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ABSTRACT

We propose an approximation of the solution of the biharmonic problem in Hé(Q)
which relies on the discretization of the Laplace operator using nonconforming continuous
piecewise linear finite elements.

RESUME

Nous proposons une approximation de la solution du probléme bi-harmonique dans HOZ(.Q)
basée sur la discrétisation du Laplacien par éléments finis P1 continus mais non conformes.

1. Introduction

A large number of discretization methods for the biharmonic operator has been proposed in the recent past. The most
classical is probably the conforming finite element method. For fourth order problems, the conforming finite element space
must be a finite dimensional subspace of the Sobolev space H2(£2). Hence elementary basis functions are sought such that
the reconstructed global basis functions on §2 belong to C'(£2). On Cartesian meshes, such basis functions are found by
generalizing the one-dimensional P? Hermite finite element to the multi-dimensional framework. This task becomes much
more difficult on more general meshes and involves rather sophisticated finite elements such as the Argyris finite element
on triangles in 2D, which unfortunately requires 21 degrees of freedom [7]. Hence nonconforming FEMs have also been
widely studied: see e.g. [7, Section 49], [8], and references therein, and [3,4] for more recent works. Discontinuous Galerkin
methods have also been recently developed and analysed [10-13]; error estimates have been derived for polynomials of
degree greater or equal to two or three. Other methods which have been developed for fourth order problems include
mixed methods [5] (see also references therein), [14], and compact finite difference methods [6,2,1]. All the above methods
are high order methods, and therefore, rather computationally expensive and may not be so easy to implement. Recently,
a cheaper low order method based on the discretization of the Laplace operator by a cell centred finite volume scheme
was proposed [9]. The idea in the present paper is to show that the discretization of the Laplace operator by the piecewise
linear finite element method is also possible in order to obtain a convergent low order scheme for the biharmonic operator.
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Fig. 1. Definition of the domain.

Throughout this paper, d € N\ {0} denotes the space dimension, £2 is an open polygonal bounded and connected subset
of R?, with Lipschitz-continuous boundary 352, and f € L2(£2), £ € L2(£2) and g € (L%(£2))%. Under these assumptions, we
consider the following problem: find

ueH(2); VYveHi(2),

/Au(x)Av(x)dx:/(f(x)v(x)+g(x) -Vv(x) + L(x)Av(x)) dx, (1)
Q Q

where H(Z)(.Q) is the closure in H%(£2) of the set C2°(£2) of infinitely continuously differentiable functions with compact
support in £2.

2. Definition of the scheme

Let £2 be a polyhedral domain in R?, with d € N*. We consider a classical simplicial mesh 7~ of £ [7, Section 6]; we
denote by hg the supremum of the diameters of all S € 7, and by 67 the infimum of the angles of all triplets of vertices
of the simplex S, for any simplex S € 7.

Let V be the finite set of the vertices of the mesh, and Vs the set of the vertices of a given simplex S € 7. Let Vext be
the set of all vertices of the mesh lying on the boundary and Vipe =V \ Vex: the set of the interior vertices. For all S € 7
and all z € Vs, we denote by Ks , the subset of S of all points whose barycentric coordinate related to z is greater than
that related to any z’ € Vs with 2’ # z (see Fig. 1). We then denote for all z€ V by K, the union of all K5z, for all Se€7
such that z € Vs, which leads to .y K, = 2. We denote by V, the set of all y € V such that there exists S € 7 with
{y.z} C Vs. For any z €V, let ¢, be the piecewise affine basis function of the P1 finite element, such that ¢,(z) =1 and
©z(z') =0 for all 2 € V\ {z}. We then denote by V7 the vector space spanned by all functions ¢,, z€V (then any u € V1
is such that u=3", ,, u(2)¢;).

Next, the linear form A,: V7 — R for z €V is defined by

Yu,veVr, /Vu(x) -Vv(x)dx = — Z |Kz|v(2)Azu,
o zey
and the discrete Laplace operator A7 : V7 — L2(£2) is defined by

YueVr, A7u®) = Z Azulg,(x), forae.xe 2.
zey

Note that, if we denote

Tzy=— / V(%) - Voy(x) dx,
Q2
we get, using the property Zyev T,y =0 since Zyev py(x) =1 for all x € £2,

1
gt = > Toy(u(y) —u@). Vvzev.
z yev,



We then have

YueVy, VveVr, /Vu(x) -Vv(x)dx = —/PTV(X)ATU(X) dx, (2)
2 Q

where P v denotes the piecewise constant function defined by the values v, in K, for all z € V. The discrete approximation
space is then defined by

Vro={ueVr, u@ =0forallz € Vex/},
and the approximation scheme consists in finding
ueVro; YveVry, fATu(x)ATv(x) dx = /(f(x)v(x) +8(X) - Vv(®) + LX) ATVv(X)) dx. (3)
2 2

3. Convergence analysis
The convergence analysis relies on the following sequence of results, the proof of which is given in a forthcoming paper:

Lemma 3.1 (Existence, uniqueness and estimate on the solution of (3)). There exists C > 0, only depending on $2 and 0, such that for
any u € Vr o satisfying (3), then

lull2o) < C(||f||L2(_Q) + 18l 22y + ”E”LZ(Q))s

”Vu”LZ(Q)d < C(”f”LZ(Q) + ||g||L2(Q)d + ”Z”LZ(Q))7

”ATUHLZ(Q) < C(||f||L2(Q) + ||g||L2(Q)d + ||€||L2(_Q))~

As a consequence, there exists one and only one u € V1 o such that (3) holds.
The key point for the proof of the preceding result is the relation (2) with v = u, together with the inequality
lu— PTUHLZ(Q) < hT||VU||L2(Q)d~

Lemma 3.2 (Compactness of a sequence of approximate solutions). Let (7,)men be a sequence of classical simplicial discretizations
of 2 [7, Section 6], such that h,, tends to 0 as m — oo. Assume that there exists 6 > 0 with 0 < 07, for allm € N. Let (Um)men
be a sequence of functions such that uy, € V,, o for all m € N. Assume that the sequence (A, um)men is bounded in L%(£2); then
there exists a subsequence of (Tp;)men, again denoted (7)) men, and u € H%(Q), such that the corresponding subsequence (Um)meN
satisfies:

(i) um — uin L2(2),
(il) Vum — Vuin L2(£2)4,
(iii) Az, um — Au weakly in L?(2),

as m— oQ.

The difficult point in the proof of the above lemma is the Hé(s?) regularity of u. This point is proved using that,
prolonging u by 0 in R?\ £, then u € H'(R?) together with Au e L2(RY).

Lemma 3.3 (Interpolation of regular functions with compact support). Let 6 > 0 with 0 < 6. Let ¢ € C?(Q) and let a =
d(support(¢p), 352). Then there exists Zr¢ € V1 o and C > 0 only depending on 6 such that

(i) 1779 — @ll2(q) < Chr 42

a
(ii) IVZTe — Voo < Chr a—,
(iii) ||ATIT(,0 ATq)lle(m < Chr “p‘z , Where |@|2 = max; j—1,4 ”85-(/)”[_00(_(2), and A1 is the piecewise constant function equal
in K, to ‘Kz‘ sz Ag(x) dx, for allz eV.

)

In the preceding lemma, the function fﬂp is obtained by multiplying the approximate solution in V7 o of the Dirichlet
problem with right-hand side —A¢ by a regularization function whose second order derivatives are bounded by C/a?.



Theorem 3.4 (Convergence of the scheme). Let u € H%(Q) be the solution of Problem (1); let 7 be a conformal simplicial mesh of §2
and ug € V1 o be the solution of (3). Then, as h7 tends to 0 with 0 < 6 < 67:

(i) ug convergesin L%(£2) to u,
(ii) Vug convergesin L2(£2)% to Vu,
(iii) Agug convergesin L%(£2) to Au.

The proof of the convergence theorem is obtained by first extracting a sequence of approximate solutions thanks to
Lemmas 3.1 and 3.2, then setting in (3) v =Z7¢ given by Lemma 3.3 and letting h7 tend to 0.

Remark 3.5 (Order of convergence). An error estimate of order 1 may be proven if the exact solution has a compact support
in £2. Using some triangular meshes, numerical results show an order 2 error on u, an order 1 error on Vu and an order
1/2 on Au.
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