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Abstract

We present a framework for the structure-preserving approximation of partial differential
equations on mapped multipatch domains, extending the classical theory of finite element
exterior calculus (FEEC) to discrete de Rham sequences which are broken, i.e., fully dis-
continuous across the patch interfaces. Following the Conforming/Nonconforming Galerkin
(CONGA) schemes developed in Campos Pinto and Sonnendriicker (Math Comput 85:2651—
2685, 2016) and Campos Pinto and Giiclii (Broken-FEEC discretizations and Hodge Laplace
problems. arXiv:2109.02553, 2022), our approach is based on: (i) the identification of a
conforming discrete de Rham sequence with stable commuting projection operators, (ii)
the relaxation of the continuity constraints between patches, and (iii) the construction of
conforming projections mapping back to the conforming subspaces, allowing to define dis-
crete differentials on the broken sequence. This framework combines the advantages of
conforming FEEC discretizations (e.g. commuting projections, discrete duality and Hodge—
Helmbholtz decompositions) with the data locality and implementation simplicity of interior
penalty methods for discontinuous Galerkin discretizations. We apply it to several initial-
and boundary-value problems, as well as eigenvalue problems arising in electromagnetics.
In each case our formulations are shown to be well posed thanks to an appropriate stabiliza-
tion of the jumps across the interfaces, and the solutions are extremely robust with respect to
the stabilization parameter. Finally we describe a construction using tensor-product splines
on mapped cartesian patches, and we detail the associated matrix operators. Our numerical
experiments confirm the accuracy and stability of this discrete framework, and they allow
us to verify that expected structure-preserving properties such as divergence or harmonic
constraints are respected to floating-point accuracy.
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1 Introduction

Thanks to enlightening research conducted over the last few decades [1, 6, 11, 15, 33,
35, 38], it is now well understood that preserving the geometrical de Rham structure of
physical problems is a key tool in the design of good finite element methods. A significant
field of success is electromagnetics, where this principle has produced stable and accurate
discretization methods, from simplicial Whitney forms [9, 49] to high order curved elements
in isogeometric analysis [14, 27], via edge Nédélec elements [8, 42]. The latter, in particular,
have been proven to yield Maxwell solvers that are free of spurious eigenmodes in a series
of works dedicated to this issue [7, 10, 26, 43]. Here the existence of stable commuting
projection operators plays a central role, as highlighted in the unifying analysis of finite
element exterior calculus (FEEC) [1, 2].

A central asset of structure-preserving finite elements is their ability to reproduce discrete
Hodge—Helmholtz decompositions which, in combination with proper commuting projec-
tion operators, allow them to preserve important physical invariants such as the divergence
constraints in Maxwell’s equations [21, 22, 44], or the Hamiltonian structure of the MHD and
Vlasov—Maxwell equations [24, 36, 40]. In the latter application the aforementioned com-
muting projection operators couple structure-preserving finite element fields with numerical
particles.

As they primarily involve strong differential operators, structure-preserving finite ele-
ments have been essentially developed within the scope of conforming methods, where the
discrete spaces form a sub-complex of the continuous de Rham sequence. In practice this
imposes continuity conditions at the cell interfaces which strongly degrade the locality of
key operations such as L2 projections, as sparse finite element mass matrices have no sparse
inverses in general. In the natural framework of dual complexes composed of weak differ-
ential operators, this leads to Galerkin Hodge operators which are global, in the sense that
on a given cell their values depend a priori on the function values on the whole domain. As
the Hodge operators allow to map from the dual spaces to the primal ones, this results in dis-
crete coderivatives operators that share this undesirable globality property. Furthermore the
canonical commuting projection operators for the dual sequence are also global, since they
coincide with the L? projections on the discrete finite element spaces. This feature makes their
application potentially expensive on fine meshes, and it represents a serious hurdle in parallel
codes where communications between distant cells should be avoided as much as possible.

In this article we follow the broken FEEC approach [23] first developed for Conform-
ing/Nonconforming Galerkin (CONGA) schemes in [18, 19]. The principle is to consider
local de Rham sequences on subdomains (which we shall call patches) and discretize the
global problems with broken finite element spaces, which are fully discontinuous at the patch
interfaces. Strong differential operators are then obtained by composing the local (broken)
ones with conforming projection operators that enforce the proper continuity conditions at
the interfaces. Being fully discontinuous at the patch interfaces, the broken finite element
spaces have mass matrices which are block diagonal (with blocks corresponding to patches)
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so that the inverse mass matrices are also block diagonal. This readily yields L? projections
and Galerkin Hodge operators which are patch-local.

Since the coupling between neighboring patches is encoded by discrete conforming projec-
tion operators which in practice involve the averaging of degrees of freedom across interfaces,
the corresponding derivative and coderivative operators are local in the sense that on a given
patch their values only depend on the function values on the contiguous patches. In addition
our broken FEEC sequences admit dual commuting projection operators that involve L2 pro-
jections on the broken spaces and transposed conforming projection matrices [23], so these
are also local.

The good news is that this approach does not sacrifice structure preservation, indeed our
broken FEEC sequences satisfy primal/dual commuting diagrams, uniform stability esti-
mates and discrete Hodge—Helmholtz decompositions [18, 23]. In particular, broken FEEC
sequences should allow one to construct structure-preserving finite element solvers on com-
plex domains with enhanced locality properties.

In the present work we follow this principle and propose specific numerical schemes for
several boundary value problems arising in electromagnetics. We describe their precise form
in the case of multipatch mapped spline spaces [15, 27] on general non-contractible domains,
and we perform several numerical experiments to study their practical behaviour. As our
results show, this approach indeed allows us to preserve most properties of the conforming
FEEC approximations, such as stability and accuracy of the solutions, topological invariants,
as well as harmonic and divergence constraints of the discrete fields.

The outline is as follows: We first recall in Sect. 2 the main lines of FEEC discretizations
using conforming spaces and we describe their extension to broken spaces, with a detailed
description of the fully discrete diagrams involving the primal (strong) and dual (weak) de
Rham sequences and their respective broken commuting projection operators. In Sect. 3
we apply this discretization framework to a series of classical electromagnetic problems,
namely Poisson’s and harmonic Maxwell’s equations, curl-curl eigenvalue problems, and
magnetostatic problems; we also recall the approximation of the time-dependent Maxwell
equations from Campos Pinto and Sonnendriicker [18]. For each problem we state a priori
results about the solutions, assuming the well-posedness of the corresponding conforming
FEEC discretization. In Sect. 4 we detail the construction of a geometric broken FEEC
spline discretization on mapped multipatch domains. Here we consider a 2D setting for
simplicity, but the same method applies to 3D domains. In Sect. 5 we conduct extensive
numerical experiments for the electromagnetic problems described in the article, which verify
the robustness of our approach. Finally, in Sect. 6 we summarize the main results of our work
and provide an outlook on future research.

Some necessary “standard” definitions are specified in the Appendix, which provides a
self-contained notation for the material of Sect. 4: Appendix Sect. A describes the construction
of broken multipatch spline complexes, while Appendix Sect. B defines the geometric degrees
of freedom and the corresponding commuting projection operators.

2 Principle of FEEC and Broken FEEC Discretizations
2.1 De Rham Sequences and Hodge-Helmholtz Decompositions

In this work we consider discretizations of Hilbert de Rham sequences. At the continuous
level these are of the form
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d .
VO gra Vl curl V2 div V3 (1)

with infinite-dimensional spaces such as
V0= H} (@), V'=Hy(curl;Q), V?=Hy(div; ), V3=L*Q). )

Following the well established analysis of Hilbert complexes by Arnold, Falk and Winther
[1, 2] we also consider the dual sequence

div % curl 4 grad %

vy v v, Vi 3

involving the adjoint differential operators (denoted with their usual name) and their corre-
sponding domains, namely

Vi=H'\Q), Vy=H(ulQ), Vi=Hdv;Q), Vi=L*Q). )

Here the construction is symmetric, in the sense that the inhomogeneous sequence (4) could
have been chosen for the primal one and the homogeneous (2) for the dual one. Since the
symmetry is broken in the finite element discretization, to fix the ideas in this article we mostly
consider the choice (1)—(4), except for a few places where we adopt a specific notation. A
key property of these sequences is that each operator maps into the kernel of the next one,
i.e., we always have curl grad = 0 and div curl = 0. This allows us to write an orthogonal
Hodge—Helmholtz decomposition for L2(2)3, of the form

L2(Q) = oLt 14k %
=grad V' @'H @curl V; )

where H! := {v € V!N Vi curlv = dive = 0}, see e.g. [2, Eq. (15)]. This space
corresponds to harmonic 1-forms, as it coincides with the kernel of the 1-form Hodge—
Laplace operator

L= — grad div + curl curl 6)
seen as an operator L' DYy — L3(Q) with domain space
DLY :=fweVin Vi :curlv € V5 and divv € VO @)

Another orthogonal decomposition for L2(£2)3 is

L2(Q)3 = curl V! é H? é dvy
= grad V5, (8)

where H? := {w € V2N V5 : curlw = divw = 0} is the space of harmonic 2-forms, which
coincides with the kernel of the 2-form Hodge—Laplace operator £> := — grad div + curl curl
with domain space D(£?) := {w € V2N VS icurlw € Vi*and divw € V3.

We point out that, while the 1-form and 2-form Hodge-Laplace operators are formally
identical, their domain spaces differ in the boundary conditions and hence H! # H?: in
the case considered here where the primal sequence has homogeneous boundary conditions,
the harmonic 1-forms have vanishing tangential trace on €2, while the harmonic 2-forms
have vanishing normal trace on d<2. In the symmetric case where the non-homogeoneous de
Rham sequence is considered as the primal one, one obtains the same decompositions (5) and
(8) but with opposite order: (H non-hom. = H3~¢. This isomorphism, known as Poincaré
duality, is provided by the Hodge star operator; see [2, Sects. 5.6, 6.2].

On contractible domains the above sequences are exact in the sense that the image of
each operator coincides exactly with the kernel of the next one, and the harmonic space is
trivial, H! = {0}. However if the domain €2 is non-contractible, this is no longer the case
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and there exist non trivial harmonic forms. Indeed, the dimensions of these two harmonic
spaces depend on the domain topology: dim('Hz) = dim(H ) non-hom. = b1(S2) is the first
Betti number, which counts the number of “tunnels” through the domain, while dim(Hl) =
dim(Hz)non_hom, = by(R2) is the second Betti number, which counts the number of “voids”
enclosed by the domain.

2.2 Conforming FEEC Discretizations

Finite Element Exterior Calculus (FEEC) discretizations consist of Finite Element spaces
that form discrete de Rham sequences,

grad l,c curl div

v v, Ve

Ve ©)

Here, the superscript ¢ indicates that the spaces are assumed conforming in the sense that
V,f *“ ¢ V*, and the subscript & loosely represents some discretization parameters, such as
the resolution of an underlying mesh. A key tool in the analysis of FEEC discretizations is
the existence of projection operators Hfl’c (V> VhK "¢ that commute with the differential
operators, in the sense that the relation

d'ni v =t dby ve vt (10)
holds for the different operators in the sequence (9),
d° = grad, d' = curl, d? = div. (11

In particular, the stability and the accuracy of several discrete problems posed in the sequence
(9), relative to usual discretization parameters such as the mesh resolution £ or the order of
the finite element spaces, follow from the stability of the commuting projections in V¢ or L?
norms, see e.g. [2, Theorems 3.9, 3.19].

Denoting explicitly by

gradj, := grad IV]?.C, curly := curl Ith,(-, divj, := div Ith,(.» (12)

the differential operators restricted to the discrete spaces, we define their adjoints by discrete
L? duality, i.e.,

((grad§)*v, ¢) = (v, grad @) Yo e V), g e V*
((curlf))*w, v) = (w, curlv) Yw € VhZ’C, vE Vhl’C (13)

(div§)*p, w) = (p,divw)  Vpe V), we Ve

where (-, -) denotes the L2(£2) scalar product. Owing to the homogeneous boundary condi-
tions, we denote the resulting coderivative operators by

divy, := (— grad$)* : Vhl’c — Vf’c

/CEH; := (curl))* : th’c — Vhl’c (14)
grady, == (—divi)*: VI — Ve

This yields a compatible discretization of both the primal and dual sequences (1) and (3), in
strong and weak form, respectively, using the same spaces (9). Note that in (13) the discrete
spaces Vhl ¢ are implicitely identified with their dual spaces when equipped with the L2 norm,
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which is standard practice, see e.g. [2, Sec 3.3]. This framework can be summarized in the
following diagram

curl div

Vo grad

Vl V2 V3

0,c 1,c 2,¢ 3,c
J t rad$ J t curl§ J i div§ J t
grad, h 5 h

W e e e a3
diV; curl /E&C

R N i
i ra

V(;k div Vl* curl Vz* g V3*

where the operators QV“ et L2H(Q) — V ¢ represent L projections to the conforming dis-

crete spaces. We observe that these projections commute with the dual differential operators,
as a result of (14).

Assumption 1 Throughout the article we assume that the primal projection operators Hfl’c
are L? stable and satisfy the commuting property (10).

Remark 1 In practice commuting projection operators also play an important role as they
permit to approximate coupling or source terms in a structure-preserving way, see e.g. [24].
For this purpose V¢ or L2-stable projections may not be the best choices as they can be
difficult to apply, and simpler commuting projections, defined through proper degrees of
freedom, are often preferred. These projections are then usually defined on sequences

curl

grad
U’ U!

ur &, 3 (16)

involving spaces U C V* that require more smoothness (or integrability) as the ones in (2).
We refer to e.g. [5, 24, 41, 45] for some examples, and to Sect. 2.4 below for more details on
such constructions.

Another asset of FEEC discretizations is to provide structure-preserving Hodge—

Helmholtz decompositions for the different spaces. For 1-forms, the discrete analog of the
continuous decomposition (5) reads

1 L
Vi = gradf, V" @ M) & curl, V2 (17)

where Hh {ve Vh seurly v = &R/Zv = 0} is the kernel of the discrete Hodge—Laplace
operator ﬁ;, o Vh1 IS Vh1 ¢ defined as

Ly* = — grad, divj, + curl, curl 18
5 = — grad; div;, + curl, curly . (18)
The space H}l may thus be seen as discrete harmonic 1-forms and under suitable approxi-
mation properties of the discrete spaces, its dimension coincides with that of the continuous

harmonic forms ', which corresponds to a Betti number of  depending on the boundary
conditions, see [2, Sects. 5.6, 6.2].
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2.3 Broken FEEC Discretizations

In the case where the domain is decomposed in a partition of open subdomains i, k =

1,..., K, we now consider local FEEC sequences
0 gradg " 1 curlg X 5 divg " 3
Vi (Qp) ——— V, () —> Vi () ——> V) (%) (19)

and global spaces obtained by a simple juxtaposition of the local ones
V= (v e LX) : vlg, € VI (). (20)

One attractive feature of the broken spaces (20) is that they are naturally equipped with
local basis functions Af that are supported each on a single patch Qi with k = k(i). The
corresponding mass matrices are then patch-diagonal, i.e., block-diagonal with blocks cor-
responding to the different patches, so that their inversion — and hence the L2 projection on
VhK — can be performed in each patch independently of the others.

However, the spaces (20) are in general not subspaces of their infinite-dimensional coun-
terparts, indeed it is well-known that piecewise smooth fields must satisfy some interface
constraints in order to be globally smooth [5]: for H! smoothness the fields must be contin-
uous on the interfaces, while H (curl) and H (div) smoothness of vector-valued fields require
the continuity of the tangential and normal components, respectively, on the interfaces. As
these constraints are obviously not satisfied by the broken spaces (20), we have in general

vig Ve

The approach developed for the CONGA schemes in [18, 23] extends the construction of
Sect. 2.2 to this broken FEEC setting, by associating to each discontinuous space a projection
operator on its conforming subspace,

plvisvinvi=v)e 1)

In practice P,f can be defined by a local averaging of interface degrees of freedom.
Provided that these conforming spaces form a de Rham sequence (9), this allows us to
define new primal differential operators on the broken spaces

grad, == grad P} : V) — v," c V)
curly :=curl P} : v} > v V2 (22)

divy, = div th : th — Vh3’°' C Vh3

and new dual ones d'Fth : Vhl — V,?, curly, : th — Vh1 and grad,, : Vh3 — th as discrete L2
adjoints, characterized by the relations

(&Vivhv, @) = —(v, grad P,?(p) Yv e Vh], (NS V,?
(?ﬁﬁhw, v) = (w, curl Phlv) Ywe th, v E Vhl (23)
(grad,p, w) = —(p,div PPw)  VpeV}, we V.
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We represent this broken FEEC discretization with the following diagram

grad div

VO Vl curl VQ

M M M m
grad, | curly, ) divy, g

V}? ~ Vh Vh Vh (24)
_ - divy _ . curl, . grad 5
0 1 2 h 3
I I, I I, T I I IT;
i rad
v 0* div Vl* curl Vz* g V3*

where l'[fl and l:[fl are projection operators that commute with the new primal and dual
sequences. Here I'Iﬁ are seen as unbounded operators with dense domains U* c V. For

the dual sequence the commuting projections lzlfl will be bounded in L?: We postpone their
description to the next sections.

We note that the presence of conforming projections P,f in the differential operators (22)
leads to larger kernels. Specifically, we have

ker grad;, = (V}?’C Nker grad ) @ ker P
ker curl, = (V," Nker curl ) @ ker P}
ker div;, = (th’c Nker div) @ ker P?
where the projection kernels
ker P! = (I — PHV} (25)

correspond intuitively to “jump spaces” associated with the conforming projections. In [17,
19] these extended kernels motivated a modification of the discrete differential operators in
order to retain exact sequences on contractible domains. Here we follow the approach of
[23] where the jump spaces (25) are handled by stabilisation and filtering operators in the
equations, through extended Hodge—Helmholtz decompositions.

2.4 Commuting Projections with Broken Degrees of Freedom

A practical approach for designing commuting projection operators Hfl’c and Hfl for the
above diagrams is to define them via commuting degrees of freedom on the discrete Finite
Element spaces. In the standard case of conforming spaces these are linear forms

aie’c U R, i=1,..., N = dim(V,f’C)

defined on infinite-dimensional spaces U¢ C V¢ satisfyingd‘U* c U**!, that are unisolvent
in V,f’c and commute with the differential operators in the sense that there exist coefficients
Df ; such that

NZ,C
o/t @'y =Y Df joi () fori=1,... N veUut (26)
Jj=1

where we have denoted again d° = grad, d' = curl and d? = div. Letting Af’c be the basis
of Vhe’c characterized by the relations JI.Z’C(A(;’C) =& jfori,j=1,... N&<, one verifies
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indeed that the operators

NZ,L'
Hfl’” Ut > Vhe’c, V> Zaf’c(v)Ag*"
i=1

1

are projections satisfying the commuting property (10), see e.g. [24, Lemma 2] and in passing
we note that D* is the matrix of d* in the bases just defined.
Here, we extend this approach as follows:

— Broken degrees of freedom. Each local space Vh[(Qk), k=1,...,K,is equipped with
unisolvent degrees of freedom

of U Q) = R, e M(Q) (27)

defined on local spaces Utu) c vEw) satisfying dtUY Q) c U (), with
multi-index sets with cardinality #Mfl Q) = dim(V,f(Qk)). On the full domain we
simply set

of ) = o, (Wlgy). (28)

— Broken basis functions. To the above degrees of freedom we associate local basis functions

Ai, u € VhK (2x) (extended by zero outside of their patch), characterized by the relations
of (Apy) =8un for p,ve Mj(u).

— Local commutation property. A relation similar to (26) must hold on each patch €, i.e.,

there exist coefficients Df. o such that

o fl@dvy=">" Df,,0f,®) (29)
veME ()
holds for all « € M () and all v € U ().
— Inter-patch conformity. The global projection on V,f,

K
H,‘; U Z Hfl,kv with Hfl’k U Z U,f!ﬂ(v)Ai,ﬂ (30)
k=1 peM} (24)

must map smooth functions to conforming finite element fields, namely
MUt cvie where U':={veVi:vlg e UY), Vk=1,...K}. (1)

This setting guarantees that the commutation properties of the local projection operators
extend to the global ones, since one has then

d' Py =d'Tijv = Tt at, veUY,

and it yields simple expressions for the latter in the broken bases. We refer to Sect. 4 for a
detailed construction of broken degrees of freedom that satisfy the above properties.

The dual projection operators (namely, the projection operators on the finite element
spaces which commute with the differential operators from the dual sequences) can then be
defined following the canonical approach of Campos-Pinto and Giiglii [23], as “filtered” L>
projections

[, = (P Qye : L2 =V, (32)
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where thz is now the L? projection on the broken space V}f,

(MY, w) = (v, Pfw), YveL? we V. (33)

By definition of the dual differentials (23), these operators indeed commute with the dual
part of the diagram (24), in the sense that

119 div = div, 11}, T} curl =curl, 13, 117 grad = grad, [T} (34)

hold on V}*, V" and V" respectively. We further observe that (32)-(33) defines projection
operators on the subspaces of V,f corresponding to the orthogonal complements of the “jump
spaces” (25). Indeed, (I15)? = T} holds with

Im(I1}) = Im((P))*) = (ker P)* = {v e V} : (v, (I — PHw) =0, Yw € V}.

2.5 Differential Operator Matrices in Primal and Dual Bases

Using broken degrees of freedom and basis functions as described in the previous section,
we now derive practical representations for the operators involved in the diagram (24). To do
so we first observe that the non-conforming differential operators dﬁ = d* P,f can be refor-
mulated as dﬁ = dlfWP,f where déw v — Z,le 1g,d*|q,v is the patch-wise differential
operator which coincides with d* on all v such that d‘v € L?. Using some implicit flattening
(k, ) — i € {1, ..., N} for the multi-indices, we represent these operators as matrices

(G)i,j =o' (grad,, AY), (C)ij = of (curlyy A}), (D) ; = 07 (divpw AT)  (35)

of respective sizes N' x N%, N2 x N! and N3 x N?2. These matrices have a “patch-diagonal”
structure, in the sense that they are block-diagonal, with blocks corresponding to the differ-
ential operators in each independent patch [namely, the matrices D,f in (29)]. The matrices
of the conforming projections, seen as endomorphisms in V]f, are

PYij =0 (PyAY), i, j=1,...,N" (36)

In general P is not patch-diagonal, as it maps in the coefficient space of the conforming
spaces V;f *“, where the global smoothness corresponds to some matching of the degrees of
freedom across the interfaces.

With these elementary matrices we can build the operator matrices of the non-conforming
differential operators d ﬁ: they read

Nt

¢ [ASYBTIN e+1( gt plat e+1( e et plat

(@(dh)>l.j =0 (dhAj) =0;" (dpwPhAj) =0;" (dprAka (PhAj)>
’ k=1
WE N
1 g0 ) e plat ¢ ¢ tpt
=S i) (i) = 3 (1), (), = (),
k=1 =1 " "/ h
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where we have denoted (Y); = (G, C, D) for brevity. Therefore,

O(grad,) = <(7i1 (grad P,?A?) ) l<i<N! = GP°,
1<j<N®
Ourly) = (oF(curl P{A}) )\ cyeys = CP, 37)
1<j=<N!
O(divy) = (af (div P,$A§) ) \cieny  =DP
1<j<N?

A simple representation of the dual discrete operators (23) is obtained in the dual bases
{Af :i=1,..., Nt} of the broken spaces V,f. These are characterized by the relations

&lz(Af):(S’v]’ l,j:l,NZ (38)
with dual degrees of freedom defined as

Gt ) == (v, AY), ve L), (39)

where (-, -) denotes again the L? scalar prot{uct. It follows from (38) and (39) that the primal

and dual bases are in L? duality, i.e. (Af, Aﬁ) = §;,j. The matrices of the dual differential
operators in the dual bases read then

O@;™),, = L@ A = (@A, Al = (DAL, dfa)

NZ+1
041 X ¢+1 C+1 _C+1( 70 5 0
= (~DF RS YT Ao (@A)
k=1
NZ-H
+1 X +1 L4101\ _L4+1( 0 A L
= (=D Y (AT A o T (dfAT)
k=1
NZ-H
— (—])¢H! S (Depe) — (—]tH! (Depz) ,
-1 k_Zl ik =D L

where again DY, = (G, C, D) for brevity. Therefore,

0@ = (6@ iA))) e =GP,
1<j<N!

O(curly) = (5,.1 (?uﬁhzl?))liiﬂvl — (CPY, (40)
1<j<N?

O(grad,) = (5} gradh]\j.))lsis,vz — —(DPT.
1<j<N?3

The change-of-basis matrices are described in the next section.

@ Springer



52 Page12of53 Journal of Scientific Computing (2023) 97:52

2.6 Primal-Dual Diagram in Matrix Form

Using the matrix form of the differential operators just described, we extend the broken FEEC
diagram (24) as follows:

Vo grad vl curl

1
Vo 1 curly,

V2

gradh
h Vh h
S \ﬁf R
1 2
oy o L _DP s
Al Al Al Al
0| HO e 2 1 H2 e (41)
Ly —(GPYT Cl (CPHT Cz (DP)T C%
&OHIO G I 7 &2Hf — &3H~%
Vo dlvh vl curlh V2 grad, V3

=

h
(]P)O)T&O HO(PI)T"‘ \

~t . . . . .
Here C* and C are the spaces of scalar coefficients associated with the primal and dual basis

h h
P’ ¢ 2\ IHZ(W)T#\ Tﬁg

curl * grad

<*>

functions described in the previous Section. Both are of the form RV’ with N¢ = dim(Vhl),
but we use a different notation to emphasize the different roles played by the coefficient

. . =0 L .
vectors. The interpolation operators AR G V}f and Il :C — V,f, which read
Nt Nt
Ticm Y Al and T e Y AL (42)
i=1 i=1

are the right-inverses of the respective degrees of freedom o and &', and also their left-
inverses on V,f.

The matrices H¢ and H¢ are change-of-basis matrices which allow us to go from one
) ) ~ ~
sequence to the other, in the sense that 7¢ = 7 H! and Zj = T'H¢: they correspond to

discrete Hodge operators [34]. Here it follows from the duality construction (38)—(39) that
they are given by the mass matrices and their inverses,

H' = @' =M" where (M");; = (A}, AS). (43)

In our framework, the Hodge matrices have a patch-diagonal structure due to the local support
of the broken basis functions. In particular, the dual basis functions are also supported on a
single patch.

The remaining operators are the primal and dual commuting projections, respectively
defined by (30) and (32)—(33), expressed in terms of primal and dual coefficients. Using the
interpolation operators (42) we may write them as

Nt =7’ on Uc V! and ‘=7 P)T6" on V. (44)
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Finally we remind that here the commutation of the primal (upper) diagram follows from the
assumed properties of the primal degrees of freedom (27)—(31), while the commutation of
the dual (lower) diagram follows from the weak definition of the dual differential operators.

Remark 2 (Conforming case) The conforming FEEC diagram (15) (corresponding, e.g., to
a single patch discretization) may be extended in the same way as the broken FEEC one
(24). Apart from the differences between the discrete differential operators and commuting
projection operators already visible in (15) and (24), the resulting 6-rows diagram would be
formally the same as (41), but no conforming projection matrices would be involved any
longer.

Remark 3 (Change of basis) It may happen that the basis functions Af associated with the
commuting degrees of freedom of are not the most convenient ones when it comes to actually
implement the discrete operators. In such cases a few changes are to be done to the diagram

(41), such as the ones described in Sect. 4.2 for local spline spaces.

2.7 Discrete Hodge-Laplace and Jump Stabilization Operators

In addition to the first order differential operators, an interesting feature of the diagram (41)
is to provide us with natural discretizations for the Hodge—Laplace operators. On the space
VO this is the standard Laplace operator, £0 = —A, which is discretized as

LY = —divy, grad,, : V)= v (45)
with an operator matrix in the primal basis that reads
L’ = HGP") H'GP’ . (46)
As for the Hodge—Laplace operator for 1-forms, £! = curl curl — grad div, its discretization
is
E,ll :=€1}Th curl, — grad, dfi;/h : Vhl — Vh1 %)
with an operator matrix (again in the primal basis)
L' = i'«cPH"H CP' + GPPHO(GPY)TH. (48)

The Hodge—-Laplace operators for 2 and 3-forms are discretized similarly.

As discussed in Sect. 2.2, a key asset of FEEC discretizations is their ability to preserve
the exact dimension of the harmonic forms, defined here as the kernel of the Hodge—Laplace
operators. In our broken FEEC framework this property is a priori not preserved by the non-
conforming operators due to the extended kernels of the conforming projection operators,
but it is for the stabilized operators Efw = Efl + aSﬁ where

St = (I — PH*(I — P) (49)

is the symmetrized projection operator on the jump space (25), and « is a stabilization
parameter. Indeed, it was shown in [23] that the kernel of Eﬁ o coincides with that of the
conforming discrete Hodge—Laplacian, for any positive value ofa > 0. Finally we note that
the corresponding stabilization matrix is readily derived from the operators in the diagram.
It reads

St =\ — PHTHC T — PY. (50)
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3 Broken FEEC Approximations of Electromagnetic Problems

In this section we propose broken FEEC approximations for several problems arising in
electromagnetics, and we state a priori results for the solutions. Let us begin by listing the
main differences between broken and conforming FEEC approximations:

— Differential and projection operators from the commuting diagram (41) apply to bro-
ken (fully discontinuous) spaces and involve conforming projection operators which in
practice couple interface degrees of freedom and can be applied matrix free.

— For problems that involve solving a system (e.g., Poisson, time-harmonic Maxwell and
Magnetostatic equations), symmetric stabilization operators must be added to make the
system non singular. This is not needed for the time-dependent Maxwell equations.

— For the former problems, our stabilized broken FEEC schemes yield the same solution as
the corresponding conforming FEEC method. This is not the case for the time-dependent
Maxwell equations.

— For eigenvalue problems several formulations can be used (with or without stabilization
terms), depending on whether zero or positive eigenmodes are searched for.

For the sake of completeness we will provide several formulations (all equivalent) for the
discrete problems: one in operator form, one in weak form and one in matrix form, using
the primal and dual bases introduced in Sect. 2.4. As pointed out in Remark 3, practical
implementation may be more efficient with other basis functions. In this case the matrices
need to be changed, as will be described in Sect. 4.2 below.

Throughout this section we will mostly work with the homogeneous spaces V¢ corre-
sponding to (2). In the few cases where we will need the inhomogeneous spaces, we shall
use a specific notation V¢ for the spaces in (4), for the sake of clarity.

3.1 Poisson’s Equation

For the Poisson problem with homogeneous Dirichlet boundary conditions: given f € L?(£2),
find ¢ € VO = H}(Q) such that

~Ap=f, (51)

we combine the stabilized broken FEEC discretization described in Sect. 2.7 for the Laplace
operator, and a dual commuting projection (32)—(33) for the source. The resulting problem
reads: Find ¢, € V,? such that

(L) +aSgn = T0) (52)
and it enjoys the following property.

Proposition 1 For all @ # 0, Eq. (52) admits a unique solution ¢, which belongs to the
conforming space V}? ‘= V}? N HO1 () and solves the conforming Poisson problem

(grad ¢, grad ¢n) = (¢, f) Vo© € V;". (53)
In particular, ¢y, is independent of both a and the specific projection P}?.
Proof By definition of the different operators, (52) reads

(- divy, grad;, +a (I — P}?)*(I — P/?))¢h = ﬁ%f (54)
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which may be reformulated using test functions ¢ € V,? ,as

(grad Pg, grad Pygn) + a((I = P)g, (I — P)n) = (Po, f). (55)
Taking ¢ = (I — P;?)dn, yields ¢, = PE(ﬁh € V}?’C as long as o # 0, and (53) follows by
considering test functions ¢ in the conforming subspace V}? . O

The matrix formulation of (52) is easily derived by using the diagram (41), writing the
equation in the dual basis in order to obtain symmetric matrices as is usual with the Poisson
problem. Denoting by ¢ = o°(¢y,) the coefficient vector of ¢y, in the primal basis, we thus
find

A% = @"76°(f) (56)
with a stabilized stiffness matrix

A = HO(LO + S%) = (GPY)TH!GP® + o (I — PO)THO (T — PY). (57)

3.2 Time-Harmonic Maxwell’s Equation
The time-harmonic Maxwell equation with homogeneous boundary conditions reads: given
w e Rand J € L3(Q), find u € Hy(curl; ) such that

— w*u+curlcurlu = J. (58)

Here the (complex) electric field corresponds to E (¢, x) = iw u(x)e'" When w? is not an
eigenvalue of the curl curl operator, Eq. (58) is well-posed: see e.g. [3, Theorem 8.3.3]. For
this problem we propose a stabilized broken FEEC discretization where uj € Vhl solves

(—?(P})* P} + curly, curly, +aS}uy, =TI} T, (59)

with a parameter o € R. We remind that S} := (1 — P})*(1 — P}) is the jump stabilization
operator, according to (49) and (25) for £ = 1. With test functions v € Vhl, the discrete
problem (59) writes
—w? (P}, Pluy) + (curl P)v, curl P)uy) +a((I — PHyv, (I — Puy) = (Phv, J).
(60)

Here, we note that the zeroth-order term is filtered by the symmetric operator (Phl)*Phl: this
allows us to obtain a conforming solution in the broken space.

Proposition 2 Leta # 0, and w such that w? is not an eigenvalue of the conforming discrete
/C_LIH; curlz operator defined in (12)—(14). Then Eq. (59) admits a unique solution uy, which

belongs to the conforming space Vhl ‘= Vhl N Hoy(curl; 2), and solves the conforming FEEC
Maxwell problem

— @ (v°, up) + (curlv®, curluy) = (06, J), V¢ € V,C. (61)
In particular, uy, is independent of both o and the specific projection Phl.
Proof Taking v = (I — Phl)uh in (60) gives u, = Phluh IS Vhl‘c as long as o # 0, and (61)

follows by considering test functions v = v¢ in Vh] ¢, Existence and uniqueness follow from
the assumption that w is not an eigenvalue of the conforming curl curl operator. O
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The matrix form of (59) is easily derived from diagram (41). It reads
Alu=@EHTe!() (62)

where u := a!(uy,) is the (column) vector containing the coefficients of uj in the primal
basis of Vhl, and A! is the resulting stabilized stiffness matrix,

Al = PH (—’H' + CTH?’C)P! + oI — PHTH' (1 - P). (63)
3.3 Lifting of Boundary Conditions

In the case of inhomogeneous boundary conditions a standard approach is to introduce a
lifted solution and solve the modified problem in the homogeneous spaces. This approach
applies seamlessly to broken FEEC approximations. For a Poisson equation of the form
—A¢p=f inQ
{ p=g on 92 64
this corresponds to introducing ¢, € H 1(Q) such that ¢g = g on 9$2, and characterizing
the solution as ¢ = ¢, + ¢, where ¢ € Vo = H& (£2) solves (51) with a modified source,
namely

—A¢o = f + Ady.

For an inhomogeneous Maxwell equation of the form

2 — :
{ w*u+curlcurlu =J in Q 65)

nxu=g on 92

we introduce ug € H(curl; 2) such thatn x u, = g on 92, and characterize the solution as
u = ug + ug, where ug € Ho(curl; Q) solves (58) with a modified source, namely

— w2u0 + curlcurlug = J + (a)2 — curl curl)u,. (66)

The lifting approach can be applied in broken FEEC methods by combining the dis-
cretizations of the homogeneous and inhomogeneous sequences (2) and (4), which amounts
to combining different conforming projections. For clarity we denote in this section the
respective homogeneous and inhomogeneous spaces by V¢ and V¥. At the discrete level the
broken spaces V,f have no boundary conditions, so that the distinction only appears in the
conforming projections to the spaces V,f “=vinvtand Vh“z “ = v{fn V¢, which we natu-
rally denote by P;f and P,f respectively. In practice the latter projects on the inhomogeneous
conforming spaces, while the former further sets the boundary degrees of freedom to zero.

For the Poisson equation where Vo = HOl () and VO = HY(Q), we first compute
dgn € V}? that approximates g on 9€2, and then we compute the homogeneous part of the
solution, ¢o = ¢p — Pgn € V}? , by solving the homogeneous CONGA problem with
modified source

(grad P, grad P o i) +a((I — PDe, (I — PD)go.n)
= (PYo. f) — (grad P)o, grad P g 1) (67)

forall ¢ € V,? , which also reads in matrix form

A%, = @7 (&) - GTH'GP, ) (68)
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where A0 is the stabilized stiffness matrix (57), P? is the matrix of the inhomogeneous
projection 13?, and the coefficient vectors involve the broken degrees of freedom ¢, =
ao(¢07h), ¢g = ao(qbg,h) in the full broken space V,?.

For the Maxwell equation where V! = Hy(curl; Q) and V! = H (curl; ), the method
consists of first computing ug, ), € Vh1 such that n X ug j, approximates g on 92, and then
characterizing the homogeneous part of the solution, ug = up — g j € Vhl, by

—w?(Plv, Plug.p) + (curl Plv, curl Plugp) +a(( — PHv, (I — PHuoy)
= (Plv, J) + 0*(P}v, Plug ) — (curl P)v, curl Plug ) (69)

forall v Vhl. In matrix terms, this reads
Alug = @) (6' (/) + @ H' - CTHC)P'u, ) (70)

where A! is the stabilized stiffness matrix (63), P! is the matrix of the inhomogeneous
projection P!, and the coefficient vectors involve the broken degrees of freedom ug =
ol(uo,h), u, = al(ug,h) in the full broken space Vhl.

Proposition 3 Let o and w be as in Proposition 2. Then (69) admits a unique solution ug j,
which belongs to the conforming space Vh1 ‘= Vhl N Hy(curl; 2). The projection of the full
solution in \7h1 € = Vhl N H(curl; Q), uj, = f_’hluh, approximates the boundary condition,
n X uj, ~ g on 9K, and it solves the discrete conforming Maxwell equation inside 2, in the
sense that

— @ (v, u) + (curl v, curluf) = (v, J), Yo°e Vhl’c. (71)
In particular, uj, is_ independent of both « and Phl. Moreover if the lifted boundary condition
Ug } is chosen in Vhl‘c, then uy = uj,.

Proof The conformity and unicity of ug j; can be shown with the same arguments as in
Proposition 2. This shows that uj, = wuon + }_’h' ug p and that the tangential trace of uj,
coincides with that of 1‘3h1 ug j, on the boundary, which itself should coincide with that of u j,
as there are no conformity constraints there for the inhomogeneous space V! = H (curl; ).
Equation (71) and the additional observations follow easily. O

3.4 Eigenvalue Problems

Broken FEEC approximations to Hodge—Laplace eigenvalue problems of the form
L% = u (72)

are readily derived using the discrete operators presented in Sect. 2.7. For a general stabi-
lization parameter @ > 0, they take the form:

(LY 4 aShun = rpup (73)

with uj, € V,f \ {0}. Their convergence can be established under the assumption of a strong
stabilization regime and of moment-preserving properties for the conforming projections, see
[23]. There it has also been shown that for arbitrary positive penalizations o > 0, the zero
eigenmodes coincide with their conforming counterparts, namely the conforming harmonic
forms,

ker(L} + aS;) = ker £fl’c =M},
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see (17)—(18).

For the first space VO = HO1 (£2) the corresponding operator is the standard Laplace
operator L% = — A and its broken FEEC discretization reads: Find A; € R and on € V}?\{O}
such that

(L) + aSHdn = Ao (74)

where 52 and Sg are given by (45) and (49), with stabilization parameter «. For V! =
Hy(curl; Q) the Hodge—Laplace operator is £' = curl curl — grad div and its discretization
reads: Find A, € R and uy, € Vhl\{O} such that

(Lh +aShun = rgup, (75)

where £}l = /cErTh curl, — grad, &R/h, see (47), and S,i is given again by (49). Eigenvalue
problems in th and Vh3 are discretized in a similar fashion.

Another important eigenvalue problem is that of the curl-curl operator, for which one could
simply adapt the broken FEEC discretization (75) used for the Hodge—Laplace operator, by
dropping the term (— grad,, divy,). By testing such an equality with v € grad P}? V}? we see
that the non-zero eigenmodes satisfy div,u, = 0, hence they are also eigenmodes of (75) and
their convergence follows from the results mentionned above in the case of strong penalization
regimes. In the unpenalized case (¢ = 0) their convergence was also established, as shown
in [18].

The main drawback of the approach just described is that the computed eigenvalues do
not coincide with those of the conforming operatora\lﬁz curlf, but only approximate them.

(We recall that the knowledge of the eigenvalues ofa;ﬁz curly is needed in order to verify

the hypotheses of Proposition 2 for the source problem: w?® should not concide with one of
them.) To overcome this difficulty we propose a novel broken FEEC discretization, which
consists of the generalized eigenvalue problem

curly, curly, up, = Ay [(PY*P + (I = PHY* (I = PD] . (76)
With test functions v € Vh1 , the discrete problem (76) writes
(curl P v, curl Plup) = ay [(Plv, Piun) + (1 — PHv, (1 — PHup)] (77)
and its matrix formulation is provided below.

Proposition 4 For L, # 0, the (generalized) CONGA eigenvalue problem (76) has the same
solutions as the conforming eigenproblem

il ¢ . I,c
curly, curly up = Apup, withu, € V" (78)
For L, = 0, the corresponding eigenspace is
1
ker (curly curly ) = (grad V" @ HY) @ (1 — PV, (79)

Proof For A # 0 we take v = (I — P})uy, in (77), and find that u, = Pluj € Vhl’c.
Hence we can restrict the test space to functions v = Ph1 vE Vh1 ¢, and obtain the conforming

eigenproblem (curl v, curlu) = Aj(v, up). Conversely, we verify that if u;, € Vh1 *“ solves
(78) then it also solves (77) for all v € Vh]. The relationship (79) between the null spaces
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follows from the equalities ker (EJrTh curly ) = ker(curly), ker (E—u\ﬁ; curl§ ) = ker(curlf)) =
grad Vho’c EJé H}l and

ker(curly) = ker(curl}) @ (I — Phl)Vhl
which was observed in, e.g., [18]. O

These eigenvalue problems may be expressed in symmetric matrix form by expressing the
eigenmodes in the primal bases and the equations in the dual bases, as we did for the Poisson
and Maxwell equations in Sects. 3.1 and 3.2. For the Poisson eigenvalue problem (74) we
obtain

A% =, H'¢ (80)

with A? = HO(LO 4 «S%) = (GPO)TH'GP® + o (I — P*)THO(I — P°) as in (57). Similarly
we can write the Hodge—Laplace eigenvalue problem (75) as

Alu=,H'u 81
with matrix
Al = cPHTH*CP! + H'GPPHO(GPY)TH! + o — PHTH' (1 — P,
and the curl-curl eigenvalue problem (76) as

(CPHYTH2CP'u = A, [(Pl)THl]Pl +T-PHYH 1 - Pl)] u. (82)

3.5 Magnetostatic Problems with Harmonic Constraints

We next consider a magnetostatic problem of the form

(83)

divB =0
curl B=1J

posed for a current J € L?(£2). Unlike the Poisson and Maxwell source problems above, this
problem requires an additional constraint in non-contractible domains. Indeed it can only be
well-posed if ker curl Nker div = {0}, i.e., if the harmonic forms are trivial. To formulate
this more precisely we need to take into account particular boundary conditions.

3.5.1 Magnetostatic Problem with Pseudo-Vacuum Boundary Condition

We first consider a boundary condition of the form n x B = 0, which is sometimes used to
model pseudo-vacuum boundaries [39]. A mixed formulation is then: Find B € Hy(curl; 2)
and p € Ho1 (£2) such that

(gradg, B) =0 Vg € H} ()

84
(v, grad p) + {(curl v, curl B) = (curlv, J) Vv € Hy(curl; 2) &)

see e.g. [28]. Here the auxiliary unknown p is a Lagrange multiplier for the divergence
constraint written in weak form.
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The well-posedness of (84) is related to the space of harmonic 1-forms H!, defined as the
kernel of the Hodge—Laplace operator (6) in the homogeneous sequence, i.e.,

H' =ker £' = {v € Hy(curl; Q) : curlv = divv = 0}. (85)

As discussed in [2], H! = HI(Q) is isomorphic to a de Rham cohomology group and
its dimension corresponds to a Betti number of the domain 2. With homogeneous, resp.
inhomogeneous boundary conditions its dimension is b2(£2) the number of cavities, resp.
b1(€2) the number of handles in §2. Thus in a contractible domain we have H! = {0} and
the problem is well posed, but in general H! may not be trivial. Additional constraints must
then be imposed on the solution, such as B € (HI)L, which can be associated with an
additional Lagrange multiplier z € H'. The constrained problem then consists of finding
B € Hy(curl; Q), p € HO1 () and z € H!, such that

(gradg, B) =0 Vg € Hy ()
(v, grad p) + (curl v, curl B) + (v, z) = (curlv, J) Yv € Hy(curl; ) (86)
(w,B) =0 vw e H.

In our broken FEEC framework this problem is discretized as: find pj € V}?, By, € Vh1
and zj € H}l, such that

(I = PD)q, (I — P)pn) + (grad Pq, By) =0
(v, grad P,?ph) + (curl Phlv, curl Ph1 By)

+a' (I = PHv, (I — PHBy) + (v, z) = (curl Pv, J)
(w, Bp) =0

(87)

for all g € V;? ,V € Vh1 and w € H},. Here, o € R are stabilization parameters for the

jump terms in V,? and Vhl, and H,ll = ker(ﬁ}, +als ,ll) may be computed as the kernel of the
stabilized discrete Hodge—Laplace operator (47). As discussed above it coincides with that
of the conforming Hodge—Laplace operator, hence

H)=1{ve Vhl’c ccurlv =0 and (gradgq,v) =0, Vg € V}?’C}. (88)

In operator form, this amounts to finding p; € V,? , By € Vh1 N ('H},)l and z; € 'H}l such

that
0 ¢0 T _
a’'S;pp +divy By, =0

iy 1¢l A2 (89)
grad;, pp + curly curl, By, + o Sy By + zj, = curl, I, J

Proposition 5 System (87) [or equivalently (89)] is well-posed for arbitrary non-zero stabi-
lization parameters o, a' # 0, and its solution satisfies

By € VN (H} @ grad v+
ph € V,?’C N ker grad = {0}
zp =0. 90)

Moreover the discrete magnetic field can be decomposed according to (17), as
_ nt h c ¢ v/0,c L 1 L~ 2,c
By = B, + B, + B, € grad;, V,”" @ H;, & curl, V,
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with discrete grad, harmonic and curl components characterized by
g
B, =0
Bl =0 91)
(w,curl Bj) = (w, J)  VYw € curl Vhl’”
In particular, the solution is independent of the non-zero stabilization parameters and the

conforming projection operators.

Proof The result follows by using appropriate test functions and the orthogonality of the
conformlng discrete Hodge—Helmholtz decomposition (17). In partlcular taking v = z;, (in
Hh C Vh ) yields z;, = 0, taking ¢ = (I — P,?)ph and v = grad Ph P shows that ph =0,

and the characterization of Bj, follows by taking first v = (I — Ph )Bj and then v € Vh ,
arbitrary conforming test function. O

Remark 4 Proposition 5 states that the auxiliary unknowns pj and z, may be discarded a
posteriori from the system. However they are needed in (87) to have a square matrix.

In practice the discrete harmonic fields can be represented by a basis of H;l, of the form

A}‘H, i=1,..., dim(H}l) = by(R2), computed as the zero eigenmodes of a penalized

L ,ll +aS ,1, where o > 0 is arbitrary and b, (£2) is the Betti number of order 2, i.e. the number
of cavities in 2. Using these harmonic fields, one assembles the rectangular mass matrix

My = (AL AT, =1 N =1 b (). (92)
which allows us to rewrite (87) as

o’S%p + (GP*)'H'B = 0

H'GP’p + ((CPHYTHCP! + o'S")B + M"#z = (CPHT 6% (J) (93)

(MI,H)TB -0

where p, B and z contain the coefficients of pj, By, and z; in the (primal) bases of V,? , Vhl
and H }11 respectively.

3.5.2 Magnetostatic Problem with Metallic Boundary Conditions

We next consider a boundary condition of the form
n-B=0

which corresponds to a metallic (perfectly conducting) boundary. In our framework it can
be approximated by using the inhomogeneous sequence (4) which we denote by V¢ as in
Sect. 3.3, and by modelling the boundary condition in a weak form. The mixed formulation
takes a form similar to (84) with a few changes. Namely, we now look for p € VO =HY(Q)
and Be V! = H (curl; 2), solution to

(gradg, B) =0 Vg € H'(Q)

94
(v, grad p) + (curl v, curl B) = (curl v, J) Yv € H(curl; 2). G

Compared to (84), the only change is in the spaces chosen for the test functions. In particular
we may formally decompose the second equation into a first set of test functions with g |3 = 0
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which enforces div B = 0, and a second set with ¢g|3q 7% 0 which enforces n - B = 0 on the
boundary.

Again, this problem is not well-posed in general: on domains with holes (i.e., handles)
a constraint must be added corresponding to harmonic forms, which leads to an augmented
system with one additional Lagrange multiplier z;, as we did in the previous section. Here
the proper space of harmonic forms is the one associated with the inhomogeneous sequence
(4) involving V1 = H(curl; Q) and \71* = Hy(div; €2). Thus, it reads

ﬂl(Q) = {v € Ho(div; Q) : curlv = divv = 0}. 95)

We also observe that now p is only defined up to constants, so that an additional constraint
needs to be added, such as p € (ker grad)=. In practice this constraint may either be enforced
in a similar way as the harmonic constraint, or by a so-called regularization technique where
a term of the form €(qg, p), with ¢ # 0, is added to the first equation of (94). The constrained

problem reads then: Find B € H(curl; 2), p € H'(Q)and z € 7:[1, such that

&(q, p) + (gradq, B) =0 Vg € H(Q)
(v, grad p) + (curl v, curl B) + (v, z) = (curlv, J) Yv € H(curl; Q) (96)
(w, B) =0 VweH' .

We note that here the result does not depend on ¢ (indeed by testing with v = grad p we find
that p is a constant, and with ¢ = p we find that p = 0), hence we may set ¢ = 1.

At the discrete level we write a system similar to (87) or (89), but we must replace the
space (88) with

7:[}11 ={ve \_/hl’c ccurlv =0 and (gradg,v) =0, Vg € V,?’”} 97)

where we have denoted VhZ ‘= V,f N V¢, Observe that the for the inhomogeneous sequence,
the decomposition (17) becomes

—_ —_ L -1 1L .
Vhl’c = gradj, V}?’C ) 'H;l @aﬁ; VhZ’C (98)

—— L 52.c =1,c . . . s c . lc ~2,¢
where curl, : V;™" — V" is now the discrete adjoint of curly : V" — V;7".
We compute the space (97) as the kernel of the stabilized Hodge—Laplace operator asso-
. . . - 1 -1 G . . .
ciated with the inhomogeneous sequence, H,, = ker(L, + «'S}), with an arbitrary positive

ol > 0. Note that the matrix of E}ll takes the same form as in (48),
L' = [ «cPHTH> CP! + GP'HO(GPY)TH! (99)

where PY and P! are the conforming projection matrices on the inhomogeneous spaces,
which leave the boundary degrees of freedom untouched instead of setting them to zero.
The Hodge (mass) and differential matrices are those of the broken spaces which have no
boundary conditions, hence they are the same as in Sect. 3.5.1. The resulting system reads:

find p, € V2, By € V! and z; € 7_{;11, such that
(q. pn) + (I = PD)q. (I — P))pn) + (grad Pq, By) =0
(v, grad f_’}?ph) + (curl IShlv, curl P,}Bh)
+ o' ((I = Pyv, (I — PHYBy) + (v, z) = (curl Plv, J)
(w, Bp) =0

(100)
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forallg € VO ve ‘_/hl and w € 7:@11. An operator form similar to (89) can also be written.
Finally the matrix form of our broken FEEC magnetostatic equation with metallic bound-
ary conditions is similar to (93), with the following differences:

— the conforming projection operators map in the full conforming spaces V¢ (boundary
dofs are not set to zero),

— the discrete harmonic space is now 7:@11 the kernel of the Z;ll operator associated with
the full sequence, which in practice is also implemented by using conforming projection
operators on the inhomogeneous spaces,

— aregularization term M°p involving the mass matrix in Vh0 is added to the first equation
to fully determine p.

Proposition 6 System (100) is well-posed for arbitrary stabilization parameters o® > 0,
al £ 0, and its solution satisfies

Bye V)N (7:l,ll @ grad V") *

rrn=0

7 = 0. (101)

Moreover the discrete magnetic field can be decomposed according to (98), as

0. L -1 L =9
By = B + B! + B € gradS, VO & H,, @ curl), V2
with discrete grad, harmonic and curl components characterized by
g _
B, =0
Bl =0 (102)
(w,curl By) = (w,J)  Vw € curl \_/hl’c.

In particular, the solution is independent of the parameters o«° > 0, a' # 0, and the
conforming projection operators.

Proof Taking v = zj, (in 7:1,11 - VhI’C) and using the orthogonality (98) shows that z;, = 0.
Taking next v = grad 13}? pi, and using again (98) shows that 15,? pn is a constant, and with
qg = 1 we see that (1, py) = 0. It follows that with ¢ = (I — f_’}?)ph the first equation
becomes || py||I> + | (1 — PY) pu||*> = 0, hence p; = 0. Taking next v = (I — P,') By, yields
(I — PHBy||> = 0, hence By, € V,l]’c. Since it is orthogonal to both 7:@1[ and grad V}?’C, it
belongs toa\lﬁz th ¢, and itis characterized by (curl v, curl By) = (curl v, J) forallv € \_/hl <,
which completes the proof. O

3.6 Time-Dependent Maxwell’s Equations

We conclude this section by recalling the CONGA discretization of Maxwell’s time-
dependent equations,

(103)

oE—curl B=—-J
o/B+curl E=0
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which consists of computing Ej, € Vhl and By, € th solution to

O Ej — curly By = —Jj
t Lp — curly, by h (104)
0;By, +curly, E=0
with a discrete source approximated with the dual commuting projection
Jy=T}J. (105)

This discretization has been proposed and studied in [18-20], where it has been shown to be
structure-preserving and have long-time stability properties: in addition to conserve energy
in the absence of sources, it preserves exactly the discrete Gauss laws
divy Ep, = T1)
. hLhp hP (106)
divy B, =0

thanks to the commuting diagram property &R/h I ,ll J = 1:12 div J satisfied by the dual projec-
tion operators, see (34). Moreover, the filtering by (Ph1 )* involved in the source approximation
operator (32) avoids the accumulation of approximation errors in the non-conforming part
of the kernel of the CONGA curl curl operator [18].

Remark 5 The full commuting diagram property (34) is actually not needed for the preser-
vation of the discrete Gauss law. One can indeed verify that (106) still holds for a current
source defined by a simple L? projection,

I=0y1J (107)

since one has in this case (&R/h Jn,o) = —(Jp, grad Pf(p) = —(J,grad P}Bgo) =
(div J, P,?(p) = (1:12 div J, ¢) so that (106) follows from the compatibility relation div J +
d; p = O satisfied by the exact sources. The additional filtering of the source by ( Phl )* involved
in the dual commuting projection (105) is nevertheless important for long term stability, as
analyzed in [18] and verified numerically in Sect. 5.7 below.

An attractive feature of the CONGA discretization is that for an explicit time-stepping
method such as the standard leap-frog scheme

41 At
B, =B - ~ curly £}
—~ 1 .
E}*Y = EJ + At(curl, B 2 — 1} Jm3) (108)
41 At
Bt =B, — 5 curls Ept!

each time step is purely local in space. This is easily seen in the matrix form of (108)
Bn+% —B" — ECPI E"
2
En+1 — En + At]ﬁll ((CPI)TH2311+% _ (]P)I)T&l(JI’I-F%)) (109)
Bn—H — BIH—% _ ECPI En+1
2

where all the matrices except P! are patch-diagonal, and P! only couples degrees of freedom
of neighboring patches.
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Another key property is that for a time-averaged current source,

1

Jny = At_I/ J(t)dr, (110)
1

n

the discrete Gauss law (106) is also preserved by the fully discrete solution, namely

:dwhEh =T9pa")

111
dlvhtho (1

holds for all » > 0, provided it holds for n = 0. We also remind that in the absence of source
(J = 0), the leap-frog time scheme requires a standard CFL condition for numerical stability,
of the form

At|curly ||| <2 (112)

where ||| curly, [|| = max e ”CT}‘EHF I Indeed the discrete pseudo-energy

n-‘rz

At
HI* = (||E & +||B”+2||)+—<cur1hE",B )

is a constant, HZ’* = Hj, so that (112) yields a long-time bound

At curly [\~ v At curly [\~
(1 20 Ty < Cgi 4 i) = (1= SIS g

valid for all n > 0. In practice we set At = Ccn(2/||| curly |||) with Ceq ~ 0.8, and we
evaluate the operator norm of curl, with an iterative power method, noting that it amounts
to computing the spectral radius of a diagonalizable matrix with non-negative eigenvalues,
namely

(curly, curl, F, F)

Il curly [II? = max —— oy —— = p(H'(cPHTHACP!).
h

4 Geometric Broken FEEC Discretizations with Mapped Spline Patches

In this section we detail the construction of a broken FEEC discretization on a 2D multipatch
domain where each patch is the image of the reference square,

Q= F(Q), Q=10,1[ (113)

with smooth diffeomorphisms Fi, k = 1, ..., K. For simplicity we consider the case of
planar domains ; C R? and orientation-preserving mappings, in the sense that the Jacobian
matrices D F(X) have positive Jacobian determinants Jr, (X) = det(D Fi(x)) > 0 for all
e

We also assume that the multipatch decomposition is conforming in the sense that any
interface 'y ; = 9k N €2 between two distinct patches

(i) is either a vertex, or a full edge of both patches,
(i) admits the same parametrization from both patches, up to the orientation.

In the case where the interface is a vertex, condition (ii) is empty. If it is a full patch edge of
the form

Tk = Fr([Xo, X0 + eq]) = Fi([3g, Yo + b)) (114)
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1 1 1 2 2 2
Fig. 1 Two multipatch domains: a curved L-shaped (left) and a non-contractible domain (right). Solid and
dashed lines are used to represent the domain boundaries and the patch interfaces, respectively

where X and y, are vertices of the reference domain §2, condition (ii) means that
Fi(Xo + seq) = Fi(yo + 6ki(s)ep), s €[0,1] (115)

holds with 6 ; an affine bijection on [0, 1], thatis 6 ;(s) =sor 1 —s.

With spline spaces defined on each patch with symmetric knot sequences, these conditions
imply that the patches are fully matching in the sense of Assumption 3.3 from Buffa et al.
[13].

Examples of such domains are represented on Fig. 1 where the left one is a standard curved
L-shaped domain with circular patch boundaries that is used in some reference academic test-
cases, see e.g. [29], and the right one is a non contractible domain that also involves analytical
mappings, shaped as a simplified pretzel for cultural reasons. In the latter domain we remind
that the presence of holes leads a priori to non exact de Rham sequences, and hence non
trivial harmonic forms.

On such multipatch domains, the construction of mapped spline complexes is fairly stan-
dard

[15, 16]: for each patch a reference spline complex is first defined on the logical domain Q
using tensor-product spaces, and the mapped spline spaces are next obtained by transforming
the reference ones with push-forward operators. To build our conforming projection opera-
tors we shall use geometric degrees of freedom corresponding to pointwise evaluations and
integrations over geometric elements, following the approach of Bochev et al. [4], Robidoux
[47] and Gerritsma [31]. Specifically, we consider broken geometric degrees of freedom of
the form

o () = vlg, (k). o, () = / g T ofi(v) = / vlgy (116)
Sk, Ck,i
associated with local grids with nodes ny ;, edges e, and cells ¢ ; in each patch Q. Here
T* = 7 (a unit vector tangent to e ;) or 71 (normal to the edge), depending on which 2D
de Rham sequence is used. We refer to Section B in the Appendix for more details.

4.1 Conforming Projection Operators

In addition to yield commuting projection operators, geometric degrees of freedom naturally
provide a simple characterization of the discrete fields v, in the broken spaces V,f which
are actually conforming. In order to belong to the space V¢ appearing in the continuous de
Rham sequence (1) (and hence to the conforming spline space V,f ‘= Vhe N VY a field
must satisfy regularity conditions which are well known for piecewise-smooth functions. For
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£ = 0, the condition for H'(2) regularity amounts to continuity across the patch interfaces,
which is equivalent to requiring that the broken degrees of freedom associated to the same
interpolation node coincide:

nei=nj; = op; () =07 ). (117)

For £ = 1 in the grad — curl sequence, the interface constraint for H (curl; ) regularity
consists in the continuity of the tangential traces, which amounts to requiring that edge
degrees of freedom associated to the same edge coincide, up to the orientation. Namely,

erp=en = o, () =ek p:lv)o),(vy) (118)

where e°(k, u; [, v) = =1 is the relative orientation of the edges, see (B.15).

For ¢ = 1 in the curl — div sequence, the interface constraint for H (div; 2) regularity
consists in the continuity of the normal traces, which again amounts to requiring that edge
degrees of freedom associated to the same edge coincide, up to the orientation: this constraint
takes the same form as (118). Finally as V2 = L?(2) there are no constraints for £ = 2, i.e.,
the spaces th and th *“ coincide. We gather these constraints in a single formula

Gep =9, = of, ) ="k il v, ) (119)

where gﬁ M denotes the geometric element (node, edge or cell) of dimension £ associated

with a multi index (k, u) € ME ,and &! denotes the relative orientation of two edges, while
=g :=1.

Thanks to the conformity assumption of the multipatch geometry and to the symmetry of
the interpolatory grid, each broken degree of freedom on an interface can be matched to those
of the adjacent patches in such a way that the constraints above are satisfied. Accordingly,
the resulting broken discrete field will belong to the conforming space VhZ *“. In particular we
may define simple conforming projection operators P* by averaging the broken degrees of
freedom associated with interface elements. Using the broken basis functions A‘Z ko associated
with the above degrees of freedom, this yields an expression similar to the one given in [23]
for tensor-product polynomial elements, with additional relative orientation factors due to
the general mapping configurations,

1
PiAf, = ———— > el vAf, (120)
#Mi (9, (k. pyeMi (gl )

where Mfl (glZ ,) contains the patch-wise indices corresponding to a given geometric element.
The entries of the corresponding operator matrix (36) read

ellely) o 4 ¢
roty H9%, =9
P oy, ) = ) M) o (121)
0 otherwise

for all (k, w), (I,v) € Mfl We may summarize our construction with the following result.

Proposition 7 The broken geometric degrees of freedom (116) satisfy the properties listed in
Sect. 2.4, with local domain spaces U EQp) defined in (B.19) and local differential matrices
independent of the mappings Fy. Moreover, the operators P‘q VZ — VZ defined by (120)

are projections on the conforming subspaces Vh = Vh N VZ.
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Proof The boundedness of cr,f, on the local spaces U* (), as well as the commuting prop-
erties, are verified in Proposition B.2 in the Appendix. The inter-patch conformity property
(31) follows from the fact that piecewise smooth functions that belong to H'(S2), resp.
H (curl; ) and H (div; €2), admit a unique trace, resp. tangential and normal trace on patch
interfaces [5]. The same property, together with the interpolation nature of the geometric
basis functions, allows verifying that the operators P}f : V}f — th are characterized by the
relations

Yo sl vof, ) (122)
(vyeMy(af )

4 14
o, (Pvop) = ————
fod #M} (gl )

for all (k, ) € /\/lfl Using the geometric condition (119), this allows verifying that P,f is
indeed a projection on the conforming subspace V,f’c. O

Remark 6 (Boundary conditions) As stated, the above construction actually corresponds
to the inhomogeneous sequences. If one considers the spaces with homogeneous boundary
conditions,

then P,f should further set the boundary degree of freedom to O, which amounts to restrict-
ing the non-zeros entries in (121) to the geometrical elements gﬁy u that are inside Q2. As

already observed in Sect. 3.3, this does not affect the broken spaces V}f since they are not
required to have boundary conditions.

Remark 7 (Extension to 3D) The extension to the 3D setting of the above construction poses
no particular difficulty, using the same tensor-product and mapped spline spaces as in [15,
27], and the same geometric degrees of freedom as in [24, Sect. 6.1] for the primal sequence.

4.2 Primal-Dual Matrix Diagram with B-Splines

In practice, a natural approach is to work with B-splines. Indeed the geometric (interpolatory)
splines Ai, ., (dual to the geometric degrees of freedom) are not known explicitly and depend
on the interpolation grids. They are also less local than the B-splines, as they are in general
supported on their full patch €2 for patches with many cells, this would lead to an expensive
computation of the fully populated mass matrices.

In our numerical experiments we have followed da Veiga et al. [27] and Campos Pinto
et al. [24] and used tensor-product splines éﬁ on the reference domain €2, composed of

normalized B-splines /\/lp in the dimensions of degree p and of Curry-Schoenberg B-splines
Df’ g (m)ﬂ;ﬁ (also called M-splines) in the dimensions of degree (p — 1).

On the mapped patches €2 = F (€2) the basis functions are defined again as push-forwards
B{ , = Fy(B)) for (k, ) € M.

The discrete elements in the matrix diagram (41) must then be adapted for B-splines:
one first observe that the change of basis is provided by the patch-wise collocation matrices
whose diagonal blocks read

A Ny
ka,u),(k,v) = a,fYM(B,f,v) = aﬁ(Bf), w,veM (123)
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where we have used (B.10) from the Appendix. As B,f’v = Z# ]ka 0.k V)Alf’“ it follows
that the B-spline coefficients of the geometric projection (30), namely

M= Y oA = Y BB, (124)
(k. EM, (ke
read (using some implicit flattening Mfl sk, p)—~iefl,...,NY
B ) = KH ot (v). (125)

Accordingly, we obtain the matrices ]P’% = (,Bf ( P}f Bf)) 1<i, j<n¢ of the conforming projection
operator (120) in the B-spline bases by combining the matrices (121) with the above change
of basis: this gives

P4 = (K9~ 'PKE. (126)

Here we note that the collocation matrices K¢ are Kronecker products of univariate banded
matrices, see [24, Sect. 6.2], so that (125) and (126) may be implemented in a very efficient
way. The primal sequence is completed by computing the patch-wise differential matrices in
the B-spline bases,

DY) k). k) = ,BZH(dZBk )

Thanks to the univariate relation g ./\/1'7 Dp h_ Dp ! , these are patch-wise incidence
matrices, just as the ones in the geometric bases [24, 27] For the dual sequence we use
bi-orthogonal splines characterized by the relations

~ sy = Ny
By € Vi (@), By (B{,) =8uv Yu,veM
with dual degrees of freedom
B (v) = (v, By ). (127)

This leads to defining again the primal Hodge matrices as patch-diagonal mass matrices,
HZB = M@B and the dual Hodge ones as their patch-diagonal inverses ¢, = (M%)’l. These
matrices can be computed on the reference domain according to

(MG oy, kw) = (Bf 1 BE,) = (FL(BL). FL(BL)). (128)

Specifically, for the 2D grad — curl sequence we obtain

Jo BOBY I, dz, fort = 0
M) k0. k) = 3§ Jo(BDT(DFI DF)™ Bl U, d&, fort =1 (129)
JoBHT B2 d, for =2

and for the 2D curl — div sequence we find
MY k). ko) = / (B)' DF DF.B)J;" d%, (130)
Q

while M% and M% take the same values as in (129). Here we have used the explicit form of
the pull-back operators (A.12) and (A.13) recalled in the Appendix. In 3D the formulas can
be derived from the pull-backs given in [27].

@ Springer



52 Page30o0f53 Journal of Scientific Computing (2023) 97:52

Finally the coefficients of the dual commuting projections (32)—(33) in the dual B-spline
bases read

Bl (filv) = )7 B )

using the dual degrees of freedom (127) and the same implicit flattening as in (125), (126).
Gathering the above elements in 3D we obtain a new version of diagram (41), where the

. . ~t ..
coefficient spaces (still defined as RN [) are now denoted C% and Cp to indicate that they
contain coefficients in the B-spline and dual B-spline basis, respectively.

grad curl

VO V2 div V3

KO 710,0 Kl 1 K%
. lho(g giad /£ curly, /Vlz £ d)IVh /Vl];z
3
118 1

|5
C3
A

B B B B
1 Al
H, O ELLEL, W IE,  ELH, 03D
g—(GBIP")T L (CpPp)" L —@pPH)" Y

flt . 4l e

C C
h
@278’ ]H%ﬂ“) B

B B B
~1 ~ =3
A A
Hl B aﬁhﬁ2 2 ? gradh%g 3 ?
Vh Vh Vh
e’ ﬂ\ IHZ{P*) ﬂ\T
vy Vi

I[-I[

Bl

leh

rad
Ay curl g

Note that here the primal and dual interpolation operators are simply

NK N({
Ty:br> > biB! and Tp:br> Y BB (132)
i=1

5 Numerical Validation of the Broken FEEC Schemes

In this section we conduct numerical experiments to test our novel broken FEEC schemes
from Sect. 3 using the multipatch spline spaces described in Sect. 4. These experiments
have been performed with the Psydac library [32], where the different operators from the
primal/dual commuting diagram (131) have been implemented. In contrast to conforming
FEEC appproximations, we remind that these operators are local in the sense explained in the
introduction, thanks ot the use of the fully discontinuous spaces V,f and the local conforming
projections represented by the matrices ]P)%.
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Table 1 Relative L2 errors for the Poisson problem with homogeneous boundary conditions discretized with
(52), using various numbers of cells per &)atch and spline degrees. In each case the error is computed with
respect to the finite element projection [T} ¢ of the analytic solution (133) on the space V}?

Degree 2x2 3x3 4 x4 5x5
Cells p.p.
4 x4 0.99420 0.73962 0.35919 0.41536
8§ x8 0.11599 0.12811 0.13921 0.16493
16 x 16 0.00692 0.00892 0.01013 0.00684
3 1.50 3 = 37
,. 125 Il 0.8
2 ‘ - 2 \ N 2 ’ ‘ 0.8
Y 1 \ D 0.75 y 1 | . y 1 0.6
0 050 0 = o 0.4
0.25 0.2
-1 0.00 -1 -1 0.2
0.0 ‘
-2 —0.25 -2 24 0.0
3 2 1 6 1 2 3 2 -1 o0 1 2 3 =2 -1 o0 1 32 3

(a) 4 x 4 cells p.p. (b) 8 x 8 cells p.p. (c) 16 x 16 cells p.p.

Fig.2 Solutions ¢}, € V}? computed by the scheme (52), with spline elements of degree 3 x 3 and N x N of
cells per patches as indicated, corresponding to some of the errors shown in Table 1

5.1 Poisson Problem with Homogeneous Boundary Conditions

We first test our CONGA scheme for the homogeneous Poisson problem presented in
Sect. 3.1. For this we consider an analytical solution on the pretzel-shaped domain shown in
Fig. 1, given by

2(x)
202
Here, s(x) = X — y,t(x) = X +y withX = x —x9, ¥y = y — yo and we take xo = yp = 1.5,
a = (/172 b= (1/1.1)? and ¢ = 0.11 in order to satisfy the homogeneous boundary

condition with accuracy & le — 10. The associated manufactured source is

fo—Ap=— (*”Vf"z tAr+ ”VT”2>¢

ot o2

¢(x) =exp ( — ) with t(x) = as2(x) + btz(x) — 1. (133)

(134)

In Table 1 we show the relative L? errors corresponding to different grids and spline
degrees, and in Fig. 2 we plot the numerical solutions corresponding to spline elements of
degree 3 x 3 on each patch. These results show that the numerical solutions converge towards
the exact one as the grids are refined. We do not observe significant improvements however
when higher order polynomials are used. As the next results will show, this is most likely
due to the steep nature of the solution.

5.2 Poisson Problem with Inhomogeneous Boundary Conditions
Our second test is with an inhomogeneous Poisson—Dirichlet problem (64), using the lifting

method described in Sect. 3.3 for the boundary condition and the solver tested just above for
the homogeneous part of the solution. Specifically, we define ¢, € V,? by computing its
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10° 1.0
1072
. 0.5
<
5 104
> 0.0
2 o
£ 10 6
g
—e— p=2 --- order3 -0.5
1078 e~ p=3 --- orders
—e— p=4 --- order5
—e— p=5 --- order6
10—10 _
2 4 8 16 1.0
N
(a) convergence curves (b) solution ¢y for N =16, p =3

Fig.3 Convergence study for the inhomogeneous Poisson solver with source and boundary conditions given
by (135). The left plot shows the relative L2 errors corresponding to various grids of N x N cells per patch
(i.e., 18N2 cells in total) and spline degrees p x p as indicated. The right plot shows one numerical solution
¢y, of good accuracy

boundary degrees of freedom from the data g on d€2 (this is straightforward with our geometric
boundary degrees of freedom (B.12)), and we compute ¢o , = ¢ — ¢, by solving (67).
As we are not constrained by a specific condition on the domain boundary we consider a
smooth solution to assess whether high order convergence rates can be observed despite the
singularities in the domain boundaries. Specifically, we use again the pretzel-shaped domain
and set the source and boundary condition as

fx) = —27? sin(rx)cos(ry) in 2, g(x)=¢(x) onad (135)

where ¢ (x) = sin(x) cos(mry) is the exact solution.

In Fig. 3 we plot the convergence curves corresponding to various N x N grids for the
18 patches of the domain, and various degrees p = 2, ...5. They show that the solutions
converge with optimal rate p 4+ 1 (and even p + 2 for p = 2) as the patch grids are refined.
Since the stabilized broken FEEC solution coincides with the conforming one according to
our analysis in Sects. 3.1 and 3.3, these rates follow from the optimality of conforming FEM
approximations to elliptic problems and the approximation power of multipatch spline spaces
established in [16].

5.3 Time-Harmonic Maxwell Problem with Homogeneous Boundary Conditions

We next turn to a numerical assessment of our CONGA solvers for the Maxwell equation,
and as we did for the Poisson equation we begin with the homogeneous case presented in
Sect. 3.2. Since now the solution depends a priori on the time pulsation w we opt for a
physically relevant current source localized around the upper right hole of the pretzel-shaped
domain,

J = ¢curlr (136)

where ¢ and 7 are as in (133). We plot this source in Fig. 4.

We then consider two values for the time pulsation, namely w = V350 and w = m
and for each of these values we use as reference solutions the numerical solutions computed
using our method on a mesh with 20 x 20 cells per patch (i.e. 7200 cells in total) and elements
of degree 6 x 6 in each patch. These reference solutions are shown in Fig. 5. Interestingly,
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(a) vector field J (b) amplitude |J|

Fig. 4 Source (136) (vector field and amplitude) for the homogeneous Maxwell solutions plotted in Fig. 5
below

3 1.0
2 0.8
1 0.6
y
or" 0.4
d h
-1 0.2
R 0‘! l I'l'l l)o .
9 v
1‘ 4
-2+ 0.0

-3 -2 -1 0 1 2 3
X

(b) amplitude (w = 1/50)

1.0

0.8

0.6

0.2

0.0

(c) vector field (w = +/170) (d) amplitude (w = v/170)

Fig. 5 Reference numerical solutions for the homogeneous Maxwell problem with source (136) and time
pulsation w = /50 (top) and w = /170 (bottom). These solutions have been obtained using 20 x 20 cells
per patch and spline elements of degree 6 x 6. The vector fields are shown on the left while the amplitudes
are shown on the right
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Table2 L2 errors for the solution
of the homogeneous Maxwell Degree 2x2 33 44 53
problem w1_th source (1_36) and Cells p.p.
time pulsation w as indicated.
Here the errors are computed Errors for o = +/50
using the numerical reference 4 x4 1.32277 1.53875 0.42168 0.02399
solutions shown in Fig. 5 8x8 0.45461 0.03990 0.03640 0.02547
16 x 16 0.02158 0.02354 0.01333 0.00738
Errors for w = +/170
4x4 0.99472 1.00119 1.00864 1.00200
8x8 1.03397 1.39890 0.29048 0.11714
16 x 16 0.68206 0.00828 0.00880 0.00484
3 1.0 3 1.0 1.0
3 (7] ,
2 :’E\ \’1.' ‘e‘"‘.' \”,Q’: 0.8 2 l& 0.8 0.8
L I\ - .
1 i KQ‘—' «~% Ros 1 06 06
-5 4| N y
0 'a 16 0.4 0 p— 0.4 0 Ju— 0.4
2, S) = =, = &
-1 ‘-‘-f"‘lq“\‘)\'/(')} "‘T = 02 -1 .‘.‘ \\X‘u ) ) 02 1% .‘ \\r‘u ) 3= 02
-2 ’.“.LAI”" 0.0 -2 s il 0.0 -2 = o 0.0
-3 -2 -1 0 1 2 3 -2 -1 0 1 2 -3 -2 -1 0 1 2

(a) 4 x 4 cells p.p. (b) 8 x 8 cells p.p. (c) 16 x 16 cells p.p.
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Fig. 6 Numerical solutions obtained with spline elements of degree 3 x 3 and different grids as indicated,
corresponding to the errors shown in Table 2

we observe that for the higher pulsation w = V170 the source triggers a time-harmonic field
localized around the upper left hole, opposite to where the source is.

In Table 2 we show the L? errors corresponding to different grids and spline degrees for the
two values of the pulsation w, and we also plot in Fig. 6 the different solutions corresponding
to spline elements of degree 3 x 3. These results show that the numerical solutions converge
towards the reference ones as the grids are refined, and with a faster convergence in the case
of the lower pulsation @ = /50, due to the higher smoothness of the corresponding solution.

5.4 Time-Harmonic Maxwell Problem with Inhomogeneous Boundary Conditions

As we did for the Poisson problem, we next test our Maxwell solver with a smooth solution
and handle the inhomogeneous boundary conditions with the lifting method described in
Sect. 3.3. Specifically, we define u, , € Vh1 by computing its boundary degrees of freedom
from the data g = n x u on dX2 [this is again straightforward with our geometric boundary
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Fig.7 Convergence study for the time-harmonic Maxwell solver with source given by (137) and inhomoge-
neous boundary conditions n X u = g. Relative L2 errors are plotted on the left for various grids of N x N
cells per patch (corresponding to a total of 18N 2 ¢ells) and spline degrees p x p as indicated. The right plot
shows the amplitude of a numerical solution uj, of good accuracy

degrees of freedom (B.13)], and we compute ug , = uy — u, p by solving (69). Here we
take w = m and consider (65) with the source-solution pair

J= (—nz sin(ry) cos(nx)) Cu= < sin(r y) ) (137)

0 sin(x) cos(iry)

and a boundary condition given by g := n X u on 92.

In Fig. 7 we plot the convergence curves corresponding to spline elements of various
degrees p x pand N x N cells per patch. The results are similar to what was observed for the
Poisson problem: the solutions converge with optimal rate p+ 1 as the grids are refined (again
arate of p+2 is observed for = 2) which confirms the numerical accuracy of our approach for
the Maxwell problem combined with a geometric lifting technique for the Dirichlet boundary
condition. These convergence rates can be justified by the approximation power of multipatch
spline spaces established in [ 16] and the error analysis from Monk and Demkowicz [43] which
establishes optimal convergence under the condition that the finite element spaces satisfy the
discrete compactness property: for FEEC spaces the discrete compactness property follows
from the existence of L? stable commuting projection operators (see Sect. 3.6 [2]), and for
multipatch spaces this has been recently proven in [25]. Note that the convergence observed
here is actually better than expected, since H (curl) multipatch spline spaces of maximal
degree p should only have p order accuracy [16].

5.5 Eigenvalue Problems

We next assess the accuracy of our CONGA approximation (76) for the curl-curl eigenvalue
problem.

We test our discretization on the two domains shown in Fig. 1, and plot in Fig. 8 the
amplitude of the first five eigenmodes, together with their positive eigenvalues. Here the
eigenmodes are computed using spline elements of degree 6 x 6 and 56 x 56, resp. 20 x 20
cells per patch in the case of the curved L-shaped, resp. pretzel-shaped domain composed of
3, resp. 18 patches. On the former domain this corresponds to 9408 cells in total and 22,692
degrees of freedom for the broken space Vh] , while on the latter domain it corresponds to 7200
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cells and 23,400 degrees of freedom for Vh1 (a higher value than for the L-shaped domain
despite less cells, because of the duplication of boundary dofs at the patch interfaces).
In Fig. 9 we then plot the relative eigenvalue errors

|Ai — Anil

= T (138)
max(A;, Ap,i)

€h,i =
as a function of the eigenvalue index i, for degrees p = 3 and 5, and N x N cells per patch
with N = 2, 4, 8 and 16. For the curved L-shaped domain we use as reference the eigenvalues
provided as benchmark in [29, 30], and for the pretzel-shaped domain we use the eigenvalues
computed using our CONGA scheme, with as many reliable digits as we could find using
uniform patches with degree 6 x 6 and N x N cells per patch with N < 20 (this limit being
imposed by the fact that we compute the matrix eigenmodes with Scipy’s eigsh solver with
a sparse LU decomposition).
This allows us to verify numerically that the discrete eigenvalues converge towards the
exact ones, with smaller errors corresponding to the smoother eigenmodes visible in Fig. 8.

5.6 Magnetostatic Test-Cases

We next study the CONGA discretizations of the magnetostatic problems presented in
Sect. 3.5: either the one for the problem with pseudo-vacuum boundary conditions (86)
or the one with metallic boundary conditions (96).

To this end we consider a scalar dipole current source,

((x - xm)2 +O- ym)2)2)
202

in the pretzel-shaped domain, with o = 0.02. We set the positive current pole at xo = yg = 1
and the negative one at x; = y; = 2. We then consider the discrete solvers described in
Sects. 3.5.1 and 3.5.2 for the problems with pseudo-vacuum and metallic boundary condi-
tions, respectively.

In Fig. 10 we plot the scalar source J, together with the vector-valued curlJ; field, and
for each of the boundary conditions, we plot in Fig. 11 fine solutions computed using the
CONGA scheme on a mesh with 20 x 20 cells per patch (i.e. 7200 cells in total) and elements
of degree 6 x 6 in each patch.

In Table 3 we then show the relative L? errors corresponding to coarser grids and lower
spline degrees for both boundary conditions, using as reference the fine solutions shown in
Fig. 11. We also plot in Fig. 12 the solutions corresponding to spline elements of degree 3 x 3
on each patch. Again these results indicate that our CONGA solutions converge nicely as the
grids are refined, with smaller errors associated with higher polynomial degrees.

Jo=10— 1 where Y, =exp (— (139)

5.7 Time-Dependent Maxwell Equation

We finally assess the qualitative and quantitative properties of our mapped spline-based
CONGA scheme for the time-dependent Maxwell system, using a leap-frog time stepping
(108)—(109). We will consider two test-cases.

Our first test-case consists of an initial electric pulse

IR RVAY
(& =x0)* + (¥ yo))) (140)

E(t =0) =curly, v(x)=exp ( - 2062
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Fig.8 Eigenmodes of the
curl-curl problem on the
curved-L-shaped domain (left)
and on the pretzel domain (right),
obtained on fine grids with

20 x 20 cells per patch and
degree 6 x 6
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Fig. 9 Relative eigenvalue errors (138) for the curl-curl problem on the curved-L-shaped domain (left) and
on the pretzel domain (right), using elements of degree p x p as indicated, and N x N cells per patch with
N = 2,4, 8and 16. The resulting total numbers of cells are nc = 3N 2 and 18 N2 for the respective multipatch
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Fig. 10 Source for the magnetostatic test-cases: the scalar current density (139) is plotted on the left panel
and its vector-valued curl is shown on the right
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Fig. 11 Reference numerical solutions obtained with 20 x 20 cells per patch and elements of degree 6 x 6,
for the magnetostatic test-cases with pseudo-vacuum (top) and metallic boundary conditions (bottom). The
vector fields are shown on the left while the amplitudes are shown on the right

Table3 L2 errors for the B,
solutions of the magnetostatic
test-cases with pseudo-vacuum
and metallic boundary
conditions, corresponding to the
amplitude plots shown in Fig. 12. 2x2 0.23443 0.16028 0.10290 0.06425

Here the errors are computed 4x4 0.10514 0.05855 0.05773 0.03029
using numerical reference

Degree 2x2 3x3 4 x4 5x5

Cells p.p.

Errors for pseudo-vacuum boundary conditions

solutions obtained with 20 x 20 8x8 0.03909 0.02414 0.01893 0.01542

cells per patch and degree 6 x 6 16 x 16 0.018733 0.01193 0.008375 0.00567
Errors for metallic boundary conditions

2x2 0.37023 0.24518 0.15902 0.09266

4x4 0.15490 0.07747 0.08660 0.03508

8x8 0.03776 0.01840 0.01736 0.01550

16 x 16 0.00544 0.00187 0.00153 0.00085
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Fig. 12 Numerical solutions for the magnetostatic test-cases with pseudo-vacuum (top) and metallic boundary
conditions (bottom), obtained with elements of degree 3 x 3 and different patch-wise grids, as indicated

in the pretzel-shaped domain, with xo = ygp = 1 and o = 0.02. The initial magnetic field
and the source is

B(t=0)=0, and J(t,x)=0. (141)

In Fig. 13 we compare successive snapshots of two solutions corresponding to different
numbers N x N of cells per patch and degrees p x p: on the left plots the solution is
computed with N = 8 and p = 3, while that on the right plots uses N = 20 and p = 6.
We observe that these results display a qualitatively correct behaviour for propagating waves
with reflecting boundary conditions, and that the profile for both resolutions are similar up
to small scale features, which can be seen as a practical indicator of convergence.

Since this test-case is without source the discrete energy should be preserved up to bounded
oscillations, as recalled in Sect. 3.6. In Fig. 14 we plot the time evolution of the discrete energy
Hp (") = S(IETI? + | B]?), together with that of the electric and magnetic fields, and
we observe that the total energy is very stable. We also plot the amplitude of the discrete
divergence as time evolves: assuming all computations exact it should be zero according to
(106), indeed we have p = div E(+ = 0) = 0 in this test case. On Fig. 14 we verify that it is
zero up to machine accuracy and small quadrature errors.

We next study the quality of the source approximation operator J — J, whichis involved
in the discrete Ampere equation (104). For this we use a second time-dependent test-case
with a zero initial condition

E(t=0)=0, and B#=0)=0 (142)
and a source of the form
J(t) = curly — cos(wt) grad ¢ (143)

with ¢ as in (140). The associated charge density is then

t
pt) = — / div J(t')dt’ = o~ " sin(wr) Ay
0

@ Springer



Journal of Scientific Computing (2023) 97:52 Page 41 0f53 52

Fig. 13 Snapshots of numerical solutions to the time-dependent Maxwell test-case (140)—(141) atz = 0, 0.4,
0.8, 1.6 and 3.2 (from top to bottom) discretized with the CONGA method (104) using spline elements of
degree p x pand N x N cells per patch, and a leap-frog time stepping. The solution on the left corresponds
to N = 8 and p = 3, while the one on the right has been obtained N =20 and p =6
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Fig. 14 Energy (top) and discrete divergence amplitude (bottom) of the coarse (left) and fine (right) numerical
solutions of the time-dependent Maxwell test-case (140)—(141) shown in Fig. 13

In Figs. 15 and 16 we compare three different approximation operators for the current source,
namely:

(i) the primal finite element projection: Jj; = I1 }11 J,
(ii) the L? projection on the broken space: J, = Q, ) J,

(iii) the dual projection: Jj, = l:I}llJ

where we remind that [T ,11 =( Ph1 )0y 1, see (32). We note that each of these projection oper-
ators are local, in the sense that none requires solving a global problem on the computational
domain 2. We also remind that the primal projection IT ,ll interpolates the geometric (edge)
degrees of freedom and satisfies a commuting diagram property with the primal (strong) dif-
ferential operators, but not with the dual ones. Hence it does not allow to preserve the discrete
electric Gauss law in (106). In contrast, both the L2 projection on the broken space Vhl and
the dual projection I ,11 guarantee the preservation of the discrete Gauss laws, however we
expect an increased stability for the latter one as discussed in Remark 5.

In Fig. 15 we first show some snapshots of the three numerical solutions on a time range
t € [0, T] with T = 20: There we see that the primal projection yields a very strong and
steadily growing field in the region of the source (visible from the changing color scale) which
points towards a large error. In contrast, the L? and the dual projections produce solutions
with moderate amplitude with some visible differences, namely an electric field that also
builds up in the region where the source is located.

To better analyse the quality of these simulations we next show in Fig. 16 two error
indicators for each one of the numerical strategies described above, namely the Gauss law
errors associated with the broken solution Gj (E}), and that of its conforming projection
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Gl (PLET), where we have denoted
Gh(Fp) = ||div, Fj, — T°p (e for Fj € V. (144)

Here the former errors are expected to be zero for both the L? and dual projections, see
Remark 5: The numerical results confirm this value, up to machine accuracy, whereas they
show significant errors for the primal projection shown in the left plots. As for the second
error, it has no reason to be strictly zero but should remain small for accurate and stable
solutions, hence it is also an interesting error indicator. Here the curves show very large
values (around 80 at ¢+ = T') for the primal projection operator H}l, with a linear time growth
(which is somehow consistent with the strong growth of the former error indicator G}, (EZ)).
For the L? projection the error is smaller but it is far from being negligible (close to 3), and
also grows linearly in time. In contrast, the error is much smaller (on the order of 0.01) for
the dual projection l:[}l, and it oscillates but does not seem to grow. These results tend to
indicate that the growing field visible in Fig. 15 corresponds to a numerical error, and they
highlight the improved stability of the CONGA scheme with a proper source approximation.

6 Conclusions

In this work we have extended the classical theory of finite element exterior calculus (FEEC)
to mapped multipatch domains, using finite element spaces that are fully discontinuous across
the patch interfaces. We refer to this approach as the “broken FEEC” or “CONGA” (COnform-
ing/Non conforming GAlerkin) method. While the foundational theory relative to the solution
of the Hodge—Laplace equation was presented in recent work [23], here we have presented sta-
ble broken FEEC formulations for many problems arising in electromagnetic applications,
including Poisson’s equation, time-dependent and time-harmonic (source and eigenvalue)
Maxwell’s problems, and magnetostatic problems with pseudo-vacuum and metallic bound-
ary conditions. Further, we have detailed a numerical framework based on tensor-product
splines on each patch, under the assumption of geometric conformity across the patch inter-
faces.

For all the electromagnetic problems presented, we have verified our broken FEEC frame-
work through extensive numerical testing in L-shaped and pretzel-like two-dimensional
domains. The latter geometry is particularly challenging because of its three holes and
sharp reentrant corner. The nominal order of accuracy was achieved in all cases, and the
structure-preserving properties (such as divergence of harmonic constraints) were respected
to floating-point accuracy. For the time-dependent Maxwell problem with a current source, we
could also observe long-term stability of the method, and presented alternative formulations
which lack this property.

As explained in the introduction, the main benefit of our approach compared to a standard
conforming FEEC discretization is to provide local coderivative operators, as well as local
Hodge and commuting projection operators for both the primal and dual complexes. As such,
broken FEEC methods allow for parallel algorithms where only communications between
contiguous patches are needed in the direct application of every operator appearing in the
primal/dual commuting diagram.

Another appealing feature of this approach lies in the modularity of the implementa-
tion: as every operator in the commuting diagram involves either a single patch operator
or a conforming projection (which performs averages between contiguous patches and can
be applied matrix-free), extending a single-patch code to multipatch domains essentially
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Fig. 15 Snapshots of numerical solutions to the time-dependent Maxwell problem with a time-varying source
(143) discretized with the CONGA scheme (104) using spline elements of degree 3 x 3 and 8 x 8 cells per
patch. The amplitudes |Ph E"l are shown at r = 2, 5, 10 and 20 (from top to bottom). In the left panels

the source projection J — J, is a primal projection operator nl j, Which does not commute with the dual
differential operators (note the time-varying color scale). The mlddle panels use an orthogonal projection
QV1 , and the ones on the right a dual commuting projection ! ;- See the text for more details

amounts to writing these conforming projections operators. In particular, solving problems
in the broken multipatch spaces can be done with a global data structure that just consists of
a list of the patch-wise data structures.

Given its solid theoretical bases and convincing numerical results, we are confident that
the broken FEEC framework will find practical use in the computational physics community.
To this end we plan to relax the grid conformity constraints at the interfaces, allowing for
independent refinement of the patches, and to investigate the efficiency of parallel imple-
mentations for high-performance computing applications. This will allow us to tackle large
problems in three dimensions, including MHD and kinetic models for plasma physics.
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Appendix
A Broken Multipatch Spline Complexes

In this appendix we detail the construction of broken spline complexes on 2D multipatch
spaces.

A.1 De Rham Sequences in 2D

In 2D the de Rham sequence (1) may be reduced in two different ways, namely

yo gl curl |y (A1)
and
VO curl Vl div V2 (A2)

where curl and curl denote the vector and scalar-valued curl operators respectively (for clarity
we use bold fonts to denote vector-valued fields and operators in the subsequent sections).
Here the operators in the second sequence are dual to those in the first one, and in each case
we may consider spaces with homogeneous boundary conditions, namely

Vo= H} (@), V'=Ho(ul;Q), V?=L*Q) (A.3)
for the first sequence and
VY= Hy(curl; Q), V'=Hy(div; Q), V?=L*Q) (A.4)
for the second one, or the full inhomogeneous spaces
VvO=H'(Q), V'=H(ulQ), V>=L*Q), (A.5)
and
V0= H(eurl; Q), V'=Hdiv;Q), V?=L*Q). (A.6)

In the numerical examples presented in this article we will consider the first sequence
(A.1) as the primal one, both with homogeneous spaces (A.3) or inhomogeneous ones (A.5).
As mentioned in Sect. 3.3 this distinction only affects the conforming projection operators,
indeed the broken spaces consist of local spaces which have no boundary conditions. This
point is also discussed in Remark 6.

A.2 Reference Spline Complexes

On each mapped patch the local sequence (19) is built as the push-forward of tensor-product
spline spaces defined on the reference patch Q= 10, 1[? following [14, 15]. To simplify
the construction of the conforming spaces {V,f *“1¢ over domains with non-trivial inter-patch
connectivities, we consider a discretization which has reflectional and rotational symmetries
over Q. This amounts to using the same knot sequence along every dimension of €2, and to
require such a knot sequence to be left-right symmetric as explained below.

To construct the reference tensor-product spline complex with maximal coordinate degree
p > 1ona grid with N cells per dimension, we equip the interval [0, 1] with an open knot
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sequence

O=SO="’=§p<gp+l<"'<5n—1<$n="'=§n+p=l (A7)

where n = N + p. This sequence is assumed symmetric for simplicity, in the sense that
& =1—&,4pforalli.Fori =0,...,n—1landqg € {p — 1, p} we thenlet/\/? be
the normalized B-spline of degree g associated with the knots (§;, ..., &14+1), see [48,
Definition 4.19]. The spline space $; = $,(§) := Span{/\/? i =0,...,n — 1} then
corresponds to splines of maximal regularity on the given subdivision, namely

S ={veCi™ (0, 1]) : v, yeP,, Vj=0,....,N—1}.

Eq+j+1

Notice that here N} ~! vanishes identically; it is only kept in the formulas for notational
simplicity. Tensor-product spline spaces of degree ¢ € {p — 1, p}? are then defined on the
reference domain 2 as

2
$g :=Span {N{ i € [0.n — 1]*} with N(®):= ][N (A8)

d=1

The reference spline complex [14] associated with the grad — curl sequence (A.1) reads then

~ grad - NI 1 =~
V=84, — V= <$(p l’p)) V=81 (A.9)
(p,p—1)
while the one associated to the curl — div sequence (A.2) reads
&0 . arl w1 (Spp-n) W 2
V"= S(p’p) — V = — V°:= E“D(p,]’p,l). (A.IO)
S(p-1.p)

A.3 Broken FEEC Spaces on the Mapped Patches

Following Monk and Demkowicz [35], Buffa et al. [1 §] and Perse et al. [46] we define the
local spaces (19) on the mapped patches 2 = Fy(f2) as push-forwards of the reference
spline spaces, namely

Vi) = FLVh (A.11)

where the push-forward transforms associated with a mapping Fy are obtained as the 2D
reduction of the usual ones in 3D. For the grad — curl sequence (A.1) they read

P vi=00F "
Fiivvi= (DF ") o F! (A.12)
]—% > vi= (J;klf)) o kal

and for the curl — div sequence (A.2) they read
f21ﬁ|—>v:=ﬁoFk_1
Fp:ide vi= (I ' DFd) o F! (A.13)
.7-',% V> VU= (J;klﬁ) o Fk_1

We remind that DFy = (0p(Fi)a (i))]<a »< denotes the Jacobian matrix of Fy, and J,
its (positive) metric determinant corresponding to the surface measure for two-dimensional
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manifoldsin R3, see e.g.[16,35,37,41]. The inverse transforms (]—'ﬁ)’1 are called pull-backs,
and a fundamental property of these transforms is that they commute with the differential
operators [31, 35], namely

(fﬁ+l)_1(d£) :dAZ(fﬁ)_l (A14)

holds with (d°, d') the differential operators in the sequences (A.1) or (A.2), and (620, d 1
their counterparts on the logical (reference) domain. As these transforms are linear operators,
the local spaces are spanned by the push-forwarded basis functions. In particular, setting

for (k, w) € [1, K] x " (A15)

AL FL(AL) on
k. 0 on 2\

provides us with local bases for the global broken spaces (20), i.e.,

VE=Span{AL , : (k, ) € MY} where M!=[1, K] x K. (Al6)

B Broken Geometric Degrees of Freedom

Using the notation introduced in Sect. A we now detail the geometric degrees of freedom
involved in our broken FEEC diagram (131).

B.1 Geometric Degrees of Freedom on the Reference Patch

Following Bochev et al. [4], Robidoux [47], Gerritsma [31], Campos Pinto et al. [24] we
equip the reference complexes (A.9) and (A.10) with geometric degrees of freedom which
are known to commute with the differential operators. They are based on an interpolation
grid

0=(o<- <G =1
for the univariate spline space 3, in the sense of [48, Th. 4.61], that is also symmetric,
namely ¢ = 1 — ¢{,—1—; foralli = 0,...,n — 1. Here the usual choice is to consider

Greville points associated with the knots (A.7). On the reference domain 2 we then consider
the interpolatory nodes, edges and cells

R L e 0
n; := (&, &) fori e M
R . A . .1
eq,i := [Nj, Njtey] for (d,i) e M (B.1)
N A~ A L a2
Ci == [e1,i, €l ite,] = 1_[ [iys Cig+1]  fori e M.

1<d<2

Here the square brackets [-] denote convex hulls, e, is the canonical basis vector of R2 along
dimension d and the multi-index sets read

Mo=tizieo,n—1
M o=@ i) de[l,2Li e[0,n—1%ia+1 <n)

M= tizieo,n—2]%).
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Geometric degrees of freedom associated with the grad —curl sequence (A.1) are then defined
as the linear forms

62(v) := v(Ay) fori e S
5[117,~(U) = /éd,i v-ey for (d, i) € Ml B2)
6i2(v) ::/ v fori € Mz

&

where we observe that the reference edges are oriented according to their natural parametriza-
tion,

xg;(s) =10 4+ (s — &i)ea  fors € [Giy, Cigv1l. (B.3)

For the curl — div sequence (A.2) we define &io and &iz similarly, while the intermediate
degrees of freedom are modified such that

CAIC)) :=ﬁ v-er for (d.i) e M (B.4)
ed.i

where ej = (e2, —e)T corresponds to a 7/2 rotation (counterclockwise) of the basis

. N ol .
vector eg. As these degrees of freedom are unisolvent we let AL, € M, be the geometric
basis for the spline space V¥, characterized by the duality relations

6LAY =8, for mveM (B.5)

Because the degrees of freedom &B

general functions in H! (), indeed this space contains discontinuous and even unbounded
functions. Similarly the degrees of freedom &,i are not well-defined on H (curl; ) since
functions in this space may not have tangential traces on local edges. Thus we are in the
situation described in Remark 1 where the degrees of freedom are not well-defined on the

sequence

are based on point values they cannot be applied to

curl

~ ~ d - ~ ~ ~
VO = H'(Q) 225 V= Hcurl; @) =5 V2= 12(). (B.6)
Hence, we need to specify some proper domain spaces.

Proposition B.1 The reference degrees of freedom &ﬁ are well defined on the domain spaces

0t =vtnot,

where we have set
W ()
W)

grad

U = W@ — U= ( ) w07 =LY (B.7)

for the grad — curl sequence (A.1), and

curl ~p (Wll(fl)
L=

~ ~ div. A A
0% =wl & =5 U N > — U, =L"(Q) (B.8)
L 1,2 Wzl(Q) L!

for the curl — div sequence (A.2), with anisotropic Sobolev spaces defined as Wllﬁz(ﬁ) =
fve L' (Q) : 0180 € L'(Q)) and W)(Q) = {v e L'(Q) : 850 € L' ()} ford € {1,2}.
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Moreover they commute with the local differential operators, namely we have

~ ~ ~ ~ ~ L
6 dvy = Y D 6iw) YveU', YueM, (B.9)
ve bt

with graph-incidence Kronecker-product matrices Dt.

0
m

is continuously imbedded in C 0(€2): this can be verified using Remarks 9 and 13 from Brezis
[12, Sect. 9], and a density argument. Next we observe that edge degrees of freedom (B.2)
along horizontal edges e ; are of the form

Proof Nodal degrees of freedom &, are well defined on 02, = Wll,z(f?) because this space

i
61,i(v) = / 1 vi(x', 8iy) dx" = @ (Giy41. &in) — (i &in)
ij+1

where ¢ (x, y) := fg vi(x’, y)dx'.If vy € W2] (Q), then we see that both ¢ and 9,92 = drv;
arein L'(Q), hence ¢ € Wll’z(f)) c %), in particular 61 ; is indeed well defined on I.A/b.

Similarly we see that 67 ; is also well defined on U il’ and the other degrees of freedom are

analyzed with the same reasoning. We also verify easily that in both cases, namely (B.7)
and (B.8), the spaces U I‘fl form a de Rham sequence. Taking the intersection with (B.6) thus

yields a subsequence Ut c V¢ where the degrees of freedom are indeed well-defined. As for
the commuting property, it is well known and follows from the Stokes formula, see e.g. [4].
We refer to [24] for a description of the graph-incidence and Kronecker-product structure of
the matrices D*. O

B.2 Geometric Degrees of Freedom on the Mapped Patches

In connection with the multipatch structure of fo we define broken degrees of freedom using
pull-back transforms, which are the inverse of the push-forward operators (A.12) or (A.13),
to obtain

of , () =65 ((F) " (vlg)) for (k. u) € My, (B.10)

By construction these degrees of freedom are in duality with the local basis functions (A.15),
ie.

of WA ) =8 for (ko). (L v) € Mj,. (B.11)
A key feature of the pull-back operators is to carry the geometric nature of the reference

degrees of freedom to the mapped elements. For ¢ = 0 the degrees of freedom simply consist
of pointwise evaluations on the mapped nodes, i.e.

ol (v) = vlg (ki) with ng; = Fe(f). (B.12)

For ¢ = 1 with the grad — curl sequence (A.1), they correspond to line integrals along the

~ . . ~ 1 . .
mapped edges e , = Fi(&,) with u = (d,i) € M . Specifically, using the pull-back
b = (F) "' (vlg,) = DF! (vlg, o Fy) from (A.12) and the parametrization (B.3), we
have

Cig+1
ol () = / (vlay (FES(5))) - (DF (RS (s))eq) ds = / vgy T (B.13)

Siy Sk,
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where 7 is the unit vector tangent to ey, with the orientation inherited from that of &, as
mapped by Fj:atx = x H(s) = Fk(ili(s)) it reads

~ axe
=T Gith () = e
Izl s

T(x) (s) = DFk(fcli(s))ed. (B.14)

According to the interpatch conformity assumption (114)—(115), we observe that the relation
ox; ox;y

S (5) = e%(k, s, v)—

as as

(Bk.1(s)) (B.15)

holds with a constant £€(k, u; [, v) = %1 corresponding to the relative orientation of the
edges ex ;, and e .

For £ = 1 in the curl — div sequence (A.2), the pull-back corresponding to (A.13) reads
Vg = (.7-",1()_1 (vlg,) = JFkDFk_l(U|Qk o Fy), so that (B.4) gives

Cig+1
okl‘ﬂ(v):/ ‘ (v|gk(Fk(fc§(s)))-(JFkDF,;T(:e;(s))ej)ds:/ vlg, - TH(B.16)

Sig Sk,

where 71 is the result of a 77 /2 rotation (counterclockwise) of the unit tangent vector (B.14),
and reads

1 %L(S) . ~1 —T,ne 1
= oY with 77(s) = Jg, DF, (x#(s))ed. (B.17)

Finally for £ = 2 the degrees of freedom are the integrals on the mapped cells,

o,ii(v):[ (vlgk(Fk(fc))ka(fc)df:/ vlg, with cp; = Fx(&;). (B.18)
Ci Ck,i

Proposition B.2 The broken degrees of freedom cr,f’ . are well defined on the local domain
spaces

Ulp) = FL0% = {ve Vi) : (F) ' (v) € U4 (B.19)

which involve the spaces Ut from (B.7) and (B.8), and form local de Rham sequences.
Moreover these degrees of freedom commute with the local differential operators. Namely,
(29) holds on UE(Qk) with the coefficients D,f,u’v = ﬁﬁ,u from Proposition B.1 which are
independent of the mapping Fy.

Proof The first statement is a direct consequence of the definition (B.10) and Proposition B.1.
In particular the fact that the spaces (B.19) form a sequence follows from the similar property
of the reference spaces and the commutation (A.14) of the pull-backs. As for the local
commuting property, it also follows from (A.14) and the similar property (B.9) of the reference
degrees of freedom, indeed

ol @) = 6 (FH @) = 6L @ FD M)
=Y DL &L FH =Y Dol
UE./\A/tZ UE/\A/IK
O
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