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Abstract

In this work, merging ideas from compatible discretisations and polyhedral methods, we con-
struct novel fully discrete polynomial de Rham sequences of arbitrary degree on polygons and
polyhedra. The spaces and operators that appear in these sequences are directly amenable to
computer implementation. Besides proving exactness, we show that the usual three-dimensional
sequence of trimmed Finite Element spaces forms, through appropriate interpolation operators,
a commutative diagram with our sequence, which ensures suitable approximation properties. A
discussion on reconstructions of potentials and discrete L>-products completes the exposition.
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mixed methods
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1 Introduction

In this paper we construct novel fully discrete polynomial de Rham sequences of arbitrary degree on
polygons and polyhedra. By fully discrete, we mean that both the spaces and vector operators that
appear in the sequence are directly amenable to computer implementation. This construction can be
used to design stable schemes for complex problems, such as the ones encountered in computational
electromagnetism, on meshes far more general than classical Finite Element methods. In particular,
the supported meshes can contain general polyhedral elements and nonmatching interfaces, enabling
advanced computational strategies such as nonconforming mesh refinement, mesh coarsening, etc.

The ideas underlying this work result from the confluence of two streams of research that have
gathered an enormous amount of attention in the numerical community over the last years: compatible
discretisations and polytopal methods.

Compatible discretisations aim at preserving structural features of the continuous model at the
discrete level. Such features are instrumental to obtaining the stability and consistency properties
required for convergence when non-trivial operators and domains are considered, as is the case in
computational electromagnetism (see Section [2). The origins of compatible discretisations can be
tracked back to, e.g., [35] 53| 54| for the mathematical community and [[18} |39, |50, 52, |55]] for the
electromagnetic one; see also the survey paper [42]. The importance of concepts from differential
geometry and algebraic topology in the formulation of compatible discretisations is nowadays widely
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recognised; see, e.g., [2, 3,11, (17,127, /40, |45 49]]. As a matter of fact, by reformulating the continuous
problems in terms of differential forms, one gets some indications on the design of suitable Finite
Element (FE) discretisations. Specifically:

(i) the choice of the degrees of freedom (DOFs) should reflect the nature (and global regularity

properties) of the fields they represent;

(ii) the discrete spaces and operators should form an exact sequence;
(iii) the operator that maps DOFs to forms commutes with the continuous/discrete exterior derivative.
An important issue when generating high-order discrete de Rham sequences in the FE spirit lies in
the choice of the bases and of the DOFs. A reformulation of classical moments that underlines their
geometrical aspects has been recently proposed in [12]. This reformulation has been made possible by
the precursor works [23],[47]], where new DOFs in terms of weights of forms on small chains have been
proposed. These weights have shed new light on the high-order approximations originally proposed by
Nédélec [46] confirming, also for the high-order version, the tight relation with Whitney forms [|54]]; see
[[15, |16l 18] for the low-order case. A generalisation to the high-order case of the relations between the
moments of a field and those of its potential has been proposed in [1].

The extension of the FE approach to more general meshes is, however, not straightforward. The main
reason is that, in order to construct a conforming FE discretisation, one has to devise discrete spaces
that, through the single-valuedness of DOFs at element boundaries, satisfy suitable global continuity
requirements. Recent efforts in this direction have been made in, e.g., [22} |41] (see also references
therein), focusing mainly on the lowest-order case and with some limitations on the element shapes in
three dimensions.

The problem of devising discretisation methods that support more general meshes than classical FE
(including, e.g., polytopal elements and nonmatching interfaces) has been recently tackled with great
impetus by the numerical community. As pointed out above, supporting general meshes paves the way to
computational strategies that are typically not accessible to traditional conforming FE (nonconforming
mesh refinement, mesh coarsening, seamless handling of fractures and microstructures, etc.). We will
focus here only on those developments that bear relations to the approach proposed in this work, and
refer the reader to the preface of [31]] for a literature review of broader scope.

Let us start with lowest-order methods that fall within the category of compatible discretisations.
Mimetic Finite Differences (MFD) are derived by mimicking the Stokes theorem to formulate discrete
counterparts of differential operators and L?-products [[10]. Their extension to polytopal meshes has
been first carried out in [43] 44]], then analysed in [[19, [20]]; see also [37] for a link with the Mixed Hybrid
Finite Volume (MHFV) methods of [36, 38|] and [34, Section 2.5] along with [33, Section 3.5] for
links with Hybrid High-Order (HHO) methods. In the Discrete Geometric Approach (DGA), originally
introduced in [26]] and extended to polyhedral meshes in [24, [25]], as well as in Compatible Discrete
Operators [13,14], formal links with the continuous operators are expressed in terms of Tonti diagrams
[50L 51]]. Similarly to the approach pursued here, MFD, DGA, and CDO methods work on discrete
unknowns and rely on discrete counterparts of the vector operators. Contrary to the present work,
however, they are typically limited to the lowest-order and their analysis often relies on an interplay of
functional and algebraic arguments that is not required in our presentation.

The development of high-order schemes is more recent. A high-order approach with structure-
preserving features is provided by the Virtual Element Method (VEM); see [5]. VEM can be described
as FE methods where explicit expressions for the basis functions are not available at each point; hence
the term “virtual” in reference to the function space they span. The DOFs are selected so as to enable
the computation of polynomial projections of virtual functions and vector operators, which are used in
turn to formulate local contributions involving consistency and stabilisation terms. An exact de Rham
sequence of virtual spaces on polyhedra has been recently proposed in [9], with polynomial degrees
decreasing by one at each application of the exterior derivative (other virtual sequences are presently



under investigation [21]], see also the related works [[7, [8] concerning applications to magnetostatics).

Owing to the variational crime committed when taking projections on polynomial spaces, the
exactness of the virtual sequence cannot be directly exploited to obtain stable numerical approximations.
The approach proposed in this work, inspired by the HHO literature [31-33]], aims at establishing the
exactness property for fully discrete de Rham sequences, i.e., sequences involving spaces of (polynomial)
discrete unknowns and discrete counterparts of vector operators acting thereon. The starting point
is to identify arbitrary-order reconstructions of vector operators in full polynomial spaces. These
reconstructions allow one to identify appropriate sets of discrete unknowns, which play the role of
DOFs in standard FE (or VEM). To ensure the compatibility with the choice of unknowns, each
discrete vector operator is attached to the appropriate geometric entities: in three space dimensions, the
discrete gradient has components on the edges, faces, and inside the polyhedron; the discrete curl has
components at faces and inside the polyhedron; the discrete divergence has only one component inside
the polyhedron. The full reconstructions of vector operators cannot be directly used to form an exact
sequence, but their study permits to identify the modifications required to recover exactness. Specifically,
an exact sequence is obtained by restricting the domains/co-domains of the operators in the middle of
the sequence and taking the L?-orthogonal projections of the full vector operator reconstructions on
these spaces. Crucially, the proof of exactness relies on purely discrete arguments, that do not involve
spaces of non-polynomial functions. The sequence we focus on is constructed so that all the spaces
involved have the same polynomial degree and so that, through appropriate interpolation operators, it
forms commutative diagrams with the usual sequence of trimmed FE spaces, which warrants suitable
approximation properties. To complete the exposition, we also show how to reconstruct consistent
potentials in each space and write discrete and consistent counterparts of L?-products based on the
latter. The focus of this paper is on the development of the exact discrete sequence; applications are
postponed to future works.

The rest of this work is organised as follows: in Section [2] we provide a motivation for the present
work by pinpointing the role of the de Rham sequence in proving the well-posedness of the electrostatic
problem in mixed formulation; in Section |3| we introduce the basic tools and notations; in Sections
and [5| we construct fully discrete arbitrary-order exact sequences in two and three space dimensions,
respectively.

2 Motivation

We start with a brief discussion that motivates the need for discretisation techniques that reproduce
the exactness of the continuous de Rham complex and provide suitable L?-inner products on discrete
spaces. We consider the curl curl magnetostatic problem, set on a bounded connected domain Q ¢ R?
without voids (that is, Q has a zero second Betti number):

o-curlu =0 in Q, (2.1a)
curlo = f in Q, (2.1b)
divu =0 in Q, (2.1¢)
uxn=g on 02, (2.1d)

where f € curl (H(curl; Q)) and g € L?>(0Q)3. As discussed in [2, Section 4.5.3], and accounting for
the assumptions on Q (which imply that its space of 2-harmonic forms is trivial), the weak formulation
of this problem is: Find (o, u) € H(curl; Q) x H(div; Q) such that

A((o,u), (1,v)) ={g, 7T)soa +/Qf -y Y(t,v) € H(curl; Q) x H(div;Q), 2.2)



where y; denotes the tangential trace operator on dQ, (-, -)gq the duality pairing betweeen H 2 (0Q) and
H? (6Q), while the bilinear form A : [H(curl; Q) x H(div; Q)]*> — R is such that

A((o,u),(1,v)) ::/U-T—/u-curl‘r+/v-cur10'+/divudivv. (2.3)
Q Q Q Q

The well-posedness of problem (2.2)) classically requires the bilinear form A to satisty the following
inf-sup condition.

Lemma 1 (Inf-sup condition for A). If Q is bounded, connected and without holes, it holds, with C > 0
only depending on Q,

A((o,u), (t,v))
sup > C||(o, u)||H (curl:0)xH (div:Q)
(r.v) eH (curl:Q)xH (div:2)\ {(0,0)} || (T V) |H (curt:0)xH (div:0)

V(o ,u) € H(curl; Q) x H(div;Q), (2.4)

where H(curl; Q) and H(div; Q) are equipped with their standard norms.

Proof. Let S denote the left-hand side of (2.4) and let us start by choosing (7,v) = (o, u) in (2.3),

which readily gives
2

”0-”i2(g)2 + || divu”LZ(Q)

> 2.5
|(o, )| H (curl:)xH (div:Q)

We then choose, in (2.3), 7 = 0 and v = curl o, the latter belonging to H (div; Q) since Im curl c Ker div.
This gives S > || curl o'||;2(q)3 Which, combined with (2.5)), leads to

2
L*(Q)

B II (0-’ u) ”H(curl;Q)XH(div;Q)

1012 carty + Il dival

(2.6)

Here and in the rest of the proof, C is a generic strictly positive constant that does not depend on (o, u).
To conclude the proof of (2.4), it remains to estimate the L?>-norm of u. We split this function into

u =u* +ut e Kerdive(Kerdiv)* = L*(Q)°,

where the orthogonal is taken with respect to the L?-inner product. A consequence of the exactness
relation
Imdiv = L*(Q) (2.7

of the de Rham sequence is that div : (Kerdiv)* — L?(Q) is an isomorphism, and therefore has a
continuous inverse mapping. This implies

Ilul||1%2(g)3 < C” diVllJ'”iz(Q) = C” divu”iZ(Q) < CSH(O-, u)”H(curl;Q)XH(div;Q)’ (28)

where the equality follows from divu = div(u* +u*) = diva' and (2.6) was used in the last inequality.
To estimate the L2-norm of u*, we use the exactness relation

Im curl = Kerdiv, 2.9

which is valid thanks to the assumption on Q. This relation entails that curl : (Ker curl)* — Im curl =
Kerdiv is an isomorphism, with a continuous inverse mapping; since u* € Kerdiv, we can therefore
find 7 € (Kercurl)* such that curl 7 = —u* and ||7{|2(q)3 < C|lcurlt||;2(q) = Cllu*||,2(q)3, which
implies

I7lla (curt:) < Clla™ |2 (q)3- (2.10)

4



Plugging this T with v = 0 into the supremum defining S and recalling the definition of A, we therefore
obtain

C||u*||Lz(Q)3S > ||I7Tlla (curt) S 2 /0‘ T+ /(u* +ut) - u*.
Q Q
Cauchy—Schwarz and Young inequalities together with (2.6), (2.8), and (2.10) lead to

SIl(o, ) |1 (curt:o)xH (div:e) = Cllu*]l12(q)3
which, combined with (2.6) and (2.8)), concludes the proof of (2.4). i

This proof shows how crucial working within a de Rham sequence characterised by the exactness
relations (2.7) and (2.9) is to establish the well-posedness of (2.2). Obtaining a well-posed numerical
scheme for this problem requires to reproduce this framework at the discrete level; the companion paper
[30] shows how to carry out this reproduction, based on the local spaces and operators constructed below.
Additionally, L2-like inner products on the discrete version of H (curl; ) and H(div; Q) must be defined,
from the scheme’s DOFs, to obtain the discrete version of the bilinear form Aj; to achieve high accuracy
of this approximation, these inner products should fulfil polynomial consistency properties — that is, the
discrete inner products applied to DOFs corresponding to certain polynomials of a suitable degree must
return the same values as the continuous L’-inner products applied to these polynomials. Polynomial
accuracy can be achieved by taking the continuous L?-inner products of potentials, reconstructed in a
polynomially consistent way from the DOFs.

3 Basic tools and notation

3.1 Polyhedra and polygons

A polytope of R, d > 1, is a connected set that is the interior of a finite union of simplices. Our
focus will be here on polytopes in dimension d = 2 (polygons) and d = 3 (polyhedra). We assume
that these polytopes are simply connected and have connected boundaries that are Lipschitz-continuous
(that is, each polytope can locally be represented as epigraphs of Lipschitz-continuous functions). In
practical applications, the polytopes are elements from the computational mesh, resulting either from
mesh generation or from mesh coarsening/agglomeration [4]. The simple connectedness and Lipschitz
boundary assumptions therefore do not entail any unreasonable practical restriction on their geometry.

Given a polyhedron 7 c R?, we denote by #7 the set of planar polygonal faces that lie on the
boundary of T. For all F € ¥, an orientation is set by prescribing a unit normal vector ng, and
we denote by wrp € {1, 1} the orientation of F relative to T, that is, wrr = 1 if nF points out
of T, —1 otherwise. With this choice, wrpnp is the unit vector normal to F that points out of 7.
Similarly, for a polygon F, we denote by Er the set of edges that lie on the boundary 0 F of F. Notice
that, throughout the paper, polygons are tacitly regarded as immersed in R? whenever needed. For all
E € EF, an orientation is set by prescribing the unit tangent vector £g. The boundary of F' is oriented
counter-clockwise with respect to nr, and we denote by wrg € {1, 1} the orientation of g opposite
to 0F: wrg = 1if tg points on E in the opposite orientation to F, wrg = —1 otherwise. The vertices
V1, V2 of the edge E have coordinates x 1, X g 2 and are numbered so that |E|tg = xg 2> — XE.1, Where
|E| denotes the length of E. For any polygon F and any edge E € Ep, we also denote by ng g the unit
normal vector to E lying in the plane of F such that (¢g, n ) form a system of right-handed coordinates
in the plane of F, which means that the system of coordinates (¢g, nrg, ng) is right-handed. It can
be checked that wrgnpEg is the normal to E, in the plane where F lies, pointing out of F, and that, if
F1, F, are two faces of T that share an edge E, it holds

Wr FWFRE +WTRWRE = 0. (3.1)



In what follows, we will also need the sets of edges and vertices of a polyhedron " C R3, which we
denote by & and V-, respectively, as well as the set 8T = g & E. The set of vertices of a polygon
F will be denoted by Vr. The vector of coordinates of a generic vertex V will be denoted by xy .

3.2 Polynomial spaces and vector operators

For given integers ¢ > 0 and n > 0, we denote by P/ the space of n-variate polynomials of total degree
< ¢, with the convention that Pg = R for any ¢ and P,,! = {0} for any n. For X polyhedron, polygon
(immersed in R?), or segment (again immersed in R?), we denote by P¢(X) the space spanned by the
restriction to X of functions in P§. Denoting by 0 < n < 3 the dimension of X, P (X) is isomorphic to
P? (the proof, quite simple, follows the ideas of [31, Proposition 1.23]). With a little abuse of notation,
we denote both spaces with P¢(X), and the exact meaning of this symbol should be inferred from the
context. We will also need the subspace P%¢(X) = {q e PUX) : /x q= O}. For any X polygon or
polyhedron, the L2-orthogonal projector n'ﬁ,’x : L' (X) — PY(X) is such that, for any g € L'(X),

/(né’xq -q)r=0 Vr € PY(X). (3.2)
X

As a projector, ﬂ;’ x is polynomially consistent, that is, it maps any r € SD‘)(X) onto itself. Optimal
approximation properties for this projector have been proved in [29]; see also [28]] for more general
results on projectors on local polynomial spaces. Denoting by n the dimension of X, we also denote by
n‘;,’ LX) — PL(X)" the vector version defined applying the projector component-wise.

Let T be a polyhedron in R3. We denote by P’ (F7) the space of functions ¢ : T — R such that
qiF € PL(F) for all F € Fr; an element ¢ € PY(F7) is identified with the family (q\F)Feg; of its
restrictions to the faces. The space P¢(Er) is defined similarly, replacing faces by edges of 7. If F is
a polygon immersed in R?, we define in the same way the space P¢(Er). We also define the spaces
PLO?T) = P (Er) N CO(H*T) and PL(IF) := PL(Er) N CO(HF) of functions that are continuous on
the corresponding boundary and polynomial of degree < ¢ on each edge of this boundary. It is easily
checked that the following mapping is an isomorphism:

PL(OF) > q — ((ﬂg;,llgCI)EeaF, (q(xv))vev,) € (>< PINE) | xRVF. (3.3)

Ec&Efp

A similar isomorphism can be constructed for P (9°T).

We respectively denote by grad and divr the tangent gradient and divergence operators acting on
smooth enough functions defined on ' € Fr. Moreover, for any » : F — R smooth enough, we define
the two-dimensional vector curl operator such that

rotr r = o_np(gradg r), (3.4)
where o_x, is the rotation, in the oriented tangent space to F, of angle —7.. We will also need the
two-dimensional scalar curl operator such that, for any v : F — R? smooth enough,

rotg v == dive (0-xpV). 3.5

We note, for future use, the following formulas linking volume and surface operators, which can be
established selecting an orthonormal basis of R? in which np is the third vector: For any polyhedron
T c R3, any face F € Fr and any sufficiently smooth functions v : T — R3andr : T — R,

(gradr)p X ng =rotp(r|r), (3.6)

(curlv)|r -np =dive(vip X np) =t10tp(np X (V|p X 0F)). 3.7



Above, ng X (v|r X nF) is the orthogonal projection of v |z on the plane that contains F. Notice that,
here and in what follows, with a little abuse of notation, this and similar quantities are regarded as
functions F — R? whenever necessary.

For any integer £ > —1, we define the following relevant subspaces of P¢(F)?:

GU(F) = grad, PHL(F), GY(F)*:= L*-orthogonal complement of G¢(F) in P (F)?,
RE(F) = rotp PIHI(F), RY(F)*:= L*-orthogonal complement of R (F) in P¢(F)>.

4 1.l 4 1.0
6.5 TG TRp and TR E

Similarly, given a polyhedron 7 c R?, for any integer £ > —1 we introduce the following subspaces
of PY(T)3:

The corresponding L?-orthogonal projectors are, with obvious notation, 7

GY(T) = grad P+ (T), GY(T)*:= L?-orthogonal complement of G¢(T) in P (T)?,

RUT) = curl P+ (T), RY(T)*:= L?-orthogonal complement of R’ (T) in P (T)?,
The corresponding L?-orthogonal projectors are ”fg,T’ n;”[T, ﬂ;{T’ and n;’fT.

For any polygon F, polyhedron T, and polynomial degree £ > 0, the following mappings are
isomorphisms:

rotz : POL(F) S RECYF),  grad: POU(T) S 6T, (3.8)
divgy : ROF): S PR, div : RE(T)*: = P, (3.9)
curl : GX(T)* = REN(T). (3.10)

The isomorphisms in (3.8) are trivial using (3.4)) and the definitions of the respective co-domains. The
other isomorphisms follow from [2| Corollary 7.3], except in the following situations that can easily be
verified by hand: ¢ = 0 in (3.9), and £ = 0 or 1 in (3.10). In either case, the connectedness of F or T is
crucial for these maps to be isomorphisms.

3.3 Integration by parts formulas

We recall a few inspiring integration by parts formulas, starting with those relevant for the design of the
discrete gradient and divergence operators. Given a polyhedron T € R? and two functions v : T — R3
and g7 : T — R smooth enough, we have

/graqu VT =—/¢1T divvr + Z (UTF/‘IT(VT “np). (3.11)
T T F

Fefr

Similarly, for any polygon F and functions v¢ : F — R? and ¢f : F — R smooth enough, we have

/gradp qF'VF=—/QF divpvp + Z wFE/QF(VF'nFE), (3.12)
F F E

EESF

while, for any edge E and functions vg : E — R and gg : E — R smooth enough,

/ qEVE = —/ qgevE + (qevE)(XE2) — (qEVE) (XE.1), (3.13)
E E

where the derivatives are taken along the direction #g.



Let us now move to the formulas used in the design of the discrete curl operators. Given a polyhedron
T € R3 and two smooth enough functions vy : T — R3 and wy : T — R3, we have that

/curlvT-wrzfvT-curle+ Z wTF/vT-(wT X RE)
T T Ferr F
=/VT'Clll'lWT+ Z Q)TF/(MFX(VT XIIF))'(WT an),
T F

Fefr

(3.14)

the second equality being justified recalling that ny X (vy X rp) is the projection of vy on the plane
spanned by F, and noting that wr X np belongs to that plane. Similarly, for any polygon F' and smooth
enough functions vy : F — R%2andrp : F — R,

/I’OtFVF I"F=/VF'I‘OtFI’F— Z wFE/(vF-tE)rF. (3.15)
F F E

Ec&Efp

4 An exact two-dimensional sequence

In this section we define a discrete counterpart of the following exact two-dimensional sequence on a
polygon F (which may be thought of as a mesh face):

R~y HU(F) 295 (ot F) =%y 12(F) —%3 {0}, @.1)

where i is the operator that maps a real value to a constant function over F and, with usual notation,
H'(F) denotes the space of functions that are square integrable along with their (tangential) derivatives
on F, while H(rot; F) := {v € L>(F)? : rotpv € LZ(F)}. The starting point is, in Section the
design of reconstructions of the two-dimensional gradient and curl operators in full polynomial spaces,
which drive the choice of the discrete unknowns. These operators cannot be directly used to form
an exact discrete sequence, as we show in Section [4.2] Their properties, however, point out to the
modifications required to obtain exactness, as detailed in Section[d.3] Specifically, it is required to trim
the discrete counterpart of the space H(rot; F) and, correspondingly, replace the full gradient with its
projection on this trimmed space. The resulting spaces will play the role of the restrictions to polyhedral
faces of the three-dimensional spaces of Section see Remarks|15]and |16|below. Two-dimensional
scalar and vector potentials are discussed in Section while the discrete counterparts of L2-products
along with their stability and consistency properties make the object of Section[4.5] From this point on,
we fix a polynomial degree k > 0.

4.1 Two-dimensional full vector operators reconstructions

We start by defining reconstructions of the vector operators in full polynomial spaces. As a general
convention of notation, we use underlines to denote vectors made of components in different polynomial
spaces, and bold fonts for vector-valued polynomials or vectors that have at least one vector-valued
polynomial component. We use the same convention for operators that map DOFs on vectors of polyno-
mials. Thus, @ = (a, b, ¢) denotes the vector whose components are the vector-valued polynomials (or
operators with values in vector-valued polynomials) @ and b together with the scalar-valued polynomial
(or operator with values in scalar-valued polynomials) ¢, while a = (a, b, c) is the vector whose compo-
nents are the scalar-valued polynomials/operators a, b, and c. We note here the usage of the same letter
for both the vector @ and one of its components a, which will be natural in our definitions of operators.
Also, the full vector operators that will only enter in the sequence through L2-projections or restrictions
of their domain will be denoted using a bullet, e.g. @ or a, to facilitate their identification.



4.1.1 Gradient

From the polytopal methods literature, it is well known that a consistent gradient can be reconstructed
in P*(F)? using polynomials of degree (k — 1) inside F and boundary polynomials in P*(EF) (see,
e.g., [31} Section 2.1]). However, in order for the discrete gradient operator to map on the domain of the
discrete curl operator, we also aim here at reconstructing a gradient of degree k on dF. For this reason,
we will rather consider boundary polynomials in PX*! (3 F). We therefore define

G = (GX,GE,) : PXU(F) x P (0F) — PX(F)? x PX(Er)

such that, forall ¢ . = (¢r, qor) € Pr-L(F) x P*1(oF),

/ G;(«"QF "WE = —/ qr divp wp + Z WFE / qor (WF - nFEg) Vwr e PK(F)?  (4.2)
Fo = F s E

and
(Ghrd,)iE =Grd, = (qor)y  VE €Ep, (4.3)

where the derivative on E is taken along the direction £g. Since G  only depends on the boundary
values of 4, , by a slight abuse of notation we also write GX oFdoF 1nstead of GX ordy when needed.

We next state two results that will be useful in what follows: the consistency of both components of
Q;, and the surjectivity of G¥ o Letus first introduce the interpolator I* : CO(F) - P*1(F) x

PK+1(AF) such that, for all g € CO(F),

—grad,F *

Lgeaa, 9 = (qF, aor) € PEHF) X P (OF) with gF = w5 g,

~ ~ 4.4)
i 1 (qor)E = Tl pq e forall E € Ep, and gap (xv) = q(xy) forall V € Vp.
The isomorphism (3.3]) shows that the last two relations define ggr uniquely.
Proposition 2 (Polynomial consistency of the reconstructed gradient). It holds
G (I rd) =grads g Vg e P*(F), (4.5)
Gl (Lyaar®) = (@)’ Vg € PXI(F), VE € &f. (4.6)
Proof. Let g € P**1(F) and setq = =k Lorad . F4- The restriction g |5F of g to OF 0bV1ously satisfies the

conditions imposed on ggF in (#.4), and thus gor = q|or. This establishes (4.6). The definition (4.2)
of G',‘; then yields, for all wg € Pk(F)Z,

/Gl'%(lgmd F4) WE == /(ﬂ’;‘,}vq)diw WE+ wFE/an(wF-nFE)
F E

EcEFr

:—/qdiVFwF+ Z wFE/61|aF(WF'nFE)=/gl’adF‘I'WFa
F E F

EcEr
4.7
where the removal of 77  in the second line is justified by its definition (3.2) along with the fact that
divp wr € P¥1(F), and the conclusion follows from the integration by parts formula (3.12). Since
both G% (Igrad ~q) and grady g belong to PX(F)?, @) proves [@-3). o

Proposition 3 (Surjectivity of GX ). For all ror € P*(EF) such that Ygcg, wrE [ ror =0, there
exists gor € P**1(OF) such that G(’;anF = rop.



Remark 4 (Bijectivity of GSF ). Itis not difficult to check that the condition g cg, WFE /E ror = 0is

also necessary for rpr to be in the image of Gg > Which is therefore an isomorphism between PHL(GF)

and {raF € pk((c')F) . ZEESF WFE fE roF =O}

Proof of Proposition[3] Define the function 7gr : 0F — R by setting (7or) g = wrE(ror)e for all

E € Ef. Then,
/ For = 0. 4.8)
OF

Fix an arbitrary V € V¢ and, fora givenx € 0F, letI'y, . be the path in A F that goes fromxy tox ina
clockwise direction. The connectedness of 0 F and the Lipschitz boundary property of F (which implies
that O F is a simple curve) ensure that this path covers all of F, and that it does not loop on itself before
coming back to xy . Define then gsr (x) as the integral of 7y along Iy, . The condition (4.8) ensures
the continuity of ggF at V after a complete loop around dF. By construction, the derivative of g in
the clockwise direction along dF is equal to 7. This means that, on any E € Ef with orientation ¢g,
we have wa(qap)l’E = (For)|E = wrE(rsrF) e, which precisely establishes GquaF =r9F. m|

4.1.2 Curl

The full two-dimensional scalar curl reconstruction operator is C Ilf_ : PR(F)? x Pk (EF) — PK(F) such
that, forallv . = (vp,vsF) € PK(F)? x Pk (EF),

'/(31]?21: 'F :/VF'l'OtF FF — Z wFE/VaFrF Vrr € PR(F). 4.9)
F F

Ec&Efp E

Define the interpolator ik H'(F)* = PX(F)?* x P*(&F) such that, for all v € H'(F)?,

Zrot,F *
Lo pv = (mp pv. (1 p (v 10)) p g, ). (4.10)
Proposition 5 (Commutation property for ¢ f,). The following commutation property holds:

Cllf-(lk Fv) = n’;)’F(rotF v) Vv € H'(F)2. 4.11)

Zrot,

Proof. Writing (4.9) fory, = zfot,Fv we have, for all rr € PX(F),

Sk 7k k k
‘/I;CF(!rot,Fv) rF:AﬂP,Fv.rOtFrF_ Z LL)FE‘/ET[P’E(V'I‘E) rr

Ec&F

=/v-r0tprp— Z wFE/(v~tE)rF:/rothrF,
F E F

Ec&F

(4.12)

where, to remove the L2-orthogonal projectors in the second line, we have used their definition (3.2)
after observing that roty rp € PX~1(F) and (rr)E € Pk (E) for all E € Ef, and we have invoked the

integration by parts formula (3.15)) to conclude. By definition of zr’;)’ 7+ @.12) implies (@.TT). i

Remark 6 (Internal unknown). An inspection of the above proof reveals that the commutation property
@TT) holds also if we take R (F) x P¥(E) instead of P¥(F)? x P*¥(Er) as a domain for the

with 7751 in the definition (@.10) of ik

discrete curl operator, and we correspondingly replace Tp RF L r-
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4.2 An almost-exact two-dimensional sequence

The two-dimensional full gradient and curl reconstructions define the following sequence:

Agrad F

R —= Pk-I(F)x PHI(0F) —— P*(F)> x P*(&EF) —> Pk(F) —23 {0},  (4.13)

This sequence satisfies some exactness properties, but is not completely exact. Analysing these proper-
ties, as done in the following proposition, will guide us to define an exact two-dimensional sequence of
spaces and operators.

Proposition 7 (Properties of the sequence @.13)). It holds:

Lyraq,r R = Ker G, (4.14)
ImG%. ¢ Ker CE, (4.15)
Forally, = (vr,ver) € Ker CF, there exists q, = (qr,qor) € P*¥1(F) x Pk“(@F) @16
such that vor = Gapq(')F, ﬂl%’ll:vF JT,R F(G 4, ), and ”R FVF = n'R F(G .
and .
Im Ck = PX(F). (4.17)

Proof. 1. Proof of @.14). If C € R and q, = grad C., then the consistency properties (4.5) and (#.6)

give, respectively, GéqF =0 and G(’; = 0. These two relations establish the inclusion C in {.14).

To prove the converse inclusion, we first notice that, if 4, = (qF.qor) € PFU(F) x PHI(F) is
such that Gk Flp = 0, then GanaF = 0 and hence ggr = C for some C € R (since ggf is continuous
and its derivative vanishes on each E € Ep, and 0F is connected). Plugging this result into the definition

#.2) of G]f, and using the integration by parts formula (3.12) with C instead of ¢, we infer, for all
wr € PH(F)?,

G];; WEp = — quiVFWF+ Z WFE C(wF-nFE): (C—qF)diVFWF. (418)
s F E F

Ec&Efp

Using Q]f,gF = 0, we see that the left-hand side vanishes and, since divy : P*(F)? — P+ 1(F) is
surjective (consequence of (3.9)) and g € P*~!(F), this yields 7}, 1.C = 71'7_, Lgr = qp. Together
with ggr = C, this establishes that 7%
#.14).

2. Proof of (.13). Let q, € Pk=1(F) x P*¥+1(3F) and write, using the definition @9) of Cf;, for all
rrp € Pk(F),

grad, FC = = which concludes the proof of the inclusion O in

“k rk _ ~k k
[:CF(QFQF)rF_ ‘/I;GFQF-I‘OtFrF— Z wFE‘/EGaFgF}’F

Ec&Er

Z wFE/ [ClaFl'OtFrF nFE — (%F)|E”F]

EESF

where the second line follows using the definitions (4.2)) of G'; with wr = rotg rr (additionally noticing
that divp (rotg rp) = 0) and (@#3) of G% .. We then use the integration by parts formula (3:13) on each

11



E € EF to obtain

/Cf(gﬁgF)VF= WFE/QSFM
F EcEF

(4.19)
- Z wrE (qor (XE2)rF(XE2) — qor (XE,1)rF(XE1)) =0
EcEF
where the cancellation comes from
rotp rp -npp = gradg rp - (Q’_,,/anE) =grady rr - (0xpipg) = —gradp rp - tp = —(rF)|’E (4.20)

(since (¢g, npg) is right-handed in F), and we have concluded using the fact that, for all V € Vr, the
term ggr (xy )rp (xy ) appears exactly twice in the last sum, with opposite signs. This proves (4.15).

3. Proof of [@.16). Suppose that y,. € P*(F)? x P*(Ep) is such that C.‘IIEKF = 0. Then, (.9) with
rr = 1 shows that ¥ pcg, WFE fE ver = 0 and thus, by Proposition [3| there exists ggr € Pé‘“(é)F)
such that Gg r4oF = vor. This establishes the first conclusion in (#.16).

Using ¢ f: v = 0 and again the definition (4.9) of C k_ forall rr € P*(F) we then have

/ VF -TOtp rp = Z wFE/ aFCIOF rF

EESp

=- > wFE/EC]aF(rF)fE

EcEF (4.21)

Z wFE/QaF(I‘OtF rF - RFE)

EcEr

= / GX (qr,qor) - votr rr,
F

where the second line follows integrating by parts on each edge and cancelling out the vertex values
in a similar way as in (4.19), the third line from (4.20), and the conclusion is obtained applying the
definition (4.2) of GF to wg = rotg rr (which satisfies divp wr = 0) and 4, = = (qF,qosr) for an
arbitrary gr € P*~1(F). Since @21)) is valid for any rr € P*(F), this proves the second conclusion
in (@.16).
To conclude the proof of (#.16)), we need to identify a specific gr € P*~!(F) such that nR Fv F =
(G q, ), that is to say, for any wy € R (F)*,

/VF'WF: /GI;CIF'WF= —/QFdiVFWF+ Z wFE/CIaF(WF'nFE),
F Fo - F E

EESF

where we have used the definition (4.2)) of G’f; in the second passage. Since gsF is already given, we
simply have to take gz € P*~!(F) such that:

/QFdiVF WF=—/VF'WF+ Z wFE/C]aF(WF'nFE) Ywr € RY(F)*L.
F F E

Ec&Efp
By (3.9), this relation defines ¢ uniquely.
4. Proof of [@#I7). We only have to prove P*(F) c Tm C,’i Letgr € P*(F). Sinceroty : P*1(F)? —
PK(F) is surjective (this is a consequence of its definition (3.5) along with the surjectivity of divg :

PK+1(F)2 — PK(F), which follows from (3.9)), there is v € P¥*!(F)? such that rotr v = qr. Hence,
using the polynomial consistency of n’;)  followed by the commutation property (@.1T), we have

gF =TOtp v = 717, g (Totpv) = Ck (Irot V) €Im ék, which is the desired result. O

12



4.3 An exact two-dimensional sequence

Proposition [7| shows that the defect of exactness of the sequence (4.13)) lies in the domain of C"f;/co—
domain of Q’;, which is too large. Specifically, the space P*(F)? x P (Er) in this sequence must be

restricted to its subspace (’Rk_1 (F) @ RN(F )l) x Pk (&F), which still contains sufficient information
to reconstruct a discrete curl satisfying the commutation property (4.11) (cf. Remark [6). Obviously,
this restriction requires to project Q ;‘, onto this space in order for the sequence to be well-defined.

The domain of the reconstructed gradient does not change, so we take as discrete counterpart of the
space H'!(F) in the sequence (&.1)) the space

Xty =PHF) x PEOF)

and, as before, a generic vector q, € Xk is denoted by (¢, gsr) With gr € P*'(F) and

—grad,F
gor € P**1(4F). The interpolator on X* does not change either:

—grad,F

Iyaa.rd = (ar,qor) € P71 (F) x PE(OF) with gF = 75 g,

n];;’;;(an)‘E = n’;{ng forall E € Ef, and gyr(xy) = g(xy) forall V € V.

The domain of the reconstructed curl, which plays the role of the space H (rot; F') at the discrete level,
is now
X~ (12" L(F) @ R¥(F)* ) % Pk(ER),

~—rot, F

and a generic vector y . € Xr _ is decomposed into (vF = vg F + Vi - Vor) Withvg g € RE1(F),
= €RN(F)L, and vyp € sok(aF)

The discrete gradient operator G Gk X 'g‘md F— X fot  is defined by projecting the components of

Gk onto the corresponding components of X kt - Forall 4, € Xk

R,F>

—grad,F’

Gra, = (G ra, +Grha, . Ghraor) W)
with G];?,IIV = n%}G’; and GJ{{]} = n;’f;lep. '
It can easily be checked from (4.2) that the following two relations characterise Gl;z pand G er’,]}: For

all 4, € Xgrad o

/G'%T}QF'WF = Z wFE/an(wF-nFE) VYwrp € R¥I(F), (4.23a)
F EcEF E

/GRFQF F=—/F61FdiVFWF+

The discrete curl operator C, kX fot F

—_ 1
ally, = (vg.F +V73,F7V6F) € th’F,

Z wFE/CIaF(WF'nFE) Vwr € RE(F)*.  (4.23b)
EESF E

— PK(F) is given by the restriction of C to XX that is: For

=—rot,F’

/Cf?KF FF:/VR,F‘I’OtFrF— Z a)FE/VaFI”F VI’F E‘Pk(F). (4.24)
F F

EE@F E

Notice that, in the integral over F, we have removed the component v;} r of v accounting for the fact
that it is L2-orthogonal to rotz rp € R (F) c R (F).

13



Letting Irot i H (F? - X fot - be the interpolator obtained projecting Irot > that is, for all
v e H'(F)?,
k-1
Iroth = (mg, F"+”R F" (”P eV tE)) peg, ) (4.25)

we have, following Remark[6] the commutation property
Cr(Ly pv) =7y p(rotpv) ¥y e H'(F)>. (4.26)
Theorem 8 (Exact two-dimensional sequence). The following sequence is exact:

grad F

G Cy
R =5 XK o —— X5 p —— PH(F) %5 {0} (4.27)

Remark 9 (Comparison with Finite Elements). When F is a triangle or a rectangle, the sequence (4.27)
can be compared with classical FE sequences: for the triangular case, (P**1(F), o, /27%7"‘ (F), P*(F)),
with 0 2R T* (F) denoting the rotated two-dimensional Raviart—-Thomas space [48]]; for the rectancular
case, (QK*1(F), Q% (F), Q*(F)), where Q‘(F) denotes the space of polynomials of total degree < ¢
in each variable and Q%™ is the space defined, e.g. in [2]]. The number of discrete unknowns in each case
is reported in Table[I] On triangles, the number of discrete unknowns attached to the lowest-dimensional
geometric support is the same as for Finite Elements for each space in the sequence, but our sequence
has more internal unknowns. This phenomenon is known from the Virtual Element literature and can be
countered using serendipity spaces; see, e.g., [6]. Notice, however, that it is not clear whether resorting
to serendipity versions of the proposed spaces would have an impact on the exactness property: this
point is left for future investigation. On rectangles, on the other hand, our sequence has fewer unknowns
than the corresponding Finite Elements sequence.

Two points are worth mentioning to close this remark. First, when writing a scheme, internal
unknowns can usually be locally eliminated by static condensation; see, e.g., [31, Section B.3.2]. This
strategy essentially mitigates the impact of the number of internal unknowns in practical computations.
Second, the proposed construction can in principle be combined with standard Finite Elements on
meshes that contain both standard and polygonal/polyhedral elements.

Proof of Theorem|8] We have to prove that

Iyaa R = Ker G, (4.28)
Im G5 = Ker Cy, (4.29)
ImCK = PX(F). (4.30)

1. Proof of @28). Since G is a projection of Qk , we have Ker Qf, c Ker G%. and, thus, @.14) gives

Ik

k
Toraa.rR C KerGp.

Assume now thatg € Xk Xoraa,r is such that G K 4, = 0. Asinthe proof of (4.14)), since the boundary

components of G f, and Q f, are the same, this shows that g5 = C for some constant C € R. Moreover,
equation (@18) still holds, and can be applied to a generic w € R*(F)™ to infer

/(C_QF)diVFWF:/G];:QF'WF:/G;”];:QF'WF:Q
F F F

14



F e Fr Total

k| VeVr | Ecér Tria Rect Tria Rect

0 1 0 0 (0) 0 (0) 33) 4 4)

¥k 1 1 1 1(0) 1(1) 7 (6) 9(9)
—grad.F | 9 1 2 3(1) 34) 12 (10) 15 (16)
3 1 3 6(3) 6(9) 18 (15) 22 (25)

0 1 0 (0) 0 (0) 33) 4 (4)
Xk 1 2 3(2) 34) 9 (8) 11 (12)
=rot.F’ 2 3 8 (6) 8(12) | 17(15) 20(24)
3 4 15(12) 15@24) | 27 (24) 31 (40)

0 1 1(1) 1 1(1)

k 1 3 34) 3 34)

PEEF) 2 6 6(9) 6 6(9)
3 10 10 (16) 10 10 (16)

Table 1: Number of discrete unknowns attached to each geometric entity for the two-dimensional
sequence (4.27) on a triangle or rectangle F for k € {0,...,3}. For comparison, we also report in
parentheses the number of DOFs of the spaces in the corresponding FE sequences when the latter are
different. Gray cells highlight the cases for which, irrespectively of the degree k, the number of DOFs
are the same for the two-dimensional sequence and for the FE sequences.

where the second equality follows from the definition of 71';‘2”; recalling that G;‘e’k = ﬂRk G F (see

#.22). Together with the surjectivity of divpy : R*¥(F)* — PK-1(F), this ensures as before that

qr = np FC which concludes the proof that 4, =1 ’g‘rad rC. Hence, we have

k k
KerQF C lgrad,FR,

concluding the proof of (4.28).

2. Proof of (@.29). Let 4, € Xgrad p and sety, = Q’If_gF, that is, by definition @22) of G%., v, =

k-1
R.F

definitions (4.9) and (4.24) of Cf, w, and CKy,. and the relation

vk = 5 WF +7rRl;_wF,w(9F) with w, = Q’;gF. By (@.15), we have éllf“ﬁF = 0. Using the

/WF'I‘OtFrFZ/ﬂlqcell;WF'I‘OtFl’FI/VR’FJ'OtFI’F VI’FEPk(F),
F F F

-1 — Ck — Ck
and vg F, we see that 0 = Crw, = Cpv.. Hence,

which follows from the definitions of x T F

Ck(G*. q,) =0and

ImG*. c KerCk. (4.31)

Xl p N KerCk. By (&16), there is
q, € P*(F) x 7>’<+1(0F) = gmd p such that var = G5 qor, 7wl pvr = 7y F(G q,) = Gy rq

R’;VF = 71' (G q ) = R Fq . Since R*"1(F) c R¥(F) is orthogonal to Rk(F)l, we have
VE =VR.F and s

Let now v, = (vp = vRF +VJ7}’F,V6F) € Keer Xk

and 7

k-1

TR F

: _ :k
R, FvF = vR > Which proves that v . = QFQF‘ Hence,

KerCI’f- C ImQ’If_
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and the second exactness property (4.29) is proved.

3. Proof of (4.30). Consequence of the commutation property (4.26) proceeding as in the proof of
@10 0

4.4 Two-dimensional potentials

We next exhibit reconstructions of the potential for each space in the sequence.

4.4.1 Scalar potential (scalar trace)

We start with a scalar potential reconstruction yk“ X ’g‘rad F — PKk+1(F) which, when F represents

a face of a polyhedron T, plays the role of a reconstruction of the scalar trace on F. The required

properties on y;‘,“ are the following:
k+1 _ k+1
(—grad Fq) =q Vq S (F)7 (4.323)
m (i) =ar Ve, = (G, qor) € Xipaa 1 (4.32b)

The first property expresses the polynomial consistency of the reconstruction, while the second enforces
its projection on P*~1(F) and shows that yk“ has to be a higher-order correction of the projection

X’g‘radF >4, =(qr.qor) > qr € Pph= 1(F) It is easily checked that, if y5+! X’g‘radF — PHI(F)

isa reconstructlon that satisfies the consistency property (4.32a), then a reconstructlon yk“ satisfying
(#.32a)—(4.32D)) is obtained setting

k k k k
Y 4, = ar vV 4, e p(TEa,) Ve, € Xpa

Remark 10 (A consistent potential reconstruction). There are several ways to devise a reconstruction

T Xfaar — PHT(F) that satisfies @E32a). One of them is to define, for all q, € Xk

)71’;“51 € P*1(F) such that

—grad,F’

/f’?lq divpvp = —/ GéqF “VE+ Z WFE / qor (VF - nFE) Vyp € RF2(F)..
O Fd

EESF E

This relation defines yk”q uniquely since divp : R¥*?(F)* — P**1(F) is an isomorphism (see

(3.9)). The consistency property (4.32a)) for this reconstruction can be checked setting q,=1 ’g‘rad’ rd

for g € P**1(F), invoking the polynomial consistency property ([#.3)) to infer leld Fd, = Gk (Igrad rq) =

grad g, using the fact that gor = g|sF as a consequence of the definition ([@.4) of I together with

—grad,F
the isomorphism (3.3) and q|sr € PXT1(OF), and applying the integration by parts formula (3.12).

4.4.2 Vector potential (tangential vector trace)

We next define the two-dimensional vector potential yf X k  — PK(F)? such that, for all v F €

rot, F
k

Xrot,F ’

/'}/{C’FKF.I‘OtF rr :/CIIEKF rre + Z wFE/vaFrF \/rF EPO’kH(F), (4333)
F F E

Ec&F

/V:C,FKF WF = / VJq} FWF Vwr € Rk(F)L. (4.33b)
F F ’
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To check that, given v € XX ., @#33) defines a unique polynomial vk v € PX(F)?, observe that

(#.33a) and (4.33D) prescribe, respectively, 71"7‘{ F ('y{f Y ) (use (3.8)) and 7!';'2”];: (7{" £V ), and recall the
orthogonal decomposition P¥ (F)2 = R¥(F) ® R*(F)*. When F represents a face of a polyhedron 7,
yf  corresponds to a reconstruction of the tangential trace.

Remark 11 (Validity of (4.33a)). Observing that both sides of vanish for rr = 1 (use the
definition of C l’§ for the right-hand side), we deduce that (#.33a)) holds in fact for any rr € P**1(F).

Remark 12 (Alternative reconstructions). Alternative vector potential reconstructions can also be
considered in practical applications. If it is required, e.g., that the L’-orthogonal projection of
the potential reconstruction on Rk_l(F ) coincides with the internal unknown VR F, one can take
'yt Ve 71',R F'yt rYp T VR F as two-dimensional vector potential, with 'yt  defined by @#.33).

We now state and prove two propositions on the commutation properties of the vector potential
reconstruction.

Proposition 13 (Commutation property for the two-dimensional vector potential reconstruction). For
allv € H'(F)? such that rotp v € PX(F) and v g - tg € PX(E) for all E € Ep, it holds

YEr UL ) = T v (4.34)

Proof. Take rp € P*1(F), write (#.334) (using Remark forv, = =IF I v, and apply the commuta-
tion property (@.26) of Ck to get

k k
/7IF(Ir0th)-r0tFrF=‘/F7r,P,F(roth) re + Z wFE'/Eﬂp,E(HE'tE)VF-

Ec&F

and 7% _ can be

Using the assumptions on v along with their definition (3.2), the projectors 7% P.E

P.F
removed from the equation above, and the integration by parts formula (3.15)) then leads to

k (rk
/ Vor Ly pv) - TOtp rp = / v TOtr I'F.
F F

k
R,F

On the other hand, @33b) with . = I* o,V and the definition of I* o Yield T ()/t F(_rot Y)) =

VRF = 7T,R Fv The relation (#.34)) then follows using the decomposition P* (F )2 Rk (F) @ RE(F)*

to write

The polynomial 7z being arbitrary in P**!(F), this relation implies JTR F('yt F( rot FV)) = T V.

k Lk k
7y, F(!rot FY) = ”R F('}’t F(!rot FY)) + 7y (7’t F(—rot FV)) =g pV + g LV =T V. =

Proposition 14 (Two-dimensional vector potential reconstruction and gradient). It holds
ver(Gh q,) = Gﬁgq Vg, € X ad F (4.35)

Proof. Forall rp € P (F), writing @334d) for v . = QﬁgF, it is inferred that

k k k k k ~k
Y. r(Grq )‘rOtFrF:/C G re + wFE/G q rF:/G q, -rotprp,
/F orlOrd, FM Z L Cordy L Ordp

EcEF

where we have used the inclusion (4.31) in the cancellation while the conclusion follows proceeding as
in @.21). This implies nR F(‘,vt F(GFq ) = 7l',R F(G ). On the other hand, (4.33Db) also applied
oy, = qu implies ﬂRF(’th(G 4, )) = GR 4y
with the orthogonal decomposition P*(F )2 RK(F) ® Rk (F)*, (@.35) follows. O

;‘e”; (G’;qF). Combining these relations
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4.5 Two-dimensional discrete L>-products

We next define discrete counterparts of the L>-products in H'(F) and H(rot; F). The discrete L>-
products are composed of consistent and stabilising terms. The former correspond to the L?-product
of the full potential reconstructions, whereas the latter penalise in a least square sense high-order
differences between the potential reconstruction and the discrete unknowns. The design of these
high-order differences is inspired by the stabilisation terms in HHO methods, see [31} Section 2.1.4].
Specifically, we define

. (.. . vk k
(> *)grad,F .Xgrad,F X XgradF — R such that, for all 9,:Ip € XgradF,

o k+1 k+1 k-1
(QF’EF)grad,F '—/7F+q YE It /5grad Fdy Ograd,FLF

+ Z hF/ grad 6FZF grad oFLF> (4.36)

Ec&p
where hr denotes the diameter of F' and we have set, for any 4, e Xk Xorad F>
(Ograd,r 4 1 Ogead.oF ) = Lgraa r (VE ' 4,) = 4 1
* (ot F - thF X thF — R such that, forally ., w,. € thF,

— k L~k k—1
(KF’EF)FOI,F '_/Fyt,FKF yt,FmF /6r0tF 6rotFwF

k k
‘/I;é‘;tF Vp 6rotFwF+ Z hF/ rot.EYF Oro, eEWps  (4.37)

EcEFr

where we have set, for any v, € Xk XiouF>

1,k
(6r0t FYrpt 6rot FYF> (5rot EKF)E€8F) —rot F(?’t F_F)

The bilinear forms (-, -)grad,7 and (-, -)ror,r are obviously symmetric and positive semi-definite. Using
arguments similar to the ones deployed in the three-dimensional case (cf. Lemma [30] below) it can be

proved that they are actually positive definite, hence they define proper inner products on X* Xorad F and
Xk

X'o r» respectively. By (#.32a) and (4.34), they also enjoy the following consistency properties:

(Igrad Fq’!grad FPerad P = (45 7)12(F) Vg.r € PI(F),

(Irot Fv’lrot,Fw)mtaF = (v, W)Lz(F)z Yy,w € Pk (F)z.

S An exact three-dimensional sequence

In this section we define a discrete counterpart of the following exact three-dimensional sequence on a
polyhedron 7' (which may be thought of as a mesh element):

R —T % g'(T) 2% H(curl;T) - H(div;T) —2 12(1) —2 {0},

where i7 is the operator that maps a real value to a constant function over 7, H'(T) denotes the
space of functions that are square integrable over T along with their derivatives, H(curl;7T) :=
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{v e LX(T)? : curly ¢ LZ(T)3}, and H(div;T) = {v e LX(T)? : divv ¢ L2(T)}. The principle is, as
in two dimensions, to start from reconstructions of vector operators in full polynomial spaces, and to
project them on restricted domains/co-domains to form an exact sequence. For the sake of conciseness,
and since it is similar to the two-dimensional case, we do not detail the initial analysis (i.e., the deriva-
tion of an almost-exact sequence and the equivalent of Proposition [7)), but directly provide appropriate
choices of spaces and discrete operators.

5.1 Three-dimensional discrete spaces and interpolators
5.1.1 Discrete H'(T) space

The discrete counterpart of H'(T) is
Xpaar = P x PN (TT) x PELOPT). (5.1)
A generic vector 4, € X ’g‘r ad,7 1S Written

q, = (g1, q6r>q507) » With g7 € PXUT), qor € P*"1(F7) and qgop € PE1(O?T).

Forany F' € Fr welet gr = (qor)F and, forany E € &7, g = (g7 ) e The interpolator associated

with this space is I¥ :CUT) — Xk such that, for all g € C°(T),

=grad,T * —grad, T

Igrad T4 = T = (qr. qor, q(92T) € XgradT with gr = ﬂ'p Tq qr = ﬂp F‘]IF forall F € ¥r,

k-1

(5.2)
Tp pqE = np,Eq|E forall E € &r, and ggr (xy) = g(xvy) forall V e Vr.

Arguments similar to the two-dimensional case show that the component g4 is well-defined by the
conditions in the second line of (5.2)).
We denote by X* the restriction of X* to 0T, and the corresponding interpolator, with

grad,oT —grad, T
obvious definition, is denoted by I¥ Similarly, X X 27 18 the restriction of X ’g;ad,T to 3°T. The

=grad,oT * d,o
restriction ofq =(qr.q0r,95°T) € Xgrad r o Xgml or 18 9 = (o1 95°T)-

Remark 15 (Relation with two-dimensional spaces). The restriction of an element 4, € Xk toa

~—grad, T
face F' € Fr defines an element 4, = = (qr, (qgr)or) € XX Xoraa - Conversely, gluing together a family

(q )Feng with g, = =(gF,qoF) € Xgmd  forall F € Fr defines an element of Xgrad o brovided that
the edge values c01n01de For any Fi, F, faces of T sharing an edge E, (gor,)|E = (qoF,)|E-
5.1.2 Discrete H(curl; T) space

The role of the space H(curl; T) is played, at the discrete level, by

Xir = (Rk N(T) @ RM(T)* ) (>< [R'(F) @ R¥(F)*] | x P* (&r). (5.3)
FeFr

. k .
A generic vector v, € X 1 is denoted by

Vr = (VT =VRrT t VJq},T, (VE=VvrF+ qu_g’F)FETT,VGZT)
. k-1 k
with (v 7,V 1) € R*(T) x R*(T)*,

(vr.F Vi p) € REUF) x R¥(F)* forall F € F7, and vgr € PX(Er).
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The interpolator I* . CUT)? — Xfurl + is such that, forall v € C 0(T)3,

=curl, T *
IcurlTV
k-1 Lk
(”RTV"'”RTV (ﬂRF(npx(V|F><nF))+7rRF(nF><(V|F><nF))F€TT (ﬂ'PE(V tE))EeST) (5.4)

We remind the reader that nr X (v|r X np) is the orthogonal projection of v on the plane spanned by
F. The restriction of Xi‘url o to the boundary of T is

k . . 1 .
Xcurl oT = {KaT = ((VF =VRF +VR’F)FE7~',—,V52T) :

(vR.# Vi ) € REI(F) x RE(F)™ for all F € Fr and vy € P*(Er) }

Remark 16 (Relation with two-dimensional spaces). The restriction of an element v,. € Xﬁm rtoa
face F' € Fr defines an element v . = (vr, (vaer)jor) € X fot - Conversely, gluing together a family
(vp)Fes withv, = (vp,vor) € X, fm’ p for all F € F7 defines an element of Xfu w.or Provided that

the edge values coincide: For any Fi, F, faces of T sharing an edge E, (vor,)|E = (Vor,)|E-

5.1.3 Discrete H(div;T) space

Finally, the discrete counterpart of the space H(div;T) is
X5, 7 = (651 (1) @ 64 (1)) x PH (7). 55)

with a generic vector y,. € Xk ; decomposed as

=div,T
= (vr =vg.r +vgp.var) with (vgr,vg 1) € 61 (T) x GX(T) " and var € P*(F7).

The interpolator IX. .. : C%(T)? — X kA + is such that, for allv € C 0(T)3,

=div,T *

!ngV = (n g%"*‘”;krv’ (ﬂl;’,F(v'nF))Feﬁ)' (5.6)

5.2 Three-dimensional vector operators reconstructions
5.2.1 Gradient

The three-dimensional full gradient operator ék X ’g‘m ar — Pk(T)3 is defined such that, for all
k

z]‘ € Xgrad,T :

Ghg vr = - / ardiver + 3 wrr / Y remg) Wer e XD 5)
/T Tz T Z g 2or

Fe¥fr

where (7"“ X ’g‘ra aor PrI(F ))Feg; is a family of trace reconstruction operators such that, for

all F € Fr, yk“ only depends on the unknowns on F and satisfies the polynomial consistency and
projection properties (4

The discrete gradlent operator G. G . Xk — Xk 1 is defined by projecting G? onto R*"1(T) @

—grad, T curl,
R¥(T)*, and by completing with face and edge components obtained from the two-dimensional discrete

gradient operators. Specifically, for all 4, € Xk Xorad, > W€ let

Gra, = (Girda, +Grha,. (G ra, +Grira rer (Gra Jece,)
with Glo ) = mle 1 G G % = mk GE. (5.8)

and G';{Jl,, Gy '; and G formally defined by @22) and ([@.3), respectively.
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Accounting for the fact that the face and edge gradients depend only on boundary unknowns, with a
little abuse of notation we will use the same symbols for the operators obtained by restricting their

k=1L vk k-1 Lk vk k k . yk k
domain: Gig o+ Xog or = RYT(F), Gyt Xogor = R (F)*, G§ : Xoraaor — P (E), and
k. yk k
Gy .Xgmd,azT — PY(E).
5.2.2 Curl

The full curl operator C? : ﬁuﬂj — PK(T)? is defined such that, for all Vr € ﬁuﬂ T

/C.'§Kr W = / vy -curlwr + Z WTF / yt’ngaT -(wp X ng) Ywr € Pk(T)3, (5.9)
T T Fers F

where (‘yf" F g‘uﬂ, or PK(F)?)pcg, is the family of tangential trace reconstruction operators such

that, for all F € ¥Fr, y{f - is formally defined as in Section (see, in particular, (4.33))). The discrete
curl operator Q; : gurlj - X giv  is obtained projecting C ? onto G 1 (T) @ G*(T)* and completing
using the face curl operators: For all y,. € ﬁurl,T,

1,k ;k

ky . (k-1 L.k k ; k=1 ._ k-1 ¢k oLk ._
Crvy = (Cgrrp + Cor¥rs (Crprp)Fes;) with Cg 7 =g 7.Cr, Cor =mgrCr (5.10)

and Cj.. : X5, 7 — P*(F) formally defined by (@.24).

5.2.3 Divergence

The discrete and full divergence operators are both equal to D§ : Xk . — PK(T) defined such that,

=div,T
k
forally, € X§ 7.

/D§KT qr = _/VT -grad g7 + Z wTFfVFQT Vgr € PX(T). (5.11)
T T Fer F

5.3 Exactness of the three-dimensional sequence
The goal of this section is to prove the following exactness result.

Theorem 17 (Exact three-dimensional sequence). The following sequence is exact:

Ikrad,T Qk gk Dk 0
R = : X]g(rad,T T; X]c(url,T T; Xé{iv,T T; Pk(T) 1 {0} (512)

Remark 18 (Comparison with Finite Elements). When T is a tetrahedron or a hexahedron, the sequence
(5.12)) can be compared with the usual FE sequences. The corresponding number of discrete unknowns
is reported in Table 2] Similar considerations as for the two-dimensional case hold; see Remark [9]

5.3.1 Preliminary results

We establish first a few properties on the discrete operators that will be useful during the proof of
Theorem[I7} We start by noticing the following relations:

Z Z wrrwrpag =0 V(ag)Ees, € RYT, (5.13)
Fefr E€EF
(ZXnp) -npg =z-tg VzeR3, VF € ¥, VE € EF. (5.14)
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F e Fr T Total
kil vedr | Eeér Tetra Hexa Tetra Hexa Tetra Hexa
0 1 0 0 (0) 0 (0) 00 0(0) 4 (4) 8 (8)
Xk 1 1 1 1(0) 1(1) 1(0) 1(1) 15 (10) 27 (27)
Zgrad.T | ) 1 2 3() 3@ | 40 4(8) | 32200  54(64)
3 1 3 6(3) 6(9) 10 (1) 10 27) 56 (35) 90 (125)
0 1 0 (0) 0 (0) 00 0(0) 6 (6) 12 (12)
xk 1 2 3(Q2) 34) 4 (0) 4 (6) 28 (20) 46 (54)
=aurlT | 2 3 8 (6) 8 (12) 15 (3) 15 (36) 65 (45) 99 (144)
3 4 15(12) 15@24) | 36 (12) 36(72) | 120(84) 174 (264)
0 1 1(1) 0 00 4 (4) 6 (6)
& 1 3 34) 63) 6 (12) 18 (15) 24 (36)
=div.,T | 2 6 6(9) 20(12)  20(54) 44 (36) 56 (108)
3 10 10(16) | 45(30) 45(144) | 85(70) 105 (240)
0 1 1(1) 1 1(1)
1 4 4 (8) 4 4 (8)
PHT) 2 10 10 (27) 10 10 (27)
3 20 20 (64) 20 20 (64)

Table 2: Number of discrete unknowns attached to each geometric entity for the three-dimensional
sequence (5.12)) on a tetrahedron or hexahedron T for k € {0, ...,3}. For comparison, we also report
in parentheses the number of DOFs of the spaces in the corresponding FE sequence when the latter are
different. Gray cells highlight the cases for which, irrespectively of the degree k, the number of DOFs
are the same for the three-dimensional sequence (5.12)) and for the FE sequences.

Relation (5.13) follows from the fact that, after rearranging the sum over the edges, each ag appears
in factor of the quantity in the left-hand side of (3.I). Equation (5.14) is a direct consequence of
(zXxnp)-npg = -z (np X npg) together with the fact that (¢, npg, np) is a right-handed system
of coordinates.

Lemma 19 (Properties of the gradient operator). It holds:

GE (I aarq) =gradg Vg e PH(T), (5.15)
and
_ ~k _ ~k
/qu -curl wr —/GTq ceurlwy =— ) a)TF/GFq - (wr X np)
T T Fer F o F
V4, € Xgeaar » YWr € PX(T) . (5.16)

Remark 20 (Properties (5.13)—(5.16)). The relation (5.13)) states a consistency property on the full
gradient reconstruction, while (5.16) provides a link between volume and face gradients.

Proof of Lemma[l9 1. Proof of (5.13). Let ¢ € P**!(T) and apply the definition of G§ to
q, = 1* Lgraa 74 Using the definition (5.2)) of 1* together with the consistency @1}) of each ykt!,
this gives, for all vy € P¥(T)3,

/G,;“(_gradTQ)'vT :_/ﬂqu divvr + Z wTF/Q(VT'nF)=/gradQ'VT,
T F T

F€7‘~T

—grad,T
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where the second equality is obtained removing the projector 7r (smce divvy € P*1(T)) and using

the integration by parts formula (3.11)). Since both Gk (I* Loraa, Tq) and grad ¢ belong to PX(T)3, this
relation establishes (5.13)).

2. Proof of (5.16). The first equality is a straightforward consequence of qu‘{} = n’%‘}Gi (see (3.8))

and of curlwy € R¥(T). To prove the second equality, apply the definition (5.7) of G;ﬂ to vy =
curl wr € P*~1(T)3 and introduce, using its definition, the projector n’;;} in each boundary integral
to get

/GﬁqT-curle :—‘/qTQhLeurhaT+ Z Q)TF/ﬂPF(yk‘qu T)(curle'nF)-
T - T F

FE?’T
Using the projection property (@-32b)) of y%*! and the identity (3.7), we infer

‘/‘Gl;qT'Clll‘le= Z wTF/quiVF(wT|Fan)
T =

Fefr F

= - Z wTF/F(.;If:gF'(WT|F><"F)+ Z Z (UTFCUFE‘/ECIE(WTFan)'nFE’ (5.17)

FeFr Fefr EcEF

where the second equality follows applying the definition (4.2)) of G ’1‘7 towr = wpp xnp. Using (5.14)
we have (wr|r Xnp) -npg = wr -tg oneach E € Er, and the double sum in (5.17) therefore vanishes
owing to (5.13) with ag = /E qge(wr - tg). The proof of the second equality in (5.16) is complete. O

The following Nédélec space, in which x7 = ﬁ fT x dx denotes the centroid of 7', will be useful

to formulate a commutation property for C ;:
NE(T) = PH(T)? + (x —x7) x PR(T). (5.18)

Lemma 21 (Properties of the curl operator). It holds:

CE(IX,y 7v) = curly Vv € N(T), (5.19)
/CglvT wr= wTF/vF (wr xnp)  Yvp e XS, Ywr € GFNT), (520)
T Fefr
/Cva gradry = ) wTF/C{ézaT rr Vv, € XK. Vir e PEUT), (521
Fefr F
/C ;-gradrr = ) wTF/cﬁgaT rr Vv, € Xhr. Yrr € PH(T). (522)
FeFr F

Remark 22 (Properties (5.19)—(5.22))). Equation (5.19) states a polynomial consistency property for Ck,
(5.20) is a characterisation of C Ig}, and (5.21)—(5.22) provide links between volume and face curls.

Proof of Lemma[21] 1. Proof of (5.19). Let v € NX(T) and set Vo= !furlTv. The function v
belongs to P**1(T)3 and thus np x (viF X np) € P1(F)? for all F € F7. As a consequence,
rotp(np X (V|p X nF)) € PK(F). Writenow v = w + (x —X7) X z with w,z € P¥(T)3, take E € Ep,

and denote by x g the midpoint of E. For all x € E, we have

(npx((x)xXnp)) tg =v(x) - tg =w(x) -t + ((x —X7) X2(x)) - tE

= w(x) - tp + (X =Xp) () - 1 + (¥p — %) X 2(x)) - £,
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the first equality coming from the fact that ng X (v(x) X nfp) is the projection of v(x) on the plane
spanned by F, and the cancellation in the second line being justified by the fact that x — x g is parallel to
tg. Since both w and z are polynomials of degree < k, this proves that (ng X (v|g XnFr))-tg € PK(E).
We have thus shown that ng X (v|r X nr) satisfies the assumptions in Propositionand, noticing that
V4r is given on each face F € Fr by !fot,F(nF X (v|r X nf)), we infer that

yfngaT :ﬂ];)’F(an(mFan)) VF € ¥r. (5.23)
fes k _ k-1 L.k k 3
By definition of !curl’T, we have vy = TV +TAL 1V, and thus, for any wr € P*(T)",

/vr -eurlwr = ‘/(n’;{}v +7t;ngv) -eurlwr = / v -curlwr,
T T ’ ’ T

where we have removed 71";2‘} using its definition, and n;’kT using its L?-orthogonality to curl wr €

R*1(T) ¢ R¥(T). Hence, applying the definition (5.9) of C; and using (5.23), we obtain, for all
wr € PH(T),

/C?(!fur”v)-wr: /v-curle+ Z wTF/yr’;,,F (nep X (v Xnp)) - (Wr Xnp)
T T e F

= /Tv-curle+ Z wTF/F(an(v|F><nF))-(wanF)

Fefr

1
—

curlv - wp,

where the second line follows from wr|p X np € Pk(F )2, and the conclusion is a consequence of
the integration by parts formula (3.14). Since both CX ( —i(url,Tv) and curly belong to P*(T)3, this
concludes the proof of (5.19).

2. Proof of (5.20). Recalling that C’g;
infer, for all wr € G*~1(T),

ng_; Ci (see (5.10)) and using the definition (5.9) of Ci we

k-1 k k
/CQ,TKT “Wr = / Crvy -wr = / vr - curbwr + Z WTF / YorYor - (Wr Xnp),
T T T F

Fe¥fr

the cancellation coming from the vector calculus identity curl grad = 0. Let now r € P*(T) be such
that wr = grad rr. Then the identity (3.6)) yields wr X np = rotg rr|r and thus

k-1 k
‘/CQ,TKT "W Z wTF/?’t,FKaT “Totp rr|p
T e F

k
= Z WTF (/ CFKOT rr|\F + Z wFE/vazT rT|F)
Fefr F Ec&EF E
= Z CUTF/VF'rOtFrTFa
Fefr F

where the second line follows from the definition (¢.33a) of yt’f - applied to rp = rrjp € PH(F)

PK+1(F) (see also Remark and the third line is a consequence of the definition of C 1’§ with the
same rr (together with the definition vy = vg r + Ver F and the L2—orth0gonality of vje F androtp rg).
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The relation (5.20) follows by recalling that rotg r7|p = wr X nf.

3. Proof of (5.21)—(5.22). Let v, € Xé‘uﬂj and rr € P*1(T). Writing the definition of C? with
wr = grad rr, observing that curl grad rr = 0, and using the identity (3.6), we infer

~k k
‘/CTKT . gradrT = Z WTF / yt,FK(')T . I’OtF rT|F-
T FeFr F

We continue using, for all F € ¥r, the definition (4.33a) of the tangential trace reconstruction with
rF=rr|F € P+1(F) (see also Remark to write

~k
/TCTKT-gradrT: Z wTF/

3
Cpyarrr + Z WTF E VEIT,
FeFr F Fe EcEr E

where, to cancel the rightmost term, we have used (5.13)) with ag = /E verr. This proves (5.21). The
relation (5.22)) is obtained applying (5.21) with r7 € PX(T) and using C’é‘} = 71'2_% C; i

Lemma 23 (Surjectivity of the boundary curl). Let vor = (VF)res € P*(Fr) be such that

Z wTF/vF =0. (5.24)
F

Fefr
. k k —
Then, there exists 2, € Xy o7 Such that Cp.z o = v forall F € Fr.

Remark 24. The condition (5.24) is also necessary for the conclusion of the lemma to hold.

Proof of Lemma[23] By the exactness in two dimensions (cf. Theorem [8), for each F € F7 there is
wp €X fot’ p such that C 1]§ Wy = vp. Pollowing Remark , a vector z,,. € Xfurl o1 can be defined by
gluing together the vectors (w .)rcy; if their edge values coincide. The idea of the proof is to add to

each w . a vector Y. € Xk F such that C;f_ (wp +XF) = v and the edge values of (w . +_XF)F€7:T

—rot,
T . . k _
coincide; by gluing these vectors together, we obtain z,,. € X + such that C = vr for all

curl,0
F e Fr.

To ensure the relation Cf; (wp + XF) = v, we have to look for Yy in Ker C}‘,, that is, owing to

k
F2o1

Theorem Y, = Q];TQF for some 4, = (qF,qoF) € X’grad’F. The other condition on Y, only concerns

its boundary values ygr = Gg F4oF (which means that the component g of 4, is irrelevant to our
purpose and can be set to 0), and is written:

Wr e+ (or)E = (Wg)E + (Yor,)|g forall E € & with Fg = {Fy, F2}, (5.25)

where Fg denotes the set containing the two faces of T that share E. By Proposition (3| in order for
vor € P¥(Er) to be represented as G’(;anp, it needs to verify

> wrEe / yor =0. (5.26)
E

EE(()F

We are therefore reduced to finding, for each F € ¥z, ysr € P*(EF) such that (5.23)) and hold.

Let us set, for E € Ep with Fg = {F, Fo}, reg = % (()’aF.)|E + (y5F2)|E). We also set, for F € Fr
and E € Ep, Wrg = % ((KF/)E - (EF)E)’ where F’ is the other face of T that shares E with F. Then,

(5.25) is equivalent to
(yaF)|E =rg+Wrg VF € Fr, VE € EF. (5.27)
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Using this expression, we obtain the following equivalent reformulation of (5.26):

=— WrE. 5.28
Z wFE/ErE Z wFE/E FE ( )

EGSF EESF

We thus have to find (rg)ges, such that each rg belongs to P*(E) and (5.28) holds for all F € F7.

Defining then (ysr)reg; by (5.27), we obtain a family that satisfies (5.25) and (5.26) for all F € Fr.
The relation (5.28) only involves the integral of rg over E, and we can therefore limit our search to

constant polynomials g € R, in which case (5.28)) is recast, after multiplying by wr F, as

wrF Z wrE|E|rE = —wrF Z wFE/ WrE VF € fr. (5.29)
EESF EESF E

This is a linear system of size card(¥7) x card(Er) in the unknowns (rg)ecs, € RET. Denoting by A
its matrix, this system has a solution if and only if its right-hand side belongs to Im A = (Ker A”)*, with
A! denoting the transpose of A through the standard dot products of R7 and R . It is easy to check
that A’ corresponds to the mapping

R'T 5 (éF)Fes = ( Z wTFwFEfF) e RéT,
FeFg Ec&r

Invoking (3:1)) we see that (ér)res; € Ker A’ if and only if ¢, = £F, whenever Fi, F> € F7 share a
common edge. Working from neighbouring face to neighbouring face, and using the connectedness of
JT, this shows that the vectors in Ker A’ are those with all components equal. Hence, the right-hand
side of (5.29) belongs to (Ker A*)* if and only if it is orthogonal to the vector with all components equal

to 1, which translates into
0=- Z Z wTFwFE/WFE-
FeFr E€ép E

Gathering by edges and using (3.1), this is equivalent to

0= - Z wTF1wF1E/(WF1E - WkE)
Ee&r, FE={F\1.F2} E

1
- Z (UTFIUJFIE/ 5 [(ﬁpz)E - (EFl)E - (mFl)E + (KFZ)E]
Ecér. Fp={F1.F:} E

(wTFlelE/(EFl)E +wTF2wF2E/(EFZ)E)
Ecé&r, Fe={F1.F>} E E

> wrr Y wre /E (Wp)Es (5.30)

FeFr Ee€ép

where we have used the definitions of Wg, g and W, in the second line, invoked again (3.1)) in the
third line, and concluded gathering back by faces. Using 77 = 1 in the definition (#:24) of Ckw . = vF,

we see that
Z WFE / (Wp)E = —/ VF,
EcEr E F
and the solvability condition (5.30) of the system (5.29) is thus equivalent to (5.24). Hence, (5.29) has
at least one solution (rg)eecg, and the proof is complete. m|
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Lemma 25 (Commutation property for D§ ). It holds

D} (I, v) = np p(dive) Vv e H(T) . (5.31)
Proof. Setting v, = lé‘iv 7V, we have vy = n’; }v + ng Tv and thus, for all g7 € P*(T), by definition

of these projectors and since grad g7 € G*~1(T),

/vT-graquzfv-graqu.
T T

Since vp = n’;),F (v - nr) and (g7)r € P*(F) for all F € Fr, the definition (5.11)) of D%KT therefore
shows that

/ Dy (L5, 1v) qr = - / v-gradgr + Z WrF / (v-np)qr = / divv qr,

r Fefr

where the conclusion follows from the integration by parts formula (3.1T). Since this relation holds for
all gr € PX(T), it proves (5.31). O
5.3.2 Proof of the exactness of the three-dimensional sequence

Proof of Theorem[I7} We have to prove that

Ker Gy = Iy oq R, (5.32)
KerC% =Im Gk, (5.33)
Ker D} =ImCk, (5.34)
Im D% = PX(T). (5.35)

1. Proof of (5.32)). By the consistency properties of the boundary and volume gradients (see (4.6), (4.5)
and (5.T3)), it holds that G (1% L 57C) = 0, GX.(IX g 57C) = 0,and GE (I, . C) = 0forall C € R,
proving by definition (3.8) of G%. that

—grad,oT —grad,T

k-
gmd rR C Ker G,
Let us prove the converse inclusion, i.e.,
k k
KerGy C Ly rR- (5.36)
Letg, € Xpqr besuch that Gfg. = 0. Then, Gyg =0 forall F € 7 and thus, recalling the
two- dlmensmnal exactness proved in Theorem [§and accounting for the single-valuedness of vertex and
edge unknowns, there exists C € R such that or = 1 ’g‘ra a.or C- Therefore, it only remains to prove that
qr = C. Enforcing G#’kq = 0 and using Gl’k = n;’kTGi (cf. (5.8)) together with the definition (5.7)
of G% and the fact that yf;“an = yhtl ’g‘ra a.orC) = C by the polynomial consistency of this

trace reconstruction operator, we infer, for all wy € R*(T)*,

0=/G;’kgT'WT=/é§~gT'wT=—/quleT+Z wTF/C(wT nF)—/(qT C)leWT,
T T

Fe¥r
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where we have used the integration by parts formula (3.11)) with C instead of g7 to conclude. Since
div : R¥(T)* — P*I(T) is surjective by (3.9) and gy € P*~!(T), this implies g7 = ﬂ’;{}C, thus
proving (5.36).

2. Proof of (5.33). We start by proving that

Im G} c KerCk, (5.37)

that is C (G q ) = 0 for all 4, € XgradT Theoremlmphes Ck (G 4, )=0forall F e Fr. Let us
prove that C g k= (G q, )=0. From the characterisation (5.20) of C k T we infer, for all wy € GK~1(T),

/ 1 (Ghq,) - wr = wTF/<G;;Fq +GEq ) (wr xnp).
Fefr

Since wy € grad P*(T), the relation (3.6) shows that wr |z X np € R*1(F) c R*(F) and thus, using
Gl , F4, € R¥(F)* and the relation (@ with w = wr|p X np, we continue with

/ 6r(Gra,) - wr Z U)TF‘/FGI;{’}:QT'(WTX”F)

Fefr

= Z WTF Z wFE/QE(WT Xnfp)-NfE
Fefr EcéEp

= Z wrF Z wFE/é]E(WT'tE)=0
FeFr Ec&r E

where we have used (G.14) to pass to the third line and (5.13) with ag = fE qge(wr - tg) to conclude.
This implies C (G 4, ) =

We next notice that it holds, for all wy € GX(T)*,

/C“‘(G )-wT=/(G 14, +Ggha,) - curlwr + wTFﬁyﬁF(QﬁgaT)-(wT X nr)

Fe¥fr

= / G’;{}qT -curlwr + Z WTF / Géan -(wr xnp)=0
T T FGTT F -
where we have used the definition of C% together with C ;I‘T = ﬂngC ;i (cf. (5.10)) in the first

line, the relation GJ‘T_?’,];" = ﬂ;”]‘T G; (cf. (5.8)) together with curl wr € R*~!(T) and the property #33)
of the tangential trace reconstruction in the second line, and the link (5.16) between volume and face
gradients to conclude. This proves (5.37).

We next prove the converse inclusion, that is,

KerCh c ImG». (5.38)
This requires to show that, for all y,. € g 7 Such that Ck vT = 0, there exists 4, € Xk Xorad T such

that v, = Q;QT. For all F € Fr, enforcing Cky,. = 0 in and taking rr = 1, we see that

YEcEy wFEvaE = 0. Hence, Propositionprovides qor € P(f‘“(aF) such that vg = G’gan
for all E € &fr. Each function ggr for F € ¥ is defined up to an additive constant which, by the
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single-valuedness of (vE)reg, across the faces, can be selected so as to form a continuous function
qaer € PET1(H°T) defined on the whole 4°T, and such that v = GX.gp forall E € Er.

We next proceed as in Point 3 of the proof of Proposition [7} first, to infer that, for any choice of
gor = (qF)res € Pk=1(F7), letting 4 = (gor>qs7), itholds vg p = Gl;e anT then, to select a
proper gsr such that vR F= G,R F4yr for all F € Fr. This proves thaty . = GFq forall F € 7.

Let us now show that, for any g7 € P*I(T), setting q, = (ar.9,,) € Xgde, it holds
VRT = G’;{}q . Applying the definition (5.9) of C% to an arbitrary wr € Q (T)* and enforcing
O:C;”];g =5 T(C 4, ), we get

k
/vT -eurlwr = - Z wTF/yt’FgaT-(wanF)
F

T FeFr

= - Z wTF/th(G 4,.) (Wr Xnp)
Fefr

= w G* - (wr Xn
Z TF‘/F F%T(T F)

Fefr
_ k-1
—_/TGR,TQT'C‘“]WT’

where we have used the property (4.35)) of the tangential trace reconstruction to pass to the third line

and the link (5.16) between face and volume gradients to conclude. By (3.10), curl wy spans R*~1(T)

when wr spans Qk(T)L, and we therefore deduce that G’;{}q = ”I;z }vr = v, as desired.

It only remains to prove the existence of g7 € P*~1(T) such that v = G,R 74, Recalling

that GR 4, (G 4, ) (see (5.8)) and applying the definition (5.7] of G ;- to an arbitrary test

function wr € R k (T)L, thls requires the following condition to hold:

/qT divwp =—/VJ7'Q,T Wt + Z (UTF/'}’?-‘FI T(WT -nF) Ywr ERk(T)J',
T T FeFr

which appropriately defines g7 since div : R*(T)* — P*~1(T) is an isomorphism by (3.9). This
concludes the proof of (5.38).

3. Proof of (5.34). Let us start by proving that DX (Ck vy) =0forally, € which implies

—curl T

ImQ? C Ker(D?).

For all g7 € P¥(T), we have

/ D} (Civp)ar = - / (C vy +Chvy) gradgr + ) wrr / Civy qr =0,
T T Fe¥r F
where we have used the definition (5-11)) of D% in the first equality, the L*-orthogonality of C ;kT g, and

gradgr € G+! (T) in the cancellation, and we have concluded using the link (5.22)) between volume
and face curls. Since g7 is arbitrary in P*(T), this shows that D§ (Q’} v;)=0

Let us now prove the inclusion

Ker(D}) c ImC%.. (5.39)
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We fix an element y,. € Xk such that D§ vy = 0 and prove the existence of z,. € X kurl’T such that

=div, T =

= C - Enforcing D = 0 in (5.11) with g7 = 1, we infer that 3 pc . w7 F fF vr = 0. Lemma
then prov1des 2o € Xcu ALoT such that vp = Cfég oT forall F € Fr.

Enforcing again D&y, = 0 in (5.I1), this time for a generic test function gr € PX(T), and
accounting for the previous result, we can write, for all z,. € Xk X eur,r Whose boundary values are given

by z

Lor’
/VT gradgr = Z wTF/ anT QT—/Cgt]lng'gl'aqu,
r Fefr T

where the conclusion follows from the relation @D linking volume and face curls. Since grad gr

spans G U(T) as gr spans PK(T), this proves that Cg T8 = 71'2 }vT =vgr-

Finally, we show that, for some zr € R*™(T), the vector Z2; = (2r,24) € Xfurl] satisfies

Ver = Cl *z z,- Recalling the definition (5.9) of the full curl reconstruction and (5.10) to write

C;’; = ;'}Cé this amounts to enforcing the following condition: For all wr € GX(T)*,

1 k
/zT-curle:/vg’T-wT— Z wTF/yt,FgaT-(wanp).
T T F

Fe¥fr

By (3.10), curl : GX(T)+ - R*(T) is an isomorphism and this relation therefore defines a unique
zr € R¥"1(T). This concludes the proof of (5.39).

4. Proof of (5.33)). Let g7 € PX(T) and let us show the existence of v, € X('j‘iv + such that g7 = Di Vo

By (3.9), there exists v € R*+1(T)+ such that divy = g7. Using the polynomial consistency of ﬂ];’T

followed by the commutation property (5.31), we have gy = divy = ﬂ];,’T (divw) = Dk (1 Ik Ly, v), which

is the desired result with Vp = I* O

=div, T

5.4 Commutative diagrams

In this section we prove commutative diagram properties for the discrete three-dimensional sequence.
These commutative diagrams express, in a synthetic manner, crucial compatibility properties of the
discrete three-dimensional sequence (5.12)). To this end, we recall the definition (5.18) of the Nédélec
space and we introduce the Raviart—-Thomas—Nédélec space

RT*(T) = PK(T) + (x = x7)PX(T). (5.40)

Theorem 26 (Commutative diagrams). Denoting by it : P*(T) — P*(T) the identity operator, the
following diagrams commute:

phtt () B2 ak () _curly ok 7y 4y pk (7

\Llérad T \LACurl T \L~dlv T \LiT (5 4 1 )
Gk k

T

—grad T ) —curl T — X d1v —> Pk(T)

Proof. Using the polynomial consistency properties (5.13)) of G;, @.5) of Gﬂ‘, and @0) of Gk we
infer, for all ¢ € P*+1(T),

Gl]{ (_grad TQ) = grad q’ G]I(-T(Igrad Tq) gradF qu VF € 7—~T9
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Plugging these relations into the definition (5.8) of Q; and recalling the definition (5.4) of !furl  proves
the leftmost commutative diagram in (5.41).

The commutation properties (5.19) of C; and {@26)) of C¥., together with (!furl,Tv)F =1 fot’ r(np X
(vir x nr)) give, forallv € NX(T),

Céﬂ (!i‘url’Tv) =curlv, C{é(!ﬁuﬂjv) =rotp(np X (vip X np)) = (curlv) g -np VF € Fr,

where we have additionally used the fact that rotr (np X (v|p X np)) € P*(F) and the identity (3.7).
Plugging these relations into the definition (3.I0) of Ck and recalling the definition (5.6) of I T
concludes the proof of the middle commutative diagram in (5.41).

Finally, the rightmost commutative diagram follows combining (5.31) and iz = n’;,’T on PX(T). ]

5.5 Three-dimensional potentials

5.5.1 Scalar potential

Starting from the full gradient (5.7)) and scalar trace reconstructions (yf,” )F e satisfying the properties
(#.32)), we define a scalar potential reconstruction P{g‘gd r X ’g‘ra a7 — PEUT) as follows: For all

k
ZT € Xgrad,T’

k+1 . ~k k+1 k+2
Lngd’TgT dlva :_‘/YZGTET VT + Z wTF/yF+ gﬁT(vT -IlF) VVT e RF (T)J'.

Fefr F
(5.42)
This relation defines a unique P{g‘r"ald 4, since div : R¥*?(T)* — P¥1(T) is an isomorphism by
(3.9). Combining the polynomial consistencies (5.15)) of the full gradient and (4.32a)) of the scalar trace

reconstructions with the integration by parts formula (3.11)), it is inferred that

k+1 k k+1
Poraar (Ugraard) =4 Vg € PH(T). (5.43)
Notice that other choices are possible for a scalar potential reconstruction satisfying (3.43). In the
spirit of Remark one can take, e.g., P{g‘:;d’T 4, - n’;;} P{g‘;;ldj gT) + gt as three-dimensional scalar
potential, which has the additional property that its L?-orthogonal projection on P*~!(T) coincides with
the internal unknown g7 .

5.5.2 Vector potential on Xf

url, 7
A vector potential reconstruction Pi“url’T : X ’c‘urLT — PX¥(T)? is obtained as follows: For all v, €
k
Xcurl,T’

/Pi(url,TKT ~eurlwr = / Ciﬁr'wT _Z “)TF/ YEFKBT' (wr xnp) VYwr € 6N,
T T FeFr F
(5.44a)

‘/‘Pi(url,TKT "W = / v;,r “Wr VYwr € Rk(T)J'.
T T
(5.44b)

To check that these equations define a unique Pléurl,T vy € Pk(T)3, observe that (5.44a) and (5.44D)

k
curl, T

prescribe, respectively, ”]';e,T (P v,) (since curl : G (T)* — R¥(T) is an isomorphism, see
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(3.10)) and 7r curl +V7), and recall the orthogonal decomposition PK(T)? = RM(T) @ R¥(T)*:.
In the spirit of Remark an alternative vector potential reconstruction in X* Xeun, curl, TV

(P cur.7V7) TYR.T, Wthh has the additional property that its L2-orthogonal projection on R*~!(T)
commdes with the internal unknown vg 7.

TISP

Proposition 27 (Consistency of Pk art,7 )+ 1t holds
v)=v Vv ePXT) (5.45)

curl T (—curl T
Proof. Letv € P¥(T)3. Applying 5. 44a) toy, = _(’furl,Tv and using the consistency properties (5.19)
of C§ and [@.34) of y* . we obtain, for all wr € G+,

/ curlT(—curlTv) ~eurlwy = / curlv -wr — Z WTF / ﬂ];),F(nF X (V|F Xnp))-(wr Xnp).
T Ferr F

Since np X (v|pXn F) € PK(F)?, the pI'Q]eCtOI‘ 71'7, - above can be removed and, invoking the integration
by parts formula ,itis 1nferred that RR - (Pcurl r (I (Lean, V) = 71";2’Tv. On the other hand, (5.44b)

and the definition @) of I _curl o readily imply 71' (Pcurl + ’c‘url’Tv)) = ﬂ'; ’;v Recalling the
orthogonal decomposition P*(T)3 = R¥(T) & R* (T)L, the conclusion follows. O
5.5.3 Vector potential on X* Xbvr

The vector potential in Xﬁiv’ is Pgw - Xé‘w = P*(T)3 such that, for all vy € Xgiv T

‘/P’giv vy - gradgr =—/D voqr + Z pr/quT Ygr e PO k”(T) (5.46a)
T ’ FeFr

/Pgiv,TKT Wr = / ng_,T "WT vwr € GX(T)*. (5.46b)
T

These equations prescribe, respectively, & v;), hence Pk by virtue

g, T(Pdlv vy) and ” (Pdlv d1V r¥r
of the orthogonal decomposition P* (T)% g" (T)®o G (1)*. In the spirit of Remark an alternative

. . k-1 k . ‘s
vector potential reconstruction in de T 18 Pk dvr¥r ~Tgr (P div.T V) +vg. 1, which has the additional

property that its L?-orthogonal projection on G*~1(T) coincides with the internal unknown VGT-

Proposition 28 (Consistency of Pﬁiv r)- 1t holds:

Pk

v sy V) =7 v Vv e RTN(T). (5.47)

Proof. Letv € RT*(T) and set ve =1 giv V. Recalling the commutation property (3:31) of D% and
the definition (5.6) of !glv » (B463) gives: For all gy € POF1(T),

/ div.T (Idw v) - grad gr :—/Tﬂ’;,’T(divv)qT+ Z wTF/Fﬂ';),F(v-nF)qT.

Fe¥fr

Since v € RT*(T), we have divy € P*(T) and VIF - RF € PK(F) for all F € Fr (this is a con-
sequence of the definition (5.40) of the Raviart-Thomas space observing that, for all F € ¥r, the
mapping F 5 x — (x —X7) - ng € R is constant); hence, the projectors can be removed from
the right-hand side of the above expression. Invoking then the integration by parts formula (3.T1)),

it is 1nferred that 7% G. T(Pdw T( Ly, V) = n’é’Tv. Equation (5.46b), on the other hand, readily im-
1.k

plies 71' (P dlvT(_div’Tv)) =gV Combining these facts with the orthogonal decomposition

7‘3"(T)3 G*(T) & GX(T)*, follows. O
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5.6 Three-dimensional discrete L>-products
We next define discrete counterparts of the L?-products in H'(T), H(curl; T), and H(div;T):

* () )grad,T : XgradT X XgradT — Rsuch that, forall g, r; € XgradT,

— k+1
(ZT’KT)grad,T T /Pgrad Tq Pgrad Tlr + / 6grad Tq 6grad Tlr

2 k+1 k+
+ Z hT/(SgraquT gradFrT+ Z h ‘/6graquT gradE—T’

Fefr EcéEr
(5.48)
where hr is the diameter of T and we have set, for any 4, € Xk Xorad. T
+1 —
(6grad Tq (5grad Fq )Feﬁ" > (6grad,EgT )EEST) ‘ grad T( grad Tq )—4q
. k
* (eurl,T : Xcurl T X Xcurl + — Rsuch that, forall v, w,. € Lud’T,
W, W) = Pk oy PF o w
Yr> Wreurl,T - T curl, 7 =T curl, 7 =T
/ 6curl r¥r 6curl TWr
Lk Lk (5.49)
+ Z hr / 6cur1 FYr 6curl F¥r 6cur1,FKT 6curl FET)
FeFr
2 k
+ Z hT / 6curl EVT 6curl,EmT’
EcéEr E
k . . .
where we have set, for all v, € Xcurl,T, with obvious notations,

L 1,k k gk k
(6curl T vT +6curl TvT ’ (6curl FvT +6curl FKT )F €Fr> (6curl,EKT )E e'ST) T !curl,T (Pcurl,TKT) _KT .

Notice that, by (5.44D)), it holds 6;‘5 ¥y = 0, so there is no need to penalise this quantity in
o (5 div,T : Xé‘w 7 X Xé‘w + — Rsuch that, forall ., w,. € Xﬁw 7
— k
(KT’ET)diV’T T / Pdlv Yoo d1v ™V¥r + Z hT / 6d1v FYr d1v F¥7 (550)
Fefr
k
where we have set, for all v, € X, 7,
6d1v = Pdlv Vr RF —VF VFE7:T.

Remark 29 (Discrete L>-product in X Xk Xiiv.r)- Also for X kA v.r itis possible to define a discrete L2-product

where all the components of I T (P* div.TYr) — Yy are penahsed It turns out, however, that penalising
the volume differences is not requlred to prove deﬁmteness, cf. the proof of Lemma [30] below.

Lemma 30 (Discrete L2-products). The bilinear forms (-, -)s 1, with e € {grad, curl, div}, are positive
definite. Additionally, they satisfy the following consistency properties:

(Igrad 74> lgrad Tr)grad,T = (q, r)LZ(T) Vq,r € pkﬂ (1), (5.51)
Lo v Lo o Weanr = (W2 Yvow € PR(T)3, (5.52)
(L 7V Ly 7Whaivr = 0. W2y Yoow € PH(T)?, (5.53)
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Proof. Let us first prove the positive definiteness of the bilinear forms (-, -)s 7. By inspection, they are
positive semi-definite, and it only remains to prove that they are definite.
Consider first the case of (-, )graq,7- Let 4, € Xk Xorad T be such that (qT, 4, Jerad,7 = 0. Then,

obviously from (5.48)), we have P’g‘r‘;lqu = O, gk-1 q, = 0, k-1 4, = 0 for all F € Fr and

6’g‘;;1d g4, =0forall E € &. This gives 0 = Igrad p (PR +4,) — 4, and thus g = 0 as required.
The deﬁnlteness of (-, *)eurl,r is obtained exactly the same Way, so let us turn to (-, )aivr. If

v € X o is such that (v, v, )div.r = 0 then Pdlv v, =0and 6d FYr = = 0 for all ' € ¥7. This

shows that VE = 7r7> F(Pdw 7Yy - np) — ok =0 for all F € Fr. Using then (5.46a), we infer that

v, F

/ Div,.qr=0  Vgr e POK(T).
T

The definition (5.11)) of Dk together with the fact that grad : P%*(T) — G*~1(T) is surjective then
shows that vg 7 = & }vr = 0. Since P* = 0, the relation (5.46b) obviously yields v ;. = 0,
which concludes the proof of v, = 0.

The consistency properties (5.51)—(5.53)) follow easily from the consistency properties (5.43)), (5.43))

and (5.47) of the potential reconstructions. o

div, T
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