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ABSTRACT. In continuum mechanics problems, we have to work in most cases
with symmetric tensors, symmetry expressing the conservation of angular mo-
mentum. Discretization of symmetric tensors is however difficult and a classical
solution is to employ some form of reduced symmetry. We present two ways
of introducing elements with reduced symmetry. The first one is based on
Stokes problems, and in the two-dimensional case allows to recover practically
all interesting elements on the market. This however is (definitely) not true in
three dimensions. On the other hand the second approach (based on a very
nice property of several interpolation operators) works for three-dimensional
problems as well, and allows, in particular, to prove the convergence of the
Arnold-Falk-Winther element with simple and standard arguments, without
the use of the Berstein-Gelfand-Gelfand resolution.

1. Introduction. Mixed methods are an appealing technique for the numerical
solution of elasticity problems. They ensure the equilibrium condition, a basic
property in solid mechanics, and they make the constitutive law more explicit. The
stress tensor becomes the main variable but the symmetry of this tensor, however,
makes the construction of suitable elements much more complicated than what can
be done in the thermal problems where families of elements such as the RT} and
BDMj, are now classical.

The idea of using stress tensors having only a reduced symmetry goes back to
Fraeijs de Veubeke [11], but the introduction and the analysis of specific elements
having symmetry only in average was done first in [1], while an even weaker form
of symmetry (namely, orthogonality to piecewise linear continuous functions) was
proposed and studied in [2]. Since then their use underwent alternate periods of
popularity and oblivion. See e.g. [7], [14], [16, 17], [13] and many others. See also
[8], [5], [9], and the references therein.

Recently, a general construction of elements with reduced symmetry was pre-
sented in [4], [3], and [9]. Their construction relies on a very elegant but quite
abstract procedure, requiring rather sophisticated instruments. We present here
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a new proof of some of their result and related ones, using more elementary and
classical techniques. It is clear to us that the construction in [4] still has the merit
of having inspired the choice of these elements (and having provided the first proof
of their convergence). Nevertheless we believe that our much simpler construction
might be interesting for many readers.

The plan of the paper is as follows. In Section 2 we recall the mixed formulation
of linear elasticity problems and the general setting for their approximation. In
Section 3 we recall first the non-symmetric formulation, in which the variational
problem is posed in a space of non-symmetric tensors, and the symmetry is then
imposed by means of a suitable Lagrange multiplier. The well-posedness of such
formulation is well known, but it is proved here with a different approach, based
on the solution of suitable auxiliary Stokes problems. The discrete counterpart of
this approach is then used to construct families of reduced-symmetry elements, first
in two dimensions and then in three dimensions, that include in particular most
known two-dimensional elements in the literature. An alternative approach for
proving stability and error bounds for elements with reduced symmetry is introduced
Section 4. This approach is not based on Stokes auxiliary problems, but rather the
possibility of having interpolation operators that respect the reduced symmetry.
This new and nice feature is then used to prove the convergence of the Arnold-Falk-
Winther family in the three-dimensional case.

Throughout the paper we shall use the standard notation for Sobolev spaces
and Sobolev norms (see e.g. [8]). For the sake of simplicity we shall assume that
the computational domain  is a convex polygon (or a convex polyhedron in 3
dimensions), although (as it could be easily seen looking at the proofs) much more
general assumptions would be sufficient.

2. Linear elasticity problems; stress methods.

2.1. Continuous formulation of stress methods. We consider in this paper
a mixed approach to linear elasticity problems, that is we use as main variable a
symmetric stress tensor, chosen in a suitable space. We therefore define

H(div; Q) := {z € (L*(€))"*"| such that divz € (L*(Q2))"}, (2.1)
H(div; Q)s := {1 € H(div; Q)| such that 7; ; = 7;; Vij=1,.,n}, (2.2)
¥ = H(div; Q), s = H(div; Q)s, U = (L*(Q))". (2:3)

We recall the definition of the trace of a tensor
tr(z):=> 1., (2.4)
i=1

and of the deviatoric

7 =1 — —tr(z)l, (2.5)

where I is the identity tensor. Note that ¢r(I) = n, thus giving tr(z”) = 0 in (2.5).
Note as well that (2.5) can equally be written as

tr(;)ﬂ =n (; — ;D), (2.6)
which, applied to the case of a tensor 7 = Vo (for some v), gives

(diveo) I = tr(Vu) [ =n (Vv — @D). (2.7)
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At this point we can set

1 1
alg,1) := /Q {ZgD ;;D + mtr(g)ﬁ(;)} dz, (2.8)
b(z,v) == | div(z) - vdz, (2.9)

Q

and we can write our simple linear elasticity problem as: find (g,u) € X5 x U such
that

= (2.10)

a(g,r) +b(z,u) =0, VI € X,
b(g,v) + (f,v) =0, YvelU.

Remark 1. The first equation represents the constitutive law and the second one
the equilibrium condition. It must be clear that although we consider a linear
model, the results can be transposed to more realistic non linear models.

We thus have to consider the standard conditions for existence and uniqueness
of the solution to this problem. It is very easy to check that

. b(z,v)
inf sup ————-— > ¢ >0, (2.11)
vev ress ||Zll1llzllo
and that
1 2
> A% . 2.12
o) 2 sl vre (2.12)

We thus have an inf-sup condition and coercivity, so that our problem is well posed.
However, trouble arises when we have to deal with a very large A (nearly incom-
pressible materials). In fact it is clear that the coercivity constant which appears
in (2.12) goes to zero like 1/\ when A — 400 so that the stability properties of
problem (2.10) seem to deteriorate for large values of A. Actually, the situation is
not as bad as it seems, because, as is well known, we do not need coercivity to hold
for every 7 € ¥ (or ¥p,) but only for 7 € ker B (respectively, ker By, for discrete
problems). In particular, the continuous formulation (2.10) does not break down
when A — oo, because of the following proposition, whose proof can be found in [2]
or in [8] [5].

Proposition 1. There exists a constant C' > 0 such that, for every € 3 satisfying

/ tr(r) dx = 0, (2.13)
q =
we have

Izllo < C(lIZ”lo + [|divz]lo)- (2.14)

If we work in the subspace

¥ = {; |z €X, /Qtr(z) dx = O}, (2.15)

we know that the set
ker B = {z| r € ¥ such that b(r,v) =0, Vo € U} (2.16)
is precisely made of tensors satisfying (2.13) and

divr = 0. (2.17)
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Hence, from Proposition 1 we have
1
a(z,7) > ZII;DH% > C lIzllg = CW Izl aive),» VI € ker B. (2.18)

The stability constant of our problem is therefore independent of .

Remark 2. It must be noted that condition (2.13) refers to the fact that with
Dirichlet boundary conditions, in incompressible problems, pressure is defined only
up to an additive constant. The condition can then be applied a posteriori. It
disappears whenever Neumann boundary conditions are imposed on a part of the
boundary. From the mathematical point of view we can also remark that taking
7 = I in the first equation of (2.10) we immediately have that the solution ¢ belongs

to 2.
To avoid unnecessary complications, we shall often use, in what follows, the
spaces X and Y g instead of ¥ and Xg.

2.2. Numerical approximations of stress formulations. If we now choose
some finite-dimensional subspaces Yg;, of g and U of U, we must be careful
to have the discrete analogues of (2.11) and (2.18) verified. However we have to
face a delicate point. In order to prove an inequality of type (2.18) we needed, in
Proposition 1, to have divc = 0. Hence our life would be a lot easier if we had the
“inclusion of the kernels property”: ker B;, C ker B. In other words, we would like
our spaces Xgp and Uy, to satisfy the following property:

ker Bj, = {;h €Xsh, b(;h,yh) =0, Yv, € Up}

2.19
Cker B = {1 € ¥|s,divr = 0}. 219

At the same time, the inf-sup condition (2.11) is related to the existence of an
operator Il : ¥ g — X gp such that

b(z — 1,7, v;,) = 0, Yo, € Uy, (2.20)
Mpzlls <clzls, VZex. (2.21)

There are in the literature many examples of discrete spaces satisfying (2.19),
(2.20), and (2.21) for the approximation of spaces of type H (div; Q) and L?(2) when
dealing with mixed formulations. The most popular are surely the Raviart Thomas
elements [15] and the Brezzi-Douglas-Marini [6], but many others are available: see
e.g. [8], [5]. It seems, at the first sight, that we could just use a pair of vectors in
H(div; Q) (or a triplet in 3 dimensions) to approximate X, but we should not forget
the symmetry of the tensors in 3g. The problem of finding subspaces of ¥ g and U
satisfying (2.19), (2.20), and (2.21) is actually very difficult. One of the (nowadays)
classical remedies is to give up the symmetry of 7 and enforce it back in a weaker
form by some Lagrange multiplier. This is what we are going to do in the next
section.

3. Relaxed symmetry.

3.1. Continuous formulation of the relaxed symmetry approach. The idea
of relaxing symmetry was, to our knowledge, first used by [12] and his school; it was
then used by [1] and then by [2]. Other results can be found in [7], [14], in [16, 17],
and in several other papers. See [9] for a more detailed list of references.
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Remark 3. It is worth recalling that the symmetry of the stress tensor is in fact a
simplified way of expressing a conservation law, namely the conservation of angular
momentum. This should make it easier to understand why symmetry is difficult to
enforce. Conservation laws are not easily imposed exactly.

In fact the point of using spaces like H(div;{2) and its discrete counterparts is
to get a strong form for conservation of momentum. For the moment, let us try to
define a variational formulation suitable for our purpose. Given a tensor 7 € X, we
define its skew-symmetric part as a

1
as(z) = 7 {z-'}. (3.1)
We now define a space of skew-symmetric tensors
X = {y € L*(Q)"™" such that as (y) = 7}, (3.2)

and we introduce a new bilinear form:

C@@:A@QQMELQXEM. (3.3)

~—

We can see that, in general, an approximation of (2.10) with relaxed symmetry
requirements corresponds to a conforming approximation of the following continuous
problem: find (g,u,w) € ¥ x U x X such that

) +b(r,u) + e(r,w) =0, VT €,

alg, T
b(g,v) = (f,v), YveU, (3.4)
c(g,l) =0, Vl c X.

We now have to prove an existence result for this problem. With respect to the
general theory, what we need is an inf-sup condition of the form

b(z,v) +c(z,7)

>C>0 (3.5)

inf sup =
velieX rex ||zlls (lullo + llx)

where, here and in all the sequel, C' denotes a generic constant that is independent
of h.
The above condition is indeed satisfied, as we can see in the following proposition.

Proposition 2. There exists a constant C' such that for any v € U and v € X,
there exists T € 3 such that B

b(z,v) + e(z,7) = IlullE + % (3.6)

and
Izlls < C (lollo + 2l1x)- (3.7)

Proof. We first give the proof for the two-dimensional case, and then for the three-
dimensional one. We give it in detail because the technique will be relevant for the
construction of the discrete approximations. The construction of 7 will be done in
two steps. The first one is to build a tensor 7! € 3 such that

b la = ) ) v S Ua

g w) = (v,w), Yw (3.8)
Iztls < Cllzllu.

This is easily done, even with a symmetric 7'. One could, for instance, solve a

classical elasticity problem and take the associated stress field. The second step is
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to correct this tensor by a divergence-free tensor 72 such that as(r?) = y—as(z'). In

the two-dimensional case this divergence free tensor is obtained by taking the i —th
row (i = 1,2) made by the curl of the ¢ — th component of a vector ¥ = (1, 12),

that is Sy B
2 — 0201 1%1
L= ( Oty Buipy ) (3:9)

One sees immediately that the condition as(r?) = v — as(z') is equivalent to

%s%aml + O = %Sz(divg) — as(r?) =y — as(z"), (3.10)

=2

where for every scalar g the skew-symmetric tensor S?(q) is defined by

sw-(1 1) (3.11)

To satisfy equation (3.10) with the required continuity condition, it is then suf-
ficient to solve a Stokes problem for W.

In the three-dimensional case, the situation is slightly more complex. The first
step (3.8) holds unchanged, but the divergence-free tensor 72 will now be the curl
of another tensor of the form B

i1 Y12 i3
W=\ a1 Va2 Va3 |. (3.12)
W31 P32 P33

This means that we will look for a ;2 of the form:

o1z — O3h1a D311 — Oz D112 — Oatdin
7%= | Oothos — Osthao  Osthor — Orthas Orthos — Dot |, (3.13)
Ooth33 — O3th3a O3th31 — O1hzs 0193 — Oatdan

whose skew-symmetric part g(f) is individuated by the vector

51 T3y — Tas 01(—v22 — 33y + Oath21 + O3t31
so | = B -74 | = | 0112+ 0a(—tbs3 —11) +O3hs2 | . (3.14)
53 oy — Tia 01113 + Oothag + O3(—1P11 — 1a2)

The construction of 72 such that as(r?) = y — as(z') is thus equivalent to solving

three Stokes problems,

{ _AQ(’@) + gradp® =0 (3.15)

div?(k) = Sg ’

for k =1,2,3. Once M), $®) and ¢ have been found, we can construct W such
that

Yoo + P33 = —¢§1),¢21 = gl)ﬂﬂ:n = ¢>§1)- (3.16)
R R . (3.17)
P13 = ¢§3),¢23 = ¢g})7 P11 + Yo = —<Z5g(»,3)7 (3.18)

Denoting by @ the tensor having Q(l), @2), and 9(3) as columns, it is immediate to
see that
2 pr—

S

—tr(¥)I,

giving easily
tr

—~

2)

S

[l

(3.19)

[\V]
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We may write the algebraic relation (3.19) as
¥ =A®. (3.20)

It is also immediate to verify that the above construction, which relies on the
solution of well posed Stokes problems, satisfies the required continuity conditions
as well. O

Remark 4. The above construction is not the most general in the three-dimensional
case. It is not necessary to get ¥ with all the regularity implied by our procedure.
This will have as a consequence that some approximations cannot be generated with
the discrete equivalent procedure.

3.2. Numerical approximation of relaxed-symmetry formulations. We can
now start considering the approximation of the variational formulation (3.4). We
want to choose subspaces Xy, Uy, X;, of 3, U, X and to solve the problem: find
(g, up,w,) € Y5 x Uy, x X}, such that

119

a(g,,z,) +b(z,,u,) +c(z,,w,) =0, VI, € i,
b( h’yh) = (i7 yh)a v@h S Uh7 (321)

C(gh’lh) =0, Vlh € Xp.

IS

Here again, we shall rely on the general theory. We shall try to build approxi-
mations satisfying the “inclusion of kernels property”(2.19). To do so, we can use
some of the finite element discretizations of H(div,2) available in the literature.
Assuming that we made a choice that takes care of that, we still must check the
discrete inf-sup condition:

b(;ha yh) + C(Th7 lh)

inf sup >C > 0. (3.22)
wents exn ob, To T (eallo + I, 1)

It is well known (see e.g. [10] or [8]) that this can be done by building an interpo-
lation operator IIj : ¥ — ¥, satisfying,

b(I - th7 Qh) + C(Z - Hh177 ) = 07Vyh € Uh7v’y € Xha
T -1z z-1hza, Lh (3.23)
ITnzlls < Cllzls.

To do this we shall try to proceed in the same way that we used to prove the
continuous inf-sup condition: we shall first build ;;L so that its divergence satisfies
the first requirement

b(r — T}L,Qh) =0,V € Uy,

(3.24)
Iz; Iz < Clizls,

and then we correct this tensor by a divergence-free tensor ﬁl to obtain the required
asymmetry,
— 72 = c(1} Y X
C(; gh’lh) c(;h’l})7 lh7€ h (3 25)
IZ3ls < Cllz -z ll=-
Referring to the continuous case, we can try to build ;i by solving (discrete) Stokes
problems (one in two dimensions and three in three dimensions) returning a tensor
gh and then by taking ;i = Curl(gh). It follows that one possible key to our
constructions will be stable elements for the Stokes problems, together with the
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inclusion of the kernels property, that we now have to require in X, (rather than
Ygn as in (2.19)):

ker B, = {z, € Xy, b(z,,v;) =0, Vv, € Up}
Cker B={r € ¥,divc =0}. (3.26)

But the approach through Stokes problems is less effective for the three-dimensional
case, and we shall present an alternative one in Section 4.

Before considering specific constructions, let us state the error estimate that one
can expect for the discrete problem (3.21).

Theorem 3.1. Let us suppose that the spaces Xy, X Uy, X X, are such that

o X, x Uy, satisfies (3.26)

o 3, x Up x X, salisfies (3.22).
Then (3.21) has a unique solution. Moreover, if (o, u,w) € X xU x X is the solution
of (3.4) and (g,,wy,w,) € EXp X Up X Xy, is the solution of (3.21), then we have

lg,, = gllo + lluy, = ullo + [lw, —«llo

< C(Iienth Iz, —zllo+ , inf, flun —ullo + ¢33§% ¢, — gHo) (3.27)

The proof is an easy consequence of the general theory on mixed formulations
(see e.g.[5]).

One can see from (3.27) that it is important to balance the quality of the approx-
imation for the three components of the solution. In particular, symmetry must be
imposed at least to the same precision as the approximation properties for the other
variables

Remark 5. It is clear that the inclusion of kernels (3.26) is not necessary, but it
makes the theory easier.

Remark 6. It is easy to see that if the space X, contains (as we implicitly assume)
the constant identity tensor I, then solving the problem in Y, X Up x X, or in
Yn x Up x X}, gives exactly the same result.

Remark 7. In a few cases, we shall be able to build explicitly a basis for the space
gy, of discrete symmetric tensors. We shall then be able to consider the problem

a(gh’;h) + b(;hauh) =0, v;h € ESh,
b(g,,vn) = (frvn), Vo, € Un.

3.3. A first family of relaxed symmetry elements in two dimensions. We

start by considering the two-dimensional case. Let us suppose that we can choose

a pair Xj, x U, such that (3.26) is satisfied, and moreover the “first part”of the
inf-sup condition holds that is

(3.28)

b(rl, v
inf sup (:h u)

v, €U T} €35, HQIL

>C > 0. (3.29)
I=llwyllo

This is equivalent to be able to build, for any 7, a tensor ;}11 such that,

b(z —;}L,yh) = 0V, € Uy,
1 (3.30)
Iz, lIs < Clzlls.
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To get the full inf-sup condition, we must control symmetry. Let us suppose that
we have a stable approximation Vj, x @ for the Stokes problem such that

curl(Vy) C . (3.31)
We then solve for (yh,ph) € Vi X Qu:
{ Jo2ue(®,) 1 (0,)da + [oprdiv ¢, dv = (f,9,), Vo, € Vi,

Joandivy, de = [o(z—1,,): S?%(qn) dz Vg € Qp.

If we now compute zi = z}IL

(3.32)

—curly, , we do not invalidate (3.29) and we have:

— 22 ) = (] X
C(; £h7lh) c(;h’lh)vlh € ho (3 33)
Iz lls < Cllz -z 1=

Considering (3.29) and (3.33), it is then natural to take X, := S?(Q},) where S?(q)
is always defined in (3.11), and we easily obtain the required inf-sup condition
(3.22) for the triplet (X, Uy, Xp) . With respect to our elasticity problem, we work
then with a reduced symmetry property, “symmetry weighted by ¢;,”. This can be
summarized in the following proposition, that can be seen as a simplification (in a
particular case) of a result of [9].

Proposition 3. For n = 2, for any couple of spaces X, x Uy satisfying condi-
tions (3.26) and (2.11), and any couple Vi, x Qy, stable for the Stokes problem and
satisfying (3.31), the triplet

Y x Uy x Xp, with X, = S%(Qp) (3.34)
satisfies the conditions of Theorem 3.1.

This analysis through a Stokes problem was first introduced in [13]. There are
several examples in the literature of approximations that could be inserted in the
above theory. These include the PEERS element of Arnold-Brezzi-Douglas [2], or
its variant by Brezzi-Douglas-Marini [7]. These include as well the Amara-Thomas
element [1] and other possible elements that could be developed along these lines.
In the next section we shall see other two-dimensional elements whose convergence
can be proved with this strategy.

3.4. Relaxed symmetry, the three-dimensional case. Building stable ele-
ments with relaxed symmetry is somewhat more tricky for the three-dimensional
case. The basic idea is again to start from elements satisfying the first part (3.29)
of the inf-sup condition and then to correct for symmetry. We can still use the
same trick as in the two-dimensional case and rely, following the continuous case,
on solving three Stokes problems. In more details, we start from a pair %), x Uy,
(in three dimensions this time) such that (3.26) is satisfied, and moreover the “first
part”of the inf-sup condition holds: that is

b(z,,v
inf  sup ) >C > 0. (3.35)
v, rt ez, | 1llenllu
We recall once more that this is equivalent to be able to build, for any 7, a tensor
22 such that,
b(z — ;;lﬂyh) = 0V, € Up,

(3.36)
Iz} s < Clizlls.
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To get the full inf-sup condition, we have again to work on the symmetry condition.
Let us suppose that we have a stable approximation V}, x @y, for the Stokes problem
in three dimensions. For any triplet of vectors Q(l), 9(2), and 9(3), we denote by ®
the tensor having them as columns, and we denote by [V} |V4|V,] the tensor space
containing all possible tensors built in his way. Our requirement (in place of the
two-dimensional (3.31)) is now that

curl(A([Vi|Va|Va))) € . (3.37)

where A is still defined as in (3.20). If this is satisfied, we can then proceed as we
did for the continuous case. We do not repeat the procedure here. We just point
out that, instead of S%(Q},), in three dimensions we define, for every vector q, the
tensor S3(q) given by

0 q3 —q2
Sg) =] —gs 0 el , (3.38)
q2 -1 0

with (q1,¢2,q3) € Qn
We summarize the result for the three-dimensional case.

Proposition 4. For n = 3, for any couple of spaces X, x Uy satisfying condi-
tions (3.26) and (3.35), and any couple Vi, x Qy, stable for the Stokes problem and
satisfying (3.37), the triplet

Sp x Uy x Xy, with Xp, = S*(Qn) (3.39)
satisfies the conditions of Theorem 3.1.

Remark 8. We already noted that using a Stokes problem was not the most general
way of obtaining the continuous inf-sup condition. In the same way, the above result
will enable us to obtain some useful constructions of relaxed symmetry tensors.
However, it does not yield all constructions.

Example 1. As examples of applications of the above strategy we could consider
the three-dimensional version of the PEERS element. We define ¥}, as the space of
tensors (in 3 dimensions) where each line is an element of the lowest order Raviart-
Thomas space on tetrahedra. Using for U, a space of piecewise constant vectors,
it is immediate that we have (3.26) and (3.35). For the Stokes problem we use the
three-dimensional MINT element:

Vi = (£1)° @ (B4)®

Qh = 2%3
where By, is the space generated by the elementwise quartic bubbles by, obtained as
the product of the equations of the four faces. We can then augment the space %5,
by adding, in each element, curl(A([V3|V,|V3]). This will leave (3.26) and (3.35) still
holding true, and (3.37) will now hold as well (we hammered it into the method).
All the assumptions of Proposition 4 will then be satisfied.

(3.40)

Example 2. Consider, for each face f of each tetrahedron K, the cubic function bg
that vanishes identically on the three other faces and has value 1 at the barycenter of
f. Then consider the vector valued function bé n/ where n/ is the unit normal vector
to f. Let finally Bfqces be the space generated by all these vector valued functions
all over the domain, and consider a Stokes element where V}, = (S})?’ éh B faces
and @, is made by piecewise constant functions. We consider now X5, as the tensor
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space obtained using a lowest-order Raviart-Thomas element per line (as above),
augmented with curl(A(Bfaces)), and Up, made by piecewise constant vectors. Then
all the assumptions of Proposition 4 will be satisfied. The space of tensors thus
obtained is unfortunately not easy to make explicit.

Example 3. The three-dimensional equivalent of the Amara—Thomas el-
ement. As in the two-dimensional case, it is easy to obtain a suitable construction
based on the Crouzeix—Raviart element for the Stokes problem. This construction
yields a very rich space of tensors which is not likely to be of practical use and that
we shall not try to make explicit here.

Example 4. A simple second order element We define ¥; as the space of
tensors (in 3 dimensions) where each line is an element of the Raviart-Thomas RT}
space on tetrahedra. We can then use U = £9, the space of discontinuous piecewise
linear vectors; it is immediate that we have (3.26) and (3.35). For the Stokes
problem we consider the Taylor—-Hood element in which velocity is approximated
by a space of quadratic elements (£3)® and where pressure is continuous piecewise
linear (£1). This immediately yields a second order elasticity element in which we
have

¥ = (RT1)?,

Un = (£1)°, (3.41)

X = S8*((£1)°).
Symmetry is enforced as in the PEERS element but we now have second order
accuracy. This construction is obviously a member of an infinite family, using
higher order Raviart-Thomas elements and corresponding generalized Taylor-Hood
elements.

4. An alternative approach.
4.1. Notation and useful formulae. In order to explain the following variant of

the above strategy, it is convenient to recall the definition of the permutation tensor
(or pseudo-tensor) in two and three dimensions: for n = 2 the double tensor P is

given by
0 1
(%) "

while for n = 3 the triple tensor [P is given by

I~

1 if {i,j,k} ={1,2,3} or {3,1,2} or {2,3,1}
Pijr =4 -1 if {i,j,k} = {3,2,1} or {1,3,2} or {2,1,3} (4.2)
0 otherwise.

Note that we could have summarized (4.1) and (4.2) in one formula (as in most
textbooks on tensors), using the concept of even and odd permutations. We chose
the above presentation for the sake of clarity, considering that the cases n = 2 and
n = 3 will be the only ones of interest for us.

We point out that, in two dimensions, a tensor 7 is symmetric if and only if the
scalar T : P verifies -

S*(r:P)=0. (4.3)
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Similarly, in three dimensions, a tensor 7 is symmetric if and only if the vector T : P

satisfies
as(r) = %‘93(; :P) =0. (4.4)
Then we denote by
TAy
the external product of two vectors. In two dimensions, this is a scalar given by
zhy:=(B-y) z=(Pyy;)w: (4.5)
and in three dimensions it is a vector given by
zhy:=(P-y) -z that is (2 Ay)i = (Pijryr)r; (4.6)

where in (4.5) and (4.6) (and in all the rest of the paper) the Einstein convention
of summation of repeated indices is employed.
In a similar way we can define the wedge product of a double tensor T with a
vector v as
(; A Q)r = ]P)ijvair and (; A\ y)ir = ]P’ijkvajr (47)
in two and three dimensions, respectively. We recall now a useful property of tensor
calculus. We denote by z = (w1, 22)T or z = (21,72, 73)T (respectively in two or
three dimensions) the vector containing the independent variables. Let 7 be given
in H(div; Q). In two dimensions we have
div(z Az) = (divi) Az +P: 1
as it can be easily seen by
(]P)ijxj’rir)/r = ]P)ij(seriT + ]P)ijxj(’rir)/r = E . ; + (le;) /\g.
Similarly, in three dimensions we have

div(z Az) = (divr) Az +

I~
11N

as it can be easily seen by
(PijrxrTir) jr = PijrOrrTjr + Pijrr(Tir) fp = Bz + (dive) Az
In particular we have
div(zAz)=1:P when divr =0 (4.8)

with its obvious analogue in dimension n = 2.
Multiplying (4.8) times a vector p € (H'(K))", we get

/div(;/\g)-]_)dx:/;:
K K

that integrated by parts reads

/ 7:P.pdx = / p-(TAZ) Ny dx—/ (rAz): YV (p)de when divr =0 (4.9)
K- =7 oK~ K~ - - -

where nj is the outward unit normal vector to K. In two dimensions, instead,
(4.9) obviously becomes

/ 7:Ppdr = / (TAZ) ngp dx—/ (rAz)-Vpdx when divr =0. (4.10)
K~ = oK — K~ -
Using now the following identities

(zAz):Vp=—1 : (zANp), (4.11)

-pdx when divzr =0

1=
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p(TAZ) ng=(xAp) T ng, (4.12)

we can write (4.9) in the form

/zzﬁ-p dxz/ (zAp)-Tng ds+/ 7 : (zAVp)dz when divr =0 (4.13)
K = oK = K -

which will be more suitable to define degrees of freedom for a tensor 7.

To deal with the two-dimensional case, we denote by zt := (z, —z) the or-
thogonal of z. The starting point is now (4.10). A simple computation shows that
instead of (4.11) we now have:

(TAz)-

<
|
I
)
&
g

where we used the notation

that in our case gives

1 L xgap/axl mgap/axg
" ®Vp:= ( —210p/0x1 —x10p/Oxs |’

On the boundary, instead of (4.12) we have
p(TAZ) ng=pa T ng,

and from (4.3) we immediately have

/}{;@Pdm:/KGZS(;):SQ(p) dz,

so that the two-dimensional version of (4.13) is

/@(z):SQ(p)dm:/ p§L~1-Qde+/z:(gL®Zp)dx, (4.14)
K oK - K

whenever divz = 0.

The idea, now, is to use (4.13) or (4.10) with 7 = g — II;,0. Indeed, this is what
we shall do in the sequel. We will deal first with the two-dimensional case, and then
we will briefly present the corresponding three-dimensional results.

4.2. The two-dimensional case. We consider first the two dimensional case that,
as usual, is easier and allows several types of strategies. We have the following basic
theorem.

Theorem 4.1. For n = 2 assume that X, x Uy, x W}, are such that:
div(Xy) C Uy, (4.15)

and that there exists a piecewise polynomial space =5, such that ((23)%, W) is
a stable Stokes element. Assume moreover that there exists a mapping Il from
(H'(Q))5*" 4 curl((2x)?) into Xy, satisfying for each element K :

MRzl fraiviy < C Nzl ey (4.16)
together with the following properties:

/ (£ —Trz) - (Yo, + 2t ® Yw,)dzr =0 Y, € Up, Ywy € Wy, (4.17)
K

/(; —1pT) -k - (v, +§Lwh)ds =0 Y edge £, Vv, € Up, Ywy, € Wy. (4.18)
¢
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Then the triplet

Yo x Up x Xy with X, = SQ(Wh) (4.19)
satisfies the conditions of Theorem 3.1.
Proof. The inclusion of kernels (3.26) follows easily from (4.15). From the convexity

assumption, we easily have that for every w;, € U, C (LQ(Q))” we can find a
T =1(u,) € (H'(Q))§*" such that

divt = u;,  and ||;||(H1(Q))gxn < Cllugllz2@)n- (4.20)

Then using (4.15), (4.17) with w, = 0, (4.18) with w, = 0 and (4.16) we easily
have that

diVHh; =u;, and ||Hh;||g(div;ﬂ) < CHQhH(Lz(Q))n. (4.21)

Hence the pair of spaces (X, Up,) satisfy condition (3.24), just by taking ;}l = Iz
In particular from (4.17), (4.18), and again (4.15) we have that div(z — II;7) = 0,
so that we can apply formula (4.14). At this point, using (3.3) and (4.19), then
(4.3), and finally employing (4.17) and (4.18)in (4.14), gives

e(r-Thhr,6 ) = / as(z-Thr) : ) dr =0 V6 =5(us) € Xy = S*(Wh).
ke X ke
Now for every = S?(vp) € X, we can use the assumption that ((Z5,)2, W) is a
stable element for Stokes, and find a ¥,, € (£,)? such that

19,1l (a1 (22 < Cllonllrz o)

and

/ div¥, ¢ dx = / vp qn dx Vaqn, € Wp,.
Q Q

Now we take, as in (3.9),

1!

2 _ _a2w}L 811%)
(h)‘<—azwi o ) (4.22)

One sees immediately that divf(h) =0 and

[aszm):S@te = [ aviande = [mads  va Wi (@23)
Q Q Q
It is clear, from the previous discussion, that th(h) will satisfy

divIl,z?(h) =0 and  c(z?(h) — Lz’ (h), ¢)=0Y¢ €Xp. (4.24)

We can therefore take 7, := II,(z+12%(h)) to show that (3.23), and therefore (3.22),
hold true. O

Remark 9. Tt is important to point out that, in general, conditions (4.17) and
(4.18) do not define the interpolation operator IT,, meaning that the number of
degrees of freedom (4.17) and (4.18) (always in general) is smaller than the dimen-
sion of X, so that other degrees of freedom need to be added in order to define
II; in a unique way. However, to apply the theorem we do not need to exhibit an
interpolation operator that satisfies (4.16) (4.17), and(4.18). Tt will be enough to
show that such an operator exists.
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Remark 10. It is clear that the convexity assumption is unnecessarily strong.
Indeed, as is well known, a little bit of regularity more than H(div;Q) will be
sufficient, in applications, to build IT;,. See e.g. [8] or [5]. On the other hand,
the use of the space Zj is motivated by the lack of reqularity that we would have
proceeding as in (3.9)-(3.10). Indeed, if you look for a vector ¥ with divergence
equal to ¢ you cannot have anything better than

191 (02))2 < C llallr2(e)
and the corresponding 22 given by (3.9) will not be smooth enough to apply the
interpolation operator II;. To the contrary, the solution of a discrete problem pro-

vides a piecewise polynomial whose interpolant can be defined without regularity
problems.

Theorem 4.1 opens new ways of getting reduced symmetry. In particular we
can recover, with a simpler proof, the convergence of the elements with reduced
symmetry of Arnold-Falk-Winther [4].

Example 5. The lowest degree element of the Arnold—Falk—Winther fam-
ily in two dimensions. Our first example (and main example of this sub section)
will be the Arnold-Falk-Winther element [4]. Here we consider the two-dimensional
case with the simplest (and possibly most interesting) case k = 1, given by the
choice

Sp = (BDMy)? = ((£1)%)?

Un = (£9)? (4.25)

Xy = S2(W) = S2(£9).
For this the interpolation operator defined in (4.17) and(4.18) is simply

/e(g —p7) ng-p ds=0 for all edge Land for all p, € (P (€))%, (4.26)

that corresponds to apply two times the BDM); interpolation operator (one for
each row). Theorem 4.1 then applies immediately and gives immediately the result.

Remark 11. In the two-dimensional case, the case k = 1 was introduced in [13].
The proof was based on the stability of the P, — Py element for the Stokes problem.

Example 6. The general case of the Arnold—Falk—Winther family in two
dimensions. We consider now the two dimensional Arnold-Falk-Winther element
[4] of degree k > 1. The spaces are:

S, = (BDM,)? = ((£1)%)?
Un = (£0_,)° (4.27)
X, =8*(Wh) = 8*(&0_1)

and the interpolation operator IIj is defined on each element K by

/ (z—Hp1) 2 (v, +wy, @zt)dz =0 Vu, € (Pr_2)**%, Y, € (P._2)?%, (4.28)
K

/(; —1pT) - ng v, ds =0 Y edge ¢, Vo, € (Py)?. (4.29)
¢

Note that in (4.28) the order of w, ® z* is different from the one required in (4.17)
(that would be 2 ®w),,) and then we cannot use directly the interpolation operator
defined by (4.28) and (4.29) to apply Theorem 4.1. However in the sequel, among
other results, we will provide four different proofs (apart from the original one in
[4]) of the optimal convergence of the element.
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The following Theorem provides a different interpolation operator, that allows
the immediate application of Theorem 4.1.

Theorem 4.2. . For the element described in (4.27) the interpolation operator
defined on each K by

/ (z—TMpT) : (thrgJ‘@wh) dz =0 Vy, € (Pr_2)?*?, Y, € (Py_2)?, (4.30)
K

and

/(I — 1) ng v, ds =0 V edge ¢, Vo, € (Pk:)2 (4.31)
= L
is well defined, and satisfies (4.16) with a constant C independent of h.

Proof. We prove the unisolvence of (4.30) and (4.31) (restricting to the case k > 2).
To start with we observe that the number of degrees of freedom of (4.30)-(4.31) is
the same as that of (4.28)-(4.28) (and hence equal to the dimension of 35). Then
we only have to show the injectivity. For this we assume that 7 = 0 and we want
to deduce that II,z = 0. We first use v, = V(divz) with w, = 0 in (4.30) and
vy, = 7 -0 with w, = 0 in (4.31) to show (as usual for BDM) that IIj, 7 has zero
divergenge and zero normal component (meaning: every row is a vector hgving Z€ero
divergence and zero normal component on 9K). Hence we have that II,7 has the

form . )
¢ _(bw
7 = < . ; (4.32)
where the ¢° (i = 1,2) have the form
¢ =b3ri_, (4.33)

and where both 72—2 (i = 1,2) are polynomials of degree < k — 2, and b3 is the
cubic bubble. Imposing (4.30) with v, = 0 and w), = (w*,0) to the form (4.32) and
integrating by parts we have

—/}(r,Lngag(mgwl)da? + /Kridbg,ag(xlwl)dx =0 Vwl € Pp_o  (4.34)
and imposing (4.30) with v, = 0 and w, = (0, w?) we have
/Kr,i_2b381 (zow?) dz — /K 72 _ob301 (r1w?) dx = 0 Yw? € Py_s. (4.35)
We claim that (4.34) and (4.35) imply
/K ri_obst! dz = /Kr,ﬁ,Q bst?’dz =0  Vte (Pp_s)? (4.36)

and hence rj,_, = 0 (i = 1,2) and finally, using (4.32) and (4.33), we have II,7 = 0.
To see (4.36) we show that for every t € (Pr_2)? we can find w € (P,_2)? in (4.34)
and (4.35), respectively, such that

—Oa(zowh) + (O1wow?) =1 and Oy (zywt) — Oy (zw?) = ¢ (4.37)
that is
—w' — 2900w + 2901w? =1 and z10w" — w? — 10,w? = 3. (4.38)

We set
d= 81w2 — 8271]1 (439)
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so that (4.38) becomes
—wh +zod =t'  and —ayd — w?® =t%. (4.40)

Taking the derivative of the first equation with respect to x2 and subtracting the
derivative of the second equation with respect to x; and substituting (4.39) into it,
we obtain

3d + x101d + 120od = 82t1 — 81t2. (441)

It is easy to check that for every t (4.41) has a unique solution d € Py_3 and from
d and t, using (4.40), we get w. Finally, the proof of (4.16) with C' independent of
h follows with the usual arguments. O

Remark 12. In the case k = 2 the above proof becomes trivial, as (4.34) and (4.35)
will give immediately the desired result.

Before going to other strategies, we introduce a further notation. For every
integer s > 0 and for every element K we define

P! := {homogeneous polynomials of degree s}
PS(K ) := {polynomials of degree < s having zero mean value on K} 142
and we note, once and for all, that for s > 0 we have
Py=P,_®Ph
Py(K) = Py & Py(K).

Our alternative strategies will be based on the following simple observation..

Proposition 5. Consider the element described in (4.27). If an interpolation op-
erator satisfies

/K(; —1Ilpz) : Vo, de =0 Yo, € (Pe_1)?, (4.43)

and

/(; —1IIpz) - g - vy, ds =0 V edge £ and Vv, € (Py)?, (4.44)
¢

then the requirement

/K (z-Ihp):z-@V(gn)dz =0 Von P, (4.45)
is equivalent to the requirement that

/Kg(; — ) : S*(gn)dz =0 Voy € Py, (4.46)

The proof is an easy exercise based on formula (4.14). O
Note that (4.43), in particular, will be implied by

/K(; —Mz):p, de=0 Vo, € (Pr2)*? (4.47)

In the next proposition we consider a new, different set of d.o.f. to be added to
the ones contained in (4.47), (4.44), and (4.45) (or (4.46) that, as we have seen, is
equivalent). To this purpose we define first the space P,ffl as follows
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e for s odd (s=2j-1)
Psh* = span{x®, x5 Yy, Il TyI T2 I T2yt gt
Ex: Py = span{a® 2%y, 2"y? 2%°, 2%y° 2%y", ay®,¢"}
e for s even (s=2j)

Psh* = span{a?s,a:s_ly, B T R e VU ...,a:ys_l,ys}

Ex: P{* = spanf{ 2°, a7y, 2% 2%y + 2%, 2%y ay, 4%}
(note that in both cases the dimension of P"* equals s — 1). We then define the

space P as

P! :=P,_, @ P,

S

We also need the following Lemma.

Lemma 4.3. Let s be an integer > 2. For all polynomial q of degree s — 2 there
exists a p € P* such that Ap = q.

S

Proof. For the sake of simplicity we will just show that we can reconstruct all ¢
that are monomials of degree 7 or 8. For the degree 7 we use

9x8 8% T
9 8 7.2 9 _
x7xy’1><2my -z "9 % 3xy xy,
8X763 9x8 7 5 9 8. .9
2><3y y 1><2y$ y,yxry

whose Laplacians (apart from a multiplicative factor) are, respectively
A T R e TN VA A i R AN T
and for the degree 8

10 ,.9 10X9x8 2 _ g0, Ix8 7 3

,xy31><2 Yy 2 3(Ey—£[’y,
8 x 7
3By ) =ty -2ty
9x8 7 5 9 10><982 9. .10
2X3y1’ y$71><2y y 7yway

whose Laplacians (apart from a multiplicative factor) are, respectively
%y, %%, 2%y atyt eyt y T,y
It is then elementary to see how to proceed in the general case. O

We are finally ready to consider our new set of degrees of freedom.

Theorem 4.4. Consider the element described in (4.27). Then the interpolation
operator defined by (4.47),(4.44), (4.46), and

| -Tglst =0 Wi, e Al (149
K

is unisolvent and verifies (4.16).
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Proof. First we check the number of degrees of freedom: the space (Pj)?*? has
dimension 4(k + 1)(k + 2)/2 = 2k* + 6k + 4. Conditions (4.47) are 4(k — 1)k/2 =
2k? — 2k. Conditions (4.44) are 3 x 2 x (k + 1) = 6k + 6. conditions (4.46) are k
and conditions (4.48) are k — 2. Total conditions

(6k +6) + (2k* — 2k) +k + (k—2) = 2k* + 6k + 4

as wanted.

Then we start by assuming that 7 is zero, and we want to show that II7 = 0.
From (4.47) and (4.44) we proceed as in the proof of Proposition 5 and we deduce
that

pz-n=0 on 0K.

and
divl_[h; =0.
We have therefore as in (4.32) that I,z has the form
—hpt 19!
I, = (4.49)
- —02¢”  019°

where ¢! and ¢? are polynomials of degree < k + 1 vanishing on K. Imposing
(4.46) to the form (4.49) and also using (4.44) we have

/K(al¢1 +0¢*)p-1=0  Vpr_1 € Py (4.50)
and using (4.48)
/K(—agqsl +010%)p;_ 1 =0 Vpp_1€ P, (4.51)
Integrating (4.50) and (4.51) by parts, and setting @ := (¢!, $?), we have
/}(@'Zpkq =0  Vpp—1 € Py (4.52)
and
/K@-culpz,l =0  Vpr-1€ Py, (4.53)

where clearly curlp = (9ap, —01p). In order to deduce

/KQBH =0 Vp, , € (Pia) (4.54)

(giving finally @ = 0 and then 7 = 0 as desired), we should show that every p,_,1n
(Py_2)? can be written as Vpp_1 + curlp; . For this, taken a P in (Pr_2)? we
can first find a p* in P;_; such that —Ap* =rotp, , (where rotp := —Oopt +019?).
Then we observe that rot(p, , —curlp®) = 0 and hence p, , — curlp” is a gradient.

Finally the proof of (4.16) with C' independent of h follows by the usual argu-
ments. U

It is not difficult to check that with this interpolation operator one can easily
show that the assumptions of Theorem 3.1 are satisfied, and hence the element has
optimal convergence properties.
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However, in order to show that in our case the assumptions of Theorem 3.1 are
satisfied, we only need to check the existence of an interpolation operator I,
uniformly bounded in A, such that

/ div(r — 7)) v, dz =0 Y, € U, (4.55)
| dv(z — Iz

/ as(t —T,7) : S*(vp)dz =0 Yoy, € W, (4.56)
— z

To show the existence of such an interpolation operator we could then follow
a different path. The idea is to consider first the subset Hy made of tensors x in
(Py)?*? such that, for each element K:

/[é ‘n]-p, =0 VedgelandVuy, € (Pp)?, (4.57)
¢

/Kg :Vp, =0 Vp_ €(P) (4.58)

We remark that the tensors in Hj will automatically satisfy a weak symmetry

condition, namely
/ as(k) = 0.
=

We consider then the degrees of freedom
/ as(z — HpT) pr—1 =0 Vpr_1 € Pp_1(K), (4.59)
K

and we consider the subset K of H; made of those K€ Hi;, such that

/ as(g) Pr—1 =0 Vpr—1 € Pk_l(K). (4.60)
K
Finally we complete the set of degrees of freedom with
/ (z—1z): 6, =0 Vi, € Ky. (4.61)
= /-2 e

It is clear that if 7 = 0 the only IT, € (Py)?*? that satisfies (4.43), (4.44), (4.59),
and (4.61) is I 7 = 0. This however is not enough to prove that the interpolator
defined by (4.43)-(4.44), (4.59), and (4.61) is well defined. Indeed, we should show
that the degrees of freedom (4.43), (4.44),and (4.59) are linearly independent.

Theorem 4.5. Consider the element described in (4.27). Then the interpolation
operator defined by (4.43),(4.44), (4.59) and (4.61) is unisolvent and verifies (4.16).

Proof. As we know (from the classical BDM interpolation on each row) that (4.43)
and (4.44) are linearly independent we have only to show that for every element K

Voo € Ba(K): | / as(8) et (K) = 0 Vs € Hy| = fra (K) = 0, (4.62)
K
where, as before, Hy, is defined as the set of £ € (P)**? that satisfy (4.57) and
(4.58).

The proof of (4.62) however is quite easy. Indeed, using the structure (4.32) for
the elements in Hj, we have to prove that for every polynomial py_1 in P, having
zero mean value on K, if

/K(81¢1 + 020 )pr-1 =0 (4.63)



REDUCED SYMMETRY IN ELASTICITY 21

for all polynomials ¢! and ¢? of degree < k + 1 vanishing on 0K, then pp_; = 0.
Integrating by parts, we have from (4.63) that (both)

/¢81]5k71=0 and /¢52]5k71=0
K K

for every ¢ of degree k + 1 vanishing on K. This easily implies that 01px_1 =
02pr—1 = 0 and hence p;_1 = 0 since it has zero mean value. Finally (4.16) with C
independent of h follows, as before, by the usual arguments. O

Remark 13. Considering the lowest order case, we observe that on each edge
the space ¥, will have four degrees of freedom. For the general case £ > 1 we
would have 2k 4 2 degrees of freedom per edge. We can try to reduce this number
introducing on each edge e a local basis with normal and tangential vectors n and t.
Then on every edge e we denote by Pj_; (e) the homogeneous polynomials of degree
k — 1 on e. Taking into account that x,, is constant on e and forgetting redundant
conditions, we get from (4.18):

/(; - Hh;)nn xtfj ds=0 th € Pk_l(e)

€

and
/(; —1pr) - n-qds=0 Vg€ (Pr_1(e))2.

e
We thus see that the normal component must be one degree higher than the tan-
gential component.

Remark 14. As we have seen, the case k=1 of Example 8 was introduced in [13].
The reduced case was also considered there, and it was shown that it was sufficient
to have, on each edge e, 7,,,, € P (e) for the normal component but only 7,,; € Py(e)
for the tangential component.

Remark 15. It must be noted that the stability of all the elements of the family
could be proved applying Proposition 3, and using the fact that (L}, +1)2 - L,
is a stable Stokes element (this is indeed the fourth of the proofs we announced).
However this last result is false in the three-dimensional case and this line of proof
will not be applicable.

4.3. The three-dimensional case. In three dimensions, the analogue of Theorem
4.1 is the following one.

Theorem 4.6. For n = 3, assume that X;, x Uy are such that
div(S) C U (4.64)

We now introduce a space Wy, of vector functions so that X, = S*(W3) defines
the reduced symmetry. We assume that there exists a piecewise polynomial space
Zp such that ((Zp,)3, W},) is a stable Stokes element. Finally we suppose that there
exists a mapping 10, from (H'(Q))¥? + (curl(Ep,))® into ¥y, satisfying for each
element K :

thgng(div;K) <C ||§H(H1(K))gxn (4.65)
together with the following properties:

/ (z—Ihz) : (Yo, +2 AV w,)de =0 Vo, € Up, Yw, € Wy, (4.66)
K
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/(zfﬂhz) ‘g (v, +zAwy)ds =0 VY face f, Vv, € Up, Yw, € Wy. (4.67)
PE z

Then the triplet
Y x Up x Xp,  with Xj, = S*(W),) (4.68)

satisfies the conditions of Theorem 3.1.

Proof. The inclusion of kernels (3.26) follows easily from (4.64). From the convexity
assumption, we easily have that for every u, € U, C (L%*(Q))" we can find a
T=1(u,) € (H'(9))2*™ such that

divz =, and ||£||(H1(Q))gx" < Cllugllz2@)n-
Then using (4.64), (4.66) with w;, = 0 and (4.67) with w;, = 0 we easily have that
diVth = Uy and HHh;”g(div;Q) S Cth”(Lz(Q))n. (469)

Hence the pair of spaces (X, U,) satisfy condition (3.24), just by taking 22 = 1.
In particular from (4.66) and (4.67) we have that div(z — II,7) = 0, so that we can
apply formula (4.13). At this point using (3.3) and (71.68), then (4.4), and finally
employing (4.66) and (4.67) in (4.13), gives

c(z—1pz, ¢h) = / as(z—TIhr) : S*(wy,)dz =0 Vo =8 (w,) € Xp = S*(Wh).
L L@ k== L b
Now for every zh € X we can repeat the construction of the previous section

(and in particular in the three-dimensional case of Proposition 2) to construct a
7%(h) € (curl(Z;,)?)? such that divz?(h) = 0 and

(as(z*(h).¢,) = (1,.9,) V6 € Xn.

It is clear, from the previous discussion, that th(h) will satisfy

divII,7?(h) =0 and  c(z?(h) — az>(h), ¢h) =0V €Xp.

We can finally take 7, := I, (z+122(h)) to show that (3.23), and therefore (3.22),
hold true. u

Remark 16. It is clear that the discussions presented in Remark 9 and in Remark
10 apply (with few obvious and minimal changes) to the three dimensional case as
well

Example 7. The lowest degree element of the Arnold—Falk—Winther fam-
ily in three dimensions. Our first example will be the three-dimensional Arnold-
Falk-Winther element citeArnold-Falk-Winther of the lowest degree. The element
is given by the choice of spaces

S = (BDM,)® = ((£1)%)°

Un = (£9)° (4.70)

Xn = S*((£5)°)-

For these spaces the interpolation operator defined in (4.66), and(4.67) is simply
/(1 —Hp1) - ng-p,ds=0 for all face f and for all p € (Pi(f))3, (4.71)
P z p p

that corresponds to apply three times the BDM]; interpolation operator (one for
each row). Theorem 4.6 applies easily and gives immediately the result.



REDUCED SYMMETRY IN ELASTICITY 23

Example 8. The general case of the Arnold—Falk—Winther family. The
general case k > 1 of the Arnold-Falk—Winther family is given by

¥n = (BDM;)® = ((£})%)3
Up = (£)_,)° (4.72)
Xp=8%((£)_1)%).

The corresponding interpolation operator is given on each K by

/K(;—Hh;) : (gh—l—gh/\ z)dx =0 Vgh S (Pk_2)3X3Vgh S (P,?_2)3X37 (4.73)

/(z —Ip1) g -0, ds =0 ¥ face f, Vo, € (Py). (4.74)
2L

Again, note the difference between z A V w, in (4.66) and w, A z in (4.73) that
forbids the use of the AFW interpolator in Theorem 4.6 for & > 1. However we
will be able to prove the optimal convergence of the element by using the three
dimensional version of Theorem 4.5.

Similarly to Proposition 5 we have, in any case, the following equivalence result.

Proposition 6. Consider the element described in (4.72). If an interpolation op-
erator satisfies

/K(; —Mz): Yu,dz =0 Yy, € (Pea)’, (4.75)
and
[t g wds =0 Vjuce fvu e (BF, @)
then the requz'refment
/K(; —pz) 2 A z(?h) dz=0 V?h S (Plf_g)3 (4.77)
is equivalent to the requirement that

/ as(z —1) : 8%(¢,)dz =0 Vo, € (P ). (4.78)
K

The proof is an easy exercise based on formula (4.13).

To present the three-dimensional version of Theorem 4.5, we define now, in anal-
ogy with the two-dimensional case, Hj, as the subset of (P)**® made of tensors s
such that on each K N

/f[g@] p, =0 V face f and Vv, € (Pp)?, (4.79)

J.

We then define Kj, as the subset of Hj made of tensors that satisfy also

/ngsi”(gk_l) =0 Vp,_, € (Pa(K))> (4.81)

:Vp, =0 Vp,_, €([P) (4.80)

1=

<1

The correspondent of Theorem 4.5 is now
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Theorem 4.7. Consider the element described in (4.72). Then the interpolation
operator defined on each K by (4.75), (4.76), (4.78) and

/K(; — 1) 1k, dz=0 VE, € Ky (4.82)

is unisolvent and verifies (4.65)

Proof. As for Proposition 4.5 we must prove that for every p € Ek—p if

/ [(F12 — K21)P3 — (K13 — K31)P2 + (ka3 — K32)p1] =0 Vi € Hy, (4.83)
T

then p=0. We prove it first on the reference element. Assume therefore that
K={(z,y,2)|[r>0,y>0,z2>0,x +y+ 2 < 1}.

It is not difficult to see that the elements T that satisfy (4.79) and (4.80) have zero
divergence and zero trace of the normal component on 0K. It is not difficult either
to see that this includes all tensors of the form

o) =02 oL—dl ol -9,
=5 -2 L) U -, (4.84)
Xo = X2 Xt—Xo X2 Xy
where each vector (®, ¥, or X) has the form
yenqy_on' + xzmgi_on® + xyrqs_on® + ryzqi_on’ (4.85)

and where:

the ¢l _, are arbitrary polynomials of degree < k — 2

mi=1—(x+y+2), ‘

for i = 1,2,3 we denoted by n® the outward unit normal to the face x; = 0
n* = —3712(n' 4 n? + n?) is the unit outward normal to the last face.

Inserting (4.84) into (4.83) we have

Aw&w&wﬁ—@wg
—/@—@—@—ﬁwz
T
ﬂﬂ%—%—@&w%MZO(MQ
T

for all vectors @, ¥, or X having the form (4.85). Now note that if we take
® = zynq;_on® with ¥ =X =0

and integrate by parts, then (4.86) reduces to

/ l‘yﬂqz,231ﬁ3 =0 qui,g
T

easily implying
01p3 = 0. (4.87)



REDUCED SYMMETRY IN ELASTICITY 25

With a similar argument taking successively

we also get respectively
Oop3 =0, O1p2 =0, I3p2 =0, Jop1 =0, and J3p; = 0. (4.88)
If instead we take
® =yzmq,_on' and ¥ =X =0,
then (4.86) reduces to

/ yzmqy_o(—0sPs — Oapa) =0 Vai_,
T
that gives
03p3 + Oopa = 0. (4.89)
With a similar argument, taking successively
U = zzngp_,n® and & =X =0,
X = mywq2_2ﬁg and ® =¥ =0,

we obtain
83]53 + 81ﬁ1 =0 and 82]52 + 81]51 =0. (490)
Joining (4.89) with (4.90) we easily obtain

O3pg = Oapp = 011 =0,

that together with (4.87) and (4.88) (and recalling that the p’s have zero mean value
on K) yield p! = p? = p3 = 0. The proof on the current element is then obtained
by the usual second Piola-Kirchhoff tensor mapping

T=FiF'

where F is the Jacobian of the transformation that maps the reference element A
on the current element K. Finally (4.65) follows by the usual arguments. 4

Remark 17. It is clear that the form (4.85) is redundant. For instance for k = 2 it
is immediate to see that the gradient of the quartic bubble by := xyzm has exactly
the form (4.85) but its curl is obviously zero. In particular, for & = 2, we could use
only the first three terms in (4.85) with the ¢° constant.

Remark 18. Always in the case k = 2, it is not difficult to see that Ky = 0. As
a hint, take for instance p = (y — yp,0,0) (where (v,yn,25) is the barycenter of
K) in (4.81), and use the form (4.86) to reach

/ Wldr =0,
K

that using the form (4.85) (using only three terms, as for Remark 17) gives easily
Yt =0,
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With a procedure that resembles closely the proof of Theorem 4.7 we then reach
P=v=X=0

This, in a certain sense, could be seen as the natural extension of Theorems 4.2 and
4.4 to the three-dimensional case, at least for k = 2.

Remark 19. We recall that the first member of the the Arnold-Falk—Winther
family is given by (4.72). To specify the tensor T, we need 9 d.o.f. on each face.
This is obviously not optimal in regard of (4.66) and (4.67) where only 6 conditions
are generated by v, and w,, in U, = (£5)3.

It is indeed stated in [4] that is possible to reduce the number of degrees of
freedom on each face from nine to 6. This is not as good as in the two-dimensional
case where the tangential part can be taken constant. The proper choice of space,
using the right number of degrees of freedom will be a consequence of the following
general result.

Let f be a face of some tetrahedron of a mesh. Let Pp(f) and Py(f) denote
respectively the set of polynomials and homogeneous polynomials of degree k on f.
Let n be the normal to the face and denote 7,,, and 7,7 = 7,, — Thnn the normal
and tangential part of the vector z,,. We also denote g% = x A n. With an abuse
of language, we shall consider 7, and z7 as two-dimensional vectors, and more
generally we will identify, whenever convenient, all vectors tangential to the face f
with their two-dimensional projection on f.

Proposition 7. In order to satisfy (4.67), we need on each face f

Tnn € Pk(f)
and for the tangential part

Tpr € Ni—1(f) = Py, (f) + 27851 (f)

Proof. Let Uy, = (£9_,) and consider the space Uy, +z AUy, . It is easy to see that
in order to generate this space, it is sufficient to consider functions of the form

przAg

where p € P;_; is a general vector valued polynomial of degree k — 1 but ¢ € Ek_l
is a vector valued homogeneous polynomial of degree k — 1. Now we want to evaluate
on a face f of some tetrahedron

(p+(zAg,)) z-n
To do so, we use on the face a set of orthogonal co-ordinates defined by the normal
n and two tangential vectors, s and t. We then write,
T =Tpn + Ts8 + T4t
P = P+ PsS + pit
= gnn+gss + it
‘M= Tl + TpsS + That

IRNESH

An elementary computation then yields

(Q + (£ A Q)) TN = (pn - xtQS + xsqt)Tnn
+ (ps - xnét + xthn)Tns + (pt + xnds - mqun)Tnt

Now we see that 7,, is multiplied by a full polynomial of degree k and we need it
to be of the same order. For the tangential terms, we recall that x,, is constant on
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the face so that the terms x,,¢; and z,,4s can be absorbed by ps and p; respectively.
That leaves us with something of the form

Tns . Ps + xtdn
Tnt bt — xqun

which shows that the tangential part of 7,, needs only to be in Nj_1(f) which is a
space smaller than P, (f). O

Remark 20. A simple count shows that the number of degrees of freedom on each
face is then

(k+1)(k+2)/2+k(E+1)+E,
while for the whole (BDM})? we would have

3(E+1)(k+2)/2.
For k = 1 we have 6 instead of 9 and for k = 2, 14 instead of 18.

5. Conclusion. We have been able to obtain by elementary methods many con-
structions of tensors with relaxed symmetry for mixed elasticity problems. Some
of them have a large number of degrees of freedom which makes them difficult to
use. However it seems that the price of symmetry is high, especially if inclusion of
kernels, which implies strong conservation of momentum, is required.
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