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A FINITE ELEMENT METHOD
FOR NEARLY INCOMPRESSIBLE ELASTICITY PROBLEMS

DIETRICH BRAESS AND PINGBING MING

ABSTRACT. A finite element method is considered for dealing with nearly in-
compressible material. In the case of large deformations the nonlinear charac-
ter of the volumetric contribution has to be taken into account. The proposed
mixed method avoids volumetric locking also in this case and is robust for
A — oo (with A being the well-known Lamé constant). Error estimates for the
L*°-norm are crucial in the control of the nonlinear terms.

1. INTRODUCTION

Isoparametric low-order elements are very popular in solid mechanics due to their
simplicity. A major disadvantage, however, is the so-called locking effect [2]. Specif-
ically volume locking is encountered when the material is nearly incompressible. In
case of linear elasticity it is now well known how to overcome locking numerically,
and several popular methods have been shown to be equivalent [6] [30]. Recently,
the mathematical treatment has also been simplified [§].

The situation is less satisfactory in nonlinear elasticity. In the present paper we
shall consider a nearly incompressible neo-Hookean material [27), [37]. Let v be a
displacement field in a bounded domain  C R? with smooth boundary. The stored
energy and the load yield the total energy

(1.1) Ix(v) := %/(|Id+Vv|2—2) dx+%/|det(ld+Vv)—1|2dx—/fvdx.
Q Q Q

Here Cj is a positive physical parameter related to the Lamé parameter p while A
is characteristic for the compressibility. In particular, here we have A > Cy. For
brevity, we let Cy = 1 hereafter. This model (and its analysis) have a characteristic
feature of nonlinear theories. We find the determinant det(Id + Vv) in expres-
sions at those places where divwv is encountered in linear theories. The resulting
displacement u = (u1,u2) is characterized by the minimization of Jy(v), i.e.,

(1.2) T (w) = min J(v),

where W := {v € Wy*(Q) | det(Id + V'v) > 0 a.e. in Q}.

The above minimization problem is frequently used in industry [23] 29] to model
neo-Hookean nearly incompressible material. Natural rubber is a typical example
for nearly incompressible material, and materials that undergo plastic deformations
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may also be considered as nearly incompressible. This model is also encountered
when the hard incompressible constraint

det(Id + Vv) =1

is tackled by a penalty term in a way introduced by Ogden [26]. The above con-
straint reduces to the well-known linear incompressible condition in linear elasticity
or incompressible fluid dynamics, i.e.,

divv = 0.

The model may also be viewed as the 2D case of the Mooney-Rivlin material;
we refer to [12] for examples of other materials. Proceeding along the same line
as [22] Theorem II.2] (see also [32]), one can see that u and p converge to the
solutions for incompressible neo-Hookean material as A approaches oo if the body
force £ € L2(9).

An advantage of this model is that it is based upon a displacement-oriented for-
mulation which facilitates the implementation. The model avoids hard constraints.
On the other hand, there is a large parameter and the danger of locking. In order
to avoid locking in the given nonlinear problem, we will employ a reduced energy
functional when the discretization with finite elements of low order is performed.
Let X; be the finite elements space. The solution uy will minimize the reduced
energy functional

1 A
TIan(v) = 3 / (Jd + Vv - 2) dx + B / TIo (det(Id + Vv) — 1)|2dx
Q Q

(1.3) -~ /Q fv dx,

where IIy denotes the L2-projection onto some finite element space Mj,.

The analysis will be based on an equivalent mixed method. To this end the

pressure variable

p = A(det(Id + Vu) — 1)

is introduced, and a saddle point formulation with a penalty term arises. While
such a u-p formulation is equivalent to the method with enhanced assumed strains
in the linear case [6l [35], there are some differences in the nonlinear case. Instead
of using a projection of the determinant of Id + Vu, one may for instance consider
projections of the four matrix elements. This will be exploited in a forthcoming
paper.

The nonlinear problem will be dealt with in a homotopy argument. Since the
nonlinearities are bounded by L°°-norms, the L>°-error has to be controlled for the
homotopy. As a consequence, we obtain logarithmic terms with a higher power
than in the linear case.

We emphasize that we do not require smallness of the nonlinearities. It will
be enough to have a good discretization such that the nonlinear terms with the
differences u — uy, and p — pp, can be controlled.

The paper is organized as follows. Some notations are introduced, the main
result is stated, and the concept for its proof is outlined in Section [2l In Section
Bl we provide some a priori estimates as well as the regularity estimates for the
linearized problem. A special Clément interpolant is constructed in Section[d The
regularized Green’s functions and their application to the nonlinear problem are
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detailed in Section [Bl Section [ establishes the final error bounds. Appendix A
tackles the finite element approximation of the Green’s functions.

In this paper, we will concentrate on a variant of the 4-1 element [36]. The
commonly used 9-3 element also fits into our analysis; we will comment on this
element in Remarks R.8 and [£.2]

Throughout this paper, C' denotes a generic constant that is independent of h
and A.

2. NOTATIONS AND PRELIMINARIES

2.1. Problem setting. Let W™ ?(Q) denote the standard Sobolev space of func-
tions on  (see [20]) equipped with the norm and semi-norm

m
lollt, =S Jolt, and [0} ::/ S (Do dx.
k=0 Q

lee|=k

Here a = (1, a2) is a multi-index whose components «; are nonnegative integers,
la| = a; + ag, and D™ = 9l*1/92$" 252, For brevity, if p = 2, the subscript
p will be dropped and W™?2(Q) is denoted as H™(Q). As usual, H}(Q) is the
subspace of H!(2) functions with vanishing traces on I' := 92, and H}(Q) is the
corresponding space of 2-vector-valued functions. More generally, we use boldface
letters to denote the vector-valued spaces and operators. Moreover H () is the
dual space of H}(Q), and (-, -) denotes the dual pairing of Hg(2) and H~1(Q) or of
H}(Q) and H71(9), respectively. The inner product in L?(Q) is (-, -)q or for short
(-,-).
We set X := H}(Q) and M := L%(Q). As usual X’ and M’ are the dual spaces.

For a vector x € R2, we set x := (w3, —z1). For vectors x = (z1,72) and
y = (y1,92) € R?, x®y is a 2 x 2 matrix with elements (x ® y);; := z;y;. For a
matrix A, adj A := (Cof A)T = Cof AT, where Cof A is the cofactor matrix of A.
A matrix product is defined by A : B = tr(ATB). Note that

(2.1) det(A +B) =det A + Cof A : B +det B

holds for any 2 x 2 matrices.

Problem (I.2)) still has an undesirable constraint. We consider the minimiza-
tion of the elastic energy (I.2)) over W(l)’4(Q) instead of W and the restriction
det(Id + Vv) > 0 has to be checked a posteriori. Since zero boundary conditions
are assumed, [, ([Id+ Vv|* —2)dx = [,(Vv)?dx. The Euler-Lagrange equation
for the minimization of (1.1) is
(2.2) A(u,v) = (f,v),  Yve W (),
with the nonlinear functional

A(u,v) := (Vu, Vv) 4+ A(det(Id + Vu) — 1, Cof(Id + Vu) : Vv).
For problems with more general boundary conditions, see [33].
By virtue of the Piola identity [I2] Theorem 1.7.1],
(2.3) div Cof A =0,

whenever A is the gradient of a smooth vector field. Therefore A(u,v) can be
rewritten

(2.4) A(u,v) = (Vu, Vv) + A(det(Id + Vu) — 1,div(adj(Id + Vu)v)).
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We introduce p := A(det(Id + Vu) — 1) to put the minimizing problem (L2)) and
the weak equations (2.2)) into a saddle point formulation.

Problem 2.1. Find (u,p) € Wy*(Q) x M such that
(

a((u,p),v) = (£v), WveWiQ)

(2:5) b(u,q) =X '(p,q) = O, Vg e M,

with

a((u,p),v) = (Vu, Vv) + (p,div(adj(Id + Vu)v)),
b(u, q) := (¢, det(Id + Vu) — 1).

As above, from the Piola identity we have div(Cof(Id + Vu)) = 0 and
(2.6) (p,div(adj(Id + Vu)v)) = (p, Cof(Id + Vu) : Vv),

which will be frequently used.
The existence of a solution (u, p) of Problem[2.] can be proven as in [12] sections
6.4-6.8]. Following [22], we also assume that

(2.7) uecC*Q), peci(Q).

This regularity is commonly assumed in investigations of nonlinear elasticity, al-
though the assumptions are restrictive. If ) is a C3 domain, and the body force f
is sufficiently small in WP(Q) with p > 2, one has (u,p) € W3P(Q) x W2P(Q),
and (27) follows by the Sobolev imbedding theorem.

Let 73 be a regular triangulation of 2 into “quadrilaterals” with mesh parameter
h := maxgeT, hx. Interelement boundaries are located on straight lines, and
elements next to the boundary are transformed/modified to quadrilaterals such
that curved boundaries are matched. Moreover, we assume that 7j is obtained by
first constructing a triangulation of €2 with mesh size 2h and then dividing each
quadrilateral K into four sub-quadrilaterals by the lines connecting the midpoints
of the opposite edges of K. To define the isoparametric elements, let Qx(K) be the
space of polynomials of degree < k in each variable, and set

(2.8) Xy ={veX|v, €QiK) VK €T},
(2.9) My :={qe M |q, € Qo(K) VK € To},
for the approximation of the displacement u and the pressure variable p, respec-

tively. In principle, (X, M},) can be any pair of spaces that is stable for the Stokes
problem (provided that the interpolation process in Section [ is adapted); cf. Re-

mark [1.2]

The finite element approximation of Problem [2.1] reads:
Problem 2.2. Find (up,prn) € X}, X M), such that

a((ap,pr),v) = (f,v), VveX,,
b(lIh,q) - A_l(phaq) = 0; Vq S Mh.

Note that functions in M}, are discontinuous, and the pressure variable p; can
be eliminated in finite element computations on an element level.

(2.10)
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2.2. Final assumptions and main problem. Problems[21 and 2.2l will be em-
bedded later into one-parameter families of equations. When applying an implicit
function theorem, we make use of the derivatives of the nonlinear form a((u, p), v),
au(p;w,v) == (Vw, Vv) + (p,div(adj Vwv)),
ap(u;v,q) == (q, div(adj(Id + Vu)v)).
The derivatives of b can be expressed in terms of a, and b. Moreover, a, is sym-
metrical in the last two arguments.
Let (u,p) be the solution of Problem and let ay(w,v) and a,(v,q) be ab-

breviations of ay(p; w,v) and ap(u;v,q), respectively. We consider the following
auxiliary linear problem.

Problem 2.3. Given (F,G) € X' x M, find (w,r) € X x M such that

aw(w,v) +ap(v,r) = (F,v), vv e X,
Clp(W, q) - )\_1(T7 q) = (Ga q)7 vq S M.

We define a bilinear form A as

(2.11)

AW, 7;v,q) = au(w, V) + a,(v,7) + ap(w,q) — A~ (r, q).
In particular, (2:I1) is now rewritten:
(2.12) A(w,r;v,q) = (F,v) + (G,q), V(v,q) € X x M.
Since A is a bounded operator, it immediately induces a bounded linear operator
L:X x M — X' x M by the relation L(w,r)(v,q) = A(w,r;v,q) for any (w,r)
and (v, q) € X x M. Note that we write £(w,r)(v, ¢) rather than (L(w,r), (v, q)).
For the linear problem (2.11), we have
Theorem 2.4 ([15, Theorem 1]). Assume that p € C'(Q) and u € C*(Q).
(1) Let Cy := %||p||(221(§). Then

1
(2.13) §||Vv||(2) < au(v,v) + C1||v]|3, v e X.
(2) There exists a constant Co which may depend on ||ul|¢> ) such that
ap (v,
(2.14) sup 2D S gl Vg e M.
veX HV ‘1

Theorem 2 provides only a Garding inequality for the bilinear form A in (2.12),
and thus the theorem does not exclude the case that Problem 2.3 is not solvable.
This is in accordance with the fact that the original problem is nonlinear, and large
loads can cause a breakdown of the mechanical system. On the other hand, it is
clear that the form a,(:,-) is coercive for small loads and if the solution (u,p) can
also be reached on a path without branch points or singularities. Roughly speaking,
we have to stay in the region of stability.

After excluding the singularities above and having coercivity in addition to The-
orem [2.4] we can verify the following assumption by the general theory of saddle
point problems with penalty terms. We recall that the arguments heavily depend
on (27), and so we prefer the formulation as an assumption.

Assumption R. Given (F,G) € X' x M, there exists a unique solution (w,r) €
X x M of Problem 23 and

(2.15) [wlls +Irllo < C([F[l-1 + [Gllo)-
Here, C may depend on u and p.
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The assumption above actually implies that the operator £ is an isomorphism.
Now we are ready to state our main result.

Theorem 2.5. Let (u,p) € C*(Q) x C'(Q) be the solution of the Problem 21,
and let Assumption R hold. Then for sufficiently small h, there exists a solution
(un, pr) € Xy X My, of Problem 22 in a W12 (Q) x L>=(Q)-neighborhood of (u, p)
such that

(216)  [lu— ]z~ + A A2V (a—up)lz= + [p — pullL=) < CH* Al
where C may depend on [[u|c2q) and |[pller -

This theorem states that the isolated solution can be approximated with quasi-
optimal error bounds. For large data f, the uniqueness of the solution may be
violated; see [12], section 5.8].

Our result improves a similar one in [15, Theorem 2], since the convergence rate
presented there is only of order O(h?~¢) with € > 0.

The main ingredient of our proof is a bound of the regularized Green’s functions
that will be derived in Section Bl Such kinds of estimates cannot be found in the
present literature.

Remark 2.6. Notice that this theorem and its analysis also cover the limit case
A — 00, i.e., the incompressible material.

Remark 2.7. The error bounds for the displacement with respect to the W1->-
norm and the pressure variable with respect to the L°°-norm are the same with the
sharp results for the Stokes problem [16, Corollary 5.1 with k& = 1]. The L*-error
bound for the displacement, however, is polluted by an extra factor of |In h|.

Remark 2.8. Theorem [2.5]is also valid while the finite element spaces are replaced
by the (Q2, P1) pair for u and p, respectively, called 9-3 element by the engineering
community [28, [36].

2.3. Embedding Problem 2.2. We will consider a one-parameter family of prob-
lems with solutions in a neighborhood of (u,p). For any h > 0 we define a mesh-
dependent norm on W1*°(Q) x L*>(Q),

(2.17) Iv.alln = [vlize= + A AP 2 (V] o + g z)-
For v > 0 which will be fixed later, set

Uy = {(v,q) € Wh(Q) x L=(Q) | [|v = u,q = plln <7}
Next, we introduce a homotopy
(2.18) H(t, (w,q)) : [0,1] x ((Xp x My)NUy) — XJ, x M,

between the original nonlinear problem and a linear one. When applied to (v, q) €
X}, x Mjp, the operator ’H(t, (w, r)) takes the form

tla((w,r),v) — (£, v)]

+(1 - )[au(p, —u,v) +a,(u;v,r —p)],
tlb(w,q) = A~ (r,q)]

+(1 - )[ap(u w—u,q) = A" (r—p,q)].
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H(t, (w,r)) is continuously differentiable with respect to (w,r) with derivatives

tlau(r; @, v) + ap(w; v, s)]

) = +(1 = t)[au(p; @, v) + ap(u; v, s)],
tay(w; b, q)
+(1 = t)ay(u;d,q) — A 71(s,q).

We will omit the subscript of D(w’q)'H(t, (w, q)) when no confusion can occur.
Now we are prepared for the embedding of Problem 2.2

Diw.yH(t, (W,7)) (0, 5), (v, q

Problem 2.9. Find (u,p}) € (X» x M) N U, for some v > 0 such that
(2.19) H(t, (uf,,ph)) (v,0) =0, Y(v,q) € Xp x My,

Here t is the deformation parameter. The problem is linear for ¢ = 0, and for
t = 1 we end with the original nonlinear Problem 222 In particular, (u?L, p%) can
be understood as the Fortin interpolant of (u, p) in Xp x M}, for the mapping given
by Problem 231 We will exploit the continuity method [19, BI] to prove existence
and to derive the error bounds simultaneously.

The linearized expressions are easily separated from the nonlinear variational

form by using (2.5) and (2.10)

a((uj,, py,),v) = (£, v) = a((u},p},), v) — a((u,p),v)
(u}, —u),v) + (p},,div(adj Vu},v)) — (p, div(adj Vuv))
—u),v) + (p,div(adj V(uj, —u)v))
+(p}, — p,div(adj Vuv)) + (p}, — p,div(adj V(u} —u)v))
= au(p;u —up, v) + ap(w;v,p — pj,) + (p}, — p; divadj V(uj, —u)v).

Similarly, by using in addition (Z1I), we have

(det(Id + Vuh) L,q) — A Y(ph,q)
= (det(Id+ Vu) —1,q) + (Cof(Id + Vu): V(ul —u),q)
+ (det V(1 — 0),q) — A~ (p}. )
= M p,q) + (div(adJ(Id + Vu)(uh —u)), q)
+(det V(uz - u)7q (ph7q)
= ap(wuj, —u,q) — A~ (ph p,q) + (det V(uj, —u), g).
We insert these expressions in (ZI9) to obtain an equation for the error:
(2.20)
auw(u—ul,v)+a,(v,p—ph) = tp—pl.div(adj V(u—ul)v)), VveX,,
a‘p(u_u];uq) _A_l(Q7p_p];L) - t(detv(u_u];)?q)a qu Mp,.
When performing the homotopy method, we define a subset of the interval [0, 1] by
Er(C) :={t € [0,1] | Problem 3 has a solution (uj,,p},) € X x M
(2.21) such that ||u—ul,p —p|ln < Ch*|Inhl?}.
The set E,(K;1) will be shown to be nonvoid, open and closed with respect to the
interval [0,1] for sufficiently small A and some K; > 0. Hence, it coincides with
[0,1]. The cornerstones are an a priori estimate and the applicability of an inverse

function theorem. They are provided in the following two lemmas that will be
proven in Section
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Lemma 2.10. Let (u,p) € C*(Q) x CY(Q) be the solution of the Problem 21}, and
assume that Assumption R holds. Then there exist positive constants hy and Ky
with the following property: If (uﬁl,pﬁl) € U, is a solution of Problem [Z.d, with
v = 2K1h?[Inh|?, 0 < h < hy, and t € [0, 1], then we have

(2.22) (u%,p%) €Uy 2.
Furthermore, (u9,p?) € U, )2, i.e., the inclusion holds for t = 0.

Actually, we will show a stronger result. It is sufficient to have (uﬁl, pﬁl) € U,
for some g of the order h|ln h|'/? instead of h?|In h|?.

Lemma 2.11. Let (u,p) € (X X Mp) MUk, p2innj2- If b is sufficiently small, then
the operator D’H(t, (ﬁ,ﬁ)) s a regular mapping from Xy X My into itself for all
t €0,1].

3. A PRIORI ESTIMATES AND REGULARITY
First, we consider the regularity of Problem 2.3]

Theorem 3.1. For any (F,G) € L?(Q) x HY(Q), the solution (w,r) of Problem
belongs to H2(Q2) x H*(Q) and

(3.1) [wllz +lIrll < C([F[lo + Gll)-
Here C is independent of \.

Proof. If we restrict A to a bounded set, a proof of the theorem is essentially included
in [I5] Lemma 3.5]. The key point is that (ZIT)) is elliptic in the sense of [I] as was
observed by Le Dret [21].

Therefore, we only need to consider Problem [Z3] for large A, and we assume that
A > X, with )¢ to be specified later. We consider an auxiliary problem without
penalty term. Find (wq,71) € X X M such that

aw(W1,v) +ap(v,m1) = (F,v) Vv e X,

(3:2) ay(w1.q) — (G.q) VgeM.

In view of [I5, Lemma 3.5], we have
(3.3) [willz + [l < Ca(1Fllo + 1 Gll)-

Next we define a mapping T from H'(Q) into itself. Given r, let Tr := 7 be

defined by

au(W,v) +a,(v,7) = (F,v) Vv e X,

ap(W,q) = (G+X1'r,q) Vge M.
Given r1,mo € HY(Q), it follows from B3) that |71 — 7alj1 < A7 C3)|r1 — rafj1 <
%||7’1 — r2|l1 whenever A > X\g := 2C5. Hence, T is a contraction and it has a fixed
point r € H'(Q). Let w := w be the other component of the solution with this r.
From

1
Iwll2 + [l = C([Fllo + Gl + S lI7ll,
we conclude that ([BJ]) holds with C' := 2Cj3, and the proof is complete. O

A duality argument [24], yields the following fact.
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Lemma 3.2. Let (F,G) € H2(Q) x HY(Q)'. Then the solution (w,r) of Problem
belongs to L2(2) x H=1(Q) and

(3.4) Iwllo+lIrll-1 < C(IF]-2 + [|G][-1)-

Proof. Given (¢, s) € L2(Q) xH} (), consider the auxiliary problem: Find (W,7) €
X x M such that

(3.5) AWV, W,7) = (¢,v) + (5,9),  Y(v,q) € X x M.

Theorem B.1] implies that |W]|2 + ||7|l1 < C(]|@llo + ||s]|1). By setting v := w and
q =7 in (38), it follows that

(W, @) + (r,5)] = |Alw, s W, 7)| = [(F, W) + (G, T)|
< (IF(l-2 + IGll-)([[Wll2 + [I71[1)
< C([F[l—2 + 1G]l + lIsll1),
which implies the bounds of ||w||p and ||7]|_1 as stated in (34). O

To achieve L>°-estimates, we consider error estimates for weighted Sobolev norms
with the weight function
(3.6) o(x) == (Jx — x> +6*)'2, x,%x0 € Q.

Here § = Kh, with K > 1 being a constant to be specified later. For & € R and k
a nonnegative integer, we define the weighted semi-norms

2= Y0 [ %Pt dx, a € HHQ)

161=k 2
The same notation will be used for vector-valued functions. We list some properties
of o (see [9, p. 170] for more general cases):

(3.7) ID*q

. < i
(3.8) max o(x) < C’)I(rg}rg o(x), VK € Ty,
(3.9) |Dio(x)*| < C(f, ) a7 (x), Vx € Q, a €R.
By [11, Theorem 3.3.2], if 6 is small enough,
co—, f 0
(3.10) / o~ 2+ (x) dx < o as
Q Cllnf|, for a=0.

Theorem 3.3. For any (F,G) € L?(Q) x HY(Q), the solution (w,r) of Problem
satisfies

ID*wWllo2 + [IVr]lo2 < COIF o + G1l1)
(3.11) + C([[Fllo> + [VGllo> + [F] -1 + 1Glo)-

Proof. As in [11, Chapter 3, Section 3.3], let p; = 2/ — 2 (j = 1,2). From
w;Vr =V (u;r) — (Va;)r and a similar formula for w it follows that
1 D*wllo + 1|1 Vrllo < C(ID* (1 w)llo + IV (kgm)llo + [V wllo + [I7]]0)-

We only need to establish a bound of the first two terms on the right-hand side since
the other terms are covered by (ZIH). Observe that the strong form of Problem
reads

—Aw — (adj Vw)Vp — Cof(Id + Vu)Vr =F,
adj(Id 4+ Vu) : Vw — A7 'r = G.
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A simple computation yields
~A(pjw) — (adj V(u;w)) Vp — Cof(Id + Vu)V (u;r) = F,
adj(Id + Vu) : V(u;w) — A\ tur =G,

where the modified right-hand sides differ from the original ones only by terms of
lower order

F = ;F — 2V, Vw — VpVu; @ w — Cof(Id + Vu) Vy,r,
G = p;G +adj(Id + Vu) : w ® V.
By virtue of Theorem BI]and Assumption R it follows that
1D (5w)llo + 1V (157 lo < ClluFllo + 115V Gllo + [ Vwllo + [|lo)

(3.12) < C(lluiFllo + 1 VGllo + IF] -1 + 1Gllo)-
Next,
2
ID*wl[3. = 6% D*wl§ + > l|lnD*wl5.
j=1

Combining this with (3:12)) and the analogous estimates of Vr, we obtain (3:11)). O

Proceeding along the same line and using Lemma [3.2], we obtain

Lemma 3.4. For any (F,G) € L2(2) x HY(Q), the solution (w,r) of Problem[Z3
satisfies

IV Wloz + [Irllo2 < COIF] -1 + [[Gllo)

2
(3.13) + O I1Fll-1 + Glloz) + CIF 2 + |Gl -1).

Jj=1

4. AN INTERPOLANT OF CLEMENT TYPE

In this section, we provide some approximation properties of an interpolant of
Clément type. Consider a macroelement M of Tgy; see Figure [l Denote its four
edges by &; (1 <14 < 4) and the midpoint of &; by a;. Let by be the center of M, and
let b; (i = 1,2,3,4) be the corner nodes labeled anticlockwise from the lower-left
corner. The four corresponding squares are denoted by K; (i = 1,2,3,4).

We start with the Clément type interpolation operator R, defined in [3]. It will
be modified following [4] in order to preserve the integrals over the edges. If we
modify an interpolant vy, at the midpoints a1, as,as, and a4, only the change of
vp(a;) will contribute to [ e vpds. In this way we obtain an interpolation operator

I, : HY(Q) — {ve H'(Q) | v, € Q1(K) VK € T}
that is given by

(In))., : HY (M) — Qu(K;), i=1,2,3,4,

(4.1) Hhv(bz) = Rh’l)(bi), 1= 0, ]., 2, 3,4,

/(U—Hhv)ds:O, 1<i<4.
&;
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FIGURE 1. Macroelement M

The interpolation process preserves the nullity of traces due to (fI)2 and (@.I)s.
For a vector function v = (v1,v2) € H}(€), we define the interpolant IT,v by the
components:

(4.2) II,v = (TTpvy, Hpvs).

Similarly Rpv := (Rpv1, Rpv2).

We note that the construction of a similar operator in [4] is based on a Ritz
projector. The quasi-local character of the operator (@I) enables us, however, to
establish the estimates ({6) and (1) below.

Theorem 4.1. The interpolation operator I1;, defined by (E1l) and (EZ2) has the
following properties:

(1) For any matriz A whose elements are piecewise constant on each K of Tap,
we have

(4.3) Z / div(A(v — Hhv))qu =0, Vqe& M.
METz, VM
2) There exists a constant C such that
4) | DF(v = TLv)||e < CH ¥ DIv||e, k=0,1andj=1,2, p€[l,o0],
5

(
(4.4)

5) |DF(v —T,v)| 2 < CHF||Div|,2, k=0,1 and j=1,2.
(
)
(

4

(4
3) There exists a constant C such that

(4.6 |V (0*v — Iy (0?V)) | ,-2 < Ch||V|,-2 + Ch||[VV]o, Vv € X,.

4) There exists a constant C such that for all p € [1, o0]

(4.7) IVILv]|er < CIIVV[e  and  [[VIIyv]|sz < C[[VV]g2 .

Here and in the proof, D*v is understood in a piecewise manner for any v € Xy,
and so are | D*v||L» and || D*v|,z.

A similar bound for the first part of ([fZ) with p = 2 is included in [ Theorem
3.1]. The main ingredient of the following proof is the scaled trace inequality as
well as an error estimate of Ry,.
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Proof. (1) Let A be a matrix whose elements are constant on each M in Tg;. By
(EET) 5 we obtain for the normal components f&- A(II,v—v)-nds = 0 on each edge
&; of the 2h-grid. Gauss’ theorem yields now (@3]).
(2) We restrict ourselves to p < oo since the case p = co follows the same lines.
Referring to Figure 1, we select K7 as a typical element in 7. A simple scaling
argument yields

4
(IT, — Rp)v|P dx < Chie, > |(TLy — Ry v(zi)[?,
K i=1

where x1 = b1, 2 = a1, 3 = by, ¢4 = a4. Since (II;, — Ry,)v vanishes at by and
b1, we obtain contributions only from a; and a4. Similar estimates hold for the
integrals on Ks, K3 and K. Summing up, we have on the macroelement M € 7Ty,

(4.8) / |(TT), — Ry)v|P dx < Ch3, Z| I, — Ry)v(a;)|P.

i=1

Next, since (IT, — Rj)v is piecewise linear on &; and vanishes at the vertices of M,
we have in view of ([@I)s,

(4.9) ( Rh az |€|/ Rh VdS— |€|/ RhV d

Combining (A8) with (£9) and using the scaled trace inequality [20, Theorem
1.5.1.10] and Holder’s inequality, we obtain for any j = 1,2,

4
/ |(TI — Rp)v|P dx < Chapm Z/ |[v — Rpv|Pds
M i=17¢i

< Cha (hMl / v = RyvlP dx + h 1 / V(v — Ryv)|? dx)
M M
(4.10) < O / |DIv|P dx,
w(M)
where w(M) := {M’ € Ta, | M'NM # (}. An application of the inverse inequality
leads to
j—1 j .
(4.11) IV (I = RV oan) < ChY 21DV Lo goiany, 5 =1,2.
Summing up all M € Ty, in (I0) and EII), we obtain
D" (v — Ryv)||Le < CHI7*|Div|p, k=0,1andj=1,2, p€ [1,00).
This inequality together with the well-known estimates for Ry, [3], namely
ID*(v = Ruv)| o < CH ¥ DIV||Le, k=0,1andj=1,2, pe[l,00),

leads to ({4)) for all j and k, which together with (8.8) immediately yields ({.5).
(3) Since the triangulation 7}, is quasi-uniform, we can derive in the same way

as (BR)

4.12 <C VK C M €Ty, .
(4.12) max o (x) XEIE}}I}A)”(X) M€ Ty
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We recall @IT) for p = 2, ie., [[V(W — ILw)|| L2(x) < Cham||D*W || £2(w(my), for
K C M € Typ. Together with (412)) we have

/ o(x)3|V(w — IIw)| dx < Ch3, o(x) | D*w|? dx.
K w(M)

Summing up for all K € 7} gives
IV (w = I,w)|l5-2 < ChD?*(0° )| ,-2.
For any v € 7p,, letting w be ov in the above inequality, we get
IV (0*v=T14(0°V))llo-2 < CAID*(0?V)llo—2 < C(hl|V|lo—2+h[|VV]lo+h*[D?V]|o).

An inverse inequality for finite element spaces applied to the last term yields (E.6).
(4) Finally, by applying (@4) and (£35) with £ = 7 = 1 and using the triangle
inequality, we obtain the bound (&.7]). O

Remark 4.2. The property (3) is similar to the key assumption in [I6] (1.8)],
where the assumption was written for A being the identity matrix. The essential
point is that the pair (Xj, M) is stable for the Stokes problem and there is a
locally constructed operator with properties like the Fortin interpolant.

Similar constructions can be performed for other pairs of finite element spaces;
see [16], Section 5]. In particular the aforementioned (Q2, P1) element (see Remark
) is easily treated by combining the procedure above with techniques in [7] and
[10].

A standard scaling argument together with an inverse inequality yields the fol-
lowing approximation and superapproximation properties that refer to the other
function in the variational problem.

Theorem 4.3. Let Q, be the L?-projection onto Mj,.
(1) There exists a constant C such that

(4.13) lg — QnallLr < Ch|Vq|Lr, Vp € [1,00],
(4.14) lg — Qnallo> < Chl|Vql52.

(2) On admits the superapproximation property
(4.15) lo*q = Qn(0°q)llo—= < Chllgllo, Vg € Mp.

5. REGULARIZED GREEN’S FUNCTIONS AND L°°-ESTIMATES

The proof of Lemma will be based on L>-estimates of the terms on the
right-hand side of (Z20). They will be obtained by the technique proposed by
Frehse and Rannacher [I8] and refer to the regularized Green’s functions and the
weighted Sobolev norm estimates introduced by Natterer [25]. Our approach is
similar to that in [I6]; the concept is even more transparent in the scalar case [9]
Chapter 7]. In the present situation, there is, however, an extra difficulty. We have
only a Garding inequality instead of the usual coercivity of ay(-,). Thus the error
bounds with respect to the energy norm are interwoven with an L2-estimate, and
the latter requires an appropriate duality argument.

Lemma [ZT0 could also be proven by weighted Sobolev norm estimates as in [I5],
but only an order of h2~¢ would be achieved in (ZI6). Moreover, the estimates for
the regularized Green’s functions are of independent interest.
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We start with a general argument following [I8]. Let x = x; (1 <4 < 3) be a
piecewise polynomial, and let |x| attain its maximum at some x; € K;. Since the
mesh 7}, is regular, we can find a ball B; C K; with radius ah, such that its center
yi satisfies |x; — y;| < Cah. Here « is assumed to be sufficiently small depending
on the shape parameter of the triangulation 7;,. Next, let §; € C§° () satisfy

(5.1) supp 6; C B;,
(5.2) / 51 dx = 1, 51 > O7
Q
(5.3) D76 e < Ch™277, j=0,1.

The mean value theorem, combined with (5.2)), yields
/ xddx = x(z) for some z € B;.
Q
Using an inverse inequality for polynomials leads to

Xl @) = Ix(i)| < [x(2)] + Cahl|[ Vx| Lo,y < CallxllL=(@) + ‘/Qxédx

Choosing « such that Ca = 1/2, we may rewrite the previous inequality as

(5.4) Il < 2 ‘ /Q V6 dx

Therefore the required bound can be obtained from an estimate of a functional.

We define three families of regularized Green’s functions and describe simulta-
neously their relation to L>-estimates. By duality, first their L'-norms enter what
in turn will be bounded by weighted L2-norms.

Lemma 5.1. Let (G1,(1) € X x M and the corresponding regularized Green’s
functions (G, (M) € Xy, x My, satisfy

(5-5) A(G1,Ci5v,q) = (01,v), V(v,q) € X x M,
(5.6) AGE, v, ) = (81,v), V(v,q) € X x My,
respectively. Here 81 = (91,0) or 61 = (0,01). Then we have
lu = uj |z < 2[u—Mypul g + Okl (W (u — )|z + [lp — Qupllr=)
< (IV(G1 = G)lloz + 116 = ¢ llo2)
+ Ot A2V (u = w17 161 |2
(5.7) + Ctln A2V (u = wp) |l |p — phllz [ VG |lz -

Proof. Tt is enough to establish a bound of ||[TI,u— u} || z~. To this end, let x; € Q2
be a point where the maximum is attained:

N p— .
1T — w1z~ = mas |(Tw)* — uy) (o).

In view of (B4 and (B.6), we have
T = w1 < 2| (T — w 80)
=2 |au(G}1L7 Hhu - 112) + ap(Hhu - u;w C{L)‘ :
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By (Z20)) together with (5.5) and (5.6l), the above expressions can be expanded as
(Iju —u), 61)
= ay(Gh, Tpu — ul) + a, (Tpu — ul, ¢
= au(GY — G1, ITyu — u) + ap(Ihyu — u, ¢ — G) + ap(p — Qup, G1 — GY)
+ A7 p = Qup, (1 — G1) + au(G1, Tpu — u) + a,(Tu — v, ()
+t(p — pl, div(adj V(u — u},)G?)) + t(det V(u — ul), ¢
=I5+ - +1Is.

Now we estimate I; to Is. An application of Holder’s inequality yields a bound of
Il to I4Z

i+ -+ [ < C(|V(u = Thu) [z~ + [[p — Qupll=)

(5.8) x (IV(G1 = G)ller + 1 = ¢l ).
Recalling (5E) we have

| Is + Is| = |au(G1, IIpu —u) + ap(ITu — u, ¢ )|
(59) = |(51, Hhu - u)| S ||51HL1 ||Hhu - uHLac = ||Hhu - uHLx.
I7 and Ig are dealt with by using Holder’s inequality as

Iz < tllp = ph =V (0 = ) [ = [ VG| 1
and
[Is] < Ct[|V (u — wp) [ ZooI¢T [ 1
From (BI0) and Hélder’s inequality we obtain
IV(G1 = GY)llz: < Clnh|?|V(G1 - G0z,

as well as similar inequalities for VG, ¢; — ¢!, and V(. Summing up all the
above estimates, we complete the proof of (5.7)). O

Similarly, we define another two families of regularized Green’s functions and
their discrete versions.

Lemma 5.2. Let (Ga,(2) € X x M and the corresponding regularized Green’s
function (GE, (%) € X, x My, satisfy

(510) A(G'Qa CQ;V7 q) = (DJQ; V), v(v7 q) € X x M;
(5.11) A(GS, v, q) = (Dd2,v), Y(v,q) € Xp x M,

respectively. Here Ddy stands for any direction derivatives of either d3 = (02,0) or
d2 = (0,62). Then we have

[V (u—ujp)|r= <2|V(u—Tuu)r~
+ Clnh|?(|V (a = Tpu)| o + |p — Qnpllr)
X (IV(G2 = GH)lloz + €2 — &5 llo2)
+ Ctin A2V (u — uf) |7 (162 1|3
+ Ctln h|'?(|V (a = af,)[| < lp — Pl = | VGE

lloz -
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Proof. The proof of this lemma is almost the same as for Lemma [5.l The only
difference is that we choose x2 to maximize |V (IIu — u})|. By using (5.4) again,
we obtain

[V (Ipu —uj)| e~ <2[(V(ITpu — up),8:)| =2 |(ILu — uj, Dss)|
=2 ‘au(Gg, IMyu —u)) + a,(Iu — uj, Cél)‘ .
The rest of the proof proceeds like the proof of Lemma [511 O
As in the preceding lemmas, we get

Lemma 5.3. Let (Gs,(3) € X x M and the corresponding reqularized Green’s
function (G, (%) € X;, x My, satisfy

(5.12) A(Gs,G5v,q) = (d3,9), VY(v,q) € X x M,
(5.13) A(GE, (53 v.a) = (83,9),  V(v,q) € Xy x My,
respectively. Then we have
lp = phll < 2llp = Qupllze + Cl A2 (| V (u = Thu)| 2 + [lp — Qupllz)
x (IV(Gs = GH)lloz + 163 = G5 llo2)
+ OtV (u = uf) [ 2 163 1103
+ Ot h[Y2[[V (a = uj) ||z |p — phll~ |V G3ll,3 -

When applying the three lemmas above, we need bounds of G;, G”, (;, (", and
their || - [|;2-norms. The bounds are related to L>-estimates of linear problems.
Therefore, the proofs are postponed to the appendix.

Lemma 5.4. There ezists a constant C' which may depend on [[ul|¢2q) and ||p||c1
such that

5.14 D2G1||,2 + [|VCllo
(5.14) ID*Glz + VG Cht. o,

(5.15) IVGilloz + IGillo2 < CInA2, i=1,2,3.

{C|lnh|1/2, i=1,
2 <

Theorem 5.5. Let G; and G be defined as before. If h is small enough,

{Ch|lnh|1/2, for i=1,

5.16 V(G; — GM|,2 =2 <
(516 [I¥( Dot TG = llor <4 ¢ for i =23,

6. PROOF OF THE MAIN RESULT

In this section, we present the proof of Theorem As preparation, we first
prove Lemma [2.10] and Lemma [ZTT]

Proof of Lemmal[ZI0l Expressions with the discrete Green’s functions will be esti-
mated by applying the triangle inequality to VG = VG, + (VG! — VG;) and
¢l = ¢ + (¢! — ¢). Inserting (BI86) into Lemma 5.2l and Lemma B3, respectively,
and recalling (IH), we obtain the a priori estimates

IV (= u)lze + lIp = phllize < Chlnh['? 4+ Ctlln k| |V (u - af) | 2~

(6.1) < (1V(u =)l + llp = phllce).-
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Similarly, inserting (5.16) into Lemma BT, we have
[ — ||z < Ch?|Inhl
(6.2) + Ctln Al |V (u = wj) | = (V (0 = uj) | L + [Ip = phllz=).-
Without loss of generality we may assume that C > 1 and h < e~!. Setting
A= V(=) + [p—phllaw, B o= fu— o~
the two inequalities above may be rewritten as
A < Ch|Inh|Y? + C|In h| A2,
B < Ch?|Inh| + C|In h|A*.
Referring to the norm || - ||;, that has been defined in (ZI7), we assume that
(6.3) lu—uhp—phlln = AN P2 A+ B <y i= %h|1nh|1/2.

From the inequality for A and the restriction (G3]) we conclude that
A < Ch|Inh|*? + CIn h| AR~ In h|~3/2

(6.4) < Ch|ln h|Y/? + %A < 2Ch|Inh|*/2,
Combining the inequality for B with (6.4), we obtain

(6.5) B < Ch?|lnh| + C|ln h|4C%R*|In h| < 5C3h2|In h|2.
Finally we assume that

(6.6) h<hy, where hy|lnhi|?? < 28104.
Hence,

hlInh[*/2A + B < 2Ch2|Inh)? + 5C3h2[In h|? < 7C3h%|In h|?
1 1

< —h|Inh|"? < Z~.

< gehinhl = < 5y
After setting K1 := max(2C, 7C?) = 7C3, the proof of the first assertion is complete.
Note that for ¢t = 0,

lu—ul,p—phlln <2Ch*|Inh|* < KCi1h?|Inh|%

Thus the second assertion follows. O
Proof of LemmalZT1l Let (@,p) € Uk, p2inpj2 - We want to show that the problem
(67) DH(ta (ﬁ,ﬁ)) ((Wh; Th)v (¢a s)) = Oa V((ﬁv S) € Xh X Mh

has only the trivial solution (wp,ry) = 0 whenever h is sufficiently small. Note
that for any (¢, s) € Xp, x My,

D'H(t, (ﬁ,ﬁ)) ((wh, rn), (¢, s)) = A(wp,rh; @, 8) + tM(Wh, ;@ 8),
where M (wy, m1; @, s) is defined as
M(wp,rh; @, 8) := (]3 — p, div(ad] thgb)) + (rh,div(adj V(u-— ﬁ)cl)))
+ (s, div(adj V(u — a)wy)).
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By Theorem [A3] we have sufficiently small h:
sup DH (t7 (ﬁ7]5)) ((Wh; rh)a (¢) S))
(,5)€Xp X M), [l + lIsllo
z C(wnlly + llrallo) = Ct(IV(a = @) ||z + [lp = pll <) (Iwallr + [I7nllo)
(6.8) = CIwallx + lIallo)-
This together with (@) leads to (wp, ) = 0, and the proof is complete. O

Now we are ready to prove the main theorem.

Proof of Theorem We will show that for sufficiently small h the set =, (K1) is
nonvoid, open and closed with respect to the interval [0, 1]. Hence, it coincides with
0,1].
| O]bviously, 0 € Z,(K1) by virtue of the last assertion of Lemma 210
We claim that 2, (K1) is open in [0,1]. If 7 € Z5,(K1), we have H(7, (u},p},)) =0

and DH(, (u},p})) is regular by Lemma EZTTl By the implicit function theorem
[14, Theorem A] there exists a neighborhood Oy (7) C [0,1] such that for all ¢ €
O1(7),

(1) the nonlinear equation H(t, (u,p)) = 0 has a solution (u%,pﬁl);

(2) (ul,pl) is continuous in ¢ with respect to the norm || - [|.
Since (uf,pj,) € Uk, n2|inn2, by @) there exists a neighborhood Oz(7) of 7 such
that for all ¢ € Oz(7), we have

(6.9) (uf,,p}) € Usicin2inhj2-
An application of Lemma [2.10 yields

(w},, P}) € Uk,n2pmn2-
Thus t € Zp,(Ky) for all t € O1(7) N O2(7), and (K1) is open.

The set =, (K1) also is closed. Indeed, let ¢, € Z,(K1) be parameters tending
to 7 € [0,1] and let (uj*,p;*) be the corresponding solutions of Problem [ZJ. By
virtue of the compactness of Ui, p2|1n )2 N (Xh X Mh), a subsequence converges to
some (uj,p;) € Uk, p2jmpe N (Xh X Mh). Since H(tk, (uZ",pZ")) = 0, it follows
from the continuity that 'H(T, (u,TL,p,TL)) = 0. Applying Lemma [ZT0 once more, we
see that the solutions (uj,p}) satisfy the strict inequality in (Z2I). This proves
T € Ep(Ky), and Zp () is closed.

Consequently, we have =, (K1) = [0, 1] which proves Theorem 28] O

Remark 6.1. Until now we have disregarded the orientation preserving condition.
This is justified by the fact that the finite element solution uy is orientation pre-
serving, i.e.,
det(Id + Vuy) >0 in Q

for sufficiently small /, provided that the solution of the continuous problem u has
this property.

Indeed, since u € C*(9), the determinant is continuous and bounded from below.
It follows that

det(Id + Vuy) = det(Id + Vu) 4+ Cof(Id + Vu) : V(up, — u) + det V(uy, — u)

1
> det(Id + Vu) — Ch|ln h|*/? — Ch2|In h| > 5 det(Id + Vu) > 0
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if h is small, and the deformation is orientation preserving. O

APPENDIX A. DISCRETIZATION ERROR OF GREEN’S FUNCTIONS

The aim of this appendix is the proof of Theorem B.F; i.e., we are concerned
with the estimates of G; — G and (; — ¢! in the weighted norms. The Green’s
functions are defined by linear problems and, in essence, we have to perform those
steps which make the crucial part of L™ -error estimates for the linear variational
Problem 2.3

As already mentioned, Problem has some special features. It is a saddle
point problem with a penalty term. Fortunately that term belongs to a bounded
operator; cf. [5]. Moreover there is only a Garding inequality for a,(.,.) and no
coercivity. Based on the observation in [34], we will restrict ourselves to small h.

The formulation of G! and ¢! can be embedded into Problem 23l Since the
following considerations are independent of i, the subscript ¢ is dropped whenever
possible.

The stability of Problem is now established via the discrete LBB condition,
a Garding inequality, and a compactness argument. To this end another norm will
be used. For any (v, q) € X, x M}, we define

Iv,qll? = [Vl + llqll3-
Lemma A.1. There exists a constant C' > 0 such that for sufficiently small h,
ap(v,q
(A.1) sup ap(v.q) > Cllgllo, Yq € M.
vex,, vl

Proof. The proof of this discrete LBB inequality is just a combination of the LBB
inequality ([2.14) and the interpolant ITj, ([42). The latter serves as a Fortin-like
operator [17], [7, p. 136]. For a matrix A, adj, A is defined by

(adj, A)ij = (QnadjA); = Qn(adj A)ij,

and Cof, A is defined in the same manner.
Given q € M}, by the LBB inequality ([ZI4), there exists v € X such that

(A.2) ap(v,q) = [l and |1 < Cyllgllo.
By definition of a, we have
(A3)  ap(Ipv,q) = ap(v,q) + (g, div(adj,(Id + Vu)(ILyv — v)))
+ (¢, div((adj — adj,,)(Id + Vu)(IIpv — v))).
Here, we understand
(¢, div(adj,(Id + Vo)IL,v)) = > (g, div(adj,(Id + Vu)IT,v))k.
KeTyp,

This is justified by the fact that adj,(Id + Vu) is a piecewise constant matrix,
and due to (£d))s no terms with inner boundaries arise when Green’s formula is
applied. From (£3]) we conclude that the second term on the right-hand side of
([AZ3) vanishes and using the Piola identity (2-6),

ap(IIpv, q) = ay(q,v) + (g, (Cof — Cofy)(Id + Vu) : V(II,v — v))

> [lqllg = Cihllalol V(v = )0
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From (&) and (A2) it follows that
V(v —ILv)[lo < [VV]o + [VILv]o < C[[Vv]lo < Cllgllo-
A combination of the above two inequalities gives (AJ]) for sufficiently small h. O

Lemma A.2. There exist constants C1 and Cs such that for sufficiently small h,

> Chllv,qll = Callvllo,  Y(v,q) € X x M.
(wreXpxM, W,

Proof. In view of the discrete LBB inequality (A1), there exists C; > 0 such that

ap(vi,q) = llglly and |1l < Collals.

Set Cs :=1+ ||P||c0(§), and let C}, be the constant in the Poincaré’s inequality, i.e.,
[Iv]l1 < Cp||VV]lo. From Theorem 241t follows that for any > 0

AV +avy,—q;v,q) = A(v,—q;v,q) + aA(v1,0;v,q)
= au(v,v) + A7 |q[l§ + aau(vi, v) + aay(vi,q)
> 17293 — 1/20pl2s VI3 + Al
+a/2||ql§ - aCFCZ /2| V|3

1—aCyC2 »  a o EPTRSE I ,
2 5o IV Sl A7l = Sl VIR

Next we choose o := C,,/(1 + C,CZC?). Since (1 — aCyC2)C), = /2, it follows
that

AV +avi, = v,q) = o/2]|v,ql* = 1/2|pllg: ) I V113
> (a/201v, ]l = 1/201pl12: g I¥1lo) v, -
By construction,
IV + avi, =gl < max(v2, 1+ v2aCy)| v, qll =: Cs]lv. ql.
A combination of the last two inequalities yields (A4) with C; := a/(2C5) and

C = [[pl12, )/ (2C3). O
Theorem A.3. If h is sufficiently small, then there exists a constant C such that
(A.5) sup AW, r3v,q) > C|lv,q| V(v,q) € Xp x M,

(w,r)eXy x Mp, ||W,7“||

Proof. We use a contradiction argument. Suppose that (AH) does not hold. Then
there exists a sequence {v,,¢,} € Xy, X M}, such that h, < 1/n,||Va, ¢l = 1,
and

1
(A.6) AW, 7V, qn)| < —|lw,7]|, forall (w,r) e Xy, x My, .
n

So there exists a subsequence of {v,,, ¢, }>2 ; that will be denoted by {v,, ¢, } again,
and (v,q) € X x M such that

v, =¥ weakly in H}(Q), v,, — ¥ strongly in L*(Q),

Gn — q weakly in LQ(Q).
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From the discrete Géarding inequality (A4]) and the assumption (A.6), we obtain
for large n the inequality C1||vy, qn| — Cal|vallo < 2C1||Vn, ¢n| which implies

[vallo > C1/(2C2) > 0.

Hence, ||V|lo > C1/(2C2) and (¥,q) # 0. By Assumption R, there exists (w,r) €
X x M with ||w,r|| = 1 such that

(A.7) A(w,r;v,q) > Cy > 0.

The weak convergence of v,, and ¢, together with (A7) implies that for sufficiently
large n, it holds that

(AS) A(wvr;vn7Qn) 2 C4/2

The density of the finite element spaces guarantees that there exists some (W, 7,) €
X, X My, such that ||w—wy,,r —r,| < C4/(4]|L]]), where || L] denotes the usual
operator norm of £. These estimates imply that for sufficiently large n, it holds
that

AW, 70 Vi, Gn) = AW, 75V, gn) — AW — Wo, 7' — 705 Vi, @)
2 Cy/2 = [|[w = wn, 7 — o[ || £]|
(A.9) > Cy/4.
This obviously contradicts ([AL6]), and the proof is complete. O

Now we turn to the Green’s functions. By construction, ||d;]|o < Ch™L, ||Vd;|lo <
Ch~2, and as a simple corollary of Theorem B.1], we have
Lemma A.4. There exists a constant C which may depend on |[ullc2) and
[pllcr ) such that
Ch=t, for i=1
A.10 D*Gillo + [ VCillo < ’ ’
(A.10) 1D°Gillo + VGl < {Ch—2, s

Having Theorem[A_3] we obtain the following error bounds by a standard scaling
argument (see [7, Lemma II1.3.7]) and the duality technique of Aubin-Nitsche.

Lemma A.5. If h is sufficiently small, then we have
(A.11) IV (G = G")[lo +1I¢ = ¢"llo < CR(ID*Glo + [ V<llo),
(A.12) IG = G"|lo + [I¢ = ¢"[|-1 < CR*(ID*Gllo + | V¢]lo),
where C may depend on [[u|czq) and |[pller -
Before estimating |V (G — G")||,2 and ||¢ — ¢"||,2, we cite an approximation
result which will be frequently used in the subsequent analysis.

Lemma A.6. Let K be as in (30), and let v := (G — G")o?. If h is sufficiently
small, then there exist constants Cx > 0 and C > 0 such that

IV (3 = )52 < Cxch*(ID*Gllo + [V Clo)
c
(A.13) + Cih(ID*Gllo2 + [V Cllo2) + V(G = G 2.

This assertion follows from [I6, Lemma 4.1] due to Theorem ETL
The following lemma is crucial for the estimate of ||V (G — G")||,2. It is similar
to [16] Lemma 4.2]; the proof is, however, quite different.
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Lemma A.7. Let & := (Qn¢ — ¢")o? and ¢ := (G — G")o?. Then for any e > 0,
there exists a constant C(€) which is independent of h such that

lap(, ¢ — ¢") = A7H(Qn¢ — ¢, €)|
(A19) < V(G = GM|Z + ClOR* (ID*Gllo + [ V¢Io)” + Cle)h? V¢ 2.
Proof. Integration by parts yields
ap(p, ¢ — ") = (¢ — ¢", Cof(Id + Vu) : (G — G") @ Vo?)
+ap(G = G, (¢~ (Mo?)
= (¢ —¢",Cof(Id + Vu) : (G — G") @ Vo?)
+ay(G = G", (¢ = Qn()o?) + 4, (G — G",¢).

The last term on the right-hand side is rewritten by using the weak equations of G
and G

ay(G — G, €) = a,(G = G", & — Qp€) +a,(G — G", Qx8)
=ay(G = G", €= Q&) + A1 (&, ¢~ (M)
=a,(G = G", € = Q&) + A7H(QnE, Qn¢ — ().
The last two equations yield
ap(1h, ¢ = ¢") = A1 (Qn¢ = ¢, €)
(A.15) = ap(G = G", (( = Qn()0?) + (G = G, £ = Qung)
+ (¢ = ¢", Cof(Id + Vu) : (G - G") ® Vo).
The first two terms on the right-hand side of (A.I5) are bounded by
(A.16) CIV(G = GM) |2 (¢ — Qnllloz + 1€ — Qnéllo-2).
The superapproximation property (£I5) together with (A1) yields
€ = Qun€llo—2 < ChIIQAC — ¢ lo < CRE(IDAGlo + IV C]lo).

Inserting this into (A1) and recalling the approximation property ([£.14)), we obtain
a bound of ((AZ16) that is rewritten by using Young’s inequality:

ClIV(G = G2 (hl| V<02 + B2 (ID*G o + [V Cll)
C
(A1T) < e|V(G—GN|Z + T (hIVC2 + B ID*GIE + h |V C3 ).

Here € can be any positive number. Notice that Cof(Id+Vu) : (G-G")®@Veo? € X.
Using Young’s inequality once again, we estimate the fourth term of (A.15):

1€ = ¢* -1l W (Cof(1d + V) : (G — G") @ Vo?)lo
< Cll¢ = ¢MI-1(IG = G lo + |G = G2 + | V(G = G")|l,2)
< V(G ~ M + CH(ID*Glo + V¢
This and ([A17) yield the required estimate (A14). O

We start the discussion of weighted norms with a direct corollary of [15, Lemma
3.3].
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Lemma A.8. Let p € C1(Q). Then for any p € WH>(Q) with p > 0, we have
(A.18) auw(v,vp?) + C/ v2(p® +|Vp|?) dx > C/ |Vv|?p? dx.
Q Q

Lemma A.9. If h is sufficiently small, then
IV(G = G")[lo2 + ATV2(I¢ = (Mloz < CR(ID*Gllo + (| V¢ ]l0)
(A.19) +Ch([D*Glloz + [ VCllo2) + C(RIIC = "oz + |G = G52).
Proof. Setting again ¥ := (G — G")o? and ¢ := (Qxn(¢ — (")o?, we have
au(G = G", (G = G")o?) + A7H(Qn¢ = ¢, (2 = (")o?)
= au(G — G" ¢ — Iy) — ap (Tt ¢ = ¢") + A1 (Qn¢ = ¢, )
= au(G — G" ¢ — I) + ap(vh — Tatp, ¢ — (")
(A20)  +ATHQC =" &) —ap(ep,C = CM).

By recalling (&3], we decompose the second term on the right-hand side of the
above identity:

lap(¥ — Tatp, ¢ — ¢*)] = |(¢ = ¢, div((adj — adj, ) (Id + Vu) (¢ — T4p)))
+ (¢ = Qn¢. div(adj, (Id + Vu)(¢ — I9)))|
(A.21) <O = Mloz + 1€ = Qucllo2) V(3 — Tntp)|| -
From Lemma A and (A21)) it follows that for any € > 0,
au(G — G", (G — GM)o?) + A7 €12
(A22) < O(IV(G = GMloz +hlI¢ = ¢"lloz + R VC]lo2) | V(% — TLngp) |,
+e| V(G = GM)[72 + C(eh* (ID*Gllo + | V¢llo)* + C(e)h? [ V(]| 2.
The weighted Garding inequality (AL18)) yields
CIV(G =GN < au(G — G, (G — G")o?)
(A.23) +0(IG = G"[[7- + |G = G"[3).
We substitute (A23]) into (A22)). Now Lemma as well as Lemma [A7H result in
IV(G = GM)Z> + A7 I¢ = ¢"[l5- < (% +0)|V(G - G")|7
(A20) +C(ON(ID*Cllo + [V¢lo)° + (Cic + CIE(ID* Gl + [VC2)°
+CR2|I¢ = ¢"172 + ClIG = G| 7.

Let K be big enough, e.g., K := 4C, and choose € := 1/4. Now the first term
on the right-hand side of ([A:24]) can be absorbed by spending a factor of 2. This
completes the proof of [AT9)]). O

Next, in order to estimate the last two terms on the right-hand side of (AZT9l),
we apply a duality argument. First, for any w,v € X and r € M, we define

[Wav]u = au(W, O'QV) - au(0'2W, V),

[r, v]p = ap(r, 02v) - ap(0'27“, v).
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A direct manipulation yields the following two identities:
W, V]y: = (Vw,v® Vo) — (w® Vo, v)
(A.25) —(Vp, (Vo) @ wtv),
[r,v]p : = —(r, Cof (Id + Vu) : Vo2 @ V).
Lemma A.10.
1€ = ¢"llo> < CUV(G = GM)l oz + A7V2(I¢ = Mlo2)
(A.26) +Ch*(|D*Gllo + [[V¢llo) + ChlI V(] 2.
Proof. Consider the following auxiliary problem: Find (w,r) € X x M such that
(A.27) Aw,r;v,q) = (C =" q), VY(v,q) € X x M.
Lemma 32 and Lemma [34] provide the following a priori estimates:
Iwllo + [Irll-1 < ClI¢ = ¢"[|-1,
(A.28) IVwllo +[lrllo < ClI¢ = ¢"llo,
[Vwllo2 + I7lloz < C(I¢ = ¢ l=1 +RIC =Ml + 1¢ = ¢ lo2).
Set q := (( — (")o? and v := (G — G")o? in (A27T).
I6 = ¢"1Z2 = A(w,7: (G = G")o?, (¢ = (")o?) = A(e*w. 0’11 G = G, ( = (")
(A.29) +[w,G - G"y+[r,G—G", +[(— (" W],
We decompose the first term on the right-hand side of ([A29) as
A(o*w,o%r; G — G ¢ —¢M)
= A(o?*w — I, (o%w), 0?r — Qp(0?r); G — GM, ¢ — (™).
Similarly to as in (A-2]), the expression a,(o*w —IIj(0?w), ( — (") can be bounded
b,
' C(h)|¢ = Mlloz + 11¢ = Qulllo2) [V (0*w — TIn(0?W)) |52
From (A22H) and (A-29) it follows that
1€ = ¢"I22 < CUIV(G = GMlloz + A2¢ = ¢"02)
< (IV(o*w = I (0?W)) [ g-2 + [lo*r — Qn(0®r)]|5-2)
+C(IC = Moz + 1€ = QuCllo) |V (0w — TIn (0% w))| -2
(A.30) +CIV(G = G")lo2wlo + ClIG = G*o(|VW]lo2 + [I7[l,2)-
A simple calculation yields
IV (0*w = Iu (0 W))[[g-2 + [lo%r = Qu(0®r) o2 < C([[wllo + [[VWllo2 + [|7]l52)-
Inserting this into the right-hand side of (A.30) and using Lemma [AH as well as

([A2]), we obtain (A.26). O
To facilitate the subsequent analysis, we introduce another norm:
IG = G" ¢ ="l = V(G = G")[lo2 +[I¢ = ¢"[|,2-
Lemma A.11. For arbitrary € > 0, there exists a constant C(€) which is indepen-
dent of h such that for sufficiently small h, it holds that
(A.31) IG = G|, < C(h+ )G = G", ¢ = C"[|| + C(e)|G — G-
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Proof. We consider the following auxiliary problem: Find (w,r) € X x M such
that

(A.32) Aw,7mv,q) = (G —G" v), V(v,q) € X x M.
From Theorem B.Ilwe have the regularity estimates

(A.33) [wll2 + Il < C|IG = G"|lo,

(A.34) ID*Wllo2 + [ V7llo2 < C(|G = G"||o + |G — G"[[2).

Inserting (G — G")o? into the right-hand side of (A.32)) and proceeding along the
same lines as in Lemma [A. 10, we get

IG — Gh||§2 = A(02w — Hh(UQW), ols — Qh(UQS); G-G" (- Qh)
(A.35) + [w,G — G")y +[5,G — G, + [¢ — ¢", W],
From (B.10) and Holder’s inequality it follows that

1/2s o8 /(s (s—1)/2s 1/s
Ioelo-a < ([ ol ) ([ ot 2o/ i) T < st

where we have used ||w||z20 < Cs'/?||w|;. Setting s = |In 6] in the above inequality,
recalling that K has been fixed in (A224)), and using Poincaré’s inequality, we obtain

(A.36) [Wllp—2 < ClIn k2| Vw|o.

Applying the weighted approximation property (3] with j = 2 and ¥ = 1 and
recalling ([A236]), we have the approximation estimate

IV (oW — Iy (0°w)) |52 < ChlD* (0 W)l| -2
< Ch(|mnh|'?|Vwllo + [ D*w]|,2),
and invoking the weighted approximation property (EI4), we obtain
lo*r = Qn(0®r)llg-2 < Ch(llrllo + [ V7]l2)-

The last two inequalities provide bounds of the first four terms on the right-hand

side of ([AL3H)
(A37)  Ch(|rllo + IV7]lo2 + AV Vwllo + [D*wll,2) |G = G", ¢ = ¢,
and the remaining three terms on the right-hand side of ([A3H) are bounded by

(A.38) ClIG = G2 (Vwllo + [Irllo) + CIG = G*, ¢ = "l [wllo-
Inserting (A-37) and (A38) into (A-35), taking into account (A.33)) and (A.34)), we
have

|G = G"|22 < C|IG = G, ¢ = ¢"[I|(hln h[V/2(|G = G"||o + h[|G — G"||,2)
+C|G = G| + ClIG = G"|o]|G — G" ||,
+C¢ = Mo2llG = G o
Since h|Inh|'/2?| < 1, recalling the definition of |||, |||, we obtain
IG = G"|[5: < ClIG = G*, ¢ = C"Il(IG = G"[[o + hl|G — G"[|,2)
+CG = G"[[§ + ClIG = G"[[o]|G = G"||,.

Young’s inequality is applied twice. In particular, the product of the first two factors
on the right-hand side is dealt with by using the e-technique to obtain (A3T)). O
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Now we are in a position to prove Lemma [.4] and Theorem B.5

Proof of Lemma[57) By Theorem B3] we only need to estimate [|81([,2 and |81/ -1
to prove (5.14) for i = 1. The construction of §; implies that [|0;|,2 = O(1). Next,
set wpv = (Ipv1, Inve), where I, is the Clément interpolation operator [13]. Let B
be the unit ball of H}(Q2). By the Sobolev imbedding inequality in 2D, we have

(A.39) lv]lzs < Cs¥?||v],, VveHYQ), 2<s<ooc.

The inverse inequality for finite element spaces p. 140] together with (AZ39)
yields

[v]lzoe < CR™2/%|v]| s < CRT2/5M2 0|1
Setting s = [In k| in the above inequality, we get
[z < Clin Al o).
We conclude that

[|61]|=1 = sup(d1,v) < sup(d1,v — 7, V) + sup(dy, whpV)
veB veB veB

< sup(C + ||wpv]=) < C + Cllnh|/2.
veB

This proves (BI4). Proceeding along the same lines, we get (BEI4)) for ¢ = 2, 3.
To prove (BIH), we first consider the case i = 2. By Lemma [B4] we have

2
IVGalloz + [I¢alloz < COIDS2]| -1 + Y l1D2| -1 + | DS —2).-

j=1
An integration by parts yields
15Dzl -1 < [|82]| -1 + [| 115 62|o-

A combination of the above two inequalities gives

2
IVGalloz + IGllz < COl8200 + Y lli82ll0 + [162]]-1) < Cln |2,

j=1
In the same way, we get (5.15]) for ¢ = 1, 3. O

Proof of Theorem As a first step, we insert (A.26]) into (A.19), and for suffi-
ciently small h, we have

IV(G = G")l|o2 + A7V2]I¢ = ("[lo2 < CR*(ID*Gllo + | VC]l0)
(A.40) +CM(|D?Gl2 + [ V¢|o2) + C|IG = G2
Secondly, inserting (A-Z0) into [A26), we have for sufficiently small h
1€ = ¢"lloz < CR*(ID*Gllo + [[V¢]lo) + Ch(ID*G 2 + [ VC]2)
(A.41) + C||G — G"||,5=.
Inserting (AZ31) into (A40) and (AA4T), we get
IG — G.¢ — Ml < Clh + IIG — G ¢ — ¢
+C()R*(|D*Gllo + [[V¢llo) + CR(ID?*Gll02 + [ V<]l62)-
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Finally we choose € := 1/(4C). If also Ch < 1/4, the first term on the right-hand
side can be absorbed by spending a factor of 2. Using Lemma [A 4] as well as Lemma
6.4, we complete the proof of Theorem [5.5] O
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