), one has the lower bound (B.6)
for vg. And, according to (B.3), vy can take positive or negative values.
Due to the condition R(\;) > 0 and because vg > 0, one has A\, = /v.
Writing v := vg +1v; = p, exp(s0,), with p, > 0 and 0, € (=7, ), one has

Ae = pll,/2 exp(40,/2), so that R(y/v) > 2’1/2p11,/2. One may check that

(Jor ErlPot P d6)° + (J5r &0t d9)2>1/4.

R(Vw) >271/? ( 5 5
(f§1 SRW]‘Q d@) + (fSl 51‘7/}‘2 da)
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Hence, one gets the lower bound

2 2 2 1/4
s W+ o5
Te(go) > 9-1/2, ( 2mm m7,n> )

2 2
maz WY + Omax

B.2. Boundary domain. We consider now that the domain O on which a
local problem is defined is a boundary domain, for which 00 N OQ # (). The main
difference with the interior domain case is that the local problems now come with
a (homogeneous) boundary condition: Dirichlet boundary condition for pg, resp.,
Neumann boundary condition for gg. On the other hand, the theory is quite similar
to the one of section B.1. As in the interior domain case, one must consider edge
problems and corner problems. Below, we suppose explicitly that O N3 # ().

For the corner problem, one looks for homogeneous solutions that belong to S} (T"),
but now OI' # @, and G = I' N S? is a strict subset of S?2. Then, one solves an
eigenproblem like (B.1), with the relation v = A;(Ac 4+ 1), now set in the function
space H}(G) (Dirichlet boundary condition), resp., in H},,,(G) (Neumann boundary
condition). The main observation for the corner problem set in a boundary domain
is that, since there holds a Poincaré inequality in both function spaces, one may still
apply the previous analysis (interior domain) to draw the conclusions. Namely, one
finds that

Te(p) > 1/2, 7(es) > 1/2,

independently of the values of the coefficients.

For the edge problem, one looks for homogeneous solutions that belong to S2(I'),
where OI' # ), and G is a strict subset of S!. One solves an eigenproblem like
(B.7), with the relation v = A2, set in the function space Hg(G) (Dirichlet boundary
condition), resp., in H},  (G) (Neumann boundary condition). Since there holds a

Poincaré inequality in both function spaces, one may again apply the previous analysis
(interior domain) to draw the conclusions. One finds the lower bounds:

1/2 2 2 2 1/4
Mmin —1/2 Emin W +Umin
e > eu 9 e\co 2 2 ir o5 9 T 5 .
Te(p) > cpn ( ) Te(€0) cp,p ( 2 4 o2 )

I S
max max mazx

Finally, if there is no interface in O, i.e., O N'Y = (), one simply considers that the
coefficient £ is constant on @. In this case the value of 7,7 € (%, 1] is determined by
the geometry of the boundary. Precisely, if O is defined as the intersection of {2 with
a ball, one finds that 7. < 1 or 7, < 1 if, and only if, O is not convex.

B.3. Behavior of the best exponent. From the previous studies, we conclude

that one derives the actual value of the best regularity exponent by taking T(O P L o) =

min(1, ming 7e, min. 7). In particular, one may compute numerically the value of
opt
Temo)
As for the global approach (see section 6.5), let us study what happens when ©
is not reduced to a singleton. Again, let us consider that all its elements (&, u, o) are

such that e, 0, u are piecewise constant on a fized partition. We see that if condition

1/2
(B.8) sup Hmaz sup (E%“w W+ Ugmw) < 00
(e,11,0)€0 Hmin (e,n,0)€0 afmn w? + U?nin
. t
holds, then inf(. , ,)co T(OS#’U) > 0.
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