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Highlights

e A new a posteriori error estimator for H(curl) interface problem is analyzed.
o First Clement-type Nédélec quasi-interpolation is built with a robust estimate.
e Zienkiewicz—Zhu-type averaging is robust if the recovery space is chosen correctly.

Abstract

This paper introduces a new recovery-based a posteriori error estimator for the lowest order Nédélec finite element approx-
imation to the H(curl) interface problem. The error estimator is analyzed by establishing both the reliability and the efficiency
bounds and is supported by numerical results. Under certain assumptions, it is proved that the reliability and efficiency constants
are independent of the jumps of the coefficients.
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1. Introduction

Let 2 C R3 be a bounded polyhedral domain with Lipschitz boundary. Let &2 = {Qj};’?:] be a partition of the
domain {2 with each subdomain {2; being polyhedron. The collection of interfaces (U;": 1 8Qj)\8(2 is denoted by

J. Assume that i and B are piecewise, positive constants with respect to the partition &2. We consider the following
H (curl) interface problem:

{VX(MIVXU)+ﬂu =f, in&, (1.1)

uxn =g, onadfl,
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where n is the unit outward vector normal to the boundary of (2. This model problem originates from a stable marching
scheme of the second-order hyperbolic partial differential equation on the electric field intensity u that is resulted from
the Maxwell equations (e.g. see [1,2]). The u is the magnetic permeability, and the 8 ~ ﬁ + A% is related to the
dielectric constant € and conductivity o scaled by the time-marching step size Az. The boundary data g is “admissible”
in a sense that we will elaborate when introducing the finite element approximation (2.15). Throughout this article,
boldface letters stand for vector fields and spaces of vector fields, non-boldface letters stand for scalar functions and
spaces of scalar functions.

The variational formulation of problem (1.1) involves the Hilbert space H(curl), which is the collection of all
square integrable vector fields whose curl are also square integrable:

H(curl; 2) == {v € L>(2) : Vxv € L*(2))}. (1.2)

The right hand side data f depends on the original source current and on the electric field intensity at previous time
steps in the time-marching scheme. In almost all relevant literatures, f is assumed to be divergence free. In this paper,
we assume that f € H(div), where H(div) is the analog of the H(curl) space for the divergence operator:

H(div; 2) := {v e L*(2) : Vv € L>()}. (1.3)

For the finite element approximation to (1.1), Nédélec introduced the H(curl)-conforming edge elements in [3],
which preserves the continuity of the tangential components, and certain a priori error estimates can be established
(e.g. see [4]). However, the electromagnetic fields have limited regularities at reentrant corners and material interfaces
(see [5,6]). Hence the assumptions for a priori error estimates fail, and this is where adaptive mesh refinement
is introduced to perform local mesh refining process within the regions that have relatively large approximation
errors.

The a posteriori error estimation for the H(curl) problem in (1.1) with constant or continuous coefficients has
been studied recently by several researchers. Several types of a posteriori error estimators have been introduced and
analyzed. These include residual-based estimators and the corresponding convergence analysis (explicit [7—13], and
implicit [14]), equilibrated estimators [15], and recovery-based estimators [16]. It is interesting to note that there
are four types of errors in the explicit residual-based estimator (see [7]). Two of them are standard, i.e., the element
residual and the face jump associated with the original equation in (1.1). The other two are also the element residual
and the face jump, but associated with the divergence of the original equation: V-(Bu) = V-f.

The first known recovery-based estimator for H(curl) problem studied in [16] may be viewed as an extension
of the popular Zienkiewicz—Zhu (ZZ) error estimator [17] for the Poisson equation to the H(curl) problem with
constant coefficients. More specifically, two quantities related to the solution u and V x u are recovered based on
the current approximation of the solution in a richer recovery space. The recovery space in [16] is the continuous
piecewise polynomial space, and the recovery procedure is done through averaging on vertex patches. The resulting
Z7Z estimator consisting of two terms is shown to be equivalent to the face jumps across the element faces.

The purpose of this paper is to develop and analyze an efficient, reliable, and robust recovery-based a posteriori
error estimator for the finite element approximation to the H(curl) interface problem, i.e., problem (1.1) with
piecewise constant coefficients. Theoretically, the efficiency refers that the local error indicator is bounded above
by the local error, the reliability refers that the global error is bounded above by the global estimator. The
robustness refers that constants in the efficiency and the reliability bounds are independent of the jumps of the
coefficients.

The recovered-based estimator introduced in this paper may be viewed as an extension of our previous work
in [18,19] on the diffusion interface problem to the H(curl) interface problem, which partially resolve the non-
robustness of ZZ error estimator for interface problems. Specifically, we recover two quantities related to 1~ 'V x u
and Bu in the respective H(curl)- and H(div)-conforming finite element spaces (the lowest order Nédélec and
Brezzi-Douglas—Marini elements respectively). For discussions on which quantities to be recovered and in what
finite element spaces, see [18,19]. The resulting estimator measures the face jumps of the tangential components and
the normal component of the numerical approximations to ;1 ~'V xu and Bu, respectively. Our study indicates that
the element residual is no longer higher order than the rest terms in the estimator, the contrary of which is proved to
be the case in the diffusion problem [20]. As a result, the element residual using recovered quantities is part of our
proposed error estimator as well.
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Theoretically proving a robust reliability bound for the H(curl) interface problem is much harder than that for
the diffusion interface problem. This is because one needs to estimate the dual norm of the residual functional
over the H(curl) space. To overcome this difficulty, one needs to use a Helmholtz decomposition of the error
(e.g. see [7]). For the H(curl) interface problem, additional difficulty is that the decomposition has to be stable
under a coefficient weighted norm. To obtain such a decomposition is a non-trivial matter, for the discrete level, a
discrete weighted Helmholtz decomposition is studied together with its application and analysis for non-overlapping
domain decomposition method in [21]. Here for the continuous version, under certain assumptions, we are able to
accomplish this task through establishing a weighted identity relating gradient, curl, and divergence of a piecewisely
smooth vector field (see Lemma A.4), which is an extension to the technique used in [22]. The final decomposition
result in our paper is similar to the one in [23], with a slightly more general tool of the piecewise regularity result
from [6] being used to prove.

Another necessary tool for proving a robust reliability bound is a tweaked version of the Clément-type interpolation.
We are able to extend naturally from the idea in [24,25] for the vertex-based continuous Lagrange element to the
edge-based Nédélec element in three dimensions. Moreover, our quasi-monotone assumption on the distribution of
the coefficients is based on edges which is similar to that of [25] based on vertices in 2D, and our proof borrows the
idea from [24]. This is the first Nédélec interpolation known to achieve such a robust bound.

Moving onto the efficiency bound estimate, we prove the every part of the local recovery-based error estimator
can be bounded by the robustly weighted residual-based error estimator. For the local error indicator measuring the
irrotational part (gradient part) of the error, using the weighted averaging technique, the constant in the bounds is
independent of the coefficient jumps across the interface. For the local estimator measuring the jump of the numerical
approximation to 4~V xu (weak solenoidal or curl part of the error), the degrees of freedom of the corresponding
recovered quantity sits on the edge (lowest order Nédélec elements). Consequently, the averaging is performed on an
edge patch in 3D, and this resembles the averaging of Zienkiewicz—Zhu (ZZ) error estimator on vertex patch in 2D. Itis
known that, if the averaging is done in vertex patches that span across the interface, ZZ error estimator (even correctly
weighted) is not robust with respect to the ratio of the max/min of the coefficients on diffusion interface problem
(e.g. see [18]). Here for the H(curl) interface problem, under the assumption of the quasi-monotone distribution of
the coefficients again, we are able to prove that the ZZ type averaging, if carefully weighted, results a robust estimator
with respect to the coefficient jump. This is a first known result as well.

Numerically, we are able to show that the recovery-based estimator studied in this paper is more accurate than the
residual-based estimator in [7] for several test problems.

This paper is organized as follows. The variational formulation and the H(curl)-conforming finite element
approximation are introduced in Section 2. The explicit recovery procedures and the resulting a posteriori error
estimators are discussed in Section 3. In Section 4, the reliability and efficiency bounds are proved along with the
technical tools for analysis. The proofs of the bounds for the weighted Helmholtz decomposition is presented in
the appendix if certain conditions are met. Finally, some numerical results for the benchmark testing problems are
presented in Section 5.

2. Preliminaries
2.1. Notations

Hereby we list some formal definitions concerning problem (1.1). The function space for the variational problem
is:

Hg(curl; 2) .= {u € H(curl; {2) :uxn =g ondf?}, 2.1

equipped with the H(curl) norm

5 5 1/2
leelareurny = (1120, + 1V xulZs ) ) 2.2)

The bilinear form of the variational problem to (1.1) is:

A(u, v) :=/ (W 'Vxu-Vxv+Bu-v)dx, (2.3)
0
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and the coefficient-weighted norm related to this problem is:

lell® = Au, w). (2.4)

If a subscript is added for the weighted norm, it means the local weighted norm defined on an open subset O C {2:

leell?) :=/ (W 'Vxu-Vxu+Bu-udx. 2.5)
@
In addition to the standard H(div) space (1.3), we need the weighted version as well:

Hdive; 2) = {v e L*(2) : V-(av) € L*(2) in 2}. (2.6)

Let 7, = U{K} be a triangulation of {2 using tetrahedra elements. The sets of all the vertices, edges, and faces of
this triangulation are denoted by A},, £,, and Fy,, respectively. Denote the vertices, edges, and faces being subsets or
elements of a geometric object M by N} (M), &, (M), and F;, (M), where M can be an element from the objects in
the simplicial complex of the triangulation like a specified element K, or the whole boundary 9 {2, etc. For any vertex
z € Ny, let A, be the nodal basis function of continuous piecewise linear element associated with the vertex z.

A fixed unit normal vector nf is assigned to each face F, and a fixed unit tangential vector £, to each edge e. For
any scalar- or vector-valued function v, define [v]]r = v~ — v™ on an interior face F € JF, with a fixed unit normal
vector nr, where v¥ = lim,_, o+ v(x + enf). Define {v}r = (v + v7)/2 as the average on this face F. If F is a
boundary face, the function v is extended by zero outside the domain to compute [[v]  and {v} .

The following algebraic identity is handy later in proving identities involving interfaces for any scalar- or vector-
valued quantities a and b:

[abllF = {a}r [b]F + [allF{b}F. 2.7

Denote the diameter of an element K € 7, by hg and the diameter of a face F € Fj by hp. We assume that
the triangulation 7}, is shape regular (see [26]), and this assumption holds for any tetrahedron during the local mesh
refining process.

The following notations serve as the languages to describe the local element or face patches. They will be used
later in local weighted recovery procedure (Section 3), and in the proof of estimates for the weighted Clément-type
interpolation (Section 4).

For a face F' € Fj, let wr be the patch of the tetrahedra sharing this face F. Let wk r be the patch of the tetrahedra
sharing a face with K.

For an edge e € &, denote by

We = U K
{KeTp:ec&p(K)}

the collection of all elements having e as a common edge, where &£, (K) is the collection of edges of the element
K. For the edge patch w,, we define two u-weighted edge patches associated with an edge e € &, which can be
understood as the collection of the elements with the biggest/smallest .~ on an edge patch, are referred to

w.= |J K, where I, = {K Ca),gz,u;1 = max ME}},

KeZ, K'Cwe
~ _1 . _1 (2.8)
and @,= (J K, where I, ={K Cwe : gy = min iy, }.
KeZ, K'Cw,

Denote the union of the interior faces within an edge patch as follows:

wer= U F\owe. 2.9)

FeFp(we)

Using Fig. 1 as an illustration, w, r = U;‘ZI F;. Define the p-weighted patch of interior faces as follows:

wer= |JF, where Z, ={F € Fy(@,) : F C we F}. (2.10)

FeZ,

Taking Fig. 1 as an example again, if o, = K| U K5, then @, r = F; U F» U Fy.
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(a) For edge e with the unit tangential vector  (b) wr = K4+ U K_ with the
te, we = U?:l Ki, 0, F = U?:l F;. unit normal vector n .

Fig. 1. A dissection view of the local edge patch we, w,, . and face patch wf.

For an element K € 7, denote the patch of all elements sharing an edge with K by

wge= U K, where Zxg, ={K €7}, : K C w, withe € &,(K)}. (2.11)
KeZg.,

Similarly, for a vertex z € NV}, denote by

Wy = U K
(KeTy: zeNi(K))

the collection of all elements having z as a common vertex. For the vertex patch ., the S-weighted edge patch
associated with an vertex z € N, is referred to

w;= |J K, where 7, = {K C w; : Bx = max fg}. (2.12)
Kel, KCw,

For an element K € 7}, denote the patch of all elements sharing a vertex with K by

wk;= U K, where Zx,={K €T;: K C w, withz € N}(K)}. (2.13)
KEZK,Z

2.2. Finite element approximation

The corresponding variational formulation of (1.1) is

{Flnd u € Hy(curl; (2) such that: 2.14)

A,v) = (f,v), Vv e Hy(curl; 2),

where (-, ) is the standard L*(§2)-inner product. Because of x and S being uniformly positive on the domain, the
coefficient-weighted norm (2.4) is equivalent to the graph norm (2.2) for H(curl; {2). Moreover the bilinear form
(2.3) is intrinsically coercive with respect to this norm. By the Lax—Milgram lemma, there exists a unique solution in
Hg (curl; {2) to problem (2.14) when the boundary data is “admissible”.

The solution u of (2.14) is approximated in a H(curl; {2)-conforming finite element space: the lowest order
Nédélec finite element space NDy (see [3]). On each element K, define

NDy(K) = {p(x) e Pi(K) :p=a+bxx, a,b e R%}.
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The global finite element space N'Dy is glued together through the continuity condition of H(curl; 2):
NDy = {p € H(curl; 2) : p(x)| , € NDo(K) VK € Tp}.

For simplicity, we assume that the Dirichlet boundary data can be represented as the tangential trace of an N’D( vector
field, i.e., g = p xn on the boundary, where p € NDy. The finite element approximation is

{Find up € N'Dy N Hy(curl; £2) such that: (2.15)

Ap,vi) = (f,vn),  Vvy € NDo N Ho(curl; 2).

The problem in (2.15) is well-posed in its own right.

Before building the error estimator, we need an H(div; {2)-conforming finite element space BDM |, which is the
linear order Brezzi—-Douglas—Marini face element (see [27]). On each element K, define, in a way that leads to the
local basis construction,

BDM (K) = {px) e P{(K) :p=a+cx+ Vx(bs), a,s € R} ¢ e R!, b € B(K)},

where B(K) the space of quadratic edge bubble functions in K. Similarly the global BDM| inherits the continuity
condition from H(div; {2):

BDM, = {p € H(div; 2) : p(x)|, € BDM(K) VK € T;}.

Let K € 7, be an arbitrary tetrahedral element with vertices z;, z j» Zk> and z;, and let n; be the outer unit vector
normal to the face F; = conv(z;zxz;), opposite to the vertex z;. Let #;; be the unit vector of the edge ¢;; orienting in
the direction of z; — z;. The N'D( nodal basis function for the edge e; j can be written as (e.g. see [28,29]) :

AR j Ajn;

9, = L 2.16)
Uotjomj tijem

where A, forn =i, j, k, | are the barycentric coordinates associated with the vertex z,, satisfying A; +A j +Ar+A; = L.
The degree of freedom of ADy can be then associated with each edge e € &, in that ¢, satisfies

1
¢e'te/’e/=m/g/(ﬂe‘te/dS:ﬂ:(See/, Ve € E(K),

where §,. is the Kronecker delta. The plus sign is taken when locally #,’s direction coincides with the globally fixed
t,’s.

Similarly, we cook up a customized version of the BDM | nodal basis function associated with the vertex z; on
face F; as follows:
Ajtij Mdik Altil

3 -3 . (2.17)
n; -t n; - tig n; -t

'/’F,',Zj =9

Now the degrees of freedom of BDM | can be defined using the first moment on F; because ¢ Fizj satisfies:

1 .
W/F(v/ﬂ,zi nE)A, dS = +8j,, form e {j,k, 1},
! i

and ¥ . 2 M= 0 for any face F’ € Fj,(K) other than F;. Similarly, the plus sign is taken when locally the exterior
unit normal n; to face F; is in the same direction with the globally fixed unit normal nf..

3. The recovery-type error estimator

There are two important physical quantities of interest: the magnetic field intensity and displacement current
density which are related to the electric field intensity u. The magnetic field intensity at current time step is denoted
by o, and displacement current density diluted by the time step size is denoted by 7. For H(curl) problem (1.1) that
is time-independent, they can be represented by the following

o= ,u_Iqu and t = Bu, 3.1
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then the partial differential equation in (1.1) can be rewritten as
Vxo+1=f. 3.2)

By the assumption of the data f € H(div; §2), it is straightforward to verify that the u, ¢, and t lie in the following
spaces

u € H(curl; £2), T € H(div; £2),

. 3.3)
and o € H(curl; ) N H(div u; $2),

where the weighted space H(div u; {2) is defined in (2.6).

The relation (3.3) indicates the continuity conditions u#, o, and T must fulfill in the continuous level in (3.1) and
(3.2). These continuity requirements not just come from the operator theory in Hilbert spaces, but also translate from
the original Maxwell equations. For an arbitrary interface S within the domain, if there is no surface charge on S, it is
well known from physics (e.g., see [4]) that

[uxn]s =0, [o xn]s =0, [pno -n]lg =0, and [z -n]g=0. 34

These zero-jump conditions are consistent with the continuity conditions for H(curl) and H(div), respectively.
However, during rendering the continuous problem into the finite element approximation, numerical magnetic field
intensity and numerical displacement current density,

o = M_Iquh and tp = Buy,

violate the second and the last continuity conditions from (3.4), respectively. Therefore, two quantities are recovered
in the respective H(curl)-conforming and H (div)-conforming finite element spaces using an explicit local weighted
averaging technique. Note that the normal component of T, is a piecewise polynomial of degree one on each face.
Consequently, we need to use either BDM | or RT | for recovering displacement current density, instead of RT .

3.1. Local recovery procedure

We recover two quantities, o and 7}, based on o, and 7, through weighted averaging locally on edge and face
patches, respectively. To this end, for a fixed interior face F' C Fj, denote by K+ the neighboring tetrahedra sharing
this F' as a common face. Recall that nr is the fixed unit vector normal to the face F, let K be the tetrahedron with
nr as its inward normal, and K_ with ny as its outward normal (see Fig. 1). Let

M—1/2 ﬂl/z

_ Ky _ Ky

e = —ip_—ip A ke = o (3-5)
HKf/ +/¢LK+/ ,31(/7 +ﬁK/+

and y;f =1-vy5, K;f =1 — k. If F is a boundary face with its neighboring tetrahedron K, we set y;‘ = K; =1
and yp, =k =0.
The local averages o5, F and Ty r on face F are chosen using the weights above:

OnF=VpOnk +Vionk, and Thp=KpTpr +KpThF, (3.6)

respectively, where o4 k. = o Ky and 7 f, (x) = lim._, o= T4 (x + enF) on face F. The notation discrepancy in
above construction is due to the fact, which is mentioned earlier in previous subsection, that 7;’s normal component
on each face is a linear polynomial, yet o, is a constant vector on a fixed K.

Now we construct the recovered quantities O'Z and r;; from the above local averages of o, and 7, as follows:

1
O’Z(x) = Z Z ('ae,Fl /;‘(o—h,F te)dS> ‘pe(x)

ec&, | FCe,r

1
and T;(x) = Z Z (W/F(rh,FWF)MdS) VY, (x),

FeFy zeNy(F)

(3.7)



176 Z. Cai, S. Cao / Comput. Methods Appl. Mech. Engrg. 296 (2015) 169—-195

where ¢, € N'D and ¥ rz € BDM, are the nodal basis functions associated with the respective edge e and vertex
z on face F (see (2.16) and (2.17)).

By the construction of the basis functions in (2.16) and (2.17), we can see O'Z € H(curl; £2) and rj; € H(div; 12),
respectively. The degrees of freedom of zJ; are the weighted averages of ), := Buy, on a face patch. The degrees of
freedom of o'}, is the weighted averages of o', == 1~V xuy, on selected interior faces in an edge patch.

Now we may define the local error indicator 17%( = n%(’ L+ ’7%(,0 + U%(, » based on these averages plus the recovery-
type element residual:

L2(K) i,
—-1/2 1/2 2 2
nK.0 = Hﬂ Py — 1w, P ny = Z MK .00 (3.8)
KeT,
1/2 2 2
NK,R :MK/ hk Hf_ﬁuh _VXU;:HL2(K)’ and Mg = Z Nk .R
KeT,

The global error estimator is defined by n? = nf_ + 77(% + n%.
4. Reliability and efficiency bounds

This section studies the reliability and efficiency of the estimators defined in the previous section. The efficiency
bound of the local indicator is established in Section 4.4. To prove the reliability bound of the global estimator, we need
two tools: (1) a Helmholtz decomposition with weighted norm estimate Section 4.1, for detailed proof under certain
assumption please see Appendix) that splits the error into two parts, and (2) a modified Clément-type interpolation
(Section 4.2). Under the assumption of a robust weighted Helmholtz decomposition exists, two quasi-monotonicity
assumptions on the distribution of the coefficients, the reliability bound is obtained in Section 4.3, and it is uniform
with respect to the jumps of the coefficients.

4.1. Helmholtz decomposition

For any vector in Hy(curl; {2), there exists an orthogonal decomposition with respect to the bilinear form A(-, -)
(see [6,30]). This weighted splitting was used in [7] for continuously differentiable i and S to prove the reliability
bound of a residual-based a posteriori error estimator. Here we first present the robust weighted splitting result as an
assumption (Assumption 4.1), then in the Appendix we show the proof of a bound independent of the coefficient jump
ratio, under certain assumptions about the geometries and the relations between coefficients.

Define the X({2, B) as the space of curl-integrable functions intersecting weighted div-integrable vector fields, and
PH? (02, &) as the space of piecewisely continuous vector fields on each subdomain:

X(2, B) = H(div 8; 2) N Hy(curl; 2),

and  PH(2, 2) = [y € LX) :v]p € (D)), j=1,....m). “.1)

Assumption 4.1 (Weighted Helmholtz Decomposition). We assume that for any v € Hy(curl; (2), there exist
Ve H(} (2) andw € PH'(2, 22) N X ({2, B) such that the following decomposition holds

y=w+ V. 4.2)

Moreover, the following estimate holds:

m
D Pt
j=1

2@ + Hﬂl/zw ) + ngl/sz : < Clvll. 43)

L2(2
4.2. Clément-type Nédélec interpolation

Weighted Clément-type interpolation operators for nodal Lagrange elements are studied in [24,25]. Stability and
approximation properties of this type of operators are often used in proving a robust reliability bound for a posteriori
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error estimators. For Nédélec elements, the standard unweighted quasi-interpolations for Nédélec elements are studied
in [7,9,10]. In [7], the author defines the edge degrees of freedom by averaging on a certain face where that edge lies,
which is similar to the construction of the Scott—Zhang interpolation operators. In [9], the averaging is performing
on the edge patch consisting of two triangles in 2D. Following the idea of averaging on the weighted vertex patch
in [24,25], and extending the averaging technique on edge patch in [9] to the three dimensional case, we construct a
weighted Clément-type Nédélec interpolation operator from Hy(curl; £2) to N"Dy. If the vector field to be interpolated
has PH' (12, ) regularity, then the approximation and stability properties of the interpolant are proved to be robust
under the weighted norm, with the assumption that the coefficient is quasi-monotone in Assumption 4.4.

First we define the standard Nédélec interpolation in any K € 7. To make this interpolant well-defined and
bounded, we need to restrict that the vector field to be interpolated on each element K lies in the space H'/?*%(K) for
some § > 0, with its curl in L? (K for some p > 2 (see [4] Lemma 5.38).

Definition 4.2 (Nédélec Interpolation). For any v| x €H 17248 (K) with V x v| x € LP(K), define the interpolation
operator [[,, : H'/>*"(K) — N'Dj on each element K € 7, as follows:

. 1
l:[v|K = Z a.(v)@,, with a,(v) = I?va.teds'

ec&L(K) ¢

Definition 4.3 (Weighted Clément-type Nédélec Interpolation). For any v € Hy(curl; §2), such that v}wK’ €

H(curl; wg ) N PH l(a)K,e, &), define the weighted quasi-interpolation operator ﬁh : LZ((Z) — NDy on each
element K € 7}, as follows:

~ _ ' _ 1
1;[V|K = Z Ole(V) De> with Ole(V) = <E/& de> -1,

ec&p(K)

if e is an interior edge, i.e., the 1-dimensional Lebesgue measure meas;(e N 3£2) = 0.If e € £,(32), then &, (v) = 0.

To establish the stability and approximation bounds for this interpolation uniform with respect to 1 ~!, a quasi-

monotonicity assumption is needed on the distribution of the coefficients associated with each edge patch w, in
three dimensions, which is similar to those of [24,25] associated with each vertex patch in two dimensions. The
quasi-monotonicity, in layman’s terms, can be phrased as “for every element in an edge patch, there exists a simply-
connected element path leading to the element where the coefficient achieves the maximum (or minimum) on this
patch”. The following assumption is stated in a mathematically rigorous way to convey above idea.

Assumption 4.4 (Quasi-monotonicity of the 4" in an Edge Patch). For each edge e € &y, if e is an interior edge, for
every K C w,, and every K’ C @, (i) assume that there exist a collection of elements ), = (J,_,/'®-9K; C w, with
Kik,e) C e, such that K; shares a face with K;_1, and that ,u}il_l < ,u}t_l foralli =1,...,I(K,e), where Ko = K.
If e is a boundary edge, for every K C w,\@,, and every K’ C @,, (ii) assume that (i) holds, and the 2-dimensional
Lebesgue measure meas; (dw, N 312) > 0.

The assumption is phrase using @,, the assumption remains the same if we switch @, to @,, and reverse the direction
of the inequalities.
If Assumption 4.4 is satisfied, the extended u-weighted patch for an element K is denoted as

oke=K U o, U @.. 4.4)
ec&p(K)  ecEr(K)

Remark 4.5. Assumption 4.4(i) is weaker than the extension of the quasi-monotonicity assumption in [24], and is
the equivalent to the extension of the quasi-monotonicity assumption in [25] from the vertex patch in two dimensions
to the edge patch in three dimensions. Notice if Assumption 4.4 is met, then @, is a simply connected Lipschitz
polyhedron for any interior edge e.
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(a) Quasi-monotone in the (b) Quasi-monotone in the (c) Not quasi-monotone in
senses of the extension of senses of the extension of any sense.

[24], the extension of [25], [25] and Assumption 4.4, not

and Assumption 4.4. in the extension of [24].

Fig. 2. Different scenarios of the coefficient distribution for w~ ! for an interior edge patch w,, where the edge e is marked as red dotted vertical
edge in each figure. The tetrahedra whose bases are marked using blue color in (a) and (b) consist the @, for this edge patch. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

The illustrations in Fig. 2 show the difference and similarity between Assumption 4.4 and the extension to those
in [24,25]. In Fig. 2a, for any two tetrahedra in the edge patch w,, there always exists a monotone path connecting these
made of tetrahedra, along which one tetrahedron shares one face with the next tetrahedron in this path. In Fig. 2b,
along the path from any tetrahedron in this patch to the one with the biggest coefficients p !, the coefficients are
monotone. In Fig. 2c, the coefficient distribution of the checkerboard type is not quasi-monotone in any sense, and a
Clément-type interpolation cannot achieve a robust bound (see [25,31]), if the edge of interest is an interior edge of
the triangulation.

Theorem 4.6 (Approximation and Stability Properties). Under Assumption 4.4, the interpolation operator ]:[h
in Definition 4.3, satisfies the following estimates:

12, T <Ch H -1/2y
pP ];[1’) o, =T WV
4.5)
and | PV xe—-[w <C H;fl/zw -
h LZ(K) L (wK,e)

for all v € Hy(curl; ) such that v|wK € H(curl; wg ) N PH' (WK .oy &), where the Jacobian Vv is defined
piecewisely by VV|K = V(V‘K).

Proof. To establish the inequalities in (4.5), let ¥x and ¥, be the averages of v over K and @, respectively,
ie., vg = |K|’1 vadx, and vy, = |&')g|’1 faevdx for an interior edge e. Let v;, = 0 if e is a boundary
edge.

If e is an interior edge, we have the following standard approximation property (also known as Poincaré inequality)
thanks to the shape regularity of the triangulation 7, simply-connectedness of @, for an interior edge e from
Assumption 4.4, and v € PH' (WK .er P):

v =¥k l2k) < Ch IVVlaky . and v =3, |2 ) < Che VY2, - (4.6)

If e is a boundary edge, the first inequality in (4.6) still holds. To get an equality similar to the second one, the fact
that v € Hy(curl; 2) and v|wK € PH'(wk .. 2) implies v - £, € H'(@,), and v - 1, o = 0. The following

, |aagma
Friedrichs inequality holds (even if @, is not simply-connected as in the case of Fig. 3b)

v-tell2@,) < Che IV -t)ll125,) < Che IVVI2@g,) - 4.7
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(a) Quasi-monotone in the (b) Quasi-monotone in the (c) Quasi-monotone for the  (d) Not quasi-monotone in

sense of Assumption 4.4, sense of Assumption 4.4 edge patch in the sense of any sense.
the extension of [25], and and the extension of [25], Assumption 4.4, not
the extension of [24]. not in the sense of the quasi-monotone for vertex
extension of [24]. patch for the black dotted
vertex.

Fig. 3. Different scenarios of the coefficient distribution for ! fora boundary edge patch w., where e is marked red, the boundary faces are
marked yellow, and the coefficient in each tetrahedron is marked on its front faces towards the viewer. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

The starting point of the proof is to split the error we want to bound into parts. On any K € 7j, it follows from the
triangle inequality that

~ ~

v—l_[V SHV_‘jK"Lz(K)—l_ ‘7[(—1—[1’

h L2(K) h L2(K)

The first term can be estimated using (4.6) first inequality. For the second term, since ]:[ »Vk = vk (with slightly abuse
of notation we can extend v to whole edge patch by letting it be its value on K), we have the following partition on
the element K

I_)K—ﬁl):ﬁ(l_’](—l’): Z (171(—1_’56)'%(%-
h h

ec&p(K)

Now applying the triangle inequality, and using the fact that “(% || 2K = C|K|'? (see the construction of ¢,
in (2.16)) yield

iK—]jv = 2 [0k =) tevu e,

L*(K) ec&y(K)

= Y |Gk =) | o] 2k, < CIKIY? D7 |k —95,) - 2] - (4.8)
ee&p(K) ee&y(K)

To establish the estimate for |(‘7 K —V&,) - t.| for each edge, we consider three cases. The first case is that when
K C @,, using the triangle inequality, the estimates in (4.6) and (4.7) gives

(K12 |Gk —Va,) - te] = [ Gk —Va) - te] 2 k)
< vk =v) tellp2x) + ” v—v3,) -t ||L2(K)
_ _ hg _
= Ik =Yl + |0 =75 -t 2y = Oz |29,
M’K (@e)
Here the term in front of the last inequality is treated as || w—=v3,) -t ” 125 < ||v — V3, 12 for an interior edge,

and || w—vz,) -t H 2@ = v -tell 2, for a boundary edge.
The second case is that when K ¢ @, yet K is adjacent to @,, and we denote the face they share as 0K Ndw, = F.

The fact that the tangential component of v along the edge e is continuous across the face F, and v € PH' (w K.es D)
implies thatv - £, € H WK U@, UF) (e.g. see [4] Lemma 5.3). To establish the estimate, we need a standard trace
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inequality for p € HY (K U@, UF) (e.g. see [32] Lemma 3.2):

—1/2 1/2
1Py = € {12 1Pl 2y + 2 IV Pl | 4.9)

where K’ can be either the element of interest K, or the element K as a subset of @, which is adjacent to K.
Now it follows from the triangle inequality and shape regularity of the triangulation that

|K|1/2|(,7 — P~ )t _ﬂ Ve — =) -t
K Vwe) e| - |F|1/2 || (VK ng) e”LZ(F)
< Ch? N0k =) tellacry + Chil |0 =93,) e 12, - (4.10)

The first term in (4.10) can be estimated using (4.9) and then (4.6)

1/2 -
R NGx =) - tell 2y

1/2 —1/2 = 1/2
< Chy [hF PGk —v) tell 2k + Iy ||V(v~te)||Lz(K)}
< C{lIvk —vlp2ky + b VY2 } < Chr IVVIE2 (k-

For the second term hi(/z || w—vz,) -t H 12y 10 (4.10), using the same argument yields a similar estimate, except

(F) 1
passing the trace inequality from the face F to the element K C @, this time:

n 0 =95 te] 2y < ChE IV 2, -

Combining the two inequalities obtained above gives the following estimate for any e € £, (K ) thanks to u}l < Mgel :

@.11)

h
K12 Gk —55,) 1] = 5 a1 Pww]
0 L@

12
K

The third case is that when K ¢ @,, nor does K share a face with @,. By Assumption 4.4 there is a simply
connected patch consisting of Ky, ..., Kjk,¢)—1 along which the w~!is monotone. Separating the term of interest by
triangle inequality:

|k —Va,) te| < |Gk — Vi) te| + - + | Fkygos — Va.) Le]

then each of the above terms can be proved yielding the same form of estimate in (4.11) by the same argument. This

result, together with the representation of Hf) K — ]:[ nY % in (4.8), implies the first estimate in (4.5).

L
For the second estimate in (4.5), using the inverse inequality, the triangle inequality, and [[,vx = vk again, we
have that

~

VXHV

h

< Chy!
L2(K)

Vxﬁ(v —Vk)

h

[To -0
h

L2(K) L2(K)

< Ch}1 +Ch§1 v =7kl

L2(K)

s
h

which, together with the first estimate in (4.5) and (4.6), implies the second estimate. This completes the proof of the
theorem. [

Assumption 4.7 (Quasi-monotonicity of the B in a Vertex Patch). For any vertex z € N}, assume that the 8 satisfies
the vertex patch quasi-monotonicity condition in [25]: if z is an interior vertex, for any K C wg, and K’ C @, (i) there
exist a collection of elements ), = U,_,/ P K; C w, with K;x ;) C @, such that K; shares a face with K;_; and
that Bk, | < Bk, foralli =1,...,1(K,z), where Ko = K. If z is a vertex on the boundary, for every K C w;\wy,
and every K’ C @;, (ii) assume that (i) holds, and the 2-dimensional Lebesgue measure meas; (d@, N 342) > 0.
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(a) Quasi-monotone in the  (b) Not quasi-monotone in
sense of Assumption 4.4, any sense.
not in Assumption 4.7.

Fig. 4. Different scenarios of the coefficient distribution for 8 for an interior vertex patch w;. (a) B = 100 in the tetrahedra whose faces are marked
blue, B = 1 in the rest tetrahedra in this patch. The coefficient distribution is quasi-monotone for all interior edges within this patch. (b) § = 100
in the four tetrahedra sharing the blue faces, 8 = 1 in the rest tetrahedra in this patch. The quasi-monotonicity is violated for the red edges. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

If Assumption 4.7 is satisfied, the extended B-weighted patch for an element K is denoted as

ok:=K U o, U @,
zeN(K)  zeN, (K)

For the B which satisfies the vertex patch quasi-monotonicity in Assumption 4.7, the robust Clément-type
interpolation for the linear Lagrange elements results are already established in [24,25]. In the three dimensional
setting, one reason to study the Clément-type interpolation is that the standard linear Lagrange nodal interpolant may
not be bounded. Unless extra regularity is assumed (e.g. the function to be interpolated is in H3/>7€(£2), see [4]), the
degrees of freedom for the Lagrange nodal interpolant may not be well-defined because H!(§2) is not continuously
embedded into the continuous function space.

For any ¢ € Hol(.Q), let i, be the weighted Clément-type interpolant of yr defined in [25] associated with the
coefficient 8. Under Assumption 4.7, the 1, has the following properties:

|82 = w@)rs
and |12V (v - )|

< |82V

LY@k )

L2(K)

for any vertex z € Nj (K).

Remark 4.8. Assumption 4.4 does not exclude the case when 2 = 272>, and £2; is a Lipschitz polyhedron
touching the boundary at one vertex V| only, with ™! @, = 100, and ! o, = 1. Assumption 4.7 prohibits the
existence of this scenario. In this scenario, a robust Clément-type interpolation cannot be achieved for nodal Lagrange
elements. However, Assumption 4.4 allows this kind of domain, in which all the edges on the d{2; connecting the
vertex Vj is an interior edge of the triangulation. A robust Clément-type interpolation using Nédélec elements does
exist in this scenario. Please refer to the illustration in Fig. 3c.

Remark 4.9. Assumption 4.4 which states quasi-monotonicity for the edge patch, is weaker than Assumption 4.7 for
the vertex patch. The reason is that Assumption 4.4 allows the checkerboard pattern for a vertex patch. However, this
vertex patch checkerboard pattern is excluded in Assumption 4.7. Please refer to the illustration in Fig. 4. In Fig. 4a,
the coefficient distribution satisfies Assumption 4.4 for any interior edges within this patch, yet Assumption 4.7 is not
met.

4.3. Reliability

Under the assumption on the distributions of the coefficients and the Helmholtz decomposition which is stable
under the weighted norm, we prove the global reliability for the local recovery error estimator 1 defined in (3.8).
For any vertex z € N \N;,(3{2), denote by

1
F,, = —/ V(f —1})dx
Wy

||
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the average of V- (f — 7)) over the vertex patch w,. Forz € Nuw(39), F,, := 0. Let

1/2
" (Z n) with ng.a = B *hi [V-0F =) air,
KeT,

1/2
and A = (Z > B hk |IV-(f -7 - sz||iza<)) :
zeN;, K Cay

The contribution from interior nodes in H is a higher order term since V-(f — 1) € L2(£2), and so is the contribution
from boundary nodes if V-(f — ) € L?({2) for some p > 2. (see [20]).

Theorem 4.10 (Global Reliability of n). Let u and uj be the solutions of (2.14) and (2.15), respectively.
Under Assumptions 4.1, 4.4 and 4.7, there exists a constant C > 0 independent of the jumps of the coefficients
such that

lle —upll < C (n+ H). (4.13)

Proof. Denote the error and the residual by
e=u—u, and R®W)=(f,v)— (,u_1quh, V xv) — (Buy, v),
respectively. It is easy to see that
A(e,v) = R(v), Yy eHy(curl; 2) and R(vy) =0, Vv, € NDynN Hy(curl; 2).

By Assumption 4.1, there exists a decomposition of the error e € Hy(curl; (2) into the sum of ¢ € HOI(Q) and
we PH'(2, 2) N X (12, B) such that

e=w+Vy and el = R(e) = Rw) + R(VY).

To bound the curl-free part of the error, let vy, be the weighted Clément-type interpolant of i defined in [25]
associated with the coefficient 8. It follows from the fact that R(V,) = 0, integration by parts, the Cauchy—Schwarz
inequality, the approximation and stability of the interpolation (4.12) and (4.3) that

R(VY) = R(VW —yw)) = (F — 5. V& — ¥w)) + () — Bun, V(¥ — ¥n))
=—(V-(F =t ¥ — ¥n) + (7], — Bupn, V(¥ — ¥p))

= 3 (mat [P0 =, w00 - )
KeT, < <
<c 12w < C(H +n) |2V
< KX; (nka+nx0) [B2VY| < CH ) [V
€1y
< C(H +n0) 7%

L)’

To bound R(w), let w, = ﬁhw e N'Dy N Hy(curl; 2) with ﬁh defined in Definition 4.3. Using the fact that
R(wp) = 0 and integrating by parts give

R(w) = R(w —wy)
= (f — Bup,w—wp) — (0}, Vxw —wp)) + (6 — ™' Vxup, Vx(w —wy))

= (f — Bup — Vxaoj,w—wy) + (o}, — n 'V xuy, Vx(w—wp)).
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Now, by the Cauchy—Schwarz inequality, the second and third inequalities in (4.5) and (4.3), we have
LXK ))

L2(£2)

+ 1K, L HM_WV x(w—wp)

Rw) < > <n1<,1e hy! Hu_”z(w—w,) 2

KeT,

l/ZVw

IA

<Cmr+n1) HM_

¢ 3 tmactns) i), s
K;E(UK,R 77K,J_) 124 WLZ(wK)

IA

C g +n1) |2V xe

L@
Combining the above two inequalities, we have
llell* = R(e) < C (n+ H)llell,
which implies (4.13). This completes the proof of the theorem. [J

In the remainder Qvf this section, we assume that additionally V-f € L?({2) for some p > 2, then the H in (4.13)
may be replaced by H which is a higher order term.

Theorem 4.11 (Global Reliability of n). Under Assumptions A.1, 4.4 and 4.7 , there exists a constant C > 0
independent of the jumps of the coefficients such that

llw —upll < C (n+ H). (4.14)
Proof. In the proof of (4.13), if furthermore the following orthogonality condition is exploited on the vertex patch for
the weighted Clément-type interpolant (e.g. see [18] Section 4)

(L (¥ - wh(z)))»z)wz =0, VzeN,)\Niy(30),
together with the fact that F,,, = 0 and v, (z) = 0 for z € N}, (32), it implies

F—th VO =) == D> (V- —Th. ¥ —¥n)g

KeT,

==Y Y (V- ) — Fue (U — Vi @A) .

zeN;, KCao,

Now, a similar argument as in the irrotational part proof of (4.13) gives
— T V(Y — <CH H 12 .
=i VW —yn) = B o

The rest of the proof for (4.14) is identical to that of (4.13). [

4.4. Efficiency

Even though in [7], the coefficients are assumed to be continuous, the proof they used to prove the efficiency
bound (Sections 4 and 5 in [7]) carries over to piecewise constant coefficients. At the same time, their choice of
weight yields a robust bound with no dependence on the coefficients. In this subsection, we prove the efficiency of the
recovery-based estimator (3.8) by bounding the recovery-based local error estimator by the residual-based local error
estimator.

Let f}, be the standard L>-projection onto BDM . It is proved in [7] that there exists a positive constant C such
that:

Chr |y 1™ xun) xnlly

2
2 2 2
oy = M= wnlle D i If = fill e,

KCwr
2 2
Ch H -1/2 ) ‘ <H 120, —1p2 1y )12 7 (4.15)
) L VR T W R Ry Lz<wF>+K§fK & IVAI2 k)

1/2 —
and € wi*hi | = pun = Vx (Vo) | < =yl
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where the coefficients ,u;-l and Br on face F are given by the arithmetic averages of 11~ and

we' =G +ugh/2, and  Br = (Bx_ + Bk.)/2,

respectively. Next we move on to prove the equivalence.

Lemma 4.12 (Equivalence of nx o). There exists a constant ¢ > 0 independent of the jumps of the coefficients such
that for any K € Tp:

cnko< Y. Hﬂ;”z [[ﬂuh~n]]p] (4.16)

FCoK

L2(F)

Proof. it suffices to show that ng o can be bounded by the summation of the residual-based estimator within the local
face patch.

For any interior element K, we first use a partition of unity to bound the estimator ng ¢ by the fact that
NDy(K) C BDM (K). The difference of the weighted average 7; and T4 is

1
Th— g = > (ﬁ / (ThF = Th k) -nFAzdS> Vi
FCOK\3R zeN, (F) F
1-— K]I;{
YD | 1w w1 ids) v
|F| F

FCAK\32 zCNj(F)

1/2 10172 1/2

Recalling from (3.5) that on each face F of element K, K;;( = By /(ﬁK + By ), where K’ is the neighboring

element sharing this fixed face F with K. Since
1 1
rzll2py < CIFIZ and  [[¥p ]2 < CIKI2,

and using the following coefficient weight relation (3.5) on each face F:

(1_"115):31;1/2: 121 iz = V2 172 = 112’
1</ +ﬁK/, Bk + Bk F/

the local error indicator ng o has the following bound:

nK,o0 = H,B*Wr}; — B uy,

P

L2(K) L2 (K)

A

12 /[[ﬂ”h'”]]F)‘zdS “'ﬁF,z”LZ(K)
FCOK\02 zCN, (F) 2|F|,3F/ F

KNy _
%) 87" 1Bus - m1

IA

FCAK\a2 ( 2B

For any element with a boundary face, thanks to the setting for problem (2.15), that the Dirichlet data can be exactly
represented by an A’D vector field’s tangential trace, the degrees of freedom on any boundary face do not contribute
to the approximation error in that element. This completes the proof of the lemma. [

Lemma 4.13 (Equivalence of nx_1). Under Assumption 4.4, there exists a constant ¢ > 0 independent of the jumps
of the coefficients such that for any K € 7Tj,

SN DI DI Yl 1 (il ST It (4.17)

ee&p(K) FCw,,F

L2(F)

Proof. The proof of this lemma uses the setting in the edge patch’s illustration of Fig. 1a. The edge patch w, consists
of 4 tetrahedra, and the following proof generalizes without essential changes to the case when there are more than 4
tetrahedra in w,.
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Without loss of generality, the element of interest K is assumed to be K in Fig. la. First performing the partition
of unity for oy x = w 'V xuy | x» Which is a constant vector and can be represented by ND(K) vector fields:

1
= |[12 Z (0} —0nK) te@,

1 1
= ||u2of — pu 2Vxu
nK, L H,U« h— M h L2(K)

ecEn(K) L&)
1
< Y |wei-onn oo, = 3wkl —onn tl ol (4.18)
eeé'h(K) ee&p(K)

By the fact that ||(pe || L2k) = C|K]|2, 2, the rest of the proof is to establish the equivalence, for every edge e, of

‘(O'Z —OonK): te| with the coefficient-weighted tangential jump term in the residual-based estimator.

For the rest of the proof let us assume the edge of interest is e in Fig. 1a. Before moving on to different coefficient
distribution scenarios in this edge patch, first by the local recovery (3.7) and the Dy basis function construction
(2.16), it is straightforward to check that

Ofte=— > /(aw t)dS.
|a)e Fl FCour
The first case is when @, = K = Kj, then @, r = F; U Fy. Using the geometric relation that for any

v-t. = npx(vxnp) -t if t, lies on the planar surface F, and the definition of the weighted average o, r, in
(3.6), yields

1
0F —0onK) te = —— /(GhF—GhK) t.dS
@e.F 1, S
P/
= — np x((opF —0opk)XNE) t.dS
|we,F| iE{ZA—} F; ( ) ‘
1 _
=— > /(1—)/5)[[@ 'V xup) xnlly, -(texnp)dS. (4.19)
(@ F| &7y /i

By the coefficient weight defined in (3.5), for | we have

W23y = 1 < V2 —
| }1/2+MZ;/Z e + iy )1/2 I

By Cauchy—-Schwarz inequality and the triangle inequality

1/2

|(0F —on i) L] < > IR e 16 <) <aly, (4.20)

21@e.Fl ;&1 LA(F)

Then using the shape regularity of the mesh, i.e. |F;|'/?|K|'/?|@, r|~! < C h},{z for any F; in this edge patch, we
have

< Z n | 16 <)

1
Huf(az —onk) L@, 4.21)

L2(K) — L2(F)

A variant of the first case is that K = K1 C @e.F- Assume @e.r = K1 U K>, then @, p = F) U F, U F4. By the
definition of @, r in (2.9), 5 K1 = Ugp K = minj—i, 4 Mg K The proof of the bound (4.20) for this variant shares
almost the same argument with above, except there will be one extra term comparing to (4.19), and it can be rewritten
as follows:

1

|ae,F|

(OnFp —0Opk) tedS

=51 ] [@nn ok + @ik — o] teds
e,
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= — (1= yp) (™' V xup) xnllg, -(te xnp,) dS
|we,F| I3

1

+—— | [ 'Vxup)xnlly (texnp)ds. (4.22)
|we,F|

Using the shape regularity of the edge patch (c|F>| < |F1| < C|F3]), and the fact that

1/2 1/2 1 1/2 2 1/2
w21 - Vi) = MI(/2(1 2)<M/ and M/—m_zu/,
we reach the following estimate
12 1
K/ P — (Gh,Fz—Gh,K)-tedS'
|e, F |
12,0 -
< —— > IR el 1w xuy xallg| L (4.23)
|w€,F| 16{1’2} LZ(F,)

Thus the estimate (4.21) follows. If @, contains more elements, the same argument with above applies, with all the
unweighted extra terms involve only the interior faces of @,. This completes the proof for the first case.

The second case when K = K| ¢ ., yet K is adjacent to @,. Assume Kp = @, i.e., @, p = Fi U F,. A similar
split as (4.19) applies

1
(O'Z_o'h,K)'te—— /(O'hF —onk)-tdS.
| (‘F|l€{12}

The F; term can be estimated the same with (4.20). The F, term can be rewritten as (4.22). This time we use
MEI > ;ngl =minj—1 4 ME} this implies

172 2 1/2
ug = m =2up",

thus the estimate (4.23) follows, which, under some backtracking, confirms the validities of estimates (4.20) and
(4.21). If @, contains more elements than K;, same argument applies as long as u;l > /Lgel and the shape regularity
holds for the edge patch of interest. This completes the proof for the second case.

The third case is that K = K| ¢ @,, nor is K neighboring to @,. Assuming @, = K3, then @, r = F» U F3. The
same split with (4.19) applies, but this time on face F> and F3,

. _
(0, —0Onk) te=—=

Bl (OhF —OnkK) -t dS.
@We.Fl &3y Fi

In this lemma, Assumption 4.4 holds. Without loss of generality, we assume the monotone path from K = K to K3 is
through K5. The F> term can be estimated exactly like previous case, because Mgl > ,u,g > ,u,g = min;j—._4 ,u,}l_l.
For the F3 term, using the same trick as (4.22) yields:

1
(OnF —0pk) tedS

|ae,F|
1
=51 ), [@nr =0k + @ik~ ohk) + ©@hke —onp)| teds
e, F
=G vi, ) [V xuy) xnllp, (6 xnpy) dS
|@e, F | 3
+— Z [(w™'V xup) xnllp, -t xnp,) dS.

|@e. | ; &7y s
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By the quasi-monotonicity of the coefficient on this edge patch again, we have

1,2 2 12
and  pg” = —pr———q5 = 245,

12 1,2 12
3 9
Mg, + Mg,

K K
pmg (1 — VF33) = Uy, (1— VF;) S Up

therefore, the estimate for the F3 term is similar to (4.23), with one extra face included due to the fact that the inequality
is passed through an intermediate element along the monotone path

1

|6€,F| F3

C 1/2 _
< —— 3 IR ei 16V < xnl,
e, Fl ;33

172
K

(OnF —0nk)-Le dS‘

(4.24)

L2(F)

Consequently, estimates (4.20) and (4.21) follow for the third case. If the reader walks through the proof, one will
find that more tetrahedra being contained in @, than 1 does not change the essential part of the proof because of the
existence of the monotone path. This completes the proof of the lemma. [

Theorem 4.14 (Local Efficiency of nx). Under Assumption 4.4, there exists a constant ¢ > 0 independent of the
Jjumps of the coefficients such that for any K € Tj:
cng =< llu—upllog  + 0scf, i, B; ok, F), (4.25)
where osc(f, i, B; wk. ) is the oscillation of the data within wk
172
oself, i B o) = 2 (B IV Wy + i I = fill 2o )

KCwk F

Proof. By the residual-based estimator local efficiency estimate (4.15), Lemmas 4.12 and 4.13 which show the
recovery-based nx o and ng, | can be bounded the face jumps in the residual-based estimator, it suffices to show
that the local recovery-based residual term is locally efficient. Applying the triangle inequality for ng g gives:

L2(1<)) ’

+ HVX(M_Iquh —0a})

< h — Buy — Vx Vxu
NK.R < Mg hk ( Bun (n ) )

which, together with a standard inverse inequality and (4.15), shows that

cng R < lu —upllx +nk, 1.

This completes the proof of the theorem. [
5. Numerical experiments

This section reports numerical results of our estimator on several three dimensional H(curl) interface test
problems.

The numerical tests are implemented under i FEM (see [33]) framework in MATLAB. Initial meshes are generated
by the MATLAB built-in DelaunayTri and distmesh (see [34]). At each iteration, let Sj be a subset of 7, whose
elements satisfy

Yok =0 )k

KeS), KeTy,

where the nx is evaluated using the recovered quantities computed by weighted L>-projections through multigrid
V (3, 2)-cycle iterations. This procedure is analyzed in [35] for diffusion problem, and is proved to be equivalent
to the local weighted averaging. The marking parameter 6 is chosen to be 0.2. All elements in S, are refined
locally by bisecting the longest edge, and some neighboring elements of Sy, are refined to preserve conformity of
the triangulation.
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To measure the global reliability of the a posteriori error estimator, we show comparisons of different measures in
the each example’s table of comparison. n is the number of levels of refinement. The N, the dimension of & , in the
nth level triangulation, in our case, it is the number of degrees of freedom. The effectivity index for each estimator at
the nth level is:

Tn

eff-index .= ————,
llee — 2p nll

where 1), is the error estimator, and uy, ,, is the finite element approximation at the nth level of triangulation.
The orders of convergence are computed for both n and || — uy||. r, and rer are defined as the slope for the line
of n, and ||lu — uy_, || in the log—log scale plot, such that

Inn, ~—ryInN, +c1, and In|lu —up |l ~ —7err In Ny + 3.

In the convergence rate plot, the log of degrees of freedom is the horizontal axis, and the log of the error/estimator is
the vertical axis. The order of convergence is optimal when r,, and re; are approximately 1/3.

In first two examples with known true solutions, the adaptive mesh refinement procedure is terminated when the
true relative error

rel-error := [lu — uy||/|lu|| < Tol.

For comparison, numerical results involve some of the following error estimators other than the recovery estimator
in (3.8):

1. The residual estimator in [7]:

2
1
LZ(K +:8K h ”V (:Buh ‘f)||L2(K)

? 5.1
LZ(F)>’ -1

and 17122&, =Y T, n K. Res» Where /,L;1 and S are the arithmetic averages of £~ and B, respectively, on elements
sharing the face F. Note that this estimator is weighted appropriately and may be viewed as the extension of the
residual estimator in [24,25] for the diffusion interface problem to the H (curl) interface problem.

2. The Zienkiewicz—Zhu (ZZ) based error estimator in [16] using the coefficient-weighted norm (2.4):

2

n%(,Res = ,U«Kh%( ‘v — Bup — Vx (/L7]Vth)

+ Y <,3F1“[[,3uh nrle 7o + i 1007V )

FeFn(K)
1

UK 77 = HM 1/2RL(Vth) - I/ZV

RVENS)

+ |81 Ry - ﬂ”zuh\z (52)

L2(K)’

and nZZZ =Y r T, n%{ 77+ Both recovered quantities R (V xuy) and Ro(u,) are in the continuous piecewise
linear vector fields space P := {p € H'() :p|K € P1(K)}, and their nodal values at any vertex z € N, are:

1 1
RL(quh)|z = m/ V xuydx and Ro(uh)| — uh dx.
4

||
3. The Zienkiewicz—Zhu (ZZ) flux based error estimator in [16] w1th weight suited to the coefficient-weighted
norm (2.4):

2
2 = 2R NV xuy) — w1’V xu
Nk.zz.f ”,u 1(u n) — M h L2(K)
2Ro(Bup) — B u 5.3
+ | RoBu) — 8w, (5.3)
and ’722 = ZKET;, ’71( 77 Both recovered quantities R (™ IV xuy,) and Ro(Buy) are in P as well, and

their nodal values at any vertex z € N, are:

1
M_Iquh dx and Ro(ﬂuh)|z ﬂuh dx.

Jeoel

Ru(u™'V xup)|, =

| |
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Table 1
Comparison of the estimators in Example 1.

n # DoF rel-error eff-index

ry Ferr

nzz 30 39391 0.0898 1.309 0.128 0.235
Nzz.f 26 44111 0.0837 1.495 0.243 0.253
NRes 24 18832 0.0873 1.749 0.257 0.301
n 18 18649 0.0886 0.820 0.299 0.303

K= NS i
Ao
R
NS
SR

S\
S )

(c) Refined mesh based on ng .

Fig. 5. Mesh result of Example 1.
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(d) Refined mesh based on ngey k-
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Example 1. This example is adapted from a benchmark test problem (see [18,19,36]) for elliptic interface problems.
The computational domain is a narrow slit along z-direction: {2 = (—1, 1)2 x (=8, §) with § = 0.2. The true solution

u is given in cylindrical coordinates (r, 6, z):

u=Vy = V(e

where ¢ (0) takes different values within four different subdomains while being glued together using continuity

conditions that is firstly invented in [36]. The = 1, and the $ is given by

R in (0, )>x(=8,8) U (1,02 x (=8, 5),
F=1 in!?\((O,1)2><(—5,8)U(1,0)2><(—8,6)).

Here we set parameters «, R to be

a=0.5, R ~ 5.8284271247461907.

In this example, the tolerance is set to be Tol = 0.1. The numerical results of Example 1 are in Table 1. It shows
that to achieve approximately the same level of relative error, the number of degrees of freedom needed in the mesh

refined by the local indicator ng zz or ng, zz, r requires more than twice than the other two.

The adaptively refined mesh generated by each estimator can be found in Fig. 5. The tendency of nzz or nzz f
to over-refine those four interfaces is due to the fact that recovered quantities enforce unnecessary extra continuity



190 Z. Cai, S. Cao / Comput. Methods Appl. Mech. Engrg. 296 (2015) 169—-195
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(a) Relative error distribution of refined mesh (b) Relative error distribution of refined mesh
based on ng zz, r cutony =0, it can be based on ng cuton y = 0, the local errors are
observed that the local errors are not evenly more evenly distributed than the mesh refined
distributed. basedonng zz, f-

Fig. 6. Relative error distributions result of Example 2.

Table 2
Comparison of the estimators in Example 2.

n # DoF rel-error eff-index ™ Terr
nzz 18 200692  0.199 4.077 Not converging  0.118
nzz.f 20 99794  0.193 2.527 0.839 0.169
NRes 9 63405  0.186 1.761 0.273 0.236
n 8 52287  0.193 1.079 0.282 0.251

conditions of the true quantities. For example, R | (,u_IV xuyp) and Ro(Buy) in (5.3) are in H' (D), yet for the true
solution u, 'V xu € H(curl; £2) and Bu € H(div; £2) in (3.4).

Overall, the recovery-based error estimator and residual-based error estimator lead to the correctly refined mesh,
and the recovery-based one performs more convincingly showing a less oscillatory convergence, achieving the same
level of relative error in fewer iterations. More importantly, it exhibits a better effectivity index.

Example 2. This example is in the numerical experiments section of [37]. The domain is 2 = By = {(x,y,2) :
x2 4 y? + 22 < 2}, and the coefficients are given by

u=pnr=1, B=1 in By = {(x,y,2) : x>+ y* + 22 < 1},
w=pr =109, =1 in\B.

The true solution u is given by pu; in By, and puy in £2\Bj. For the explicit expression please refer to [37]. The
Tol = 0.2 in this example.

In this example, the element residual term ng in (3.8) is not a higher order term (see Fig. 7a). The red dashed
line is a reference line of a constant multiple of (#DoF)~!/3. The numerical results of Example 2 are in Table 2. The
adaptively refined mesh of each estimator can be found in Fig. 6.

The refined meshes based on nk ges, and ng respectively are visually similar, the nx zz and ng zz, r tend to over-
refine the region where the local coefficient-weighted error is not significant yet 'V xu is discontinuous across the
interface.

Example 3. This example is a widely-used test problem examining the performance of adaptive mesh refinement
procedure for Maxwell equations (e.g. see [2]). The true solution is unknown and not smooth. The homogeneous
Dirichlet boundary condition is enforced, together with a constant source current f = (1, 1, 1). The coefficients are
given by:

nw=1, B=1 in (2,
p=1,  B=100 inQ\2
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Fig. 7. Convergence results of Examples 2 and 3.

Table 3
Comparison of the estimators in Example 3.

n #(DoF) Estimator y

MRes 21 219993  0.156 0.328
1 14 61302 0.152 0.346
NRee 8 15672 0.159 0.230

where (2. is {(x, y,2) : |x|, |y, lz] < %}. In this example, we cannot compute the true error, hence we set the stop
criterion to be n < Tol with Tol = 0.16 at the nth level of triangulation.

This example illustrates two important aspects: (1) the element residual is indispensable in the error estimator in
the pre-asymptotic region; (2) the iterative refining procedure using the residual-based estimator engages much more
degrees of freedom than the one using the recovery-based estimator, when same stop criterion is used for both.

The recovery-based error estimator shows an optimal order of convergence, which is 7 ~ (#DoF)~!/3, i.e., &
1/3, if the local error indicator includes the element residual ng = (n%’ 1+ ’7%(,0 + n%{, R)l/ 2_If the element residual

is discarded, i.e., the pure recovery-based estimator ng gec = (n%{ 1t 17%( O)]/ 2 is used as the local error indicator,

the order of convergence for nge. = (ZKE% T)%( ’Rec> 1/2 is not optimal (see Fig. 7b, and Table 3).

From the first two examples, we learn that the effectivity index of the recovery-based estimator is in general
two times as effective as that of the residual-based estimator. For problem with an unknown solution which is quite
common originated from some real world applications, when setting the stopping criterion using the global error
estimator, the number of degrees of freedom using the residual-based error estimator is (eff-indexgres/ eff—indexRec)3
as much as that using the recovery-based error estimator (see Table 3).
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Appendix. Weighted Helmholtz decomposition

Here we establish a weighted Helmholtz decomposition in light of [22,6] tailored for the H (curl) interface problem.
The following assumption is needed to guarantee that such a decomposition exists with the constant in estimate (4.13)
is independent of the jumps of the coefficients.
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Assumption A.1. (i) The domain {2 is assumed to be convex, simply-connected, and that no three or more subdomains
share one edge from the triangulation of (2. (ii) The coefficients u and § are assumed to satisfy: Ciyin < tjB8; < Cmax,
where Cpin and Ciax are two constants independent of the jumps of 1 ; and 8, or {2; on each subdomain 2;.

Firstly, we define some additional function spaces, along with the X({2, 8) in (4.1), relevant to the weighted
Helmbholtz decomposition as follows: for any piecewise constant o = ¢ in §2;:

Ho(curl; Q) = {u € Ho(curl; 2) : Vxu = 0in 2},

PC®(Q, Z)={v e L*() : v|, €C2)), j=1,....m}, (A.1)
J

and PH*(2,?)={vel*(): U‘Qj e H (), j=1,...,m}.

It is well known (see [38]) that the kernel of curl operator, ;Io (curl; £2), is characterized by the gradient field in a
simply-connected domain:

Lemma A.2. If (2 is simply-connected, for any u € }olo(curl; 2), there exists a unique function ¥ € HOI(.Q) such
thatu = V.

Since A(v, Vi) = (Bv, V), the orthogonal complement of IO{()(curl; ) = VH(} (£2) with respect to A(-, -) is
{v € Hy(curl; 2) : (Bv,VY¥) =0Vy € Hol(fl)} Cc X2, B).

To construct a weighted Helmholtz decomposition tailored for the interface problem, an analysis of the structure of
X ({2, B) is necessary. Before tackling this, the following lemma from [6] is needed:

Lemma A.3. X(2, @) N PC® (2, D) is dense in X(2, «) N PH' (2, P) in the following norm:
V%) = V17200, + 1V XVlI72 ) + IV-@)172 ) -
Now we move on to prove the norm equivalence for certain piecewise H'-vector fields using the density argument
of Lemma A.3.

Lemma A.4 (Norm Equivalence for Piecewise Smooth Vector Fields). For all v € X(£2,a) N PH' (2, 2), the
following identity holds:

ng ot|Vv|2=/Q<0(|V><v|2+a_l|v-(av)|2>. (A2)
=174

Proof. By Lemma A.3, it suffices to establish identity (A.2) for any ¢ € X(£2, ) N PC*(§2, &?). To this end, using
alocal identity —A¢ = V x (V x¢) — V(V-¢) and integrating by parts on each subdomain {2; twice give:

Z/ a|V¢|2=Z/ aj (|Vx¢|2+|V-¢|2)+B
=179 =179
with B:Z/ aj<(n-V)¢+nx(Vx¢)—(V~¢)n>~¢dS.

Now, it remains to prove that B = 0. On any polygonal face with normal vector n that is represented by the cartesian
coordinates in the three dimensional space, rather than the local planar coordinates, ¢ may be decomposed into the
normal and tangential components as follows:

¢=(p -nn+¢T with ¢ =nx (¢ xn), (A.3)
which, in turn, implies

n-V)p=(n-V)(@-m)n+@n-V)pr

and V-¢ =V-((¢-mn)+V-¢p1=@0-V)(¢ -n)+V-¢r. (A4)
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By using the following identity (e.g. see [39])
Va-b)=(@-Vb+ b -V)a+ax(Vxb)+bx(Vxa)
and noticing that n is a constant vector on a face, we have
V(n-¢)=@n-V)¢g+nx(Vxg),
which yields the following by being projected onto each polygonal face
Vi -¢)=m-V)pT +nx(Vx¢), (A.5)

where VT is defined as Vtu = (Vu)T. It follows from (A.4), (A.5), (A.3), homogeneous boundary condition, and
identity (2.7) that:

B = j;/;gj Olj(VT(n ¢) — (V.d)-l—)n) ¢dS
B ]Zl /m, o (V@) 67— (V-g)(@-m)) dS

= /F (IVr(@d-m) - @71 — LV -¢7) (@ - w15 ) dS

FC3

= [ (vrttas alp)- g7 + 9 o7l (ed -

Fc3

+ V1@ n) - (g7l +V-¢7 g - nl; ) dS.
Now B = 0 is a direct consequence of the continuity conditions for ¢ € X(£2, @) N PC*® ({2, &):

[¢xnr]lr =0 and [a¢ -nllp=0 VF CTJ.

This completes the proof of the lemma. [
Remark A.5. Lemma A.4 is an extension to the Lemma 3.8 in [38] for Lipschitz polyhedron in the case when only
homogeneous tangential boundary condition is satisfied for the vector field. It uses a similar argument to that of the
Theorem 2.3 in [22]. In [22], no piecewise constant coefficients are involved, but the technique used shed light upon
this kind of identity. The result in Lemma A.4 bears the same form with an identity valid for PH?({2, &) regular
vector fields used in Lemma 2.2 in [6]. In the proof of Lemma A.4, we further exploit the density result in [6], which

implies this identity in [6] Lemma 2.2 holds for PH' (12, ) regular vector fields when the jump conditions are met
on the interfaces.

Theorem A.6 (Weighted Helmholtz Decomposition). Under Assumption A.1, for any v € Hy(curl; (2), there exist
ve H(} (2) andw € PH' (22, ) N X (12, B) such that the decomposition (4.2) holds, and the estimate (4.3) is true.

Proof. For any v € Hy(curl; 2), let ¢ € HO1 (£2) be the solution of

(BVY, V) = (Bv, V), V¢ € Hy(02).
It is easy to check that

12y < H 1/2 < A6
18759 ) = |87 1oy = 00 (A6)
and that w = v — Vi satisfies

V-Bw)=0 inf2 and wxrn=0 ondfl. (A7)

The decomposition v = w + Vi shares the same form of the result (4.2) we want to prove, yet the rest is to show that
w € PH' (2, 2). To this end, we first construct an H'-lifting of the w. Using integration by parts we have

—/ V¢-(wxn)dS=/ v¢.va=/ SV xw-ndS Vo e H' (1),
a0 [0} 82
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thus wxn = 0 on 942 implies Vxw - = 0 on 32 by a density argument (e.g. see [40]). Applying Theorem 3.17 in
[40] on V xw, there exists a wg € X(§2, 1) such that

Vxwyg =Vxwin {2,
V-wg =0 in {2,
woxn =0 on d{2.

Taking the convexity of the {2 into account, an embedding result from Theorem 2.17 in [40] reads that X({2, 1) —
H'(2). Thus wy € H'(£2). Obviously,

Vxw—wy) =0 inf2 and W —wo)xn=0 onadfl.

The simply-connectedness of {2 implies that there exists a ¢ € H L(£2) (see Lemma A.2) with a constant boundary
value such that

w—wo=V¢ in {2

By the fact that w’ (. 1s divergence free within each (2; respectively, and [Bw - n]ly = O for any F C J, one can
J
check that the variational problem that ¢ satisfies is

(BVE. Vo) =—>" | [Bwo-nllp¢dS V9 € Hy(2).
FcC3

Noticing [[Bwo - nllp = [B1F(wo - n)|F e HY2(F) on any F C 7J, the regularity result of Theorem 4.1 in [6] shows
that ¢ € PH*(£2, 27), which is the piecewisely H? smooth, while has H' regularity across the interfaces. This, in
turn, implies that

w=wo+ Ve PH (2, ?)N{yeX,B):V-(Bv) =0}.

Lastly, to prove the estimate, by the triangle inequality and (A.6), we have

1/2 < H 1/2 H 12y pa—”
H‘B W L2(2) — By 12(0) + |8 14 2 =~ (vl
It follows from Assumption A.1(ii) and Lemma A.4 that
m m
-1/2y ’ <C H 12y ‘ —C H 12y ‘ e
; HM w 122 = ; BVw 2@, B W 2y T

These inequalities and (A.6) imply the validity of (4.3) and, hence, it completes the proof of the theorem. [

Remark A.7. The decomposition result in Theorem A.6 resembles that of Theorem 3.5 in [6]: any vector field in
X(£2, B) can be split into a PH'(£2, 2)-regular part, and a singular part solving a Dirichlet boundary problem
—V-(BVY) = f € L*(2). In the proof of Theorem A.6, we refine the results to cater the need for the pipeline
of proving the reliability of the error estimator. Namely, when certain assumption of geometry is imposed, if a vector
field v € X ({2, B) and V-(Bv) = 0, the singular part is non-existent.
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