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1 Introduction

The equations of linear elasticity can be written as a system of equations of
the form

* This work supported by NSF grants DMS03-08347 and DMS06-09755. 9/8/06.



2 Richard S. Falk

Ao = e(u), dive=f in f2. (1)

Here the unknowns o and u denote the stress and displacement fields caused
by a body force f acting on a linearly elastic body which occupies a region
2 C R™, with boundary 0f2. Then o takes values in the space S = RI}X"
of symmetric n X n matrices and u takes values in V = R™. The differential
operator ¢ is the symmetric part of the gradient, (i.e., (e(u));; = (Ou;/0x; +
Ou;/0x;)/2), div denotes the divergence operator, applied row-wise, and the
compliance tensor A = A(z) : S — S is a bounded and symmetric, uniformly
positive definite operator reflecting the properties of the material at each
point. In the isotropic case, the mapping o — Ao has the form

1 A
Ao=—|o— ——— I
o o <O’ ST tr(o) ),

where A(z), u(x) are positive scalar coefficients, the Lamé coefficients, and
tr denotes the trace. If the body is clamped on the boundary 0f2, then the
proper boundary condition for the system 1 is © = 0 on 92. For simplicity, this
boundary condition will be assumed throughout the discussion here. However,
there are issues that arise when other boundary conditions are assumed (e.g.,,
traction boundary conditions on = 0). The modifications needed to deal with
such boundary conditions are discussed in detail in [9].

In the case when A is invertible, i.e., 0 = A~ 'e(u) = Ce(u), then for
isotropic elasticity, C7 = 2u(T+ A tr 71). We may then formulate the elasticity
system weakly in the form: Find o € L2(£2,S), u € H*(£2; V) such that

/a:def/ Ce(u) : T7dx =0, 7 € L*(02,S),
2 2

/a:s(v)dxz/fmdx, ve H' (2;V),
2 2

where o : 7 = szzl 0i;Tij- Note that in this case, we may eliminate o

completely to obtain the pure displacement formulation: Find u € H L2, V)
such that
Ce(u) :e(v)dz = / frvde, ve HY(2;V).
0 0

As the material becomes incompressible, i.e., A — oo, this will not be a good
formulation, since the operator norm of C' is also approaching infinity. Instead,
we can consider a formulation involving u and a new variable p = (A/[2u +
nA]) tr o. Taking the trace of the equation Ao = e(u), we find that divu =
A~ !p. Then we may write o = 2ue(u) + pI, and thus obtain the variational
formulation: Find uw € H'(2;V), p € L§(2) = {p € L*(2) : [,pdx = 0},
such that

/2u5(u):5(v)dx+/pdivvdx:/ frude, ve H'(2,V),
17} 7 2

/divuqu:/ AN pgde, g € L3(0).
2 2
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This formulation makes sense even for the limit A — oo and in that case gives
the stationary Stokes equations. Even in the case of nearly incompressible
elasticity, one should apply methods that are stable for the Stokes equations.
Since such methods will be considered in other lectures, we will not consider
them here. Instead, we now turn to other types of weak formulations involving
both o and u. One of these is to seek o € H(div, 2;S), the space of square-
integrable symmetric matrix fields with square-integrable divergence, and u €
L2(02;V), satisfying

/(AU:T+diVT~u)dx:0, T € H(div, 2;S), (2)
i0)

/divo-vdx:/ f-vdz, ve L*(2;V).
Q 2

A second weak formulation, that enforces the symmetry weakly, seeks o €
H(div, 2;M), u € L?(§2;V), and p € L?(2;K) satisfying

/(AJIT+diVT'u+TZp)d£L’:0, T € H(div, 2;M),

2
/diva-vdx:/f-vdx, v e L*(2;V), (3)
2 2

/ o:qdr=0, q¢cL?(2;K),
I?)

where M is the space of n x n matrices, K the subspace of skew-symmetric
matrices, and the compliance tensor A(z) is now considered as a symmetric
and positive definite operator mapping M into M.

Stable finite element discretizations with reasonable computational com-
plexity based on the variational formulation 2 have proved very difficult to
construct. In particular, it is not possible to simply take multiple copies
of standard finite elements for scalar elliptic problems, since the resulting
stress matrix will not be symmetric. One successful approach has been to use
composite elements, in which the approximate displacement space consists of
piecewise polynomials with respect to one triangulation of the domain, while
the approximate stress space consists of piecewise polynomials with respect
to a different, more refined, triangulation [22, 30, 24, 4]. In two space dimen-
sions, the first stable finite elements with polynomial shape functions were
presented in [10]. The simplest and lowest order spaces in the family of spaces
constructed consist of discontinuous piecewise linear vector fields for displace-
ments and a stress space which is locally the span of piecewise quadratic
matrix fields and the cubic matrix fields that are divergence-free. Hence, it
takes 24 stress and six displacement degrees of freedom to determine an ele-
ment on a given triangle. A simpler first-order element pair with 21 stress and
three displacement degrees of freedom per triangle is also constructed in [10].
All of these elements require vertex degrees of freedom. To obtain simpler ele-
ments, the same authors also considered nonconforming elements in [12]. One
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element constructed there approximates the stress by a nonconforming piece-
wise quadratic with 15 degrees of freedom and approximates the displacement
field by discontinuous linear vectors (6 local degrees of freedom). A second el-
ement reduces the number of degrees of freedom to 12 and 3, respectively. See
also [11] for an overview. In three dimensions, a piecewise quartic stress space
is constructed with 162 degrees of freedom on each tetrahedron in [1].

Because of the lack of suitable mixed elasticity elements that strongly
impose the symmetry of the stresses, a number of authors have developed
approximation schemes based on the weak symmetry formulation 3: see [22],
(2], [3], [27], [28], [29], [5], [25], [26], [21]. Although 2 and 3 are equivalent on
the continuous level, an approximation scheme based on 3 may not produce
a symmetric approximation to the stress tensor, depending on the choices of
finite element spaces.

These notes will mainly concentrate on the development and analysis of
finite element approximations of the equations of linear elasticity based on
the mixed formulation 3 with weak symmetry. Using a generalization of an
approach first developed in [8] in two dimensions and [6] in three dimensions,
and then expanded further in [9], we establish a systematic way to obtain sta-
ble finite element approximation schemes. The families of methods developed
in [8] and [6] are the prototype examples and we show that they satisfy the
conditions we develop for stability. However, the somewhat more general ap-
proach we present here allows us to analyze some of the previously proposed
schemes discussed above in the same systematic manner and also leads to a
new scheme. Before considering weakly symmetric schemes, we first discuss
some methods based on the strong symmetry formulation 2.

2 Finite element methods with strong symmetry

In this section, we consider finite element methods based on the variational
formulation 2. Thus, we let X, C H(div, £2;S) and V), C L?(£2;V) and seek
op € Xy and up € V), satisfying

/ (Aoy, : THdivruy)de =0, 7 € Xy, / divopvdxr = / fodx, veVy.
Q Q o)

This is in a form to which one may apply the standard analysis of mixed finite
element theory (e.g., [14, 15, 20, 18]. We note that in the case of isotropic
elasticity, if we write 0 = op + (1/n)trol, where trop = 0, then |o|2 =
lopllg + (1/n)] tro|| and so

1 1
Ao : = —op: e E— 2 .
/Q o:odx /Q |:21uO'D op + 2u+n)\(tr0) ] dz

Thus, this form is not uniformly coercive as A — oo. However, for all o
satisfying
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/ trodx =0, dive =0, (4)
Q

aHon(div) for all o satisfying 4, with « independent of A. This is what is
needed to satisfy the first Brezzi condition with a constant independent of .
A simple result of mixed finite element theory, giving conditions under which
the second Brezzi condition is satisfied, and that fits the methods that we will
consider here, is the following.

one can show (cf. [15]) that |trollo < Cllopllo, and hence (Ao,o) >

Theorem 2.1 Suppose that for every T € Hl(Q), there exists I, € Xy,
satisfying

/ div(r — Myr)-vde =0, ve Vi, [l < Cllrl -
0

Further suppose that for oll T € Xy satisfying fQ divr -vdx =0, v € Vi,
that divT = 0. Then for all v, € Vi,

o —onllo < Cllo — IIxolfo, lu —unllo < C(l[u = vrllo + lo — anllo)-

To describe some finite element methods based on the strong symmetry
formulation, we let P (X,Y’) denote the space of polynomial functions on X
of degree at most k and taking values in Y.

2.1 Composite elements

One of the first methods based on the symmetric formulation was the method
of [30] analyzed in [24]. We describe below only the triangular element (there
was also a similar quadrilateral element). The basic idea is to approximate the
stresses by a composite finite element. Starting from a mesh 7 of triangles,
one connects the barycenter of each triangle K to the three vertices to form
a composite element made up of three triangles, i.e., K = Ty UT, UT5. We
then define

Xy ={r € H(div,S) : 7|1, € P1(T3,S)},
Vi ={ve L*2):v|x € Pi(K,R?}.

Composite
Element

Thus the displacements are defined on the coarse mesh 7;,. By the defini-
tion of X} |k, we start from a space of 27 degrees of freedom, on which we
impose at most 12 constraints that require that 7n be continuous across each
of the three internal edges of K. In fact, these constraints are all independent.
Then, a key point is to show that on each K, 7 is uniquely determined by
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the following 15 degrees of freedom (i) the values of 7 - n at two points on
each edge of K and (ii) fK Ti;dx, 4,5 = 1,2. It is then easy to check that
if [odivr-vdz = 0 for v € Pi(K,R?), then divr = 0. If we define IIj,
to correspond to the degrees of freedom, then it is also easy to check that
[y div(r — I 7)-vda = 0 for v € Py (K, R?). After establishing the H (div, £2)
norm bound on IT,0, one easily obtains the error estimates:

lo = onllo < Ch?|loll,  llu—unllo < CR2(|loll2 + [|ull2)-

The use of composite finite elements to approximate the stress tensor was
extended to a family of elements in [4]. For k > 2,

Xy ={r e H(div,2;S) : 7|1, € Pr(T;,S)},
V= {U S Lg(Q) : 'U‘K S Pk_l(K, RQ)}.

The space X}, is constructed so that if 7 € Xp|k, then 7n will be continuous
across internal edges, and in addition divr € Px_1(K,R?), i.e., it is a vector
polynomial on K, not just on each of the T;.

The degrees of freedom for an element 7 € X', on the triangle K are chosen
to be

/(Tn) -pds, pé€ Pr(e,R?), for each edge e,

e

/ 7:odx, o€ e(Pr1(K,R?)) 4 airy(AMN2A2P,_4(K,R)),
K

where the \; are the barycentric coordinates of K and

oo [ P8/07 —0sj0u0y
J¢ = airy ¢ = (32¢/6x8y 0%¢/0x? )

One can show that dim X |x = (3/2)k%+ (9/2)k +6. In the lowest order case
k = 2, there are 18 edge degrees of freedom and 3 interior degrees of freedom
on each macro-triangle K. For the general case k > 2, it is shown that

lw—unllo < CA"[Jull,, 2<r <k,
o —onllo < CR|Jullr1, 1<7r<k+1,
|div(e — op)llo < CR"||divel,.,, 0<r<k.

2.2 Non-composite elements of Arnold and Winther

We now turn to the more recent methods that produce approximations to
both stresses and displacements that are polynomial on each triangle T € 7},
(since there are no macro triangles, we no longer use K to denote a generic
triangle). The approach of [10] is based on the use of discrete differential
complexes and the close relation between the construction of stable mixed
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finite element methods for the approximation of the Laplacian and discrete
versions of the de Rham complex

R S 0°(02) 2L o2, R?) L% 02 (0) — 0.
If we assume that (2 is simply-connected, this sequence is exact (i.e., the range
of each map is the kernel of the following one). As discussed later in this paper,
many of the standard spaces leading to stable mixed finite element methods
for Laplace’s equation have the property that the following diagram commutes

R -5 c=(0) 2L ox(@,R?) & 0*(2) =0

idl Ihl th Phl , (5)
R -5 Q, =% 2n A Y, -0

where Iy, I, Pj are the natural interpolation operators into the correspond-
ing finite element spaces Qp, X, and V}. For example, the simplest case is
when @)}, is the space of continuous piecewise linear functions, X, the space
of lowest order Raviart-Thomas elements, and V}, the space of piecewise con-
stants. The right half of the commuting diagram, involving II;, and P} is a
key result in establishing the second Brezzi stability condition. See [7],and [9]
for further discussion of this idea.

The starting point of [10] is that there is also an elasticity differential
complex, which summarizes important aspects of the structure of the plane
elasticity system, i.e.,

P2) S =) L c=0,8) & 0= (2,R?) — 0. (6)
Again assuming that 2 is simply-connected, this sequence is also exact. Thus
this sequence encodes the fact that every smooth vector-field is the diver-
gence of a smooth symmetric matrix-field, that the divergence-free symmetric
matrix-fields are precisely those that can be written as the Airy stress-field
associated to some scalar potential, and that the only potentials for which
the corresponding Airy stress vanishes are the linear polynomials. The result
stated above is in terms of smooth functions, but analogous results hold with
less smoothness. For example, the sequence

P(R) S H2(2) L H(div, 2;S) &% L2(2,R%) = 0 (7)
is also exact. The well-posedness of the continuous problem, i.e., that for every
f € L%(£2,R?), there exists a unique (o, u) € H(div, £2;S) x L?(£2,R?) which
is a critical point of (1.1), follows from this.

Just as there is a close relation between the construction of stable mixed
finite element methods for the approximation of the Laplacian and discrete
versions of the de Rham complex, there is also a close relation between mixed
finite elements for linear elasticity and discretization of the elasticity complex,
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given above. The stable pairs of finite element spaces (X}, V) introduced in
[10] have the property that div X}, = V3, i.e., the short sequence

> v, -0 (8)

is exact. Moreover, if there are projections Py, : C*°(§2,R?) — V', and II}, :
C>(£2,S) — X}, defined by the degrees of freedom that determine the finite
element spaces, it can be shown that the following diagram commutes:

C>®(0,8) & c=(0,R?)

th Phl (9)
> Yy,

The stability of the mixed method follows from the exactness of 8, the com-
mutativity of 9, and the well-posedness of the continuous problem.
Information about the construction of such finite element spaces can be
gained by completing the sequence 8 to a sequence analogous to 6. For this
purpose, we set Q, = {q € H?(2) : Jqg € X1,}. Note Qy, is a finite element
approximation of H?(§2). Moreover, there is a natural interpolation operator
I, : C=(02) — Qp, so that the following diagram with exact rows commutes:

P(R) = 0=(2) -1 c*(2,S) & c=(2,R?) -0

o sl N
<= Q@ - = L v,-o0

For a description of this construction, see [10]. As discussed there, under quite
general conditions, the existence of a stable pair of spaces (X, V) approx-
imating H(div, £2;S) x L?(£2,R?), implies the existence of a finite element
approximation @, of H?(£2) related to X} and V) through the diagram
above. The fact that the space @y, requires C!({2) finite elements represents
a substantial obstruction to the construction of stable mixed elements, and
in part accounts for their slow development. In fact, the lowest order element
proposed in [10] corresponds to choosing @} to be the Argyris space of C!
piecewise quintic polynomials (the simplest choice). Since JQ; C X}, one
then sees that X, must be a piecewise cubic space, and since the Argyris
space has second derivative degrees of freedom at the vertices, the degrees of
freedom for X' will include vertex degrees of freedom, not usually expected
for subspaces of H(div; (2).

The family of elements developed in [10] chooses for k > 1, the local
degrees of freedom for X}, to be

Y1 =Pr+1(T,S) + {7 € Pr12(T,S) : divr = 0}
= {7 € Prio(T,S) : divr € Pp(T,R?)}, Vr = P(T,R?).
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Now dimVy = (k + 2)(k + 1) and it is shown in [10] that dim Xy =
(3k% + 17k + 28)/2 and that a unisolvent set of local degrees of freedom is
given by
e the values of 3 components of 7(x) at each vertex x of T (9 degrees of

freedom)

e the values of the moments of degree at most k of the two normal compo-

nents of 7 on each edge e of T' (6k + 6 degrees of freedom)
e the value of the moments [, 7 : ¢dz, ¢ € Pp(T,R?)+airy (b3 Pr—2(T,R)).

For this family of elements, it is shown in [10] that

lo = onllo < CR |lo||lry, 1<r<k+2
|div(c — on)llo < CR"||dive|,, 0<r<k+1,
lu —upllo < Ch"|lullp41, 1<r<k+1.

There is a variant of the lowest degree (k = 1) element involving fewer degrees
of freedom. In this element, one chooses Vr to be the space of infinitesimal
rigid motions on 7', i.e., vector functions of the form (a — by, ¢ + bx). Then
Yr={rePs(T,S):divr € Vr}.

The element diagram for the choice k¥ = 1 and a simplified element are

depicted below.

Fig. 1. k£ = 1 and simplified Arnold-Winther elements

In [12], the authors obtain simpler elements with fewer degrees of freedom,
and also avoid the use of vertex degrees of freedom by developing nonconform-
ing elements. Corresponding to the choice Vr = P;(T,R?), one chooses for
the stress shape functions

Yp={r € P2(T,S) : n-mn € Pi(e,R), for each edge e of T'}.

The space X has dimension 15, with degrees of freedom given by

e the values of the moments of degree 0 and 1 of the two normal components
of 7 on each edge e of T (12 degrees of freedom),

e the value of the three components of the moment of degree 0 of 7 on T' (3
degrees of freedom).

Note that this element is a nonconforming approximation of H(div, §2;S),
since although t - 7n may be quadratic on an edge, only its two lowest order
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moments are determined on each edge. Hence, 7n may not be continuous
across element boundaries. This space may be simplified in a manner similar
to the lowest order conforming element, i.e., the displacement space may be
chosen to be piecewise rigid motions and the stress space then reduced by
requiring that the divergence be a rigid motion on each triangle. The local
dimension of the resulting space is 12 and the first two moments of the normal
traction on each edge form a unisolvent set of degrees of freedom.

U1

Fig. 2. Two nonconforming Arnold-Winther elements

As noted earlier, for k = 1, the corresponding space @, is the Argyris space
consisting of C'! piecewise quintic polynomials. There is also an analogous
relationship for the composite elements discussed earlier. For the element of
[24], the space @}, is the Clough-Tocher composite H? element and for the
element family of [4], the @), spaces are the higher order composite elements
of [17].

Fig. 3. Qn spaces for k = 1 conforming element, nonconforming element, and
composite element of [24]

The remainder of these notes will be devoted to the development and
analysis of mixed finite element methods based on the formulation 3 of the
equations of elasticity with weak symmetry. An important advantage of such
an approach is that it allows us to approximate the stress matrix by n copies
of standard finite element approximations of H (div,{2) used to discretize
scalar second order elliptic problems. In fact, to develop our approximation
schemes for 3, we will heavily exploit the many close connections between
these two problems. Although there is some overhead to the development,
much of the structure of these connections is most clearly seen in the language
of differential forms. Thus, we devote the next section to a brief overview of
the necessary background material.



Finite Element Methods for Linear Elasticity 11

3 Exterior calculus on R™

To simplify matters, we will consider exterior calculus on R", and summarize
only the specific results we will need.

3.1 Differential forms

Suppose that 2 is an open subset of R™. For 0 < k < n, we let A* denote the
space of smooth differential k-forms of 2, i.e., AF = AF(02) = C>°(02; Alt* V),
where Alt* V denotes the vector space of alternating k-linear maps on V. If
w € A*(£2), this means that at each point x € {2, there is a map w, € Alt*V,
i.e, w, assigns to each k — tuple of vectors vy,...,v; of V, a real number
wg(v1,...,v;) with the mapping linear in each argument and reversing sign
when two arguments are interchanged.
A general element of A*(£2) may be written

Wy = Z aodTy A AdTo gy,
1<o (1)< <o (k)<n

where the a, € C*(02). If we allow instead a, € C?P(£2), a, € L?($2), a, €
H*(£2), etc., we obtain the spaces CP A(£2), L2 A(£2), H* A(£2), etc. Thus, when
n =2, for k=0,1,2, w € A*(£2) will have the respective forms

w, wydz; + wodxs, wdxy Ades.

To see the connection between differential forms and scalar and vector-valued
functions, we may identify w € A°(£2) and wdz; A dze € A%(£2) with the
function w € C°°(2) and widz; + wadzs € AY(2) with the vector (wy,ws)
or the vector (—ws,w;) € C*°(£2;R?). The associated fields are called prozy
fields for the forms.

When n = 3, for k =0,1,2,3, w € A¥(£2) will have the respective forms

w, widr; +wedrs + wydrs, widrs Adrs —wedry Adas + wsdxy A dxg,
wdxy Adzo A dxs.

In this case, we may identify w € A°(£2) and wdx; A dzs A dzz € A3(02)
with the function w € C*°(£2) and wydzy + wedzs + wadxs or widry Adzs —
wodxy A drs + wsdry A doy with the vector (wy,we,ws) € C™(£2;R?). The
correspondences are listed in Table 1.

To evaluate w, (v, - ,v;), we need a formula for evaluating the k-form
dzey A A dxg(k)(vl, ..., ug). Rather than presenting the general case, we
note that for v, w,z € R,

da;(v) = v;, dz; Adzj(v,w) = viw; — vjw;,
and for n = 3, dzq A dag A das(v,w, z) = det(v|w]|z).
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Table 1. Correspondence between alternating algebraic forms on R3
and scalars/vectors

AIt°R® =R cec
Alt'R? =, R3 w1 dry + usdze +uzsdzs «— u
Al?R? =5 R?| wgday Adas — uoday A das
+uy dzs Adzs — u
APPR? = R cdry Adzs Adazs < c

For w € Alt? V and n e Alt* V', the exterior product or wedge product w N
n e At ** V is bilinear and associative, and satisfies the anti-commutativity
condition
nAhw=(=1)*wAn, weAlt/ V,ne Alt"V.

Thus, dz; Adzr; = —dz; Adz; and so dz; Adx; = 0.

If w=>" widz; € A'(2) and n € A°(£2), then w A n simply multiplies
each of the coefficients w; by n. If n = 1" | m;dz; € AY(2), then from the
bilinearity and antisymmetry, we have

wAn=windr; Adz; +winedzy A dxg + wemdas A day + wonrdas A dae
= (w1n2 — waony )dzy A dao, n=2,

wAn = (winz — wan)dzy A dzs + (wing — wsny)dzy A das
+ (wanz — wane)das A das, n=3.

Finally, if n € A2(£2) = nidas A dzz — nodazy A dos + nzday A das, then
wAn = (win + wane +wznz)dry A dag A das.

One can give a general formula for the wedge product, which we omit here.
If w, and 7, € A¥(£2) are given by

Z aad:ra(l)/\- : '/\dﬂja(k), Z badxg(l)/\- : ~/\d£L’U(k),
1<o(1)<---<o(k)<n 1<o(1)<--<o(k)<n

respectively, we can define the inner products
<w:m77:v> = Z aaba» <w,n> = / <wz,’f]m>d$1 /\"'/\d(En7
1<o(1)<--<o(k)<n £

where dzq A - -+ A dx, is the volume form.
A key object in our presentation is the exterior derivative d = dj :

AF(§2) — AFL(£2), defined by

" da,
dz agd.’L‘a(l) VANCIEAN dxg(k) = Z Z D, dz; A dxa(l) VANRERAN da)‘g(k).

o =1
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Table 2. Correspondences between differential forms w on 2 C R® and
scalar /vector fields w on f2.

k] AF(0) HAF(92) dw
C* () H' (D) grad w

C*(2;R?) H(curl, 2;R?) curlw

C>=(2;R%) H(div, 2;R%) divw
C*>(92) L*() 0

w N = O

As we shall see below, the exterior derivative operator d corresponds to the
standard differential operators grad, curl, div, and rot.

When n = 2,if w € A°($2), then dow = Ow/Ox1dx, +0w/dxodzs € AL(S2).
Identifying w/0z1dzy + Ow/0xadxs with the vector (Ow/dx1, 0w/dx2), do
corresponds to grad. If instead, we identify dw/0x1dx; + Ow/dzodzs with
the vector (—Ow/0x2, dw/dx1), then dy corresponds to curl.

If 4 = widry + wadze € AL(2), then dyp = (Qws/dx1 — Owy/dx)dzy A
dze € A%(02). If we identify wydx; + wodxs with the vector (wy,ws), then
d; corresponds to rot. If instead, we identify widz; + wodzs with the
vector(—wsq, w1 ), then d; corresponds to — div.

When n = 3, if w € A%({2), then dow = Ow/dz1dx; + Ow/drodws +
Ow/0x3dzz € AL(2). Identifying Ow/dx1dwy +0w/dxodrs + 0w /Ox3drs with
(Ow/dx1, 0w /0xy,0w/dx3), dy corresponds to grad. If y = widx; +wadry +
wadzz € AL(2), then dip = (Ow3 /0wy — Ows/Ox3)dws A dag — (Owy/Ox3 —
Ows/0z1)dxy A dag + (Owy/0xy — Owy/Oxs)dxy A daze € A%(£2). Identifying
wirdzy + wedze + wsdxs with the vector (ws,wsq,ws), di corresponds to curl.
Finally, if 4 = widzs A dog — wedry A dzz + wadz; A dog € A%(£2), then
dop = (Owy /0wy +Ows /Oxy +Ows /Ox3)dxy Adwa Adas € A3(£2). Identifying u
with (wy,ws,ws), da corresponds to div. Table 2 summarizes correspondences
between differential forms and their proxy fields in the case £2 C R3.

An important role in our analysis is played by the de Rham sequence, the
sequence of spaces and mappings given in the notation of differential forms
by:

RS A%(02) 20 AL (@) & D ) o

By introducing proxy fields and the usual differential operators, the de Rham
complex (and its L? version) take the following forms. For 2 C R3,

R S () 229, oo R?) 22 o002 R?) Y ¢20(2) — 0,

H(curl, 2;R3) <L H(div, 2;R%) 2% 12(0) — 0.

R S H(0) 224
For 2 C R?, the de Rham complex becomes
R S 0%°(0) B2, 0o (2, R2) 25 ¢ (0) — 0,

or
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R S () 2L ooy R?) &Y 0 (02) — 0,
depending on whether we identify widz; + wodxe € A'(§2) with the vector
(wy,ws) or the vector (—wso,w;). There are also analogous L? complexes.

4 Basic finite element spaces and their properties

We now turn to the definition of the finite element spaces we shall use in our
approximation schemes and their properties. For this we follow the approach
developed in [9]. We begin by defining P, as the space of polynomials in n
variables of degree at most r and P,A* as the space of differential k-forms
with coefficients belonging to P,. Let 7} be a triangulation of {2 by n + 1
simplices T and set

PoAN(T) = {w e HA¥(Q) s wr € PAYT)NT € T}, 7 >0
PANT) ={we HA¥(Q) :wr e P AR(T) VT € T}, r>1,

where P A¥(T) .= Pr_1 AK(T) + kP 1 AFH(T) and & = kgpq 2 AFTHT) —
AF(T) is the Koszul differential defined for w = 3°_ 4oz, (1) A+ - Ad@g(ri1) €
AR by

k+1
Kw = gz, nde A Adzg A da
S (-1 o) 4o (1) o(d) o(k+1)s

o =1

where the notation dA:z:U(i) means that the term is omitted in the sum. Note
that kxkpr1 = 0, and one can show that the Koszul complex

0 — Pron AM(2) &% Py 1 A1 (02) 25 - 55 P, A0(02) — 0,
is exact. For £2 C R?, this complex becomes
0— Pr3(2) 5 Pro(2;R?) 25 Py (2;R?) 5 P(2) — 0.

Comparing to the corresponding polynomial de Rham complex

2 p (2R 2L P (2R I P _s(2) — 0,

0— P.(02)
we see that the Koszul differential increases polynomial degree and decreases
the order of the differential form, while exterior differentiation does exactly
the opposite.

We note that P,A%(T,) = P AY(Ty), r > 1 and P, A™(T,) = Py A™(Th),
r > 0. Using proxy fields, we can identify these spaces of finite element dif-
ferential forms with finite element spaces of scalar and vector functions. In
Tables 3 and 4, we summarize the correspondences between spaces of finite
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Table 3. Correspondences between finite element differential forms and the clas-
sical finite element spaces for n = 2.

) Classical finite element space

0| P-A%(T;,) [Lagrange elements of degree < r

1| P, A'(7,) |Brezzi-Douglas-Marini H(div) elements of degree < r
2 PTAZ( 71) |discontinuous elements of degree < r

0|P,” A°(7:,)|Lagrange elements of degree < r

1|P7 A (73)|Raviart-Thomas H(div) elements of order r — 1

2 2(T3,) |discontinuous elements of degree < r — 1

Table 4. Correspondences between finite element differential forms and the clas-
sical finite element spaces for n = 3.

k] AR () Classical finite element space
Lagrange elements of degree < r

)

) |Nédélec 2nd-kind H (curl) elements of degree < r
) |Nédélec 2nd-kind H(div) elements of degree < r
)

discontinuous elements of degree < r

Lagrange elements of degree < r
Nédélec 1st-kind H(curl) elements of order r — 1

0

1

2

3| Pr A3
0[P )

1P AN (Th)

2 T1)|Nédélec 1st-kind H(div) elements of order r — 1
3 Th)

discontinuous elements of degree < r — 1

element differential forms and classical finite element spaces in two and three
dimensions.

Degrees of freedom for these spaces are given as follows. For the space
P.AR(T), we use

/Trfmy, v EP W), f e AT,
f

for k < j <min(n,r +k — 1), where Try w denotes the trace of w on the face
fand A;(7) is the set of all j-dimensional subsimplices generated by 7j,. For
example, when n = 3, A;(7) is the set of vertices, edges, faces, or tetrahedra
in the mesh 73 for j = 0,1,2,3. In this case, when j = 0, i.e., f is a vertex,
ff Tryw means w(f), where w is the function associated with w € A%(2).
When j = 1, i.e., f is an edge of a tetrahedron, ff Tryw= ffw - tdu, where
w is the vector associated to w € A'(2) and ¢ is the unit tangent vector to f.
When j =2, i.e., f is a face of a tetrahedron, ff Trrw= ff w - ndu, where w
is the vector associated to w € A%(£2) and n is the unit outward normal to f.
Finally, when j = 3, i.e., f is a tetrahedron, ff Tryw = ff wdu, where w is
the function associated to w € A3(2).
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Analogously, the degrees of freedom for the space P~ A¥(7) are given by
/ Tl'fw ANV, vVE 7)7«,]'Jrk,1/1j_k(f)7 f € AJ(T)7
f

for ¥ < j < min(n,r + k — 1). Note the key property that the degrees of
freedom for each space are defined in terms of wedge products with elements
of the other space.

An important property of these finite element spaces is that they form
discrete de Rham sequences. In fact, as shown in [9], in n dimensions, there
are exactly 2"~ ! distinct sequences. When n = 2 and r > 0, these are

0 — Pry2d®(Ty) 2 P AY(T;) 25 PAXT) — 0,
0 — Ppp1 A°(Th) 5 Py AY(Th) <5 PAX(T) — 0,

When n = 3 and r > 0, we have the four sequences

0 = PpysAO(Th) 5 Prya A (Th) 5 Pra A2(T) 5 PoA(T) — 0,
0 = Priad’(T) 2% Py ANT) 25 Py A2(Th) 2 PLAR(T,) — 0,
0 — Priad’(Tp) 5 PrpANT) 25 Py A2(Th) 2 PoA3(T;) — 0,
0— Py A%Th) 2 P AYTh) 25 P AX(Th) 25 PLANT,) — 0

The first and last of these are exact sequences involving only the P, A*(73,)
or P~ A*(T;,) spaces alone, while the middle two mix the two spaces. As we
shall see, to obtain mixed finite element methods for elasticity when n = 3, it
is one of these middle sequences that will play a key role.

To each of the spaces P, A*(7},), we may associate a canonical projection
operator II(= Iz, ) : C°A*(2) — P, A¥(T},) defined by the equations:

/Trfﬂw/\z/:/Trfu)/\u7 veP j+kAJ R(f), feANT),
! f

for k < j < min(n,r+k—1). Similarly, to each of the spaces P,~ A¥(7},), we may
associate a canonical projection operator I1(= IIz,) : COA*(Q2) — P~ A¥(T,)
defined by the equations

/Terw/\V:/Trfw/\l/, vE P ik AR, fe AT,
f f

for k < j < min(n,r + k — 1). A key property of these projection operators
is that they commute with the exterior derivative, i.e., the following four
diagrams commute.
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AR(Q) 2 ARL(Q) AR(Q) S AR()
| g | |

PoAK(T) 2 P AT PART) 2 P ARY(T)
AR(Q) L A1) AR(Q) L A1)
| | | |

PART) L PoARY(T)  PrAR(T) 2 P AT,

These commuting diagrams will also play an essential role in the construction

of stable mixed finite element approximation schemes for the equations of
elasticity.

4.1 Differential forms with values in a vector space

To study the equations of linear elasticity in the language of differential forms,
we will need to use differential forms with values in a vector space. Let V' and
W be finite dimensional vector spaces. We then define the space A*(V;W)
of differential forms on V' with values in W. The two examples we have in
mind are when V =V =R" and W =V or W =K the set of anti-symmetric
matrices. When n = 2, w € A*¥(V;V), k = 0, 1,2 will have the respective forms

<w1> R (wH) dx; + <w12) dzs, (w1> dzi Adxo,
wa w21 W22 w2
while w € A¥(V;K) will have the respective forms

WX, wixdzy + wexdws, wxdzy A dza, where - x = <(1) _01> .

Recalling that the 1-form widz; + wodxs can be identified either with the
vector (wy,wsy) or the vector (—ws,wy), we will have the analogous possibili-
ties in the case of vector or matrix-valued forms. Since we will be interested
in de Rham sequences involving the operator div, we choose the second iden-

tification. Hence, <w11> dz; + <w12) dzy € AY(V;V) will be identified with
Wa1 W22

Win Wiz _ (w2 wn (10)
Wo1 Wag —wao wa1 )’
and wyxdz; + wexdry € AY(V;K) with the vector (—wsq,w;). When n = 3,
w € A¥(V;V) will have the respective forms

the matrix
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w1y w11 w12 w13
wa |, wor | dzy + | wee | dae + | wos | ds,
w3 w31 W32 w33
w11 w12 w13
wo1 | deo Adas — | wos | dzy Adag + | wes | dzy A das,
w31 w32 w33
wq
wo | dzy A dao A dxs.
w3

Hence, A°(V;V) and A3(V;V) have obvious identifications with the space of
3 dimensional vectors and A*(V;V) and A2?(V; V) have obvious identifications
with the space of 3 x 3 matrices (i.e, W;; = w;; in both cases). In fact, in
treating the equations of elasticity on a domain {2 C R"”, we shall represent the
stress as an element of A"~1(£2, V). To describe A*(V;K), it will be convenient
to introduce the operator Skw taking a 3-vector to a skew-symmetric matrix.
i.e.,
0 —Wws3 Wy
Skw(wy,wo,w3) = wg 0 —wy
—Wy W1 0

Then w € A*(V;K) will have the respective forms

Skw (w1, wa, ws),
Skw(wi1,wa1,wsy)dxy + Skw(wig, wee, w3z )dws + Skw(wiz, wes, wss)dxs,
Skw(wi1, wa1, w31 )das A dzg — Skw(wia, wag, wsz)day A dzs
+ Skw(wn3, wes, w33 )dxy A dzo,
Skw(wy, wa, ws)dxy A dze A das.

Note that from the above formulas, there is an obvious identification of
A%(V; K) and A3(V; K) with the space of 3-dimensional vectors and of A1 (V; K)
and A%(V;K) with 3 x 3 matrices (again with W;; = w;; in both cases).
In the mixed formulation of elasticity, we shall need a special operator S =
Sy, : AF(V, V) — ARV K) defined as follows: First define Ky : A*(£2;V) —
AF(§2;K) by
Kpw = Xwl —wXxT,

where X = (x1,--- ,2,)7. Then define
S = di Ky, — Kpady - A¥(02; V) — AFH(2;K).

Using the definition of the exterior derivative, the definition of K, and the
Leibniz rule, one can show that for any vector (v1,...,Vk4+1),
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(Skw)w(vl, . 7Uk+1)
k+1
=3 () T (v, g vrn) —w(o, e85 v )0,
j=1

where the notation 9; means that this argument is omitted. Thus, Si is a
purely algebraic operator.

More specifically, we shall need this operator when k =n—2and k = n—1.
We examine these cases below for n = 2 and n = 3. When n = 2, we get for
w = (w1, ws)T, Kow = (w122 — wax1)X, and after a simple computation,

Sow = (do Ko — K1do)w = —wexdxy + wyxdzs.
Note that Sy is invertible with
Sy M xday + paxdas] = (g2, —pa)”
If w € AY(V;V) is given by:

w = widzy + wadws, wy = (w11, w21)",  we = (w12, wa2)",
then Sjw = — (w11 + waz)xdx1 A dzs. If we identity w with a matrix W by
(Wn W12> _ (—wm w11>

Wo1 Wag —Wa Way )’
then we can identify Sjw with the matrix

< 0 Wiz — Way
War — Wio 0

> =W —-WT =2skwW.
When n = 3, we get for w = widzry + wodry + wsdrs, with w; =
(w1, waj, ws;) T,

Siw = Skw(—ws3 — waz, w12, wiz)drs A dr3
- Skw(w21, —wW11 — w33, w23)d171 Adxs
+ Skw (w31, w32, —wi1 — waz)dxy A ds.

If we identify w € A(V;V) with a matrix W by W;; = w;;, and identify
S1w € A2(V;K) with the matrix U given by

—W33 — W22 wa1 w31
U= w12 —wi — W33 w32 )
w13 w23 —wi1 — W22

then, W and U are related by the equations

1
U=5W=WT" —tr(W)I, wW==z"'v=U0"- 3 tr(U) 1.
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Hence, S, is invertible.
If w = widzs A drs — wedxy A dxs + wzdzy A dzg, then

0 Wo1 — W12 W31 — W13
Sgw = | W12 — W21 0 W32 — W23 dl‘l A dl‘g A dl‘3.
W13 — W31 W23 — W32 0

If we identify w with the matrix W given by W;; = w;;, then by the above,
Sow may be identified with the matrix —2 skw W.
We easily obtain from the fact that diy41dx = 0 and the definition S, =
dp K — Kg41di that
dr+1Sk + Sk41di = 0.

This identify, for k =n—2,i.e.,d;,_15,_2+ S,_1dn_2 = 0 is the key identity
in establishing stability of continuous and discrete variational formulations of
elasticity with weak symmetry.

Note that this formula is much more complicated and also different in
different dimensions when stated in terms of proxy fields (which are reasons
why we have introduced differential forms). When n = 2 and k& = 0, if we
identify w = (w1, w2)? € A°(£2;V) with the vector W, then the formula
(d1Sp + S1dg)w = 0 becomes

(divW)x + 2skw curl W = 0.

When n = 3 and k = 1, if we identify w € A*(£2;V) with the matrix W, then
the formula (d2S7 4+ S2d;)w = 0 becomes

Skw div(ZW) — 2skw curl W = 0.

5 Mixed formulation of the equations of elasticity with
weak symmetry

In order to write 3 in the language of exterior calculus, we will use the spaces of
vector-valued differential forms presented in the previous section. We assume
that {2 is a contractible domain in R™, V = R", and K is again the space of
skew-symmetric matrices. We showed in the last section that the operator S =
Sp_1: A" H(2;V) — A™(82;K) corresponds (up to a factor of £2) to taking
the skew-symmetric part of its argument. Setting d,—; = d, the elasticity
problem 3 becomes: Find (o, u,p) € HA" " 1(£2; V) x L2A™(2; V) x L2A"(£2; K)
such that

(Ao, Ty + (dr,u) — (ST,p) =0, T€ HA”_l(Q;V), (11)
(do,v) = (f,v), veL*A"(V),  (So,q)=0, qeL’A"(K).

This problem is well-posed in the sense that, for each f € L2A"(£2;V), there
exists a unique solution (o, u,p) € HA" 1 (£2; V) x L2A™(£2; V) x L2A™(£2;K),
and the solution operator is a bounded operator
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L2A™M(2;V) — HA" (02, V) x L2A™(2; V) x L2A™(02;K).

This will follow from the general theory of such saddle point problems [14]
once we establish two conditions:

(W1) ||7]|% 4 < c1{AT,7) whenever 7 € HA"1(2; V) satisfies (dr,v) =0
Vo € L2A™(£2;V) and (ST,q) = 0 Vq € L?A"(£2;K),

(W2) for all nonzero (v,q) € L2A"(£2;V) x L?2A"(§2;K), there exists
nonzero 7 € HA"1(2;V) with (d7,v) — (S7,q) > cal|7||za(||lv]| + l¢l]),

for some positive constants ¢; and co. The first condition is obvious (and does
not even utilize the orthogonality of S7). However, the second condition is
more subtle. We will verify it in Theorem 7.2 in a subsequent section.

We next consider a finite element discretizations of 11. For this, we choose
families of finite-dimensional subspaces

AN (V) C HAY N2 9),  AR(V) € LPA™(2;9),  AR(K) € L2A™(25K),

indexed by h, and seek the discrete solution (o, up, pr) € /1271 (V) x AR(V) x
A} (K) such that

(Aop, 7) + (d1,up) — (ST,pr) =0, 7€ AZ_l(V), (12)
(dop,v) = (f,v) ve AV), (Sopn,q) =0, qe€ AR(K).

In analogy with the well-posedness of the problem 11, the stability of the
saddle point system 12 will be ensured by the Brezzi stability conditions:

(S1) |74 4 < e1(AT,7) whenever 7 € A}~ 1(V) satisfies (dr,v) =0
Vv € A(V) and (ST, ¢q) =0 Vq € A}(K),

(S2) for all nonzero (v,q) € A} (V) x A} (K), there exists nonzero
7 € AN (V) with (dr,v) = (S7,9) > eal|7l|ma(llv]l + llal)),

where now the constants ¢; and c; must be independent of h. The difficulty
is, of course, to design finite element spaces satisfying these conditions.

We have seen previously that there is a close relation between the con-
struction of stable mixed finite element methods for the approximation of
the equations of linear elasticity and discretization of the associated elasticity
complex 6. This relationship extends an analogous relationship between the
construction of stable mixed finite element methods for Poisson’s equation
and discretization of the de Rham complex. It turns out that there is also
a close, but non-obvious, connection between the elasticity complex and the
de Rham complex. This connection is described in [19] and is related to a
general construction given in [13], called the BGG resolution (see also [16]).

The elasticity complex 6 is related to the formulation of the equations
of elasticity with strong symmetry. It is also possible to derive an elasticity
complex that is related to the equations of elasticity with weak symmetry,
again starting from the de Rham complex. In [8] (two dimensions) and [6]
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(three dimensions), such an elasticity complex is derived and a discrete version
of the BGG construction also developed. This was then used to derive stable
mixed finite element methods for elasticity in a systematic manner based
on the finite element versions of the de Rham sequence described earlier.
The resulting elements in both two and three space dimensions are simpler
than any derived previously. For example, the simple choice of Py A" ~1(7},; V)
for stress, PoA™(7y; V) for displacement, and PyA™(7;; K) for the multiplier
results in a stable discretization of the problem 12. In Figure 4, this element is
depicted in two dimensions. For stress, the degrees of freedom are the first two
moments of its trace on the edges, and for the displacement and multiplier,
their integrals on the triangle (two components for displacement, one for the
multiplier). Moreover, this element is the lowest order of a family of stable
elements in n dimensions utilizing P, A"~ 1(7,; V) for stress, P._1 A™(73; V) for
displacement, and P,_1A™(7;; K) for the multiplier. In fact, the lowest order
element may be simplified further, so that only a subset of linear vectors is
needed to approximate the stress. More details of this simplified element are
presented in Section 11.

I

Fig. 4. Approximation of stress, displacement, and multiplier for the simplest ele-
ment in two dimensions.

In the next section, we follow the approach in [9] and outline how an
elasticity complex with weakly imposed symmetry can be derived from the
de Rham complex. Since this derivation produces a sequence in the notation of
differential forms, we then translate our results to the more classical notation
for elasticity in two and three dimensions. In Section 7, we give a proof of
the well-posedness of the mixed formulation of elasticity with weak symmetry
for the continuous problem, as a guide for establishing a similar result for the
discrete problem. Based on this proof, we develop in Section 8 the conditions
that we will need for stable approximation schemes. These results are then
used to establish the main stability result for weakly symmetric mixed finite
element approximations of the equations of elasticity in Section 9 and some
more refined estimates in Section 10. The results presented in this paper are for
the case of displacement boundary conditions. An extension to the equations
of elasticity with traction boundary conditions can be found in [9].
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6 From the de Rham complex to an elasticity complex
with weak symmetry

In this section, we discuss the connection of the elasticity complex in n di-
mensions with the de Rham complex. Details of the derivation can be found
in [6] and [9] and follow the ideas in a a derivation of elasticity from the de
Rham sequence in the case of strongly imposed symmetry given in [19] in
three dimensions.

We start with the two vector-valued de Rham sequences, one with values
in V and one with values in K, i.e.,

AT K) S A K) S A (K) = 0,

dn_2

A3, V) 2 A2 (0, vy 22 pn-l(0, ) S An(V) - o,

Using the fact that these sequences are exact, one is able to show that the
sequence

-1
d’!L*ZOSn72Od7172

An=3(yyy oo mSns) | gn—2 . ) A1, V)

(=Sn—-1,dn-1)T
Ao binol)

AN (W) -0 (13)

is exact, where W = K x V. We refer to the sequence 13 as the elasticity
sequence with weak symmetry. Crucial to this construction is the fact that the
operator S,,_s : HYA"2(£2;V) — H'A""1(£;K) is an isomorphism.

We next interpret this sequence in the language of differential operators
in two and three dimensions. When n = 2, we have the sequence

doS; Todo (=S1,d1)”
_ -

AY(12;K) A (02;V) A2(W) — 0.
Hence, if we begin with an element wy € A°(£2;K) that we identify with the

scalar function w, then

— 8U) 8UJ -1 o 8UJ aU) T
dO@UX)—'5;;Xd$1+‘5;;Xd$2, SO MOQUX)}_'<ax2f_a$1>
— 0?w/0x10x %w/dx3
1 _ 1022 5
doSy [do(wx)] = ( —0%w /02 > dxy + (52w/3m18x2) dzs.

We then identity this vector-valued 1-form with the matrix

—0*w/dx5 9®w/0x10xs) _ Jw
0*w/0x,10wy —0%w/0x3 | ~ ’
To translate the second part of the sequence, we begin with an element w =

(wn) dxi+ (w12> dzy € A1(V;V) that we identify (as in 10) with the matrix
Wa1 Wa2
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W= Win Wiz _ (—wiz wny
Wo1 Wae —Wa2 W21
We have seen previously that —Sjw corresponds to —2 skw W. Now

d o (8w12/8x1 — 6w11/6x2

1w = Duwnn /D1 — 8w21/8x2> dzy Aday = —div Wdzy A das.

Hence, modulo some constants, we obtain the elasticity sequence

(skw,div)T
—_—

c>(02) L ¢ (2;M) C®(2,K x V) = 0.

When n = 3, we have the sequence

(do,—So) dioSy tody (=S5,d2)T

A° (W) A2 K) A%(02;V) A3(W) — 0.

Hence, if we begin with a pair (Skww, u) € AY(W) = A%(2,K) x A°(£2,V)
that we identify with the pair (w,Skw ) € C°(£2,V) x C*(£2,K), then do
corresponds to the row-wise gradient and Sy to the inclusion of C*°(£2,K) —
C°>°(£2,M). We have discussed previously natural identifications of A'(£2;K)
and A%($2; V) with C°°(£2; M). With these identifications, d; corresponds to
the row-wise curl and S; to the operator =. Finally, we have also seen how
— S5 corresponds to the operator 2skw. Since ds corresponds to the row-wise
divergence, we obtain (modulo some unimportant constants), the elasticity

sequence with weak symmetry

(grad,I) (skw,div)T
—_— _—

= !cur
C>(VxK) oo (M) SL=_eurl, doo ) C>®(KxV) — 0.
More details, and the extension of these ideas to more general domains, can

be found in [9].

7 Well-posedness of the weak symmetry formulation of
elasticity

As discussed in Section 5, to establish well-posedness of the elasticity problem
with weakly imposed symmetry 11, it suffices to verify condition (W2) of that
section. This may be deduced from the following theorem, which says that
the map

. T
HAY(;v) ZEnendn)

HA™($2;K) x HA™(£2;V)

is surjective. We present the proof in detail, since it will give us guidance as
we construct stable discretizations. The proof will make use of the following
well-known result from partial differential equations.
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Lemma 7.1 Let 2 be a bounded domain in R™ with a Lipschitz boundary.
Then, for all p € L2A™(£2), there exists 1 € Hl/lnfi(()) satisfying d,,_1m = p.
If, in addition, fQ p =0, then we can choose n € H' A"~1(£2).

Theorem 7.2 Given (w,pu) € L*A™(2;K) x L2A™(£2;V), there exists o €
HA"1(£;V) such that dp—10 = p, —Sp—10 = w. Moreover, we may choose
o so that

lollzra < el + 1),

for a fixed constant c.

Proof. The second sentence follows from the first by Banach’s theorem, (i.e.,
if a continuous linear operator between two Banach spaces has an inverse,
then this inverse operator is continuous), so we need only prove the first.

(1) By Lemma 7.1, we can find n € H'A"1(2; V) with d,,_1n = p.

(2) Since w + Sp,—1m € HA™(2; K), we can apply Lemma 7.1 a second time
to find 7 € H'A"~1(2;K) with d,_17 = w + Sp_17.

(3) Since S,,_» is an isomorphism from H'A""2(£2;V) onto H!A"~}(£2;K),
we have g € H'A"2((2; V) with S,,_20 = 7.

(4) Define 0 = d,_00+n € HA" (2, V).

(5) From steps (1) and (4), it is immediate that d,—10 = p.
(6) From (4), —Sp—10 = —Sp_1dn_20 — Sp—_1n. But, since d,_1S,_2 =
- n—ldn—2a

- nfldn72Q = dn715n729 = dnflT =w+ Sn71777
S0 —S,_10 = w.

We note a few points from the proof.

(i) Although the elasticity problem 11 only involves the three spaces
HA L1 (02;V), L2A™($2;V), and L2A"(£2;KK), the proof brings in two addi-
tional spaces from the BGG construction: HA"=2(£2;V) and HA"~(£2;K).

(ii) Although S,,_; is the only S operator arising in the formulation, .S,,_o
plays a role in the proof.

(iii) We do not fully use the fact that S,_o is an isomorphism from
A"72(V;V) to A" 1(V;K), only the fact that it is a surjection. This will
prove important in the next section, when we derive conditions for stable
approximation schemes for elasticity.

(iv) Other slightly weaker conditions can be used in some places in the
proof (a fact we also exploit in discrete versions for some choices of finite
element spaces).

8 Conditions for stable approximation schemes

To obtain stable approximation schemes, we now mimic the key structural
elements present for the continuous problem. In particular, we see that to
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establish stability of the continuous problem, we do not use the complete
exact sequences, but only the last two spaces in the top sequence and the last
three spaces in the bottom sequence, connected by the operators S, _o and

Sn—1.

AHK) T AT(K) -0

/‘ Sn72 / Snfl (14)
A2y D22, gn-1gyy Do qneyy o,

Thus, we look for five finite dimensional spaces that are connected by a sim-
ilar structure, i.e., in addition to the spaces A}(K) ¢ HA™(K), A7~1(V)
HA™1(V), and A(V) C HA™(V) used in the finite element method, we also
seek spaces A} 1 (K) € HA"Y(K) and A} (V) € HA" (V).

To mimic the structure of the continuous problem, but taking into account
the comments made following Theorem 7.2, we require that the finite element
spaces are also connected by exact sequences, but where we introduce some
additional flexibility by inserting the L? projection operator I} and using
approximations of the operators S,,_o and S, _1.

Ar=(R) Lt gn gy 0
/ Sn72,h / Snfl,h (15)
Ar=2(y) 2222, gn=tiy) S22t gney) 0.,

In anticipation of proving a stability result for the mixed finite element
method for elasticity that mimics that proof used in the continuous case, we
need to define interpolants into each of these finite element spaces that have
appropriate properties. The reason for the choice of the specific properties will
become apparent in the stability proof.

We first define 11} and fY,TL‘ to be the L? projection operators into the
spaces A7 (K) and A}(V), respectively. We then define I7;"~* and IT;'~* to be
interpolation operators mapping H'A"~1(K) to A}~'(K) and H'A"~1(V) to
Azfl(V), respectively, and satisfying

pd, I = [IPd, 47, 7€ (H + P A" (K), (16)
dp [T = [y, y7, 7€ H A" L(V).

I~ 7)) < Clirlh, 7 € (H' + PHA™H(K), (17)
1y~ 7| < Cli7ly, 7€ HEA™ (V).
Next, we define I77~% mapping H'A"~2(V) to A7~%(V) satisfying

ldn—21I320]| < cllell, o€ H'A2. (18)
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(In 18, the exterior derivative d,_s corresponds to the differential operator
curl.) As we shall see in the examples, in some cases these will be the canon-
ical interpolation operators we usually associate with standard finite element
spaces, while in other cases, we will need to make some modifications so that
the interpolation operators are defined on spaces of functions will less smooth-
ness than we usually assume.

The key to the derivation of the formulation of elasticity with weak
symmetry at the continuous level was the introduction of the operators
S = Sy : AF(V) — AFL(K). In the reduced sequence 14, only the opera-
tors S, _2 and S, _1 will enter the analysis. One of the key properties of these
operators was that

dp—1Sn—2 = —Sp_1dn_2. (19)

For the discrete version of this analysis, we will need to modify the defini-
tions of S,,_2 and S,,_1 in a simple way. As a discrete analogue of the operator
Sy—1, we define S,,_1 5 : A7 (V) — A3 (K) by S,_14 = I}'Sn_1. As a dis-
crete analogue of the operator S,_o, we define S,,_2, : AZ_Q(V) — A2(K)
by Sy—on = II;""'S, 5. With these definitions, we establish the following
discrete version of 19,

H;Ll nflsn72,h = - nfl,hdn72- (20)

To see this, we observe that using 16 and 20,

H}TLL nflsnflh = H}?dnfln;zilsn72 = H}?dnflsn72
= —II}/S,_1dp_2 = —Sp_1,pdn_2.

Another key property of the operator S,,_o was that it was invertible as
a map from H'A""2(V) to H'A"~1(K). This fact was used in the prove of
stability of the weak symmetry formulation at the continuous level, although
we observed that surjectivity of this map would be sufficient. We cannot expect
invertibility of the map S,,_2 » However, a key condition to prove stability of
the finite element approximation to the weak symmetry formulation is that
Sh—2,p Maps Az_z(V) onto AZ_I (K). To ensure this condition, we will assume
that A7~2(V) and A}~ '(K) are related by the condition.

Sp_on P21 = M1, _or, 7€ H'A"2(V). (21)

To see that this condition ensures surjectivity, note that given a function
on € AP7H(K), we can find 0 € H'A" }(K) (e.g., a continuous piecewise
polynomial differential form), such that o}, = H,’flo. Defining 7 = S,;l2a
and 7, = II7"%7 € AP7%(V), we find that

op = H}?_la' = H;Ll_lsn_gT = Sn—2,hH;?_27' =Sn_2nTh-

To summarize the results of this section, we will develop stable mixed
finite element approximation schemes by finding five finite element spaces. The



28 Richard S. Falk

three spaces A7 (K) C HA™(K), Ap~H(V) ¢ HA"Y(V), A}(V) ¢ HA™(V) are
used in the method and the spaces A}~ '(K) ¢ HA" }(K) and A} *(V) C
HA"2(V) are auxiliary spaces crucial to the proof of stability. Associated
with each of these spaces is an operator for which we need properties 16,
17, and 18. We further assume that the five spaces are connected by the
exact sequences given in 15. Finally, we require 21, which ensures that S,_s 5,
maps A7 %(V) onto A} *(K). Under these conditions, we can then prove the
following stability result for the mixed finite element method for elasticity.

9 Stability of finite element approximation schemes

Theorem 9.1 Assume that the finite element subspaces A% (K) and A¥(V) are
connected by the exact sequences given in 15, that there are operators associ-
ated with these subspaces satisfying conditions 16, 17, 18, and that condition
21 is satisfied. Then, given (w,u) € AR(K) x AR(V), there exists o € A}~ (V)

such that dp_10 = p, =Sp_1,00 = =1}!S,,_10 = w, and
lollza < c(llwll + [|ul]), (22)

where the constant c is independent of w, i and h.

Before proving this theorem, we note that condition 15 immediately implies
that the first Brezzi condition (S1) is satisfied and that the second Brezzi
condition (S2) easily follows from the conclusion of the theorem.

Proof.

(1) By Lemma 7.1, we can find n € H'A""}(2;V) with d,_1n = p and
Il < cllpl-

(2) Since erH,’;Sn_lfY,’f_ln € HA™($2; K), we can apply Lemma 7.1 a second
time to find 7 € H'A""1(§2;K) with d,, 17 = w + H};Sn,lﬂ,’fln and
71l < e(llwll + |11} Sp—1 1T~ 1l

(3) Since S,,_5 is an isomorphism from H'A"~2(§2;V) to H'A"~1(2;K), we
have o € H'A"2(£2;V) with S,,_20 =7, and ||o||1 < ¢||7||1.

(4) Define 0 = d,, oI} 2o+ I} 'y € A7~1(V).
(5) From step (4), 16, step (1), and the fact that f]}? is a projection, we have
dp—10 = dn—lﬁ}?_ln = ﬁgdn—ln = ﬁ}?:u = M.
(6) Also from step (4),
—On—1,h0 = _Snfl,hdn72ﬁ]?72g - Snfl,hﬁ]r;il"r

Applying, in order, 20, 21, step (3), 16, step (2), and the fact that I}’ is
a projection, we obtain
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Sn_l’hd7l_2ﬁf7;_2Q = _Hgdn—QSn—Q,hﬁ}?_QQ
= —I}}dy oI} " Sy 0 = — I}y (I} 7 = —II}d, 7
= —II}(w+ H}?Sn_lﬁ}?_ln) = —w— Sn—l,hﬁ;}_lﬁ.

Combining, we have —II}'S,,_1 = —S,_1,,0 = w.

(7) Finally, we prove the norm bound. From the boundedness of S,,_; in L?,
17, and step (1),

T3 Sy L1 gl < ell Sumn I | < e 1T < ellnlly < el

Combining with the bounds in step (3) and (2), this gives ||o||1 < e(||lw|| +
|]). From 18, we then have |, oIl 20| < c(||w|| + [|x]|). From 17
and the bound in step (1), [T n) < c|nli < ¢lp]. In view of the
definition of o, these two last bounds imply that ||o|| < c(||w]||+/x]]), while
|dn_10] < C|IIPd,_10]| = ||u||, and thus we have the desired bound 22.

We have thus verified the stability conditions (S1) and (S2), and so obtain
the following quasi-optimal error estimate (see [14], [15]).

Theorem 9.2 Suppose (o, u, p) is the solution of the elasticity system 11 and
(Oh,un,pn) is the solution of discrete system 12, where the finite element
spaces satisfy the hypotheses of Theorem 9.1. Then there is a constant C,
independent of h, such that

llo = onllma + llu = unll +llp = pall < Cinf(llo = 7llza + lu = vl +llp = gll),

where the infimum is over all T € A}~ (V), v € AX(V), and q € A}(K).

10 Refined error estimates

To see more precisely the contribution to the error from each of the approxi-
mating subspaces, we now follow the theory developed in [18] and [20] for error
estimates for mixed finite element methods. Since the derivation is fairly sim-
ple and we are in an intermediate case to the general theory developed in the
references above, we present the complete derivation for the problem we are
considering.

Theorem 10.1 Suppose (o,u,p) is the solution of the elasticity system 11
and (op, up,pr) 18 the solution of discrete system 12, where the finite element
subspaces satisfy the hypotheses of Theorem 9.1. Then
lo = onll + llp = pall + llun — dul| < C(lo — 3~ ol + [lp — Hipl),
Ju = wnll < Clo = "ol + lp = Ml + lu — 3,
ldn—1(0 = on)|l = ldn—10 — I} dp—10]|.
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Proof. Subtracting the equations in 12 from the corresponding equations in
11, and adding and subtracting appropriate interpolants, we get the error
equations

(A(oy, — I}~ o), 7) + (A7, up, — IJu) — (ST, pp, — IT7p)

= (A(o — I} o), 7) + (dr,u — [IJu) — (ST,p — III'p), 7€ AP~H(V),
(d(op, — ﬁﬁ_la),w = (d(c — ﬁg_la),v>, v e Ap(V), (23)
(S(on — I} "0),q) = (S(o — I 7o), q), q€ AR(K),

where we use d as an abbreviation for d,,_1. Now by 16, (d(o— I} '5),v) = 0
for v € A7(V) and hence by 18, d(oy, — I} o) = 0. Setting

Tzoh—ﬁ}?_lo, vzuh—f]ﬁu, q=pn — II}p,
and adding the equations, we get
Cllon — ]NY;LHIUHZ < (A(op — ﬁ,’fla),ah - ]7,7;710>
= (A(o — INY;L’_IJ), on — ﬁ}’:_lzﬂ —(S(op — ]NY;L‘_la),p — II}'p).
Applying standard estimates, we then obtain
lo, — Iy~ to || < C(llo — Iy~ ol + |lp — 13 pl), (24)

and hence, ~
lo —onll < Cllo — 11y ol + [lp — I} p)-

Next applying Theorem 9.1, with w = p, — II}’p and p = up — fY,’;u, we can
find 7 € A7~ (V) such that

Irdr = uy, — I}, —Sp—1wT = -1y ST =pp, — I} p,
[Tllza < ellpn = Rl + lun — I ul]).
Making this choice of 7 in 23, we get
llpn = I3 p|1? + lun, — Il = (Alo — I}~ o), 7) — (Ao — 1Ty~ o), 7)

+ (up, — IIu,w — IIPu) + (pn — Ip, p — II7'p)
=(A(oc — I} '0),7) — (Ao, — I} ' 0), 7) + (pr, — II}'p, p — II}'p).

Applying standard estimates and 24, we easily obtain

lpn = 1T pll + llun = I ull < C(llo = 13~ oll + llow = I~ ol + |p = 11} p])
< C(llo = 113~ ol + |lp = 1T pll)-

Hence,
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lp = pull < Cllo — Iy~ || + [lp — T3pl)),
lu = unll < C(llo = I~ oll + lp = Ipll + llu — Ijul)).

Finally, since (d(0 — o4,v) = 0 for v € A?(V), we get doy, = II]'do, which
establishes the last estimate of the theorem.

11 Examples of stable finite element methods for the
weak symmetry formulation of elasticity

The examples that follow are of two types. In the first two subsections, we
present choices of finite element spaces for which diagram (15) is satisfied
without the need for the additional projection II}* in the top sequence. These
methods make use of multiple copies of finite element spaces normally associ-
ated to the use of mixed methods for scalar second order elliptic problems. In
the final three subsections, we consider methods which require the additional
projection II} in the top sequence in diagram (15). This is because the two
spaces in the top sequence are ones normally associated to stable pairs for the
approximation of the stationary Stokes equations.

11.1 Arnold, Falk, Winther families
In the approach of [8, 6, 9], the spaces are chosen for r > 0 to be:

A2(V) = Prp A2 (Th), A H(V) = P A" N (T; V),
AR (V) = P A (Ty; V),
Ay Y K) = P AN (T K), AR (K) = PA™(Th; K).

The sequences

Pr AN (T K) 225 P A (T35 K) — 0

Py "2 (T3 V) 228 Py A7 (T3 V) 28 P A (TV) — 0

are the final parts of longer exact sequences involving the P, and P, spaces.
Hence, 15 is satisfied without the additional projection at the end of the
first sequence. For these spaces, the canonical projection operators H,:‘_l,
1y, ﬁg_l, and fY,TLL satisfy conditions 16 and 17. Although the canonical
projection operator ]*]272 does not satisfy 18, since this operator is not defined
on functions in H'A"~2(V), we can define a modification of this operator,
P A"2(02;V) — P, A" 2(T;,; V) that does satisfy 18. The operator Phw
will have the same moments as w on faces of codimension 0 and 1, but with
moments of a smoothed approximation of w on the faces of codimension 2.
When n = 2, the issue is simply that the vertex values are not defined and
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this can be remedied by using the ideas of the interpolant of Clement. When
n = 3, additional details are provided in [6]. Thus, to satisfy the hypotheses
of Theorem 9.1, it remains to show that

IS, o Py = 1S, .
This is equivalent to showing that
718, sw=0, Yw=(I—Py)o, ocA"2(V).

Since P,w = 0, we have forn —1 < d < min(n,r +n — 1),
/ Trfw A C = 07 C € PT'—d+n—1Ad7n+2(f;V)a f € Ad(%) (25)
f

Note that we have not included similar statements for the vertex degrees of
freedom when n = 2 or the edge degrees of freedom when n = 3, since we
will not need them here. We must show that 25 implies that forn — 1 < d <
min(n,r +n — 1),

/fTrf SpowAp=0, p€Pran 1 AT"(fK), fe AT
The simplest case is when r = 0. When n = 2, 25 becomes
Jmrenc=o cePa g, feam)
which for w = (wy,ws)T, is simply the condition
/widezo, i=1,2, ee A(Tp). (26)
We then require that

/Tre(—ngdml +wixdze) =0, e€ A(7h).

€

But if (¢!,#2) is the unit tangent to e, then by 26,

/Tre(—ngda:l + wyxdas) = /(—w2t1 +wit?)x de = 0.
e e
An analogous argument works for general » when n = 2, and the basic outline
of the proof is the same when n = 3, although in this case the operator Sy is
more complicated. The details can be found in [6].

Using Theorem 10.1, it is straightforward to derive the following error
estimates, valid for 1 < k < r 4 1, assuming that o, p, and u are sufficiently
smooth.

llo = onll + Il = pall + llun — Ditull < CR (ol + Iplle),
lu = unll < CH*(lollie + Iplle + lullk),  Idn-1(o = on)]| < CR*||dn-10]s.
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11.2 Arnold, Falk, Winther reduced elements

In the reduced elements proposed in [8] (in two dimensions) and [6] (in three
dimensions), the spaces A7 (V), A7~ *(K), and A7 (K) remain as chosen above,
while the spaces A7 %(V) and A}~ '(V) are modified. Thus, the reduced el-
ements have a somewhat simpler stress space than the methods described
above. The basic idea is that in the verification of condition 21 in the last
section, we did not use all the degrees of freedom of the space P, A°(73,), i.e.,
we did not use the vanishing of the edge integral of both components of w, but
only the combination —wst! +w;t? (the normal component). Hence, instead of
the vector-valued quadratic space PoA°(7}, V), we can use the reduced space
obtained from it by imposing the constraint that the tangential component on
each edge vary only linearly on that edge. This space of vector fields, which
we denote by Py A°(7;,,V) has been used previously to approximate the ve-
locity field in the approximation of the stationary Stokes equations (cf. [23,
p. 134 ff.; 153 ff.]). Together with piecewise constants, it gives a stable finite
element approximation scheme for the Stokes equations. An element in this
space is determined by its vertex values and the integral of its normal com-
ponent on each edge. In order to complete the construction, we must provide
a vector-valued discrete de Rham sequence in which the space of 0-forms is
Py A°(T;,;R?). This will be the sequence

Po A(T5; V) 2% Py AY(Ty; V) 25 PoA(T,; V) — 0,

where it remains to define P;_A'(7;;V). This will be the set of 7 €
P1AY(T;,; V) for which Tr.(7) - is constant on any edge e with unit tangent ¢
and unit normal n. More specifically, for 7 € Py A (7;;R?), Tr.(7) is a vector-
valued 1-form on e of the form gds with p : e — R? linear and ds the volume
form—i.e., length form—on e. If y1 - ¢ is constant, then 7 € P; A(7; V). The
natural degrees of freedom for this space are the integral and first moment of
Tr.(7) - n and the integral of Tr.(7) - t. If we use 10 to identify vector-valued
1-forms and matrix fields, then the condition for a piecewise linear matrix
field W to correspond to an element of P; A!(75,;R?) is that on each edge
e with tangent ¢ and normal n, Wn - ¢ must be constant on e. This defines
the reduced space X, with three degrees of freedom per edge. Together with
piecewise constant for displacements and multipliers, this furnishes a stable
choice of elements.

A three-dimensional simplified element can be constructed using a similar
approach. We start from the space Py A(7,; V) and see that we do not use all
the degrees of freedom to satisfy condition 21. We thus define a reduced space
P, A(T; V) and a space Py_A2(Ty; V) such that these spaces, together with
PoA3(T1,; V), form the exact sequence

Po_ AN (T3, V) 25 P A2(T5: V) 225 PoA3(Th; V) — 0.

We are then able to replace the space P;A*(7;,;V), which has 36 degrees of
freedom (9 per face), by the space P;_A?(7;,;V), which has 24 degrees of
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freedom (6 per face). If we identify an element in our reduced space with a
matrix W is the manner discussed previously, then we get on each face the
six degrees of freedom:

/andf, /f(x~t)nTWndf, /f(x-s)nTWndf, /f[(z-t)sT—(x~s)tT]Wndf,

where s and ¢ denote orthogonal unit tangent vectors on the face f. More
details can be found in [6].

11.3 PEERS
In the PEERS method [3], n = 2 and we choose

A (V) = Py ANT; V) 4+ dB3 A% (T3; V), AL(V) = PoA*(Th; V),
A3 (K) = Py A%(T;,; K) N H'A*(K),  which we denote by PYA%(7;,; K),

where Bj3 denotes the space of cubic bubble functions. We then choose the
two remaining spaces as

My (V) = (Py+ Bo)A(Ti; V), AL(K) = So A (V).
It is easy to see that
AL(K) = (P1 + B3)A' (T, K) 0 H' AY(K) = (P} + B3)A'(Th; K).
Since the sequence
PLA(T;; V) 2% P AN(T,; V) S PoAX(Tii V) — 0
is exact, so is the sequence
(Pr+ B3)A°(T; V) <5 Pr AN (T3 V) + doBs A (T V) 5 PoA?(T;3 V) — 0.

For this choice of spaces, however, it is not true that dA}(K) = A2 (K).
Instead, we use the more general condition IT7dA}(K) = A%(K), which al-
lows the use of stable Stokes elements. The proof that the combination
(PY + B3)AY(T3;K) and PYA2(T,;K) is a stable Stokes pair (the Mini-
element) involves construction of an interpolation operator II} : H' A (K) —
(PY + B3)AY(T1,; K) satisfying

(di(r = 7)o qn) = 0. qn € AL(K), |7l < Cli7lh, 7€ H'AN(K),

which gives properties 16 and 17 for the operators II} and IT?. Properties
16 and 17 for the operators IT 1 and II 2 are satisfied by the Raviart-Thomas
interpolant IT} : H' A (V) = Py AY(T5,; V). Finally, one can easily check that
18 and 21 are satisfied if we define
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Y H' A°(V) = (Py + Bs)A°(T;,; V)

by 5
H;?T = S()_lH;ILSOT.

Note that condition 21 is then trivial, since for 7 € H*A%(V),
SonIlyT = I1},SoSy 1T, Sor = 11} Sor.

Applying Theorem 10.1, and standard approximation and regularity re-
sults, we obtain the error estimates

lo = onllo + lIp = prllo + lu = unllo < Ch(llolly + [Ipll + [lullr) < Chl flo-

11.4 A PEERS-like method with improved stress approximation

In this new method, we change one of the spaces used in the PEERS element
and both of the auxiliary spaces used in the analysis, i.e., we choose

AL (V) = PiAN T V), AR (V) = PoA*(Ti; V), AR(K) = PYA*(Ti; K),
and the two remaining spaces as
M (V) = PoA(Tp; V), A,(K) = SoAj (V) = PoAY (T K) 0 H'AN(K).

The basic change from the analysis of the PEERS element is that we use the
fact that the combination of PoAl(7;,;K) N HLAY(K) and PYA%(7;;K) is a
stable pair of spaces for the Stokes problem (i.e., the Taylor-Hood element).

We may also view this new method as a modification of the lowest or-
der Arnold-Falk-Winther method, where we are using the same stress and
displacement spaces and lower exact sequence as in that method, but have
changed the spaces with values in K. The advantage of this modification is
that it produces a higher order approximation to the stress variable. Looking
at the error estimates given in Theorem 10.1, we see that the error estimate
for ||o — op||o depends both on |jo — IT}' oo and ||p — II}'p|lo. In the lowest
order Arnold-Falk-Winther method, |0 — ]7;;‘710”0 < Ch?| 0|2, since we are
using P; elements to approximate o. The fact that piecewise constants are
used to approximate the multiplier results in only an O(h) approximation for
the second term. By using linear elements in the modified method, we recover
second order convergence. Since we use only piecewise constants to approx-
imate u, we can only obtain the estimate ||u — up|lo < Ch. However, since
the quantity [lus — I ullo is also O(h?), we might be able to obtain a better
result by a post-processing procedure.

Remark 1. We note that some of these same ideas have been used to develop
hybrid methods for the approximation of the elasticity equations. For example,
see [21].
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11.5 Methods of Stenberg

A family of methods proposed and analyzed by Stenberg [28] chooses for r > 2,
n=2orn=3,

AN V) = PeA N (T V) + dBrn A" (T V), AR(V) = Proa A™(Ti; V),
A5 (K) = PrA™(Th; K),

where B,,, denotes the space of functions which on each simplex T" have the
form brP,_1, where bp(z) = H?:ll Ai(z), i.e., the space of bubbles of degree
r + n. To fit our framework, we then choose the two remaining spaces as

ATQ(V) = (7)7"+1 + Br+n)An_2(771§V)7
AR HK) = (Pry1 + Brin) A H(Ti; K) 0 H' AY(K).
Since the sequence

Pt A2 (T V) 22 AT, V) 2 P AR (T V) — 0

is exact, it is easy to see that the sequence

(Prat + By A" (T3 V) 222 PLA (T3 V) + dyo By A" (T3 V)

P AN (T V) — 0

will be exact. Again it is not true that dA} " (K) = A?(K), and so we use the
more general condition,

I3 d AT (K) = A5(K),

which allows the use of stable Stokes spaces. From the definition of S,,_o, it
it easy to see that when n = 2,

SoAY(V) = (Ppi1 + Bpyn) AN(Th; K) N H'AY(K),
and when n = 3,
S1AL(YV) N H (V)] = (Pry1 + Bryn) A(Ti; K) N H' A*(K).

The proof that the combination (P,y1 + Bprin)A" H(7h;K) N HLAH(K)
and P,A"(Ty;K) is a stable pair of Stokes elements (cf [23, 15]) gives us
precisely what we need to establish 16 and 17 for the operators H,’;fl and
117}, i.e., the construction of an interpolation operator Hﬁfl c HIAYK) —
(Pr+1 + Br+n)An_1(’Th; K) N HlAn_l(K) Sa‘tiSfying

<dn—1(T - H}?_lT)7Qh> =0, qn € AZ(K)a
1z~ 7|l < Clirlh, 7 € HM A Y(K).
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Properties 16 and 17 for the operators f],’;_l and ﬁ,’j are satisfied by
the canonical canonical interpolant II;"~' : H*A""Y(V) s P A""Y(T;; V).
Finally, it is easy to check that 18 and 21 are satisfied if we define

P72 HUAY2(V) o (Pt + Bryn) A" 2(Th; V) 0 H A2(V)

by R
H;:_2T = S;_IQH,?_ls’n_QT.

When n = 2, this same analysis also carries over to the case r = 1, since the
combination (Py + B3) A (T;; K) N H!A(K) and Py A?(7;;K) is a stable pair
of Stokes elements. The situation is more complicated in three dimensions,
since the analogous combination is not a stable pair of Stokes elements.

Using Theorem 10.1, it is straightforward to derive the following error
estimates, assuming that o, p, and u are sufficiently smooth.

o = onll + lp = pall + llun — Tiul < CR*(lofle + lIpllk), 1<k <r+1,
u—un| < CR*(lloll + lIpllk + llulle), 1<k<r,
dp_1(oc —opn)|| < CR*||dp_10]lr, 1<E<T
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