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FINITE ELEMENT DIFFERENTIAL FORMS
ON CUBICAL MESHES

DOUGLAS N. ARNOLD AND GERARD AWANOU

ABSTRACT. We develop a family of finite element spaces of differential forms
defined on cubical meshes in any number of dimensions. The family contains el-
ements of all polynomial degrees and all form degrees. In two dimensions, these
include the serendipity finite elements and the rectangular BDM elements. In
three dimensions they include a recent generalization of the serendipity spaces,
and new H(curl) and H(div) finite element spaces. Spaces in the family can be
combined to give finite element subcomplexes of the de Rham complex which
satisfy the basic hypotheses of the finite element exterior calculus, and hence
can be used for stable discretization of a variety of problems. The construction
and properties of the spaces are established in a uniform manner using finite
element exterior calculus.

1. INTRODUCTION

In this paper we develop a family of finite element spaces S, A*(T3) of differential
forms, where T}, is a mesh of cubes in n > 1 dimensions, > 1 is the polynomial de-
gree, and 0 < k < n is the form degree. Thus, in 3 dimensions, the space S, A*(T,,)
is a finite element subspace of the Hilbert space H', H(curl), H(div), or L?, ac-
cording to whether K = 0, 1, 2, or 3. For n = 1 or 2, the spaces were previously
known, while in three (or more) dimensions, they are mostly new. Specifically, our
construction yields a new family of H(curl) elements and a new family of H(div)
elements on cubical meshes in three dimensions. Our treatment in an exterior
calculus framework allows all the spaces and their properties to be developed to-
gether. The spaces combine together in complexes satisfying the basic hypotheses
of the finite element exterior calculus [5]. This means that, in addition to their
use individually, they can be used in pairs, S, 1A*~1(T;,) x S.A¥(T,) in a variety
of mixed finite element applications, with stability and convergence following from
the abstract theory of [B]. Element diagrams for some of the spaces are shown in
Figure [l The dimension of the shape function spaces are given in Theorem
below and are tabulated for n < 4 and r < 7 in Table [Tl

Since the development of the first stable mixed finite elements for the Poisson
equation by Raviart and Thomas in 1977, such elements have proven to be power-
ful tools for numerical computation. Their paper [I1] introduces a family of finite
element discretizations of the space H(div,(?) for a two-dimensional domain 2, one
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Legend: symbols represent the value or moment of the indicated quantities:

@ —scalar (1 DOF); @ — tangential vector field (2 DOFs);

@ — vector field (3 DOFs); <@ — tangential component of vector field on edge
or normal component on face (1 DOF).

FI1GURE 1. Element diagrams for S.A*¥ in three dimensions for r < 3.

for each polynomial degree. Together with a corresponding discontinuous piecewise
polynomial discretization of L?(£2), these RT spaces stably discretize the mixed
variational formulation of the Poisson equation on . In [I1], versions of the RT el-
ements were given both for meshes of () by triangles and by rectangles. Besides the
original application of mixed finite elements for the Poisson equation, the RT ele-
ments can be used together with the standard Lagrange finite element discretization
of H'(Q) to give a stable mixed finite element discretization of the vector Poisson
equation curlcurlu — graddivu = f, in which the vector variable u is sought in
H(div) and approximated by RT elements, and the scalar variable o = curlu is
sought in H' and approximated by Lagrange elements. The RT elements were
generalized to three dimensions by Nédélec [9], with separate generalizations giving
discretizations of H (div, Q) and of H (curl, 2), including both tetrahedral and cubic
mesh generalizations of each.
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TABLE 1. Dimension of S, AF(I™).

r
k 1 2 3 4 5 6 7
n=1 2 3 4 ) 6 7 8
1 2 3 4 5 6 7 8
n=2 0 4 8 12 17 23 30 38
1 8 14 22 32 44 98 74
2 3 6 10 15 21 28 36
n=3 0 8 20 32 50 74 105 144
1 24 48 84 135 204 294 408
2 18 39 72 120 186 273 384
3 4 10 20 35 56 84 120
n=4 16 48 80 136 216 328 480

64 144 272 472 768 1188 1764
72 168 336 606 1014 1602 2418
32 84 180 340 588 952 1464

5 15 35 70 126 210 330

=W N = O

In [7], Brezzi, Douglas, and Marini introduced a second family of finite element
discretizations of H(div,{?) in two dimensions, for both triangular and rectangu-
lar meshes. These BDM elements have also proven to be very useful. Nédélec [10]
generalized the BDM family to tetrahedral meshes in three dimensions, giving ana-
logues both for H(div) and H(curl). He also defined H(div) and H (curl) elements
on cubic meshes in [10]. However, these cannot really be considered analogues of
the BDM elements, as they do not seem to lead to stable mixed finite element pairs.
The generalization of the BDM elements to H(div) on three-dimensional domains
(but not H(curl)), was also made by Brezzi, Douglas, Durdn, and Fortin in [()]
The paper [6] also introduced an analogue of the rectangular BDM elements to
cubic meshes in three dimensions.

The finite element exterior calculus [4[5] has greatly clarified the relation of
many of these mixed finite element methods. In exterior calculus the space H(div)
is viewed as a space of differential forms of degree n — 1 in n dimensions, while
H(curl) is a space of 1-forms, H! a space of 0-forms, and L? a space of n-forms.
These spaces are connected via the de Rham complex, in which the fundamental
differential operators grad, curl, div (and others in higher dimensions) are unified
as the exterior derivative. We refer the reader to Table 2.2 in [4] for a summary

IThe finite element discretization of H(div) in [6] is identical with that of [I0] in the case
of tetrahedral meshes. However, the interior degrees of freedom differ. This does not affect the
stability analysis for the mixed Poisson equation, but only the ones given by [10] can be used to
establish stability when discretizing a mixed formulation of the vector Laplacian.
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of correspondences between differential forms and vector fields. In [45] two funda-
mental families of finite element differential forms are defined on simplicial meshes
in n dimensions. Tables 5.1 and 5.2 in [4] summarize the correspondences between
these spaces of finite element differential forms and classical finite element spaces in
two and three dimensions. The P~ A* family specializes to the Lagrange elements,
the RT elements, and the fully discontinuous polynomial elements, for k£ = 0, 1, and
2, respectively, in two dimensions, and to the Lagrange elements, Nédélec’s gen-
eralizations of the RT elements to H(curl) and to H(div), and the discontinuous
elements for kK =0,...,3 in three dimensions. Taken together, these spaces form a
complex which is a finite element subcomplex of the de Rham complex:

0P A Lp At L L poan .

The second family of finite elements discussed in [4[5] is the P, A family. For 0-
forms and n-forms this brings nothing new, just recapturing the Lagrange and fully
discontinuous polynomial elements, but for 0 < k < n, this is a different family of
finite element spaces. For n = 2, k = 1 it gives the BDM triangular elements, and
for n =3, k =1 and 2, it gives Nédélec’s generalizations of these to H(div) and
H(curl). They combine into a second finite element de Rham subcomplex

0-PA L P At S L P A" 0.

Note that the degree decreases in this complex, in contrast to the preceeding one.

We now turn to the construction of analogous spaces and complexes for cubical
meshes. An analogue to the P A* complex of elements for cubical meshes may be
easily constructed via a tensor product construction. For an explicit description in
n dimensions and for all form degrees k, see [3]. This includes the tensor product
Lagrange, or Q,., elements for O-forms, the rectangular RT elements for 1-forms in
2-D, and the 3-D generalizations of them given in [9]. The space for n-forms (L?)
is the fully discontinuous space of tensor product polynomials (shape functions in
Q).

This paper develops a second family of finite element spaces for cubical meshes.
This family may be viewed as an analogue of the P, A* family for cubical meshes.
We denote the new family of elements by S,A* and define such a space for all
dimensions n > 1, all polynomial degrees r > 1, and all form degrees 0 < k < n.
For O-forms (discretization of H'), S,A? is not equal to Q,., but rather to the
serendipity elements in 2-D, their three-dimensional extension (which can be found
in many places for small values of r and for general r in [12] and [§]), and to a
recent extension to all dimensions [2]. For n-forms, S,A™ uses fully discontinuous
elements with shape functions in P, (not Q,).

For 1-forms in 2-D, the space S,A! coincides with the rectangular BDM elements
of [7]. For 2-forms in 3-D, we believe that the space S, A%, which has not appeared
before as far as we know, is the correct analogue of the BDM elements on cubic
meshes. It has the same degrees of freedom as the space given in [6] but the shape
functions have better symmetry properties. For 1-forms in 3-D, S,A'! is a finite
element discretization of H(curl). To the best of our knowledge, neither the degrees
of freedom nor the shape functions for this space have been proposed previously.
Even for 0-forms, the spaces S,.A° were only discovered very recently in higher
dimensions. They are the generalization of the serendipity spaces given by the
present authors in [2]. That work was motivated by the search for a finite element
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discretization of the de Rham complex on cubical meshes which is completed in
this paper.

In the remainder of the paper we will develop the S, A* spaces and their proper-
ties in the setting of differential forms on cubical meshes of arbitrary dimensions.
Here we explicitly describe the spaces which arise in three dimensions in traditional
finite element terminology by giving their shape functions and degrees of freedom.
See also Figure[dl

The space S,A%. This is simply the space of piecewise polynomials of degree
at most r with no continuity requirements. Obviously this gives a finite element
subspace of L? (which, unlike the remaining spaces, is defined also for r = 0). Its
dimension is (r + 1)(r + 2)(r + 3)/6.

The space S, A%. The shape functions for the space S,A? on the unit cube I? in
three dimensions are vector polynomials of the form

(1) u=(v1,v2,v3) + curl(zoxs(we — w3), x3x1 (w3 — w1), 122 (W1 — W2)),

with v;,w; € P,.(I%) and w; independent of z;. The dimension of this space is
(r 4+ 1)(r? + 5r + 12) /2. As degrees of freedom for u € S,A? we take

U /u -np, p€ P.(f), fafaceof I*; wurs u-p, p € [Pra(I*)]>.
f I3
The space S,A'. The shape functions for the space S,A! in three dimensions are
vector polynomials of the form

(2) w=(v1,v2,v3) + (xows(wy — ws3), x3w1 (W3 — w1), T122(wW1 — wa)) + grad s,

with v; € P.(I?), w; € P,_1(I?) independent of z;, and s is a polynomial of I*
with superlinear degree at most 7+ 1, where the superlinear degree of a polynomial
is the ordinary degree ignoring variables which enter linearly (e.g., the superlinear
degree of z3z2x3 is 5). The dimension of this space is (r + 1)(r? + 5r + 18) /2. As
degrees of freedom for u € S, A! we take

un—>/u~tp, p € P.(e), e an edge of I®;

U /u Xnp, pe€ [Prfg(f)]Q, f aface of I®; wr—s u-p, peE [Pr74(13)]3.
! 15

The space S,A°. Finally, the space S, A" is the generalized serendipity space of
[2]. The shape functions are all polynomials of superlinear degree at most r, and
the degrees of freedom are the values at the vertices and the moments of degree at
most r — 2, r — 4, and r — 6 on the edges, faces, and interior, respectively. The
dimension of this space is 8 for r = 1, 20 for r = 2, and (r + 1)(r? + 5r + 24) /6 for
r> 3.

As a consequence of the general theory below, the degrees of freedom given
are unisolvent for all these spaces, and for any cubical decomposition T of €, the
assembled finite element spaces S, AF(7) have exactly the continuity required to
belong to H(Q), H(div,Q), H(curl,Q), and L?(Q), for k = 0,...,3, respectively.
In other words, S, A*(T) belongs to the domain of the exterior derivative on k-forms.
Moreover, exterior derivative maps S, A¥(T) into S,_1 A*+1(T), so we obtain a finite
element subcomplex

0= SAYT) 224 s ANT) 2L S, oAX(T) Y% S, A3 (T) = 0
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of the de Rham complex. Finally, if we define projection operators 7" from smooth
fields into the finite element spaces S, A* using the degrees of freedom, these com-
mute with exterior differentiation. That is, the following diagram commutes:

0 — C®Q) 224 [c=@pP 2L [ox@)P L% oxQ) — 0

0 — SAYT) 224 S, ANT) UL S, A2(T) S S, _3A¥T) — 0

where, for simplicity, we assume r > 3 (otherwise some of the spaces are undefined
and some parts of the diagram are not applicable).

The remainder of the paper consists of four sections. In Section 2, we recall some
key concepts from exterior calculus, particularly the Koszul differential and Koszul
complex of polynomial differential forms, which will be crucial to our construction.
We introduce the concept of linear degree, and show that the subcomplex obtained
from the Koszul complex by placing a lower bound on linear degree is exact. This
is a key step in the unisolvence proof in Section 3. In Section 3, we define the
spaces S, A* on an n-dimensional cube by giving the shape functions and degrees
of freedom. We derive a number of properties from these definitions, leading to a
formula for the dimension of the space of shape functions and a proof of unisolvence
of the degrees of freedom. We then define projection operators 7¥ mapping smooth
fields into the finite element spaces S,AF and show that the projections commute
with the exterior derivative. This accomplished, the new elements fit squarely into
the framework of the finite element exterior calculus given in [5]. Therefore the
application of the elements to PDE problems and their numerical analysis does not
require new ideas, and so we do not discuss that here. The proof of unisolvence in
Section 3 hinges on the special case of functions with vanishing trace. The proof in
that case is the topic of Section 4.

2. NOTATION AND PRELIMINARIES

For n > 1, the number of dimensions, let N, = {1,...,n}, and let X(k), 0 <
k < n, denote the set of subsets of N,, consisting of k elements. For o € (k)
we denote by o* € X(n — k) its complement N,, \ 0. For p € o we write 0 — p
for o\ {p} € £(k — 1), and for ¢ € o* we write 0 + ¢ for c U {q} € E(k +1). If
o CN, and q € o* we let e(q,0) = (—1)! where | = #{p € o|p < ¢}, and set
e(q,p,0) :=€(q,0)e(p,0+q—p) for g € o*, p € 0. For later reference, we note that

(3) (q,p,0) = —€(p,0 — p)e(q, 0 — p),

which is easily verified by considering the cases ¢ < p and ¢ > p separately.

We now recall some basic tools and results of exterior algebra and exterior cal-
culus. These can be found, for example, in [4, Section 2]. For each o € X(k) we
denote by o1, ..., 0 its elements in increasing order, and by

Aty =dxe, N+ ANdxs,

the corresponding basic alternator. A differential k-form w on a domain  C R™
may be written as

(4) w= Z We ATy,

oceX(k)
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with coefficients w, belonging to any desired space of functions on Q, e.g., L?(Q).
A 0-form is simply such a function. The exterior derivative of the differential form

@) is
dw = Z Z Oqwo dg N dz,
oeX(k) qeEN,
where 9, = 0/0x,.

A differential k-form may be contracted with a vector field on Q2 to give a differ-
ential (k — 1)-form (or zero if k¥ = 0). When the vector field is simply the identity,
the resulting operator is the Koszul differential. Equivalently, we may define the
Koszul differential on the basic alternators by

k
K(dTe, N Ndxy, ) = Z(—l)”lxgi dxe, N+ Ndxg, N+ Ndzgs,,
i=1
and then extend it to a general differential form by linearity:

k
(5) H(Z we d,) = wa’ Z(—l)”lwm dxg, N+ A cﬁ; A Ndzg, .

i=1
The operator « is a graded differential, meaning that
k(kw) =0, KwAN) =kwAn+ (=1)Fw A kn,

if wis a k-form and 7 an [-form.
The following lemma collects formulas for xkw, dw, and kdw.

Lemma 2.1. Ifw is given by (@), then

(6) Kw = Z ne dxe, where ne = Z €(q, Q)zqwetyq,
CES(k—1) qec™
(7) dw = Z v, dx,, where v, = Z €(q, p — q)Oqwp—q,
pEX(k+1) q€p
(8) kdw = Z Uo dzy, where p, = Z [240qwo + Z:G(q,p7 0)TqOpWotq—p]-
ocex(k) qco* pEo

Proof. By definition

kdz, = Z e(q,0 — Q)rgdro_g,
qEo

Kw = Z Z €(g,0 — @Q)rqws dzs—g.

oceX(k) gco

SO

Making the change of variable ( = o — ¢, so
ceX(k), geo <<= (e€X(k-1), qec,

we obtain ([@). The second result is proven similarly, and the third follows from the
first two. O

We now turn to differential forms with polynomial coefficients. A monomial
in n variables is determined by a multi-index « of n nonnegative integers: x® =
x7t - -z%. By a form monomial in n variables, we mean the product of a monomial
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with a basic alternator: m = z%dx, for some multi-index o and ¢ C N,,. The
polynomial degree and the linear degree of m are defined as

degm = |a| :== Zai, ldegm =#{i€o”|a; = 1}.

Thus the linear degree of m is the degree of its polynomial coefficient counting
only those variables which enter linearly, and excluding variables which enter the
alternator. For ordinary monomials, i.e., O-forms, the linear degree is equal to
the difference between the polynomial degree and the superlinear degree which
appeared in the introduction.

We define H,A* = H,A¥(R") to be the span of the k-form monomials m with
degm = r, and P,A* = P, AFR™) = 37_ H A" to be the span of those with
degm < r. If k = 0, we may simply write H, and P,.. If Q is a subdomain of
R"™, we define P, A¥(Q) to be the space of restrictions to 2 of the elements of P, A"
(and similarly for other function spaces). Note that d maps H,A* into H, ; AF+!
while £ maps H,A* into H,,1A*~!. An extremely useful identity is the homotopy
formula ([, Theorem 3.1]):

(9) (dk + kd)w = (r + k)w, w e H,A*R").

We extend the linear degree for form monomials to polynomial differential forms
by defining ldeg i for any p € H,.A* to be the minimum of the linear degree among
all the monomials m in p. We say that p is of homogeneous linear degree equal to
[ if ldegm = [ for every monomial of . We denote by 'HMA’“ the space of forms in
H, A of linear degree at least I. Obviously,

(10) H, AF(R™) =0, 1> min(r,n— k).

The exterior derivative d may decrease the linear degree of a polynomial differ-
ential form, but x and xdx do not.

Lemma 2.2. For any w € P,A*, ldeg kw > ldegw and ldeg kdrkw > ldeg w.

Proof. If m is monomial of w and [ = ldegm, then it follows directly from the
definition (Bl that the monomials of km are of linear degree [ and/or I + 1, so
ldeg km > | > ldegw. Since every monomial of xkw is a monomial of km for some
monomial m of w, this implies the first inequality. For the second we use the
differential property of x and the homotopy formula to see that kdem = (kd +
dk)km is a multiple of km. Therefore ldeg kdxm = ldeg km > ldegw, which gives
the second inequality. O

In view of Lemma [Z.2] for each [ > 0, we obtain a complex
(11) e B M AT S A S

When [ = 0 this is the Koszul complex, and exactness follows from the homotopy
formula. In fact, the complex (1) is exact for all [ > 0.

Theorem 2.3. Forr>1,0<I[<r,0<k<n, the sequence
'HrflﬁlAkJrl N 'HnlAk £ 'HT+1)ZA’€71
is ezact. Equivalently, dim k(H, 1 AF*1) 4+ dim k(H,.;A¥) = dim H,.;A*.

The proof is due to Scot Adams and Victor Reiner [I]. Its main ingredient is
contained in the following lemma.
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Lemma 2.4. Letr > 1,1 > 1, and 0 < k < n. Suppose that p € H,A* is of
linear degree at least | — 1 and ku is of linear degree at least I. Then there exists
v € Hp_1A**1 such that p — kv is of linear degree at least . Further, if u € H, A"
is monzero, then ku is of linear degree 0.

Proof. For the final statement, concerning n-forms, we write g = pdxy A --- Adzx,
where p € H,. Since r > 1, p is not constant. But then ku = Y_,(—1)"pz; dzy A
ERVA J:;z A -+ Adx, is easily seen to be of linear degree 0.

For 0 < k < n, the proof hinges on a canonical form for an element of j € H, A*
which we establish before proceeding. Let us say that a form monomial z® dz, is
full if o C supp(«), the support of a. To each of the monomials m = z%dx, of
u € H,.A*, we associate the increasing sequences p and 7 with p = o Nsupp(a) and
7 = o \ supp(a). Then m = +n A dz, where n = 2%dz, is a full form monomial
which is independent of the T variables (that is, supp(«) U p is disjoint from 7).
Note that ldegn = ldeg m. Finally, in the expansion of u as a linear combination
of its monomials, we gather together the terms with the same 7 = o\ supp(«), and
in this way write

(12) n= Z Ny Ndx,,
TCN,,

where 7, € H, A*~#7 is independent of the 7 variables, and has all of its monomials
full. The expression on the right-hand side of ({I2]) is the desired canonical form of
-

Now we proceed with the proof of the lemma. We consider first the special case
in which p is of homogeneous linear degree [ — 1, and, in this special case, we use
induction on I, the case I = 0 being known (exactness of the Koszul complex).
Expressing u in the canonical form (I2), we have ldegn, = I — 1 for each 7 (for
which the coefficient 7, does not vanish). Now

(13) KL = Z kn. Adz, + Z +n, A kdx,.

The first sum is of homogeneous linear degree [ — 1 and the second of homogeneous
linear degree [. Since we assumed that xu is of linear degree at least [, the first
sum must vanish. But this sum is in canonical form, so we conclude that k7, = 0
for each 7. Invoking the inductive hypothesis, we can write 1, = kv, where v, has
linear degree at least I — 1. Let

V= ZZ/T Adz, € Hp_ AL
Then
u—/-w:Zm/\dajT—ZHVT/\de—ZiVT/\/@de:—ZiuT/\/@de.

Expanding the right-hand side into monomials, we see that each has ldeg at least [,
so this completes the proof under the assumption that p is of homogeneous linear
degree [ — 1.

Next we turn to the general case, in which p is of linear degree at least [ —1. We
may split p as p’ + p”” with p’ of homogeneous linear degree [ — 1 and p” of linear
degree at least [. Then kp' splits into a part of homogeneous linear degree [ —1 and
a part of homogeneous linear degree [, while ldeg(ku’") > 1. Since, by assumption,
ldeg(ku) > I, the part of ku' with linear degree equal to I — 1 must vanish. That is,
ldeg(kp') > 1. Therefore, we may apply the result of the preceding special case to '
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1560 DOUGLAS N. ARNOLD AND GERARD AWANOU

to obtain v € H,_; A¥*1 such that ldeg(y' — kv) > 1. Then p— kv = (i — kv) + 1’
is of linear degree at least [. ([l

Finally, we give the proof of Theorem 2.3

Proof. The result is certainly true for [ = 0, so we may assume 1 <! < r (and so
r > 2). Suppose w € H, ;AF with kw = 0. We must show that there exists n €
H,_1A*+1 with linear degree at least [, such that xn = w. Now p:=dw/(r + k) €
H,—1A**+1 s of linear degree at least [ — 1 and satisfies ky = (kd+dr)w/(r+k) = w
by @). If &k = n — 1, the final sentence of the lemma insures that 4 = 0. For
0 <k <n-—1, we apply the lemma with r and k replaced by r — 1 and k + 1,
respectively, and conclude that there exists v € H,_oA**2 such that n := p — kv is
of linear degree at least [. Clearly, kn = rku = w. O

3. THE S,AF SPACES

Here, the main section of the paper, we define the polynomial spaces S,A*(R")
we shall use as shape functions (see (I7)) below) and the degrees of freedom for
these (see (2I))). We derive a number of properties of these polynomial spaces in
Theorems through and use them to verify unisolvence in Theorem

The space of shape functions will consist of polynomials of a given degree plus
certain additional terms of higher degree which will be defined in terms of the
following auxilliary space:

TAF(R™) =" 5 Hppro AT (R™).

1>1
In view of ([{I0), the sum is finite and
(14) TN (R™) C Prynp_1 AR(R™).

Moreover, the sum is direct, since the polynomial degrees of the summands differ.
The following proposition, which follows directly from the definitions, helps to
clarify the meaning of this space.

Proposition 3.1. 1. The space Zl>1’HT+1_1JAk(R") is the span of all k-form
monomials m with degm > r and degm — ldegm < r — 1.

2. The space J.A*(R™) is the span of km for all (k+1)-form monomials m with
degm > r and degm — ldegm <r — 1.

For several values of k, this space can be described more explicitly. By (I0),
(15) T A¥R™) =0, for k=norn—1,
while
T A" (R™) = £ Hpg AMTHRY).
Now, H, 1 A"~ 1(R") is the span of the monomials z;w;0;, where w; € H,_1(R") is
independent of x; and 6; := (—1)""'dzy A... Adx? A ... Adx,. We then have
Iigi = ijajﬂ' — Z$j0i7j7
j<i §>i
with
0;; = (=1)"dzy A Adzt AL ANdTI AL A day,.
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Therefore,

(16) J.A""%(R™) = {szxj(wz —w;)0; j |w; € Hr—1(R") independent of x; }.
i<j

Finally, we identify J.A°(R™). By Theorem 23] in the case k = 0, we see that
TAO(R™) = Yo Her1 A°(R™). By Proposition B] this space is the span of
monomials of degree > r whose superlinear degree, that is, deg — ldeg, is at most
T

We can now define the space of polynomial k-forms which we use for shape
functions,

(17) S AF(R™) := PARRY) + J.AF(R™) + dJ, 1 AFHR™),
defined for all » > 1 and all 0 < k < n. From (I4),
(18) S AF(R™) C Pryp_ AP (R™).

Note that, in case k = 0, the final term in (I]) vanishes, and, by the charac-
terization of J,.A°(R") just derived, S.A"(IR™) consists precisely of the span of all
monomials of superlinear degree at most . This is exactly the serendipity space as
defined in [2]. In this case, ([4]) gives the sharper degree bound

(19) S A°(R™) C Pryn 1 A°(R™).
Another case in which the expression for S,.A*(R") can be simplified is when
k =n. By (I3,
SA™(R™) = P.A"(R™).
When k =n — 1, we have, by (I3,
S,ATHRY) = P A HRY) 4 d T 1 AR,

where the last space is characterized in (I8). In the case of three dimensions, this
is formula () given in the introduction, stated in the language of exterior calculus.
In a similar way, we recover formula (@) for the 3-D H(curl) elements discussed in
the introduction.

We now derive several properties of these polynomial spaces. The first limits the
monomials that appear in the polynomials in S, A*(R™).

Theorem 3.2 (Degree property). For any n,r > 1 and 0 < k < n, the space
S, A¥(R™) is contained in the span of the k-form monomials m of degree at most
r+n—k— ko for which

(20) degm — ldegm <7+ 1 — do.

Proof. The bound r + n — k — 6o on the degree is given in ([I8) for £ > 0 and
in (I9) for k& = 0, so we need only show 20). If m is a monomial of an element
of P.A*(R™), then degm < r and ldegm > 0, so (20) holds with r on the right-
hand side. If m is a monomial of an element of J,.A¥(R"), then m occurs in the
expansion of kp, where p is a (k + 1)-form monomial with degp — ldegp < r —1
(Proposition [B1]). Then degm = degp + 1 and, by Lemma 22] 1degm > ldeg p, so
again degm — ldegm < r. Finally, if k¥ > 0 and m is a monomial of an element of
dJ,1A*~1(R™), then by the argument just given, m is a monomial of dgq where ¢
is a (k — 1)-form monomial with degq — ldegq < r 4+ 1. Since degm = degq — 1
and ldegm > ldegq — 1, we get (20). O
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A crucial property of these polynomial form spaces, is that they can be combined
to form a subcomplex of the de Rham complex.

Theorem 3.3 (Subcomplex property). Let n,r > 1, and let 0 < k < n. Then
dS, 1 AFHR™) € S, AF(R™).

Proof. With reference to ([[T7), we note that dP,.1A*"1(R") C P.A¥(R"), and
d(dJ,12A¥(R™)) vanishes, so it suffices to prove that d 7,1 A*~1(R?) C S, A¥(R"),
which is immediate from (7). O

We next observe that the spaces increase with increasing polynomial degree.
Theorem 3.4 (Inclusion property). Let n,r > 1, and let 0 < k <n. Then
S, AFR™) € S, AFR™).

Proof. We must show that each of the three summands on the right-hand side of
(@) is included in S, A¥(R"). Clearly,

P AFRY) € Py A¥(R™) € S, AF(RD),
which establishes the first inclusion. Next, we show that
T-AF(R™) C Prp1 AFR™) + T i APR™) € S, ARR™).

By Proposition 1] elements of J,.A¥(R") are of form km with m a (k + 1)-form
monomial with degm > r,degm —ldegm < r — 1. By the homotopy formula (),
Kkm is a constant multiple of kp with p = dkm. We have degp = degm and ldegp >
ldegm — 1. Then degp — ldegp < degm — ldegm + 1 < r. If degp = r,degrm =
r+ 1 and km € P11 A¥(R™). On the other hand, if degp > 7 + 1, by Proposi-
tion Bl km € J,1AF(R™). This establishes the second inclusion. To complete
the proof, we show that dJ,,1A¥"1(R") C S, 11A*(R™). Since J,41A*"1(R") C
S,+2A*"L(R™) (by the inclusion just established), we infer from the subcomplex
property that d 7,1 A*"1(R") C dS,12A*"H(R") C S, 1 AF(R™). O

The third property of the S,A* spaces that we establish concerns traces on
hyperplanes. Consider a hyperplane f of R™ of the form z; = ¢ for some 1 <i<n
and some constant c. The variables z;, j # ¢, form a coordinate system for f,
so we may identify f with R~ and consider the space S,A*(f). It is a space of
polynomial k-forms on f, and so vanishes if k = n. Next, we consider the trace on
f of a differential form in n variables (defined as the pullback of the form through
the inclusion map f < R™). Let o € X(k), and let w, be a function of n variables.
Then

0, 1€ o,
try(ws deg) = {(trf Wy)dty, ¢ 0.

In the last expression, trfw, denotes the function of n — 1 variables obtained by
setting x; = ¢ and we view dz,, as a basic alternator in the n —1 variables x;, j # i.
The trace property states that if u € S, A*(R"), then tr; u, which is a polynomial
k-form on f, belongs to S, A*(f).

Theorem 3.5 (Trace property). Letn,r > 1,0 <k <n, and let f be a hyperplane
of R™ obtained by fixing one coordinate. Then

try S,AF(R™) C S, AR (f).
(This inclusion will be shown to be an equality in (1) below.)
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Proof. Without loss of generality, we assume that f = {x € R" |2y = c¢}. First
let us comment on the Koszul operator applied to a polynomial differential form
on f. Such a form may be written as a linear combination of monomials z® dx,
where a; = 0 and 1 ¢ 0. Referring to (&) we see that, if we view z* dz, as a form
monomial in n variables and take the Koszul differential, the result is the same as
if we view it as form monomial in n — 1 variables and take the Koszul differential.
Thus we need not distinguish between the Koszul differential on R™ and that on f.

We will prove the theorem by induction on k. For k = 0 we recall that S, A°(R")
is the serendipity space spanned by the monomials of superlinear degree at most
r, and, of course, the superlinear degree does not increase when taking the trace.
Hence, tr; S, A°(R™) C S, A%(f).

To prove the theorem for k > 0, assume that it holds with &k replaced by k—1. In
light of (I7) we need to show that the traces of each of the three spaces P,.A*(R"),
JAF(R™), and dJ, 1 A¥~1(R") are contained in

SrAk(f) = PTAk(f) + jrAk(f) + djr+lAk71(f)'

For the P, A¥(R"), this is evident, since tr; P.A*(R™) C P.A*(f).
Next, we establish that try d 7,41 A1 (R") C S, A*(f). Indeed,

try dJ, 1 AFTH(RY) = dtry T APTHR™)
C dtry S, APTHRY) € dS, 1 APTH(F) € SpAR(f),

where we have used, in turn, the commutativity of the trace with exterior differen-
tiation, (7)), the inductive hypothesis, and Theorem [3.3

By Proposition Bl in order to show that try J,A*(R") C S,.A*(f), and to
complete the proof, it suffices to show that tr; km € S.A*(f) whenever m is a
(k + 1)-form monomial with degm — ldegm < r — 1. We write m as 2 dz,, and
consider separately the cases 1 ¢ o and 1 € 0.

Assuming 1 ¢ o, let p be the (k + 1)-form monomial obtained restricting m to
f, i.e., by setting x1 = c in the coefficient . Then try xm = kp. If m is linear
in z1, then degp = degm — 1 and ldegp = ldegm — 1. Otherwise degp < degm
and ldegp = ldegm. In either event, degp — ldegp < degm — ldegm < r — 1, so
kp € S, A(f) (again using Proposition [B.1]).

Assuming, instead, that 1 € o, we may write

m=zx%dx, = x?lxﬁ dxy N dxr,
where f is a multi-index with 8; = 0 and 7 € ¥(k) has 71 > 1. Then
pi=tryem = B de

is a k-form monomial independent of z; with degp < degm and ldegp = ldegm.
We are trying to show that p € S, A*(f). This is obvious if degp < 7, so we may
assume that degp > r. We shall show that both xdp and drp belong to S,.A*(f),
which suffices by ().

Now degdp = degp — 1 < degm — 1 and ldegdp > ldegp — 1 = ldegm — 1, so
degdp — ldegdp < degm — ldegm < r — 1. Therefore kdp € J.A*(f) C S, AF(f),
as required.

Finally, we show that kp € J,41A*"1(f), whence dkp € S, A*(f) as well. By
Proposition[3.Ilthis holds, since degp > r+1 and deg p—ldegp < degm—Ildegm < r
(even < r —1). This concludes the proof. (]
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Having defined the space S,A¥(R™) of polynomial differential forms, we turn now
to the definition of the associated finite element space on a cubical mesh. As usual
the finite element space is defined element by element, by specifying a space of
shape functions and a set of degrees of freedom on each cube 7" in the mesh. (More
generally the element 7" may be a right rectangular prism, that is, the Cartesian
product of n closed intervals of positive finite length.) As shape functions on T
we use S,A¥(T), the restriction of the above polynomial space to the cube. The
degrees of freedom have a very simple expression. Writing Ay4(T') for the set of
d-dimensional faces of T, they are given by
(21)

= /tI‘f/.L ANv, Ve ,Pr72(d7k:)Adik(f)7 f € Ad(T)7 k<d< min(”v |_T/2J + k)
f

Since

d r—d+ 2k d
. d—k T _
dim P, _p(qg— ) A" " (f) = dim P, _gq—1)(f) X (d— k) = ( d ) (d B k:)

for f a face of dimension d, and since there are 2”*d(g) d-dimensional faces of an
n-cube, the number of degrees of freedom in (2I]) is given by

min(n,|r/2]+k)

(22) d; gn—d (Z) (T - dd+ %) (Z)

We now turn to one of the main results of this paper, the proof that the degrees
of freedom (ZI)) are unisolvent for S, A*(T).

Theorem 3.6 (Unisolvence). Let n,r > 1 and 0 < k < n, and let T be a cube in
R™. Then

(1) dim S, A*(T) is given by 22).
(2) If u € S, A¥(T) and all the degrees of freedom in [ZI)) vanish, then u = 0.

Using the trace property, we will reduce the proof of (2) to the case where pu
belongs to the space

S AR(T) := {p € S,A*(T) | try = 0 on each face f € A, 1(T)},
the subspace with vanishing traces. This case is given in the following proposition.

Proposition 3.7. If u € S,A*(T) and

(23) / pAv =0, vEPon A" ),
T
then p vanishes.

We defer the proof of this proposition to Section @l Now, assuming this result,
we prove Theorem

Proof. We begin with the first statement of the theorem. Since J,.A*(T) is in the
range of k, and since the homotopy formula implies that no nonzero differential
form is in the range of both x and d, the sum on the left of (IT) is direct. The
homotopy formula implies as well that d is injective on the range of k. Therefore

dim S, AF(T) = dim P, AF(T) + Y~ dim 5H, 41 AFFHT) + > dim 5H, 0 AR(T).

1>1 1>1
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Applying Theorem [2.3] this becomes

dim S, A*(T) = dim P, A¥(T) + ) " dim H,4 1 /A" (T)
1>1
= dim[P, AM(T) + > HypraAM(T)].
1>1
The space in brackets is exactly the span of the k-form monomials m with degm —
ldegm < r, and hence we need only count these monomials. This gives

(24) dim S, A®(T) = (Z) H#A(r,k,n),

where (Z) is the number of basic alternators and A(r,n, k) is the set of monomials
p in n variables which are linear in some number [ of the first n — k variables,
X1y.e s Tk, with degp — 1 < r. Now we count the elements of A(r,n, k). For any
monomial p in n variables let J C N,,_; be the set of indices for which z; enters p
superlinearly, let d > 0 be the cardinality of J, and for i € N,,_j \ J, let a; = 0 or
1 according to whether p is of degree 0 or 1 in x;. Then

p= (T2 xax( [T =)
JjeJ i€Np 1 \J
where ¢ is a monomial in the d variables indexed by J and the last k variables. With
[ the number of a; equal to 1, we have degp = 2d + degq+I. Thus degp — [ < r if
and only if degq < r — 2d. Thus we may uniquely specify an element of A(r,k,n)
by choosing d > 0, choosing the set J consisting of d of the n — k variables (for
which there are (”;k) possibilities), choosing the monomial ¢ of degree at most
r — 2d in the d + k variables ((r;‘izk) possibilities), and choosing the exponent a;
to be either 0 or 1 for the n — k — d remaining indices (2"~*~¢ possibilities). Thus

min(n—=k,|r/2])

_ netiaf(n—Kk\ [r—d+k
#Ar k)= Y2 (d )( d+k>

d=0
25
( ) min(n,|r/2]+k)

B Z Qn_d<n—k‘) (r—d—i—Qk)
N d—k d ’
d=Fk

where the second sum comes from a change of the summation index (d — d — k).
Substituting (0] into (24) and using the binomial identity

WG =C)6)

min(n,|r/2]+k)

(26) dimsAHT) = Y 2l (Z) (r N dd+ Qk) (Z)

d=k

we conclude that

This completes the proof of the dimension formula for S, A*(R™).

The proof of unisolvence is easily completed based on the trace property and
Proposition 71 We use induction on the dimension n, the one-dimensional case
being trivial. Suppose u € S, A*(T) and all its degrees of freedom vanish. For any
face f of dimension n — 1, tryu € S.A*(f) and all the degrees of freedom for it
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vanish. By induction try p = 0 on f. This implies that p € S,AF (T), and we invoke
Proposition [3.7] to conclude that p vanishes identically. O

We remark that, as a corollary of unisolvence, we may strengthen the result of
Theorem to equality

(27) try S, AF(R™) = S, AF(f).

Indeed, let T" be a cube with one face contained in the hyperplane f. Then T'N f
is an (n — 1)-dimensional cube and any v € S,A*(f) is uniquely determined by
the degrees of freedom for the S, A*(T N f). Now we may determine an element
p € S.A*(R™) by assigning the degrees of freedom for the space S, A¥(T') arbitrarily.
In particular, we may choose the values of those degrees of freedom associated to
the face TN f and its subfaces to be the same as those for v. Then tr; u € S, A*(f)
(by Theorem 3], and try p and v have identical degrees of freedom, and so they
are equal (by Theorem [B.0]).

With the definition of the spaces complete, we use the subcomplex property,
Theorem B3] to define a subcomplex of the de Rham complex on the cube

R -5 S,AYT) -% S, AYT) -5 0 -5 S AY(T) — 0.
To show that this complex is exact, we define the canonical projection
7t CAM(T) — S.A*(T),

associated to the unisolvent degrees of freedom. That is, 7y € S, A¥(T) is deter-
mined by the equations

/trf(wf,u) ANy = /trf,u Av, VE 737072(517,16)Ad_k(f)7 fe A D),
f !

k <d <min(n, |r/2] + k).
Then, the following diagram commutes:

R -5 C®ANT) —% C®ANT) L .0 - C°ANT) — 0

[ -
R -S SANT) -5 S ANT) L o L S AMT) — 0
The proof of commutativity is based on two basic properties of differential forms:

(1) the commutativity of trace and exterior differentiation, tr; dw = dy tryw, and
(2) integration by parts, which for differential forms can be written as

/dw/\n:(—l)kil/w/\dn—k/ traq w A traq n,
Q Q 0

for a k-form w and an (n — k — 1)-form 7 on an n-dimensional domain 2. See
[4) Lemma 4.24] for the same argument applied to simplicial elements. Since the top
row of the diagram, the de Rham complex on the cube, is exact, the commutativity
of the diagram implies that the bottom row is exact as well.

Having defined the finite element space S, A*(T) on a single cube 7' and estab-
lished its properties, the space S,A*(7},) associated to a cubical mesh 7j, is defined
through the usual finite element assembly. In view of the unisolvence result Theo-
rem and the trace result ([27)), the degrees of freedom associated to a face of the
cube and its subfaces determine the trace of the finite element differential form on
the face. It follows that S, AF(T,) C HA*(Q) (see [, Section 5.1]).
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4. UNISOLVENCE OVER THE SPACE WITH VANISHING TRACES

We conclude the paper with the proof of Proposition B which is based on the
following lemma.

Lemma 4.1. Suppose that n = 3, cx ) o dxs where, for each o € X(k), 1, is
a homogeneous polynomial which is superlinear in all the o* wvariables. Further
suppose that ldeg km > 1 and ldeg kdn > 1. Then n = 0.

Proof of Lemma L1l By (8) we have kdn = dez(k) i AT, Where

(28) Ho = Z [xqaqna + Z €(Q7pa U)xqapna+q—p]-

qEoT* pEoc

Since ldeg kdn > 1, each monomial of the polynomial j, is linear in at least one o*
variable.

For any o € ¥(k) and any subset 7 of o, let ST be the span of the (ordinary,
0-form) monomials which are independent of the 7 variables but depend on all
of the other o variables, and let S denote the span of the monomials which are
superlinear in all the ¢* variables. Denote by P] the projection onto S7. That is,
if p =3 p,uym where the sum is over all monomials m and the coefficients p,, are
real numbers, all but finitely many zero, then Plp := 3" o, ppmm. Similarly, we
denote by Q7 the projection onto S7 N S%. We now calculate the result of applying
Q7 to both sides of ([28). First we note that

(29) ohto =0,

since every monomial of y, is linear in at least one o* variable, and so none of them
belong to S%. Next, for each ¢ € o,

(30) Q5 (240gns) = Py (240405) = 2404(Py0s),

with the first inequality holding since each monomial of 7,, and therefore also of
2q0q4Ms, is superlinear in all of the o variables. Now we determine the action of Q7
on the terms of the second sum on the right-hand side of (28). For any ¢ € ¢* and
p € o, we claim that

0, perT,
xqap(P;-+q—pna+q—p), pET\T

(31) Qr (240Nt q—p) = {

Indeed, 7544—p is superlinear in x,, so every monomial of £,0,1,44—p depends on
xp. This implies that the projection is 0 in the case p € 7. In case p € o \ 7, we
write 2q0plo+q—p = »_ Tq0pm, where the sum is over the monomials m of 74q—p-
Since neither p or ¢ belongs to 7, the monomial m’ := x,0,m is independent of the
7 variables if and only if the same is true of the monomial m, and, since m’ always
depends on z,, it depends on all of the o \ 7 variables if and only if m depends on
all of the (o — p) \ 7 variables. Further, m’ is always superlinear in all of the o*
variables except possibly x,, and it is superlinear in z, if and only if m depends
on 4. In short, m’ belongs to S7 NSy if and only if m belongs to S7,, . This
completes the verification of ([BI]). Thus the application of Q7 to (28] gives, in light

of (). @), and @), that
(32) Z [mqaq(Pgna) + Z e(q, p, U)xan(Pg+q—an+q_P)] =0.

qgeo” pEo\T
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We now claim that, for any ¢ € ¥(k) and 7 C o, that
(33) Z Z q b, 0 (Pa'Jrq pllo+q— p) = (C+ Z x’ba’b) (P;—nﬂ)u
qET* peo\T i€o\T
where ¢ = #(o \ 7). Assuming this, we have from (32)),
0=(c+ Y @0+ > 240)(Pine) = (c+ > 2:0:)(PIno) = (c+7+1)(PIno),
1€o\T qeo* ieT*

where we have used Euler’s formula for homogeneous polynomials (i.e., the ho-
motopy formula for 0-forms) in the last step. Thus, PIn, vanishes, and so 7, =
> rco PIno also vanishes. Since o € (k) is arbitrary, this implies that 7 = 0.

Thus it remains only to prove ([B3). By the first formula of Lemma Ml xn =
> oces(k—1) We dre where

we =) €a,O)zNcq-
qeC™
Now let ¢ € X(k — 1) and 7 C (, and denote by R the projection onto SZ NS¢
(the span of monomials which depend on all the ¢ variables except the 7 variables
and which are superlinear in the ¢* variables). By the hypothesis that ldeg ki > 1,
REUJ( =0.

Next we compute Rf(z4n¢+q) for ¢ € ¢*. If m is a monomial of 7¢4, then m’' =
ZqNc+q depends on all the ¢ variables except for the 7 variables if and only if the
same is true of m. Moreover, m’ is superlinear in all the (* variables if and only

if m depends on z, (since m is superlinear in all the {* variables with the possible
exception of z4). Thus,

RZ(qu—l-q) = quZ+q77<+q-
Combining the last three displayed equations, we obtain
Z E(Qa C)‘rqu-&-q"k‘i‘q =0.
qeC™
Now choose some p € (* and differentiate this equation with respect to x, to get
€(p, C)ap(x;DPCT+p77C+p) + Z e(q, C)xqap(PcT+q77(+q) =0,
qeC*—p
or, after rearranging,
(34) PgT+p77€+p + xpap(P(TernCer) = - Z e(p, Q)elq, Q)z4q0, (P<+q’7<+q)
qeC*—p

For any o € X(k) and any p € 0 set ( =0 —p € X(k — 1). Then we can rewrite
(4) in terms of o as

PIne +xp0,(Pine) = — Z €(p,o —ple(q,0 — p)xqap(PéH??qup)
qET*
Finally, taking any 7 C o € X(k), we sum over p € o \ 7 to obtain

cPyne+ Z Tp0p(Pyno) = Z Z €(p, o0 —p)e(q, 0 —p)xy0, (P;+q7pno+qu)v
pET\T pEo\T 4€T*

where ¢ = #(o\ 7). In light of (B]), this establishes (B3], and so completes the proof

of the lemma. O
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Finally, we give the proof of Proposition B.7]

Proof. By dilating and translating, it suffices to prove the result when T' = I"™ with

I=1]-1,1]. Let
H= Z HodT s
oex(k)

be a polynomial differential form on the cube I”. Then tr; iz vanishes on the faces
x; = £1 if and only if for each o such that i ¢ o, 1 — 2?2 divides p,. Now suppose
that u € S, A¥(I™), so that try o vanishes on all the faces of the cube. It follows
that
o = fo H(l_ff)
i€E0*

for some polynomial fi,. The monomial expansion of y then contains the form
monomial my [[;c,- x? dz,, where m, is any monomial of highest degree of fi,.
The linear degree of this form monomial is 0, so, by the degree property ([20), its
degree is at most r + 1.

Having established that p is of degree at most r+1, let 5 be its homogeneous part
of degree r + 1. We have ldegn = 0. Now we may match terms in the definition
@) of S,A¥(Q) to obtain that n = kv + dkw, for some v € H, ;1 A*+1(I") and
w € Hypp11A*(I™). Therefore, ldeg kn = ldeg kdrkw > ldegw > 1 and ldeg kdn =
ldeg kdkv > ldegv > 1, where we have used Lemma

By Lemma [£1] n = 0, hence the monomial of highest order in the expansion
of s is of degree at most r. It follows that fi, is of degree r — 2(n — k) for each
o € 3(k). We can then choose the test function v = dez(k)(—1)Sgn(‘77"*)ﬂgdxa*
in (23) to conclude that p vanishes. O

REFERENCES

[1] Scot Adams and Victor Reiner, private communication.

[2] Douglas N. Arnold and Gerard Awanou, The serendipity family of finite elements, Found.
Comput. Math. 11 (2011), no. 3, 337-344, DOI 10.1007/s10208-011-9087-3. MR2794906
(20121:65249)

[3] Douglas N. Arnold, Daniele Boffi, and Francesca Bonizzoni, Tensor product finite ele-
ment differential forms and their approrimation properties, preprint 2012, arXiv: 1212.6559
[math.NA].

[4] Douglas N. Arnold, Richard S. Falk, and Ragnar Winther, Finite element exterior cal-
culus, homological techniques, and applications, Acta Numer. 15 (2006), 1-155, DOI
10.1017/50962492906210018. MR2269741/ (2007j:58002)

[5] Douglas N. Arnold, Richard S. Falk, and Ragnar Winther, Finite element exterior calculus:
from Hodge theory to numerical stability, Bulletin of the American Mathematical Society 42
(2010), no. 2, 281-354. MR2594630 |(2011{:58005)

[6] Franco Brezzi, Jim Douglas Jr., Ricardo Durédn, and Michel Fortin, Mized finite elements for
second order elliptic problems in three variables, Numer. Math. 51 (1987), no. 2, 237-250,
DOI 10.1007/BF01396752. MR890035(88:65190)

[7] Franco Brezzi, Jim Douglas Jr., and L. D. Marini, Two families of mized finite ele-
ments for second order elliptic problems, Numer. Math. 47 (1985), no. 2, 217-235, DOI
10.1007/BF01389710. MR799685| (87g:65133)

[8] Runchang Lin and Zhimin Zhang, Natural superconvergence points in three-dimensional fi-
nite elements, SIAM J. Numer. Anal. 46 (2008), no. 3, 1281-1297, DOI 10.1137/070681168.
MR2390994/(20092a:65321)

[9] Jean-Claude Nédélec, Mized finite elements in R?, Numerische Mathematik 35 (1980), 315
241.

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.


http://www.ams.org/mathscinet-getitem?mr=2794906
http://www.ams.org/mathscinet-getitem?mr=2794906
http://www.ams.org/mathscinet-getitem?mr=2269741
http://www.ams.org/mathscinet-getitem?mr=2269741
http://www.ams.org/mathscinet-getitem?mr=2594630
http://www.ams.org/mathscinet-getitem?mr=2594630
http://www.ams.org/mathscinet-getitem?mr=890035
http://www.ams.org/mathscinet-getitem?mr=890035
http://www.ams.org/mathscinet-getitem?mr=799685
http://www.ams.org/mathscinet-getitem?mr=799685
http://www.ams.org/mathscinet-getitem?mr=2390994
http://www.ams.org/mathscinet-getitem?mr=2390994

1570 DOUGLAS N. ARNOLD AND GERARD AWANOU

[10] J.-C. Nédélec, A new family of mized finite elements in R3, Numer. Math. 50 (1986), no. 1,
57-81, DOI 10.1007/BF01389668. MR864305|/(88e:65145)

[11] Pierre-Arnaud Raviart and Jean-Marie Thomas, A mized finite element method for 2nd order
elliptic problems, Mathematical aspects of finite element methods (Proc. Conf., Consiglio Naz.
delle Ricerche (C.N.R.), Rome, 1975), Vol. 606 of Lecture Notes in Mathematics (Berlin),
Springer, 1977, pp. 292-315. MR483555 (58 #3547)

[12] Barna Szabé and Ivo Babuska, Finite element analysis, A Wiley-Interscience Publication,
John Wiley & Sons Inc., New York, 1991. MR1164869 (93f:73001)

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF MINNESOTA, MINNEAPOLIS, MINNESOTA 55455
E-mail address: arnold@umn.edu

DEPARTMENT OF MATHEMATICS, STATISTICS, AND COMPUTER SCIENCE, M/C 249, UNIVERSITY
OF ILLINOIS AT CHICAGO, CHICAGO, ILLINOIS 60607-7045
E-mail address: awanou@uic.edu

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.


http://www.ams.org/mathscinet-getitem?mr=864305
http://www.ams.org/mathscinet-getitem?mr=864305
http://www.ams.org/mathscinet-getitem?mr=483555
http://www.ams.org/mathscinet-getitem?mr=483555
http://www.ams.org/mathscinet-getitem?mr=1164869
http://www.ams.org/mathscinet-getitem?mr=1164869

	1. Introduction
	2. Notation and preliminaries
	3. The 𝒮ᵣΛ^{𝓀} spaces
	4. Unisolvence over the space with vanishing traces
	References

