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Auxiliary Space Preconditioners for SIP-DG Discretizations of
H(curl)-elliptic Problems with Discontinuous Coefficients

Blanca Ayuso de Dios? Ralf Hiptmair! Cecilia Pagliantini*

Abstract

We propose a family of preconditioners for linear systems of equations arising from a piecewise
polynomial symmetric Interior Penalty Discontinuous Galerkin (IP-DG) discretization of H(curl, Q)-
elliptic boundary value problems on conforming meshes. The design and analysis of the proposed
preconditioners relies on the auxiliary space method (ASM) employing an auxiliary space of H(curl, Q)-
conforming finite element functions together with a relaxation technique (local smoothing). On simplicial
meshes, the proposed preconditioner enjoys asymptotic optimality with respect to mesh refinement. It
is also robust with respect to jumps in the coeflicients v and [ in the second and zeroth order parts
of the operator, respectively, except when both coefficients are discontinuous and the problem is curl-
dominated in some regions and reaction dominated in others. On quadrilateral/hexahedral meshes our
ASM may fail, since the related H(curl, 2)-conforming finite element space does not provide a spectrally
accurate discretization.

1 Introduction

This work was inspired by the development of discontinuous Galerkin (DG) methods for the magnetic

advection-diffusion equations of resistive magneto-hydrodynamics (MHD), see [56]. In each timestep of a

partly implicit time-stepping scheme we have to solve a H(curl, Q)-elliptic boundary value problem, which,
in abstract form, reads

V x (vV xu)+ fu= in €,

{ ( )+ fu=f 1)

uxn=>0 on 0f2.
Here Q C R? is a bounded domain with Lipschitz boundary 09, f € L?(Q)3, and v(x) and B(x) are
possibly discontinuous coefficients, which are assumed to be positive and bounded functions in €2. They
represent properties of the medium or material: v is typically the inverse of the magnetic permeability and
B is proportional to the ratio of electrical conductivity and the time step. For the sake of simplicity, we
confine ourselves to domains €2 with trivial topology.

The boundary value problem (LI) allows an H(curl, Q)-elliptic variational formulation, which reads:
find u € Hp(curl, ©2) such that

a(u,v) == vV xu,V xv), o+ (Bu,v) o = (f, )9 Vv € Hy(curl, Q). (1.2)
We have used the standard notations for the Hilbert spaces
H(curl, Q) := {v € L*(Q)*: V xv € L?(Q)*}
Hy(curl,Q) := {v € H(curl,Q) : n x v = 0 on 0N}
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endowed with the graph norm

2

1v[l2w g = vl5.0 + IV x v[Fq-

The assumptions v > 0, 5 > 0 in 2 ensure existence and uniqueness of solutions of (L2)).

In MHD simulations the rationale for using DG is to cope with (locally) dominating transport. We are
not interested in the capability of DG to accommodate rather general meshes; the methods are considered
on standard conforming finite element meshes and this will be the setting of the present paper. We
acknowledge an extension of our approach to more general meshes is an open problem.

Our contribution. Based on the auziliary space method (ASM), explained in Section Bl we derive a
family of preconditioners for a symmetric Interior Penalty Discontinuous Galerkin (IP-DG) discretization
of (1) by means of piecewise polynomials on conforming meshes, see Section 2l Specifically, we address
the influence of possible discontinuities in the “diffusivity” v and/or in the “reaction coefficient” 3 on the
asymptotic performance of the preconditioners. Throughout,

we take for granted the availability of a (direct) solver for any standard H(curl, )-conforming
Galerkin discretization of (L2]).

Under this assumption we aim to determine the precise dependence of the performance of the ASM pre-
conditioners on both the mesh width and the coefficients in Section @. The main result is Theorem [4.1]
which asserts that, in a broad range of situations, the ASM approach provides a preconditioner that does
not degrade on fine meshes and in the presence of large jumps of the coefficients. The latter statement
has to be qualified, since a particular combination of discontinuities of v and /3 is not captured by our
estimates (yet?).

Related work for DG. Over the last fifteen years a considerable effort has been devoted to the devel-
opment of efficient and robust preconditioning techniques for discontinuous Galerkin (DG) discretizations.
Most analysis and especially convergence results have dealt with DG approximations of simple (mostly
second order) elliptic problems.

The first efforts were focused on the development and analysis of classical domain decomposition meth-
ods: overlapping Schwarz methods were studied in [50} 51} 27] for Interior Penalty (IP) DG approximations
of second and fourth order problems, whilst simple Schwarz methods with no overlap were introduced and
proved to be convergent (unlike to the conforming case) in [50, 2 [3] for all the DG methods considered
n [I0]. The analysis in the works mentioned above uses an augmented version of classical Schwarz theory
in order to deal with the non-conformity of the finite element spaces. Simultaneously, first attempts to
design and analyze efficient multigrid solvers in [53] 28] followed the classical multigrid theories of [21] and
[20) 22], respectively. Nowadays, there is still active research in these directions trying to harness classical
theories. In particular, Schwarz preconditioners [6l 18] 26, [5, 37] and multigrid methods [24] 23], 73], [40], [7]
have been investigated for newly introduced DG discretizations and for hp-DG approximations of elliptic
problems.

Furthermore, more sophisticated non-overlapping domain decomposition preconditioners of substruc-
turing type have been recently studied for DG for elliptic second order problems in two dimensions. In
[45] 46) [47), [4] non-overlapping BDDC, N-N, FETI-DP and substructuring methods have been introduced
and analyzed for a Nitsche-type approximation. BDDC preconditioners are also studied in [25] for a weakly
penalized IP method; for the p-version of a hybrid DG method in [81]; and in [36] for hp-IP-DG spectral
methods. While different approaches have been considered in the analysis, all the above works provide
quasi-optimality results (with respect to the mesh size and in [36, 4] also with respect to the polynomial
degree) and robustness of the preconditioners with respect to possible high variations or jumps in the
diffusion coefficient.

The evolution of domain decomposition and multigrid preconditioners has been paralleled by the design
and analysis of other subspace correction methods (for two and three dimensional problems), erected on



the construction of suitable splittings of DG finite element spaces. At least two main approaches, based on
different principles, have been pursued: the use of a suitable subspace and the construction of orthogonal
splittings. Optimal multilevel preconditioners based on an orthogonal space decomposition of the DG
space, were introduced in [16] for symmetric and non-symmetric piecewise linear IP approximations of
elliptic problems. This technique has been adapted and extended to deal with a larger family of problems
including elliptic problems with jumping coefficients [14], linear elasticity [I3] and convection dominated
problems corresponding to drift-diffusion models for the transport of species [15].

A different direction was followed in [41] and [32, 33], where the authors introduced two-level and multi-
level preconditioners, respectively, for the Interior Penalty (IP) DG methods. There is a close relationship
with our work, because the conceptual foundation behind both works (although in the first is not explicitly
mentioned) is the Fictitious Space Lemma and the ASM, with an auxiliary finite element space (piece-
wise constants and conforming linear finite elements, respectively) in which preconditioning techniques are
available. The ASM has been further exploited recently in [I2] to construct optimal preconditioners for
a family of H(div,Q2)-DG discretizations of the Stokes problem, and in [31] to develop optimal multilevel
preconditioners for spectral DG discretizations (see also [36] where these results are used for designing a
BDDC preconditioner). In particular, the analysis in [12] requires a suitable extension of the Fictitious
Space Lemma.

There is also a relatively big body of work on DG discretizations for boundary values problems like
(LI). Different varieties of DG for different extended and regularized versions of (L.I]) have been presented
in, among others, [34, 35 64, [78]. By and large it seems that numerical analysis has entirely focused
on a priori and a posteriori error estimate and no attention has been paid to the design and analysis of
preconditioners. Apparently, the present paper is the first study to address this.

Work on preconditioners for conforming finite element methods. Subspace correction pre-
conditioners in the context of conforming Galerkin finite element discretizations of H(curl, Q)-elliptic
variational problems are well established both in the form of multigrid [57, (9] IT], 63] and domain de-
composition methods [60), 84]. The authors prove uniform performance with respect to mesh refinement,
but their analyses do not take into account discontinuities in the coefficients. However, in [57] numerical
evidence hints that multigrid methods in H(curl, Q) are affected by jumping coefficients in a similar way
as their scalar counterparts.

For conforming and non-conforming discretizations of scalar second order elliptic problems, the de-
sign preconditioning strategies, that can be proven to be robust with respect to the jumps in the diffu-
sion coefficient has received a lot of attention. However, in presence of two different coefficients (i.e. a
reaction-diffusion problem or one resulting upon time discretization of a parabolic model), the asymptotic
convergence of multilevel solvers for conforming discretizations has only been recently addressed in [72].
The authors show that robustness can only be achieved when one of the two coefficients is constant, or if
both coefficients have the same pattern distribution.

Much less progress has been made in the context of H(curl, Q)-elliptic problems with two variable
coefficients. In spite of the relevance of the problem, the bulk of contributions is largely restricted to
conforming finite element approximations of the two dimensional problem. Non-overlapping domain de-
composition methods of substructuring type are studied in [88] 42], Neumann-Neumann methods in [83],
and FETI and FETI-DP in [79] and [86], respectively. Besides the work in [42], where the authors used
non standard coarse spaces based on energy minimization, all other mentioned works reflect a dependence
on the coefficients in the asymptotic convergence that predicts deterioration of the preconditioner in the
mass-dominated regime.

For the three dimensional H(curl, Q)-elliptic problem with two variable coefficients, there are even less
works. This is certainly related to the significant challenges that emerge in the three dimensional continuous
problem but it is also due to the much intricate construction of the finite element discretizations. FETI-
DP algorithms for conforming approximations were introduced in [85] and the analysis reveals explicit



dependence on the ratio between the reaction and the curl coefficients, as appeared in all first works for
the two dimensional case. Other significant contributions are contained in [67 [68], where the authors
further extended the research from [70,[69]. In [67] a novel mortar method for H(curl, 2)-conforming finite
element discretizations is introduced and analyzed. A weighted (with respect to the reaction coefficient)
Helmholtz decomposition is derived in [68] and applied to the analysis of the substructuring preconditioner
introduced in [70] applied to the problem with variable coefficients. The assumptions on the distribution of
the coefficients seems however quite restrictive, ruling out many cases of interest. More recently in [43], the
authors have devised a non-overlapping BDDC algorithm able to improve the dependence on the quotient
H/h between the coarse and fine meshes by saving two logarithmic factors. Nevertheless, their analysis
still reflects the same dependence on the coefficients as in [85].

Remark. The asymptotic analysis and estimates derived in the remainder of this work, require to
introduce constants. With a small abuse of notation, by C' we will denote a generic positive constant
whose value may vary among different occurrences, but, unless otherwise specified, will be independent of
the mesh width and the coefficients of the problem and may only depend on the polynomial degree, the
shape regularity and the connectivity of the mesh partition.

2 Interior Penalty discontinuous Galerkin discretization: abstract set-
ting

This section is devoted to the derivation of a symmetric Interior Penalty discontinuous Galerkin discretiza-
tion of the model problem (LI]). First, we fix the basic notation and introduce assumptions on the mesh
partition of the domain together with the finite element spaces of interest for the method. Then the
discretization approach is presented and its basic properties discussed.

2.1 Mesh Partition and Jump operators

Let T, be a shape regular partition of the computational domain € into disjoint tetrahedra (d- simplices
with d = 3) or axis-parallel hexahedral elements such that Q = Upe7, T. Moreover, the partition Ty, is
assumed to be conforming, locally quasi-uniform, and affine. Let hr denote the diameter of T' € Tj; we
set h := maxreT, hr to represent the mesh width of 7;,. The local mesh sizes are of bounded variation,
that is, there exists a constant p > 0 depending only on the shape regularity of the mesh, such that every
neighboring elements T and 7" satisfy phr < hpr < p~thr.

An interior face f = 911 N OT5 is the intersection of the boundary of two neighboring elements 17,15 €
Tr, while a boundary face f = 907 N 0N is given by the intersection of the boundary with a boundary
element T" € T;,. Each interior face is equipped with an intrinsic orientation and the boundary faces are
by convention assumed to be oriented such that the normal vector points inward. We denote by JF}, the
set of all faces of the partition (d—1-dimensional cells of the partition), and by F; and ]:,‘? the collection
of all interior and boundary faces, respectively. Trivially, F}, = F; U .7:}? . Similarly, &, will refer to the set
of all edges of the skeleton of 7j, (d—2-dimensional cells of the partition), and by &7 and 5;‘? we denote the
collection of all interior and boundary edges, respectively.

In order to define the trace operators (see e.g. [78, Section 3]), let f € F} be an interior face shared by
two elements T and T~ and let n™ and n~ denote the unit normal vectors on f pointing outwards from
T+ and T, respectively. For a piecewise smooth vector-valued function v, we denote by v* the traces of
v taken from within 7%. We define the average and tangential jump across f € F7 by

vt +o n

{v} = [v]r :=n

and on a boundary face f € ]:}?, we set {v} :=v and [v]r :=nx v.

><'u+—|—n_><v_7



Throughout the paper we will use the following sets of mesh cells:

Te):={TeT,: eCIT}; E(T):={ee€&,: ecdT};
FT):={feFy: feol}; Fle):={fe€Fn: ecdf}.

2.2 Finite Element Spaces and local representation

We introduce the (family of) finite element spaces
Vi ={vecl?Q)?: ve M(T), T €Ty}, (2.1)

where M(T) is a local space of vector-valued polynomials which, for a fixed degree k, satisfy M(T) C
P,(T)? if T is a simplex or M(T) C Q(T)3 if T is an hexahedron. The corresponding Hy(curl, Q)-
conforming finite element spaces are

Vi = Vi NHp(curl, Q) = {v € Hy(curl, Q) : v e M(T), T € Tp}.

Throughout, the local space M(T') will be defined as one of the following:
1. Nédélec elements of the second family on simplicial meshes: Full polynomial space

M(T) = NH(T) =P (T)3,  k>1. (2.2)
2. Nédélec elements of the first family on simplicial meshes: For an integer k > 0, we define
M(T) = NU(T) :=Pi(T)® & (x x Hi(T)®), k>0, (2.3)

where H¥(T') denotes the space of homogeneous polynomials of degree k.
3. Nédélec elements of the first family on cubical meshes [75]: The polynomial space:

M(T) = NI(T) := Queg1,541(T) X Qpegt o1 (T) X Qpeg o (1), k>0, (2.4)

where Q¢ (T") is the local space of polynomials of degree at most £, m,n in each vector component. For
hexahedral and cubical meshes our analysis is restricted to local spaces of Nédélec elements of the first
family. However, a thoughtful discussion on the possible use of other local elements and the failure of the
corresponding theory is provided in Remark [£T8 and in the numerical experiments in Section [6l

For each of the above spaces, the local degrees of freedom (dofs) are the normalized moments on edges,
faces and elements (see [74], Definition 5.30] and [19, Sections 2.3.2 and 2.4.4] for details). An important
property of the spaces M(T') is that they (and their dofs) are invariant under the action of a covariant
transform in case of affine mappings. In fact, the construction, implementation and analysis of the proposed
preconditioners heavily relies on the use of the local spaces M(T') together with the corresponding choice
of degrees of freedom. In particular, denoting by v.r = {fué’T}f\;el, vir = {v?T}i\Lfl and vp = {v’T}f\ﬁ’l
the moments of v € M(T') (corresponding to the particular choice of M(T)), the following representation
holds,

= > Z%T‘PeT + ) ZW,T‘PfT +ZUT<PT , VxeT (2.5)

ec&(T) 1=1 feF(T

where {cpéT}f\ﬁl, {cp?’T}ﬁ\;fl and {cpZT}i:bl refer to the basis functions of M(T) (dual to the degrees of
freedom relative to M(T')). Note that even if the degrees of freedom are on the edges and faces of the
mesh, they are confined to a single element therefore no continuity across the mesh cells has to be imposed.

Finally we remark that for the design and analysis of the solvers it is sometimes essential to characterize
the kernel of the curl operator in V,¢ for each choice of M(T'), see Section Since the domain €2
is assumed to be homotopy equivalent to a ball, the kernels are given by gradients of standard scalar
Lagrangian finite element functions.



2.3 Symmetric Interior Penalty method

We propose a discretization of the problem (L)) along the lines of [64] based on the symmetric Interior
Penalty discontinuous Galerkin (SIP-DG) method introduced in [8, 89, [I7] (see also [10, Section 3.4]) for
second order problems. To deal with the discontinuous coefficients of the problem and provide a robust
approximation method, we modify the classical SIP-DG method, similarly to [44, Section 4], where a
particular choice of weighted averages of the discontinuous coefficients at the mesh interfaces is introduced.
More precisely, we consider the discrete variational formulation: find w;, € V4 such that

apg(up,v) = (f,v)7, VYveV, (2.6)

where

(f’v)ﬁ = Z (f,’U)(],T,

T€eTh
and the bilinear form apg(+,-) is defined as

apc(u,v) = Y (1rV xu, Vxv)or+ Y (Bru,v)or— Y {vV xul,, [v])os

TeTh TETh fEFH 2.7)
= > [l vV o} os+ Y arw) D > (seluls ,[vlr)oy-
feFn TET, e€&(T) fEF(e)

Here vp € Py(T) and pr € Po(T') are the restriction of the coefficients v and g to the element T' € T;,. We
assume that the partition 7}, resolves the coefficients: v, 5 € Py(Tp).

In ([2.7), the function sy penalizes the tangential jumps over the (d—1)-cells of the skeleton of the
partition. Every face jump is weighted with the sum of certain coefficients ap(v) belonging to the elements
T sharing an edge of the given face. In particular, sy is defined as [8, [55] [7§]

spi=coh;'  VfEF, (2.8)
where ¢y > 0 is a strictly positive constant independent of the mesh size and the coefficients of the problem
and depending only on the shape regularity constant of 7;,. The function h; is defined as

h min {hp+, hp-} feFe, f=0T"nNnor—,
r=
hr feF?, f=0TNoN.

The coefficient function (a7 (v))re7;, € Po(Tr) is a piecewise constant function defined elementwise by

max v fer,
o . . TET (e)
ar(v) = max {v},, with {vh., = ecdf (2.9)

feF(T) 9
Observe that in view of the above definition, the coefficient ar(v) is taking the maximum conductivity
coefficient over a patch of elements surrounding 7. Moreover, in (Z7]), the weighted average {{}},Y is defined
as the plain trace for a boundary face, whereas for f € F7,
fu}, =9ju" +ryu”  with A =1-77,
for weights vjf that depend on the coefficient ¥ and might vary over all interior faces. More precisely, for

any f € Fp with f =0T NIT~, we take ’yf as follows:

:F
N v
= By where v

+ .
= V'Ti .



The use of the weighted average {-}. together with {-}, , and the definition of the coefficient ar(v) is
aimed at ensuring the robustness of the approximation (2.6]) as well as of the preconditioners introduced
in the present paper, with respect to variations of the coefficients.

In our analysis we will use the harmonic average of the coefficient v across a face f defined as

2wty Y n _
L ﬁ fe]:h, f:aT ﬂ@T 5
{vhpp=q vtV (2.10)
vr fer?, f=0TnoQ.

Notice that {v} ; is equivalent to min{v™,»~} and hence, in particular, {v} , < 2v%. Moreover, it
satisfies the following relation with respect to the coefficient in (2.9])

by <{vb.;, Ve (2.11)
We finally observe that
vV xo}, ={vhy {V xv} VweW, VfieF,. (2.12)

Note that when the variational formulation (2.6) is restricted to V;¢, the corresponding Hy(curl, §2)-
conforming discretization of (I.I]) is obtained.
On V4, we introduce the seminorms

IV xvll5, 7= > vrlVxvl§r VveVa, (2.13)

TeTh

i, =Y ar) Yo Y B0, Ve e Va,
TeTh ec&(T) feF(e)
and norms

vll3.s.7 = Y Brivlgr Vo€ Va, (2.14)

TeT,
[olbe = IV x 0,7 + 05 577 + 102, YveVa. (2.15)

2.4 Convergence of the approximation

We now briefly show that the bilinear form apg(-,-) defined in (27) is continuous and coercive in Vj,
with respect to the ||-||pg norm (2I5) with constants independent of the mesh size h and the coefficients
of the problem. Note that, as it will be clear from the proof, the stability constant depends also on the
stabilization parameter ¢( in (2.8]) which therefore has to be chosen large enough in order to ensure stability
of the bilinear form apg(+,-) in the ||-||pg norm.

Proposition 2.1. Let the bilinear form apg(-,-) be defined as in (ZT). Then, there exist constants
Ceonts Csiap > 0 depending only on the shape reqularity of the mesh and on the polynomial degree such
that

lapc(u, v)| < Ceont|ullpellvllpe Vu,v € Vp, (2.16)
apc(v,v) > CyallvldHe, VoveW,. (2.17)



Proof. We first show the coercivity (ZI7). Taking u = v € V}, in (7)), results in

Z/{VVX’U} qvl.-d

JEFR

apc (v,v) > ||V x |3, 7, + [0l .75, + colv]Z, — (2.18)

Cauchy-Schwarz inequality and the arithmetic-geometric inequality together with the relation (212 and
the bound (2.I1]) on the harmonic average, give

<C< 4 ”{{VVX’U}}«/”(%J)l/z({V}} o H(2”)1/2

‘/{{NXU}} [w]ads e }*

T }} ({0} )R 169 x 0}l s + o {{u} shitlol-lG

@Ce{{u}}&fhfuﬁwv}}uaf S h LR (2.19)

Now, let f =0T+ NOT~. The trace inequality [I, Theorem 3.10] and the inverse inequality [39, Theorem
3.2.6] together with the fact that {v} , < 2vp+ yield

(g b IV x 035 < Clops IV x 0[5 g + v IV X 0llg ).

where C depends on the shape regularity and the local polynomial space. Moreover, by the definition (2.9])
it holds

S fvh o, <C Y arv) Z\|\|0f<OZaT Z||\|Of+ZaT S>> oy

fE€FH TeTh feF (T TeTh feJ-' TETh e€&(T) fFEF (e)\F(T)
Hence, summing (2.19]) over all the faces yields

<OV x ol 0t T 3 ar) 3 Zhlll Il

TeTh ecE(T) fEF (e

/{nyv} [w]nds

fE€Fn

Plugging the above estimate into (2.I8]), results in

apg(v,v) > (1 —2¢0) |V x 'vHO,,Th + H’UHwTh <Co - —> |v |
By taking the constant penalty parameter ¢ sufficiently large, coercivity (2.17) is achieved with a constant

Cstab depending only on the shape regularity of 7; and the polynomial degree of V4.
Concerning the continuity (2.16]), Cauchy-Schwarz inequality gives

<NV xaullopellV x vloya + llullgsallvlosa:

Z/VTVX’U, V X v+ fBru-v

TETH
Z ar (v Z Z /Coh [u]r-[v]r]| < Clulip|v]er < Cllullpg vlpg -
TETh ec&(T) feF(e)

A similar reasoning as in (2I9) (but without using arithmetic-geometric inequality) gives

> vV xu}-[v].

fE€Fn

and continuity ([2.16]) follows from the definition (ZI5) of the ||| norm. O

< CIV x o7, [0l



For solutions of problem (1)) sufficiently regular, quasi-optimal error estimates in the DG-norm (Z.15])
for the discretization introduced in (2.6) can be derived. Since the a-priori error analysis of the DG
approximation (2.6]) is out of the scope of the present work, we refer the interested reader to [64], 54, 55]
and references therein.

3 Auxiliary space preconditioning

In this section we present the key ideas of the abstract framework for preconditioning approaches based
on fictitious or auxiliary spaces. In particular, since in the applications we have in mind, the fictitious
space method is applied to finite element spaces, we will focus on finite dimensional real Hilbert spaces.
The design and analysis of the proposed preconditioning technique relies on the theory of the fictitious
space method. For this reason, following the guidelines given in [62], we provide the main steps required to
apply this theory to our particular problem. Then we introduce a family of preconditioners for the IP-DG
discretization of problem (LL1]) presented in Section [2.3]

3.1 Fictitious space and auxiliary space method

The auxiliary space method was introduced as a technique to develop and analyze optimal multilevel
preconditioners for elliptic discretizations on general unstructured meshes in [91] and for non-conforming
methods in [77]. It can be interpreted as a further generalization of the fictitious space approach, based on
the so-called fictitious space Lemma originally introduced by Nepomnyaschikh in [76]. Two main ingredients
are required in the construction of a fictitious space preconditioner for the operator A : V4, — V! associated
to the inner product a(-,-) and the induced norm ||-|| 4 on V4;:

(1) Another real (and discrete or finite dimensional) Hilbert space V, the fictitious space, endowed with
the inner product @(-,-), induced operator A: VY — V' and norm -1l 5-

(2) A continuous, linear and surjective transfer operator IT : ¥V — V}, (the so-called prolongation operator
in domain decomposition and multigrid methods).

Then, the fictitious space preconditioner B : V;/ — V4, is defined as
Bi=ToA oIl (3.1)

Obviously, the convergence properties of B depend on the auxiliary space ¥ and on A. Note that the fact
that IT is surjective, ensures that B is an isomorphism, and in particular a valid preconditioner (see [62,
Lemma 2.1]). The analysis of the fictitious space preconditioner is grounded on the fictitious space Lemma,
which we recall next without proof.

Theorem 3.1. [76, Lemma 2.2]. Assume that
(i) 11 is surjective and bounded, i.e. 3Cy > 0: HHEH?A <C; HEH% Vo € V;
(i) WweVy, 3DEV: v=17 and 3Co>0: |54 < Colvl.

Then
Cot ol < alBAv,v) < Ci [[v]% Vo € Vi

In the present work, the space V4, is as in (2.1)) and it is endowed with the inner product apg(-,-)
given in (7)), with induced operator A : V3, — V}/. The coercivity and symmetry of the bilinear form
apc(+,-) shown in Proposition 2] ensure that the operator A is self-adjoint and positive definite. Its
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matrix representation, in the basis associated to the degrees of freedom (see the representation (ZX) in
Section 2]) will be denoted by A and provides a symmetric positive definite matrix. The fictitious space
Theorem [B] provides an estimate on the spectral condition number of the preconditioned system matrix,
namely

k(BA) < Cy(Ch,

where B denotes the matrix representation of the preconditioner (B.I]).

In the auxiliary space method, the fictitious space is chosen as a product space having V3 as one of
its components. As observed in [91], such choice eases the construction of a surjective map II, and as a
consequence facilitates the analysis. In the simplest case, the fictitious space is given by ¥V = Vj, x W,
where W represents the true auziliary space, endowed with a symmetric positive definite bilinear form
a,y (-,-) and induced operator A, : W — W’. As component of the fictitious space, the space V4, is
equipped with another inner product s(-,-) which induces an operator S : V, — V}/. The operator S is
typically referred to as smoother. This approach can be thought of as the fictitious space technique with
the inner product

a(v,v) = s(vo,vo) + a,, (w, w) Vo = (v, w), vg € Vp, weW,
and the auxiliary space preconditioner operator is given by
-1 -1 *
B=8"+1I, 0 A Joll’ (3.2)

where the linear transfer operator IL,,, : W — V}, yields the surjective map

Id —
II := Y = V.
II

w

Here, the adjoint operator 117 : Vi, — W is defined by
ay, (I, v, w) = a(v,11,, w) veV, wew.

If S € RV*N with N := dimV}, and Ay € RVW>XNw - Ny, .= dimW, then the preconditioner (3.2 in
algebraic form reads
B=S"'+PA,/P' (3.3)

where P € RV*MW ig the matrix representation of the transfer operator IL,,, .

As pointed out before, the analysis of the auxiliary space preconditioner hinges on the fictitious space
Theorem Bl Its assumptions boil down to fulfilling the conditions of the following theorem (see [62,
Section 2] and [61, Lemma 2.1]).

Theorem 3.2. With the notation and definitions introduced above, assume that the following conditions
are satisfied.

Property (FO0): The transfer operator I1,,, is uniformly bounded, i.e. 3 c,, > 0 independent of h and the
parameters of the problem, and depending on the mesh only through its shape reqularity constant such that

apc(IL,, w,1l,, w) < ¢,,, a,, (w,w), Yw e W. (3.4)

Property (F1): The operator S~! is continuous, namely there exists cs > 0, independent of h and the
parameters of the problem, and depending only on the shape reqularity of the mesh such that

apg(v,v) < c¢ss(v,v), Vv eV,
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Property (F2): (Stable decomposition) For every v € Vj, there exist w € W and vy € Vi, such that
v = v + 1I,,,w and there exists C’g > 0 independent of v, such that

inf  {s(vo,v0) + a,, (w,w)} < C§ apg(v,v), Vo=vo+1I,,w.
v EVh, weW
v:vo+HWw

Then, a direct application of the fictitious space Theorem [Z1 yields k(BA) < CZ(cs + ¢,y ).

3.2

Auxiliary space preconditioners for the IP-DG discretization in Hy(curl, 2)

In the present work, we consider the DG space V3, defined in (2.1]) with local spaces M(T') as described in
Section 21 Concerning the auxiliary space, the following choices are adopted:

(a)

Let W be the finite element space W = Vj, N Hp(curl, ), i.e.
W =V ={w € Hy(curl, Q) : w|lr € M(T), T € Ts}, (3.5)

for any choice of the local space M(T) as in ([22)), (Z3) or (Z4), and endowed with the bilinear
form a,,, (-,-) deriving from the Hg(curl, ©2)-conforming finite element approximation of the model
problem (LI). That is,

QAyy (X?w) = Z (VTV X X, V x w)O,T + Z (BTX7w)07T7 vX7w € th
TeT, TeTs

Note that, as observed in Section 2} a, (-, ) is nothing but the restriction of the bilinear form apg(-,-)
in (Z7) to the Hy(curl, )-conforming finite element space V,¢, namely

a,, (u,v) = apg(u,v), Vu,ve V.

The associated operator A,,, : V;¢ — (V€)' is self-adjoint and positive definite. The transfer operator
IL,,, : V)¢ — V}, is trivially the standard inclusion.

On a simplicial mesh, if Vj, is the DG space (&) with local space M(T') = N{(T) as in 22, we
consider a second choice for the auxiliary space. Let W be the Hy(curl, )-conforming finite element
space based on local polynomial spaces of type N/(T) as in (23], i.e.

W = WE = {w € Hy(curl,Q) : w|r e N(T), T € Tp.} . (3.6)

Note that W C V¢ C V3. The space W is endowed with the inner product a,,,(:,-) corre-
sponding to the Hg(curl, Q)-conforming approximation based on W. Hence, the corresponding
induced operator Ay : W — (W§)' is self-adjoint and positive definite, and the transfer operator
IL,,, : Wi — V}, is defined as the standard inclusion.

Observe that condition (F0) in Theorem is trivially satisfied for both the above choices since the
transfer operator II,,, is the standard inclusion. Furthermore, in both cases W = V,* or W = W, the
constant in ([B.4) is ¢,,, = 1 in view of the fact that a,,, (-, -) is the restriction of apc (-, ) to the corresponding
H(curl, Q)-conforming spaces. Therefore, inequality (8.4]) becomes an identity.
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3.3 Smoothers for the auxiliary space preconditioner

To assess the performance of the proposed family of preconditioners, the choices of the auxiliary space
described in Section are combined with different possible smoothing operators S : Vi, — V,/. We
now briefly introduce our choice of relaxation techniques (non-overlapping and overlapping) as subspace
correction (SC) methods [90], and postpone to Section 2] their theoretical analysis. We focus on two main
types: pointwise relaxation and patch smoothers.

Pointwise relaxation or non-overlapping SC: Since the Galerkin matrix A associated to the DG discretiza-
tion of the model problem (2.6]) is symmetric positive definite, we focus on Jacobi-type smoothers. Indeed,
by virtue of [92] Lemma 3.3], the pointwise symmetric Gauss-Seidel smoother is spectrally equivalent to
the corresponding Jacobi smoother, with constants independent of the problem coefficients and mesh size.

Our smoother are defined as non-overlapping additive Schwarz smoothers based on the following split-
tings of Vj:

(i) Pointwise Jacobi smoother:

Ne . Ny . N .
V=@ (X Swmiglat+ ¥ Zspan{soy,T}+;span{¢T}>; (37)

TETh \ec&(T) i=1 FEF(T) i=1
(ii) Block Jacobi smoother:
1 Ne 1 Ny o1 N
Vi, = @ span{@, 7, - - - Py PRIy - ,cpf’fT,cpT, o eptt (3.8)
TET,

In Lemma [£.4] we will show that the (non-overlapping) block Jacobi smoother associated with ([B.8) is
spectrally equivalent to the pointwise Jacobi relaxation relative to the splitting ([B.7).

Patch smoothers or overlapping SC methods: When the auxiliary space W is “coarser” than Vj, i.e., is
of type (b) as in Section B.2] a local relaxation will not be effective (see Remark B3] and the numerical
experiments in Section [B) and one needs to resort to patch smoothers. For their description and analysis
one can rely on overlapping additive Schwarz methods [48] or on the subspace correction method [90]. We
consider the decomposition of V}, as a sum of spaces supported in small patches of elements. In particular,
let NV}, denote the set of all vertices of the mesh 7, and let y be either a vertex in A}, an edge in &, or an
element of the mesh 7;,. We denote generically by €, the patch related to y, i.e.

Qy:{TE'ﬁL:“yCT”}, yeN,UELUT,

where the precise definition of the relation “y C T” is specified below in (39), (310) and BII) for each
case. The corresponding subspace associated to each patch is defined as

Vhﬂy:{vth:supp('u)ng}, yeN,UELUT .

We therefore have the following (overlapping) space decompositions:

V=Y W', Q. ={T eT: xecdl}, (3.9)
IEA@

V=Y Vi, Qe={T €Th:ecCdT}=:Tle), (3.10)
ecéy,

V=Y W7, Qr ={T" €Ty, : dT' N AT € &,}. (3.11)

TeT,
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Observe that

ac J 9 aeclJ2 ac o (3.12)
xEN}, ecéy, TETh

Moreover, since V} is a space of piecewise discontinuous polynomials, there are no continuity constraints
imposed in the above space splittings.

In order to define the additive overlapping Schwarz (or additive subspace correction method) associated
to a given domain decomposition Q, as in [B.9), BI0) or (B.II]), we first consider the restriction of the
IP-DG method (Z8) to the subspace V3%, namely the bilinear form in (7)) becomes:

ant(v,v) = > (vl Vxoldr+Brlollir) -2 Y. ({wVxol, [vloy

Teqy, FEFNQ,\0Qy,
Y ar) Y Y (slvle dvldor— S vk (nx v,V x vl
Teq, eeé‘(T) FEF(\OR, FeFInon, (3.13)
+ ZaT Z Z (sfmxv,nxv)s Vo e V.
TeQy, ec&(T) feF(e)NofYy,
ATNO%, £0

The above bilinear form defines the local solvers for 2, N9Q = (). For those patches touching the boundary
of Q, the fourth term in the above sum is modified having v instead of {v} - Denoting now by J, the
cardinality of the patches required to cover the domain, the additive Schwarz smoother is defined as

Yy Yy
v) = Zag@é(vj,vj) with v = Zvj, vi € V. (3.14)

Remark 3.3. It is worth pointing out that, as we will show in Lemma and observe numerically, the
use of a block oriented smoother in the preconditioner B is only essential when the auxiliary space W is
coarser than Vi¢; i.e., is of the type (b). The requirement of using overlapping block-type smoothers in
two-level and multi-level preconditioners for the finite element approximation of (L)) has been observed
(and illustrated numerically) in the literature by many authors and for different approaches [60, 59 [11].
The basic rigorous mathematical justification that a pointwise smoother in a two level preconditioner will
not provide a convergent method, is given in [92] where a lower bound of order 1 — ch? on the convergence
rate of such two level preconditioner is derived. More precisely, in [92] Section 4] the author provides an
explicit construction of a function that cannot be seen by the coarse solver and cannot be damped by a
pointwise relaxation. Here, as we will show in Lemma 19 the use of a pointwise smoother would break
the edge bubbles (not seen by the auxiliary space) leading to a component with arbitrary high energy, that
cannot be damped.

4 Asymptotic optimality of preconditioner

This section is devoted to the analysis of the preconditioners introduced in Section and Section 3.3l We
first state and discuss the main results. Then some basic auxiliary estimates required in the convergence
analysis are introduced. Finally, we prove conditions (F1) and (F2) of Theorem

Theorem 4.1. Let B be the auziliary space preconditioner as defined in ([83]) and associated to one of the
following:

(i) Auziliary space W = V¢ as in B3) and Jacobi smoother relative to the splitting of Vi, B1) or
B.3);
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(ii) Auziliary space W = W§ as in [B.8) and overlapping patch smoother as in (314) and B.I3).

Then,
K(BA) < 2 (1+¢s) = cq (14 ¢5) max{1,6(v, 8},
where 2
5(v, B) := min { max TﬁT, max br max ar(v) } , (4.1)
TeT, vp = TTET, B Tea,T'erl ap(v)
OTNOT'#0 ATNAT'#0

where A, denotes the set of elements in the curl-dominated regime and A} denote the elements in a
reaction dominated region (see (L3M)). The constants cs, ¢, depend only on the polynomial degree and on
the shape reqularity of the mesh.

The proof of the above Theorem relies on the application of the fictitious space Theorem [B.I] and
therefore boils down to the verification of conditions (FO0), (F1) and (F2) in Theorem 32l As pointed out
in the description of the preconditioners in Section 3.2, condition (FO0) is trivially satisfied in all cases, as
it can be plainly seen from the definition of a,, (-, ) and due to the fact that IL,,, is the standard inclusion.
Therefore, we are left with showing Properties (F1) and (F2).

4.1 Auxiliary results: Local estimates

In the analysis of the preconditioners some basic local estimates will be instrumental. These results are
therefore collected in the next Lemma whose proof relies on standard arguments and the equivalence of
all norms in finite dimensional spaces and it is therefore relegated to Appendix[Al We refer the interested
reader to [58, Lemma 3.12], [74], Lemma 5.43] and references therein.

Lemma 4.2. Let T € Ty, be an arbitrary element and let T be the corresponding reference element (unit
tetrahedron, or unit cube) under an invertible affine map Fr(X) = BrX+cp. Let v € M(T) be represented
as in (28] and let v denote the function defined through a contravariant transformation, v = B}—v o Frp.
Then, there exists C' > 0 depending only on the polynomial degree and the shape regularity of the mesh,
such that the following inequalities hold:

1[I < Chrl®l; 1815 7 < Chz' Ivll5 r . (4.2)

OT’

IV x vllg 7 < Ch IV x f3

2o IV X825 < Che|V x ol (4.3)

and for f € 9T image of the reference face fe OT under Fr,

/\nxvﬁdsgc/ﬁxay?dg, /A]ﬁx%\zd’s\gC/]nxv\zds. (4.4)
f f f f
Moreover, there exist C1, Co, C3 > 0 such that
2 2 2 ~
G|V x Bz <CalEly < D Mverlp+ Y llvgrlli + llvrllz < CslIBl; 7, (4.5)
e€&(T) fEF(T)

where ||-||,2 denotes the standard Euclidean norm. Finally, there exist Cy, Cs > 0 such that

/ BxB’ds< Y Nverlly + lvprlf < 05/A|ﬁ x o] ds, (4.6)
e€€(f) f

where E(f) denotes the set of edges of f.
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Note that, as shown in [58, Equation (3.37)], the affine equivalence techniques deployed in the previous
Lemma 2] allow to establish the L2-stability of the local basis functions of V3. As immediate consequence
of Lemma 2] we can derive the following:

Lemma 4.3. Let f = 0T~ NOTT be an interior face. There exist C1, Co > 0 depending only on the
polynomial degree and the shape regularity of the mesh such that for all v € Vp,

2 2
Cy / [vl?ds < ||vpre —vir—lle+ D vers = ver—||p < 02/ [v]-|*ds. (4.7)
! e€€(f) !
Proof. Let v¥ € M(T%) denote the restrictions of v € V3, to TF. By definition of tangential jump and
normal unit vector, one has [v ] = nT xvt+n~xv™ = nt x (v —v7). Then, the function w = (v —v")

)

has degrees of freedom given by {v e v;’T, }f\ifl and {v;T+ - v;T, }¥e for every e € £(f). Using a
contravariant transformation, as in Lemma [£.2] we can apply (4.0]) to get the desired equivalence on the
reference element

b 2 g 2 2 a2
04/A|n+ <@ d3 < [logre —vir-a+ X0 [vers —ver-[lp < Cs /A|n+ x w[*ds.
d eee(f) !
Applying estimate (4.4]) from Lemma 2] and substituting n* x w = [v |-, results in (&7]). O

4.2 Smoothers

In this section we deal with the analysis of the smoothers introduced in Section B3l In particular, for
each smoother, this involves not only proving that property (F1) is fulfilled (and therefore the smoothing
operator has continuous and uniformly bounded inverse), but also determining how the operator S scales in
relation with the identity operator. The corresponding result for the pointwise relaxation methods defined
in ([@9) and (@I0) is given in the next Lemma.

Lemma 4.4. Let s(-,-) denote any of the bilinear forms associated to the pointwise Jacobi or block-Jacobi
smoothers as defined in the splittings of Vi, in (B1) and B8, respectively. Then, there exists cs > 0
independent of the mesh size and the coefficients of the problems but depending on the local polynomial
space and on the shape reqularity of the mesh such that

c;lapa(v,v) < s(v,v) VveV.
Moreover, s(-,-) satisfies
—2)1..112 2 —21,,(|2
s(v,v) <C Z vrhy™|lvlor + Z Brlvllor + Z ar(v)hy"|vllgr . Vv E Vh, (4.8)
T€ETh T€ETh TeT,
with C' > 0 depending on the local polynomial space and on the shape reqularity of the mesh.

Proof. To define the bilinear form s(-,-) relative to Jacobi smoother associated to the space splitting (3.7])
we make use of the representation (2.5]) of functions in V4, where each basis function {cp;T}ZN;l, {cp?T}Z].V:fl,

{cp?;p}f-\f:"l is now considered as a global basis function on € extended by zero outside of its support. The
pointwise Jacobi relaxation reads:

Ne
SJ(’U,’U) = Z Z ZaDG(QOi,T’QOi,T)(Ué,T)z

TETh e€&(T) i=1

Ny N,
+ 3 3 S anal@lr @) @hr)? + > ana(eh o) (0h)?

TET;, fEF(T) i=1 TET;, i=1

(4.9)
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whilst the block Jacobi operator, using as blocks the elements T € T}, of the mesh, has bilinear form

syp(v,v) Z Z Z ZaDG ‘PeT?‘Pe’T)eTU’T

TeThL ecE(T) e’€&(T) i=

+> > D ZaDG Chr PVt + ) ZaDG P, ) (vr)”.

TET;, feF(T) f'eF(T) i=1 TeT,, i=1

(4.10)

As it will be clear from the proof, it is enough to focus on the lowest order case, namely for local degrees
of freedom given by {Ué,T}i\El for T € Ty, e € E(T) with N < 2. The general case (as given in (3]
and ([@I0)) can be shown by arguing exactly in the same way for the terms involving faces and elements
degrees of freedom.

First we prove continuity of the pointwise smoother. Using the representation (2.5]), Cauchy-Schwarz
inequality and the arithmetic-geometric inequality yield

apg(v,v) Z Z Z Z ZaDG QOeTv‘Pe’T’)eTU’T’

TETh ecE(T) T'eTy, €e€&(T)i=1
T MOT D

Z Z Z Z Z\/aDG ‘PeTv‘PeT)\/aDG(‘Pe'T’v‘Pe'T/) TU’T’

TeTh ecE(T) T'ETh, € €E(T') i=1
OT'NOT#D

=9 Z Z Z Z Z apa 905T7906T)( eT) +aDG(<Pe' T ‘Pe' T’)( fo) )

TeTh ecE(T) T'€Th, €€E(T)i=1
AT'NAT D

Ne
<03 3T N apa(@l g @l ) (ip)? = Csy(v,v),

TETh ec&(T) i=1

where the constant C' depends on the shape regularity of 7,. In order to prove (48]), note that the
continuity and stability of the bilinear form apg(-,-) hold for each of the basis functions (considered as
global functions). In particular, for all i = 1,..., N, we have

Cstabllpl 7llba < apa (@l 1 @L 1) < Ceontll@l rliba »

and therefore apg (¢’ 7, p. ) ~ C Hcpi’TH%G where the constant C' depends on the stability and continuity
constants of apg(+,-). Moreover, exploiting (£2) and the inequalities (£3]) and ([@4]), together with (L35l
and (4.6]) from Lemma [£.2] results in the following standard inverse inequalities

[V x ‘Pi,T”(%,T < ChEQH‘Pi,THg,Ta [n x ‘Pi,T”?),f < Ch#H‘Pi,T”%,Ta

where shape regularity has been used. Hence, recalling the definition of the ||||o norm (ZI5), it holds

Z Z Z Ve.r) VT”VX‘PeTHOT""BT”‘PeT”OT)
(1) i=

TETh ec&(

+ZaT Z Z Zh Ve,r) ”n><<PeT”0f

TeT, e€&(T) feF(e)nF(T) i=1



17

<CZ Z Z vir)? (vrh ek rligr + Briiel rllor)

TeTy ec&(T) =1

+ ) ar() Y Z v S nt el IR

TET;, ec&(T) i=1 feF(e)nF(T)
<O vrhPolRr + Y BrivlEe + S arm)h vl s,
TET, TETy TeTh

with C' > 0 depending on the mesh 7, through its shape-regularity. For the block Jacobi smoother sy, in
(#10), using the short-hand notation v; := v|z;, Cauchy-Schwarz inequality gives

apa(v,v) = aDG< > v Y 'Uj> > ) Vapa(wi,vi)y/apc (v, v;)

T:€Th T;€Th, T:€Tn  T;€Th,

OT,NOT, 40 OT;NOT; 0
1
<3 Y. > (apa(ivi) +apc(v),v)) < C Y anc(vi,vi) = Cs (v, v) .
T;€Tn  T;€Th, T;€Th
OT;NOT;#0

Moreover, the non-overlapping block Jacobi smoother enjoys the same spectral scaling of the pointwise
Jacobi relaxation. Indeed,

i i
sp(v,v) Z Z Z ZaDG %Ta%/ 1)Ve, Ve T

TeTh ecE(T) e’€€(T) i=1

Z Z Z Z \/aDG Sae T’(pe T)\/aDG(Qoe/ T7¢e/ T) eTU ' T

TeTh ecE(T) e’€&(T) i=1

Z Z Z Z(aDG(‘Pé,T"Pé,T)(Ué,T)z+aDG(‘Pi’,T?¢é’,T)(Ué’,T)2)

TET e€&(T) ! €£(T) i=1

Ne
=C Z Z Z aDG(‘PZé,T, (Pé,T)(U;T)2 = Csy(v,v),

TETh e€&(T) i=1

and therefore, ([A.8]) follows also for s (-, -). O

IN
N —

We now study the continuity and spectral properties of the patch smoothers defined through (3.14]) and
BI3). In order to deal with all of them at once, we use a more compact notation and denote generically
by: ©; = Q, the patch related to y with y € N, U&, U Ty; by V. the corresponding subspace associated to

the patch Q; (see (39), (310) and (B.I1))); and by a{)G( )= ag%( -) the local solver defined in (B.13]).
Let J be the number of patches required to cover €2 (which will be different for the different splittings),

then we write Vj, = Z i1 V] Note that J is always a bounded and moderate constant that depends on the
connectivity of the partition. From the shape regularity assumption and by construction, for each of the
domain decompositions, the patches (or subdomains) €2; are of comparable size. Moreover, all the domain
decompositions (B:12]) have the finite covering property: that is for every x € €, there is a finite number of
patches containing x, say N(x). We define N. = maxyecq N(x) which is a finite (and moderate) number
depending on the connectivity of the mesh. Denoting by A; V] (V] )’ the local operator associated

to aDG( -) and by Z; V] < V4, the natural embedding, the additive Schwarz smoothing operator reads
S = E}leI] OAj_ OIJ’-‘.
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The next Lemma establishes the property (F1) in Theorem B.2land provides the scaling of the smoother
so(+,-) in (B.14).
Lemma 4.5. Let Vj, = ijl V,{ be a space splitting with subspaces V,.f as in (39), BI0) or BII), and
let so(+,-) be the corresponding (overlapping) additive Schwarz method given in (B14]). Then, for every

v € Vy, there exists cs > 0 depending on the local polynomial space, the shape regularity, the connectivity of
the mesh and the amount of overlapping N, in the subdomain partition, such that for any choice of {vj}}]:l

for which v = ijl vj, it holds
apa(v,v) < csso(v,v). (4.11)

Moreover, so(-,-) satisfies

J
so<v,v>:z(z vV x w320+ BrloslEe+ S ar) 3 S A7t L2,

j=1 NTeq, TeQ; c€E(T) fEF(e)\0Q;

(4.12)
+ > ar(v) > > by anvjuof)

TeqQ,; e€&(T) fEF (e)NO;
aTman £0

Proof. Note that (4I1]) states that in the decomposition v = ijl vj, the energy of the parts bounds the
energy of the function in V4. To measure the overlap of the domain splitting we introduce the constants

1 if QN #0
Cjk = i 08 7 Gk=1,...,J
0 ifQNQ =0

Cauchy-Schwarz inequality, the arithmetic-geometric inequality and the fact that cj;, = c; for all j, k =

., dJ, gives
J J J
apG(v,v) = aDG(ZUj,ZUk> = > crana(vj,vp) < Y \/CjkaDG(Uj,Uj)\/ijaDG(Uk,Uk)
=1 k=1 Jk=1 jk=1
L J
< 5 Z C]kaDG ’U],’U]) +CkJaDG(’Uk,’Uk < Z CjkaDG(vj7vj)
J.k=1 J.k=1

J J J
Z aDG(”jv”j)(chk> < chang(,Uj’vj) = 6580(’0,’0),
=1

k=1 j=1

where ¢; = max<j< {fk : Q; N Qy # 0}. The proof of ([€I2]) reduces to use the continuity and coercivity
of af)4(+,-) on the subspace V,i for every j=1,...,J. O

4.3 Averaging operator

Typically, in the auxiliary space framework, the proof of the stable decomposition property (F2) relies
on the construction of an operator Pp, : Vi, — Vi, N H(curl, Q) satisfying appropriate approximation and
stability properties. We construct such averaging operator, following the ideas given in [64] [71]. In fact,
our construction and approximation results could be regarded as a generalization of the result contained in
[64, Appendix]|. The main novelty here, is that the operator we introduce takes into account the presence of
coefficients in the model problem (I.T]) and is shown to provide robust approximation with respect to large
variation of the coefficients. Therefore, we believe that the construction and approximation results are of
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independent interest, and for this reason, we present the construction of the operator and its approximation
results without restricting to low order methods. It is worth stressing that the result in [64, Appendix] has
been already used in the different contexts related to the DG approximation of the time harmonic Maxwell
problem; in the analysis of spectral approximation [35] (see also [34] for the numerical verification of the
results) and in different works related to a posteriori error estimates [65], [66].

To ease the notation, we set x := Pp(v) and, since x € Vi NH(curl, ), we can write x| in the basis
of M(T) for all T' € T;,. More precisely we have the following representation:

Ny
= > ZX@‘P@T + ) focpr X)+ > Xreh(x) VxeT. (4.13)
=1

e€&(T) i=1 feF(T

Hence, in order to define x, it is enough to specify its associated degrees of freedom x, = {Xe 1215

Xr = {X?}i\f:fl and xp = {le}f[:”l in terms of those of v and ensure at the same time the H(curl, Q2)-
conformity of the global function. In order to do that, we define two sets of weights associated with faces
and edges of the mesh. More precisely, let f € F¢ be an interior face such that f = 9T NIT~. We define:

1%
wips = — T
’ VVr+ + V-

Note that, since trivially (a + b)? > a® + b? for a,b > 0, we have

Vp—

—v - (4.14)
VIrE o

and wrp-=1—wpps =

2VTiW]22T¢ <{vbuy<{vh.;<ar(v), ar-(v),

with {-}, ; and ar(v) defined as in (Z3) and { -}, , as in ZI0). In order to define the weights on the
edges of the mesh, let e € £ be an interior edge and let 7 (e) be the set of elements sharing the edge e (as
defined in Section 2.1]). Note that the cardinality of the set 7 (e) is bounded by a finite constant depending
on the shape regularity and the connectivity of the mesh 7y, uniformly with respect to h. Let v; := v|7;,
we define

__
We, Ty = Z \/E VI, € T(e) . (4.15)
T;€T (e)

We now have all ingredients to construct the averaging projection operator Pj,.

Definition 4.6. Let Pj, : V}, — V,¢ be such that x = Pj(v), for any v € V4, is given by (£I3) with
degrees of freedom x, = {Xé}i\/:eb Xf= {X’f}ff:fl and xp = {le}f[:”l defined as:

(i) For every T € T, the volume degrees of freedom xp are set equal to those of vr:

Xpi=vh  Vi=1,...,Ny. (4.16)
(ii) The face moments x ; are defined, for all i = 1,..., Ny as

i = WitV stV fEFR, f=0TTNOTT, (4.17)
= .
0 feFo,

where the weights wyp+, wyp- are as in ({.14).
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(iii) The edge moments x, are defined, for all i = 1,..., N, as the convex combination

: Z we7TZU;€,,Te €c 5;:7 eC 8T€ )
X’e — ToeT (e) (4.18)

0 665}?,

with weights {we 7, }¢ defined in ([@I5).

Observe that the definition of Py, is completely general with respect to the distribution of the coefficient
v which is only required to be piecewise constant on Ty for every h. Note also that if v =1 in 2, then the
averaging operator above coincides with the projection operator proposed in [64, Appendix]. The following
result provides the approximation properties of P}, in the local v-weighted L?-norm.

Lemma 4.7. Let v € V}, and let P, : Vi, = V,¢ be the averaging operator introduced in Definition [{.6]
Then, there exists a constant C' > 0 depending only on the polynomial degree and the shape reqularity of
the mesh such that

vrllv = Pu(@)|§ 7 < Car(v) Y th J-lI5.s + Car(v) > > hlllvlelgy; (419
fe]—' ec&(T) feF(e)\F(T)

ar(v)|v = Pu(v)|[5r < Car(v Z th I-115.s + Car(v) > hlllvl-Ig,;  (4.20)
fe]-‘ ec&(T) feF(e)\F(T)

Prior to give the proof of the above estimates, we present a stability result of the averaging operator
Py, in the B-weighted L?-norm defined in (2.14)).

Corollary 4.8. Let v € Vi, and let Py, : Vi, — V,© be the averaging operator as in Definition [{.6. Then,
there exists C > 0 depending only on the polynomial degree and the shape regularity of the mesh such that

lv = Pa()llg 575, < Cmax{1,0(v, B)}v[De - (4.21)
where 6(v, B) is defined as
. h%Br Pr
= . 4.22
0(v,B) min { ere%}’;f o T?’%}%’h B ( )
OTNAT 0

Proof. The proof boils down to showing the following estimates:

Br
lv = Pr(0)ll§ 57 <C > h2 S Y ar@r vl (4.23)
TETh, eES(T) feF(e)
Br
lo = Pu()ll55,7 <C D Brivler+ D B—ﬂT'HvH%,w (4.24)
TeT, T.7' €Ty,
OTNOT' D

To prove ([A23), we exploit the v-weighted L2-estimate (£I9) by multiplying and dividing by vr the
elementwise S-weighted norms, namely

> rlo—Pu)lRr = 3 Lorlo - Paw)lir

TeT, TeTh

Loy IS Y wmmlivl,

TeTh eGS(T feF(e)

<CY LSS arwingivlg-

TeT, eGS(T) fEF(e)
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In order to show ([£24)), we use the estimate ([L20]) with ar(v) =1 for all T € Tj, and trace [1] and inverse
inequalities [38] p. 146] to get

ZﬁT\|v—Ph<v>||%,T§czﬁT( > il 2+ Y % hfu[[vﬂfnaf)

TEeT;, TeT, feF(T e€E(T) feF(e)\F(T)
2 Br
<C Z Brllvllor+C Z Z 3 P ||’U||o T
TET;, TeT, e\ {1} T
OTNOT'#)

Taking into account the definition of the DG-norm (2.I5]), one can combine estimates (4.23)) and (£24]) to
obtain (4.21]). O

Proof of Lemma[/.7. In view of the definition of the norms (ZI3]) and (2.I4]), we consider the L? approx-
imation error at the element level. First, let T' € T} be an arbitrary element that does not intersect the
boundary 0f2. To estimate the difference v — Py (v) we use the representations (2Z.5) and (£13). The bound
([#2) together with the norm equivalence (L.5]) gives

2
vrlv = Pr(v)|§ 7 < ChT< S ovrllvrr—xsllp+ DY vrllver — er|§2> : (4.25)
fEF(T) ecE(T)

We estimate each of the contributions on the right hand side above separately. Let f € F(T') be an interior
face such that f = 97" N AT with T,T" € T;,. From the definition of the averaging operator and the
corresponding face degrees of freedom (A7), together with the norm equivalence (7)) from Lemma 3]
we have

EID 2 2
=" vr(wir)® Jogr —vrr|e

2 @&ID 2
vr H’vaT - XfHez = br H(l —WET)VET — WETV LT ||

(%)
Car(v v].*ds, .
2 Can >/fu[ 1| (4.26)

<vr H'Uf,T — VT ?2

since the face weights satisfy w7 < 1 and v < arp(v) for all T € Tj. Concerning the degrees of freedom
on the edges, using the definition in (EI])) results in

Sovrlver —xlp<C Y. > vrwen)? lver —ver 7z - (4.27)
ec&(T) ec&(T) TyeT (e)
To£T

To estimate the above term, we introduce a numbering (ordering) of the elements in the set 7 (e) for a
fixed e € E(T), such that T (e) = U;W;O T; with M, := |T (e)| — 1. The ordering is such that Ty := T" and
Ty NOTy € ]:(To) , and OJTIynN 8T]\/j\,i € ]:(T(]) ;
oTH N OT' € 5(T0) but 9Ty N OTj ¢ ]:(T(]) Vi=2,...,M,—1; (4.28)
8T ﬂ@T]He}"( )ﬂ]:( ]4_1) Vi=2,...,M,—1.

Using such numbering, by summing and subtracting suitable degrees of freedom and applying triangle
inequality (see [71, Lemma 2.2] for a similar trick), results in

Z VT (we,Tz)z |ve,ry — ’Ue,TzH?Z < v (WG,T1)2 e, — v67T1H§2

T,€T (e)
To#To Me—1

+ Z VTO We Tg E Z HveT ve,Tj+1H§2

2
02

+ vty (WG,TMe HUG,TO — Ve, Ty,
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Notice that trivially vz, (we,ry)? , vry (e, )? < v s < {v}. ; with f € F(Tp) while for the interme-
diate sum above (taking into account the definition in (2Z9])), one has

vrp(wer,)” < {vh, ; with f=0T;NdTj41 j=0,....0—1, £=2,...M.—1.

Hence, the above estimates together with the norm equivalence (L7 from Lemma [£3] and the fact that ¢
is uniformly bounded (¢ < M,) yield

2
> vnwer) ven —venlz <C ) Y vk sllol-lg,

T,ET (e) T,€T (e) feF(e)NF(T)
Tg;ﬁT() TZ# 0 (429)
<C{vh; D vl
fef( )

Hence, substituting (£.29]) into (.27 for all elements that do not intersect the domain boundary 92 and
taking into account the definition (2.9)) yields

Y. vrllver = xel < Car() > Y Ilvl-l3y, (4.30)

ec&(T) ecE(T) feF (e)

where C only depends on the shape regularity and connectivity of the mesh. For elements T' € T, touching
the boundary 9T NI # () the same type of estimates can be obtained by exploiting the fact that, in view
of the boundary conditions, the degrees of freedom x;p and X, are set to zero on the boundary faces
and on the boundary edges, respectively (see ([AI7) and (4I8))). In particular, analogously to (425, it
holds

va—P(u)HaTg(JhT( S vl S v feerl

FCOTNON eCOTNON

+ 3 vrllvrr—xsln+ Y vrlver — xelln

feF(T) e€&(T)
Lo e o0

) ' (4.31)

The last two contributions are estimated as in (426 and (4.30) respectively. The first two terms can be
bounded by arguing similarly, but using equivalence ([£6]) together with (£4]), namely

w( S egrlae 30 uvevTuiz)sz 3 <va,TH§z+ T uve,Tuiz)

fCoTNON eCoTNON fCOTNO e€&(f)
<C Z ar(v) / In x v|?ds, (4.32)
FCOTNON f

and one can conclude by using the fact that the “jump” on the boundary 9f2 reduces to the plain tangential
trace. Therefore, substituting into (4.25]) and (4.31]) the local contributions from the interior faces (£.26]),
from the interior edges (4.30) and from the boundary ([432]), yields (4.19)).

In order to obtain (£.20]), we proceed analogously as above using ap(v) in lieu of vp. The contribution
from the edges can be estimated (using now the fact that we 7 < 1 for all e € £(T")) as

> an () (wer,)? Ives, — venlly < Cary(v) D> vl-llo (4.33)
TeeT (e) feF(e)
Te#To
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and substituting (@33 into [@2T) results in

YooarW)ver —xllz<C Y Y arW)llvl-llG (4.34)

ec&(T) ec&(T) feF(e)

where C' only depends on the shape regularity and connectivity of the mesh. The degrees of freedom on
the faces can be evaluated as in (4.26]) with oz (v) instead of vp. Hence, the result follows by substituting

into ([@.25]) and (4.31l), the bounds ([A.20]), (£.34) and the boundary term (.32]). O

4.4 Stable decomposition

By means of the approximation properties of the averaging operator derived in Section [£.3] we establish a
first stability result for the splitting associated to the case (a) in Section B.2] paying particular attention
to the distribution of the coefficients v and .

Proposition 4.9. Let T, be shape regular and local quasi-uniform. Let Vi, be defined as in (2.1)) and let
Vi¢ = Vi, N Hy(curl, Q) be the corresponding H(curl, Q)-conforming finite element space. Let s(-,-) be any
of the pointwise smoothers defined in ([L9) and (LI0). Then, for any v € V4, there exist vo € Vi, and
x € Vi such that v = v + x and

s(v0,v0) + ayy, (X, X) < § max{1,0(v, B)} apa(v,v), (4.35)

where 9(v,3) is defined as in [@22) and the constant ¢3 > 0 depends only the polynomial degree and on
the shape reqularity of the mesh.

Proof. Let v € Vi, and Pj, be the averaging operator introduced in Definition Since by construction,
Pr(v) € Vi&, for all v € V}, we take vg = v — Py (v) € Vi,. Then, the scaling of the smoother (48] given
in Lemma [4.4] together with the approximation estimates (£.20) and (@2])) and the fact that vy < arp(v)
for any T € T, gives

s(vo,v0) < C Y hplvrv = Pu(0) iz + v = Pa@)l5 575 + D hrtar®)]v = Pu(v)[§ 1

TET;, TETh
<C > arw) YD ht vl + COw.B)lv]Ihe -
TeTh ec&(T) feF(e)

To conclude we need to consider a,,, (Py(v), Pr(v)). Since
w (Pr(v), Pr(v)) < ayy, (v,0) + ay,, (v = Pu(v),v = Pp(v)),

the stability proof reduces to bound the weighted H(curl, 2)-norm of the difference v — Py (v) (using the
continuity of a,, (-,-) in that norm). Hence, a standard application of inverse inequality together with

(#20) and (4.21]), yields

yy (0 = Pp(v), 0 = Pp(v)) < |V x (v = Po(0)|§ 0.7, + [0 = Pr(v) 3 5.7,
<CY ar@) Y Y hitllvllis + COw B)lvlie-

TeTs e€&(T) feF(e)

Collecting the above two estimates results in (£.35]). Since the choice of v was arbitrary this concludes the
proof. O
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Remark 4.10. The results derived in Proposition [£9 entail that:

e If the problem is curl-dominated in the whole domain (i.e. vy > Brh% for all T € Tp), [E35)
guarantees that the auxiliary space preconditioner is uniformly convergent and robust with respect to
jumps in the coeflicients 8 and v. In this case one could replace the solution operator in the auxiliary
space A,,, by the domain decomposition preconditioner proposed in [43], getting an optimal solver.

e If the reaction coefficient 3 is assumed to be of bounded variation, (£35]) ensures the uniform con-
vergence of the auxiliary space preconditioner and the robustness with respect to possible jumps
in the coefficient v. This could be seen as in agreement with the results available in the literature
for auxiliary space type preconditioners for discretizations of second order problems with only one
jumping coefficient [36, [31].

e If the problem is reaction dominated in the whole domain and f is allowed to have high variations in
different regions, an application of Proposition [4.9 would predict a convergence affected significantly
by the size of the largest ratio h2 707 /vr and the largest jump on the reaction coefficient 3. How-
ever, such prediction might be pessimistic and would not endorse the results obtained in the actual
computations, as we shall see in the numerical experiments (see Section [B]). Also, if the problem
is reaction dominated in the whole domain, one might expect that the auxiliary space solver is not
required in the preconditioner (3.3]). In fact, as we will show in the subsequent Proposition .14l and
in the numerical experiments, by suitably turning off the auxiliary space solver in the preconditioner
its convergence will not be jeopardized by the largest ratio h? 707 /vr or by the largest jump on the
reaction coefficient.

4.5 Localized results

To efficiently address the most general case in which the local quotient h?pﬁT /vr can be larger than one in
some parts of the domain but smaller than one in some others; that is when the problem is curl-dominated
in some regions and reaction dominated in others, we introduce another averaging operator Py, : V3, — Ve
which allows to turn off the auxiliary space correction in the reaction dominated regime, and to further
localize the error estimates. Its definition is given in terms of the operator P} (introduced in Definition [2.6])
by setting it to zero in selected regions.

Definition 4.11. Let P}, : V, — Vi, N Hp(curl, Q) and let X := P,(v) be defined through the local
representation (analogue of (£I3])),

Np
= > ZX@‘P@T + Y focpr X)+ > Xreh(x)  VxeT.
=1

ec&(T) i=1 FEF(T) i=1

The degrees of freedom of x are equal to the degrees of freedom of x := Pp(v) (defined in (@I6]), [EIT),
(#I]) or are set to zero according to the following criteria:

(i) if T € Ty, the volume degrees of freedom, for all : = 1,..., N, are:

0 if h%,@T > aT(V) s

X otherwise.

7)

X1 =
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(ii) if f € F¢ such that f =0T+t N AT~ the face moments, for all ¢ = 1,..., Ny are:

Yi o 0 lf h”%“F/BT+ Z a+ (V) or h%*ﬂT* Z ap— (V) )
f— .
X} otherwise.

On boundary faces f € .7-",‘? we set Xy = X -

(ili) if e € &7, the edge moments, for all i =1,..., N, are:

i 0 if 37" € T(e) : h% B > ap(v),
‘ XL otherwise.

On boundary edges e € £7 we set X, = X,

First, we introduce some notations and establish some preliminary results on the approximation error
given by P, which will be instrumental for the subsequent analysis on the stability of the decomposition.
In particular, let T' € 7T, be fixed and such that h2.Br < ar(v). We define the following sets (see Figure E1]
for an example in a 2D schematic representation where an element is depicted as a triangle, a face is
identified with an edge and an edge with a vertex):

FUT):={f € F(T): f=0T NI for T' € T}, such that h B > ar(v)};
ENT):={e € &(T): IT' € T(e) such that h2 By > ap/(v)}; (4.36)
T(T) :={T" € T(e) fore € E'(T) : T NIT' = e and h B > ap/(v)}.

We will establish local bounds of the L?-norm of the averaging projection error given by P, depending on
the ratio of ap(v) belonging to elements T € Tj, at the interface between a curl-dominated region and a
subdomain in a reaction dominated regime. For this reason we need to introduce the sets of elements:

Ap:={T € Ty : h3Br < ar(v)}, b= A{T € T : hpbr > ar(v)}. (4.37)

Figure 4.1: 2D sketch of the sets defined in (@36l
The elements 7" € {T1, T2} in gray satisfy h%, Bz >
agq (v), while the elements in the white region satisfy
h2.B8r < ar(v). For the element T (in the white re-

gion): F'(T)={f"}, &'(T)={e1,ea,e3}, T(T)={T1}.

With this notation in mind, localized approximation estimates for the operator P can be derived. The
proofs of the following Lemmas are relegated to Appendix [Bl and Appendix [Cl We refer to Figure and
Figure 3] for a 2D sketch of the mesh configurations covered in Lemma .12 and Lemma [£T3] respectively.
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Lemma 4.12. Let v € Vj, and let Py : Vi, = Vi be the projection operator in Definition [[-11. Let
T € Ay, be fized (i.e., T € Ty, is such that W8y < ar(v)). Assume that the set F'(T) # 0 is non-empty.
In particular, if F(T)\ F'(T) # 0, then

hrlar(v) [|v — Ph(v HOT<C’aT > > r vl +C Z VVﬁT/||v||(2)7T,. (4.38)
ec&(T) feF(e) T'eTh,
aTmaT'ef'(T)

If F/(T) = F(T), then

1/
hitar(v) o = Pu()|ls - < Cor(v) Z Rt llel-lg, +C Y = VﬁT/IIvII?),T/; (4.39)
feF(T TeTh
8T08T’ef(T)

where the constants C' > 0 depend only on the polynomial degree and the shape regularity of the mesh.

(a) Admissible configuration (b) Admissible configuration (c) Non-admissible configuration

Figure 4.2: 2D sketch of the required assumptions in LemmalZI2l Let the cells T'in white be such that h2.8r < ar(v),
and the cells T” in gray satisfy h%, B > oz (v). The element T in case (a) satisfy the assumptions of the Lemma for
[#38)), whereas T in (b) fulfills the hypoteses of the Lemma case [@39) but the configuration in case (c) does not.

Lemma 4.13. Let v € Vi, and let Py, : Vi, — Vi€ be the projection operator introduced in Definition [{-11]
Let T € Ay, be fized. Assume that E'(T) # 0 but F'(T) = 0. Then,

har(w)|[v = Pu)[ls, < Carw) > Y h7'([v] ||0f+cz IV/ﬁT/Hng’T,; (4.40)
ec&(T) feF(e) T'eT'(T

where the constants C > 0 depend only on the polynomial degree and the shape reqularity of the mesh.
We have now all the tools needed to establish the following:

Proposition 4.14. Let T, be shape regular and local quasi-uniform. Let Vi, be defined as in (2.1)) and let
Vi¢ = ViuN Ho(curl; Q) be the corresponding H (curl; Q2)-conforming finite element space. Let s(-,-) be any
of the pointwise smoothers as defined in (L9) and (EIQ). Then, for any v € V4, there exist vg € Vi, and
x € Vi¥ such that v = vo + x and

s(vo,v0) +a,,, (X x) < ¢ 1 ar(v) } apg(v,v), (4.41)

max ,
TeA,, T eA), { ar (V)
OTNOT'#0
where the sets A, and A) are defined in ([A3T) and the constant c¢ depends only on the polynomial degree
and on the shape regularity of the mesh.
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(a) Admissible configuration (b) Non-admissible configuration

Figure 4.3: 2D sketch of the required assumptions in LemmalZI3l Let the cells T'in white be such that h2.8r < ar(v),
and the cells 7" in gray satisfy h2 B3 > ar/(v). The element T in case (a) satisfy the assumptions of the Lemma,
whereas configuration (b) does not.

Proof. Let v € V}, and let P}, be the averaging operator as from Definition EI1l By construction, Pp,(v) €
V2. Throughout the proof we set vg = v — Pr(v). We distinguish several cases depending on the regions
of the domain, and proceed by local estimates. In particular, for a fixed element 1" € 7}, we distinguish
four possible cases:

(i) T € A} ie. h30r > ar(v) >
(ii) T € Ay ie. h2Br < ar(v) and £'(T) =0 (hence F'(T) = 0);
(iii) T € Ap, ie. h3Br < ar(v) and F'(T) # 0;

(iv) T € Ay ie. h2Br < ap(v) and F'(T) = () but £(T) # 0.

The last two cases refer to those elements that have a face or an edge at the interface between the reaction
dominated and curl-dominated regime. We will typically use

ayy (Pr(v), Pr(v))|r < ay, (v,0)|7 + a,, (v — Pp(v),v — Pp(v))|r, (4.42)

and therefore to bound a,,, (Pr(v), Py(v))|r it will be enough to bound the last term in (ZZ2). Let us
consider one by one the previous cases.

Case (i). In this case, T' is an element in the reaction dominated region and therefore the auxiliary space
solver is turned off. By definition of the operator P; (Definition EIT]), it holds Pp(v)|r = 0, hence
vo|r = v|p. This case leaves out (locally) the correction in the auxiliary space. Hence to prove (dL4I]) we
only need to consider the smoother. For the pointwise or block Jacobi smoother, using the scaling in (£4.8])
together with the fact that h;QVT < h;QaT(V) < Br, results in

-2 2

s(vo, vo)|r < C (hy Wllvlgr) <
Case (ii). Owing to the construction of the operator P}, in Definition @I it holds Pp,(v)|r = Pp(v)|7 and
hence vg|r = v|p — Pp(v)|r. Therefore we can directly argue as in the proof of Proposition Taking
into account (£42) and using inverse inequalities, the local approximation properties of P, in ([@20) and
the assumption h?pﬁT < ap(v) yields

tyy (v = Ppp(v),0 = Pp(v)) 7 < vrl|V x (0 = Pr(0) |57 + Brlv = Pa(0) 32
< hpPvr|v = Pu()lls 7 + by ar(v)|v — Pu(o)llf

<Car(v) Y > hitllvl-loy -

eeé' (T) feF(e)

vy i.e. the element is in the reaction dominated regime;




28

An analogous reasoning applies to the smoothing operator S. For the pointwise or block Jacobi smoother,
the scaling in (4.8)) together with (£.20), gives

s(vo, vo)lr < C (h_2VT||’v ~ Pr()l§.r + Brlv = Pu(v)ll3 r + hr*ar @) v — Pr()l§ 1)

<Car(v) Y > hitllvl-loy -

ec&(T) feF(e)

The last two cases cover the configuration where the current element 7', in the curl-dominated regime,
is at the interface with a reaction dominated region.
Case (iii). This situation corresponds to an element T with h%r < ar(v) sharing at least one face with an
element 7" having hT, B} > ap/(v). Under these assumptions, we can exploit the results from Lemma 12l
Let us first assume that F(T) \ F'(T) # 0. Inverse inequality together with estimate (€38]) from Lemma
gives

ayy (V= Pp(v),v = Pp(v)|r < vrl|V x (v = Pr(v)[§ 1 + Brllv — Pr(v)[§r
< hpvrlv = Pu(o)|3r + hrlarv)|v — Pa(v >||%T

<Cor(v) 3 Y WMok v S S ”VﬁT ol -

ec&(T) feF(e) T €Ty,
aTrndT' e F'(T )

Moreover, the same bound can be derived for the pointwise Jacobi operator introduced in (£9) (or (ZI0))
by using the scaling ([£8)) and applying estimate (Z38]),
s(vo,vo)|r < C (hzvrl|v = Pr()[§ 1 + Brllv — Pr(0)|§ 1 + hp’ar(v)|lv — Pr()|§ 1)
< Chptar(v)|lv = Pr()[§r (4.43)
since by assumption the current element 7 satisfies h%.87 < ar(v).

If 7(T') = F(T), we exploit the results of Lemma [£12] in (£39]). For the H(curl, Q)-conforming part
of the decomposition ([£.42), applying estimate (£39) from that Lemma yields

tyy, (v = Pp(v),v = Pu(v))|r < vrl|V x (v = Pr(v) 5.1 + Brllv — Pu(v) |51
< h%zVTH” - fh(v)HgT + h_204T( )Mo —Pr()3.r

aT(
€F(T) T'eTh
f @ 8T08T€’€.7:( )

Concerning the pointwise smoother, one can proceed as in (£43]) by applying this time estimate (4.39])
from Lemma

Case (iv). The last case fulfills the assumptions of Lemma EEI3l Since by assumption, h2.87 < ar(v),
inverse inequality on the last term of (£42]) and estimate ([€40) give

tyy, (v = Pp(v),v = Pu(v))|r < vrl|V x (v = Pr(v) 5.1 + Brllv — Pr(v) |51
< hptvrllv — Pr(0)|§.r + hplor(v)|lv — Ph(v )HgT

l/
<Car(w) Y 3w [vlR, 4 C Z oy P Il

€& (T) fEF(e) TeT(T
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Moreover, proceeding as in case (iii) above, the pointwise Jacobi smoother scales as
s(vo, vo)|r < C (hpPvr|lv = Pr(@)l5 1 + Brllv — Pr)|§ r + hi’ar()|lv — Pu(v)|§7)
< Chyar(v)llv = Pr(@).r .

and the conclusion follows by applying (£.40).
Collecting the local contributions from all the cases above discussed results in

S(’UO”UO) + Ay, (X?X) < Hv X ,UH(2),1/,771 + C|Iv|§,u

ar(v ar(v
—I-C'max{l, max il ), max il )}H””%BT
71T, o (V) T.17eT, ap(v) oIk
T'eT'(T) oTNAT' e F'(T)
OZT(I/) 2 c
< Cmaxq1 max v v=v9+ X, Vo €V eV, .
> { ,TGAh,T'GA;L OZT/(V) }H ||DG 0 X, Vo hy X h
OTNOT'#0
Coercivity of apg(+,-) yields the conclusion. O

Remark 4.15. The theory presented in this paper and summarized in Theorem ATl encompasses the
following coefficients distributions:

(i) There exists Bmax and vy such that

VTszin>Oy and 0</8TS/8maX7 VTE,];L

(ii) v > 0 is arbitrary and there exists B > 1 such that

B 1< br <B VYT, T'eT,, with 9T NoT #0.
T/
(iii) B > 0 is arbitrary and there exists A > 1 such that

ar(v)

AL <
- OéT/(V)

<A VT eA,T €A, with 9T NaT #90.

The only left out case is when there exist T € T;, and T” € Ty, such that simultaneously it holds
ornNoT ¢ F,, OT NoT' € &y;
vr oo and 61\, 0;
v N\ 0 and B N o0.
In this case, since all elements sharing an edge contribute to the construction of a conforming approximation

of a given function in the DG space V4, it is not possible, with the techniques presented here, to bound
simultaneously the L?-norm of the approximation error weighted by the coefficients v and £.

Remark 4.16. The analysis presented in Section could be carried out analogously by considering the
local ratio h2.87/vr instead of h2.87/ar(v). The decomposition of v € Vj, corresponding to (EA4I]) would
yield a bound of the form

ar(v) ar(v)

2
s(vg,vg) + ay,, (X, x) < cgmax <1 max max apg(v,v
(w0, v0) +ayy (0, %) < € "TeanT'en, v TeA!  vp (v, ),

OTNOT'#0

with v = vg + X, vo € Vi, and x € V}¢. Here the uniform bound required on the ratio ap(v) /vy implies
that the coefficients vz, for elements 7; in a curl-dominated region and belonging to the neighborhood of T’
cannot be arbitrarily small within the patch. The choice of dealing with the less natural ratio h2.Br/ar(v)
as in ({41 is aimed at avoiding this shortcoming.
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4.6 “Coarser solver” in the auxiliary space

On a simplicial mesh 7y, one can combine a DG discretization based on the local space M(T) = N (T)
as in (Z2) and the Ho(curl, Q)-conforming finite element space based on the local space N/(T') as in (23
(reproducing case (b) in Section [3.2]). Using an overlapping additive smoother of the type (8.14)), the stable
decomposition property (F2) in Theorem is fulfilled even in this case, as shown in the following:

Proposition 4.17. Let T, be a mesh of simplices, shape reqular and quasi-uniform. Let Vi, be the space
defined in 2] with M(T) = NT(T). Let WE be the H(curl,Q)-conforming finite element space defined
in B0). Let so(-,-) be an overlapping smoother as in BI4l). Then, for any v € Vi, there exist vo € Vp,
and w € W such that v = vg +w and

so(vo,vo) + Ay (w,w) < &, max{1,4(v, B)}apa(v,v), (4.44)
where 6(v, B) is defined as in ([@I]), namely

. h? ar(v
d(v, B) := min ¢ max TBT, max br max r(v) ,
TeT, vp = TTET, P’ TeA,T'en; ap/(v)
ATNIT'#0 OTNAT' 0

and the constant ¢, > 0 depends only on the polynomial degree and the shape reqularity of the mesh.

Proof. Let v € Vj,, we define x := Py (v) € V¢, where P}, is the averaging operator in Definition Let
w := IV (x) where TIV/ V¢ — W is the H(curl, Q)-conforming Nédélec interpolation operator of the
second kind. Let us set

vo=v-w=v-x+x—w=(v-Pyv) + (x ~T"x).

Observe that, since the mesh is made of simplices, curl(N!(T")) = curl(N(T)) and therefore the differ-
ence x — w is curl-free. Hence, we can rely on the following discrete Helmholtz decomposition [30],

=1V x +Vq qePr(Th) NHY(Q). (4.45)

Using local approximation estimates for the Nédélec interpolant (cf. e.g. [II]), and the definition of
X = Pp(v) results in

ayy (w,w) = Y vr|V x I ()R + Y BT (01

TET, TeThn
<O vV Ph)Rr+ Y BriPwwlds.
TET), T€Th

The estimates from Lemma [4.7 yield a bound of the form (£.44]) for the H(curl, ©)-conforming part of the
decomposition.
Concerning the patch smoother, in view of the Helmholtz decomposition (£45]), there holds

s0(vo,v9) < so(v — Pr(v),v — Pr(v)) + s0(Vg, Vq) . (4.46)

Using the scaling (£.12]) derived in Lemma [L.5] the first term above can be cast as
J

s0(v — Pa(v).v — Pa(v) = 3 ( S ur IV x (05— Pawy)Em + Br o — Pu(wy)lEn
Jj=1 “TeQ;
+ Z ar(v Z Z hy 1“[[”] Ph('“])]]fug,f
TeQ; eGE(T) feF(e)\oQ;
P a0 ¥ Y o Pl ).
TeQ; eeé’ (T) feF(e)nOK2;

OTNOD, £0
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Let ¢(v, 8) := max{1,0(v, )}, the estimates derived in Lemma L7 and Corollary .8 for the approximation
error given by Py, yield

S0t — Py(v), v — Pa(w)) < Celr, Z(Z ol ¥ ) &5 w5t Iusleli ).

j=1 YTeQ; Teq)y ec&(T) feF(e)

The second term in (48] can be bounded as follows. Let Vg; := x; — INx; = Py(v;) — IV (Py(v;))
for j=1,...,J. Since Vq € Kern(curl), the scaling ([LI2]) reads

50(Va, V) ~ Z(ZﬁTuv%uoﬁ Y o) Y Y hlnnxvqguof)

j=1 “TeQ; TeQ; ec&(T) feF(e)NOfY;
aTman;é@
J
Z(ZﬂTij—HN’I<Xj>H§,T+ 5 ari? o - 100l ).
8TﬂBQj7$(Z)

where the inverse trace inequality has been used. The local error estimates for x; — IV (x;) as in [60],
[87, Lemma 10.4 and Lemma 10.8] together with the error bounds from Lemma (L7 and Corollary [4.8],
result in

o(Ve,Vq) < Z( S B P2t S ar()hs? m(vj)ué,T)

TEQJ' TEQJ'
OTNON, £
< Ce(v Z<Z||”J||0T+ZO‘T Z Z hy 1||[[’UJ]] HOf>
Teq; TeQ; ec&(T) feF(e)

If {0; } _, is a partition of unity relative to the decomposition Q, = {€; } _; as in e.g. [49] or [82], the
conclusmn [#44) follows by

lo;llo.r = 1650157 < 16170y I0lloz < Cllvllor YT € Q5
ILw; 1= 115 ; = 16501~ Hof<|!9 Ty Il o s < Cllvl-loy — VFeFanQy.
O

Remark 4.18. On a hexahedral mesh the stability results of Proposition 4.17]do not hold true. Indeed, as
pointed out in [35, Remark 4.17] and observed numerically in [34, Section 5] (see also [55] Section 6.2] where
optimal L2-convergence is studied for the corresponding time dependent problem) the full polynomials
space Qi (T)? yields a discretization which triggers spurious modes. This is confirmed by the numerical
experiments in Section [f (see in particular Figure and Figure[6.2)). Therefore, using a spectrally correct
auxiliary space in the preconditioner for the DG discretization based on Qg (T)? does not seem to result
in a convergent solver, independently of the type of the smoother. However, if the auxiliary space consists
of full polynomials, Theorem 1] applies and the resulting preconditioner is uniform. Similarly, other than
the choice of full polynomial space approximations and Nédélec second family auxiliary space, if the finite
clement DG space Vj, in 20)) is defined as Vi, = {v € L*(Q)?: v €e NI(T), T € Tp} . where NZ(T) is the
local space of Nédélec elements of the first family of degree k as in (2.4]), the results in Theorem .1 carry
over.



32

We close this section by providing a Lemma, similar to [92, Theorem 4.5], that shows that the use of
an overlapping smoother in Proposition .17 is indeed necessary.

Lemma 4.19. Let 7}, be a mesh of simplices, shape regular and quasi-uniform. Let Vi, be the space defined
in @0) with M(T) = NH(T). Let WE be the H(curl, Q)-conforming finite element space defined in (3.6)).
Let s(-,-) be any of the pointwise smoothers defined in (L9) and @I0). Then, there existv € Vi, w € W
and vy € Vi, such that v = vg + w and
ar(v)hy?
s(vg, vg) + a,, (w,w) < Cmax< 1, max ———— }» apg(v,v) ,
(00,0) + s (w,10) < O {1, oo LR (o, o)

where C' > 0 depends on the shape regularity of the mesh and on the polynomial degree. As a consequence,
except for the reaction dominated regime, the spectral condition number of the preconditioned system (using
W and s(-,-)) would depend on the mesh size and the problem coefficients.

Proof. The proof is constructive. Let T be a fixed tetrahedron with barycentric coordinates Aq,..., A4.
Let e = ¢;; C OT be a fixed edge of T" with endpoints 7 and j and let b, be the basis function relative to
the edge e corresponding to a local shape function of the form V(3\;)\;) i.e. the gradient of a quadratic
edge bubble. Note that b, € N/(T) ~ N(T) and b, can be considered as a global function extended by
zero outside of its support (the “macroelement” consisting of the union of the tetrahedra sharing the edge
e). Then b, € V3, , b. € V,¢ but b, ¢ W,

Observe that arguing as in the proof of Proposition EI7] by taking v, := b, € Vi, we plainly have
X := Pp(be) = be € Vi€ and w := IV (b.) = 0. Therefore, it holds

QAyy (HN’I(bE)a HN’I(bE)) =0,

and taking into account the definition of the pointwise smoother (see the proof of the scaling (4.8) given
in Lemma [4.4]), we have

s(be,be) = > > Brlbeldr+ > ar(v) Yo > hitnx b3,

T€Th ec&(T) TeTh ec&(T) feF(e)
Z Br|be ”OT + Z ar(v)hy Hbe”(),T-
TeT (e TET (e)

On the other hand, since b, € V¢ its jumps [ b [+ = 0 across the mesh faces. Hence,
apG (be,be) =~ Y Brlbellf s
TeT (e)
Therefore, for vy, := b, € Vy, the splitting vy, := b, + 0 gives
5(be, be) + ayy, (I (be), IIM (be)) = s(be, be) < & (hr, B,v) apa (be, be)

where ¢y(hr, B,v) is defined as

_ ozT(V)h}2 }

h » M =C 17 A (>
b ) = O {1 g, S

and C' depends only on the shape regularity of the mesh and on the polynomial degree of V4. The last
inequality shows that unless the problem is reaction dominated (i.e. fr > h;2aT(1/)), the smoother would
not be effective in damping the function b, (not seen by the auxiliary space) and the spectral condition
number of the preconditioned system would show dependence on the mesh size, deteriorating when the
mesh is refined. ]
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5 Numerical Experiments in 2D

In the following numerical simulations we will restrict to the two dimensional problem (LI in the unit
square 2 = [0,1]2. The numerical effort required for the validation of the theoretical results on very fine
meshes where the asymptotical behavior of the proposed preconditioner emerges, deterred us from dealing
with the three-dimensional case. The two dimensional operators are defined as

curlv = Qvg /Ox1 — Ov1 /O Vv = (v1,v2) € H(curl, Q);
curl ¢ = V¢ := (0¢/0za, —0¢/0x1)" V¢ € H(curl, Q).

Throughout, if not otherwise specified, the constant penalty parameter ¢y in (2.8) entering the IP-DG
discretization is assumed to be ¢y = 10. Concerning the solver, we will compare the performances of the
non-preconditioned and preconditioned conjugate gradient algorithms, with stopping criterion based on a
tolerance fixed to 10~7. As initial guess we will use the default one, namely the zero vector. A Lanczos
procedure (see [52, Chapter 9]) within the PCG routine is used to compute the extremal eigenvalues of the
preconditioned system.

To validate the theoretical results, we consider numerical experiments on both structured, locally
refined and quasi-uniform triangular meshes, with continuous (the first three test cases) and strongly
varying discontinuous coefficients v and § (the last three set of experiments). Finally, we present some
numerical results and considerations for the case of tensor product meshes along the lines of Remark [1.18]

As it is well known, in two dimensions, the space H(curl, Q) is isomorphic to H(div, Q) through a 7/2
rotation. We will exploit this isomorphism in order to derive H(curl, Q)-conforming finite element spaces
from H(div, Q)-conforming spaces by means of a vector rotation: The space M(T') in (Z3]) corresponds
to the rotated Raviart-Thomas (RT) finite element space RT} [80] and similarly the space M(T') in (22])
corresponds to the rotated Brezzi-Douglas-Marini (BDM) element space BD M, [29]. With a small abuse
of notation and due to space constraints, in some of the graphics and tables the term “rotated” is not
explicitly specified when referring to the finite element spaces. However, the finite element spaces are
always meant “rotated”.

5.1 Structured triangular meshes. Constant coefficients.

As first test case, the problem with constant coefficients 5 = v = 1 is considered on a uniform structured
triangular mesh. The IP-DG discretization is based on the full polynomial space (2.2]) and is preconditioned
with lowest order rotated BDM elements (B.5]) for the auxiliary space and Jacobi pointwise smoother (4.9]).
As shown in Figure 5.1 the spectral condition number of the preconditioned matrix is independent of the
mesh width (see also Table [5.1] for the number of iterations required for convergence).

In the same graphic and table are reported the results obtained with the preconditioner of type (b)
(see Section B]) based on the lowest order rotated Raviart-Thomas elements in the discretization of the
auxiliary space (B.6) combined with different pointwise and patch smoothers. Note that only in the case
of a block relaxation (overlapping additive Schwarz), the condition number is independent of the mesh
width. The non-efficacy of pointwise (Jacobi or block Jacobi) smoothers is in agreement with Remark 3.3l
and Lemma The efficiency of the different smoothers can be also observed in Table 5.1
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Figure 5.1: Spectral condition number vs number
of dofs. The DG discretization is based on the full
polynomial space (lowest order rotated BDM ele-
ments) and lowest order rotated RT elements for the
auxiliary space (BDM-RT) or lowest order rotated
BDM elements (BDM-BDM). Different choices of the
smoother are considered.

6T 23 | 95 o7 99 9l | 913 | 915 | 917

Vi — W smoother
BDM Non-prec 45 | 190 | 434 | 889 | 1784 - - —
BDM-RT Jacobi 36 | 73 90 90 93 94 — —
BDM-RT block Jacobi 32| 67 | 78 | 82 85 8 | — -
BDM-RT Schwarz (element) 15 | 26 29 | 28 27 26 | 26 | 24
BDM-RT Schwarz (edge) 20 | 32 34 | 34 32 31 | 29 | 28
BDM-RT Schwarz (vertex) 12 15 16 17 17 16 16 16
BDM-BDM Jacobi 11 12 12 11 11 11 10 10

Table 5.1: Number of iterations for decreasing mesh width. Cases as in Figure 5.1

5.2 Quasi-uniform triangular mesh. Constant coefficients.

For coefficients 8 = v = 1, the spectral condition number of the preconditioned system for an auxiliary
space based on lowest order rotated BDM elements with pointwise relaxation has shown to be independent
of the mesh width even on quasi-uniform triangular meshes (see Figure [(.2] and Table [(.2]).

Number of dofs: H 48 ‘ 192 ‘ 768 ‘ 3072 ‘ 12288 ‘

BDM Non-prec

45

238

641 | 1521 | 4455

BDM-BDM Jacobi

10

10

10 10 13

Table 5.2: Number of iterations for decreasing mesh width on quasi-uniform triangular meshes.



Figure 5.2: Condition number vs number of dofs for quasi-uniform meshes. Lowest order rotated BDM element for
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the DG space and second family edge elements on the auxiliary space. Jacobi smoother.

5.3 Triangular mesh, local refinement. Constant coefficients.

Under the same discretization as in the previous test case, with § = v = 1, the preconditioner proposed
in Section case (a), has proven competitive for locally refined meshes, see Figure [5.3] and Table 5.3l In
particular, we consider three different test cases which often occur in applications, namely a local refinement
towards a corner of the domain, towards a boundary side and towards a point /region inside the domain €.
The refinement strategy is not driven by any error estimator. As can be easily observed, in all cases, the
convergence of the preconditioner (measured from the spectral condition number or number of iterates) is

uniform with respect to the mesh size.

Condition number

Figure 5.3: Three different local refinement strategies. Condition number vs number of dofs for a numerical dis-
cretization based on full polynomial DG spaces and second family edge elements (rotated BDMj) for the auxiliary
space. Pointwise Jacobi smoother.

Local refinement towards a corner
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—e— Non-preconditioned
—=— Preconditioned

Condition number
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Case 1, in Figure (.3
87 H 128 ‘ 180‘ 254 ‘ 358 ‘ 490 ‘ 640 ‘ 772 ‘ 838 ‘

BDM Non-prec 434 | 705 | 1065 | 1488 | 2171 | 3073 | 4439 | 6024
BDM-BDM Jacobi 12 12 12 12 12 12 12 12

Case 2, in Figure (.3
87h H 128 | 224 ‘ 376 ‘ 632 ‘ 1032 ‘ 1672 ‘

BDM Non-prec 434 | 678 | 1042 | 1445 | 2123 | 3090
BDM-BDM Jacobi 12 12 12 12 12 12

Case 3, in Figure (.3
87h H 128 ‘ 200‘ 280 ‘ 408 ‘ 576 ‘ 776 ‘ 944 ‘1016‘

BDM Non-prec 434 | 682 | 1046 | 1399 | 2094 | 3049 | 4324 | 6156

BDM-BDM Jacobi 12 12 12 12 12 12 12 12

Table 5.3: Number of iterations for decreasing mesh width.

5.4 Structured triangular mesh. Coefficients: § = 1, v discontinuous.

Let us assume that § = 1, whilst the magnetic diffusivity v is discontinuous and piecewise constant, namely

v ifx €Oy :=[0,0.5%U][0.5,1)?
v(x) =
vy otherwise

The coefficient o, = 1 is fixed. Note that the initial uniform triangulation resolves the jump discontinuities
of the coefficient v. We compare the performances of the preconditioner as the mesh is uniformly refined
and for different values of the coefficient ;. The discretization is based on lowest order rotated BDM
elements (2.2) and preconditioned with auxiliary space as in ([3.5]) with pointwise Jacobi smoother (£.9]).

Non-preconditioned system

Non-preconditioned system

10 ‘ 10
4L —o—N=21L

100 —o—1le+5 10" | ——N=2°
g ——1le+3 E —— N:27
g . —e—Je+1l e 8 | 5
5 10 1 210 N=2
s le-1 IS —N=2?
j_§ 106 le-3 -§ 106 P o o
3 —v—1le-5 8

10* - - - O(Ndofs) 10*

102 ) ) . 10 s ‘ 0 5

10° 10° 10* 10° 10 v, coéfficient 10

Number of dofs

Figure 5.4: Condition number vs number of dofs for different values of the coefficient v (left). Condition number vs
values of v for different mesh widths (right). Discretization based on full polynomial DG space. Non preconditioned
system.
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When the problem is solved without appealing to a preconditioner, the spectral condition number
depends, as expected, on the mesh width and on the magnitude of the jump (Figure [5.4] and Table [5.4],
Table[5.5]). Concerning the preconditioned system, the condition number is independent of the mesh width
(Figure 5.5] left) and it is asymptotically independent on the magnitude of the jump of the coefficient v
(see Figure 5.5 right). This can be readily checked also from Table [5.4] and Table 5.5 which report the
condition number and number of iterations for different values of the coefficient vy. This is in agreement
with Theorem 1] (see also Remark .10 which predicts uniform convergence when only one of the two
coefficients is allowed to vary.

, Preconditioned system (Jacobi smoother) Preconditioned system (Jacobi smoother)
10 ‘ ‘ ‘ 25
——1e-5 ———
——1e-3 X N=2
—tp— N\ | = 7
5 ——1le-1 5 N=2
£ 1 2 —N=2°
2 le+l 2 N=21t
1
510 le+3| | _§ N=2"3
= 1e+5| = 10
'g \ v g a— N=215
o v v v v » v o ——N=2
———— . ¢ 5
| =SA\" = &
10° : : ‘ o-
10° 10° 10* 10° 10° 10° 10°

-

Number of dofs v, coefficient
Figure 5.5: Condition number vs number of dofs for different values of the coefficient v (left). Condition number vs
values of v for different mesh widths (right). Discretization based on full polynomial DG space and second family

edge elements for the auxiliary space. Pointwise Jacobi smoother.

Non-preconditioned system Preconditioned system
87 #7n

n 25 27 29 211 27 29 211 213 215 217
107° | 1.09e+4 | 4.29e+4 1.64e+5 5.93e+5 18.7612 | 15.6055 | 10.0127 | 5.0084 | 3.2176 | 2.6177
1072 | 7.86e+3 | 3.18e+4 | 1.27e+5 5.11e+45 4.6201 2.9498 2.5266 | 2.5303 | 2.3620 | 2.3514
107! | 7.0le+3 | 2.98e+4 | 1.21e+5 4.87e+45 3.3639 3.2011 3.2118 | 3.2136 | 3.1995 | 3.1938

1 6.53e+3 | 2.79e+4 1.13e+5 4.57e+5 3.1205 3.1208 3.1202 3.1200 | 3.1197 | 3.1188
10 6.84e+4 | 2.91e+5 1.18e+6 4.76e+-6 3.2055 3.2093 3.2154 | 3.2163 | 3.2171 | 3.2170
103 6.98e+6 | 2.97e+7 1.20e+8 4.86e+-8 3.2676 3.2700 3.2760 3.2811 | 3.2829 | 3.2836
10° 6.98e+8 | 2.97e+9 | 1.21e+10 | 4.86e+10 3.2124 3.1906 3.2486 3.2671 | 3.2284 | 3.2340

Table 5.4: Condition number of the preconditioned and non-preconditioned system. Coefficients: = 1, v discon-
tinuous. Discretization based on full polynomial DG space and second family edge elements for the auxiliary space.
Pointwise Jacobi smoother.
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Non-preconditioned system Preconditioned system
87 §7n

v 25 27 29 21! v | 25 | 27 | 29 | 2tt | 213 | 215 | olf
107° | 172 | 424 | 810 1598 107° | 27|33 31| 22| 16 | 11 | 9
1073 158 465 1281 3333 1072 | 20 | 16 | 13 | 12 12 11 11
107" | 199 | 619 | 1405 2777 0713|1312 12 |12 | 11 | 11

1 144 | 374 760 1490 1 1212 | 12| 11 | 11 | 11 | 10
10" | 280 | 905 | 2073 3807 100 |12 |12 |12 | 12 | 11 | 11 | 11
10° | 640 | 3732 | 12324 | 31630 10° |13 |15 | 13| 12 | 12 | 12 | 12
10° | 1155 | 7091 | 27563 | >50000 10° |14 | 15| 14 | 14 | 14 | 13 | 13

Table 5.5: Number of iterations. Coefficients: 5 = 1, v discontinuous. Discretization based on full polynomial DG
space and second family edge elements for the auxiliary space. Pointwise Jacobi smoother.

5.5 Structured triangular mesh. Coefficients: [ discontinuous, v = 1.

In this experiment, we assume the magnetic diffusivity to be v = 1, while the reaction coefficient 3 is
discontinuous and piecewise constant, namely

: - , )
B(x) = B ifx e :=10,0.51 U[0.5,1]

(o otherwise

The coefficient 57 = 1 is fixed. Lowest order rotated BDM elements (2.2]) are used for both the DG
discretization and the auxiliary space (3.5]). The auxiliary space preconditioner uses here pointwise Jacobi
smoother (£L3). Table and Table (.7 report the condition number and number of iterations as the
coefficient (3 varies.

, Preconditioned system (Jacobi smoother) Preconditioned system (Jacobi smoother)
10 ‘ ‘ 20 ; ; ;

—o—1le+4 ——N=2° 3
——1le+3 _o7

3 S | |—nN=2°

[S le+l e 11 X

2 1 2 N=2

s le-1 §% N=213

S 10 le-2 ] ¢ —=—N=21°

8 ——1e-3 8 5l —— N:217
——1le-4

10° 164 10° 5074 1(‘)72 1‘ 0 i 10"
Bl coe?'ficient

Number of dofs

Figure 5.6: Condition number vs number of dofs for different values of the coefficient 8 (left). Condition number vs
values of § for different mesh widths (right). Discretization based on full polynomial DG space and second family
edge elements for the auxiliary space. Pointwise Jacobi smoother.

As it can be observed (see also Figure [.6]), the condition number of the preconditioned system is
asymptotically independent both on the mesh width and on the magnitude of the jump of the coefficient
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B. This is in agreement with Theorem 1] (and Remark EI0) which predicts uniform convergence when
only one of the two coefficients is allowed to vary.

Non-preconditioned system

i7n

Ba 97 29
107* | 5.45e+7 | 2.62e+8 | 1.11e49
1072 | 5.45e+6 | 2.62e+7 | 1.11e+8
1072 | 5.46e+5 | 2.62e+6 | 1.11e+7
107! | 5.47e+4 | 2.62e+5 | 1.12e+6

1 6.53e4+3 | 2.79e+4 | 1.13e+5
10" | 5.53e+3 | 2.63e+4 | 1.12e45
10% | 6.20e+3 | 2.7le4+4 | 1.12e+5
10® | 1.58e+4 | 3.73e+4 | 1.23e+5
10* | 1.23e+5 | 1.62e+5 | 2.43e+5

Preconditioned system

47n

Ba 97 99 9l1 913 915 917
107* | 3.1207 | 3.1209 | 3.1202 | 3.1200 | 3.1147 | 3.1147
107* | 3.1207 | 3.1209 | 3.1202 | 3.1200 | 3.1147 | 3.1147
1072 | 3.1207 | 3.1209 | 3.1202 | 3.1200 | 3.1147 | 3.1147
107 | 3.1207 | 3.1209 | 3.1202 | 3.1200 | 3.1147 | 3.1147

1 3.1205 | 3.1208 | 3.1202 | 3.1200 | 3.1197 | 3.1188
10* 3.1271 | 3.1215 | 3.1201 | 3.1199 | 3.1146 | 3.1146
102 3.3061 | 3.1578 | 3.1274 | 3.1215 | 3.1115 | 3.1115
10? 4.5832 | 3.3566 | 3.1415 | 3.0827 | 2.8449 | 2.8449
10* 12.3839 | 6.6833 | 3.6772 | 2.7703 | 2.3719 | 2.3719

Table 5.6: Condition number of the preconditioned and non-preconditioned system. Coefficients: v = 1, 8 discon-
tinuous. Discretization based on full polynomial DG space and second family edge elements for the auxiliary space.
Pointwise Jacobi smoother.

Non-preconditioned system

17

Bo 95 97 29
107 | 284 | 2250 | 3685
1073 | 252 | 1980 | 4823
1072 | 305 | 1559 | 4048
1071 | 248 | 877 | 2003

1 144 | 374 | 760
10 | 173 | 570 | 1302
10% | 124 | 538 | 1254
10 | 116 | 356 | 751
10* | 121 | 340 | 555

Preconditioned system

#7n

Bo | 2% | 27 | 2% | 21t | 218 | 215 | ol7
1074121212 ] 11| 11 | 10 | 10
1078121212 ] 11| 11 | 10 | 10
1072 |12 |12 |12 ] 11 | 11 | 10 | 10
1070 12 |12 |12 11 | 11 | 10 | 10

1 12|12 (12 | 11 | 11 | 11 | 10
100 |12 |12 |12 | 11 | 11 | 10 | 10
102 |15 [ 13 | 12| 11 | 11 | 10 | 10
10° | 21|16 | 13| 11| 10| 9 9
10" | 28|24 (18| 13| 11| 9 9

Table 5.7: Number of iterations. Coeflicients: v = 1, § discontinuous. Discretization based on full polynomial DG

space and second family edge elements for the auxiliary space. Pointwise Jacobi smoother.

5.6 Structured triangular mesh. Coefficients: § and v discontinuous.

We now turn to the more interesting and challenging case of both § and v discontinuous. Let 1 :=
[0,0.5]2 U [0.5,1]%, we define

1074 ifxe

102 otherwise

and

Bx) =

20,1074
20 . 1072

if x € O

otherwise

(5.1)
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where 0 € [—20,45] N Z. For a given mesh with #7, = 512 elements, we analyze the spectral condition
number of the non-preconditioned and preconditioned system as the ratio

L(h,v,B) := h%ﬁ—T : (5.2)
vr

varies. Note that due to quasi-uniformity of the mesh and the choice of the coefficients in (5.1]), the ratio
L(h,v, ) is constant on every T' € T, and only depends on the parameter §. For a discretization based
on lowest order piecewise polynomials (2.2]), we consider three different preconditioners: a single pointwise
Jacobi as in (@3], the ASM preconditioner based on the lowest order second kind edge elements for the
auxiliary space (3.5]) with pointwise Jacobi as smoother ([4.9) and, as third case, the ASM preconditioner
based on lowest order first kind edge elements for the auxiliary space ([B.5]) and overlapping additive Schwarz
smoother (edge based) (BI4]). As predicted by Proposition 9] when L(h,v, ) > 1, the auxiliary space
is not needed to ensure uniform convergence with respect to both the problem coefficients and the mesh
width (see Figure [.7]).

15

10
—e— Non-preconditioned
—s— Jacobi preconditioner Figure 5.7: Condition number vs ratio L for a
—— BDM - Jacobi smoothe fixed mesh size h. The condition number refers
5 100 —— RT - Block smoother || to the non-preconditioned system (blue), the
'g pointwise Jacobi preconditioner (green), the
2 auxiliary space preconditioner based on low-
5 est order rotated BDM elements with point-
b= wise Jacobi smoother (red) and the auxiliary
5 10° L | space preconditioner based on lowest order ro-
© tated RT elements with overlapping Schwarz
smoother (black). Discretization: Lowest or-
der rotated BDM elements.
0 1 1 1
l010’10 10° 10° 10° 10"

L(h,v.B)

5.6.1 Checkerboard Experiment

We consider an experiment where the distribution of the coefficients follows a checkerboard pattern ac-
cording to the partition:

3 3
O = J[1/40,1/4(i + D U | J[1/44,1/4G + 1)] x [1/4(i + 2)modd, 1/4(i + 2)mod4 + 1/4],
=0 =0

as depicted in Figure 5.8 (white patches correspond to €2;). We define

vy ifxe) ifx e
v(x) = ' ' and B(x) = A '

9 otherwise B2 otherwise

where vq, 19, 81 and 9 are set to different values for the three experiments carried out; see Table (.8
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|

Figure 5.8: Components of the analytical vector-valued solution of the checkerboard experiment with vy = 1072, 15 =
1045[31 = 1035[32 =1

Lowest order rotated BDM elements (2.2]) are used in the DG discretization and also for the auxiliary
space ([B3.5]) in the ASM preconditioner together with a pointwise Jacobi smoother (49). In Figure (.8
(center and rightmost) are represented the two components of the approximate solution. We note that
the weak regularity of the solution leads to a significantly reduced convergence rate of the DG scheme. In
Table[G.8 are given the estimated conditioned numbers and iterations required for convergence for the three
different configurations of the coefficients. As can be observed in Table 58] the preconditioner significantly
outperforms the non-preconditioned system even if a slight dependence of the jump of the coefficients
might be recorded. Such slight dependence however seem to hinge on the possible transition from reaction
dominated to curl dominated. Notice that the first and third cases reported in Table B8] correspond to
cases where curl-dominated and reaction-dominated regimes alternate in the checkerboard pattern (for the
first case the problem becomes curl-dominated in the whole domain for the two finest meshes), while the
second case reported in Table 5.8 corresponds to the curl-dominated regime.

175 27 2° 2! 213 ‘ 215

v =1072, vy =10% Br=10%, Ba=1
CG 2.45e+8 - (1881) 1.17e+9 - (7840) 5.00e49 - (18899) - -
PCG 19.0353 - (28) 15.4283 - (30) 9.9327 - (26) 5.7309 - (19) | 3.3871 - (14)

v =10%, v = 10; Br=10"2, By=10"*
CC | 2.45e+12 - (15275) | 1.17e+13 - (>50000) | 5.03e+13 - (>50000) - -

PCG 3.5079 - (13) 3.5062 - (13) 3.4686 - (13) 3.3397 - (13) | 3.2869 - (16)
v =10"% =1, B1 =10", Ba =102

CG 1.35e43 - (148) 2.23e+3 - (228) 5.56e+3 - (363) — —

PCG 20.5140 - (28) 19.8753 - (30) 19.5633 - (30) 18.8764 - (29) | 16.7841 - (28)

Table 5.8: Condition number and number of iterations for the checkerboard experiment. Condition number and
number of iterations (in brackets). Discretization based on lowest order rotated BDM elements. Auxiliary space
preconditioner based on lowest order edge element of the second family and pointwise Jacobi smoother.

6 Tensor product meshes

On tensor product meshes, we restrict to the case of continuous constant coefficients v and 8. As pointed
out in Remark T8 on quadrilateral meshes a DG discretization of model problem (II]) based on the
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full polynomial space of degree k in each variable, is not spectrally correct (see Figure [6.2)). Therefore,
a preconditioner built on an auxiliary space where the Hy(curl, Q)-conforming discretization is spectrally
correct (e.g. Nédélec elements of the first family) is not effective, independently of the choice of the smoother
and the amount of domain overlaps involved in its construction as it can be inferred from Figure As
alternative, piecewise polynomial approximation based on the rotated H(curl, 2)-conforming version of
the following H(div, 2)-conforming elements [19 Section 2.4.2] and [9, Section 5]

Sp41 = RT + {eurlz" 7y, curlys**?, curls", curly* 3 ;

ABFj = Pryag X Pr i

have been implemented for k = 0 (recall that RT ), = Piy1 X Pgr+1). Even in this case, a preconditioner
based on lowest order rotated Raviart-Thomas elements on the auxiliary space performs poorly (see Ta-
ble [6.1). In view of Theorem [4.1] the remedy seems to be relying on using the same local spaces for the
discretization and for the H(curl, Q)-conforming auxiliary space. This can be easily checked in Figure
and Table where are (also) reported the results obtained with DG discretizations based on local spaces
of first family edge elements (corresponding to the elements in [I9, Section 2.4.1]) and full polynomials
space Qx(T)?, preconditioned with auxiliary space built on the H(curl, Q)-conforming global elements of
the same family in each case.

r{ —+— Q1 Non-precond ‘ Figure 6.1: Condition number vs number of dofs for:
o| | % Q1-RT - Schwarz non-preconditioned matrix from a piecewise bilinear La-
w07 ABF-RT - Schwarz | grangian elements discretization (pink), with auxiliary
—e— S1-RT - Schwarz oy
5 01-01 - Jacobi space preconditioner based on lowest order rotated RT el-
= RT-RT — Jacobi / ements with overlapping additive Schwarz smoother (red);
2 10" ] same auxiliary space and smoother coupled with DG dis-
S cretizations associated to ABFy (blue) and S (black); DG
S discretization with lowest order rotated RT discontinuous
8 107 ] elements and Nédélec elements of the first family as aux-
iliary space with pointwise Jacobi smoother (yellow); dis-
o— continuous bilinear Lagrangian elements with H(curl, 2)-
10° ‘ ) ‘ conforming full polynomial auxiliary space and Jacobi
10" 10° 10° 10* 10> smoother (green).
Number of Elements
87h H 16><16‘32><32‘64><64‘128><128 256 x 256
Q1 Non-prec 202 410 815 - -
Q1-RT Jacobi 124 259 471 1622 2936
Q1-RT overlapping 34 61 113 202 337
ABFO-RT overlapping 32 59 116 230 458
S1-RT overlapping 19 22 28 39 57
Q1-Q1 Jacobi 22 22 21 20 19
RT-RT Jacobi 9 9 9 9 9

Table 6.1: Number of iterations for decreasing mesh width, for different discretization spaces and smoothers on a
tensor product mesh.
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12000 ‘ : : : : a4 spectrum RTO-RTO
= spectrum Q1 o spectrum S1-RTO
10000 spectrum RTO Af 1 m s spectrum ABFO-RTO 1
s spectrum ABFO 6| ° SPECtrum Q1-RTO | g g— i
8000 spectrum S1 £ & 1 spectrum Q1-Q1
pe 5F 1
6000 . ar i
4000 i 3t i
2F 4
2000 E Vs
0 100 200 300 400 500 0 100 200 300 400 500

Figure 6.2: Spectrum of the non-preconditioned matrices obtained with different polynomial discretization (left) and
spectrum of the corresponding preconditioning matrices (right), for different combinations as in Figure [61]

A Local estimates. Proof of Lemma

We first show (5] and ([£6). Taking into account the representation (2.3]) of v € M(T) and since we use
a contravariant transformation, the degrees of freedom of ¥ coincide with those of v up to a sign change
(see [74, pp. 79-80, Theorem 5.34]). Hence,

Ny ' No Ny
2 Z IS VSIS Z vl Y Z 2+ (Wh)?
ee&( ) fe]:(j“\) =1 i=1 ecE(T feF(T i=1

On the other hand, a straightforward computation on the reference element f and the above identity give

Ny
LD D CRICR IR S yURICHTINS ST
i=1

ees(T) = fer(T) =

Ne Ny
YD W)+ Y Z (vr)* + > (vh)?
ec&(T) i=1 fEF(T) i=1 i=1

Furthermore, since on 7T it holds ||V x v||2 < C’||v||2 ~., then (£ follows.

In order to prove (4.6l), we recall that, from the deﬁn1t10n of the local spaces M(T'), the tangential trace
nx v on f C 97T is fully determined by the degrees of freedom of v on the edges and on the faces (see [74],
Lemma 5.35]). Then, arguing as before and using (A.I]) (with no volume degrees of freedom in the sums)
yields (£6) on the reference element.

The estimates in ([4.2)) and the inequalities (£3]) can be found in [19] Lemma 2.10] and [74], Section 3.9].
In particular, (43]) ensues from

V x v(x) = B}V x §(Fr (%)) By

and the fact that the affine transformation Fr satisfies det(DFr) = det(Br) < Ch® and ||B;!|| < Chy!
where HB_lH stands for the Euclidean matrix norm. The proof of the estimate (44]) relies on scaling
arguments, using that by means of the (affine) contravariant transformation Fp the unit normal n vector
to f is mapped to the unit normal n through no Fr = B}, n/|BTTﬁ|
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B Proof of Lemma

Without loss of generality we can assume that T' is an interior element, since the degrees of freedom on
the boundaries of the domain can be bounded exactly as in Lemma L7 We proceed as in the proof of
LemmalL7 but locally. Two cases have to be considered: first assume that F'(T') # 0 and F(T)\F'(T') # 0.
In view of the Definition Z11] of the operator Pj, by the inequalities (@2]) and (&35,

h;%T(u)Hv—fh(v)naTgomh;%w(u)( LT T A o xen@)

JeF(T) ec&(T)
échF( S ar) orr—xilat Y ar)vsal?
fFEF(TO\F'(T) feF(T)
Y Y @l —xli it Y Y arl ||veT||g2>.
FEF(MN\F'(T) ec&(f) FEF!(T) ec&(f)

We now estimate each of the contributions on the right hand side above separately. The degrees of freedom
on the faces can be bounded as in (£26) from Lemma [L.7

Yo arW)|vsr —xsln <Y ar@)wpr)? |vsr — v
fFEF(TO\F'(T) fEF(MN\F'(T)
f=0TnoT’

<0 Y ar) el (B.1)
FeF(MNF'(T)

The degrees of freedom corresponding to faces where the dofs of the conforming approximation have been
set to zero are estimated by means of (&), ([£2]) and (&H) as

2
> ar@lvgrlp < Y 200 |losr — vl + 200) o
feF!(T) feF(T)
f=0TnoT’
2
<C Y arW vl +C > ar@hst olg o - (B.2)
FEF(T) T'cTh

ATNAT' €F'(T)

Analogously, the degrees of freedom corresponding to edges belonging to faces in F'(T') can be bounded as

2
SN arWverlz < >0 Y 200(0) [[ver — ver || + 200 (v) |ver [
FEF/(T) ece(f) FEF(T) ecE(f)
f=ornar
2
<C > er) ] oy +C 3 e lge . (B3)
feF(T T'eT,

OTNAT'eF'(T)
Finally, the bound on the remaining edges can be derived as in ([£.29) from Lemma .7,

Y. D arWllver—xlp< Yo > Y. or(@)wen)? ver —vemli

FEF(T)\F'(T) ec&(f) FEF(TO\F'(T) ec&(f) ToeT (e)\{T}

<Cc Y > > ar)lilvl-loy

FEF(TN\F/(T) ecE(f) feF(e)

<C > Z ar(v I-ll5.f - (B.4)

e€&(T) fEF(e
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Combining the estimates (B.)), (B:2)), (B.3) and (B.4)) results in
hitarW)|v =Pu@)lfr <C Y arWhs' lvlello,+ D ar@)hz! [[v]-lg;

FEF(TNF!(T) feF(T)
+ Y ar@blPlEs + Y Y ar)hp [v]-l2,
T'eTy ec&(T) feF(e)
aTNaT’ e F'(T)
l/ _ _
sC 3 orer @Rt + 3 3 ar@hg! Ilelld, -
T'€T;, ec&(T) feF(e)
oTNdT' e F'(T )

Using the shape regularity of the mesh and the fact that h;?arp(u) < By for all T € T, with 9T N T €

F'(T), yields (£38).
For the case F'(T') = F(T), by Definition E.IT] of Py, one has X, = 0 for every e € £(T), x; = 0 for
every f € F(T') and X1 = xp. Therefore, the approximation error can be estimated as

hy’ar(v)llv = Pr(v)l5r < Ch%1< Y ar@)lvprllz + ) ar() IIve,TH?z)-

feEF(T) ec&(T)

For the degrees of freedom on the faces we use (B.2)) whereas the degrees of freedom on the edges can be
estimated through (B.3)) with F7'(7') = F(T'). This results in

hitar@)|o =Pr@)gr <C > ar@h; [[vllo;+ Y, hplar®) (vl
FEF(T) TeTy,
OTNOT' e F(T)

2 aT(V) — 2

<C z i okl + 3 SEhrar @) ol
feF(T T €Ty T
dTNOT' € F(T)

_ ap\V
<0 Y arht Mol Y g2,

« 14
FEF(T) ey, oW
OTNOT' €F(T)

where we have used again the fact that for all 77 € Ty, 9T N T € F'(T), it holds h;?aT/(y) < Bpr.

C Proof of Lemma 4.13

Using the Definition ETTlof the operator Pp, since F'(T') = ), we have X ; = x for all f € F(T'). Therefore,
using the representation in terms of degrees of freedom (2.5]) together with (2] and (435]) results in

h=2ar(v)[v — Proldr < Oh;1< 3

ar®) |[vrr - % H+ Y aT<u>||ve,T—ye||§2>
feF(T)

ec&(T)

<o (X ar@) o -xla+ X are) ol
)

feF(T e€&/(T)

+ Z ar(v "Ue,T_XeH??)‘

e€E(T)\E'(T)
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Hence, the degrees of freedom on the faces can be bounded as in (£26) in Lemma LTt

Z aT(V) H’UﬁT — Xin S Z aT(V)(wf’T/ H’UfT — ’0fo| 22 < C Z aT H[[ ]]T”?),f . (Cl)
fEF(T) JFEF(T) fEF(T)
f=0TnoT’

Concerning the edges, the estimate (£.29) in Lemma [L.7] gives

Z ( )H'UeT_XeHgQ <C Z Z OéT ||[[v]]7'||0f (CZ)

c€E(T)\E(T) c€E(T)\E'(T) fEF(e)

The degrees of freedom on the edges in £'(T) can be bounded using triangle inequality as follows. Let
e € &'(T) be fixed and let Ty, € T'(T) N T (e). Let T (e) = U oI be as in [@28), with T := T'. Then,

2 2 2 2
ar, (V) H'UE,T()”ﬁ <C aTo(”)(””@,To - ”&TlHﬁ + E : H'U&Tj — Ve, Ty HZZ + ”'Ue,Tk”ﬁ) .
1<j<k

Hence,

_ 2
S arW) verll <C > ar@) lvl-lg s+ Y. ar)hg! vl o

e/ (T) FEF(T) T'eT/(T)

+ > > arllvlloy -

ec&(T) feF(e)\F(T)

Coupling (C.1)), (C.2) and (C.3) yields

— = arT\V —
nar)o - Prolir <€ Y T e ol + Y S ar@ihs vl

rerr W) c€&(T) fEF(e)
Using the fact that hp o (v) < By for all T/ € T'(T) yields (@&40) and concludes the proof.
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