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LOCAL FINITE ELEMENT APPROXIMATION OF SOBOLEV DIFFERENTIAL
FORMS

EVAN GAWLIK!®, MICHAEL J. HoLST? AND MARTIN W. LIcHT?*

Abstract. We address fundamental aspects in the approximation theory of vector-valued finite ele-
ment methods, using finite element exterior calculus as a unifying framework. We generalize the Clément
interpolant and the Scott-Zhang interpolant to finite element differential forms, and we derive a broken
Bramble-Hilbert lemma. Our interpolants require only minimal smoothness assumptions and respect
partial boundary conditions. This permits us to state local error estimates in terms of the mesh size.
Our theoretical results apply to curl-conforming and divergence-conforming finite element methods over
simplicial triangulations.
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1. INTRODUCTION

With this article we contribute to an aspect of vector-valued finite element methods which has seen increasing
interest throughout recent years, namely the detailed study of quantitative approximation estimates. More
specifically, we construct and analyse analogues of the Clément interpolant and the Scott-Zhang interpolant for
vector-valued finite element methods over simplicial meshes. We present our results in the framework of finite
element exterior calculus (FEEC).

One of the classical results in finite element theory is the quasi-optimality of the finite element solution: the
Galerkin approximation is just as good as the best approximation, up to a generic constant. This is well-known
for the vector-valued finite element spaces that have enjoyed popularity in numerical electromagnetism long
since. However, not much is known about the quantitative approximation estimates in terms of the mesh size,
in sharp contrast to the scalar-valued setting. Only recently have publications started to address this topic
in the vector-valued setting; see the literature review further down this introduction. For example, the most
classical convergence theorem in the finite element analysis for the Poisson problem asserts that the Galerkin
error vanishes in the L? norm like O(h®), where s > 1 denotes the Sobolev smoothness of the true solution.
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Generally speaking, s can be arbitrarily close to 1. This classical estimate can be proven with the Clément
interpolant.

As the Clément interpolant (see [12]) is arguably one of the most classical tools in numerical analysis, the
first goal of this article is extending the Clément interpolant to vector-valued finite element spaces. For that
purpose we introduce a biorthogonal system of bases and degrees of freedom. This is a technical tool of interest
on its own. If the finite element space is not subject to boundary conditions, then the generalization from
the scalar-valued case may be regarded as a mere technical note. This might partially explain why previous
publications have not given much attention to this topic.

However, the generalization to finite element differential forms (and thus vector-valued finite elements) is not
quite as trivial as one might think when homogeneous boundary values are imposed. As in the scalar-valued case
of Clément’s original publication, the Clément interpolant is modified by leaving out the corresponding degrees
of freedom along the boundary. But while there are numerous tricks in the literature to derive Bramble-Hilbert-
type error estimates for Lagrange elements with boundary conditions, this is more than a mere technicality in
finite element vector calculus. Our solution is to reformulate the degrees of freedom as momenta over facets of
the triangulation. Thus we extend the degrees of freedom to differential forms with mild regularity assumptions
that allow a meaningful notion of trace: we assume that both the differential form and its exterior derivative are
integrable. That regularity assumption is natural, inasmuch as it allows a definition of homogeneous boundary
traces in a generalized sense, namely via an integration by parts formula.

Incidentally, extending the degrees of freedom to differential forms with rough coefficients allows us to gener-
alize another classical concept to finite element exterior calculus: we construct a Scott-Zhang-type interpolant.
The Scott-Zhang interpolant (see [38]) is a local interpolant onto the finite element space which respects homo-
geneous boundary conditions. We replicate that interpolant in finite element exterior calculus. Apart from
momenta over full-dimensional simplices, the Scott-Zhang-type interpolant also requires integrals along facets.
Hence this interpolant is only well-defined for differential forms that allow traces onto facets.

Additionally, the ideas of the Scott-Zhang interpolant have recently been instrumental in proving a broken
Bramble-Hilbert lemma for Lagrange elements. Using Veeser’s exposition [40] as a primary source, we prove a
broken Bramble-Hilbert lemma for finite element differential forms. Our Scott-Zhang-type interpolant uses only
momenta over full-dimensional cells and facets. Prospective applications of this broken Bramble-Hilbert lemma
include the convergence theory of finite element exterior calculus over surfaces and manifolds. We leave this
for future research. The remainder of this introduction provides further context for our research and a partial
review of the literature.

The Hodge-Laplace equation is the central equation in the calculus of differential forms; its saddle-point
formulation has been studied in numerical analysis because it captures different variations of the Maxwell
system and the Poisson problem in primal and mixed formulation (see Hiptmair [25] and Arnold, Falk, and
Winther [1]). It shows that the analytical properties of these partial differential equations over a domain € are
studied best via the Sobolev de Rham complexes

4 HARQ) —L s HARQ) —L s (1.1)
Here, d is the exterior derivative, and a differential k-form is in HA*(Q) if its coefficients are square integrable
and its exterior derivative, initially defined in the sense of distributions, has square integrable coefficients as well.
Specifically, the above example of a Sobolev de Rham complex is useful for analysing the Hodge-Laplace equation
with natural boundary conditions. The theory of the Hodge-Laplace equation with essential or mized boundary
conditions has seen substantial progress only in recent years. For the Hodge-Laplace equation with mixed
boundary conditions we study Sobolev de Rham complexes with partial boundary conditions (see Gol’dshtein,
Mitrea, and Mitrea [22]):

4 mARQ D) —4 s gAMYL (1.2)

Here, partial boundary condition refers to imposing homogeneous boundary conditions along a part I' C 9% of the
domain boundary. The most important results for the de Rham complex with either no boundary conditions
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(when I' = @) or full boundary conditions (when I' = 99Q), such as Rellich embedding theorems, Poincaré-
Friedrichs inequalities, and homology space theory, are still valid for general mixed boundary conditions (see
also Jochmann [28,29] and Jakab, Mitrea, and Mitrea [27]).

In regard to the numerical analysis for the Hodge-Laplace equation, finite element de Rham compleres mimic
Sobolev de Rham complexes as a fundamental structure on a discrete level. We adopt the framework of finite
element exterior calculus (Arnold, Falk, and Winther [1,3]) as a unifying language for the theoretical background
and the formulation of finite element methods. A very general Galerkin theory of Hilbert complexes, which asserts
that Galerkin approximations are quasi-optimal approximations of the solution of the Hodge-Laplace equation,
is at our disposal once we have smoothed projections from Sobolev de Rham complexes onto finite element
de Rham complexes, that is, L2-bounded projections such that diagrams such as the following commute:

C—4 . HAMQTD) —% HAMLY(QT) —L .

Wki 7Tk-+1l (1.3)
L PoANTLU) —E PoARY (T U —L s
The widely studied special cases I' = () and T' = 9Q correspond to either imposing no essential boundary
conditions at all or essential boundary conditions along the entire boundary. We remark that the cohomology
spaces of finite element de Rham complexes with partial boundary conditions were addressed first by Licht [32]
via purely algebraic means, and Poincaré-Friedrichs constants have been addressed by Christiansen and Licht [9]
within an algebraic framework.

Notably, the concept of commuting bounded projection from Sobolev de Rham complexes onto finite ele-
ment de Rham complexes has been the dominating focus of the published theoretical research on vector-valued
finite element methods. Numerous techniques and variations are found in the literature. The basic idea, and
its relevance to mixed finite element methods, can at least be traced back to the work of Fortin [21] on mixed
methods for the Poisson problem. Christiansen [8] introduced a bounded projection that commutes with the
exterior derivative up to a controllable error. Arnold, Falk, and Winther [1] developed a commuting L2-bounded
projection from the de Rham complex without boundary conditions onto a finite element differential complex
assuming quasi-uniform families of triangulations. Christiansen and Winther [11] extended those ideas to the L?
de Rham complex with boundary conditions and merely shape-regular families of triangulations. Licht described
smoothed projections for LP? de Rham complexes over weakly Lipschitz domains, first without boundary con-
ditions [31] and subsequently with partial boundary conditions [30]; the existence of such a projection had
been presumed previously by Bonizzoni, Buffa, and Nobile [5]. A commuting bounded local interpolant was
described by Schéberl [36] in vector-analytic language, which was later generalized to partial boundary con-
ditions by Gopalakrishnan and Qiu [24], and to the setting of differential forms by Demlow and Hirani [13].
Christiansen, Munthe-Kaas and Owren [10] discussed a bounded commuting quasi-projection that locally pre-
serves polynomials up to a specified degree. Falk and Winther [19] developed a commuting local projection from
the L? de Rham complex without boundary conditions that is bounded in HA norms. Ern and Guermond [17]
described an LP-bounded commuting projection in the language of vector analysis. One major commonality of
these operators is that they provide quasi-optimal approximations within finite element spaces while featuring
additional properties, such as uniform bounds, commutativity with differential operators, or locality. One of the
most important applications of these operators has been in proving quasi-optimality of Galerkin approximations
in mixed finite element methods [1].

However, this does not quantify the error of the (quasi)-optimal approximation within the finite element
space. For example, such would provide error estimates for the finite element solution in terms of powers of the
mesh size. Hence an additional interpolation error estimate constitutes that last step. Numerous results have
been published, with most of the work addressing scalar-valued finite element methods only. The most widely
known interpolant is due to Clément [12]. The Clément interpolant is local, LP-bounded and can be modified
to respect homogeneous boundary conditions. Another milestone in the literature on quantitative interpolation
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estimates is the Scott-Zhang interpolant [38]. This operator interpolates also values over the faces (and thus
boundary conditions) and is idempotent. However, it generally requires higher smoothness on the function than
the Clément interpolant. We emphasise that the Clément and Scott-Zhang interpolants, and the interpolants
that we develop in this work, do not necessarily commute with the differential operators and generally are
not projections. Surprisingly, only a few publications study quantitative error estimates for vector-valued finite
element methods. We mention the quasi-optimal interpolant of Ern and Guermond [18] as the apparently first
such construction in the literature. Their projection operator, which generalizes ideas of Oswald [35] to curl- and
divergence-conforming finite element spaces, satisfies similar local error estimates as the Clément interpolant
and can be modified to satisfy homogeneous boundary conditions. It seems their publication was the first to
give quantitative error estimates for curl-conforming and divergence-conforming finite element spaces.

Apart from quasi-interpolation error estimates for vector-valued finite element methods, for which we study
the Clément interpolant and the Scott-Zhang interpolant in finite element exterior calculus, we are interested
in what has been in circulation as broken Bramble-Hilbert lemma in recent years. In the context of finite
element methods, the broken Bramble-Hilbert lemma for scalar-valued functions states that approximation by
continuous piecewise polynomial functions is essentially as good as approximation by discontinuous piecewise
polynomial functions (that is, approximation within a broken finite element space) under the condition that
the function to be approximated satisfies some moderate continuity conditions. Results of that form have been
studied by Veeser [40] using techniques for the Scott-Zhang interpolant; see also Camacho and Demlow [6] for
applications to surface finite element methods and also Bank and Yserentant [4] for relations to a posteriori error
estimation. Whereas the broken Bramble-Hilbert lemma has been used for the approximation of H' functions
with piecewise higher smoothness, we discuss the approximation of differential forms with HA regularity with
piecewise higher smoothness. We remark that the projection of Christiansen, Munthe-Kaas and Owren [10]
satisfies a similar result under abstract assumptions. The case of divergence-conforming finite element spaces has
been addressed by Ern, Gudi, Smears, and Vohralik [16] with a particular focus on the stability in the polynomial
degree. A similar result for curl-conforming spaces has been shown by Chaumont-Frelet and Vohralik [7]. The
aforementioned two contributions, which come closest to this work’s research topic, focus on the Hilbert space
situation and the perspective on Veeser’s original result as the equivalence of global and local approximations in
the L? norm. We assume the perspective on Veeser’s result as a broken Bramble-Hilbert lemma as in Camacho
and Demlow’s aforementioned contribution. Like in their case, our result is motivated by the error analysis of
finite element methods over surfaces and manifolds.

The remainder of this article is structured as follows. In Section 2 we review notions of triangulations. In
Section 3 we recapitulate basic results about Sobolev differential forms. In Section 4 we review finite element
spaces of differential forms. Section 5 discusses biorthogonal bases and degrees of freedom. Section 6 introduces
and analyses the Clément interpolant for differential forms. Section 7 discusses another representation of the
degrees of freedom. This is used subsequently in Section 8, where we discuss the Clément interpolant with
boundary conditions, and in Section 9, where discuss the Scott-Zhang interpolant and the broken Bramble-
Hilbert lemma. Finally, Section 10 discusses a few applications in the language of vector analysis.

2. TRIANGULATIONS

We commence with gathering a few definitions concerning simplices and triangulations.

Recall that a simpler of dimension d is the convex closure of d 4+ 1 affinely independent points, which are
called the wvertices of that simplex. A simplex F' is a subsimplex of a simplex T if all vertices of F' are vertices
of T. For any d-dimensional simplex T we write F(T') for the set of its facets, which are the d + 1 different
subsimplices of T sharing all but one vertex with 7. More generally, we write Ay4(T) for the set of d-dimensional
simplices of T', and we write A(T') for the set of all subsimplices of 7.

A simplicial complex is a collection 7 of simplices that is closed under taking subsimplices and for which
the intersection of any two simplices T,T" € T is either empty or a common subsimplex of T and T". We say
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FIGURE 1. Face-connected triangulation with N = 4: we walk from the initial triangle Ty to
the final triangle T' = Ty, crossing over faces of adjacent triangles.

that 7 is n-dimensional if every simplex T € 7 is a subsimplex of an n-dimensional simplex in 7. A simplicial
subcomplex of T is any simplicial complex Y C 7. We write Ay(7) for the set of d-dimensional simplices of 7.

All simplices are assumed to have a fixed orientation. Whenever T is a simplex and F' € F(T), then we set
o(F,T) =1 if the orientation of F' is induced from 7" and we set o(F,T) = —1 otherwise.

We introduce another combinatorial condition on the simplicial complex, following the discussion in [40];
see also Figure 1 for an illustration. We call a finite simplicial complex 7 face-connected whenever for all n-
dimensional simplices Ty, T' € T with non-empty intersection, there exists a sequence 71, . .., Ty of n-dimensional
simplices of 7 with Ty = T, and such that for all 1 < ¢ < N we have that F; = T; N T;_; satisfies F; €
F(T,)) N F(T;—1) and To N T C F;. For example, any simplicial complex that triangulates a domain is face-
connected.

For any simplex T' of positive dimension d we let hp and Vold(T) be its diameter and its d-dimensional
Hausdorff volume, respectively. We call u(T) = hé/ vol*(T) the shape measure of T. The shape measure (7))
of any simplicial complex 7 is the supremum of the shape measures of all its non-vertex simplices. Generally
speaking, a high shape measure indicates degeneracy of simplices. To simplify some technical arguments, we
write hy for the minimum length of any one-dimensional simplex adjacent to some vertex V € 7.

For any T' € 7 we introduce the two sets

urr= \J 7 Uir= |J T, (2.1)
T' €A, (T) T' €A, (T)
TCT! T'NT#)

We call the former the local patch around T and the latter the macropatch around T'; see also Figure 2 for an
illustration. Note that Urr C Uf r. When S,T' € T with S C T, then Ur7 C Us,7 and U+ C Uz . We
remark that the ratio of diameters of adjacent simplices as well as the number of simplices entering the unions
in (2.1) can be bounded in terms of the shape measure whenever 7 is the triangulation of some domain.

Remark 2.1. In the analysis of finite element methods, one is commonly interested in results that are valid
for families of algorithmically constructed triangulations. These triangulations typically satisfy uniform bounds
on the mesh constants introduced above.

3. BACKGROUND IN ANALYSIS

In this section we recapitulate notions and results from the analysis of Sobolev spaces and exterior calculus.
Our focus here are the Sobolev-Slobodeckij spaces, sometimes also referred to as fractional Sobolev spaces [14,39],
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FIGURE 2. Left: the local patch and macropatch around a point are the same. Middle: the
local patch (solid grey) around an edge and the larger macropatch (shaded) around that edge.
Right: the local patch (solid grey) of a triangle, which is only the triangle itself, and the larger
macropatch.

and the calculus of differential forms with coefficients in the aforesaid Sobolev-Slobodeckij spaces [22,26,34,37].
Although we are initially only working over domains, most notions in this section also apply to the analysis on
embedded simplices with little modification. For the remainder of this section, let 2 C R™ be a domain, that is,
a connected open set.

We use standard notations for function spaces in this article. C°°(2) is the space of smooth functions over {2
and C>(Q) is the space of restrictions of smooth functions over the Euclidean space onto 2. We write C2°()
for the space of smooth functions with support contained compactly in Q. Next, LP() is the Lebesgue space
over € to the integrability exponent p € [1, o0, equipped with the norm || - ||L,,(Q).

Here and in the sequel, A(n) is the set of all multiindices over {1,...,n}. For any m € Ny, let W™P(Q) be
the Sobolev space of measurable functions over €2 for which all distributional a-th derivatives with o € A(n)
and |a| < m are functions in LP(£2). We define the norms || - [[7m.5(q) and the seminorms | - |y .5, Whose
definitions for every w € W™P(Q) are

lwllwmr@ = Y [0°0lLe@y  |wlwmr@) = Y [0°0]Le@)- (3.1)
acA(n) acA(n)
o] <m |a]=m

In order to define Sobolev-Slobodeckij spaces, with which one generalizes the idea of the Sobolev space to
positive non-integer order, we let 6§ € (0,1) and define the seminorms

0%w(x) — 0%w(y)|P g
|wlywm+op Q) = Z (/Q/Q | |;)y|n+p9(y) dxdy) , wEW™P(Q), p< oo,

acA(n)
lal=m
o e
|wlym+o.00 () = Z esssup [9%w(@) 9w(y)|7 w € W™P(Q).
a€A(n) (z,y)EQXQ |1‘ - y|
|a]=m
Accordingly, we define the Sobolev-Slobodeckij norms
||UJ||Wm+9,p(Q) = ||w||Wm,p(Q) + ‘W|W7n+9,p(ﬂ). (3.2)
We let W™+9P(Q) denote the Banach space of measurable functions for which || - [ wm+0.0 (g is bounded. This

space is called the Sobolev-Slobodeckij space.
We let C°A¥(Q) and C°A*(Q) be the spaces of differential k-forms with coefficients in C*°(Q) and C*°(92),
respectively. The space of smooth compactly supported differential forms C2°A¥(Q) is defined analogously. The
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spaces LPAF(Q) and W*PAF(Q) are defined accordingly for any p € [1,00] and s € [0,00) and one writes
1 W zoar s | lwspar () and |- [yrappr (o for the corresponding norms and seminorms.

The exterior product wAn of a k-form w and an [-form 7 is bilinear in each argument and satisfies the identity
wAn = (—1)*n Aw. The exterior derivative is a differential operator between differential forms. One defines

dw = da; Adiw, we CAHQ). (3.3)

i=1
An important identity is the Leibniz rule
dwAn) =dwAn+ (=) fwAdy, weC®ARQ), neC®A(Q). (3.4)

The exterior derivative of differential forms with coefficients in Lebesgue spaces is defined a priori in the sense
of distributions. A particular class of differential k-forms which is of interest in this article is

WPINR(Q) := { w e LPAF(Q) | dw € LIAFTH(Q) },  p,q € [1,00]. (3.5)

Our interest in WP9A*(Q) is based on the fact that these differential forms, although they have a very low
regularity, allow a meaningful trace theory. It should be noted that W?2A*(Q) is exactly the Hilbert space
HA¥(Q), which is the centre of interest of many publications on finite element exterior calculus.

We remark that, if S is any simplex in R™ of any dimension d, one can set up the calculus of differential
forms as well, using the coordinate system of the affine subspace corresponding to S. We will only need the
space C>°A¥(S) and subspaces of it, and leave out the technical details, which are straight-forward. We remark
that the integral |, gw of any integrable k-form over a k-dimensional simplex S is well-defined. The trace from
any simplex S onto any of its subsimplices F' € A(S) is written trg z in this article. We also write trg for the
trace onto any simplex S whenever this well-defined; there will be no ambiguity in this article regarding this.

We are interested in spaces of differential forms that satisfy homogeneous boundary conditions, in a sufficiently
generalized sense, along some subset I' C 9 of the domain boundary. We refer to such boundary conditions
as partial boundary conditions. Our definition of such partial boundary conditions builds upon an integration
by parts identity, following Gol’dshtein, Mitrea, and Mitrea (see Definition 3.3 of [22]) and Fernandes and
Gilardi [20],

Formally, when T' C 09 is a relatively open subset of 02, then the space WP9A*(Q,T) is defined as the
subspace of WP4A¥(Q)) whose members adhere to the following condition: we have w € WP9A¥(Q,T) if and
only if for all z € I' there exists p > 0 such that over the open ball B,(z) C R™ of radius p > 0 around z we
have the identity

/ wAdy = (=1)k / dwAn, n€CEA"" 1 (B,(z)). (3.6)
QNB,(z) QNB,(x)

One sees immediately that every w € C*°(Q) that vanishes along I' satisfies this identity. Formally, this definition
of homogeneous boundary values requires no assumptions on the regularity of 02, and thus we circumvent the
discussion of traces, but of course one has to be careful in which circumstances the general definition above is
mathematically helpful.

One notices that WP9A*(Q, T) is a closed subspace of WP4A*(Q2). We also say that w € WP9A*(Q, T') satisfies
partial boundary conditions along I'. The definition implies that

AWPIAR(Q,T) C WA QL) pg.r € [1,00]. (3.7)

In other words, if a differential form satisfies partial boundary conditions along I', then its exterior derivative
satisfies partial boundary conditions along T, too.
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Remark 3.1. Spaces of differential forms constitute differential complexes which are known as de Rham com-
plezes in the literature. For example, writing HA¥(Q,T) = W22A*(Q,T), consider the differential complex

4 mARQ D) —4 s gAMYQT) —2 (3-8)
The case I' = () corresponds to imposing no boundary conditions at all while the case I' = 9 corresponds to
imposing boundary conditions along the whole of the boundary. The space HA*(Q,T') is then more commonly
written either HAF(Q) or HyAF(Q), respectively. Both cases have been subject to extensive study in the literature
of theoretical and numerical analysis, while results for partial boundary conditions are more recent. For the case
that Q is a weakly Lipschitz domain and I is a boundary part with sufficient regularity, the images of the
exterior derivatives of the de Rham complex (3.8) have closed range and they realize the Betti numbers of
relative to I' on cohomology. We refer to [22] for the details.

The study of differential complexes such as (3.8) provides the theoretical background of partial differential
equations associated with the exterior derivative. The most widely known one is the Hodge-Laplace equation.
The de Rham complex with partial boundary conditions is the theoretical underpinning for the Hodge-Laplace
equation with mized boundary conditions (see [30]).

4. FINITE ELEMENT SPACES OVER TRIANGULATIONS

We now turn our attention to the theory of finite element differential forms. We consider the classes of
polynomial differential forms, and the corresponding finite element spaces, that have been elaborated upon by
Hiptmair [25] and Arnold, Falk, and Winther [1,2],

We let P,.A*(Q) be the space of differential k-forms whose coefficients are polynomials of degree at most
r > 0 over the domain €. For 7 > 1, we define P,- A*(2) by

PARQ) := P 1 AR(Q) + kP AFTH(Q), (4.1)

where & is the Koszul operator (see [1]). These spaces are also defined over simplices: we let P,.A*(S) and
P~ A*(S) be the pullbacks of the spaces P, A¥(R™) and P;” A¥(R™) onto any simplex S, respectively.

We also need to discuss spaces of polynomial differential forms over simplices with boundary conditions. For
any simplex S one sets

PAR(S) := {w e PAK(S) |[VF € A(S),F # S : trg pw =0}, (4.2)
PrARS) = {we PrAFS) |[VF € A(S),F# S trgpw =0} . (4.3)

We define finite element spaces over triangulations by considering piecewise polynomial differential forms satisfy-
ing the necessary continuity conditions so that the exterior derivative exists not just in the sense of distributions.
Formally, assume that 7 is a triangulation of the domain Q2. We set
PrAF(T) i= {w € WA (Q) | VT € A (T) : wir € P.ART)}, (4.4)
PrA(T) i= {w e WA Q) | VT € Au(T) s wir € P AMT)}.
The definition of finite element spaces with boundary conditions requires further concepts. For any simplicial
complex U C 7T we define formally
PANT,U) = {uwePAT)|VFeU i trpu=0}, (4.6)
PrANT,U) = {ueP  ANT) |VF el :trpu=0}.

In the case where U = ), we have PA¥(T,U) = PA*(T). Of course, the most interesting case is the setting where
U triangulates a boundary part of a domain along which we impose homogeneous partial boundary conditions.
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We recapitulate some simple relations between these finite element spaces, which are easily verifiable from
the literature on finite element differential forms:

PAN (T, U) C P AN(T, U) C P, AR(T U,
AP, AF(T,U) = P AR (T U) € PARYH (T, U).
These hold for any k,r € Z with r > 0.

Remark 4.1. We highlight a few further facts in relation to boundary conditions. Suppose that 2 C R” is
a domain and that I' C 0N is some part of its boundary with positive surface measure. For the purpose of
illustration, let us assume that 92 can locally be written as the graph of a function. Suppose that the simplicial
complex 7 is a triangulation of 2 and that the subcomplex U is a triangulation of I'. One finds

PAR (T, U) = PAM(T) nWw>=(Q,T),
PrANT, U) =P AR(T) N W2 (Q,T).

The spaces P.A*(T,U) and P~ A*(T,U) are, in that sense, finite element spaces appropriate for discretizing
Sobolev spaces of differential forms with boundary conditions along T'.

We discuss the geometric decomposition of finite element spaces. This theoretical framework may be more
abstract than what is usually found in introductory finite element expositions but it has been very useful in
capturing an essential feature of various finite element spaces, namely association of shape functions and degrees
of freedom to cells of the triangulation.

We assume that for each F' € T we have the extension operators

Exti : PAR(F) — PANT), Extplh™ : PrAR(F) — PrAKT). (4.8)

which have been defined by Arnold, Falk and Winther [2]. The two critical properties of these extension operators
are that they are right-inverses of the traces,

trp Ext;l)kT =1d, trp Ext;;)ky’—_ =1d,
and that for all S € 7 with F ¢ S we have
trg Extp PAR(F) =0, trgExtys PAR(F) = 0.

It is then possible to decompose finite element spaces into direct sums

PoAR(T U) = @) Extiy PARF),  PrARNTU) = @) Extiiy PrAR(F). (4.9)
FeT FeT
Feu F¢u

This decomposition is an instance of Theorem 4.3 in [2] applied to the finite element spaces P.A*(7) and
P-A*(T), see also Theorems 7.3 and 8.3 in the aforementioned publication, in the case without boundary
conditions. For the case with boundary conditions, see [33].

Remark 4.2. Informally, (4.9) is a decomposition of the global finite element space into localised “bubble
spaces” associated with the degrees of freedom. For example, if £k = 0, then we are dealing with the classical
Lagrange elements. The Lagrange space over 7 is spanned by localised piecewise polynomial bubble functions
associated to vertices, to edges, and finally up to bubble functions associated to facets and to full-dimensional
simplices. In case kK = n instead, we are just dealing with piecewise discontinuous functions whose degrees of
freedom are all associated to full-dimensional cells. Another important example is the case k = n — 1, where we
have divergence-conforming finite element spaces. These can be decomposed into “bubbles” associated to either
full-dimensional cells or faces of codimension one.
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We finish this section with a discussion of the degrees of freedom for these finite element spaces. We consider
the following spaces of functionals. When F' € T and m = dim(F'), then we define

C.AF(F) = {w — /Fn/\trpw € WA Q)" | 7

€EP mAm—k(F)} , (4.10a)

CoAR(F) = {w — /Fn Atrpw € W AR(Q)*

ne Pr+k_m_1Am’“(F)} : (4.10b)

These spaces are algebraically isomorphic to P, WATTF(F) and Prgg_m—1A™F(F), respectively, see [1].
We define those functionals over W>>>°A¥(€)) since those differential forms have well-defined traces (see [23])
but this is only of technical relevance. If we restrict the functionals in these sets to P A¥(F) and P AF(F),
respectively, in the obvious sense, then we obtain the full dual spaces of the local finite element spaces with
boundary conditions. With little effort (see [33]) it is possible to show that

PAN (T, U)* = €D CANF), PrAMT .U = @D ¢ AR(F) (4.11)

Remark 4.3. The finite element spaces discussed in this article can be put together to form finite element
de Rham complexes, for example:

L PoAMTU) —L— POAMY (T U) —— (4.12)

One can construct projections 7% : WP4A*(Q, T') — P~ A¥(T,U) from the Sobolev de Rham complex onto the
finite element de Rham complex which commute with the exterior derivative and satisfy LP bounds depending
only on the polynomial degree and the mesh quality (see [1,10,11,17,19,30,31]).

— 4 weapkQT) —L o wasAkLQT) —4 s
“ki ﬂml (4.13)

L poAR(TLU) —L PoARY T U) —L s L
This smoothed projection is the key to enable the abstract Galerkin theory of Hilbert complexes (see [3]). The
finite element solution of the Hodge-Laplace equation is a quasi-optimal approximation of the true solution
within the finite element space. However, those results do not concretize the approximation estimates. Con-
cretely, we usually want to bound the error in terms of the (local) mesh size and the solution regularity. The
interpolant derived in this article accomplishes that goal.

5. BIORTHOGONAL BASES AND DEGREES OF FREEDOM

In this section we discuss biorthogonal systems of bases and degrees of freedom for finite element spaces.
This will not only provide helpful tools in the discussion of the Clément interpolant in subsequent sections but
it is also an interesting result in its own right. As a particular feature, the bases and degrees of freedom are
localised. We inductively construct the biorthogonal system in a top-down manner: the induction starts with
cells associated to the highest dimension and progressively works itself down the simplex dimensions.

Assumption 5.1. For the remainder of this article we let T be an n-dimensional simplicial complex, and we
letU C T be a simplicial subcomplex. We assume that T triangulates a domain Q C R"™ and that U triangulates
a part of the domain boundary T C 9Q. Moreover, we fix p € [1,00], k € Ny, a polynomial degree r € N, and a
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family of finite element spaces of differential forms. Specifically, we write
PAM(T) = P.AMT), PAYT,U) =P.A*(T,U),
and for all S € T : PAF(S) = P,A*(S), PA*(S) = P,A*(S), and CA*(S) = C,A*(S),
and for all domains U C R™ : PAF(U) = P, A (U),
or
PANT) = PrANT),  PAN(T.U) =P ANT, W),
and for all S € T : PAF(S) = P-AF(S), PAF(S) = PoA*(S), and CAF(S) = C7A¥(S),
and for all domains U C R™ : PA*(U) = P A (U).

We assume’ that the first option holds if k = 0 and that the second option holds if k = n. Furthermore, for
reasons of exposition, we introduce for every S € T a set of indices

I(S) :={1,...,dim PA*(S)}.
We can now state the main result of this section.

Theorem 5.2 (Localised Biorthogonal System). There exist bases {¢§,i}i61(s) of CA¥(S) for each S, and a
basis {¢Svi}S€T,iEI(S) of PA¥(T) such that the following conditions are satisfied for all S € T :

) ) 1 fS=95i=j
"eTiel I(S') : 6% (dsr ) = ’ ’ A
VS' € T i € 1(8),5 € I(S') : 6%, (651) {0 us-s (1)
VS'eT:5¢ S = trg ¢s; =0. (5.2)
In addition to that, for all S,T € T with S CT and dim(T") = n,
n_g
¢s,illoarry < Cahl (5.3)

95, (W)ds,illLoar(r) < Callwllzoar(r), w€ PrAF(T).
Here, Cp > 0 is a constant which only depends on p, n, the polynomial degree r, and pu(T).

Remark 5.3. The degrees of freedom stated in the theorem are just the same as in (4.10). We will con-
struct a new basis of the finite element space from the geometrically decomposed basis via local modifications.
Equation (5.1) just states what we understand as biorthogonality, and equation (5.2) formalises that the basis
forms are localised: any form associated to the simplex S vanishes on simplices that do not contain S. The
estimates (5.3) and (5.4) follow from scaling arguments.

Proof of Theorem 5.2. First, for every simplex S € 7 we fix a basis {¢g,0} (s) of the local space ﬁAk(S)

and a basis {¢§»i}iel(8) of the space CA¥(S) such that

iel

¢5,i(¢s,50) = dij, 1,5 € I(S).

We can also assume that the differential forms ¢g ;0 and the functionals ¢% ,; are defined via pullback from a
reference simplex. Going from there, we inductively build a basis of PA¥(7) in a top-down fashion.

Let S € 7 be a simplex of dimension n. We define ¢5; € PA*(7) by setting bs,i|s = ¢s,i0 over S and
¢s4r = 0 over all other n-dimensional simplices 7" € 7. It then follows that (5.2) and (5.1) hold for all

4Recall that PrA? = P A and Pr_1A™ = P A™.
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S € A,(T). Since we assume that ¢g,; and ¢%,; are defined via pullback from reference simplices, the two
inequalities (5.3) and (5.4) are valid.

Next, suppose we have defined ¢5,; € PA¥(7T) for all S € T with dim(S) > m and i € I(S) such that (5.2)
and (5.1) hold for all S € 7 with dim(S) > m. For every S € T with dim(S) = m we then set

¢s,i = Exts 1 ¢s,i,0 — Z Z o7, (Exts T ¢56,0) 61,05

TeT leI(T)
SCT

where Extg 7 = Extg’kT or Extg 7 = Extg’kT’f as defined in Section 4, depending on our choice of finite element

space.
To check that (5.2) holds, we let " € 7 with S € S’. Then T'¢ S’ for all T € T with S C T. Therefore the
properties of the extension operators and our induction assumptions lead to

trg g = trs Exts r ¢s,i0 — Z Z o7, (Exts 1 ¢s,i0) trs: ¢, = 0.
TET Lel(T)

Next we prove (5.1). We see that for all 4,5 € I(S)
b5, (¢s,i) = 5 ; (Exts T dsio) — Z Z o7 (Exts T ¢s5.0,0)95,; (¢1.1) = ¢ ; (ExtsT ¢s.i0)
TET 1eI(T)
SCT
= ¢5; (¢s:,0) = 0ij-
Let i € I(S). If $' € T with S # 5" and S ¢ ', then we already know that trs: ¢s; = 0, thus ¢% ;(ds:) =0
for all j € I(S7). If instead S C S’ then for all j € I(S’) one sees

G5y (5.:) = 0% (Bxtsr dsio) — Y Y bru(Bxtss ¢sio)ds ; (61.)

TeT 1€1(T)
SCT

= ¢35 ; (Exts 1 ¢s,i0) — d5 j(Exts T ds.i0)ds j (dsr5) = 0.

Lastly, we attend to the inequalities (5.4) and (5.3). In what follows, we write C for a generic positive constant
which depends on the same quantities as Cy in the statement of the theorem and which may change from line
to line. By the induction assumption, they are true for simplices T' € 7 with dim(7") > dim(S). For any simplex
D € T of dimension n with S C D,

Ips.illLearpy < | Extsr dsiolleacpy + D Y. 1071(Bxts.s ¢s.i0)érllreac(p)
TET 1e1(T)

< || Extsr ¢siollLonspy +C Y Y, | Bxtsz bsiollLraro)-
TET1el(T)

Our choice of extension operators Extg 7 can be defined equivalently via transformation from a reference simplex,
and so a scaling argument gives

n_p
| ExtsT ¢s.iollLearpy < Chg .

This shows (5.3). Finally, (5.4) follows from
¢%.s(W)bs,illoar () < |05 (W)| |65l Loan(r)

—1—(n—1— n__f
< CRE " W oo pr () Cah

n_L —n n_ L
< CRG |wll poopr(ry Cahg < ChEhg"hg  l|lwll poar(ry
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where we use another scaling argument and an inverse inequality. This completes the induction step, and the
theorem follows. |

It is easy to extend the preceding theorem to the case of finite element spaces with boundary conditions. We
simply use only those shape forms which are not associated with simplices of the respective boundary part.

Theorem 5.4. Let {¢si}ser ici(s) be the basis of PA*(T) as described in Theorem 5.2. Then the set
{bs.itseru,ici(s) is a basis of PA*(T,U).

Proof. Let w € PA*(T,U). There exist unique xs; € R for S € 7 and i € I(S) with

w=> Y Xsibsi-

SeT ieI(S)

It remains to show that xg,; = 0 for any S € U. We use an induction argument. First, if S € U with dim(S) =0,
then trgw = Ziel(s) Xs,itrs ¢s,i. Hence trsw = 0 shows that xs; = 0 for all 7 € I(S). Next, suppose that
for some m > 0 we already know that xs; = 0 for S € 7 and i € I(S) with dim(S) < m. If S € U with
dim(S) = m, then property (5.2) yields

0=trsw= Z Z XF,itrs op; = Z Xs,i trs @s.i.

gé’gier(m i€I(S)
It follows again xg,; = 0 for all ¢ € I(S). An induction argument completes the proof. O

6. CLEMENT INTERPOLATION AND LOCAL APPROXIMATION THEORY

In this section we generalize the Clément interpolant without boundary conditions to the setting of differ-
ential forms. Thus we construct a bounded operator from LP spaces of differential forms onto finite element
spaces. Our construction follows the main ideas of what is known as the Clément interpolant in the scalar-
valued finite element setting. In his original work, Clément defined the interpolant first taking projections onto
local neighbourhoods of the degrees of freedom and then evaluating each degree of freedom at the associated
projection. The resulting operator is bounded with respect to Lebesgue norms, it is local, and allows for best
approximations in the local neighbourhood around each cell.

First, we fix projections onto polynomial differential forms over simplices and neighbourhoods of simplices.
These will enter the construction of our interpolants. For each simplex S € 7 we have an idempotent bounded
linear mapping

Ps : LPA*(Q) — P.A*(Us1) € LPA*(Us 1)
such that for all w € W™PAF(Q) with m € [0,7 + 1] one has
|w = Pswl|[Lrarws ) < Couls |wlwmonrws 1) (6.1)
and whenever dw € WHPA¥(Q) with [ € [0, 7],
[dw — dPsw|| o ar+1 (g 7y < Corhls|dw|ywioaci g 1)- (6.2)

Here, Cgpy > 0 depends only on n, p, the polynomial degree r, and the triangulation regularity. One possible
choice for Pg is the interpolant introduced by Dupont and Scott [15], which commutes with partial derivatives.
While they discuss that mapping only for scalar functions, it can easily be extended to differential forms by
componentwise application.
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We introduce another family of projections, which will only enter the error analysis of our interpolants. For
each n-dimensional simplex T' € 7 there exists a bounded projection

7 LPAR(T) — PAX(T)

which satisfies the inequalities

|w — Trwl| Leak(ry < Cn %%m lw = Loarry, w € LPAR(T), (6.3)
|[dw — dllzw|| rar+r(ry < Cn e inf - |dw — d|| popr+r(ry, w € WPPAR(T). (6.4)

Here, Cy; > 0 depends only on n, p, the polynomial degree 7, and the triangulation regularity. To see this, we first
define the projection on a reference simplex and then transport it to other simplices via pullback. On a reference
simplex, we simply pick the well-known smoothed projection without boundary conditions (see [1,11,30,31]).
These operators are uniformly bounded, commute with the exterior derivative, and satisfy (6.3) and (6.4) over
the reference simplex. The desired properties then follow via transformation of the reference simplex.

We define our interpolant by

7 LPAR(Q) = PAMT), wis ) Y 6%, (Pow) s (6.5)
SeT icl(S)

This generalizes the Clément interpolant to the setting of finite element exterior calculus. Next we analyse the
interpolation error.

Theorem 6.1. There exists Czt > 0, depending only on n, p, the polynomial degree r, and the shape measure
of the triangulation, such that the following is true: for all T € A, (T) we have

[Z7wllLear(r)y < Czllwlliearwy ), w € LPAR(UF 1),

and for all T € A, (T) we have

||w - IT(UHLpAk(T) < Cz||w - HTwHLpAk(T) + CI Z Hw - PSW”L;JA]C(US,T), w e LpAk(Q).
scT
iel(S)
Proof. Let w € LPA¥(Q). Let T € T be any n-dimensional simplex of the triangulation. We estimate

IZrwllonry < Y > 1165 (Psw) és.irllLear(r)

SCTiel(s)
< Z Z CallPsw| poar(r) < Z Z Ca(l+ Con)lwllLoakws, 1)-
SCTieI(S) SCTieI(S)

The first inequality follows from this. Next, one notices that
Trw =Y > ¢5,; (Mrw) dsir-
SCTicI(S)
The difference w — Z7w over the simplex T can now be rewritten:
(w—=Z7rw)p = (w = Trw +Tlrw — I7w)p
= (w—TIrw)r + Z Z (05 (Mrw) ¢s,i — &5, (Pswir) ds.:) T

SCT icI(S)

=(w-Trw)ir+ > > ¢5, [rw— (Psw)r) és,ir-

SCTicI(S)
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Therefore it follows that

flw — ITWHLPM(T) <jw— HTWHLPM(T) + Z Z ||¢Z',i (HTW - (PSW)\T) ¢s,i|T||LpAk(T)~
SCT i€I(S)

From inequality (5.4), we get for each subsimplex S C T and index ¢ € I(S) the estimate

6% (Mrw — (Psw)ir) ¢s.irllLearry < Callllzw — (Psw)izllLoar )
< Calllrw = Wl poar(ry + Callw — (Psw) izl Lear (1)
< Calllrw — Wl poar(ry + Callw — Psw|| poak s 1)

With some constant Cy which depends only on n and the polynomial degree r, one can summarize our obser-
vations then with the local estimate

lw = Zrwl| poar(r) < (1 + CoCa)llw = Mrwlpoaecry + Ca Y Y llw = Pswllpoarws.r)-
SCTic1(5)

The desired theorem follows. O

Corollary 6.2. Let m € [0,7 + 1] if PA¥(T) = P, A*(T) and let m € [0,7] otherwise. Then for all T € A, (T)

we have
lw = Zrwl|oar(ry < CohT lwlwmearwsy ), wE WP AF(Q).
Here, Cz,9 > 0 depends only on n, p, the polynomial degree r, and the shape measure of the triangulation.

Proof. The result follows from Theorem 6.1, Inequalities (6.1) and (6.3), together with standard approximation
estimates and the local finiteness of the triangulation. O

This generalizes the Clément interpolant to the setting of finite element exterior calculus. In particular, we
reproduce the order of approximation in the mesh size known from the scalar-valued theory. However, the
reader will notice that we have only covered the case when no boundary conditions are imposed on the finite
element space. The generalization to homogeneous boundary conditions, either along the whole of the boundary
or merely a part of it, is not yet covered by this construction. Indeed, the interpolant of this section does not
preserve homogeneous boundary traces.

The most obvious modification of the interpolant is simply setting all degrees of freedom along the boundary
part to zero, which is also the approach followed in Clément’s original paper [12]. While that straight-forward
modification will eventually provide the desired result, it is not straight-forward how the best approximation
properties can be proven under that modification. The next section will prepare technical tools to accomplish
that target.

7. EXTENDING THE DEGREES OF FREEDOM

In order to advance our analysis of finite element interpolation, we need to rewrite degrees of freedom in a
manner that defines them over differential forms with minimal smoothness assumptions. The idea is that every
degree of freedom associated to lower-dimensional simplices can be expressed in terms of traces over facets.

Theorem 7.1. For every S, F € T with dim(F) =n —1 and S C F and every i € I(S) there exists fFSl S
CXA"*=L(F) such that for every T € A, (T) with F C T we have

/ §F51 Arrw = ¢g,(w), wE PTAk(T), (7.1)
F
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and there exists =1 5 s, € COOA”*k’l(T) such that trp E1 p 5 = éF’S’i and the support of 21 r s has positive
distance from all facets of T except F.

Moreover, there exists C= > 0, depending only on n, p € [1,00|, the polynomial degree r, and the shape
measure of the triangulation, such that

—n+k+1 n+k

127, 7,8,ill Loan-r—1(7) < C=h} . NAZrpsillpoan—xer) < C=hl . (7.2)

Proof. As to simplify the exposition, this proof is to be read as an immediate continuation of the proof of
Theorem 5.2, and we tacitly use all notation made in that proof.

For every S € A(F) and i € I(S) we let ¢§; 1= trp ¢g,. So {¢§»i}SeA(F),ieI(S) is a basis of PAF(F). If
PAF(F) # P.A*(F), we augment to a basis of P,A¥(F) by including differential forms that are first defined on
a reference facet and then transported to F'; we write AA¥(F) for the resulting basis of P,.A¥(F). Note that
AAF(F) can be defined uniformly via transport from a reference facet.

One can find a set BA"*~1(F) Cc C®A" k=1(F) whose members represent the dual basis of AAF(F)
by integration over F'; this construction can be done on a reference facet first and then be transported to
F. Since the degrees of freedom are defined via transport from a reference simplex as well, one can build
£pgi € C°A"F1(F) as desired by a linear combination of members of BA™F~1(F).

Having constructed éFySyZ‘ € CXA"k=1(F) satisfying (7.1), one easily constructs =g g, € C°A"*~1(T)
satisfying trp Er p s = § r,s,; and such that supp Er r g, has positive distance from all facets of T" except F.
The existence of a constant C= > 0 satisfying (7.2) follows easily from a scaling argument. O

Any simplex S € 7 is generally contained in different faces and full-dimensional simplices of the triangulation.
For technical reasons, for any simplex S € 7 of dimension at most n — 1 we fix an arbitrary face Fg € 7 with
S C F and a n-dimensional simplex Ts € 7 with Fs C Tg. We also introduce the abbreviations

§si = &Fs,5,4s 28, = BT, Fg,S,i- (7.3)
However, we make one modification if S € U: in that case, we require additionally that Fg € U:
Sed = Fgel. (7.4)

This enforces that degrees of freedom associated to the boundary part I' depend on values over facets within
that boundary part.

Remark 7.2. We make generous use of the following identity. For any S, F,T' € 7 with T' € A, (T), F € F(T),
S C F,and all i € I(S), the differential forms Zp r g, and £p g ; satisfy

0<F, T)/ £F7S7i ANtrpw = / dET,F,S,i Nw + (—1)n_k_1ET7F,S,i Ndw, wE CooAk(T)
F T

The significance of that formula is the right-hand side substitutes the left-hand side in lieu of a notion of traces
if w’s coefficients are very rough functions. The right-hand side is well-defined even if, say, w € HA¥(T), or more
generally, w € WPIA¥(T) for any p, q € [1,0].

8. LOCAL APPROXIMATION THEORY WITH PARTIAL BOUNDARY CONDITIONS
We define the modified Clément interpolant by

Tru: IPARQ) = PANTU), we > Y 0%, (Psw) és.i. (8.1)
Eégiel(s)

It is evident that Z7 4, takes values in the finite element space PA* (7, U) with homogeneous boundary conditions
along the boundary part I'. With the tools from the preceding section, one can prove error estimates.
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Theorem 8.1. There exists Czy > 0, depending only on n, p, the polynomial degree r, and the shape measure
of the triangulation, such that the following is true: for all T € A, (T),

1Z7 uwl oar(ry < Crulwllpearws ), we LPAR(Q),
and for all T € A, (T) one has

lw = Zr ywlprarr) < llw = ZrwllLear(r)

+Cru Y Y (lw = Pswllpoars r) + hslldw — dPswl| poar+r (s 1))
SCTicl(s)
S

whenever w € WPPAF(Q,T).

Proof. Let T' € T be any n-dimensional simplex. If T has no subsimplex in U, then
Zruw)p = Trw)p, we LPAR (D),

and one can simply apply Theorem 6.1.

Let us assume instead that 7' € 7 is an n-dimensional simplex which has a subsimplex contained in U.
Then the first inequality follows similarly as in the proof of Theorem 6.1, so we only need to study the second
inequality. Obviously,

wir = (Truw)yp = wir — (Trw) i+ Y, Y 85, (Psw)r) dsir

SCT iclI(S)
Seu

Now recall the identity

¢ (Psw)ir) = £5.i Arrg Py (Psw)|rs,
Fs

which is valid because (Psw)r € PrA*(T). Now,

o — Seo _1)ynk-le,
) S - ) =, =,
€s,i AN trrg, pg (Psw) rg = o(Fs Ts)/ (d s, N (Psw) s + (=1) i A\ d(Psw)|Ts>

Fs TS

and since w satisfies partial boundary conditions along the boundary part I" and Fg C T, we get

/ dZs; A (Psw)irs + / (—1)" g, A d(Psw)z
Ts Ts

= / dESﬂ‘ N ((Psw)|TS — w) —|—/ (—l)nikilEs,i Ad ((Psw)‘TS — w) .
Ts Ts

Thus, letting ¢ = p/(p — 1) € [1,00], we use the integration by parts formula and Holder’s inequality to find

|05 (Psw) )| < 1dZs,ill pann—r (1g) |1Psw — wll poar(rs) + 1Es,ill pann—r—1(7g)l|[dPsw — dwl| o ar+1 (1)
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Hence we find that

flw —IT,MWHLPM(T)

<w=Zrwlpoarery + Y > |65 (Psw)ir)|llés.l

SCTicI(S)
Seu

LrAK(T)

<|lw = ZzwllLoar(r)

+ Z Z HdES,i||LqAn—k(TS)||W - PSW||LpAk(Ts)||¢S,i
SCT i€l(S)
Seu

|LPA’<(T)

+ Z Z 1Zs,ill Laan—r—1(1g)l[dw — APsw]| o ar+1 (16 [|@5,i | Lo A% (1)
SCTiel(s)
S

We recall the bounds

o
ps,illLearry < Cahg

_ 2 —n+k+1 _ 2 —n+k
||:S7i||LqAn—k—1(TS) S Cgh§ 5 Hd:s7i||LqAn—k(TS) S CEhgv
Since 1 = 1/p + 1/q, putting this together produces the desired inequality. O

Corollary 8.2. Let m € [0,7+1] if PA*(T) = P, A¥(T) and let m € [0,7] otherwise. Write [ := max(0,m—1).
Then for all T € A, (T) and all w € WPPAR(Q,T) N W™PA*(Q) one has

l
|w = ZruwllLrarry < Czu0 (h?|w|meAk(U;:j) + hfl\dw|wlmk+1(u;j)) :
Here, C7 140 > 0 depends only on n, p, the polynomial degree v, and the shape measure of the triangulation.

Proof. We observe dw € WHPARTL(Q) for w € WPPAF(Q) N W™PA*(Q). The result follows by combining
Theorem 8.1, Inequalities (6.1)—(6.4), and standard estimates. O

9. A SCOTT-ZHANG-TYPE INTERPOLANT

The Clément operator, with or without boundary conditions, has only minimal regularity assumptions on its
argument: the operator is bounded over differential forms whose coefficients are in an LP space. Approximation
estimates in terms of the mesh size follow from additional regularity of the original differential form.

However, the quantitative estimates for the Clément operator in either variation require smoothness of the
original differential form over patches of cells, across cell boundaries. By contrast, the Scott-Zhang interpolation
for functions in W2(Q) overcomes this restriction and yields approximation error estimates of the same order
as the Clément interpolant but merely requiring piecewise higher smoothness. One consequence is that continu-
ous Lagrange elements have approximation capability equivalent to discontinuous Lagrange elements provided
the function has square-integrable first derivatives. Furthermore, the Scott-Zhang interpolant preserves homo-
geneous partial boundary conditions. In this section we generalize the Scott-Zhang interpolant and the error
estimate to the setting of differential forms.

When S € 7 with dim(S) = n, then we introduce the mapping

Kg; : LPAR(Q) = R, ws $5i(w).

By the choice of degrees of freedom in Section 4, these functionals are defined via integration against a smooth
differential form over S, and hence they are well-defined even for merely integrable differential forms.
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If instead S € 7 with dim(S) < n, then we consider the mapping

KSJ : Wp’pAk(Q) -R, we dETs,FS,S,i ANw + (_ )n k+1“Ts,Fs,Sl A dw.
Ts

We define the Scott-Zhang interpolant

Trau : WPPAR(Q) = PANT), wi Y > Kgi(w)es,. (9.1)

SeT icl(S)

This completes the construction of our Scott-Zhang-type interpolant. We observe that w € WPPA¥(Q,T') implies
Kg i(w) =0 whenever S € U. Therefore we also have a mapping

Jru: WPPAR(Q,T) — PAR(T U).
Next we discuss an error estimate for this approximation operator.

Theorem 9.1. There exists Cy 4 > 0, depending only on n, p, the polynomial degree r, and the shape measure
of the triangulation, such that the following is true: for all T € A, (T) we have

HJT,UWHLPA’“(T) <Cgu Z HWHWP’PA’C(T’)a wE Wp’pAk(Q),
T'eA,(T)
TNT' #0
and for all T € A, (T) we have
lw = Fruwllessry < Cou >, Nw—=Tpw|poarry + hav||dw — dTlpw| poaser ()
T'eA,(T)
TNT' #0

whenever w € WPPAF(Q,T).

Proof. The first inequality is easily seen, so we focus on the second inequality. Let T' € 7 be any n-dimensional
simplex. We find that

wir = (Jraw)r =wr —Hrw +Trw = > 3 Ksi(w)ésir

SCT i€I(S)
=wr—Hrw+ Y > ¢5,[rw)bsgr — Y >, Ksiw)osir-
SCT icI(S) SCT ieI(S)

Hence

lw — I uwlpearry < llw —rwl|pear ) + Z Z |05 (Mrw) — Kgi(w)| |6s,illoan ()
SCTicl(5)

We study the terms in the second sum in closer detail. The functionals ¢7,; and Kr; are the same and thus
o1 (Irw) — Kri(w) = ¢7,;(Ilrw — wir).
With Holder’s inequality, a scaling argument and Theorem 5.2 we thus get the upper bound

* —n+k
J(rw) — Kpi(w)| lorilloarry < Ch h T — Wl Lo Ak (1)
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We dedicate our attention to the degrees of freedom that are associated to proper subsimplices S of T'. Here,
the functionals ¢%; and Kg; generally differ. We recall that for any F' € F(T') with S C F' we have

qbg’i(HTw) = / fF,S,i Ntrr g 7w = / dET,F,S,i A lrw + (—1)n_k+1ET,F)S’i A dlrw.
F T
On the other hand,
KS,i(W) = / dETs,Fs,S,i N wr + (—1)nik+lETS’FS’S’i A dwr.
Ts

The simplicial complex 7 is face-connected since it triangulates a domain. Therefore there exists a sequence
Ty, T1,...,Tn of n-dimensional simplices of 7 without repetitions such that Ty = Ts and Ty = T and such
that for all 1 < j < NN there exist facets F; := T NT;_; for which S C F};. Write Fy := Fg and Fy11 := F. We
utilize the technique of telescope sum and find

¢, (Hrw) — Kgi(w)
= / §F5z Atrp pllpw — Kgi(w)
F

N
= / §Fn1,80 ATy Py iy w + Z (¢§7i(HTjw) - (bg,i(HTjw)) - KSJ'(W)
Fnya j=0

N
= / §FN+1,S,Z' A trTN7FN+1 HTN"‘) - E / €Fj+1,5,i A trTj’FjJrl HTjw
Fnt1 j=0 Fj+1

N
+ Z/ §ry.s.0 N trry py yw — K i(w)
7=0 Fj

N
= E / §ry.s,i A trry py Uryw — / §ry,si AN trry_y oy gy w
j=1 Fj Fy

+ gFO,S,i N7y Fy HTow - KS7i(w)'
Fo

From the definition of Kg ; we get
Ks,i(w) = / dE7y, 7,50 Aw + (=1)" U Eq Ry 50 A dw.
To
Aside from that, we know

: = —ktle
Ery,s,i Aty Uy = / dZ1,, 7,54 A pw + (=1)" "2, g, 54 A dllw.

Fy To

Thus it becomes apparent that

§ry,s.i A trry, my Hnw — K i(w)
Fo

=/ d=r, m,5,0 A (Hpw — w) + (=1)"* 2 g s Ad ([Igw —w).
To
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Therefore, writing g := p/(p — 1),

lp5,i(I,w) — Ksi(w)
< A=z, mo,s0illLann—r ) lw = My wl[ Loar(ry) + 210, 0,500l Laan—r-1(1y) [|[dw — Al wl[ Lo ar+1(7y)

n(p—1) 4k n(p—1) 4 k41
< CEhS P " ||W7HTOWHLPA’C(T0) +CEhS P " HdW7dHTow||LpAk+1(TO).

Now consider any 1 < j < N. By the equivalence of the boundary integrals with an integration by parts formula
we find

/ §Fy,s, Nty py Uy w — /F §rysi ANtrry ) my Iy w
J J
= 0(Fj7 Tj) / dETj,Fj,S,i A HTjw + (—1)n_k+1ETj,Fj’S’i AN dHTjw

J

- O(Fj’ ijl) / dETj—l,F]WS’i A Hijlw + (_1)n—k+15 j—1,F5,S, A dHTj—lw‘
T,

= —k—1 ith = == ) = -= . ishi
Let 2, 5 € LA™ () with g, 541, = E1; 5,5 and Zp; 547, = E1;_,,F;,5,i and vanishing on all other

n-simplices of 7. One sees that =F;,54 € WOO’OOA"”“*I(Q) with support in the interior of T; UT;_1. So an
integration by parts reveals that

/ dEFj,S,i ANw —+ (*1)nik+lEFjﬁsvi Adw = 0.
TjUTj71

Consequently
/T d=r, py,50 Aw + (=) FHER s A dw
i
+ /le A=, pysi Aw+ (1) " Er | posi Adw = 0.
Moreover, o(F},Tj_1) = —o(Fj,Tj), because the two n-simplices induce opposing orientations on F'. One derives

O(Fj,Tj)/ dET7»,Fj,S,i Nw + (*1)nik+1ETj)F].7$,i A dw

J
— O(Fj,Tj_l)/T dETj_l,Fj,S,i ANw + (*1)n7k+15 Y1, Fy, S, N\ dw = 0.
-1

We combine our calculations and obtain
/ §ry 5.0 AN trry gy Tlryw — / §ry s Ntrry_y py gy w
F; F
= 0(Fj,Tj)/T dETj,Fj,S,i A (HTjw — w) + (—1)n_k+1ETj)Fj7S7i Ad (HTjw — w)
j

— O(Fj,ijl)/ dETj,l,Fj,S,i A\ (Hijlw - w) + (—1)n_k+1E i1,F;,8,0 Ad (Hijlw - w) .
T 1



2096 E. GAWLIK, M. HOLST, AND M. LICHT

We use Holder’s inequality again and can summarize

/ fFjvSvi ATy Ry HT.;’W - / £Fj757i AT, Fy HTJ’—lw
F; F;j

< HdEijFjvsvi||LqA"*k(Tj) ||w - HTijLF’Ak(Tj)

+ ||ETJ‘,FJVS’Z‘||LqAn—k—1(Tj)||dw — dHTjw||LpAk+l(Tj)

+ ||dETj—17Fj,Syi |L‘1A"—k(Tj,1)”w - Hijlw”LT’Ak(Tj,l)

+ =21, 1,5y, 850l Laan—k-1(7,_ ) ldw — Az, wllpoansr(z, )

<Cs (hsg—mrk

—n+k+1

||w — HTju)HLpAk(Tj) + hg ||dw — dHT].wHLpAk+1(T].)

—n+k —n+k+1

+h.g ”w _HTj—lw”LI’A’“(Tj_l) +hg ”dw _dHTj—1w||LPAk+1(T7_1))'

With those estimates in place, we recall from Theorem 5.2 that

n_p
LoAk(T) < Cahg .

65,

The desired estimate now follows. O

Corollary 9.2. Let m € [0,7+1] if PA¥(T) = P, A¥(T) and let m € [0,7] otherwise. Write | := max(0,m —1).
Then for all T € A, (T) we have

lw =TT uwllLearry < Cruo Z (R |w .o e () + thJ71|dW|WWAk+1(T'))
T'eA,(T)
T'NT#0
whenever

weWPPARQ) N @ WPAKT).
TeA,(T)

Here, C7 14,0 > 0 depends only on n, p, the polynomial degree r, and the shape measure of the triangulation.

Proof. We observe dwjy € WHPART(T) for w € WPPA®(Q) and wyr € W™PA¥(T) with T € A,(T). The
results follows by combining Theorem 9.1, Inequalities (6.1)—(6.4), and standard estimates as in previous
corollaries. O

Remark 9.3. The original Scott-Zhang interpolant was only defined for scalar functions in the Sobolev spaces
WeP(Q) for p > 1 and s > %. Under those conditions on the parameters s and p, traces onto facets are well-
defined. With regard to scalar functions, we instead constrain ourselves to the case W*P() with s > 1, as
we approach boundary traces only indirectly via an integration by parts formula. That approach generalizes
naturally to differential forms. We do not attempt to generalize the lower regularity setting to differential forms.

10. APPLICATIONS

In this section, we illustrate our results in the setting of three-dimensional vector analysis. We focus on the
Scott-Zhang interpolant and L? theory. Let  C R3 be a Lipschitz domain triangulated by a triangulation 7.
Let I' C 092 be a two-dimensional submanifold of the boundary triangulated by a subtriangulation U C 7.

We let L2(€2) be the space of square-integrable vector fields over Q, and we let H™(£2) be the space of vector
fields with coefficients in W™2(Q2). We write

H(curl) := {u € L*(Q) | curlu € L*(Q)}, H(div) := {u € L*(Q) |divu € L*(Q)}.
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We introduce spaces with boundary conditions along I'. We write u € H(curl,I') if u € H(curl) satisfies
/ (curlu, ¢)ydz = / (u, curl ¢)dz
Q Q

for all vector fields ¢ € C°°(£2)3 vanishing near 9Q \ T'. Similarly, we write u € H(div, ") if u € H(div) satisfies
/ (divu)¢ dz = —/ (u, grad ¢)dx
Q Q

for all functions ¢ € C°°() vanishing near 9Q \ I'. Above, (-,-) denotes the Euclidean inner product of 3-
dimensional vectors.

We let Ned™ (7) and Ned:™(7) be the curl-conforming Nédélec spaces of first and second kind, respec-
tively, and BDM,.(7") and RT, (7)) be the divergence-conforming Brezzi-Douglas-Marini space and the Raviart-
Thomas space, respectively, of degree r over 7. These finite element spaces contain the polynomial vector fields
up to degree r. We set

Ned™ (T ,U) := H(curl,') N Ned™ (7), Ned™(T,U) := H(curl,I') N Ned:"*(7),
BDM.,.(T,U) := H(div,T') NBDM,(T), RT,(7,U) :=H(div,[) N RT,.(T).

These are the finite element spaces with boundary conditions along I'. We can equally define them by setting
the degrees of freedom associated to simplices in U to zero.
The results in this article include the following theorems as a special case.

Theorem 10.1. There exist linear mappings
jBDMT(T,M) : H(le) — BDMT (T),
such that for m € [0, + 1], l € [0,7], all tetrahedra T € T, and all u € H(div,T") we have
Jepwm, (7t € BDM,.(T,U),
lu— Iepm, (7wl < C Z by lallezm 1y + Wt div ullyye2
T'eT
dim(7")=3
T'NT#D

whenever the right-hand side is well-defined. Here, the constant C' > 0 depends only on the polynomial degree r
and the shape measure of T .

Theorem 10.2. There exist linear mappings
Jrr, (Tw) : H(div) — RT.(7),
such that for m € [0,7 + 1], I € [0,7 + 1], all tetrahedra T € T ,and all u € H(div,T") we have
jRTr(T,L{)u € RT, (Ta U),
[u—Jrr, rwulea <C Y Bl + b divallpe o
T'eT
dim(T")=3
T'NT#D

whenever the right-hand side is well-defined. Here, the constant C > 0 depends only on the polynomial degree r
and the shape measure of T .

Theorem 10.3. There exist linear mappings

INeatst (1) * H(curl) — Ned™ (T),
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such that form € [0,7 + 1], L € [0,7 + 1], all tetrahedra T € T, and all u € H(curl,T') we have

Invearss (T 0yt € Ned? (T, U),

1
[ = INeatst (7 utllL2(r) < C Z W g ey + b | carlullg
T'eT
dim(T")=3
T'NT#D

whenever the right-hand side is well-defined. Here, the constant C' > 0 depends only on the polynomial degree r
and the shape measure of T .

Theorem 10.4. There exist linear mappings

Inveasn (1) : H(curl) — Ned;™(7),

such that for m € [0,7 + 1], 1 € [0,7], all tetrahedra T € T, and all u € H(curl,I") we have

Inveasna (1 )t € Ned™ (T, U),

l
lu— jNedf_“d(T,L{)u||L2(T) <C Z hep |[allggm vy + hTJUlH curl u||gg (7
T €T
dim(7")=3
T'NT#0D

whenever the right-hand side is well-defined. Here, the constant C > 0 depends only on the polynomial degree r
and the shape measure of T .
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