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A SUBSPACE CORRECTION METHOD FOR DISCONTINUOUS
GALERKIN DISCRETIZATIONS OF LINEAR ELASTICITY
EQUATIONS

BLANCA AYUSO DE DIOS, IVAN GEORGIEV, JOHANNES KRAUS,
AND LUDMIL ZIKATANOV

ABSTRACT. We study preconditioning techniques for discontinuous Galerkin
discretizations of isotropic linear elasticity problems in primal (displacement)
formulation. We propose subspace correction methods based on a splitting of
the vector valued piecewise linear discontinuous finite element space, that are
optimal with respect to the mesh size and the Lamé parameters. The pure
displacement, the mixed and the traction free problems are discussed in detail.
We present a convergence analysis of the proposed preconditioners and include
numerical examples that validate the theory and assess the performance of the
preconditioners.

1. INTRODUCTION

The finite element approximation of the equations of isotropic linear elasticity
may be accomplished in various ways. The most straightforward approach is to
use the primal formulation and conforming finite elements. It is well known that
such a method, in general, does not provide approximation to the displacement
field when the material is nearly incompressible (the Poisson ratio is close to
1/2). This phenomenon is called volume locking. To alleviate locking, several
approaches exist. Among the possible solutions, we mention the use of mixed
methods, reduced integration techniques, stabilization techniques, nonconform-
ing methods, and the use of discontinuous Galerkin methods. We refer to [11, 14]
for further discussions on such difficulties and their remedies. In this work we
focus on the Symmetric Interior Penalty discontinuous Galerkin (SIPG) methods
introduced in [14, 15, 19, 20] for the approximation of isotropic linear elasticity.
We have chosen to work with these DG discretizations, since we have in mind a
method that is simple but still applicable to different types of boundary condi-
tions. In fact, unlike classical low order non-conforming methods (see [11]), the
Interior Penalty (IP) stabilization methods introduced in [14, 15] can be shown
to be stable in the case of essential (Dirichlet or pure displacement) boundary
conditions, or natural (Neumann type, or traction free) boundary conditions. As
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a consequence, these IP methods provide a robust approximation to the displace-
ment field and avoid the volume locking regardless the boundary conditions of
the problem.

For the design of the preconditioners we follow the ideas introduced in [4] for
second order elliptic problems. However, such extensions are not straightforward,
since we aim at constructing preconditioners that work well for three different
types of boundary conditions: essential, natural and mixed boundary conditions,
used in linear elasticity. This complicates the matters quite a bit. We consider
a splitting of the vector valued, piecewise linear, discontinuous finite element
space, into two subspaces: the vector valued Crouzeix-Raviart space and a space
complementary to it which consists of functions whose averages are L? orthogonal
to the constants on every edge/face of the partition. This space decomposition is
direct and the spaces are orthogonal with respect to a bilinear form obtained via
using “reduced integration” to calculate the contributions of the penalty terms
in SIPG.

In the pure displacement case (essential boundary conditions), the restriction
of the bilinear form based on reduced integration is coercive on the Crouzeix-
Raviart space and is spectrally equivalent to the SIPG bilinear form. The space
decomposition mentioned above is then orthogonal in this reduced integration
bilinear form. Thus, in case of essential boundary conditions we have a natural
block diagonal preconditioner for the linear elasticity problem: (1) a solution of a
problem arising from discretization by nonconforming Crouzeix-Raviart elements;
(2) solution of a well-conditioned problem on the complementary space.

For traction free problems or problems with Dirichlet conditions only on part of
the boundary, the situation is quite different. On one hand the reduced integra-
tion bilinear form when restricted to the Crouzeix-Raviart space has a null space
whose dimension depends on the size of the problem (see [11]). On the other hand
in the full SIPG bilinear form (without reduced integration) the space splitting
discussed above is no longer orthogonal. Our approach in resolving these issues
is based on a delicate estimate given in §3.1 which shows a uniform bound on the
angle between the Crouzeix-Raviart and its complementary space in the SIPG
bilinear form for all types of boundary conditions. Once such a bound is available
we show that a uniform block diagonal preconditioner can be constructed.

The rest of the paper is organized as follows. We present the linear elasticity
problem, the basic notation and discuss the DG discretizations considered in §2.
Next, in §3 we introduce the splitting of the vector valued piecewise linear DG
space and discuss some properties of the related subspaces. In section §4, we
introduce the subspace correction methods, and we prove that they give rise to a
uniform preconditioner for the symmetric IP method. The last section §5 contains
several numerical tests that support the theoretical results.
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2. INTERIOR PENALTY DISCONTINUOUS GALERKIN METHODS FOR LINEAR
ELASTICITY EQUATIONS

In this section, we introduce the linear elasticity problem together with the
basic notation and the derivation of the Interior Penalty (IP) methods and we
discuss the stability of these methods.

2.1. Linear Elasticity: Problem formulation and notation. Let Q C R
d = 2,3, be a polygon or polyhedron (not necessarily convex) and let u be a
vector field in IR, defined on € such that w € [H'(Q)]. The elasticity tensor,
which we denote by C, is a linear operator, i.e., C: Rg;n‘f — ngxn‘f, acting on a

symmetric matrix A € IRZerff , in the following way:

C A=2uA+ Mrace(A)l,

where g and A\ are the Lamé parameters and satisfy 0 < uy < pu < po and
0 < XA < oo. In terms of the modulus of elasticity (Young’s modulus), €, and
Poisson’s ratio, v, the Lame parameters can be rewritten in the case of plane
strain as: p = €/(2(1 +v)) and A = v€/((1 + v)(1 — 2v). The material tends
to the incompressible limit (becomes incompressible) when the Lamé parameter
A — 0o or equivalently when the Poisson’s ratio v — 1/2.

One can show that the linear operator C is selfadjoint and has two eigenvalues:
(1) a simple eigenvalue equal to (2u + d\) corresponding to the identity matrix;
(2) an eigenvalue equal to 2, corresponding to the @ — 1 dimensional space
of traceless, symmetric, real matrices. Thus for d = 2,3, we always have that

(2.1) 2u(A:A) < (CA:A) < (2u+d))(A:A),

where (- : -) denotes the Frobenius scalar product of two tensors in IR***. We
also denote by (-, ) the Euclidean scalar product of two vectors in RY, ie.,

d d d
(v,w) = kawk, (v:w) = ZZvjkwjk.
k=1

j=1 k=1

The corresponding inner products in [L?(Q)]¢ and [L?()]9*¢ are denoted by

)= [, @iw)= [ @)

We write 02 = I'y UT'p with I'y and I'p referring respectively to the subsets
of the 02 where Neumann and Dirichlet boundary conditions are imposed.

Let (u) = 3(Vu + (Vu)”) be the symmetric part of the gradient of a vector
valued function u. The elasticity problem in primal formulation then is: Find
u € [Hp*(Q)]4, o > 0, which is the unique minimizer of the energy functional

J(u), given by

(2. () = 5 (Celu) : e(w) ~ (f,u) ~ (gw. V),
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Here f € [L?(Q)]? is a given volume force and gy € [H*/?(T'y)]¢ is a given surface
force acting on I'y C 0€2. The Euler-Lagrange equations corresponding to the
minimization problem (2.2) give the following well known system of linear PDEs
for the unknown displacement field u:

—div(Ce(u)) = f, on
(2.3) (Ce(u))n = gy, on 'y,
u =20, on I'p.

In the above equations, n is the outward unit normal vector to 9€2. The solution u
vanishes on a closed part of the boundary I'p (Dirichlet boundary) and the normal
stresses are prescribed on I'y (Neumann part of the boundary). In the traction
free case (I'y = 09), the existence of a unique solution to (2.3) is guaranteed if
the data satisfy the following compatibility condition:

/f-vd:n+/ gy -vds =0 YveRM(Q),
Q o0

where RM(€2) is the space of rigid motions, defined by:
(2.4) RM(Q):={v=a+bx : acR’ beso(d) }

where  is the position vector function in €2 and so(d) is the Lie algebra of skew-
symmetric d X d matrices. In this case, the uniqueness of solution is guaranteed
up to a rigid motion (and is unique, if we require that the solution is orthogonal
to any element from RM(Q2)). In the case of T'p # () and closed with respect
to 02 no extra conditions are required to guarantee uniqueness. By considering
the variational formulation of (2.3), the issue of solvability and uniqueness of
the problem reduces to show coercivity of the associated bilinear form. As it is
well known, for linear elasticity, this hinges on the classical Korn’s inequality [10]
which guarantees the existence of a generic positive constant Cq > 0 such that:

(2.5) IVoll5o < Ca(le@lsa+Ilvl5e) .,  Yve[H Q).

The second term on the right hand side can be omitted as follows from the
Poincaré or Poincaré-Friedrich’s inequality, obtaining thus first Korn’s inequality
for v € [Hjp, ()] and second Korn’s inequality for v € [H'(Q)]Y/RM(Q).

2.2. Interior penalty methods: Preliminaries and notation. We now
introduce the basic notations and tools needed for the derivation of the DG
methods.

Domain partitioning. Let 7, be a shape-regular of partition of 2 into d-
dimensional simplices T' (triangles if d = 2 and tetrahedrons if d = 3). We
denote by hp the diameter of T' and we set h = maxypeg, hy. We also assume
that 7j, 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
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faces by &, and the collection of all interior faces and boundary faces by &7 and
&P, respectively. Further, the set of Dirichlet faces is denoted by &P, and the set
of Neumann faces by &Y. We thus have,

En=EUEY, EP=€'nTp, &N =6NTy, & =¢cPue).

Trace operators (average and jump) on E € &,. To define the average
and jump trace operators for an interior face £ € &7, and any 1" € 7}, such
that £ € 0T we set npr to be the unit outward (with respect to T') normal
vector to /. 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 = ngr, where T'
is the unique element for which we have £ 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 E € &, we define TH(E) and T~ (E)
as follows:

TH(E):={T € T), such that £ C 9T, and (ng,ngr) > 0},

2.6
(2.6) T~ (E):={T € 7, such that £ C 9T, 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 TF(FE) and for the interior
faces we also have exactly one T~ (FE). For the boundary faces we only have
TH(E). In the following, we write 7% instead of T*(E), when this does not
cause confusion and ambiguity.

For a given function w € [L?(Q2)]? the average and jump trace operators for a
fixed E € &7 are as follows:

n _
(2.7) (= (U 5") =)
where w™ and w™ denote respectively, the traces of w onto E taken from within
the interior of 7+ and T~. On boundary faces E € £, we set {w} = w and
[w] = w. We remark that our notation differs from the one used in [1], [3],
[2] (which is considered a classical one for the IP methods). We have chosen a
notation that is consistent with the one used in [15], where the IP method we
consider was introduced for the pure displacement problem. In addition, it seems
that such a choice leads to a shorter and simpler description of the preconditioners
we propose here.

Finite Element Spaces. The piecewise linear DG space is defined by
VPG = {u € L*(Q) such that u{T ePYT), VYT €T},

where P!(T') is the space of linear polynomials on 7. The corresponding space of
vector valued functions is defined as

VDG = [VDG]d.
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For a given face E, we denote by P% : L*(E) — P°(E) the L?-projection onto
the constant (vector valued or scalar valued) functions on E defined by

(2.8) Phw = i/ w forall we L*(E),
1E| J&

(2.9) Phw = i/ w forall w e [L*(E)]
1E] Jg

Observe that for w € VP the mid-point integration rule implies that Phw =
w(mg) for all E € &, with mp denoting the barycenter of the edge or face E.

The classical Crouzeix-Raviart finite element space can be defined as a subspace
of VPG as follows:

(2.10) VR ={yeVPs . PLv]=0, VE €&} .
The corresponding space of vector valued functions is

(2.11) VR = [V OR)

2.3. Weighted residual derivation of the IP methods. In [15] the authors
introduced a symmetric interior penalty method for the problem of linear elas-
ticity (2.3) in the pure displacement case (i.e, I'p = 9, T'y = 0). We define the
function space

[H*(T;)]* = {u € [L*(?)]* such that u|T eH D) VYTeT,}.

For any pair of vector fields (or tensors) v and w, we denote

For scalar and vector valued functions we also use the notation

(2.12) (v,w)g:Z/va, and (v, w)e :Z/E(v,w>.

Eeg Eeg

We now derive, using the weighted residual framework [8], the IP methods for
the more general case of mixed boundary conditions. To present a short derivation
of the methods, we assume u € [H%(Q)]%. Such assumption is not required for
the methods to work. We present the derivation under such assumption in order
to avoid unnecessary details which would shift the focus of our presentation on
preconditioners.

By assuming that the solution of (2.3) is a priori discontinuous, w € [H?(73,)]¢,
we may rewrite the continuous problem (2.3) as follows: Find w € [H?(7;,)]¢ such



CRM Preprint Series number 1056

A SUBSPACE CORRECTION FOR DG DISCRETIZATIONS OF ELASTICITY 7

that
( —div(Ce(u)) = f onT €T,
[(Ce(u))n]r =0 on Feg&,
(2.13) [ulJp =0 on E €&,
[ulg =0 on £ €&,
( [(Ce(u))n — gn]r =0 on BEc&Y.

where we recall that Ce(u) = 2ue(u) + Atrace(e(u))l. Following [8], we next
introduce a variational formulation of (2.13) by considering the following five
operators

Bo: [HX(Ty)]" — [L*(T,))",
Bi: [H*(Ty)]" — [L*(£]))", BY: [HX(Ty)]" — [L*(&)))
By [H*(Ty)]" — [L*(&))", By [H*(T,))" — [L*(&))]",

and weighting each equation in (2.13) appropriately. This then amounts to con-
sidering the following problem: Find u € [H?(7},)]¢ such that for all v € [H?(7},)]¢

(2.14)  (=div(Ce(w)) = f, Bo(v))z, + ([(Ce(w))n], Ba(v))ep + ([u], Bi(v))e;
+ ([ul, B (v))ep + ([(Ce(w))n — gn], B (v)) gy = 0.

Different choices of the operators By, By, Ba, B and BY above give rise to
different variational formulations and, consequently to different DG methods.
We refer to [8, Theorem 6] for sufficient conditions on the operators By, By, B,
BY and BY to guarantee' the uniqueness of the solution of (2.14).

To derive the IP method of interest, we take v piecewise smooth and we set
By(v) = v, By(v) = {v} and BY(v) = v in (2.14), to obtain that
(2.15) (—div(Ce(u)),v)7, + ([(Ce(u))n], fv})euer + ([u], Bi(v))eouep

= (f7 v)Th + (gN7,U)E}JLV .
Defining
(2.16) F(v) = (f,v)7, + ([g], B (v))ep + (gn: v)ey,
and integrating by parts the first term on the left side of (2.15) then leads to
(2.17) (Ce(u) : e(v))g, — ({(Ce(w))n}, [v])eovep + ([u], Bi(v))gouep = F(v).
For a fixed edge E € £ U EP the operator B (v) is defined by

(2.18) Bi(v) = —{(Ce(v))n} + apBoPL[v] + a1 i[v],

IWe note that in [8] the focus is on the scalar Laplace equation. The arguments for the
elasticity problem, are basically the same.
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where, following [15], the parameters [y and [3; are chosen depending on the
Lamé constants A\ and p:

(2.19) By == d\ + 2pu, B1 =24 .

The remaining two parameters, ay and «q, are still at our disposal to ensure
(later on) stability and to avoid locking of the resulting method.
We define

ajo[ul, [o]) =00ty 3 / (b [, PYw]),

EecgpuEP

0 ([u], )= Y / (h [l [o])

Eegpuep E

(2.20)

and set

a;([u], [v]) = a;o([u], [v]) + a;1([w], [v]).
Then, the weak formulation of Problem (2.13) reads: Find uw € [H?*(7)]? such
that

(2.21) Alu,w) = F(w), Y w € [H*(T,)]"
The bilinear form A(-,-) is given by

(2.22) A(u, w) = Ag(u, w) + a;1([u], [w]),
where

Ao(u, w) = (Ce(u) : e(w))g, — ({(Ce(u))n}, [w])epuep
— ([u], {(Ce(w))n})eover + ajo[u], [w]).
It is straightforward to see that
A(u, w) = (Ce(u) : e(w))g, — (§(Ce(u))n}, [w])eoep
+ 0([u], {(Ce(w))n})eovep + a;([u], [w]).

To obtain the discrete formulation, we replace the function space [H?(7)]*
in (2.21) by VP4 and we get the IP-1 approximation to the problem: Find
uy, € VPG such that:

(2.25) Alup, w) = F(w), vV w e VPC,

We could also consider the approximation given by the IP-0 method: Find
uy, € VPG such that:

(2.26) Ao(up, w) = F(w), vV w e VPE

(2.23)

(2.24)

As we see next, the IP-0 method provides a robust approximation to the problem
(2.3) in the pure displacement problem I'p = 09Q. As we mentioned earlier, for
other types of boundary conditions such equivalence in general does not hold.
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Remark 2.1. Although we do not consider non-symmetric IP methods in this
paper, let us remark that non-symmetric versions can be easily incorporated in
the definition of By(v). For example, by setting:

Bi(v) := 0{(Ce(v))n} + apBoPh[v] + a1 pi[v],

we obtain a non-symmetric bilinear form for the values § = 0 or 6 = 1. Such
values of 6 correspond to the Incomplete Interior Penalty (IIPG, 6§ = 0) and
Non-symmetric Interior Penalty (NIPG, 0 = 1) discretizations, respectively.

2.4. Stability Analysis. We close this section presenting the stability and conti-
nuity results pertinent to our work. We start by introducing some norm notation.
For v € [H*(7;)]¢ we define the semi-norms

(2.27)

IVolzs = 3 IVol2, ICe@lin, = Y [ (Co(w) :eto)
TCT, TCT,

PRI = > hp' PRI 6 WI2= > h' ol
Begpugy EegLuEP

and norms:

(2.28)

[ollz = [IC" ()5 7, + Bol PRIVIIE + Bil[0]2 + Y helCVe(v) |5

Eegpuep

For v € VPG we define the norms

(2.29) 0] 560 = [IC ()3 7, + Bol PRIVI2
and
(2.30) [0llhe = vl e + Bl [v] )% -

Notice that for v € VP¢ the norms (2.28) and (2.30) are equivalent. We finally
introduce the norm:

(2.31) ol g,y = IVlo.7, + BolPElvlls + +B[]]1 -

Notice that continuity of the IP-1 and IP-0 bilinear forms with respect to
the norm (2.28) follows easily from Cauchy-Schwarz inequality together with
the bound on the maximum eigenvalue of C, i.e., for all u € [H*(7;)]? and all
v € VPY we have

(f(Ce(u)n)}, [v])eguer = ({{(CE(U)R)}, PelvDesuep

Lo
Saﬁh [Ce(u) -n

1/2
< L ni2et e (). 0o gpuep—
(&%)

04050 1/2
ouep ——|[hg*PYlv] loggur,

04050

1/2
b5 2P [v]llo.gours-
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The equivalence of the norms (2.28) and (2.30) for any v € VP¢ guarantees
therefore the continuity of the IP-1 bilinear form with respect to the norm defined
in (2.30) for finite element functions.

The solvability of the discrete methods (2.25) and (2.26) is guaranteed if and
only if, a discrete version of the Korn’s inequality holds on VPS¢, In [7] the
following discrete Korn inequality is shown for [H(7},)]%-vector fields:

(2.32) IVol5.5, < C(lle()log + Imvll + IV x vl545)

where 7, : [L?(&,)]* — P'(&,) is the L2-orthogonal projection onto the space of
piecewise linear vector valued functions on &, (or a subset of it).

Coercivity of the IP-1 bilinear form with respect to the norm (2.30) can be
easily shown by taking u = w = v in (2.24):

~1/2 —1/2
A(v,v)= (Ce(v) : £(v))z, + aofollhig *PEIv] I goor,, + rBullhg 111 oo,
—2(f(Ce(v)n)}, [v])eorep -
Using Cauchy-Schwarz, trace and inverse inequalities together with the

arithmetic-geometric inequality and the bound on the maximum eigenvalue of
C it follows that

(f(Ce(w)n)}, [v])eouer = ({(Ce(v)n)}, Prlv])eoier
Ci(1 4 Cinp)
< 7 T )

a oo
< Ciy(1 4 Cinp)

oo, ~1/2
s PR o,

apfo
4

ICe()15.7,, +

(2.33) Ic' e ()15 7, +

—1/2
[

Hence, we finally have

2C(1 4 Cino)

&%)

A(v,v) > (1 -

—1/2
)IC?e(®)85, + Bl [o]lE o,
(0 _
+ TOﬁOHhEl/QP%H'U]]||<2J,5;;urDa Vo e VPe

and therefore by taking ap = max (1,4Cy(1 + Cip,)) (sufficiently large) we ensure
the coercivity of A(-, -) with respect to the ||-|| pg-norm with constant independent
of h, u, and . Using now (2.32) (since the norm (2.30) contains the full jump)
we conclude that A(-,-) is coercive with respect to the || - || g1(g,)-norm (2.31).
Therefore the IP-1 method defined by (2.24) provides a robust approximation
to (2.3) and does not lock as A — oo.

As we mentioned earlier, in the pure displacement case (I'p = 992, 'y = 0)) the
bilinear form Ajg(--) defined in (2.23) is coercive. Indeed we may use the identity

(which holds for C§°(€2) functions):

1
(2.34) dive(v) = 5 (divVe + Vdivo)
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and rewrite the volume term in (2.23) (also in (2.24)) as follows:

(Ce(u) : e(w))r, = 3 / (Ce(w) : ()

TeT,

= Z /T(QMV'U, : Vo) + (p+ ) (dive, dive)) .

TeT,

Then, from the discrete Poincaré inequality [12, 6], the resulting modified bilinear
form for Ay(-,-) is now coercive in VP with respect to the | - || 1(7,) norm, with
coercivity constant independent of h and A;

(2.35) Ag(v,v) > C||'v||%p(7h) Vv e VPC

Therefore, the discrete problem (2.26) is well posed and the IP-0 method is stable
and robust (locking free in the limit A — oo0). Notice that in (2.35) we are using
the || - || 1(7;,)-norm which includes not only the norm |PR[v]|., but also the norm
|[v]]«. This is a consequence of the vector valued counterpart of [4, Lemma 2.3].
The stability property given in (2.35) implies that the IP-0 and IP-1 methods
are spectrally equivalent for the pure displacement problem. These observations
are summarized in the next Lemma:

Lemma 2.2. Let A(-,-) and Ay(-,-) be the bilinear forms of the IP-1 and IP-0
methods for the linear elasticity problem, defined in (2.24) and (2.23), respec-
tively. For the pure displacement problem I'p = 09Q, T'y = 0, there exist a con-
stant ¢ > 0 that depends only on the geometry of the domain €2 but is independent
of the mesh size and the Lamé parameters p and \ such that

(2.36) Ao(v,v) < A(v,v) < cAo(v,v) Yo e VP

The above lemma guarantees that for the pure displacement problem, con-
structing a uniform preconditioner for the IP-1 is equivalent to constructing a
uniform preconditioner for the IP-0 method (see [4]). For linear elasticity equa-
tions, unlike for scalar equations, this can be done only when I'p = 0€).

For a detailed derivation and error estimates, we refer to [15, Theorem 2.5].

3. SPACE DECOMPOSITION

We present now a decomposition of the DG space of piecewise linear vector
valued functions that plays a key role in the construction of iterative solvers.
This decomposition was introduced in [4] for scalar functions and also in [9]
in a different context. Its extension to vector valued functions is more or less
straightforward. We omit those proofs which are just an easy modification of the
corresponding proofs in the scalar case. However, we review the main ingredients
and ideas behind such proofs, since they play an important role in the analysis
of the preconditioner given later on. In the last part of the section we give some
properties of the spaces entering in the and prove a result that is essential for
showing that the proposed preconditioner is uniform.
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Following [4] we introduce the space complementary to VR in VPG,

(3.1) Z={2e VP%and Pp{z} =0, forall E € &} .
The corresponding space of vector valued functions is
(3.2) Z =z

To describe the basis functions associated with the spaces (2.11) and (3.2), let
g, denote the scalar basis function on 7', dual to the degree of freedom at the
mass center of the face F/, and extended by zero outside T'. For F € 0T, E' € 0T,
the function pg  satisfies

1 if E=F,
ppr(me) = .
0 otherwise,

and also we have

©pT € IP’I(T), opr(r)=0,Vo¢T.

For all u € VPG we then have
(3.3)
u(z) = Z Z ur(mp)ppr(r) = Z ut(mp)ep(z) + Z u” (mp)eg(v),

TeT, ECOT E€&, Be&p

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

1
u®(mg) = ups(mg) = E/ ur+ds, VEe&, : E=0T"naT,
E
1
u(mg) :=ur(mg) = E/ urds, VE €&, such that E = 9T No9Q.
E
Recalling now the definitions of 77 (FE) and T~ (F) given in (2.6) we set
(3.4) ng = PE1+E) T PET-(E) VE €&,
. Pp" = PET+(E) VE &Y.
and
. PETHE) — PET(E) o
= , VE €&,
(3.5) Vi 2 h
Vi = PET+H[E), VEc&P.

Some clarification is needed here. Note that from the definition of g+ k)
and ¢p r-(p) for an interior edge £ € &7, it does not follow that their sum is
even defined on the edge E, since it is just a sum of two functions from L?(2).
However, the sum (¢ g r+g) +¢r1-(5)) has a representative, which is continuous
across F and this representative is denoted here with &, see Figure 3.1.
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Clearly, {051} pe gouen are linearly independent, and {f} gecoep are linearly
independent. A simple argument then shows that

VCR = Span {{@gRek}zzl}Eeg}?U‘gé\f ) Z = Spall {{¢%ek}Z:l}Eeggug£ :

Here ey, k = 1,...,d is the k-th canonical basis vector in IR?. Hence by perform-
ing a change of basis in (3.3), we have obtained a “natural” splitting of

VP =vhozZ
and the set
(3.6) {¥E}pespuer U {90§R}Ees;;us;y,

provides a natural basis for the DG finite element space. This is summarized in
the next proposition.

Proposition 3.1. For any u € VP there exist unique v € VF and a unique

z € Z such that
o= (ﬁ / {u}}ds) SR (z) € VOR,
E

Eegpuel

s ¥ (o [1ules) viw e 2.

Eegpuep

(3.7) u=v+z and

The proof of the above result follows by arguing as for the scalar case in [4,
Proposition 3.1], but proceeding componentwise. The next Lemma shows that
the splitting we have proposed is orthogonal with respect to the inner product
defined by Ay(+,-).

Lemma 3.2. The splitting (3.7) VP¢ = VR g Z is Ag-orthogonal. That is
(3.8) Aog(v,2) = Ao(z,v) =0 Voe VA vze Z.

FIGURE 3.1. Basis functions associated with the face E: 9% (left)
and p%F (right).
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The proof follows straightforwardly by using the weighted residual formulation
(2.15)-(2.23) and the definition of the spaces V! and Z.

3.1. Some properties of the space Z. We now present some properties of
the functions in the space Z. We start with a simple observation. From the
definition of the spaces VR and Z it is easy to see that

S° V2l = (121 {72 Degep-

TeT,

Applying the Schwarz inequality, one then gets the following estimate

> IVzlgr < CI PRI,
TeT),

which is a straightforward way to see that the restriction of the IP-1 and IP-0-
bilinear forms (even for # = 0,1 as in Remark 2.1) to the space Z are coercive
in the || - ||g1(z,)-norm (2.31) (regardless whether the boundary conditions are
Dirichlet, Neumann or mixed type). Therefore the resulting stiffness matrices
are positive definite.

The next result provides bounds on the eigenvalues of Ag(+, ) and A(-, -), when
restricted to Z.

Lemma 3.3. Let Z be the space defined in (3.2). Then for all z € Z, the
following estimates hold

(3.9) W2z S Aoz, 2) S 722G
and also,
(3.10) [(a0)Bo + a1 B1]h 72| 2|5 S A(z, 2) S [awfo + cnBi]h ™2 2[5

where By and [y are as defined in (2.19).

Proof. Arguing as in [4, Lemma 5.3] (but now componentwise for vector valued
functions) one can show that (due the special structure of the space Z).

(3.11) RzIF S D ke IPRlEdlS e S RIS

EegpueP

From the coercivity of Ay it follows then

aoBoh?|2ll} SaoBe Y R IR 5 < Aoz, 2) -

Eegpuep
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Similarly, the L?(&},) stability of the projection P% together with the coercivity
of A gives

(0o + a1 B1)h 2| 2[[5 S @ofo Z hi (1PeL2]5 -

EegpuepP
+aify > hptIPhEDIR .
Eegpuep
Saote Y hp' PRI
Eegpuep
+ Cayfy Z hi 1120115, 5
Eegpugp
< Az, 2),

and so, the lower bounds in (3.9) and (3.10) follow. We next show the upper
bound in (3.9), and the upper bound in (3.10) is obtained in an analogous fashion.
Using (2.33) together with (2.1) we get

Ao(z,2) Saoflo Y b IPRI=]IG 5 + 1ICPe(2) 5 4,

BeEyUTp
~1/2
< o (aollz'*Phl=lIZur, + Clle() 35 ) -
Hence, the upper bound in (3.9) follows in a straightforward fashion using the

trace and inverse inequalities together with the obvious inequality |le(2)|lo.z, <
IV 2ljo7,-

We close this section with establishing a uniform bound on the angle between
VR and Z in the inner product given by the bilinear form A(-,-). The estimate
is given in Proposition 3.4. It plays a crucial role in bounding the condition
number of the preconditioned system.

We remind that £ € &, denotes a (d—1)-dimensional simplex (a face), which is
either the intersection of two d-dimensional simplices T € 7}, or an intersection of
a d-dimensional simplex T' € 7;, and the complement of Q, i.e., E = TN (IR*\ Q).
In the former case, the face E is called an interior face and in the latter it is
called a boundary face.

The proof of Proposition 3.4 requires arguments involving the incidence rela-
tions between simplices T' € 7}, and faces F € &, and estimates on the cardinality
of these incidence sets. For the readers’ convenience, we provide a list of such
estimates below.

e We define Ny(F) to be the set of d-dimensional T' € 7}, simplices that
contain E:

No(E):={T €7, suchthat E €T}
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By definition, for the cardinality of this set we have |[Ny(E)| = 2 for the
interior faces and |[Ny(E)| =1 for the boundary faces.

e We define the set of neighbor (or neighboring) faces Ni(E) to be the set
of faces which share an element with E:

NM(E) :={FE €&, suchthat Ny(E)NNy(E') # 0}

From Proposition A.1 (see Appendix A) we have that |V (E)| < (2d+1).
e Next, we define N3(E) to be the set of faces which share at least one
neighboring face with E:

No(E) :={FE €&, suchthat N;(F)NN(E)# 0}

From Proposition A.1 we have the estimate |No(E)| < (2d + 1)2.
e For the basis functions {¢);} gegoper we have the following relations:

(3.12) ﬁ /E [Wi] = g, and [Ui](z) =1, forall z€F,

3.13 Pi](x)| <1, forall ze€E', andall E € Ny(E).
E

The above relations all follow from the definition of ¥%(x) and the fact
that [13] is linear function on every face in &, and therefore [, [v7,] =

| E|[Y5](ms).
e Finally, for E € &,, E' € &,, and E” € &, it is straightforward to see that
we have:
(3.14) I B¢ N (E)NN(E") then / (i1 [w5] = 0.
E

An easy consequence from the definitions then is the following:
(3.15) If E'¢ Ny(E") then /[[@/J%,]] [Vin] =0, forall E €&,
E

We finally give Proposition 3.4. To avoid unnecessary complications with the
notation, we state and prove the result for scalar valued functions. The proof for
vector valued functions is easy to obtain, and with the same constant, by just
applying the scalar valued result component-wise.

Proposition 3.4. The following inequality holds for z € Z:
—~1/2 1 —-1/2
(316) > gl - PaleDll s < (1 St I L= [ %
Ee&puep P Ee&puep
with a constant p > 1 which depends on the shape regularity of the mesh.

Proof. Since PY is the L? orthogonal projection on the constants, we have that

(3.17) 1hs2 (2] — PL=DI2 e = I1hs 2102 5 — 1hi > PYL=]112 5
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Let z € Z, e, 2 =} peeoep 200y From (3.12) we have that PLlvz] =
0pg, and hence, we may conclude that

~1/2
s PPl e = > D 5EE/—zEzE/
EeEpuep E'eéy
= > Dgpzjp = (DZ,3).
Eegpuep
Here we have denoted by D : RI¥ — R a diagonal matrix with non-zero
elements Dgg = % and by z € R®*! the vector of coefficients Z = {25} Eeg, In
the expansion of z € Z via the basis {¢} }ges, -
Further we consider the right hand side of (3.16) and we have

2
SR e= > hEt| YD zelvi]

Ee&guep Ee&puep E'egpuep 0.5
= E / h ! E E ZEIZR! wE’]]IIwE”]]
Eegpuep E'egpuep Eregpuep

-y ¥ E<

E'eEPUED EregfuEP

—_ Z Z ZE’ZE”SE’E” = <S§,2>

E'eEPUED EegfuEP

> [ n' ) wEu]])

Eegy,

Here, S : R — R denotes the symmetric real matrix with elements
(318 SE/E// - Z / 'I/JE/ E//]] - Z / 'QZ)E/ E”H'
Eegpuep EeN1(E"NN1(E")

In the last identity above, we have used (3.14). Note that according to (3.15), if
£ ¢ NQ(E”) then SE/E” = 0. Thus
<Sg, 2> = Z Z ZE’ZE”SE’E”
E'egpuep E"eNa(E

From this identity and (3.12) and (3.13), we obtain that

|SE’E”‘ < ’NI(E/) ﬂNl(E//>| max @ < <2d+ 1) max @

- EENL(ENNNL(E") hg — EEN1(ENNNL(E") hg
Introducing
S, ) (D~Y2SD~ 124, )

(Sw,
p= Sup ————,= Sup ——
weR/En! (Dw, w) weR/En! (w,w)

2

Y

£
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we obtain that
(3.19) (Sz,2) = (D™Y2SDV2DY2z DY23) < p(Dz, 3).
This inequality can be rewritten as %(Sé, z) < (Dz, 2) and hence

(S5, %) — (D3, 3) < (S2,5) — %(Sé,é} — (- %)(SZ%}.

Note that (3.17) implies that

(3.20) (82,2) = (D2,2) + Y [Ihp (1] — PYl=DIR .

Ecé&y

and thus (SZ, 2) > (DZ, 2). This shows that p > 1 in (3.19).

It remains to show that p can be bounded by quantities depending only on the
shape regularity of the mesh. Again, by (3.15) we have that: if E' ¢ Ny(E”) then
SE’E” = 0. Hence:

S
p < D V2SD V2| < max Z _ Serel
E”EEZUSD ) \/]D)E’E’]D)E”E”

h E’GNQ(E”

S
< max ||N(E")] max ﬂ]
E”GE;ZUS,’? EIENQ(E”) \/ID)E/E/]D)EWEH

E ]’L /h "
<(2d+1)° max max max 1] [ e .
Bregpuep B'eN(B") EeNi(BNN1(B) h \| |E'|| B

The quantity on the right side of this estimate only depends on the shape regu-
larity of the mesh and the proof is complete. O

Remark 3.5. We remark that the constants in Proposition 3.4 can be sharpened,
at the price of further complicating the proof. The result given above is sufficient
for our purposes, and we do not further comment on the possible “optimal” value
of the constant p above. Another relevant observation is that the inequality in
Proposition 3.4 holds true, with the same or even smaller p, if we replace ELUEP
with a subset of edges & C (ELUEP) in (3.16). The proof is completely analogous
(just £ U EP is replaced by E).

4. PRECONDITIONING

In this section, we present the construction and convergence analysis of the
preconditioners we propose for the considered IP-methods.

To construct the preconditioners, we use the subspace splitting given in Propo-
sition 3.1, which suggests a simple change of basis. We have that for any
uw,w € VPY we can write u = 2z + v, and w = ¢ + ¢, where 2,{ € Z
and v, € VOB, Therefore, by performing this change of basis we can write
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A(u,w) = A((z,v),({,¢)). The Ag-orthogonality (3.8) of the subspaces in the
splitting gives

Ao((z,v), (€, @) = Ao(z,¢) + Ao(v, @).

which implies that the resulting stiffness matrix of Ay in this new basis is block di-
agonal. For the pure displacement problem (I'y = (}), as discussed in Section 2.4,
the spectral equivalence given in Lemma 2.2, guarantees that an optimal precon-
ditioner for Aq is also optimal for A. Therefore it is enough to study how to
efficiently solve each of the blocks in the above block diagonal structure of Ay:
the subproblem resulting from the restriction of Ag to Z and the subproblem on
the space VCOR,

For traction free or mixed type of boundary conditions, although a precondi-
tioner for Ay does not result in an optimal solution method. However, the block
structure of Ay in the new basis already suggests that a reasonable choice for an
approximation of A(-,-) is

(4'1) B((z7 ’U), (Cv ¢)) = .A(Z, C) + A(”? ¢)

The following algorithm describes the application of a preconditioner, which is
based on the bilinear form in the equation (4.1).

Algorithm 4.1. Let r € [L?(2)]? be given. Then the action of the preconditioner
on 7 is the function u € VP which is obtained from the following three steps.

1. Find z € Z such that
A(z,¢) = (r,{)7, forall (€ Z.
2. Find v € VF such that
A, @) = (r, )z, forall ¢ e VE
3. Setu==z+w.

As before, the application of this preconditioner corresponds to solving the
subproblem of the restriction of A(-, -) to Z and the subproblem of the restriction
of A(+,+) to VR,

We now briefly discuss how the two smaller sub-problems can be efficiently
solved in both cases: (1) the case of Dirichlet boundary conditions on all of 0€2;
and (2) the case of Neumann or mixed boundary conditions.

Solution in the subspace Z. Lemma 3.3 guarantees that the restriction of
A(-,-) and Ay(+,-) to Z is well-conditioned with respect to both, the mesh size
and the Lamé constants A, u. Therefore, the linear system corresponding to the
subproblem of the restriction to Z 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., [18, 16]) 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.
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Solution in VR, We now briefly discuss how to construct a uniform precondi-
tioner for the corresponding subproblem on the space V°R. Rather than devel-
oping a completely new method, the idea is to use the optimal preconditioners
that have already been studied in literature, and modify them if needed so that
they fit in the present framework. For our discussion, we distinguish two cases:
the pure displacement problem (I'y = ()) and the case with mixed or traction
free boundary conditions (T'y # ().

e 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. [5, 17, 13] and the references therein.

e The traction free problem or the case of mixed boundary conditions is
more difficult to handle because the (discrete) Korn inequality is not sat-
isfied for the standard discretization by Crouzeix-Raviart elements with-
out additional stabilization, as was shown in [11]. The design of optimal
and robust solution methods for stabilized discretizations is still an open
problem, however, auxiliary space techniques might bridge this gap soon.

4.1. Convergence Analysis. We now prove that the proposed block precondi-
tioners are indeed optimal so that their convergence is uniform with respect to
mesh size and the Lamé parameters. This result is given in Theorem 4.3. The
following Lemma is crucial for this proof, since it gives estimates on the norm of
the off-diagonal blocks in the 2 x 2 block form of the stiffness matrix associated
to A(:,-), corresponding to the space splitting VP4 = VR ¢ Z. The result
provides a measure of the angle between the subspaces VC® and Z, with respect
to the A-norm. The proof of this result uses Proposition 3.4.

Lemma 4.2. Strengthened Cauchy-Schwarz inequality. The following in-
equality holds for any z € Z and any v € VF

A(z,0)* <2 A(z, 2) Alv, v)
where v < 1 and v depends only on oy, oy and the constant from Proposition 3.4.

Proof. We know that we can always choose aq large enough, such that for all
u € VPY we have

Ao(u, u) = (Ce(u) : e(u))g, = 2({(Ce(u))nf, [u])guep + aoajo([u]; [u]) = 0.

Then it is sufficient to prove that there exists v = y(a;) < 1 such that for all
z € Z and for all v € VR the inequality

[a;1([2], [oD)]* < 7?aja([=2], [2])asa ([v], []),

holds. By the definition of the spaces Z and VR, on the boundary edges E € &/
we have either P[z] = 0 (if E € &) or Pi[v] = 0 (if E € £P). Hence, from
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the symmetry of P% we conclude that
/([[z]],P%[[’v]]) = / (PU2],[v]) =0, forall E€ &, and all z € Z, v € VR,
E E

Since for the interior edges E € & we also have PiJv] = 0, the above relation
and the definition of PY altogether imply that for all z € Z, and v € VR

(12) wp Y / B P o) = onf S / (his'[], PLw]) = 0.
pegouel ' E pegguep ¥

The equation (4.2) and the Schwarz inequality then lead to
2

o ([ D = |an S / 12l [o])

L pegpuep 7 F

= a1/ Z /(hgl([[z]]—P%[[z]]),[[v]])

L Begpuep ' F

Saj,l([[v]H[v]])[oqﬁl > ||h]51/2([[Z]]—P%[[zﬂ)llﬁ,]a]-

Eegguep

Next, the result in Proposition 3.4 (more precisely its vector valued form) implies
that

_ 1 _
mb Y uhE”2<[[zﬂ—7>%ﬂzﬂ>|\3,Es(1——)% D [ [
Ee&puep P Ee&puEP

Therefore, we have

@ (l2], P12 < (1 - %) a;1([], [o]) [awl 3 ||h;/2uzﬂ||3,E]
1
< (1 - ;) a5 ([, [D)asa ([l o)),
which shows the desired inequality. 0

We are now in a position to prove that the preconditioner given by Algo-
rithm 4.1 is uniform with respect to the mesh size and the problem parameters.

Theorem 4.3. Let A(-,-) be the symmetric bilinear form defined by (2.24) where
0 = —1 and B(-,-) be the bilinear form defined by (4.1). Then the following
estimates hold for all z € Z and for allv € V°F

(4.3) ﬁA«z,v» (2.0)) < B((2,0), (2.v)) < ﬁA((z,v» (2.0)).

The constant v < 1 is the constant from Lemma 4.2.
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Proof. Using Lemma 4.2 we have
—2vv/A(z, z) A(v,v) < 2A(2,v) < 27/ A(z,2) A(v, v)
and since —a? — b? < 2ab < a? + b? for any real numbers a and b we obtain
(1—7)(A(z,2) + A(v,v)) < A(z, z) + A(v,v) + 2A(z,v)
< (1+7)(Az, 2) + A(v,v))

which is the same as
(1 =7)B((z,v),(z,v)) < A((2,v), (2,v)) < (1 +7)B((z,v), (z,v))

and thus (4.3) holds with the same constant v < 1 as used in the estimate of
Lemma 4.2. O

Remark 4.4. Note that v < q < 1 1s uniformly bounded away from 1 and this
bound holds independently of the parameters h, A\, and p.

5. NUMERICAL EXPERIMENTS

In this section we present a set of numerical tests that illustrate our theoretical
results. We consider the SIPG discretization of the model problem (2.3) on the
unit square in IR? with mixed boundary conditions. For the penalty parameters
in (2.20) we choose the values oy = 4 and a; = 1. The coarsest mesh (at level
0) consists of eight triangles and is refined four times. Each refined mesh at level
¢, 0 = 1,2,3,4 is obtained by subdividing every triangle at level (¢ — 1) into
four congruent triangles. The CBS constants and the spectral condition numbers
summarized in the tables below have been computed using MATLAB.

In Table 5.1 we list the values of the constant 42 in the inequality stated in
Lemma 4.2 for different levels of refinement. Evidently, v is uniformly bounded
with respect to the mesh size (or the number of refinement levels) and also with
respect to the material parameters, Young’s modulus € and Poisson ratio v (see
Remark 4.4). It can be seen from Table 5.2 that the two subspaces VR and Z

TABLE 5.1. Observed CBS constant 72 for = (0, 1)

¥ lv=025 v=04 v=049 v=0499 v =0.49999
(=1 0.0664 0.025 0.0024 2.4024x10™* 2.4015x107°
0.0678  0.0255  0.0025 2.4567x10~* 2.4559x107°
0.0684  0.0258  0.0025 2.4866x10~* 2.4857x107°
(=41 00686 0.0259 0.0025 2.4974x10~* 2.4966x107°

remain nearly A-orthogonal when we introduce a jump in the Poisson ratio (on
the coarsest mesh); In our experiment we set v =14 = 0.3 (and £ = E; = 1) in
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the subdomain ©; = [0,0.5] x [0,0.5] U[0.5,1] x [0.5,1], and v = v, (and Ey = 1)
in the subdomain Qs = Q \ s, respectively.

Next we consider an L-shaped domain © = [0, 1] x [0, 1]\ (0.5, 1] x (0.5, 1] with
Neumann boundary conditions on the sides y = 0 and y = 1 and Dirichlet bound-
ary conditions on the remaining part of the boundary. The initial triangulation
(level 0) consists of 4 similar triangles. The angle is almost the same as for the
square domain, see Table 5.3.

Furthermore, we computed the relative condition number of the preconditioner
B corresponding to the bilinear form (4.1) for the model problem on the L-shaped
domain. The results of this experiment, which are listed in Table 5.4, confirm
the uniform bound provided by Theorem 4.3.

TABLE 5.2. Observed CBS constant 72 for Q = (0,1)? and jumps

in v.

Y ol =03 1b=04 v, =049 v, =0.499 v, = 0.49999
¢=1] 0.0451 0.0177 0.0442 0.0509 0.0517
¢=2] 0.0460  0.0180 0.0689 0.0803 0.0816
¢=3]| 0.0464 0.0182 0.0689 0.0802 0.0816
(=41 0.0466  0.0182 0.0689 0.0802 0.0816

TABLE 5.3. Observed CBS constant 72 for L-shaped domain.

¥ lv=025 v=04 v=049 v=0499 v =0.49999
¢=1] 00561 0.0202 0.0019 1.8918x10~* 1.8906x1076
0.0631  0.0233  0.0022 2.2118x10~% 2.2106x10~¢
0.0672  0.0252 0.0024 2.4216x10~* 2.4207x10°¢
(=41 0.0682 0.0257 0.0025 2.4810x107* 2.4801x107°

TABLE 5.4. Tabulated values of x(B~'A) for L-shaped domain.

kK(B7'A) v =025 v=04 v=049 v=0.499 v =0.49999

(=1 1.6204 1.3314  1.0912 1.0279 1.0028
(=2 1.6713  1.3606  1.0990 1.0302 1.0030
(=3 1.6997 1.3774  1.1037 1.0316 1.0031

(=4 1.7073  1.3820  1.1050 1.0320 1.0032
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TABLE 5.5. Values of k(A,,) for L-shaped domain.

K(A,.) |lv=025 v=04 v=049 v=0.499 v =0.49999
¢=1 | 89067 7.1484 6.4788 6.4220 6.4158

(=2 | 9.0875 7.1932 6.4829 6.4229 6.4164
(=3 1| 9.1577 7.2080 6.4841 6.4230 6.4164
(=4 1] 91794 7.2118 6.4844 6.4230 6.4164

Finally, we computed the condition number x(A,.) of the matrix A,. related
to the restriction of A(-,-) to the space Z, again for the model problem on the
L-shaped domain. In view of Lemma 3.3 we already know that A,, is well-
conditioned, and this is clearly seen in Table 5.5 where the values of k(A,,) are
listed.
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APPENDIX A. AUXILIARY RESULTS

A.1. Bounds on the cardinality of A;(E) and N;(E). We first recall the
definitions of Ny(E), N1(F) and Ny(E), already given in §3.1:

M(E):={T € T,, suchthat E €T},
M(E) :={FE €&, suchthat Nu(E)NN(E") # 0},
NQ(E) = {E, S gh, such that Nl(E) ﬂN1<E/> 7£ @}

In the proof of the strengthened Cauchy-Schwarz inequality §3.1 we needed sev-
eral estimates on the cardinality of these sets and these estimates are given in
the proposition below. We remind the reader that we have |Ny(E)| < 2.

Proposition A.1. The following inequalities hold:
(A1) INMI(E) < (2d+1) and |Ny(E)| < (2d+ 1)
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Proof. Let E € &, be fixed. To prove the bound on |[Nj(E)| we consider the
elements 1" € 7y, such that F € T. In each such element T', there are exactly d
faces B’ € T, E' # E. Since there are at most two elements T' € 7}, containing
E we have at most 2d faces E’ € &, such that E' € N1(E), and E' # E. Adding
E itself to the total count gives |N1(F)| < (2d + 1).
The second bound given in (A.1) follows from the first and the following inclu-
sion:
No(BE)c | M(E).
E'eN1(E)

To show the above inclusion, we consider an arbitrary E” € Ny(E). By the
definition of NV5(FE), the intersection of Nj(E”) and Nj(FE) is not empty. Equiv-
alently, there exists £’ € &, such that E' € Ni(E”) and E' € Ni(F). On the
other hand, from the definition of N7(E"), we have that E' € N;(E") implies
that E” € N1(E'), i.e., if E' is a neighbor of E”, then E” is a neighbor of E’.

Putting this together, we conclude that: if E” € N3(FE), then there exists
E’" € Ni(E), such that E” € Ni(E’), and this is exactly the inclusion we wanted
to show.

To prove the desired bound is then straightforward:

U M)

E'eN:(E)

< Y wE)s Y (@d+)

E/€N1(E) E/GNl(E)
= (2d + )M (E)| < (2d + 1)% O

A.2. A multiplicative relation. This is to prove a basic relation used to de-
rive (3.3) as well as (2.15). Let ® be a map V' x W — U, where U, V, and W
are linear vector spaces over the real numbers. We assume that © satisfies the
following distributive laws:

a®b+c)=a@b+abdec, (a+b)Gc=aGc+boe,
and we assume that for all £ € IR and all n € IR, we have:

(A.2) (€a) © (b) = (§n)(a © b).
We have the following identities, based on the definitions (2.7):
(A-3) At Ob" —a” 0b” = [d] © {0} + fa} © [0):

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) a and b are linear operators, and © is then the
multiplication of linear operators. Note that in such case ® is not necessarily
commutative; (4) a is a matrix and b is a vector, or more generally, a is a linear
operator and b is an element of a Hilbert space.
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From (2.7), we have that the right side of the identity (A.3) is

] © {0} + fa} O[] = (a* —a") & (“%b_) ¥ (Cﬁ%) o (b - b7)

Using the distributive law, and (A.2) (linearity of ® with respect to scalar mul-
tiplication), we have

@*—a)@(ﬁ%;L>+(E%;L)®®+—b)

[1

— %@+—a)®@++b)+1w++a)®®+—b)

2
L. + - L _ + - L + - L + -
= 30 O 0"+ )—Ea OB +0b )+§a © 0" —b )+§a © 0" —b7)
1 1 1 1
= §a+®b+—i—§a+®b_—ia_®b+—§a_®b_
Ly TR N T -
+2a ®b 2a ®b +2a ®b 2@ ®b
| T N T - + + - -
= —a"Ob" —=a  Ob  +=-a"Ob" —=a  Ob  =a"Ob" —a Ob.
2 2 2 2
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