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1. INTRODUCTION

We study preconditioning techniques for discontinuous Galerkin discretizations of linear elasticity
problems in primal (displacement) formulation. We propose a space splitting which gives rise to
uniform preconditioners for the Interior Penalty (IP) Finite Element (FE) discretizations recently
introduced in the works [12, 18, 19]. For the case when Dirichlet boundary conditions are imposed
on the entire boundary, the action of the preconditioner is equivalent to solving several (2 or 3)
Laplace equations and the condition number of the preconditioned system is uniformly bounded
with respect to both the Poisson ratio and the mesh size. However, when natural (i.e. traction
free) boundary conditions are prescribed on part of the boundary the situation is much more
subtle, and we present here a preconditioning technique which reduces the solution of the linear
algebraic system corresponding to the IP Galerkin method to a solution of a discretization with
nonconforming Crouzeix-Raviart elements.

There are several works on preconditioning discretized linear elasticity equations for conforming
or non-conforming finite element methods [5, 11, 14, 15, 16]. However, to our knowledge the
works related to the preconditioning of the Discontinuous Galerkin (DG) discretizations of linear
elasticity equations are very limited. Our work is focused on preconditioning a particular type
of DG methods namely interior penalty methods, and we construct a uniform preconditioner for
the Symmetric Interior Penalty Galerkin (SIPG) discretization. The main ingredient is a natural
splitting of the DG space. Such a splitting was introduced in [4] in the context of designing subspace
correction methods and also considered in [8] in a different context. In [4] it was shown that subspace
correction methods for a discretization of scalar elliptic equations, based on such a natural splitting
of the DG space lead to uniform preconditioners for the symmetrized DG schemes and to uniformly
convergent iterative methods for the nonsymmetric DG schemes. Here we have also extended some
of the results from [4] to vector field problems, including results for Nonsymmetric Interior Penalty
(NIPG) and Incomplete Interior Penalty (IIPG) discretizations.

The rest of the paper is organized as follows. We introduce the problem and the basic notation
in §2. Next, in §3 we introduce the corresponding DG discretizations and recall some of their
stability and approximation properties. In the last section §4, we introduce the subspace correction
methods, and we prove that they give rise to a uniform preconditioner of the symmetric IP method.

2. PROBLEM FORMULATION AND NOTATION

Let Q € R? |d = 2,3 be a convex polygon or polyhedron and let w be a vector field in IR,
defined on a domain Q C IR such that w € [H?(Q)]?. The elasticity tensor, which we denote by
C, is a linear operator, i.e., C : ]ngxnﬂl — Rgl;g, acting on a symmetric matrix A € ]ngxrff, in the
following way:

C A=2uA+ Ntrace(A)I.

One can show that the linear operator C is selfadjoint and has two eigenvalues: (1) a simple
eigenvalue equal to (21 + d)\) corresponding to the identity matrix; (2) an eigenvalue equal to 2y,
1
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corresponding to the (d D _ 1 dimensional space of traceless, symmetric, real matrices. Thus for

d=2,3, A>0and p > 0 we always have that
(2.1) 2u(A:A) <(CA:A) < (2u+dN)(A:A).

Here, and also later on we denote by (-,-) the Euclidean (resp. by (- : -) the Frobenius) scalar
product for two vectors (resp. tensors) in IR? (resp. IR™*?), i.e.,

d d d
'w> = Zukvk, 'U w Z Zujkvjk.
k=1

7j=1 k=1
The corresponding products in [Ly(Q2)]¢ and [L(Q)]%*¢ are

ww) = [@w),  @w)= [ (@)

We denote by e(u) = &(Vu + (Vu)?) the symmetric part of the gradient of . Consider now
the linear elasticity problem for finding a displacement field u € [H}(92)]¢, which for a given force
F € [L?(9)]¢ is the unique minimizer of the energy functional J(u), where

(2.2) T () = 3 (Celu) : e(w)  (f, ).
The Euler-Lagrange equations corresponding to the Minimization Problem (2.2) comprise the
following well known system of linear PDEs for the unknown displacement u:
—div(Ce(u)) = f, on €,
(Ce(u),n) =0, on I'y,
u=g, on I'p.
Here, following a standard convention, u takes prescribed values on a closed part of the boundary

I'p (Dirichlet boundary) and satisfies natural (traction free) boundary conditions on the rest of the
boundary I'y and n is the outward unit normal vector to 0.

3. DISCONTINUOUS GALERKIN METHODS FOR LINEAR ELASTICITY EQUATIONS

3.1. Domain partitioning. Let 7, be a shape-regular family of partitions of 2 into d-dimensional
simplexes T' (triangles if d = 2 and tetrahedrons if d = 3). We denote by hp the diameter of T'
and we set h = maxyeg;, hr. We also assume that 7}, is conforming in the sense that it does not
contain hanging nodes. A face (shared by two neighboring elements or being part of the boundary)
is denoted by E. Clearly, such a face is a (d — 1) dimensional simplex, that is, a line segment in
two dimensions and a triangle in three dimensions. We denote the set of all faces by &, and the
collection of all interior faces and boundary faces by £; and 5,? , respectively. Further, the set of
Dirichlet faces is denoted by £, and the set of Neumann faces by E}JLV . We thus have,

En=E0E80, &P =€nTp, &N =EnTN, & =P uEV.

Some mesh dependent notation is related to different bilinear forms and inner products which we
use in the definitions and the analysis that follows. For two vector (tensor) fields v and w, which
are sufficiently smooth so that the integrals below exist, we denote

(w,w)7, = 3 /T (v, w),

We also introduce an inner product on all (or part) of the faces of a given triangulation, which we
define by the following relation
wws =Y [ w.w)

Ec&
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where £ C &,.
Finally, let us introduce two function spaces that we will need in the derivation of the discretiza-
tions. The space of piecewise smooth functions is defined by

(H2(T))? = {u € [L2(Q)]* such that u|, € [HX(T)]Y, VT €T, } .
In addition the piecewise linear DG space is defined by
VP = {u € L*(Q) such that u|, € P/(T), VT €T},

where P(T) is the space of linear polynomials in 7. The corresponding space of vector valued
functions is then

VDG — [VDG]d.

3.2. Trace operators (average and jump) on E € &;,. To define the average and jump trace
operators for an interior face £ € &7, and any T € 7j, such that E € 0T we set ngr to be the
unit outward (with respect to T') normal vector to E. With every face E € £ we also associate a
unit vector ng which is orthogonal to the (d — 1) dimensional affine variety (line in 2D and plane in
3D) containing the face. For the boundary faces, we always set ng = ng 1, where T is the unique
element for which we have F C 9T. In our setting, for the interior faces, the particular direction
of ng is not important, although it is important that this direction is fixed. For every face F € &,
we define TH(F) and T~ (F) as follows:

TH(E) := {T €7, suchthat E C 8T, and (ng,ngr) > 0},

(3.1)
T=(F) := {T €T, such that £ C 0T, and (ng,ngr) < 0}.

It is immediate to see that both sets defined above contain no more than one element, that is: for
every face we have exactly one T (F) and for the interior faces we also have exactly one T~ (FE).
For the boundary faces we only have T (E). In the following, we will often write 7% instead of
T*(E), when this does not cause confusion and ambiguity.

For a given function w € [L2(Q)]? and a fixed face E the average and jump trace operators for
E € &7 are as follows:

(32) o= (U5) - w)

where w™' and w™ denote respectively, the traces of w onto E taken from within the interior of
T+ and T~. On boundary faces E € &7, we set {fw} = w and [w] = w. This notation is a bit
different from the classical one (see [2]). We employ it here, because it seems to lead to a shorter
description of the subspace splitting and the preconditioner that we consider later.

We end this subsection by introducing the classical Crouzeix-Raviart finite element space

(3.3) VR = {veL*Q) : v, € P(T), VT €T, and Py[v] =0, VE € &} .
The corresponding space of vector valued functions is
(3.4) VR = [VOR]

Here for a given face E, PY : L?(E) — PY(E) denotes the L2-projection onto the constant function
on E defined (for both scalar and vector valued functions) by

(3.5) Phw = 1/ w, forall w e [L*(E)]"
El Jp
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Finally, we introduce the energy norm on VP& which is the natural energy norm for the IP
discretizations of linear elasticity. For v € [H 2(’]71)]d we define

(3.6) loll* = > (Ce(w),e(@))r + Y (hy

TeTy, Eegy

3.3. Weighted residual approach for discretization. We now derive the DG discretizations
which we are interested in. The derivation uses the weighted residual approach described in [7] (see
also [3]). If we now assume that we are to approximate a sufficiently smooth solution to (2.3) (e.g.,
u € [H?(2)]%), then we may rewrite the continuous problem (2.3) as follows: Find w € [H?(T},)]¢
such that

—div(Ce(u)) = f, onT €Ty,
[(Ce(u),n)]r =0, on B e&Ugly,

[u]z =0, on E €&y,

[u—g]e =0, onEGS,?,

(3.7)

where we recall that Ce(u) = 2ue(u)+ A trace(e(u))l. Following [7], we next introduce a variational
formulation of (3.7) by considering four (vectorial) operators

Bo : [H*(T)]* — [L*(Th))", By : [H*(T)]* — [L*(&))°
By : [H*(T)]* — [L*(&7 U EN)), BY : [HX(Ty)]* — [L*(&))%,

and weighting each equation in (3.7) appropriately. This then amounts to considering the following
problem: Find w € [H?(73,)]¢ such that for all v € [H?(7,)]%

(—divCe(u) — f,Bo(v))1, + ([{Ce(w),n)], B2(v))gouen
(3.8) +([u], Bi(v))ep
+([u — g]. B (v))¢p = 0.

Obviously, different choices of the operators By, B1, By, and B? above will give rise to different
variational formulations and, consequently to different DG methods. We refer to [7, Theorem 6]
for sufficient conditions on the operators By, Bi, B2, and 81‘9 which guarantee! the uniqueness of
the solution of (3.8).

To derive the IP methods of interest, we now set By(v) = v and Ba(v) = {v} in (3.8), to obtain
that

(~divCe(u). v)z, + ([(Ce(w),n)]. Ba(w))gouen + ([l Bi(v) goer

(3.9)
= (f,v)7, + (lg], BY (v))ep
Setting
(3.10) F(v) = (f,0)z, +(lg], B (v))ep
and integrating by parts the first term on the left side of (3.9) then leads to
(311 (Ce(w) : (), — ({(Ce(w).m}. [o]) gpen + ([ul. Bi(v))esep = Flo).
Finally, we define the operator Bj(v) as
(3.12) Bi(v) := 0{(Ce(v),n)} + apfoPR[v] + a16:1[v].

L1We note that in [7] the Laplace model problem is analyzed, but the arguments for the present elasticity problem,
are basically the same.
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Recall that PY, is the projection on the constant functions on E (as seen from (3.5). There are
five parameters involved in the definition of By, namely, 6, Gy, B1, ap and a;. The parameter 6
is just for convenience: the symmetric SIPG method corresponds to § = —1, and non-symmetric
discretizations correspond to § = 0 (IIPG) and # = 1 (NIPG). The other four parameters are
chosen following [12] so that the resulting DG discretization is consistent and stable. As proposed
in [12] the parameters §p and [ in (3.12), depend on the Lamé constants A and p and are

(3.13) Boim20+p),  Bri=2u.

The remaining two parameters, c and «; are at our disposal and they will serve to obtain different
schemes.

3.4. Weak formulations and bilinear forms. The weak form of the equation (3.7) is obtained
by substituting the expression for Bi(-) from (3.12) in (3.11). We set

aso([ul, [o])=c0f 3 /E (hp [u], P[o]),

Ec&y

aj1([u], [v]):=a16: Z /E<hE1[[u]],[['u]]>.

Ee&y,

(3.14)

We now consider
a;j([u], [v]) = ajo([u], [v]) + a;1([w], [v]).
Then we introduce the following weak formulation of Problem (3.7): Find w € [H?(7})]¢ such that
(3.15) Alu,w) = F(w), Y w e [H*(T)]%
The bilinear form A(-,-) is given by
(3.16) Alw, w) = Ao(u, w) + aj 1 ([u], [w]),

where

(3.17) Ag(u,w) = (Ce(u) : e(w))z, — ({Ce(un}w])
+0([u]{Ce(w)n}) + aj,o([[u]], [w]).

It is straightforward to see that
A(w,w) = (Ce(u) : e(w))z, — ({Ce(u)n}w])
+0([ul{Ce(w)n}) + a;([u], [w]).

Finally, to obtain the discrete formulation, we replace [H?(73,)]¢ in (3.15) by VPS, and we get
the family of discrete problems: Find uj, € VPG such that:

(3.18)

(3.19) A(up, w) = F(w), vV w e VPE,

As we mentioned earlier, for § = —1, we recover the SIPG discretization for the elasticity system
introduced in [12]. The values # = 0 and 6 = 1 correspond to the IIPG and NIPG discretizations,
respectively.
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3.5. Stability and approximation. We summarize below some of the results on a priori error
estimation, stability and consistency proved in [12]. The a-priori error analysis done in [12] shows
that by taking «q sufficiently large the method is stable and does not lock as A — oc.

From the derivation that we presented, it is clear that if the exact solution to (2.3) is sufficiently
regular, then the resulting method is consistent. Moreover, the following stability estimate has
been shown in [12, Proposition 2.2]:

cllwllP* + (2 + M) (a0 = co)[h™ /2 Po[[0] |2, < a(v,v),

for all v € VPG, The constant ¢ in the estimate is independent of h, ag, a1, p, and X, provided
that ag > cg, with ¢g sufficiently large and a; > ¢; > 0.
In addition, the following a priori error estimate holds [12, Theorem 2.5]:

e = il + (20 + N (o — o)) V2[B /2 Pofun]ls,
< Ch (@) ull o) + N2V ulm o))

where C' is a constant independent of h, ag, a1, u, and A.
Combining the error estimate given above with the elliptic regularity estimate

|l g2y + AIV-ullgi) < CllfllLo@)

which holds, for example, in the case of a convex polygonal domain § (see [6]) shows that the
method does not lock as A — oo. One then obtains the following a priori estimate in terms of the
data f (see [12, Corollary 2.6] ):

llee — gl + (2 + Ao — o)) 2 [h 2 Po[un]l| & < ChlIF 120)-

Remark 3.1. The method (3.19), (respectively its restriction to V °F), remains stable if we replace
aj1([u], [v]) in (3.14) with

wallel ) = s Y- [ 0w ne)lw. ).

Ee&y,

4. PRECONDITIONING

4.1. Space decomposition. We next present a decomposition of the piecewise linear vectorial
DG space that will play a key role in the construction of iterative solvers. This decomposition
was introduced in [4] for scalar functions; its extension to vector-valued functions is more or less
straightforward. We will therefore omit proofs which are just an easy modification of the corre-
sponding proofs in the scalar case. However, we will review the main ingredients and ideas behind
such proofs, since these ideas play an important role in the analysis of the preconditioner given
later on.
Following [4] we introduce the space complementary to VCR in VPG,

(4.1) Z={z€L*(Q) : z, € PAT)VT €7T), and PR{{z} =0VE €&;}.
The corresponding space of vector valued functions is
(4.2) Zz=1[2%

To describe the basis functions associated with the spaces (3.4), (4.2), let g 7 denote the canonical
scalar Crouzeix-Raviart (CR) basis function on 7', dual to the degree of freedom at the mass center
of the face E, and extended as zero outside T'. For E € 0T, E’ € 0T, the function ¢p 1 satisfies

1 if E=F,
opT(Mme) =
0 otherwise,
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and also we have
opr €PYT), ¢pr(x)=0Va¢T.
For all u € VPG we then have
43)  w@) =Y Y ur(mp)epr) =Y ut(me)ef)+ > u (mg)eg(z),
T€T;, E€dT Eeé&y, Ee€p

where in the last identity we have just changed the order of summation and used the short hand
notation ¢z (z) := g+ (z) together with

1
ut(mp) == urs(mp) = |E|/ utds, VE€&, : E=0TTnoT,
E
1
u(mg) = ur(mg) = |E|/ urds, VE € &2, such that E = 9T N o9
E
We recall the definitions of T (E) and T~ (E) given in §3.2 (see equation (3.1)) and set
(4.4) G = op 1) + PET- (), VE €&,
i = PR T+(E) VE €&
and
> YPE,T+(E) — PET-(E) o
= , VE €&,
(4.5) Vi 2 h
Ve = $ET+E) VE e &P.

Some clarification is needed here. Note that from the definition of vg 1+ ) and ¢g r-(g) for an
interior edge E € &7, it does not follow that their sum is even defined on the edge FE, since it
is just a sum of two functions from L*(€2). However, (¢g r+p) + ¢E,r-(r)) has a representative
which is continuous across E and this representative is denoted here with QD%R. It is also easy to
check that [¢%] = 1 on E, a property which we will use later. Clearly, {¢%%} 5. gougN are linearly
independent, and {d’ZE,T} BegougD Are linearly independent. A simple argument then shows that

Begoug)’ Begougb

Here ey, k = 1,...,d is the k-th canonical basis vector in IR?. Hence by performing a change of
basis in (4.3), we have obtained a “natural” splitting of VPG = VR @ Z. This is summarized in
the next proposition.

Proposition 4.1. For any u € VP there exist unique v € VCF and a unique z € Z such that

v = ) pesous) (ﬁ fE{{u}}ds) pi(z) € VIR,
z = ZEesgué’,? <ﬁ fE[[U]]dS) Vi (2) € 2.

We refer to [4, Proposition 3.1] for the proof in the scalar case and further discussion. In case
of vector-valued functions the proposition above is proved in the same way as in the scalar case,
proceeding component-by-component. The next Lemma is straightforward to prove, by applying
the proof for its scalar version componentwise. It however shows that the splitting we have proposed
is orthogonal with respect to the inner product defined by Ay(,-).

(4.6) u=v+z and

Lemma 4.2. Let u € VP be such that u = v+ z withv € VB and z € Z. Let Ay(-,-) be the
bilinear form defined in (3.17). Then,

(4.7) Ag(v,2) =0 Voe VY vzeZ.
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Furthermore if Ag(-,-) is symmetric (0 = —1), then Ag(v,z) = Ag(z,v) =0V € VOB vz € Z
and the decomposition (4.6) is Ag-orthogonal; VOE 1 4 Z.

Remark 4.3. From the definition of the spaces V F and Z it is easy to see that

> IVzid s = (=1 {V=De,.

TeT,
Applying the Schwarz inequality, one then gets the following estimate

Y IVzllEr < Clh R [AlR g,
TeT),

which is a straightforward way to see that the restriction of the SIPG scheme (§ = —1) on the space
Z is positive definite. This inequality is used later to prove that the restriction of A(-,-) to Z is
well conditioned.

4.2. Strengthened Cauchy-Schwarz inequality. In this subsection we provide an estimate on
the norm of the off-diagonal element in the 2 x 2 block splitting of the stiffness matrix, corresponding
to the space splitting VPG = VCR @ Z. To prove such an estimate we need two auxiliary results
(Lemma 4.4 and Lemma 4.5) which we prove in the appendix. We prove these results in two spatial
dimensions and note that similar results hold in the three dimensional case, although the proofs
are more elaborate.

Consider an interior edge F € & and denote by z,, and z, its end-points and by z,,, =
(2 + x,,,)/2 its midpoint. Observe then that for any v € VR it follows by definition of the space
VCR that

(4.8) [v](mn) =0, and hence [v](zm) = —[v](zn).
Moreover, from the definition of the space Z we have
(4.9) {23 (@mn) =0 = 2T (2mn) = =2 (Tmn) = [2](@mn) =227 (2n),

and since z € Z is linear [2](zmn) = 3 ([2](zm) + [2](zn).
Lemma 4.4. If z € Z then the following inequality holds with a constant C' < 16.

(4.10) Z ([lem — [[Z]]E,n)2 <C Z ([lem + HZ]]E,n)Z

Eec&y, Eeé&y,

Lemma 4.5. If z € Z then the following inequality holds with a constant v < ?)J% Here C is

the constant from Lemma 4.4.

(4.11) Yo Eem—Fe)? <2t Yo 2((Telem + [Fen)? + [Elim + %)

Emn egh Emn Egh

From the equation (3.18), we have that for any u,w € VPG we can write w = z + v, and
w = 1 + ¢, where 2,9 € Z and v, € VR, Thus the bilinear form becomes A(u,w) :=
A((2,0), (1, 9)).

The preconditioner is readily suggested by the form of Agy(-,-). Note that for traction free
boundary conditions, Ag(-,-) is not equivalent to A(-,-) (see [10]), and in fact, even for bounded
values of the Lamé constant A the restriction of Ag(-,-) on VR is singular and does not satisfy the
discrete analogue of the Korn’s inequality. However, it is easy to see that for Dirichlet conditions
(I'p =T), the two bilinear forms Ay (-, -) and A(-, -) are equivalent. A simple calculation shows that

Ao((2,0), (¥, @) = Ao(z,9) + Ao(v, §).

This in turn suggests that a reasonable choice for an approximation of A(-,-) is

(4.12) B((z,v), (4, ¢)) = Az, %) + A(v, §).
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The following algorithm describes the application of a preconditioner, which is based on the bilinear
form in the equation (4.12).

Algorithm 4.6. Let r € [Ly(Q)]? be given. Then the action of the preconditioner on r is the
function w € VPG which is obtained from the following three steps.

1. Find z € Z such that

Az, ¢*) = (r,¢%)g, forall ¢* e Z.
2. Find v € VF such that

A, ) = (r,@)7, forall ¢ecVE
3. Setu=2z+w.

We will prove that this algorithm provides a uniform preconditioner for A(-,-) in Theorem 4.9.
The following Lemma is crucial for this proof. We prove the Lemma in two spatial dimension only,
however, a similar proof works also in the three dimensional case.

Lemma 4.7. The following inequality holds for any z € Z and any v € VCF
a(z,v)? < +?a(z, z)a(v, v)
where v < 1 and v depends only on ag, a1 and the constant from Lemma 4.4.

Proof. Choose ag large enough such that for all u € VPG we have

(4.13)  (Ce(u) : e(u))y, — ({Ce(u)n}, [u])e, — ([ul, {Ce(u)n})e, + avajo([u], [u]) = 0.
Then it is sufficient to prove that there exists v = v(c;1) < 1 such that for all z € Z and for all
v € VR the inequality holds.

[aj1([=], D] < 7 aza([=], [=Daja ([9], [v])

By Simpson formula, (4.8), Schwarz inequality, and Lemma 4.5 we get

[aja (I2], [wD))* = alﬁlz<2[[zm]][[v +[[zn]][[vn]]>

_ it Z (z - 1) w)g

< i z (z DY <uvm>2)
< Ty (2 A ( S+ D) + [0 + [[zm]?))
- 1A Z (Z (I ]2 + []2) (Z (Ll + 1) + [0]% + [[z;w))
E
= '7 aj7 7[[2]] a],
Here v < v = 1/%, see Lemma 4.5. ]

Remark 4.8. If ag is large enough to satisfy (4.13) then Lemma 4.7 holds with v = ~1 from
Lemma 4.5 for all oy > 0.

We are now in a position to prove that the preconditioner given by Algorithm 4.6 is uniform
with respect to the mesh size and the problem parameters.
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Theorem 4.9. Let A(-,-) be the symmetric bilinear form defined by (3.18) where 6 = —1 and
B(-,-) be the bilinear form defined by (4.12). Then the following estimates hold for all z € Z and
for allv € VO

(4.14) 1i,yA«z,v), (2,0)) < B((2,0), (2,)) < 1f,yA<<z,v>, (2,0)).

The constant v < 1 is the constant from Lemma 4.7.
Proof. Using Lemma 4.7 we have
—29v/A(z, z) A(v,v) < 2A(z,v) < 29/ A(z, 2) A(v,v)
and since —a2 — b? < 2ab < a? + b2 for any real numbers a and b we obtain
(1—=7)(A(z,z) + A(v,v)) < A(z,z) + A(v,v) + 2A(z,v) < (1 +7) (A(z, 2) + A(v,v))
which is the same as
(1= 7)B((2,v), (2,0)) < A((z,0), (2,0)) < (1+7)B((z,v), (2,0))
and thus (4.14) holds with the same constant v < 1 as used in the estimate of Lemma 4.7. O

Remark 4.10. Note that v is uniformly bounded that means the bound v < g < 1 holds indepen-
dently of the mesh size h and of the Lamé parameters A and pu for some constant q < 1.

This result shows that it is possible to construct a uniform block-diagonal preconditioner for
the matrix related to the bilinear form (3.18). The application of this preconditioner corresponds
to solving a system with (4.12) and thus is equivalent to solving one subproblem on Z and one
subproblem on the space VER. As we will show the subproblem on Z is well conditioned (see
Lemma 4.13) and its solution can be done efficiently. Hence, the only remaining issue is to construct
a uniform preconditioner for the subproblem on the space VR, For the case of Dirichlet boundary
conditions on the entire boundary—the so-called pure displacement problem—it is known how to
construct optimal order multilevel preconditioners that are robust with respect to the parameter A,
see e.g. [11] and the references therein. For mixed boundary conditions or pure Neumann boundary
conditions (the traction free case), however, it is much more difficult to devise a robust optimal
order method. This question is subject of current research work.

4.3. On the conditioning of the subproblem in the space complementary to VCR, The
next Lemma establishes the conditions required to ensure coercivity for A(,-) restricted to the
space Z and it will be used in the proof of Lemma 4.13. The constants in the estimates given in
this section depend on the constant in the trace inequality (see [1]) and the constant in the inverse
inequality (see [9, Theorem 17.2, pp.135]). These two constants we denoted below by C; and Cjy,
respectively.

Lemma 4.11. Let A(-,-) and Ao(-,-) be the bilinear forms defined in (3.18) and (3.17). Then, for
ag sufficiently large both Ay(-,+) and A(-,-) restricted to Z are coercive. Furthermore, for the non-
symmetric methods NIPG and IIPG, both APC(-,-) and APY(-,-), restricted to Z are symmetric.

Proof. Using the fact that z € (P1(73))?,
0 = (—divCe(2), )7, = (Ce(z) : e(¥))7, — ({(Ce(2), M)}, [¥])e, — ([{Ce(2), m)], {¥})e;,
and so from the definition (4.1) of the space Z, it follows that for all z € Z and ¢ € Z

(4.15) (Ce(z) : ()7, = ({(Ce(z), M)}, [¥])e, -
Substituting the above identity in the definition of the methods (3.18) gives

(4.16) A(z, %) = 0(Ce () : €(2))7, + aofol[z], PR([¥])ecury, + cafi([2], [¥])eeurs,
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where § = —1 for the symmetric SIPG and # = 0 and 6 = 1 for the non-symmetric ITPG and NIPG,
respectively. Taking @ = z in the above equation we get

-1/2 —-1/2
(417) AP (z,2) = aoBollng *PRUADIR goory + a1 Billhg 1203 soory +0IC2e(2) 137,
and so for the non-symmetric NIPG and ITPG we have

~1/2 —1/2
AITPG (2 2) > 2a0(v + N)||hy / P]%([[z]])ug,sgur,; + 2007 hy / [[ZHH(Z),g,OLuFD’

(4.18) ANIPG(z,2) > 2w]e(2)I3 7, + 200w + NIhg*PHTDIR oo

+2a1v|h L2113

0,£0Ulp -
For the SIPG, we use the formulation (3.18) rather than (4.17). Taking u = z and w = z in (3.18)
with 6 = —1 we have
~1/2 ~1/2
ASIPC (2, 2) = (Ce(9) : £(2))7, + aobollhg *PRI2DIR egury + erBillhg*[21IR epury

—2({{Ce(2),m)}, [¥]), -

Using Cauchy-Schwarz, trace and inverse inequalities together with the arithmetic-geometric in-
equality and the bound on the maximum eigenvalue of C it follows that

({(Ce(z),m)}. W], = ({(Celz),m)}, Pr(l¥])),,

Ct(l + Cmv) aoﬂo ~1/2
< S lCe @)l + =g PR B g
C 1+CZ7‘LU [0 ﬁ _
< WIC”“"E(Z)II%@ + 04°||hE1/273,%([[z]])y|g,ggurD.

Hence, we finally have
- 2Ct(1 + sz))

@
—-1/2
e fullhg (218 egurs
Qg -1/2
5 Boll i *PR([=D) I8 gur,

and therefore by taking oy = max (1,4C(1 + Cjny)) we ensure the stability also for SIPG.
Finally, the symmetry of A(-, -) and Ag(-, -) restricted to Z follows easily from the expression (4.16),
independently of the value of 6. O

ASC(z,2) > (1 )lIcHe(=2)II5

Remark 4.12. We note that ag being sufficiently large in the statement of the Lemma 4.11 means
that ag > afy > 0 where oy = 0 for NIPG, and ag > 0 for for IIPG, and «f sufficiently large for
SIPG.

We now prove bounds on the eigenvalues of Ay(-, ) and A(-, -), when restricted to Z. Since these
restrictions are symmetric (regardless of the value of § by virtue of Lemma 4.11) the Lemma below
gives such bounds.

Lemma 4.13. Let Z be the space defined in (4.2). Then for all z € Z, the following estimates
hold

(4.19) h2zll5 S Ao(z,2) S h2|=]3
and also,
(4.20) (a0 + ¢)Bo + a1 Bk ?||2[[5 S A(z, 2) < [aofo + nSi]h 2|25

where By and By are as defined in (3.13).
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Proof. Arguing as in [4, Lemma 5.3] (but now componentwise for vector-valued functions) one can
prove that?

(4.21) 2215 S Y pEIPRIEG s S h P0G -
Ee&y

Therefore, taking into account the coercivity of Ay (cf. Lemma 4.11) we easily see that

aoBoh?||z[l5 < aobo Y hE'IPRIZIG E < Ao(z:2)
Ee&y

and, further, taking into account the L?(&) stability of the projection 73% that

(0o + 1 B)h2(|z[1§ < cofo Z h' IPRIZ1G 5 + a1 Z hg' 1PRI=113 5

Ee&y Eeé&y,
Saofo 3 W IPUERs + Confi S hpt Il < Az 2)
Ee&y Ee&,

Hence, the lower bounds in (4.19) and (4.20) follow. We next show the upper bounds, using the
continuity of AP(-,-) and APY(-,-). Taking into account the expression (4.17) and using Cauchy-
Schwarz inequality together with (2.1) we get

AfC(z,2) <aobo D h'IPELElIR & + 16lICe(2) 15 4,
Ee&Ulp

~1/2
< o (aollhy*PRINIELr, + Clle(2) 137, ) -
Hence, the upper bound in (4.19) follows in a straightforward fashion from the trace inequality
W 12115, S pE'I2l6,e S hEllzl5r + IV2I3r V2 e HY(T),
together with the standard inverse inequality

IVwlgr S hpllwll§r YwePH(T), k>1 VT EeT,,

and the inequality ||e(2)|0.7, < ||V2]o,7,-
To show the upper bound in (4.20), from (4.17), the Cauchy-Schwarz inequality and (2.1), we
note that

APC(z,z) <aobo D, hIPRLElIR e + 16011C e(2)If 5, + 0B D hE' =]

Ee€&lUl'p Ee€&gUl'p
—1/2 —1/2
< o (aollng *PRIE1IZr, + Clle(@) I35, ) + e Bullhg P L20Egur, -

and so arguing as before, using the trace inequality together with the inverse inequality, the upper
bound in (4.20) also follows and the proof of the Lemma is complete. O

This lemma guarantees that the restrictions of both A(-,-) and Ag(-, ) to Z are well-conditioned
with respect to both, the mesh size and the Lamé constants A, u. Therefore, Lemma 4.13 guarantees
that linear systems corresponding to these subproblems can be efficiently solved by the method of
Conjugate Gradients (CG). A simple consequence of the well known estimate on the convergence
of CG (see, e.g., [17, 13]) shows that the number of CG iterations required to achieve a fixed error
tolerance is uniformly bounded, independently of the size of the problem and the parameters.

2t is here where the special structure of the space Z is used.
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APPENDIX A. AUXILIARY RESULTS

A.1. Proofs of Lemma 4.4 and Lemma 4.5. We prove here the two auxiliary results, which
we used in §4.2. We need some additional notation. Let E,,, denote any edge (not necessarily
interior) connecting the two endpoints x,, and x,. As before, let xmn::% denote the midpoint
of the face £ = E,,;, and

[2] Bm=[2]E(zm), [l Em=v]E(@m),
[z]en=[z]E(zn), [v]en:=[v]Ee(@n),
[2] B,mn =[] E(Tmn), [v] Bmn:=v] E(2mn)-

By zmn we denote the degrees of freedom of a function z € Z,ie.,, 2 =) p5_ B, 2mn¥E, -
Then any function v € VR has the properties

(A.1) vlgmn = 0,

(A.2) Wlem = —[vlen

where E = F,,, Moreover, any function z € Z satisfies

(43) o = 50dsm+ [sn)

(A.4) b= (n) = =2 (Tn) = — 2,

(A.5) [2lgmn = [[Zmnw%mn]]E,mn = Zmn[[szmn]]E,mn = ZmnSmn,

where s,,,,, is either plus or minus one, i.e., s, = *1.
Next, for any edge F = E,,, we define two sets, that is, first the set of interior neighbor edges

(A.6) &0 ={E' €& : 3T €T, such that E' C T and E,,, C T},
and, second the set of (Dirichlet) boundary neighbor edges
(A7) Ebi={E € & : 3T € T;, such that E' C T and Epq C T}.

By N2, and N[) we denote the cardinality of these two sets, i.e., N2, :=|£2,| and NL:=|ED].
Lemma (Lemma 4.4). The following inequality
(A.8) Y. Elem - Elen)? < C Y (Flem + [Eea),
Eegy, Ee€é&y
holds for some constant C' < 16.
Proof. Since z € Z is linear on each triangle, for an arbitrary interior edge ' = E,,,, i.e., By, € &},

by using (A.3)—(A.5), we find the following relations:

[Alem —lelen = (25 —20) = (20 — 2)

= (gh+20) -G +20) =Gz +27) + (2 +27)
QZ::Lk — 22,;"” -2z, 122,
= twk(zh, — 20 0) = ten (2, — 21) Htou(zh, — 200) — tn(5h — 2)
= k2] Emk — ten[2]En + tri2] Bt — tin[2] Ein
(A.9) = ZmkSmktmk — 2knSkntkn + ZmiSmitmi — ZinSintin
where t;; is either one or two, and s;; is either plus or minus one, (¢, 5) € {(m, k), (k,n), (m,1), (I,n)}.
Similarly, for an edge E = E,, on the (Dirichlet) boundary, i.e., E,, € 5,? , we have
[elep — [Ase = (5 —2) = () +27) = (7 +2])
22; - 22;2 =ty [2]Epr — trql2lErq

(A.10) = ZprSpripr — ZrgSrqtrq
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where ¢;; is again either one or two, and s;; is either plus or minus one.
Next, by using (A.9) and (A.10) and the Schwarz inequality (taking into account the possible
values of ¢;; and s;;) we find

Y (Elem—ea)* = ) (Elem—Elea)’+ Y (Elep — [FEg)

Emn€&n Emn€E;, Epqegp

2
= Z (kasmktmk = ZknSkntkn + ZmiSmitmi — ZlnSZntln)
Emn€y

+ Z (2prSpripr — ZrgSrqlrq)
Epqc€P
Z (4N£m + Nrorm) (212nk + len + Z?'in + Zl2n)
Emn€Ey,
(A.11) + ) (AND+ NS (2 + 22,)
Epqc€P

2

IN

which depends on the cardinality of the sets defined in (A.6) and (A.7). In view of (A.5) the right
hand side of (A.11) can be rewritten as

Z (4 + 3N£n) (Hzﬂ%,mk + [[Z]]2E,kn + [[Z]]ZE,ml + [[Z]]%},ln)

Emn€€&y,
(A.12) + Y @+3Ny) ([l + [FlErg)
Epqe€P
where we also used the fact that for interior edges N2 + N2 = 4 and for boundary edges

Nz% + Npy = 2. Next we observe that any fixed boundary edge appears at most twice in (A.12)
and any fixed interior edge at most four times; however, any edge (boundary or interior edge) can
appear in either one of the two sums in (A.12) or in both of them. Thence an upper bound for
(A.12) is given by

4 ) @+3NE)E R +4 D 243ND)[E,,

Emn€EY Epgegp
1 2
= ) (A+3NZ)4 [2 ([]Em + [[ZHE,m)]
Ermn€E?
1 2
+ Z 2+3ND |:2 ([[Z]]E,p+ [[Z]]E,Q)]
Epqe€P
= ) (4+3N5) ([2lgm + [2lEm)?
Emn€&f
(A.13) + D 2+3N) (Eley + [2eg)”
que&f’

where we also used (A.3). Finally, by defining C:=maxg,,, cg, (4 + 3NL,) we obtain the desired
result

(A.14) Yo (Elem—[Een)? < C Y (Eem+Eea),

Emn E‘Sh Emn Egh

which proves the inequality (A.8) for a constant C' < 16. O
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The next result follows from the lemma above and was crucial in proving Lemma 4.7.

Lemma (Lemma 4.5). The following inequality

(A.15) Y Elem—[Een)? <2t Y. 2((Elem + [Hen)? + [Elm + [E,)

Emnegh Emnegh
holds with v1 < 3+LC < 1 where C is the constant from Lemma 4.4.

Proof. Using inequality (A.8) we derive

3+3C Z ([[Z]]Em—[[z]]E,n)Qg% Z ([2)Em + [2]En)?-

Emnggh, Emn Egh

+

Hence

S Elem - e € —oe S @emm + [l
3+C

Emn€€hp Emn€&
([[Z]]E,m + [[Z]]E,n)Q + ([[Z]]E,m - [[ZHE,n)Q) )

or, equivalently

C
> (Flem — [pa) < 350 > 2([edm + [len)? + [l m + [2150)
Emnegh Emnegh
which shows that (A.15) holds with v < /5% < 1/15. O

A2, A “multiplicative” relation. This is to prove a basic relation used to derive (4.3) as well
as (3.9). Let ® be amap V x W+ U, where U, V, and W are linear vector spaces over the real
numbers. One may think that ® is some sort of multiplication. We assume that © satisfies the
following distributive laws:

a®(b+c)=a0bt+aGe, (a+b)Oc=aGc+boe,

and we assume that for all £ € IR and all n € IR, we have:

(A.16) (€a) © (nb) = (En)(a © b).
We have the following identities, based on the definitions (3.2):
(A.17) atobt —a” ©b” = [a] ® {b} + {a} © [B].

Proving this relation is indeed trivial. Some examples for which the reader should verify these

identities are: (1) For real numbers a and b one may take as ® the usual multiplication of real

numbers; (2) a and b elements of a real Hilbert space and ® inner product; (3) @ and b are linear

operators, and ® is then the multiplication of linear operators (which not necessarily commutative);

(4) a is a linear operator and b is an element of a Hilbert space (like, a is a matrix and b is a vector).
From (3.2), we have that the right side of the identity (A.17) is

+ 4 p ot +a-
[[a]]®~{{b}+{a}@[[b]]:(a+_a)®<b —;b )+( +;_

> ® (BT —b7)
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Using the distributive law, and (A.16) (linearity of ® with respect to scalar multiplication), we
have

N (= a P T

= 1(a+ —a )bt +b7)+ %(aJr +a )O(BT—b7)

2
1 1 1 1
= §a+®(b++b_)—§a_®(b+—|—b_)+§a+®(b+—b_)+§af®(b+—b_)
1 1 1 1
T I LU S -
= 2a ®b +2a ®b 2a ®b 2@ ®b
1 1 1 1
P R T I SUER -
-|-2a ®b 2a ®b +2a ®b 2@ ®b
Ly o 1 R T e - + - -
= —a"Ob"—=a  Ob  +=aT ObT —=a” Ob  =a" ObT —a ©®b
2 2 2 2
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