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equations with low regularity solutions
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Abstract

We derive H (curl)-error estimates and improved LZ-error estimates for the Maxwell equations.
These estimates only invoke the expected regularity pickup of the exact solution in the scale of the
Sobolev spaces, which is typically lower than % and can be arbitrarily close to 0 when the material
properties are heterogeneous. The key tools for the analysis are commuting quasi-interpolation operators
in H(curl)- and H(div)-conforming finite element spaces and, most crucially, newly-devised quasi-
interpolation operators delivering optimal estimates on the decay rate of the best-approximation error
for functions with Sobolev regularity index arbitrarily close to 0. The proposed analysis entirely bypasses

the technique known in the literature as the discrete compactness argument.

Keywords. Maxwell equations, Heterogeneous coeflicients, Edge finite elements, Quasi-interpolation, Dis-
crete Poincaré inequality, Aubin—Nitsche duality argument

1 Introduction

The objective of this paper is to review some recent results concerning the approximation of the Maxwell
equations using edge finite elements. One important difficulty is the modest regularity pickup of the exact
solution in the scale of the Sobolev spaces which is typically lower than % and can be arbitrarily close to
0 when the material properties are heterogeneous. We show that the difficulties induced by the lack of
stability of the canonical interpolation operators in H (curl)- and H (div)-conforming finite element spaces
can be overcome by invoking recent results on commuting quasi-interpolation operators and newly devised
quasi-interpolation operators that deliver estimates on the decay rate of the best-approximation error in
those spaces. In addition to a curl-preserving lifting operator introduced by Monk [22, p. 249-250], the
commuting quasi-interpolation operators are central to establish a discrete counterpart of the Poincaré—
Steklov inequality (bounding the L2-norm of a divergence-free field by the L2-norm of its curl), as already
shown in the pioneering work of Arnold et al. [2] on Finite Element Exterior Calculus. It is therefore
possible to bypass entirely the technique known in the literature as the discrete compactness argument
(Kikuchi [21], Monk and Demkowicz [24], Caorsi et al. [9]). The novelty here is the use of quasi-interpolation
operators devised by the authors in [15] that give optimal decay rates of the approximation error in fractional
Sobolev spaces of order that can be arbitrarily small. This allows us to establish optimal H (curl)-norm
and L2-norm error estimates that do not invoke additional regularity assumptions on the exact solution
other than those resulting from the model problem at hand. Optimality is understood here in the sense
of the decay rates with respect to the mesh-size, which can be arbitrarily small; the constants in the error
estimates can depend on the heterogeneity ratio of the material properties.

The paper is organized as follows. Notation and technical results are given in §2. The main results from
this section are Theorem 2, which states the existence of optimal commuting quasi-interpolation operators,
and Theorem 3 and Theorem 4, which give decay estimates of the best approximation in fractional Sobolev
norms. §3 is concerned with standard facts about the Maxwell equations. In particular, we state our
main assumptions on the model problem and briefly recall standard approximation results for the Maxwell
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equations that solely rely on a coercivity argument. The new results discussed above are collected in §4
and in §5. After establishing the discrete Poincaré—Steklov inequality in Theorem 15, our main results
are Theorem 18 for the H (curl)-error estimate and Theorem 22 for the improved L?-error estimate. Both
results do not invoke additional regularity assumptions on the exact solution than those resulting from the
model problem at hand.

2 Preliminaries

We recall in this section some notions of functional analysis and approximation using finite elements that
will be invoked in the paper. The space dimension is 3 in the entire paper (d = 3) and D is an open,
bounded, and connected Lipschitz subset in R3.

2.1 Spaces

We are going to make use of the standard L2-based Sobolev spaces H™(Q), m € N. The vector-valued
counterpart of H™() is denoted H™ (D). We additionally introduce the vector-valued spaces

H(curl; D) := {b € L*(D) | Vxb € L*(D)}, (1)
H(div; D) := {b€ L*(D) | V-b € L*(D)}. 2)
To be dimensionally coherent, we equip theses Hilbert spaces with the norms
bl () = (IBl1Z2(py + €51 Vbl 72(p)) 2, 3)
1Bl 2 euri ) 1= (1Bl 720y + DIV xBlI221) 2, (4)
16l &2 (aiviD) = (||bH%2(D) +£2D|\V‘b||i2(1:)))%7 (5)

where ¢p is some characteristic dimension of D, say the diameter of D for instance. In this paper we are
also going to use fractional Sobolev norms of order s € (0, 1), defined as follows:

162Dy = (IBIIZ2 () + €55 |bl32- ()% (6)

where | - [gs(p) is the Sobolev-Slobodeckij semi-norm applied componentwise. Similarly, for any s > 0,
s € R\N, and p € [1,00), the norm of the Sobolev space W*?(D) is defined by ||v||y«.»(py := (||v\|€vm,p(D) +

s a 1 . o 1
08 Yo 100 ()7 Wit [0l (p) = (Cjajem 5 V107017, )7 where m = [s] € N, o =
m—s € (0,1).

2.2 Traces

In order to make sense of the boundary conditions, we introduce trace operators. Let v& : H1(D) — Hz (0D)
be the (full) trace operator. It is known that v& is surjective. Let (-,-)gp denote the duality pairing between
H~2(dD) := (H2(0D))" and Hz(dD). We define the tangential trace operator 7¢ : H(curl; D) —
H~z(dD) as follows:

(7 (v), o = /

v-wa(l)dx—/(va)-w(l) dz, (7)
D

D
for all v € H(curl; D), all I € Hz(0D) and all w(l) € H'(D) such that v&(w(l)) = I. One readily verifies
that the definition (7) is independent of the choice of w(l), that v°(v) = vjppxn when v is smooth, and

that the map ¢ is bounded.
We define similarly the normal trace map 9 : H(div; D) — H~2 (D) by

@) on = [

D'U~Vq(l) da:+/ (V-v)q(l) dz, (8)

D

for all v € H(div; D), all | € H2(dD), and all ¢(l) € H'(D) such that v&(q({)) = I. Here again (-,-)op
denotes the duality pairing between H~2(9D) and Hz (D). One can verify that the definition (8) is
independent of the choice of ¢(I), that v4(v) = v|gp-m When v is smooth, and that the map ~4 is bounded.



H'(D) H (curl; D)

Theorem 1 (Kernel of trace operators). Let Hi(D) = C§°(D) , Hy(curl; D) := C§°(D) T

and Hy(div; D) := CSO(D)H(diV;D). Then, we have
Hj(D) = ker(v8), (9a)
Hy(curl; D) = ker(y°), (9b)
Hy(div; D) = ker(y9). (9¢)

Proof. The first identity is well-known, see e.g., Brezis [8, p. 315]. The second one and the third one have
been established in [16, Thm. 4.9] in Lipschitz domains. O

2.3 Generic finite element setting

Let (Tn)n>0 be a shape-regular sequence of affine meshes. To avoid technical questions regarding hanging
nodes, we also assume that the meshes cover D exactly and that they are matching, i.e., for all cells
K,K’ € Ty, such that K # K’ and K N K’ # (), the set K N K’ is a common vertex, edge, or face of both
K and K’ (with obvious extensions in higher space dimensions). Given a mesh Ty, the elements in K € Ty,
are closed sets in R3 by convention, and they are all assumed to be constructed from a single reference cell
K through affine, bijective, geometric transformations T : K> K.

The set of the mesh faces is denoted F}, and is partitioned into the subset of the interfaces denoted Fy
and the subset of the boundary faces denoted F, ]? . Each interface I is oriented by choosing one unit vector
nr. The boundary faces are oriented by using the outward normal vector. Given an interface F' € F}, we
denote by K; and K, the two cells such that F' = K; N K, and ny points from K; to K,. This convention
allows us to define the notion of jump across F as follows

[v]F(z) = vk, () — vk, () a.e.  in F. (10)

We consider three types of reference elements in the sense of Ciarlet as follows: (K, P#, f’g), (I? , pe, 2‘0)
and (IA{ , 13‘1, f’d). We think of (IA( , ISg, fg) as a scalar-valued finite element with some degrees of freedom
that require point evaluations, for instance (IA( ,JSg, f’g) could be a Lagrange element. The finite element
([A( , 136, f‘c) is vector-valued with some degrees of freedom that require to evaluate integrals over edges.
Typically, (K, P¢, £°) is a Nédélec-type or edge element. Likewise, the finite element (K, P9, £9) is vector-
valued with some of degrees of freedom that require evaluation of integrals over faces. Typically, (I? , 13d, b5 4)
is a Raviart-Thomas-type element. The reader is referred to Hiptmair [18] for an overview of a canonical
construction of the above finite elements.

At this point we do not need to know the exact structure of the above elements, but we are going to
assume that they satisfy some commuting properties. More precisely, let s > % and let us consider the
following functional spaces:

VE(K) = {f € H*(K) | Vf € H%(K)}, (11a)
Ve(K)={ge H :(K)|Vxg € HY(K)}, (11b)
VI(K)={ge H* YK)|V-g € L'(K)}. (11c)

Let I[g? ,I}{,I}i{ be the canonical interpolation operators associated with the above reference elements. Let
k € N and let P(R%;R) be the vector space composed of the d-variate polynomials of degree at most k.

We set PP := Pr(R3; R) and let I'[l{ be the L2-projection onto PP, We state a key structural property by
assuming that the following diagram commutes:

VE(K) Ve (R) VY(E) L} (K)
| |z 7o |z (12)
po Y pe VX pe VL




In order to construct conforming approximation spaces based on (73)n>o using the above reference
elements, we introduce the following linear maps:

Vi (v) = vo Tk, (13a)
V5 (v) = T (v o Tx), (13b)
V% (v) = det(Jx) I (v o Tk), (13c)
Y (v) = det(Jx ) (v o Tk ), (13d)

where 9%, is the pullback by Tk, and ¢$ and w?( are the contravariant and covariant Piola transformations,
respectively. With these definitions in hand, we set

PE(T;) := {vn€ LY (D) | ¢% (vnjx) € P8, VKE T, [vn]% =0, VFeF}}, (14a)
P(Ts,) == {vn €LY (D) | ¥ (vp k) € PC, VK€ Ty, [v]% =0, YFeF}}, (14b)
PYT;) = {v,eL (D) | ¥ (vnii) € P, VKE Ty, [vp]% =0, VFeF;), (14c)
PP(T) := {vn € L'(D) | ¥} (vn k) € P°, VK€ T,}, (14d)

where [vp]% = [vnlr, [vn]$ = [vn]rxnp, and [va]d := [vn]F-ne. Finally, to be able to account for
boundary conditions, we define

P§(Tn) := P5(T) N Hy (D), (15a)
P§(Th) :== P°(Ty) N Hy(curl; D), (15b)
P§'(Th) == P*(T;,) N Hy(div; D). (15¢)

2.4 Best approximation and commuting quasi-interpolation

Until recently, the stability and the convergence analysis of finite element techniques for the approximation
of the Maxwell equations was made difficult by the absence of optimal approximation results. The root of the
difficulty was that the equivalent of the Clément/Scott—Zhang quasi-interpolation operator was not available
for H (curl; D)-conforming and H (div; D)-conforming elements. Moreover, no clear best-approximation
estimate in fractional Sobolev norms was known. We summarize in this section some of the most recent
results in this direction.

The bases for the construction of stable, commuting, and quasi-interpolation projectors have been laid
out in Schoberl [26, 28] and Christiansen [10], where stability and commutation are achieved by compos-
ing the canonical finite element interpolation operators with some mollification technique. Then, follow-
ing Schoberl [27], the projection property over finite element spaces is obtained by composing these operators
with the inverse of their restriction to the said spaces. An important extension of this construction allowing
the possibility of using shape-regular mesh sequences and boundary conditions has been achieved by Chris-
tiansen and Winther [12]. Further variants of this construction have lately been proposed. For instance
in Christiansen [11], the quasi-interpolation projector has the additional property of preserving polynomials
locally, up to a certain degree, and in Falk and Winther [17], it is defined locally. The results of [12] have
been revisited in [16] by invoking shrinking-based mollification operators which do not require any extension
outside the domain.

In order to stay general, we introduce an integer ¢ with the convention that ¢ = 1 when we work with
scalar-valued functions and ¢ = 3 when we work with vector-valued functions. For instance, we denote by
Px(R3; R?) the vector space composed of the 3-variate polynomials with values in R?. The quasi-interpolation
results mentioned above can be summarized as follows:

Theorem 2 (Stable, commuting projection). Let P(Ty) be one of the finite element spaces introduced in
(14)-(15). Then there exists a quasi-interpolation operator Jy : L'(D;R?) — P(Ty) with the following
properties:

(i) P(Ty) is pointwise invariant under Jy,.

(i) Letp € [1,00]. There is c, uniform w.r.t. h, such that || Jn| z(rr;rry < ¢ and

_j P ‘R4a S C lnf — P ‘R9) 16
I = S Dllsncozer < a1 = Fulloncormo (10



for all f € LP(D;RY);

(1) Jn commutes with the standard differential operators, i.e., the following diagrams commute:

H'(D) H (curl; D) VX, H(div; D) L*(D)
ljhg lj,‘; l],‘j‘ ljﬁ) (17)
PHT) —— e PY(TR) — s PA(T) — s PY(T3)
Hy (D) Hy(curl; D) VX, Hy(div; D) L*(D)
ljfo lj;fo lj,fo lj,‘; (18)
P(T) PS(Th) —— e PITs) —— e PP(T;)
Proof. See e.g., [16, Thm. 6.5]. O

For the estimate (16) to be useful we need an estimate on the decay rate of best-approximation error.
This question is answered by the following two results:

Theorem 3 (Best approximation). Let P(7y) be one of the finite element spaces introduced in (14). Let k

~

be the largest integer such that P, (R®;RY) C P. There exists a uniform constant ¢ such that

inf v —w p(D:Ra <ch"v P (D:Ra) s 19
wreP(Th) H h”L (D;R?) = | |W (D;Ra9) ( )

forallr € [0,k+1], allp € [1,00) if r €N or all p € [1,00] if r € N, and all v € W™P(D;RY).
Proof. See [15, Cor. 5.4]. O

Theorem 4 (Best approximation with boundary conditions). Let Py(Ty) be one of the finite element spaces
introduced in (15) and let v be the trace operator from §2.2 associated with Py(Tp). Let k be the largest

integer such that P (R3;RY) C P. There ezists a uniform constant ¢, that depends on |rp — 1|, such that

ch” |[v|wrp(Dyray, Vo € Wo(D;R?) if rp > 1,

— (. . (20)
ch™ly ||11||Wr,p(1:);]Rq)7 Vv e WHP(D;R?) if rp < 1,

inf v —w . <
U’}LEPO(’T,L)” hHLP(D,Rq) < {

where WP (D;R?) := {v € W"P(D;RY) | y(v) = 0}, for all r € [0,k + 1], all p € [L,00) if r ¢ N or all

p€E€[l,00] if r €NN.
Proof. See [15, Cor. 6.5]. O

Localized versions of the above results and best-approximation error estimates for higher-order Sobolev
semi-norms can be found in [15]. These results are proved by constructing quasi-interpolation operators in a
unified way. This construction is done in two steps and consists of composing an elementwise projection onto
the broken finite element space with a smoothing operator based on the averaging of the degrees of freedom
on the broken space. We also refer the reader to Ciarlet [13] for similar estimates for the Scott-Zhang
quasi-interpolation operator in the context of scalar-valued finite elements and rp > 1.

Remark 5 (Edge elements). To put the above results in perspective with the literature, let us observe
that the canonical interpolation operator for edge elements is only stable in H*®(D) for s > 1. Using
the techniques in Amrouche et al. [1], one can show that this operator is also stable in the space {v €
H*(D) | Vxv € LP(D)} with s > 1 and p > 2, see, e.g., Boffi and Gastaldi [5]. In contrast with these
results, Theorem 3, states that v can be a member of H?(D) with s arbitrarily close to zero. Let us also
observe that the best-approximation result from Theorem 4 can be used with functions that are not smooth
enough to have a well-defined trace at the boundary and that these functions are approximated by finite

element functions that do satisfy a boundary condition. O



3 Maxwell’s equations

In this section we recall standard facts about the Maxwell equations that will be used later in the paper.
For an introduction to the subject, the reader is referred to Bossavit [7, Chap. 1] or Monk [23, Chap. 1].

3.1 The model problem

Maxwell’s equations consist of a set of partial differential equations giving a macroscopic description of
electromagnetic phenomena. More precisely, these equations describe how the electric field, E, the magnetic
field H, the electric displacement field, D, and the magnetic induction (sometimes called magnetic flux
density), B, interact through the action of currents, j, and charges, p:

D —VxH =—j (Ampere’s law), (21a)
OB+ VxE =0 (Faraday’s law of induction), (21b)
V-D=p (Gauss’ law for electricity), (21¢)
V-B =0 (Gauss’ law for magnetism). (21d)

Note that (21c)-(21d) can be viewed as constraints on the time-evolution problem (21a)-(21b). If (V-B)—o =
0, then taking the divergence of (21b) implies that (21d) holds at all times. Similarly, assuming that
(V-D)j4—o = pj¢t=o and that the charge conservation equation d;p + V-j = 0 holds at all times implies that
(21c) holds at all times.

The system (21) is closed by relating the fields through constitutive laws describing microscopic mecha-
nisms of polarization and magnetization:

D—-sE=P, B =pu(H+ M), (22)

where g¢ and g are the electric permittivity and the magnetic permeability of vacuum; the fields P and M
are the polarization and the magnetization, respectively. These quantities are the average representatives
at macroscopic scale of complicated microscopic interactions, i.e., they need to be modeled and measured.
For instance, P = 0 and M = 0 in vacuum, and it is common to use P = ¢pe, E and M = u, H to model
isotropic homogeneous dielectric and magnetic materials, where ¢, is the electric susceptibility and p,. is the
magnetic susceptibility. The current and charge density, 7 and p, are a priori given, but it is also possible to
make these quantities depend on the other fields through phenomenological mechanisms. For instance, it is
possible to further decompose the current into one component that depends on the material and another one
that is a source; the simplest model doing that is Ohm’s law: 3 = js + o E; o is the electrical conductivity
and js is an imposed current.

We now formulate Maxwell’s equations in two different regimes: the harmonic regime, leading to the
Helmholtz problem, and the eddy current limit. We henceforth assume that

D=¢E and B =_puH, (23)

where € and p may be space-dependent.

3.2 The Helmholtz problem
2 _ _

We first consider Maxwell’s equations in the harmonic regime. Using the convention i* = —1, the time-
dependence is assumed to be of the type e™! where w is the angular frequency. Letting (0Dg4,9D,) be a
partition of the boundary 9D of D, the time-harmonic version of (21a)-(21b) is

iweE +0FE — VxH = —js, in D, (24a)
iwpH + VxE =0, in D, (24b)
Hyp,xn =aq, Ejpp,xn =a,, ondD. (24¢)

The dependent variables are the electric field, E, and the magnetic field, H. The data are the conductivity,
o, the permittivity, €, the permeability, u, the current, j5, and the boundary data aq and a,. The material
coefficients € and p are allowed to be complex-valued. The system (24) models, for instance, a microwave



oven; see e.g., [7, Chap. 9]. The conditions H|sp,xn = 0 and E|yp, xn = 0 are usually called perfect
conductor and perfect magnetic conductor boundary conditions, respectively.

Let us assume that the modulus of the magnetic permeability i is bounded away from zero uniformly
in D. It is then possible to eliminate H by using H = i(wu) !V x E, and the resulting system takes the
following form:

—W € + wWo E + X IJ/ XE - _'LLUJS a.e. 5
2 V 1V 5 1n D 2:;3
C XE oD XN = _Zwlu/ﬂd, EaD Xn = (ln, a.e. on ()1) 2:“)
| d ‘ n

If 0 = 0, this problem leads to two different situations depending on whether w is a resonance frequency
of the domain D or not. If it is the case, the above problem is an eigenvalue problem, otherwise it is a
boundary-value problem.

3.3 Eddy current problem

When the time scale of interest, say 7, is such that the ratio €/(70) is very small, ie., €/(10) < 1, it
is legitimate to neglect the so-called displacement current density (i.e., Maxwell’s correction, 8; D). This
situation occurs in particular in systems with moving parts (either solid or fluids) with a characteristic speed
that is significantly slower than the speed of light. Assuming again that (0Dq,0D,,) forms a partition of
the boundary dD of D, the resulting system takes the following form:

oE - VxH = —j,, in D, (26a)
O(nH)+ VxE =0, in D, (26Db)
Hpp,xn =aq, Epp,xn=a,, ondD, (26¢)

The system (26) arises in magneto-hydrodynamics (MHD); in this case, js is further decomposed into
Js = i + ouxB where u is the velocity of the fluid occupying the domain D, i.e., the actual current is
decomposed into j = j. + o(E + uxB).

Let us assume that the conductivity o is bounded uniformly from below in the domain D by a positive
constant opi,. It is then possible to eliminate the electric field from (26) by using E = o= 1(VxH — j,).
The new system to be solved is re-written as follows:

O(uH) +Vx (67 'VxH) = Vx(o 15y, in D, (27a)
Hyp,xn = aq, (U’IVXH)mann:cn, on 0D, (27Db)

where ¢, = a, + ofljs‘aDn xn. At this point, it is possible to further simplify the problem by assuming
that either the time evolution is harmonic, H (z,t) = Hg,(x)e'™?, or the time derivative is approximated as
follows 0, H (x,t) ~ (At) ' (H(z,t) — H(x,t — At)), where At is the time step of the time discretization.
The above system then reduces to solving the following problem:

LH +Vx(c7'VxH) = f, in D, (28a)
Hjpp,xn = aq, (0_1V><H)|3Dn><n:c]m on 9D, (28b)

after appropriately renaming the dependent variable and the data, say either i := iwp and f = Vx (o7 15,),
or fi := pu(At)~! and f := Vx (07 15s) + pH (z,t — At), etc.; note that V-f = 0 in both cases.

3.4 Abstract problem

The Helmholtz problem and the eddy current problem have a very similar structure. For simplicity, we
restrict the scope to Dirichlet boundary conditions; the techniques presented below can be adapted to handle
Neumann boundary conditions. After lifting the Dirichlet boundary condition and making appropriate
changes of notation, the above two problems (25) and (28) can be reformulated in the following common
form: Find A such that

BA+ Vx(kVXxA) = f, Ajppxn = 0. (29)

We henceforth assume that f € L?(D)and that V-f = 0. Note that, by taking the divergence of the PDE
in (29), this property implies that
V-(zA) =0. (30)



This additional condition on A plays a key role in §4 and in §5. Concerning the material properties z and
Kk, we make three assumptions: (i) Boundedness: [,k € L*°(D;C) and we set iy = esssup,cp |fi(x)| and
Ky = esssUp,cp |k(x)|; (ii) Rotated positivity: there are real numbers 6, p1, > 0, and x, > 0 so that

0~ > s i0 S
esmbeglf%(e u(x)) >, and eswseglf%(e k(x)) > Ky (31)

We define the heterogeneity ratios juy,, := % and kg, == z—g We also define the magnetic Reynolds number

Vi = ,uﬁéQD/ﬁﬁ_ 1 (Obviously, if the material is highly contrasted, several magnetic Reynolds numbers can
be defined.) (iii) Piecewise smoothness: there is a partition of D into M disjoint Lipschitz subdomains
Dy,---, Dy so that fijp, € Wh*°(D;) and k|p, € Wh*(D;) for all 1 < i < M.

Remark 6 (Assumption (31)). This assumption holds, e.g., if the coefficient # is real and if 1 = p,e'%s
with essinfpcp pu(x) = p, > 0 and 0,(x) € [Omin, Omax] C (—7,7) a.e. in D; indeed, one can take § =
%(ﬂmin + Omax), p = cos(%(@max — Omin))py, and K, = cos(%(@max — Omin)) essinfzep k(x). For instance,
this is the case for the Helmholtz problem (where i = —w?e + iwo and x = p~1) and for the eddy current
problem (where i := iwp or i := u(At)~! and kK = 0~1). The condition (31) does not hold when the two
complex numbers [z and x are collinear and point in opposite directions; in this case, (29) is an eigenvalue

problem. U

3.5 Basic weak formulation and approximation

We recall in this section standard approximation results for (29) that solely rely on a coercivity argument.
More subtle arguments are invoked in §4 and in §5; in particular, we do not use here that V-f = 0.

A weak formulation of (29) is obtained by multiplying the equation by the complex conjugate of a
smooth test function b with zero tangential component, integrating the result over D, and integrating by
parts:

/ (LAb + KV X A-Vxb)dz = / f-bdz.
D D

The integral on the left-hand side makes sense if A,b € H(curl; D). We introduce the following closed
subspace of H (curl; D) to account for the boundary conditions:

Vo := Hy(curl; D) = {b € H(curl; D) | v°(b) = 0}. (32)

The weak formulation of (29) is the following:

Find A € V; such that (33)
azx(A,b) = {(b), Vb€V,
where the bilinear form az .. and the linear form ¢ are defined as follows:
ag.r(a,b) = / (fia-b + KV xa-Vxb)dz, (34a)
D
0(b) = / £bda. (34b)
D

Theorem 7 (Well-posedness). Assume f € L%*(D), fi,k € L>®(D;C), and that (31) holds. Then the
sesquilinear form ag . is coercive:

%(eieaﬁﬁ(bﬂ b)) Z min(ub, 62)2"%) ||b||%-I(cur1;D)’ (35)
for all b € H(curl; D), and the problem (33) is well-posed.

Proof. We apply the complex version of the Lax—Milgram Lemma. The coercivity follows from (31), and
the boundedness of aj ,, and ¢ are consequences of 1, k € L>(D;C) and f € L*(D). O

Let us now briefly recall elementary approximation results solely based on the coercivity of the bilin-
ear form aj .. We consider a shape-regular sequence of affine meshes (75)n>0 of D and the associated



approximation setting introduced in §2.3-§2.4. In the rest of the paper, k is the largest integer such that
Py 3 C P°N P4, The finite element space we are going to work with is then defined by

Vio = By (Th) = {br € P*(Th) | buxnjop = 0}. (36)

Observe that the Dirichlet boundary condition is strongly enforced. The discrete counterpart of (33) is
formulated as follows:

{ Find Ay € Vg such that (37)

aﬁ,N(Ahvbh) = ﬁ(bh), Vb, € V.

Theorem 7 together with the Lax—Milgram Lemma and the conformity property Vi, C V; implies that (37)
has a unique solution.

Theorem 8 (Error estimate). Under the assumptions of Theorem 7, the following holds true:

[72
max(ug, bp k) A = bnl f curt: ) - 3%)

A-A D) <
H h”H(curl,D) = Inin(,ub,ngﬁb) brEVho

Moreover, assuming that there is r € (0,k+ 1] so that A € H" (D) and VxA € H"(D), the following error
estimate holds true:

|A — AnllH(cur; D) < ch"(|A|gr (D) + €|V XAl (D)), (39)

—2
where the constant c is uniform w.r.t. h and proportional to %{%W
min (g, 05" Ky )
Proof. The sesquilinear form ag , is bounded on Vy x Vj with
‘a’ﬁ,l‘i(a7 b)' < max(/’bmEgzliﬁ)HaHH(curl;D) ||bHH(Curl:,D)a (4())

and it is coercive on Vg with coercivity constant min(gu,, 452/%). Hence, using the abstract error estimate
from Xu and Zikatanov [29, Thm. 2], we obtain to (38). The second inequality (39) is a consequence of
Theorem 2 together with the estimates of the best approximation error in Theorem 3 and Theorem 4. More
precisely, we estimate from above the infimum in (38) by taking by = J,(A) € Vio. Using the notation
from §2.3-§2.4, we have V3o = P§(T5) and

A = Tio (Al (curt; D) = 1A = Tio(A)llL2(py + €plIV X (A = Tio(A))llL2(p)
= | A = T5o(A)ll2(p) + o[ VXA = Tio(Vx A)||2(p)
< cbheiPIECf(ﬁL) A — bh||L2(D) +dlp dheil%lf(ﬁ) IVxA — dh||L2(D)
< ch"(|A|grpy +{p|VxAlgr(D))-
This completes the proof. O

Finally, let us see whether an improved estimate on || A—Ap||2(p) can be obtained by the Aubin-Nitsche
duality argument. It is at this point that we realize that the approach we have taken so far is too simplistic.
To better understand the problem, let us recall a fundamental result that relates the Aubin—Nitsche Lemma
to the compactness of the embedding V < L where L is the pivot space.

Theorem 9 (Aubin—Nitsche=compactness). Let V — L be two Hilbert spaces with continuous embedding.
Let a : VXV — C be a continuous and coercive sesquilinear from. Let (Vi)p>o be a sequence of conforming
finite-dimensional approrimation spaces. Let Gy, : V. — Vi, C L be the discrete solution map defined by

a(Gpv —v,vp) = 0 for all vy, € Vi,. Then, limy_yq (supvev\vh M) = 0 iff the embedding V — L 1is
compact.

Proof. See Sayas [25, Thm. 1.1]. O

Let us illustrate this result in the present setting. We have Vy = Hy(curl; D) and L = L?(D), and
Theorem 9 tells us that the Aubin-Nitsche argument provides an extra rate of convergence in the L2-
norm if and only if the embedding Hy(curl; D) < L?(D) is compact, which is false. The conclusion of this
argumentation is that we should try to find a space smaller than Hy(curl; D) where A lives and that embeds

compactly into L?(D). We are going to see in the Sections 4 and 5 that a good candidate is essentially
Hy(curl; D) N H(div; D).



3.6 Regularity pickup

We now recall some key regularity results related to the curl operator and we use them to infer some
regularity pickup in the scale of Sobolev spaces for A and Vx A where A is the unique solution to (29).
Recall that Vi = Hy(curl; D) and consider the subspace X := {b € Vi | V-(ub) = 0}. Setting

My = Hy(D), (41)
a distribution argument shows that we can equivalently define X5 by
Xog ={be Vo | (ab,Vm)r2(py =0, ¥m € My}, (42)
where (-,-)r2(py denotes the inner product in L?(D). Let us also set
M. :={q € H'(D)| (¢, 1)r2(p) = 0}, (43)
and define the following subspace:
X1 ={b€ H(cuwrl; D) | (k7 'b,Vm)2(py = 0, Vm € M.}. (44)

Lemma 10 (Regularity pickup). Let D be an open, bounded, and connected Lipschitz subset in R3. (i)
Assume that the boundary 0D is connected and that 1 is piecewise smooth as specified in §3.4. Then there
exist s > 0 and Cp > 0 (depending on D and the heterogeneity ratio pyy, but not on y, alone) such that

Cplp' |1blles(py < IVXbllL2py, Vb€ Xop. (45)

(ii) Assume that D is simply connected and that k is piecewise smooth as specified in §3.4. Then there exist
s >0 and Cp, > 0 (depending on D and the heterogeneity ratio kys, but not on k, alone) such that

Cplp' bl g (py < IVxbllL2(py, Vb€ X, (46)

The above inequalities, proved in Jochmann [20] and Bonito et al. [6], generalize the classical results
due to Birman and Solomyak [3, Thm. 3.1] and Costabel [14, Thm. 2]. The latter require that the material
properties be either constant or smooth and deliver a regularity pickup index s = %; one even has s € (%, 1]
if D is a Lipschitz polyhedron (see Amrouche et al. [1, Prop. 3.7]) and s = 1 if D is convex (see Amrouche
et al. [1, Thm. 2.17]).

Let us now examine the consequences of Lemma 10 on the Sobolev regularity of A and Vx A where A
is the unique solution to (29). Recalling (30), we infer that A is actually a member of X;. Owing to (45),
we infer that there is s > 0 so that

A€ H°(D). (47)

Furthermore, the field R := kVxA is in X, -1, so that we deduce from (46) that there is s’ > 0 so that
R c HY (D). In addition, the material property x being piecewise smooth, we infer that the following
multiplier property holds (see Jochmann [20, Lem. 2] and Bonito et al. [6, Prop. 2.1]): There exists 7 > 0
and C,.-1 such that

|k~ €l g (py < Cr1l€l - (D) Ve€ e H™ (D), V7' €[0,1]. (48)
Letting s” := min(s’,7) > 0, we conclude that

VxA e H*' (D). (49)

4 Coercivity revisited

To cope with the loss of coercivity of the sesquilinear form ag ,, : Vo x Vi — C when the lower bound on g
becomes very small, we derive in this section a sharper coercivity property in a proper subspace of Vpg. The
loss of coercivity occurs in the following situations: (i) In the low frequency limit (w — 0) when @ = iwu, as
in the eddy current problem; (ii) If x € R and ¢ < we when i = —w?e + iwo, as in the Helmholtz problem.
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4.1 Continuous Poincaré—Steklov inequality

Recall the subspace Xo; of Vo = Hy(curl; D) defined in (42).

Lemma 11 (Helmholtz decomposition). The following decomposition holds and is orthogonal w.r.t the
inner product [, vw R(e 1) du:

€L
Vo= Xolj ® VM. (50)

Proof. Let b € Vj and let p € My be the unique solution to the following problem: [ p AVp-Vgdr =
/ p rb-Vadz for all ¢ € My. The assumptions on g indeed imply that there is a unique solution to this
problem. Then we set v = b — Vp and observe that v € Xy owing to (42). Moreover, it follows from (42)
that Xz and VM are indeed orthogonal (multiply (ziv, Vp)rz2(py by ¢’ and take the real part); hence the
sum is direct. O

Lemma 12 (Poincaré-Steklov). Assume that the boundary 0D is connected and that [ is piecewise smooth
as specified in §3.4. Then the following Poincaré—Steklov inequality holds:

Cp,olp bllL2(py < IVxblr2py, Vb € Xop, (51)
where C’P,D can depend on D and the heterogeneity ratio g, but not on p, alone.

Proof. This is a direct consequence of (45). O

The bound (51) is the coercivity property that we need. Indeed, (51) implies the following series of
inequalities for all b € Xoz:

R(eazn(b,)) = 15[|blI 22y + 8[|V XN T2y = 5|V x| 72 )

v

1 ~ _
§Hb(||v><bH2L2(D) + CPQ’,DEDQHI)”%;?(D))

1, . y
iK’bEDQmln(lvC%,D)HbHQH(curl;D)' (52)

\%

This shows that the bilinear form ay . is coercive on Xz with a parameter depending on the heterogeneity
ratio p4/, but not on p, alone (whereas the coercivity parameter on Vj is min (s, £5°k,), see (35)).

4.2 Discrete Poincaré—Steklov inequality

We show in this section that the ideas of §4.1 can be reproduced at the discrete level when working with
H (curl)-conforming finite elements. We consider again the discrete problem (37).

Our first step is to achieve a discrete counterpart of (50) in order to weakly control the divergence of
the discrete vector fields in Vj,o. Let us introduce the H}-conforming space

My := P§(Th) = {an € Hy (D) | ¢ (qixc) € P5, VK € Tp}. (53)

Note that the commutative diagram (12) implies that VMo C V. i.e., the polynomial degrees of the
approximations in My and Vjo are compatible. In practice, the polynomial degree of the reference finite
element (K, P8, X8)is (k+1).

Since it is not reasonable to consider the space {by, € Vi, | V-(1iby,) = 0} because the normal component
of by, may jump across the mesh interfaces, we are going to consider instead the space

Xnhop = {bn € Vio | (8bn, Vmy)p2(py = 0, Vmy, € Mpo}. (54)
The subtlety here is that X0z is not a subspace of Xqy, i.e., the approximation setting is nonconforming.

Lemma 13 (Discrete Helmholtz decomposition). The following holds true:

1
Vio = Xnog @ VMo (55)

and the decomposition is orthogonal w.r.t the inner product fD vwR(e ) dx.
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Proof. This is a direct consequence of VMg C Vyg. O
Lemma 14 (Discrete solution). Let Ay € Vio be the unique solution to (37). Then, Ay € Xpop-

Proof. We must show that fD 1AR-Vmp dz = 0 for all my, € M. Since Vmy, € VMg C Vi, Vmy, is an
admissible test function in (37). Recalling that V-f = 0, we infer that 0 = £(Vmy,) = ag .(An, Vmp) =
fD 1AL Vmy, do since Vx(Vmy) = 0. This completes the proof. O

We now establish a discrete counterpart to the Poincaré-Steklov inequality (51). This result is not
straightforward since Xjo5 is not a subspace of Xoz. The key tools that we are going to invoke are the
commuting quasi-interpolation projectors from Theorem 2.

Theorem 15 (Discrete Poipcaréfsteklov). Under the assumptions of Lemma 12, there is a uniform constant
Cp,1, > 0 (depending on Cp p, the polynomial degree k, the shape-reqularity of Tp, and the heterogeneity
ratio iy, but not on y, alone) such that

C’pj‘thlH.’Bh”L%D) < ”VxthLQ(D)a Va,; € Xhoﬁ- (56)

Proof. Let &, € Xj05 be a nonzero discrete field. Let ¢(x;,) € My = H} (D) be the solution to the following
well-posed Poisson problem:

(/jv¢(:l:h)7 Vm)L2(D) = (ﬁw;“ Vm)Lz(D), VYm € M.

Let us define §(xp) := ), — V(). This definition implies that &(x;) € Xoz. Upon invoking the
quasi-interpolation operators [}, and j;bio introduced in Theorem 2 , we now observe that

wn — Tho(§(@n)) = Tio(wn — §(@n)) = Tio(V(d(xn))) = V(T (6(xn))), (57)

where we have used that J,(xn) = x5 and the commuting properties of the operators J,f’b and J5,. Since
xp € Xpop, we infer that (pay, V(j;%()(ﬁﬁ(a:h))))L?(D) =0, so that

(1xh, xh) 2Dy = (HEh, T — Tho(€(xh)))L2(p) + (Bn, Tho(€(xh)))L2(D)
= (ﬁxh,jﬁo(ﬁ(wh)))mw).

Multiplying by e, taking the real part, and using the Cauchy-Schwarz inequality, we infer that
wollenllzep) < pellenllLz (o) | T5o (€(@n)) || L2 (o)
The uniform boundedness of J, on L?(D) together with the Poincaré-Steklov inequality (51) implies that
150 (€@ 22y < I Tiolleerzn 1€@n)lz2 ) < I T5olleczrszn Cr pollV > @nl L2 (p),
so that (56) holds with Cp 7, = g || 750 | 2 (po: ey C.0- O

Remark 16 (Alternative proofs). There are many ways to prove the discrete Poincaré-Steklov inequality
(56). Onme route described in Hiptmair [19, §4.2] hinges on (subtle) regularity estimates from Amrouche
et al. [1, Lemma 4.7]. Another one, which avoids invoking regularity estimates, is based on the so-called
discrete compactness argument of Kikuchi [21] and further developed by Monk and Demkowicz [24] and
Caorsi et al. [9]. The proof based on the discrete compactness argument is not constructive but relies instead
on an argument by contradiction. The technique used in the proof of Theorem 15, inspired from Arnold
et al. [2, Thm 3.6], relies on the existence of the stable commuting quasi-interpolation projectors J° and
JSo- It was observed in Boffi [4] that the existence of commuting quasi-interpolation operators within the
discrete de Rham complex would imply the discrete compactness property. O
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4.3 Error analysis in the H(curl)-norm

We are now in a position to revisit the error analysis of §3.5. Let us first show that X}z has the same
approximation properties as V0 in Xojz.

Lemma 17 (Approximation in Xjoz). The following holds true:

inf [|A—xullHEewsp) < cpyp inf A= bil|Hewrp), YA€ Xop, (58)
brEVio

ThE€Xnon
where the constant c is uniform w.r.t. h and to the model parameters.

Proof. Let pp, € My be the unique solution to the following discrete Poisson problem: (#Vpp, Van)r2(py =
(1T5o(A), Van) L2 (p) for all g, € M. Let us define yp, = J;5y(A) — Vpp,. By construction, y, € X0z and
Vxyn = VxJ5(A). Hence, [|[Vx(A—=yn)|2(p) = [|VX(A—=T,(A))| L2(p). Moreover, since V-(zA) = 0,
we infer that

(11Vph, Von) L2 (py = (150 (A), Vpr) 20y = (1(Tpo(A) — A), V) L2 (D).
which in turn implies that ||Vpullp2(p)y < pgp | T5o(A) — AllL2(p). The above argument shows that
A = ynllz2(p) < 1A = Tio(A)llL2(p) + 1T50(A) = ynllz2(p)
< A= Tio(A)llL2p) + IVPrllL2 ()
< (4 pep)|A = Tro(A)l L2 ()
In conclusion, we have proved that

Zhérghoﬁ HA - mh”H(curl;D) < ||A - thH(0url;D)

< (1 + pyp) | A = Tio (A E(cur; D)
Upon invoking (16) and the commutative diagrams (18), we infer that
A - JffO(A)H%i(curl;D) =A- Jffo(A)H%z(D) +{p[|[Vx(A - Jffo(A))HQL?(D)
=[lA- j}fo(A)HQB(D) + (B[ VXA - j}?o(VXA)||2L2(D)

<c inf )”A_bh”%,?(D) +C’€2Dd inf )HVXA—dh”%Q(D)

br€PS5(Th nEP (T

<c inf ||A_bh||%2(D) +C’£2Db i
h

inf V(A — by)|? ,
= bLeP§(Th) ePg(Th)” ( n)z2(p)

where the last bound follows by restricting the minimization set to P§(7y) since VxPE(Ty,) € P(Tr). The
conclusion follows readily. O

Theorem 18 (Error estimate). Assume that the boundary 0D is connected and that [i is piecewise smooth
as specified in §3.4. Then the following error estimate holds true:

HA - Ah”H(curl;D) <c max(]-v’yﬁ,m) nf ||A - bh”H(curl;D)» (59)
brn€Vho

where the constant ¢ is uniform w.r.t. h and can depend on the discrete Poincaré—Steklov constant CP’Th
and the heterogeneity ratios py s, and kyp,, and where vz o = uﬁf%nﬁ*l 1s the magnetic Reynolds number.

Proof. Owing to Lemma 14, Ay, solves the following problem: Find Aj € X0z such that ag .(An, zn) =
U(zxp), for all ), € Xjop. Using the discrete Poincaré-Steklov inequality (56) and proceeding as in (52), we
infer that

i Lo o . 2
§R(6 eaﬁvfﬁ(whvwh)) > §Hb£D2 mln(lvCl%,Th,)Hwh”%{(curI;D)’

for all x, € Xp,05. Hence, the above problem is well-posed. Recalling the boundedness property (40) of the
sesquilinear form ajy .. and invoking the abstract error estimate from [29, Thm. 2] leads to

2 max(uy, (5 fig)

inf ||A - mh||H(cur1;D)~

A—A D) < >
|| h“H(Curl;D) = ’%éBQ min(l’O%,Th) zn€Xnon

We conclude the proof by invoking Lemma 17. O

13



Remark 19 (Neuman boundary condition). The analysis from §4.3 can be adapted to account for the
Neumann boundary condition (kVxA)spxn = 0. This condition implies that (Vx(kVxA))gp-n = 0.
Moreover, assuming that f-n|gp = 0, and taking the normal component of the equation 1A+Vx(kVxA) =
f at the boundary gives A-njgp = 0. Since V-f = 0, we also have that V-(jzA) = 0. Using a distribution
argument shows that A € X,z where X,; := {b € H(curl; D) | (b, Vim)g2(py = 0, Vm € M.} and M,
is defined in (43). The discrete spaces that must be used are now V;, = P°(T;,) and M. = P&(T,) N M,.
Using V;, for the discrete trial and test spaces in the weak formulation, one then deduces that

Ay € Xh*ﬁ = {bh eV, | (ﬁbh,th)Lz(D) =0, Vmy, € Mh*}. (60)

The Poincaré-Steklov inequality (56) still holds if the assumption that 9D is connected is replaced by the
assumption that D is simply connected. The error analysis from Theorem 18 can be readily adapted. [

5 The duality argument for edge elements

Our goal in this section is to estimate (A — Ay) in the L?-norm using a duality argument that invokes a
weak control on the divergence. The subtlety is that, as already mentioned, the setting is nonconforming
since X0z is not a subspace of Xoz. Recalling Theorem 9, the compactness in the functional setting will
result from Lemma 10 and the compact embedding H*(D) < L?(D), s > 0. In this section, we are going
to use both inequalities (45) and (46) from Lemma 10; therefore, we assume that the boundary 9D is
connected and that D is simply connected, and that both g and k are piecewise smooth. Recalling the
results of §3.6 with regularity indices s,s’ > 0 and the index 7 > 0 from the multiplier property (48) and
letting s” = min(s’, 7), we have A € H*(D) and VxA € H* (D) with s,s” > 0. In what follows, we set

o := min(s, s”). (61)

Recall the magnetic Reynolds number vz , = ,uﬁé%/iﬁ_l and let us set ¥, = max(1, vz ,)-

Let us first start with an approximation result on the curl-preserving lifting operator § : X0y — Xog
defined in the proof of Theorem 15. Recall that, for all &, € Xpop, the field £(xn) € Xopn is such
&(xy) =z, — V() with ¢(xzy,) € Hi (D); hence Vx&(xp,) = Vxay,.

Lemma 20 (Curl-preserving lifting). Let s > 0 be the index of reqularity pickup introduced in (45). Then,
the following holds true:

1€ (xn) — wh”LZ(D) < ChSK};SHVX(BhuLz(D), Ve, € Xhop, (62)
where the constant ¢ is uniform w.r.t. h and can depend on the constant Cp from (45) and the heterogeneity
Tatio fig /.

Proof. Let us set ej, := &(xn) —xp. We have seen in the proof of Theorem 15 that J,5(§(xr)) —xn € VMo,
see (57). This, in turn, implies that (fep, J55,(&(xn)) — Tn)r2(p) = 0 since &(xr) € Xom, Mno C Mo, and
xp, € Xpop- Since e, = (I — T5,)(&(xn)) + (T (&(xn)) — xn), we infer that

(11en; en)r2(py = (fren, (I — Tno)(&(xn))) L2 (D)

thereby implying that [lex||L2(p) < pgpll(I — Tio)(€(®n))|[L2(p). Using the approximation properties of
Tro vields
lenllz2(py < cpigpph®|€(@n) 2 (D),

and we conclude using the bound |&(s)| e+ (p) < Cply *||Vx@h | p2(p)y which follows from (45). O

Lemma 21 (Adjoint solution). Let y € Xz and let ¢ € Xop be the (unique) solution to the (adjoint)
~ L1~
problem i + Vx(kVx() = p, ~p1y. Then,

Clae o) < ey Yantn YlL2 o), (63a)
IVxClaep) < epy " Vasdanln' " Yl o), (63b)

where the constant c is uniform w.r.t. h and can depend on the constants Cp p from (51), Cp, C', from (45)-
(46), and the heterogeneity ratios puy sy, Ky sy, K3Ch1.
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Proof. Testing the adjoint problem against ¢, we observe that r,||Vx¢|[3. (p) < wspllYll 2 ()€l L2 (py, s0
that using the Poincaré-Steklov inequality (51) to bound ||¢|[z2(p) by HV><C’||L2(D)7 we infer that

IVx¢llz2 oy < &, g Cr b lollyllzp)- (64)
Invoking (45) with o < s yields

[Clae(0) < Cpl IV XClLe () < & s Crp' Co il 7 lyll L2 ()

which proves (63a) since x, (%, = ﬁﬁ/b,uﬁ*lvﬁ,,ﬁ. Let us now prove (63b). Invoking (46) with o < s’ for
b = kV x(, which is a member of X, -1, we infer that

Chln bl g (p) < IV XxbllL2(py = VX (6VXE)llL2() < g lYllz2 o) + 1l llL2 oy,

by definition of the adjoint solution ¢ and the triangle inequality. Invoking again the Poincaré-Steklov
inequality (51) to bound |[¢|[z2(p) by ||V x(||z2(p) and using (64) yields

1¢lz2o) < 55 s C H 00 1l L2 ()

As a result, we obtain

Cplp 7 1bl ey < (14 e, Co o0 [yll L2 ()

and we can conclude the proof of (63b) since |V x(|go(py < Cpr-1|b|go(p) owing to the multiplier prop-
erty (48) and o < 7. O

We can now state the main result of this section.

Theorem 22 (Improved L2-error estimate). The following holds true:

A= Anllze <c inf (A —vnl2 + V. wh 057 1A = vl Er(cum), (65)

where the constant c is uniform w.r.t. h and can depend on the constants Cp p from (51), Cp, C4, from (45)-
(46), and the heterogeneity ratios puy,, Ky sy, K3Ch1.

Proof. In this proof, we use the symbol ¢ to denote a generic positive constant that can have the same
parametric dependencies as in the above statement. Let v, € X and let us set xj, := Aj, — vy,; observe
that x), € Xpo5. Let ¢ € X be the solution to the adjoint problem i + Vx (kVx() = ub_lﬁé'(ash), where
&(xp,) is the curl-preserving lifting operator.

(1) Let us first estimate [|€(xp)|z2(p)y from above. Recalling that &(zn) — zn = —V¢(z) and that
(n&(xn), &(xn) — xn)r2(py = —(B&(xn), Vé(xn))r2(py = 0, we infer that ag .(§(xn) — xn,¢) = 0. This
in turn implies that

(n&(xn), &(xn))L2(p) = (1€(xn), Tn)r2(D
= (n&(xzn), A — Uh)Lz( + (1€(xn), Ap — A) 2Dy
= (n&(xn), A — Uh)L2(D) + waz < (An — A, C)
= (u&(xn), A — vp)L2(p) + yam s (An — A, ¢ — To(€)),

where we have used Galerkin’s orthogonality to pass from the third to the fourth line. Since we have
lag,«(a,b)| < kel ¥z k]l @l (curt; ) |1Bl| E (curt:py by the Cauchy-Schwarz inequality, we infer from the com-
mutation and approximation results from Theorem 2 and Theorem 4 that

1€@n)lIZ2(py < pzolA = vnllL2 o) ll€(®n) |22 ()
+ e kgl 52 A h? | A — Al mr(eunt: ) ([CE= (D) + £0|V X £10 (D))

Invoking the bounds from Lemma 21 on the adjoint solution with y = &(x}), we conclude that

1€(@n) 2Dy < pgpollA = vnllL2(p) + €42 7L A = AnllH(cunD)-
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(2) The triangle inequality implies that

|A = ApllLz < [|A—=vnllL2p) + §(xn) — ZallL2(p) + [1€(20)[ L2(D)-

We use Lemma 20 to bound the second term on the right-hand side as follows:

1€(xn) — @nllL2(py < ch™lh 7|V Xy L2(p)
< ch7l5 7 (|VX(A —vp)|lL2py + VX (A — Ap)|lL2(p)),

and we use (59) to observe that ||[A — Ap| g(cur;p) < iiwllA — Vn||H(cwrt;py- For the third term on the
right-hand side, we use the bound on [|§(x,)||z2(p) estimated above in Step (1). We conclude by taking the
infimum over v;, € X0y, and we use Lemma 17 to extend the infimum over V. O

Remark 23 (Literature). The idea of the construction of the curl-preserving lifting operator invoked in
the proof of Theorem 15 and Theorem 22 is rooted in Monk [22, p. 249-250]. The statement in Lemma 20 is
similar to that in Monk [23, Lem 7.6], but the proof we give is greatly simplified by our using the commuting
quasi-interpolation operators from Theorem 2. The statement of Theorem 22 is similar to that of Zhong
et al. [30, Thm. 4.1], but again the proof that we propose is simplified by our using the commuting quasi-
interpolation operators; moreover, the setting presented in the present paper accounts for heterogeneous
coefficients since it holds true for any pickup regularity index o smaller than % O
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