Advances in Applied Mathematics and Mechanics DOI: 10.4208 /aamm.09-m0953
Adv. Appl. Math. Mech., Vol. 2, No. 3, pp. 303-332 June 2010

A Family of Methods of the DG-Morley Type for
Polyharmonic Equations

Vitoriano Ruas!"*and José Henrique Carneiro De Araujo?

L UPMC-Univ.Paris 6, UMR7190 Inst.Jean Le Rond d’ Alembert/CNRS, Paris, France
Visiting Professor at Graduate School of Computer Science, Universidade Federal
Fluminense, Niteréi, R], Brazil

2 Department and Graduate School of Computer Science, Universidade Federal
Fluminense, Niteréi, R], Brazil

Received 7 June 2009; Accepted (in revised version) 28 January 2010
Available online 25 March 2010

Abstract. Discontinuous Galerkin methods as a solution technique of second or-
der elliptic problems, have been increasingly exploited by several authors in the
past ten years. It is generally claimed the alledged attractive geometrical flexibil-
ity of these methods, although they involve considerable increase of computational
effort, as compared to continuous methods. This work is aimed at proposing a
combination of DGM and non-conforming finite element methods to solve elliptic
m-harmonic equations in a bounded domain of R", forn =2 or n =3, withm>n+1,
as a valid and reasonable alternative to classical finite elements, or even to bound-
ary element methods.
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1 Introduction

Let Q) be a bounded domain of R" for n = 2 or n = 3, with boundary I'. For a given
f € L*(Q)) we consider the model polyharmonic equation: Find u € H'(Q)), such that

(=A)"u=f, for m>2. (1.1)

In the two-dimensional case and for m = 2, this equation has several applications in
Physics and in Mechanics, while in the three-dimensional case it can be useful in Fluid
Mechanics whenever m = 2 too (see [7]). As far as the case m>3 is concerned, appli-
cations of the polyharmonic equation (1.1) were not addressed in the litterature until
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very recently. However in the past few years triharmonic equations have been studied
as applied to fluid flow problems [5] or to image processing [11].

If we consider the solution of Eq. (1.1) with conforming finite element methods,
functions in the Sobolev spaces H™ (Q}) for m>3 must be approximated by piecewise
polynomial functions of the C"~! class. Whenever n>2 the construction of such func-
tion spaces is a matter of great algebraic complexity. Even in the case where n = 2
and m = 2 the known constructions are rather elaborated (cf. [2]), let alone the case
m>3, where the use of such approximation methods becomes unreasonable. This fact
naturally leads to external approximations, that is, to the so-called non-conforming
methods. In this case the use of polynomials of lower degree is admissible, as long
as some conditions are fulfilled in order to ensure the quality of the approximations.
More specifically the traces of the polynomials at element interfaces should have suit-
able continuity properties. Actually for two-dimensional problems a wide spectrum of
options of this type has been proposed by several authors since the late sixties, and in
this respect we refer to the celebrated Ciarlet’s book [2]. For three-dimensional prob-
lems only a few non-conforming finite element methods are known for m = 2, such
as [8]. In the case n = m = 3 a classical non-conforming finite element solution method
was studied in [9].

Although to date there seems to be little practical use of the m-harmonic equa-
tion for high values of m, we address in this work the numerical solution of (1.1),
by a method that combines discontinuous Galerkin techniques with classical non-
conforming finite elements, for any m>n 4 1. One of the main merits of this method
is the fact that it reduces to a minimum the intrinsic complexity of solving the m-
harmonic equation in arbitrary domains, evenform =n+1.

In the case n = 2 and m = 3, a first solution method combining both techniques
was proposed in [10]. Here we recall this method as a starting point of a family
of methods of this type applying to the case m>n + 1. As we should say, for two-
dimensional problems, the non conforming part of the methodology is aimed at inter-
polating derivatives of order r with m —2<r<m — 1 of the numerical solution, whereas
its lower order derivatives and the solution itself are represented by completely dis-
continuous functions. As a matter of fact, the non conforming part of the approxi-
mation method is based on the well-known Morley triangle for solving biharmonic
problems (cf. [6]). The idea is extended to the three-dimensional case, in which the
non-conforming part is used to interpolate derivatives of order r with m —3<r<m —1,
while the lower order derivatives and the function itself are represented by fully dis-
continuous functions. Here the non-conforming part generalizes the non-conforming
tetrahedron introduced in [9] for the case m = 3, which in turn are related to the Morley
triangle. Indeed it was established in that work that the traces over element interfaces
of the cubic functions this finite element is built upon, are nothing but Morley trian-
gles, whenever they happen to be just quadratic. As this property remains valid in
our methodology for the natural extension of Morley triangles to the case m>4, this
explains why we decided to call the new methods a DG-Morley family of methods.

An outline of the paper is as follows. In Section 2 we introduce some notations
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and recall the definition of the Morley triangle, together with the one of its tetrahedral
analogue [8]. Next in Section 3 we consider the general concepts that lie behind our
methodology for solving equation (1.1). In Section 4 we address the two-dimensional
case: after recalling the member of the family corresponding to the value m = 3 (cf.
[10]), we treat in detail the one corresponding to m = 4. In Section 5 we consider three-
dimensional problems, by treating the case m = 4 as well. We conclude in Section 6
with some remarks.

2 Notations and basic finite elements

Before starting our study we present some notations and conventions used through-
out this paper: We shall represent by V the gradient operator, and by V'v the set of
partial derivatives of r-th order of a function v, arranged in the form of an r-th order
tensor over R". We further denote by | - |, and || - || the standard seminorm and
norm of Sobolev space H"(Q)), for m € N. We denote by A - B the standard euclidean
inner product of two tensors A and B of arbitrary order and by |.A| the associated
norm [A - A]'/2. In all the sequel the letters i, j, k and I denote an integer belonging to
the set {1,---,n + 1}. Also unless otherwise specified, whenever i, j, k and I appear
together in the same expression, notation or definition as either a subscript or a super-
script, they represent distinct numbers. In so doing we further introduce the following
notations associated with a given non degenerated n-simplex T

Gt denotes the barycenter of T;

S; is one out of the n + 1 vertices of T;

F; denotes the face (or edge if n = 2) of T opposite to S;;

ejj represents the edge of T joining S; and S; (for n = 2 e;; = F);
M; denotes the mid-point or the barycenter of F;;

7,« is the unit outer normal vector to F;;

A; is the barycentric coordinate of T corresponding to vertex S;;

8;1_ denotes the r-th order derivative in the direction of Wi at M;;

© NSk N

dj; is the length of ¢;;;

_
e

?z is the unit vector along ¢;; directed from S; towards S;;

11. h; denotes the height of T corresponding to S;.

As previously stated the family of methods studied in this paper for solving Eq.
(1.1) has the Morley triangle as its member for m = n = 2. For m = 2 and n = 3 the
tetrahedron introduced by the first author in [8] plays this role. Therefore to begin
with we briefly recall the definition of both elements: The non-conforming Morley
triangle introduced in [6] is based on polynomials p of degree less than or equal to 2
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defined by the set of six degrees of freedom {F;, F i} fori=1,2,3, where

Fi(p):==p(Si)), and  F'(p):=0,p.

Its non-conforming tetrahedral counterpart [8] is also based on quadratic functions p,
defined by the set of ten degrees of freedom {F;;, 7'} for i,j € {1,2,3,4} withi < j,
where

1

Fij(p) = —

pde, and  F'(p):= a}lip.
di]’ eij

Both metods are known to be first order convergent in the discrete H2-norm, when
employed to solve problem (1.1) for m = 2, recast in a suitable equivalent variational
form (cf. [2] and [8]).

3 Combining non-conforming and fully discontinuous
finite elements

Henceforth we assume that m > n. Let

&= {0‘1/ T I[Xi’l}/
be an integer multi-index with ;>0 and setting
la| := Z“i' whenever |a| =71, for r>1,
i=1

dx denotes the r-th order partial derivative operator 9" /dx;" - - - 9x,". We extend the
definition of 9, to the case where |a| = 0, by letting dy_.. o be the identity opera-

tor. We further introduce for i € {1,2,---,n + 1}, a functional aﬁ;;n defined upon
functions g € C"~"(T), in connection with a multi-index g; € N, i.e.,

B:={p},---B,}, where 0<B.<m—n, for r=1,---,n,
with
. n .
B =Y pr=m=—n Vi
r=1

in the following manner:

o "q = V" na(S1) [0 T3P - - [O?nJrl]ﬂl

Iy 0= VI (S) o THP - [o T P[0 TIHALL L [0 T,
m—n m—n n+1 el

a‘Ban = V q<5n+1)[o T 1_;,_1] [O T ]:B +
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where 2 < i < n,and Ao T represents the product of a tensor A of arbitrary or-
der over R" with vector & € R", and [0 7¥’]" means that this operation is reiterately
performed r times (from left to right) if » > 0 or not at all if r = 0.

In so doing we define the following functionals that characterize the methodology
in use, applied to a generic function p € C™(T), corresponding to three types of de-
grees of freedom (DOF) attached to an element T of functions belonging to the space
P,,, where P, is the space of polynomials of degree less than or equal to r defined in T.

Forn =2:

DOF of type A: Fu(p) := dap(Gr), 0<l|a| <m-3,
DOF of type B: Fi(p) := 0 %p, Bl=m—-2, 1<i<3,
DOF of type N: F(p) := a:;j, 1y, 1<i<3.

As one can easily check there are (m — 1)(m —2)/2 DOF of Type A, 3(m — 1) DOF of
Type B, and 3 DOF of Type N. Hence the total number of DOF is (m + 1)(m +2)/2,
that is, the dimension of P,, for n = 2.

Forn =3:

Here we further represent by h{ the height of F; corresponding to S;, or yet its length
whenever applicable. Moreover we denote by 7& the unit vector of the direction of
hf, oriented from ¢ towards S j (recall that 7, j, k,1 are distinct). Additionally for every

pair
{i,j} € {1,2,3,4}%,
we consider another integer multi-index with two components, namely
={7],7]}, satisfying 0<+9/ <m-2, for r=1,2,
together with

’yl + 'yl] =m-—2, and ’)/11] = 'yz, (we recall that 7 and j are distinct).

We associate with // the scalar differential operator 8%‘2 defined by:

am; 2q(x) = [Vm_zlﬂ( )[o 07}71 [o (T]Wﬁ, Vg€ C"*(T), Vx €T,

DOF of type A: Fy(p) := 0ap(Gr), 0<|a| <m—4,
DOF of type B: F,(p) := 95 °p, 1Bl =m—3,1<i<4,
1 m—2 ij -
VT = =m— < <
DOF of type C: F.i(p) dkl( ekla i de) 7 =m—2,1<i,j<4,
DOF of type N: F'(p) := 9 'p, 1<i<4.

Notice that due to the symmetry of partial derivatives and to the fact that

ij ji _
’)/1] = ’yjz, and f,yij = ]:,yji,
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Then, similarly to the case n = 2, we can easily establish that there are (m —1)(m —
2)(m —3)/6 DOF of Type A, 2(m — 1) (m — 2) DOF of Type B, 6(m — 1) DOF of Type C,
and 4 DOF of Type N. It follows that there are exactly (m + 1)(m + 2)(m + 3) /6 DOF,
which is the dimension of P, for n = 3.

Henceforth we assume that () is a polygon if 7 = 2 or a polyhedron if n = 3. We con-
sider a partition 7j, of () into n-simplexes, satisfying the usual compatibility conditions
for the finite element method. Moreover, we assume that 7;, belongs to a quasiuniform
family of partitions P. h denotes the largest edge of all the simplexes of 7).

Our partly non-conforming and partly fully discontinuous finite element, gener-
ates a subspace Vj, of

Wy, = {U/U/T € P, VT € 7;[}

Its definition is as follows:

Forn = 2:

Definition 3.1. V}, is the subspace of Wy, of those functions v, whose normal derivatives of
the (m — 1)-th order determined on each side of every edge common to two triangles of the
partition are the same at this edge’s mid-point, and such that the tensors resulting from the
application of operator V™2 to the restrictions of v to the triangles of the partition containing
a given vertex, coincide at this point.

The actual possibility of constructing such space Vj, is a consequence of

Proposition 3.1. For any non degenerated triangle T the set X2, of degrees of freedom, namely
22 = {Fu Fy Fl, i=1,23, a,p €N, |a| <m—3, |B]=m—2},

is P,,-unisolvent.

Proof. In order to prove this Proposition it suffices to establish that, if all the dimP,,
functionals of X2, for a triangle T applied to a function p € Py, vanish then p = 0.
Let us assume that

peEPn  Fulp)=0  Fgu(p)=0, and Fi(p)=0,

fori = 1,2,3, «a, ﬁi € IN?, la| < m—3, |ﬁl| = m — 2. First we observe that all the
components of V""~2p belong to P». Since by assumption their values at the vertices
of T vanish, their tangential derivatives along each edge of T also vanish at this edge’s
mid-point by a well-known property of quadratic functions depending on one single
variable. Since the (m — 1) —th order normal derivative of p at this mid-point also van-
ish, all the components of V1 p must vanish at this point too. Since each component
of the latter tensor is a function of P; that vanishes at the three edge mid-points of T,
necessarily all the (m — 1) —th order derivatives of p vanish identically, which implies
that p € P,,—». It follows that all the components of V’”_Zp belong to Py. But since they
vanish at the vertices of T by assumption, all of them must vanish identically. Thus
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p is a function of P,,_3 that vanishes, together with its derivatives of order r < m — 3
at the same point Gr. As a consequence p vanishes identically in T and the result
follows. u

Forn =3:

Definition 3.2. V}, is the subspace of W), of those functions v, whose normal derivatives of
the (m — 1)-th order determined on each side of every face common to two tetrahedra of the
partition are the same at this face’s barycenter, whose sets of mean values along an edge of all
partial derivatives of order m — 2 with respect to directions of the plane orthogonal to this edge
are the same for all the tetrahedra containing this edge, and such that the tensors resulting from
the application of V™3 to the restrictions of v to the tetrahedra of the partition containing a
given vertex, coincide at this point.

The actual possibility of constructing such space V}, is a consequence of

Proposition 3.2. For any non degenerated tetrahedron T the set ¥3, of degrees of freedom,
namely,

Zm - {flxr F,Bi/ F"/ij/ fi/ 1/] € {1/2/3/4}1 ‘xrﬁi € |N3, with |6¥| < m_4’
B =m—3, and 47 € N?, with |y/|=m—2, and ’Yl —72}

is Py,-unisolvent.

Proof. Here again this result holds provided any function p € P, (defined in T)
such that all the dimP,, functionals of ¥3, applied to it vanish, necessarily vanishes ev-
erywhere in T. The argument is true because a result in [8], states that any polynomial
in P, whose mean values along the three edges of given a face of tetraheron T vanish,
then its tangential derivatives at this face’s barycenter also vanish. Indeed in view of
this result, using our assumptions on F.;i(p) and F i(p), we conclude that all the com-
ponents of V"~1p are functions of P; that vanish at the barycenters of the faces of T.
Hence all of them vanish identically and p € P,,—». Next we note that by assumption
for any edge e of T with ends S, S5 and unit vector 7, along it,

28] = la(st) — a(s5)| =0,

for every (m — 3)-th order derivative g of p; hence by assumption again the mean val-
ues along any edge of T of all the components of V" ~2p vanish. Since every such
component belongs to Py, it follows that V" ~2p vanishes identically in T and that
pEP,_3. The fact that every component of V" ~3p vanishes at the vertices of T by
assumption, implies that it vanishes everywhere in T and hence p€P,,_4. Finally re-
calling that by assumption p vanishes together with its derivatives of order r < m — 4
at the same point Gr, it must vanish identically in T and the proof is complete. O
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The fact that both Propositions 3.1 and 3.2 hold does not help much in the practical
implementation of the methods. Indeed for this purpose it is necessary to determine
complete sets of basis functions associated with the functionals of ¥2, and X3,. Unfor-
tunately this involves very intrincate calculations for an arbitrary m. That is why we
refrain from exhibiting such sets here. Nevertheless, since the basis functions f, and f
associated with the degrees of freedom F, and F' respectively are not so complicated,
they are supplied below:

Denoting the cartesian coordinates of Gr by (g1, - - ,¢x), we first have:

n _ a
fui= I—{W, Va, suchthat |a|] <m—mn,
r=

It is easy to check that F,(fx) = O for every integer multi-index u € N" with 0 < [u| <
m — n, such that u # «, whereas F,(f,) = 1. Moreover we trivially have

Fpi(fu) =0, Fli(fu) =0, and Fi(fy) =0,
V@, j)€{l,-- ,n+1}%, B eN', with [g|=m—n,
and for n = 3 only,
7eN?,  with |7i|=m=-2, and o =]
As for f' we first define:

) m—1

1. mhi m—1 m

Since the first order partial derivative of A; in the direction of I8 equals —hi’l, and A;

vanishes identically on F;, one can readily derive F'(f')=1. Moreover since A;(M;) =

1/n (recalling that i # j), we trivially have F/( f’ ")=6;j, with i, j not necessarily distinct.
On the other hand

where |
. 11 (ai?L)ﬁ’,
(R (DR
Cim1 :;(ai,?;)ﬁ]r

Then we can see that
fﬁj(fi) =0, forevery je{l,---,n+1},

since A;(S;) = ;;, with i, j not necessarily distinct. Now for n = 3 only we have
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3m!)t12

ag",:z fil — (=1)"cirs [m!)\i — }, with r,se{l,---,n+1},

r and s being distinct (but not necessarily r # i or s # i), where

L OANT 7O\ T2

o= (5a) " (oor)
It follows that, if either r or s equals i, F,(f') = 0 since A; vanishes identically on
any edge of tetrahedron T that does not have S; as an end. On the other hand if

neither i = r nor i = s, S; must be an end of ¢;; with k, [, 7 and s distinct. In this case
integration of A; and A? along ey, yields dj;/2 and dy; /3 respectively, and hence we

have F,(f') = 0 in this case too. Finally noticing that
0.f(Gr) #0, VueN", suchthat 0<|u|<m—n,
we define the basis functions f’ by
fi5:fi_ Z Fu(fi)fﬂ-
0<|pu|<m—n
Clearly enough the so defined basis functions satisfy
FI(f) = 6,
with 7, j not necessarily distinct, together with
Fu(fy=0, VaecN', satisfying 0<|a| <m—n,
Fg(f)=0, VB eN', with [B|=m—n, i=1---,n+1,
and for n = 3 only
Fyij (fz) =0, V’yij € |N2,
with B 3 y
Y| =m—2, r},llJ - 'Y]zlr i,jed{l, - ,n+1}
Since in practical situations m cannot be very large, we prefer to exhibit the rather
complex set of basis functions fg and f,; in Sections 4 and 5, just for small values of
m, including the minimum one, i.e., m = n + 1.
We conclude this Section by presenting our technique, together with expected con-

vegence results, applicable to any value of m.
First we consider some properties of finite element spaces Vj,.

Lemma 3.1. Let n = 2 and v be an arbitrary function of Vj,. For every edge e common to two
elements of Ty, the tensors resulting from the application of operator V"™~ to the restrictions
of v to both triangles, coincide at the mid-point of e.

Proof. Let T and T be the triangles of 7, having e as a common edge, and M, be the
mid-point of e. Denoting by 7, the unit vector normal to e directed in a given sense,
let T , be a unit vector parallel to ¢, such that (76, ?e) form a direct orthonormal basis
of R2. In the expressions that follow the notation employed for the partial derivatives
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in connection with these two directions are self-explanatory.
By construction we have

amfl (U/Tl) _ amfl (U/Tz)
angm’l(Me) BnT’l(Me) '

Moreover the operator V"2 applied to v restricted to every triangle of the partition is
a quadratic tensor continuous at the ends of e by assumption. Thus from well-known
properties of quadratic functions in a single variable we have

o[V Y (or)] o[V N(vy1,)]
aTg(Mg) - aTe(Me)

This means that any partial derivative of v of order m — 1 other than the purely normal
one is also continuous at point M., and the result follows. O

Lemma 3.2. Let n = 3 and v be an arbitrary function of Vy,. For every face F common to two
elements of Ty, the tensors resulting from the application of operator V=1 to the restrictions
of v to both tetrahedra coincide at the barycenter of F.

Proof. Let Ty and T, be the tetrahedra of 7; having F as a common face, and Mr
be the barycenter of F. Denoting by 7 ¢ the unit vector normal to F directed in a
given sense, let T rand @ ¢ be two unit vectors parallel to F, such that (7 5 TE O F)
form a direct orthonormal basis of R®. In the expressions that follow the notation
employed for the partial derivatives in connection with these three directions are self-
explanatory.

By construction we have

om! (v/T1) _ om-! (U/Tz)
an;”‘l(Mp) an?_l(Mp).

Moreover the tensor operator V"2 applied to v restricted to every tetrahedron of
the partition is a quadratic tensor whose mean values along the edges of F coincide
for both T; and T. Indeed, this is true by construction for the components (partial
derivatives) involving only directions of the plane orthogonal to each edge. As for
the other components, they involve at least one differentiation along a given edge.
Since the integral along this edge of such components is necessarily the difference
between partial derivatives of order m — 3 at the edge’s ends, and the former are all
continuous at such points by assumption as vertices of T, the mean value along every
edge of F of the whole tensor of partial derivatives of order m — 2 are the same for both
T; and T,. Then recalling a result of [8] for the non-conforming tetrahedral element
whose quadratic functions are constructed in the same way as the (m — 3)-th order
partial derivatives of functions in our space V}, the first order partial derivatives in
the direction of T or @ r of all the (m — 2)-th order partial derivatives of v coincide
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at Mr too. This means that any partial derivative of v of order m — 1 other than the
purely normal one is also continuous at point Mr, and the result follows. ]
Next, let
EW:{Teﬂ,aTﬂF#®}

and S denote the measure of the boundary of a generic n-simplex. We introduce the
functional [-],,, , , on Vj, given by

1 m—n—1 ) 2
2 2 i
v =5, 4+ — / Vi(v ds
[]m,n,h | ‘m,h KA 1;0 [Tgh BTI’TF‘ ( /T)}
1 ; 2
+*§ / Vi(v,r —v,7)|°dS|, 3.1
ZTeth;Th ITIT’ @ =om) ] G

where 9T represents the boundary of an n-simplex T, and |v/|,, , denotes the standard
discrete H™ —seminorm, i.e.,

NI—=

10| 1= [ y \VM(U/T)de} :
TG'];I

Functional [-],, , s is clearly a seminorm for any space of piecewise polynomials. More-
over it trivially extends to H™(Q)), for which the interelement boundary jump terms
necessarily vanish. Actually [-],,,  is @ non standard norm of H"(Q)) (at least as far
as () is a polygonal or a polyhedral domain).

Definition 3.3. V) is defined as the subspace of V), consisting of functions v, such that VT €
Ey,

Fu(v7) =0, Va € N", with 0 < |a| <m —n,
Fglor) =0, VB €N', with 0<|p|=m—n,

fori=1,--+,n+ 1, whenever the vertex S; of T belongs to T, F'(v,r) = 0 whenever the
face F; of T is contained in T', and for n = 3 only, such that

Foi(or) =0, Vo7 eN?,  with 0< |y =m—2,
vl =9, for i,je{1,--- ,n+1},
whenever the edge ey of T is contained in I

o . , 9
Proposition 3.3. Seminorm [v],, ,, ; is a norm over V).

Proof. Let v € V{ and [v],,,,, = 0. The latter condition implies that V"~ 1(v,7) is
constant in every element T of 7;,. From Lemmata 3.1 and 3.2 V"~ !0 is continuous at
the barycenters of the faces of the n-simplexes belonging to 7;,. Moreover V" ~!(v,7)
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vanishes at the barycenter of any n-simplex face contained in I, as one can easily
check. Hence V"~ 1o = O everywhere in Q. This implies in turn that V" ~2(v,7) is
constant in every element T of 7j,.

Let us momentarily consider the case 1 = 2: The continuity of V" ~2v at the vertices
of the triangulation 7;, implies that this quantity is constant everywhere in (). Since
V"=2y = O at every vertex of 7}, belonging to T, it must vanish everywhere in () too.
Then V" ~3v must be constant in every element of the triagulation.

Next, we turn our attention to the case n = 3. Recalling an argument in the proof
of Lemma 3.2, we know that different mean values of V" ~2(v/T) along an edge com-
mon to several tetrahedra T of the partition 7, coincide and moreover, as one can
easily check, these mean values vanish if such an edge happens to be contained in I'.
This certainly implies not only that V20 is constant everywhere in Q, but also that
this quantity vanishes everywhere in Q. Then V""~3(v/T) must be constant in every
element of 7, and since these quantities coincide at vertices common to several tetra-
hedra T € 7;,, V" 30 must be constant everywhere in (). Since V" ~3v vanishes at
every vertex of 7, belonging to I', it must vanish everywhere in () too. It follows that
V"~4p is constant in every tetrahedron of the partition.

Now treating again both cases n = 2 and n = 3 alltogether, from our assumptions all
the interface jump terms in (3.1) must vanish. HenceVi € {n+1,--- ,m}, V"~ ip must
not only be continuous everywhere in (), but also vanish in the elements belonging
to Ej,. Since from the first part of the proof V"""l is constant in (), it follows that
Vn=1-ly = O everywhere in Q. Then it suffices to apply recursion on i to conclude
that v vanishes everywhere in (), and the result follows. O

Now we apply the finite dimensional space V} to approximate the polyharmonic
problem (1.1) by searching for u;, € V) such that

Ay (Up, 0) = L¢(0), Yo e vy, (3.2)

where Vu,v € Vj, + H"(Q), a}}, is given by
G (0,0) = ¥ [ V7 ayr) - V7 0)dx + o1 (,0), (3.3)
TeT, T
and for every non-negative integer r and a given f € L2(Q)), we define respectively:

— 1 i i
Jnl,) 1= 1 [2 | Vi) Vi(omds

1 . .
+ = / VI(M/T—M/T/) 'V1<U/T—U/T/)ds , (34)
b )
Lf(v) := /vadx, Yo € L2(Q). (3.5)

Proposition 3.4. Problem (3.2)-(3.3)-(3.5) has a unique solution u; € V}?. Moreover, the
following error bound applies
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n
,0)— L
[ —uplpun < Inf [u—0]y,n+ sup ap, (u,0) f(v)‘

(3.6)
UEV}? UGV,?, v#£0 [U]m,n,h

Proof. The continuity of both 4} and L; over the finite dimensional space VP
equipped with any norm is obvious. Taking into account Proposition 3.3, if -], x
is chosen as a norm, the continuity constant M for a!, can be taken equal to 1. Indeed
a}.(v,v) is nothing but the square of [v],, 5, Y0 € Vj, which also implies that aj}},,
is a coercive bilinear form over V,? X Vf for the norm [-],, ,  with constant « = 1. It
follows that the approximate problem (3.2)-(3.3)-(3.5) has a unique solution u;, € V}? .
Moreover from the celebrated second Strang’s inequality (cf. [2]), the following error
bound applies, for a constant C depending only on & and M:

an u,v)— L(v
[u - uh]m,n,h < C| inf [u — Z)] mnh + sup hm( ) f( )
vEVy veVY, v#£0 [v] m,nh

Since here M = « =1, we may take C = 1, using a fine evaluation of C due to Dupire [3]
recalled in the Appendix. This completes the proof. ]

Now exploiting and extending to the case of an arbitrary value of m, m > n, the ar-
guments developped in [10], we are able to establish the following convergence result
for problem (3.2):

Theorem 3.1. There exists a constant C independent of h such that the following estimate
holds, provided u € H"+2(Q), and A'u € H"1(Q), for i=2,--- ,m—1,

m—1 )
= il < Ch | [ullmsz+ Y [Al|-isa . (3.7)
i=2

Remark 3.1. An estimate sharper than (3.7) can be derived, in which powers of h
greater than one appear before the Sobolev norm of the laplacian of u to the power i.
However we discarded these details here since in any case the method remains first
order convergent. This is because we are limited by the interpolation error with poly-
nomials of P, measured in the H™-norm. Nevertheless in the next two sections we
treat in detail the particular case where m = 4, for n = 2 and n = 3 respectively, thereby
illustrating how to derive such finer results, though still qualitatively equivalent to
(3.7).

4 Two-dimensional problems
In order to widen the scope of the study that follows, we will treat simultaneously the

cases m = 3 and m = 4 for n = 2. We recall that the case m = 3 was the object of [10] for
n=2.
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First, we recall that for m = 3, three types of degrees of freedom applied to a generic
function p € CZ(T), in the total amount of dimP; = 10, characterize the local approxi-
mation functions in a triangle T € 7, namely,

Fo(p) :== p(Gr), (4.1a)

Fl(p) = al.(si), 1<i,j<3 (i #]), (4.1b)
ot/

fl(p) = a%l,'p/ 1<i<3. (4'1C)

As for the case m = 4, four types of degrees of freedom applied to a generic function
p € C3(T), in the total amount of dimPy = 15, play this role, namely

Fo(p) == p(Gr), (4.2a)
b}
Fr(p) := %(GT), r=12, (4.2b)
‘k azp
ot/otk
Fi(p) :==,p, 1<i<3. 4.2d)

Next, we consider the particular versions of subspace V}, of W), corresponding to the
two-dimensional case for the values m = 3 and m = 4, namely, V55,3 and V5,4 defined as
follows:

Definition 4.1. Vy3 is the subspace of W), of those functions v, whose second order normal
derivatives determined on each side of every edge common to two triangles of T; have the same
value at the edge’s mid-point, and such that the gradient of their restrictions to all the triangles
of the partition containing a given vertex coincide at this point.

Definition 4.2. V4 is the subspace of Wy, of those functions v, whose third order normal
derivatives determined on each side of every edge common to two triangles of T;, have the same
value at the edge’s mid-point, and such that the hessian of their restrictions to all the triangles
of the partition containing a given vertex coincide at this point.

The construction of the above defined space V3 is possible, according to a result
whose proof can be found in [10], namely:

Proposition 4.1. For any non degenerated triangle T, the set of ten functions given by
for=1,
fli=fl= | R () fo+ é FOF|  1<ij<s (1#1),
7_

fi.:’izz[3A2_2A3_} 1<i<3
. 6 i i 7]’ - =
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where .
fli=djAir;, for 1<i,j<3, (j#1),

are canonical basis functions respectively associated with the elements of the set X3 of ten
degrees of freedom, namely

Yo = { Py Fl,1<ij<3 (£ F,1<i<3).

Remark 4.1. Quoting [10], we have

. d:: L
Folf]) = 2% FU(f) = dijh;?,

FI(F]) = 2dih: v, FHF = dy[h® = (v))?],
where vlj denotes the (first order) derivative of A; in the direction of .

The actual possibility of constructing space V4 in turn is a consequence of the
following;:

Proposition 4.2. For any non degenerated triangle T, the set of fifteen functions given by

for=1,
fr =Xr— 8rs r=1,2,

fijk = sz]k - i []:rfl (fijk)frfl + fr(fijk)fr}’

r=1
1<j<k<3, 1<i<3, (jk#i),

. —n3
fl== (2)\?—)\;*—;—1), 1<i<3,
where:
B d?
~ i .. . .
fl=-"nn, a<ij<s (£,

are the canonical basis functions respectively associated with the elements of the set 2.4 of fifteen
degrees of freedom, namely

24::{.7-"0; For=12 Ff 1<j<k<3 (jk#i); F, 1§i§3}.

Here it is useful to state again Lemma 3.1 restricted to the particular case of spaces
V2h3 and V2h4:

Lemma 4.1. Let v be an arbitrary function of Vy,3. For every edge e common to two elements
of Ty, the hessian of the restrictions of v to both triangles coincide at the mid-point of e.
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Lemma 4.2. Let v be an arbitrary function of Vyyy. For every edge e common to two elements
of 1y, the gradient of the hessian of the restrictions of v to both triangles coincide at the mid-
point of e.

Next, we denote the space V) corresponding to Vy,, by V3, for m =3 and m = 4
respectively. For convenience in this Section we also represent the semi-norm [-|,, 2
of Vaj, (which is known to be a norm of V3 ), by {-},, 5, form =3 and m=4,1ie.,

1

2 2 2

0 = |0 + — / (% dS
{ }B,h | ’3,}1 hA [Tgh STAr /T

1
2t L /aTnan(v/T - U/T/)zds]’ (*3)

TeT, T'eTy,

> o, 1 / 2 2
{o}e, = lolg, + A {Tgh S [U/T + |V(v/7)| }dS

1
+ = 2 Z / [(U/T—U/T/)Z—f-‘V(ZJ/T—U/T/)
TeT, T'eT, dTNAT!

2] dS}. (4.4)

Now we briefly recall the application of the method described in the previous Sec-
tion, to solve the polyharmonic equation (1.1) for m = 3 (cf. [10]), by slightly adapting
the notation.

Here we search for u), € Vj), satisfying (4.5) below,

a3 (uy,v) = Lg(0), Vo € Vi)s, (4.5)

where Ly is given by (3.5) and Yu,v € [Vay3 + H*(Q)], a3, is given by

ai3(u,v) = Z / V3(u/T) . V3(U/T)dx + Jno(u,v), (4.6a)
TeTy, T

1
,0) = — ds
Jno(u, ) i [Tezb;h /amr u/To/T

1
+5 / (uyr —uym) (o7 —v/7)dS|. (4.6b)
2 T% T% oTNAT }

As pointed out in Section 3, the approximate problem (4.5)-(4.6)-(3.5) has a unique
solution uy, € Vj,, and the following error bound holds,

2 —-L
{u—up}zp < inf {u—0v}3,+ sup Tia(1,0) — Ly(v) . 4.7)
' g ' {v}sn

ve 0
2h3 vEVy),, 070

In all the sequel the letter C, combined or not with other symbols, represents different
constants independent of .

The two terms on the right hand side of (4.7) can be estimated according to the
following propositions:
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Proposition 4.3. 3CI, such that

inf {u—ov}s3; < Cihl|ulls,
eV,

holds for u € H°(Q).

Proof. First we recall that {u — v}3, is the sum of two terms, namely, |u — v|3, and
the summation term, which is nothiflg but Juo(u — v, u — v) according to (4.6): Itis
not difficult to check that for the first term it holds (cf. the proof of Proposition 4.5
hereafter):

inf i —0l3), < 2[|[u—TaulB, + ¥ /T|u(cT)\2dx},

€ Vons TE€E,

where ITj;3w denotes the Vyj3-interpolate of a function w € H*(Q)) and || - ||3, the stan
-dard discrete H3-norm. Since

card(E,) < Ch7},
and from the Sobolev Embedding Theorem and standard results (cf. [2]) whenever

u e H(Q)NH3(Q), lu(Gr)| < Csh® sup‘V?’u(x)
x€Q)

, fOT TEEh,

we derive:

. ’
inf [u— o[, < C[n2ulf + 17| ul ].
vEVs

As for the jump terms, by straightforward calculations we obtain:

oY 2 2
vér‘}zthJho(u v,u—v) < o [Tgﬁ aT\(u i) /7| dS+T;h aT|M(GT)\ dS]

Hence, using the Trace Theorem, we derive an estimate in all similar to the above one,
that is,

inf Juo(u —v,u—0) < C3 1P |uf} + h¥[ul 3]

v€V2h3

This completes the proof. O

Proposition 4.4. 3C3 such that the following estimate holds, provided u€ H>(Q) and A*u €
H*(Q),
a2, (u,v) — L¢(v
0 =L/
vEV])5, v#£0 {U}g/h

< C%(hHuHeerh%HAzqu). (4.8)
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Proof. First we note that the term J;(u, v) in the expression of a7, vanishes if u €
H3(Q)). Bearing this in mind we next expand the remaining term in the numerator of
the fraction on the left hand side of (4.8) using reiterately integration by parts. For a
given T € 7, let us denote by 7 1 the unit outer normal vector to 9T, and by 9y, (-) the
first order partial derivative in the direction of 7 7. In so doing under our assumptions
on u and taking into account (4.6), we obtain:

a%l?)(u’ U) - Lf(v) = bh3(ul 'U) + Ch3(1/l, U)/ (4:9a)

bs(1,0) = ¥ / (00 V2u - 2(0/7) — 3, VAU Y (0/7)]dS,  (4.9b)
TeT, JaT

ez (u,v) == Z / O, A% -0 7dS. (4.9¢)
Tt Jor

Thanks to Lemma 4.1, together with the continuity of the gradient of v € VJ), at the
vertices of the partition, we may employ the same arguments as in [9]. It follows that,

[Br(0,0)] < G| | fla+ 1| A 3 ] {2} (4.10)

Now in order to estimate ¢;3(u, v), we first observe that the assumed regularity of A%y
implies that,
cpa(u,v) = 9, A1 - v 7dS
n3(u,0) Téh /amr nr /T
1
+5 ) ) / Oy AN u(-v,7 —v,1)dS, Vo € Vy)s.
2 TeT, T'eT, dTNIT! !
Hence, using the Cauchy-Schwartz inequality and our assumptions on 7, we obtain:
1
2 2 1
a(,0) < k2| 1 [ [0, 8% dS] [fio(o,0)] "

TeT),

Then, going to the unit reference triangle T and using the Trace Theorem for H'(T),
together with standard estimates for quasi-uniform families of triangulations (cf. [2]),
we derive:

| 1onsa?ul’as < G| [ [Vauf + |V2a%ufdx|,  ¥T e T
oT T
Recalling (4.3), this readily yields,
|ea (4, 0) | < C3R3 || A%u |2 {v )3 - (4.11)

Finally (4.8) results from the combination of (4.9), (4.10) and (4.11). 0

As a direct consequence of Propositions 4.3 and 4.4, we have the following conver-
gence result,
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Theorem 4.1. 3C; such that the following error estimate holds, provided ue H>(Q)) and
ANueH?*(Q),
{u— Y < Cs [Hllulls + 13 [ A%]). (4.12)

Next we consider the case m = 4. In this case, we search for u), € V), satisfying
ayy(up,0) = Lp(v), Vo € Vi), (4.13)

where Vi, v € [Vops + H*(Q)], a3, is given by

aw,0) = ¥ [ [ Vi) Vo) + Jin(w,0), (4.14a)
TeT, T
v ds
Jin (u,0) Z i Té . r "(uyr) (v/1)
1
+ = / A4 (M/T - M/T/) : Vr(U/T — v/T,)dS . (4.14b)
2 Tgﬁ Tgf,, oTNAT’ }

Clearly enough here too approximate problem (4.13)-(4.14)-(3.5) has a unique solution
uy € V20h 4 for which, it holds,

az u/v _L (%
{u—uptsp < inf {u—0}sp+ sup ia(1,0) — Lg( )‘
%

(4.15)
V€ Vo 0eVy),, v£0 {0}4,}1

In order to estimate both terms on the right hand side of (4.15) we prove the fol-
lowing propositions:

Proposition 4.5. 3C} such that

inf {u — U}4h < C4hHMH6,
v€V20h4

holds for u € H%(Q)).

Proof. First we estimate the term |u — v|4 , by

mf =0y, < [|u—TTD4u|lapn,
2114

as usual, where IT),w is the V), -interpolate of a function weH°(Q) and || - ||, de-
notes the standard discrete H*-norm. Further denoting by ITj,w the Vy-interpolate
of a function we H°(Q) and recalling the basis functions f, for r = 0,1,2, we may
rewrite Vx € (),

(u— Hh4u)( ) = (1 — Iyau) (x) Z xr(x { Gr) + Vu(Gr) - (x — GT)}, (4.16)
T€EE,
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where X7 is the characterisitic function of a triangle T € 7). It easily follows the
existence of a constant C, such that

. = 2 2

inf |1 —olgy < [Ju— Tyulsp+Cs Y /T [|u(Gr)[* + (|Vu(Gr)dx].

0
V€ Vo TE€E,

However, Vu € H*(Q)) N H3(Q)), we have

Nl—

(G + |(x = Gr) - Vu(Gr) | + | Vu(Gr)|
, VT€E, WVxeT. (4.17)

Then from standard estimates (cf. [2]), and recalling that card(E;) < Coh™1, forn=2,
we readily derive,
inf {u— o}, < Cy W ul2+17||ulF].
0eV), §
As for the jump terms which are nothing but J;; (4 — v, u — v)!/2, taking into account
(4.16), by straightforward calculations we obtain,

Z /BT‘(M — Hh4u)/T}2dS

. CY
inf Jjn(u—v,u—ov)< r
) TeT),

€V

+ & [, MG 15—l

TeE,,

Hence thanks to (4.17), similarly to Proposition 4.3, we derive the estimate

inf g (1 —v,u—0) < C I |u2 4+ 12]ul ],
ZJEVZOh4

which completes the proof.

Proposition 4.6. 3C3 such that the following estimate holds, provided u € H®(Q)), A*u €
H3(Q)), and A3u € H*(Q)),

2 L
sup oy (1, 0) 7(0)

veVzoM, v#0 {0}4,]1

< C3[nlulle+n3 (a%]ls + 16%]2) ] @18)

Proof. The jump term J; (1, v) in the expression of a7, vanishes if u € H3(Q)). Hen
-ce from our assumptions on # we may integrate by parts four times on the left hand
side of (4.18). Thus, using the same notation as in Proposition 4.4, we obtain,

a%él(ul U) - Lf(v) = bh4(u/ 7)) + Ch4(u/ U), (419&)

ba(,0) = ¥ / (9021 V2 (07) — 80y V200 - V3(07) | d, (4.19b)
Tt Jor

cna(u,0) ==Y /E)T {BnTVAZu V(v/7) — O Nu - ZJ/T] ds. (4.19¢)

TeT,
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Thanks to Lemma 3.1, together with the continuity of the hessian of v € VJ, at the
vertices of the triangulation, we can treat the term by4(u, v) in the same manner as in
Proposition 4.4, thereby deriving,

[BhaC0,0)] < Ch | uls + [ Aulla] {0 }a (420)

Now in order to estimate c;4(u, v), we first observe that the assumed regularity of A%u
and A%y implies that Vo € VJ,,

,0) = O, A - On, VA2 -V ds
cna(u,0) Tgh/ﬂﬁf{ U0+ Oy u (U/T)]

1
+ = / A N3y (v,r — 0, +9 VAZLL-VU v, ds.

Hence, using the Cauchy-Schwartz inequality and our assumptions on 7j,, we obtain

LS

1
lena(u,0)| < Q4h2[ ; /BT “E)HTA?’M‘Z + IBHTVAZu\ZdS} [ (0,0)] 2.
Te h

Then, going to the unit reference triangle T, analogously to Proposition 4.4, we obtain,
VT € 1,

/aT ([0 8%u[ + (2, V A%u[*] S
<C —1/ 272,12 372,12 Adyl? 273, (2 .
<Gt [ {[IV20%]" + | V20%u*] + [|Va%ul’ + |V2%u’] }x
Recalling (4.4), this readily yields,
[ena(,0)] < CI3 [[1A%u3 + 4% 2] {o}a (421)

Finally (4.18) results from the combination of (4.19), (4.20) and (4.21). U

From Propositions 4.5 and 4.6 it follows that:

Theorem 4.2. 3Cy such that the following error estimate holds ,if u € H®(Q)), A>u € H3(Q)
and Au € H*(Q)),

{u—wiyap < Ca|hllulls + 13 ([|6%s + 1A%z ) | (422)

5 Three-dimensional problems

In this Section we consider the application of our numerical approach to three-
dimensional m-harmonic equations, by taking m = 4. Incidentally for m = 3 a related
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method involving just standard non-conformity was introduced in [9]. In view of this,
it turns out that DG techniques are not mandatory for three-dimensional triharmonic
equations. As we should also explain, the convergence analysis for three-dimensional
problems follows the main lines of the one carried out in detail in the previous section
for two-dimensional problems. That is why we stress here some points that are really
different or new.

First we note that for m = 4 the definition of the four types of degrees of freedom
applied to a generic function p € C3(T) for T € 7y, in the total amount of dimPy = 35,
can be more conveniently recast in the form of five types of functionals, namely

Fo(p) == p(Gr), (5.1a)
: ) . .
Fl(p) = %(Si)/ 1<i,j<4, (i#]), (5.1b)
oT;
82p
Fii () = “”‘Za(apz <ii< 1Lk L
i (p) S 1<i,j<4, (K1#i, kl#],i#]j), (5.1¢c)
/ P L
ij K 8((7?)8(0{)
Filp) = ilkl ;o 1<i<j<4, (K1#i kI#])), (5.1d)
Fi(p) :=onp, 1<i<4 (5.1e)

Next we denote by V34 the particular version of subspace Vj, of W}, corresponding to
the three-dimensional case and to the value m = 4. This space is defined as follows:

Definition 5.1. V34 is the subspace of W, of those functions v, whose third order normal
derivatives determined on each side of every face common to two tetrahedra of T}, have the
same value at the face’s barycenter, whose sets of mean values along an edge of all second order
partial derivatives with respect to directions of the plane orthogonal to this edge are the same
for all the tetrahedra containing this edge, and such that the gradient of their restrictions to all
the tetrahedra of the partition containing a given vertex coincide at this point.

The construction of the so-defined space V3,4 is possible indeed, according to

Proposition 5.1. For any non degenerated tetrahedron T, the set of thirty-five functions given
by

fo = 1,
; 4 . 4 ; 4 =i 1 ..
f=f-L [P+ L FDfi+ L FRiDf+ 5], 1<ii<4
= _ “ 256
— s=1, s#r s=r+1
ZAZ
3 . % 19
o= i (A + My = ===, 1<ij<4, (#0),
1 . 273 11
if 22 < 3h . _2A22. ] ]
fil = S0 (A3 = SR 20N 220 — o), 1<i<j<d,
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where:

B d;i . . .
o= =320, 1<ij<4, (40,

are the canonical basis functions respectively associated with the elements of the set X5 of
thirty-five degrees of freedom, namely

55 = {7:0; (7, Fi

HA<ij<4GAN FL1<i<j<4F, 1<i<4).

Here we recall Lemma 3.2 restricted to the particular case of space V3j4:

Lemma 5.1. Let v be an arbitrary function of V4. For every face F common to two elements
of Ty, the tensors resulting from the application of the operator V° to the restrictions of v to
both tetrahedra, coincide at the barycenter of F.

We also need the following Lemma, whose proof results from the arguments de-
velopped in the proof of Lemma 3.2 restricted to the case m = 4.

Lemma 5.2. Let v be an arbitrary function of Vsys. The mean values along every edge e of 7Ty,
of the hessian of the restrictions of v to the tetrahedra of the partition containing e are all the
same.

Next, we denote the space V}) corresponding to m = 4 and n = 3 by V) ,. Notice
that the functional [-]4 3 is a norm of V3, ,, rewritten here as []4, i.e.,
1

1

2 2 2 2

0 = |0 + — / v5+dS + / v —0,)°dS]|. 5.2
[ ]4’h ’ ’4’h h* [Tgh oTNT /T 2 TGZT;, T;Th aTﬂaT/< /T /T ) ] ( )

Now we study the application of the method described in Section 3, to solve the
polyharmonic equation (1.1) for m =4 and n = 3.
We wish to find uj, € VE?M satisfying (5.3) below,

as, (up,v) = Ls(v), Yo € V3., (5.3)

where Ly is given by (3.5) and a24 by (3.3) (with m =4 and n = 3).
As pointed out in Section 3, the approximate problem (5.3)-(3.3)-(3.5) has a unique
solution uy, € V£h4, and the following error bound holds

> ~L
[ —uplap < inf [u—0]yp+ sup ay,(u,v) f(v).

f (5.4)
Vs, 0EVY,,, 0£0 [0]4,h

The two terms on the right hand side of (5.4) can be estimated according to the
following propositions:

Proposition 5.2. 3C} such that

inf [u— o]y, < Cih||ulls,
veV30h4

foru € H>(Q).
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Proof. First we recall that [ — v]}, is the sum of two terms, namely, |u — v|3, and
the summation term, which is nothing but Jj,o(u — v, u — v) according to (4.6). For the
first term, it holds

inf |u—off, <2[|lu -Gl + ¥ [ 1u(Gr)Pdx],

0EV3yy TEE,

where I1), ,w denotes the V) ,-interpolate of a function w € H>(Q), and || - ||4) the
standard discrete H*-norm. Since card (Ep) < Csh 2forn=3,and for T € Ej,

lu(Gr)| < Csh® sug\V3(u)(x)
Xe

7

whenever u € H>(Q) N H§(Q), we have

inf [u— o[}, < Cs|h2ulf +17||ul 2]

0
0EVy,

As for the jump terms, by straightforward calculations we obtain

oyt~ thrfds + 3, [ luc@nPas)

Hence, like in Proposition 4.3 we derive the estimate

c
inf Jpo(u—ov,u—0v)< ﬁ{ Z

0
0E V3 TET,

inf Juo(u —o,u—0) < G [1°|ul2+12]ul ],

03y

and the proof is complete. O

Proposition 5.3. 3C2 such that the following estimate holds , provided u € H>(Q), Au €
H*(Q), A*u € H3(Q) and Au € H*(Q)),

sup a24(u,v) — Lf(v)
vEVY,, v#0 [0]4,;[

3
<C2{n(llulls + |6ulla) + 1| A%ul|3 + B3] A%u]l2 . (5.5)

Proof. First we note that the term J;(u, v) in the expression of 43, vanishes if u €
H3(Q)). Then expanding the remaining term in the numerator of the fraction on the
left hand side of (5.5) using integration by parts, under our assumptions on u and
taking into account (4.6), we obtain

a24(u, v) — L¢(v) = b1y (u,0) + by (1, 0) + cp(u,0), (5.6a)
bi(u,0) = Y / (00, V%u - 92(0,7) = 0, V200 V2 (07) | ds, (5.6b)
rer Jor
b (1,0) = ¥ / 9, VA2 -V (0)7)dS, (5.60)
TeT, oT
cn(u,0) ==Y / Oy, AU - v )7dS. (5.6d)
aT

TeT),
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First we deal with bilinear form by;,, and for this purpose we associate with every
face F of tetrahedron T the operators I1§ and Il defined respectively on L?(F) and
Py(F) as follows: IT{(w) is the mean value of function w over F and IT{(w) is the
unique function in P; (F) whose values at the mid-point of each edge of T coincides
with the mean value of function w along this edge, the notation P,(F) indicating the
space of polynomials of degree less than or equal to r defined on F. Notice that I'} (w)
coincides with w(Mp) if w € P;(F).

Thanks to Lemmata 5.1 and 5.2 and to the continuity properties of the traces of u
and its derivatives resulting from our assumptions, we may write (cf. [8]):

blh(u, U) = Z Z /{ [anTV3u - H(I):(anTV??u)} . [VBU/T — Hg(vfi?}/]“)}
TeT, Fcor ' F

— 3, V2AU - [vzv/T - Hf(vzv/T)] }dS.

Hence by standard arguments for non-conforming methods, we obtain in exactly the
same way as in [8]:

bia (,0)] < CEhlulls + | Aula] o] 57)

The term by, (u, v) can be handled by extending to the case m = 4 the argument em-
ployed in [9] for the case m = 3. We recall it below, since it is not so classical: Given a
tetrahedron T € 7, for every face F of 0T, we introduce a quadratic interpolant of the
trace of V(v,7) over F denoted by I1X[V (v,7)] defined as follows:

1! [V(U/T)] (S) = Vo(S), V vertex S € F,

T
mf[vem] [ g, eage e
0% " meas(e) Jo Op% ’ & ’

where M, is the mid-point of ¢, and the first order partial derivative means the one in
the direction of the unit vector p’¢% parallel to the median of F corresponding to edge e,
oriented from e outwards F. Notice that the interpolating field IT [V (v,7)] is uniquely
defined Vo € C%(T), and VF C 9T for any non degenerated tetrahedron T, since the
six interpolation degrees of freedom on which it is based upon, are nothing but those
of the affine-equivalent element derived from the Morley element associated with the
triangle F, by replacing the (first order) normal derivative at M, with the derivative
at this point in the direction of 7‘;, for every edge e of F (cf. [2] and [4]). In so doing
we recall that, according to Lemma 5.2, the mean values along any edge e of face F of
the second order derivatives of v, are the same for all the tetrahedra containing e, in
particular those with respect to directions of the plane of this face. Hence due to the
continuity of Vo at the vertices of F, for every pair of tetrahedra T and T’ of 7, having
F as a common face, we have

M [V(o/n)] = 10F V(o).
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Furthermore by a similar argument I1L[V (v,1)] vanishes identically for every F con-
tained in I' from the construction of V) ,.
On the other hand, the assumption A%u € H3(Q) implies that

I (VA?u) + 0y, (VA1) =0,

on every face F of the partition common to two tetrahedra T and T'. Taking into
account both arguments above, we may rewrite by, (1, v) in the following manner:

bp(w,0) = ), ), /FanT(VAZ”) : {V(U/T) —1If [V(U/T)} }dS. (5.8)

TeT, FCoT

Now let T be the reference tetrahedron and Fr be the invertible affine mapping from
T onto T; we define the continuous interpolation operator 11z from [H*(T)]® onto
the space of quadratic vector fields on F := Fr(F) through interpolation of fields of
[H3(T)]? by using the same set of six degrees of freedom for F as those defining IT%
for F. Then setting

B =WoFs, VW e[HNT)P,
from the affine properties of operator I} we certainly have

—

M[(@) = 1:(F), Ve e [H(T)].

Moreover we have

" —

[p[@] = @,
whenever @ is quadratic, and thus we may apply again standard estimates for non-
conforming finite elements (cf. [9]) to by, (1, v). More specifically taking W = V(v,7)
and using (5.8), these estimates directly leads to the existence of a constant C# such
that

|ba (1, 0)| < Cah?|| A%u|3[0] 4, (5.9)

¢y (1, v) in turn can be estimated as follows: First we note that Vo € V??h "

1
cy(u,v) = — O AU - v, 7dS + = / 9, A - (0,7 —v,7)|dS.
n(u,0) Tgh [/amr nr /T ZT;[h - R /T)}

Hence owing to our assumptions, we have:

N =

len(u,0)| < %hz[T; /aT}anTA3u|2dS} : []ho(v,v)} .
€1y

Since

/a 10, 8%u[dS < G /T (IVa%ul® + 283}, vTeT,
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recalling (5.2), this readily yields
3
|en(,0)| < CZh2 || A%ul|2[v], (5.10)

Then combining (5.6), (5.7), (5.9) and (5.10) we establish that (5.5) holds. O

From Propositions 5.2 and 5.3 immediately follows,

Theorem 5.1. ICs such that the following error estimate holds, ifu € H°(Q), Au € H*(Q),
ANu € H3(Q), and Au € H*(Q),

[ = wilap < Cs [ (lulls + | Aulla) + 1A%l + 13 [A%]]5). (51D

6 Miscellaneous remarks

1. Though not expressed in exactly the same form, the error estimates given in
Sections 4 and 5 are qualitatively compatible with the error estimate in the norm [-],,, ,, 5
for arbitrary m given by (3.7).

2. The authors conjecture that O (h?) error estimates in the L2-norm can be derived
from the estimate (3.7), using classical duality arguments. However formal proofs in
this sense lack of a rigourous basis, since to the best of their knowledge no regularity
results are known for the solution of (1.1) in case () is either a polygon or a polyhedron.

3. Boundary element methods could be used to solve polyharmonic equations in
two-dimension space, using the boundary integral technique proposed in [5]. In the
three-dimensional case such possibility is not known. In view of next remark too, our
method if then a good option for solving triharmonic problems in both cases.

4. At first glance the implementation of our method may seem prohibitive to solve
even triharmonic problems in R?, as compared to boundary integral methods or to
series expansion techniques (cf. [11]). However at least in this case if one uses ef-
ficient iterative methods, such as pre-conditionned conjugate gradients, to solve the
linear system of equations resulting from our discretization procedure, the numerical
solution should not be so expensive. Indeed for a given mesh there are roughly 70%
more degrees of freedom involved with our method than with the Morley element.
Moreover a given half matrix row has no more than ten non zero entries, whereas for
the Morley triangle there are about six. This means that solving the polyharmonic
equation with our method costs barely less than three times as much, as solving a
biharmonic equation with the Morley element.

5. In the same way as the Morley triangle and its three-dimensional counterpart [8]
are the simplest possible finite elements to solve Eq. (1.1) for m = 2 using a single field
formulation, as far as we can see this is also the case of the new family for m > 2.
Furthermore, to the best of the authors” knowledge, except for the case n = 2 and m
= 3 (in which our method is certainly competitive anyway according to the previous
remark), no other method has yet been proposed to solve this equation in arbitrary
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domains. Notice that for cartesian domains only, suitable finite difference methods
could be good solution alternatives too.

Appendix

A refined error bound for stable external approximations

The aim of this Appendix is to supply theoretical support to the error bound (3.4)
given in Proposition 3.9.

Suppose that one wishes to determine an approximation u, of a given element u
in a certain Hilbert space V with norm || - ||, in another Hilbert space Vj, that is not
necessarily a subspace of V, but has the same null element 0 as V. Both V};, and V are
assumed to be equipped with a norm denoted by || - ||,. Although this is not necessary
to derive the error bound below, one may assume that ||v||;, = ||v||, Vv € V, which
incidentally happens in the application in view.

As a general framework, we consider that the approximation uy, of u is determined
by solving a variational problem of the form

ap(up,v) = Ly(v), Vo€V,
where
ap: (Vy+V)x (V4 V) — R, and L,:V, — R,

are respectively a continuous bilinear form and a continuous linear form with respect
to the norm || - ||;. This means that there exist two constants M and N such that:

ap(u,0) < Mllullplolln,  V(w,0) € (Vi + V) x (Va+V),

Ly(v) < Nl|vl|p, Yo € V.
According to Dupire [3] such variational problem has a unique solution u;, € Vj, if and

only if bilinear form a;, is weakly-coercive on V}, x Vj,, which means that it satisfies
simultaneously the following conditions:

Ja >0, suchthat Yu eV, sup M
vevi—for 121l

Vo e V, —{0}, 3u €V}, suchthat ay(u,v)#0.

> afful],

Clearly enough the second condition above is a consequence of the first one if form
ay, is symmetric. Moreover if a; is coercive, that is, if it satisfies,

Ja* >0, suchthat a,(v,0) > a*|[v||}, Vo€V,

then both conditions above hold with a>a*.



V. Ruas, J. H. Carneiro de Araujo / Adv. Appl. Math. Mech., 3 (2010), pp. 303-332 331

In the classical litterature the error bound known as the second Strang’s inequality
is used, in order to derive error estimates for non conforming finite element approxi-
mations with coercive bilinear forms (cf. [2]). This inequality is recalled below:

1 : ay(u,v) — Ly(v
lu —uy|lp < — | (M +a¥) inf ||u —o||, + sup n(u,0) n(0)
“ eV eV, —{0} [[o]]n

However on the basis of the work of Dupire [3] this result can be refined. Essentially
this refinement allows the coerciveness constant a* to be dropped in the above brack-
ets. Moreover it extends this improvement to the more general case of weakly coercive
bilinear forms, according to

Proposition A.1. Equipping space V + V}, with the norm || - ||, and assuming that
bilinear form ay, is continuous on (V + Vj,) x (V + V},) with constant M, and weakly-
coercive on Vj, x V}, with constant «, and that L;, is a continuous linear form on V), with
constant N, the following error bound holds:

; ay(u,v) — Ly(v
= up||p < C | inf [Ju—vo||y+ sup n(u,0) — Ly (v)
o eV, —{0} [[ol]n

where C = 1/amax{1, M}.
Proof. Trivially enough the linear form L, : Vj, — R defined by

L,(v) := ay(u,v) — Ly(v), Vo eV,

is continuous with a continuity constant that may be taken equal to M||u||, + N. Let
then wy, € Vj, be the unique solution of the well-posed linear variational problem

ap(wp,0) = Lu(v), Yo € V).
By the definition of uj, we have
ap(up,v) = —ap(wy,v) + a,(u,v), Yo eV,

which means that
opi=up+wy €V,

satisfies
ﬂh(Uh, U) = ap (M, U)/ Vo € Vh'

Applying a result due to Dupire [3] this relation implies that
M
— < Zinf llu —
lu = oullu < 5 in [lu = o]l
(note that if a;, is coercive this bound is simply Céa’s Lemma [2]). It follows that

M
— < = — .
=yl < = in [lu=lly+ [l
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On the other hand we know that w, satisfies,

ay(wy, 0
Wfwgll < sup  2?)
veV,—{0} [ol]n

Replacing in the above fraction ay, (wy,, v) with a;, (1, v) — Lj,(v), the result follows. [
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