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HIGHER ORDER TRIANGULAR FINITE ELEMENTS WITH MASS
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Abstract. In this article, we construct new higher order finite element spaces for the approx-
imation of the two-dimensional (2D) wave equation. These elements lead to explicit methods after
time discretization through the use of appropriate quadrature formulas which permit mass lump-
ing. These formulas are constructed explicitly. Error estimates are provided for the corresponding
semidiscrete problem. Finally, higher order finite difference time discretizations are proposed and
various numerical results are shown.
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1. Introduction. Solving the wave equation in the time domain by numerical
methods is a delicate but fundamental problem for modeling numerous physical phe-
nomena such as acoustic, elastic, or electromagnetic waves. For such phenomena,
the wave equation serves as a model problem. The numerical approximation of this
equation is essential, in particular, for two cases for which analytical methods do not
apply:

e heterogeneous media,
e domains of arbitrary shape.
Finite difference methods (FDMs) [1], [7] are obviously less well adapted to handling
domains of complicated shape than are finite element methods (FEMs), even in ho-
mogeneous media. On the other hand, the use of FEMs presents a major drawback,
the presence of a mass matrix which must be inverted at each time step, and it is
absolutely fundamental for the efficiency of the method to overcome this problem.
For low order Lagrange elements, namely, P; elements, a solution is given by the
so-called mass lumping procedure (see [6], [23]) which is closely related to the use
of quadrature rules for the numerical evaluation of integrals over a triangle in two
dimensions or a tetrahedron in three dimensions. The solution is much less obvious
in the case of higher order finite elements. Yet, it is now a commonly admitted fact
that, to obtain a good approximation to the solution of a realistic problem, higher
order elements are necessary (see, for instance, [1], [7], [8], [9]). The question posed is
thus: how can mass lumping be carried out for higher order elements? This question
has already been addressed in [21], [22], [9], [10], [11], and [33] for the case of Q
elements, i.e., elements constructed on quadrilateral meshes in two dimensions. It is
shown that for £ > 3, one must modify the usual locations of the degrees of free-
dom in the elements (here we are referring to Lagrange-type finite elements), since
they must coincide with the Gauss—Lobatto quadrature points in order to lump the
mass matrix. This approach corresponds, in fact, to spectral finite elements which
are generally constructed for quadrilateral meshes; cf. [24], [31]. The purpose of this
article is to construct a class of H'-conforming P, and P3 triangular finite elements
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for which mass lumping can be carried out and which will have the third or fourth
order accuracy of Q2 or Q3 quadrilateral finite elements [6]. How to extend this pro-
cedure to triangular meshes is, however, not evident: one must find a quadrature rule
equivalent to that of Gauss—Lobatto. Such a formula cannot be obtained by a simple
tensor product using the one-dimensional (1D) formula, as in the case of quadrilat-
erals. Moreover, as we shall see later, the quadrature rules that one would normally
apply to triangles [23] result in some negative (for P3) or zero (for Pz) weights which
then lead to unstable schemes.

To overcome this difficulty, we construct finite element spaces, ]5k, k=23, and
propose new quadrature rules with positive weights, thereby ensuring the stability of
the resulting schemes. In the case k = 2, we have since learned, these finite elements
are a scalar version of finite elements that have been used for the Stokes problem:;
cf. [14], [25], or [20]. In the case k = 3, the more interesting case which corresponds
in terms of accuracy to the fourth order schemes that are now more and more often
employed for wave propagation problems, these finite elements seem to be new.

This article is organized as follows: section 2 is devoted to preliminary material
about quadrature formulas in triangles. In section 3, the difficulties linked to the
use of classical P, and P3 elements are discussed in more detail. In section 4, the
P, spaces for k = 2 and k = 3 are presented. In section 5, error estimates for
the semidiscretized problem are established, using a method based on the Laplace
transform in time. In section 6, the fully discretized methods are constructed with
particular attention being paid to higher order time discretization. The stability of the
schemes is analyzed. Finally, in section 7, numerical results illustrating the theoretical
part of the paper are given.

2. Preliminaries concerning symmetric quadrature formulas in a tri-
angle. For a better understanding of the next two sections, we briefly recall in this
section some notions related to quadrature formulas in several variables (see also [16],
[13]).

e In what follows, x = (1, z2) will denote a variable in R? and K a triangle in
R? whose vertices are Sy, S, and S3. The barycentric coordinates of & with
respect to S, Sz, and S5 are (A1(z), A2(z), Az(x)); cf. [28].

e To any function of three variables f(\1, A2, A3) is associated a function f(x)

of two variables defined by f(z) = f (A1(x), A2(x), Az(x)). We shall often use
the same notation both for f and for f.
e The space of polynomials in two variables of degree less than or equal to k is

denoted by Py, and the space of homogeneous polynomials in three variables
of degree k is denoted by PP°™. The space Py can be identified with the
space P°™ via the mapping f — f

e Let S3 be the group of permutations on {1,2,3}. For z in K and o in Ss, let
z, € K be defined by

Vie{1,2,3} \i(zo) = Aoy (2),
and for a function f, let f, be the function defined by
fo(x) = f(20)-

Note that, if f is an element of L!(K), one can write

(2.1) Ix(f) = /K f(z)dz = » J(A1, A2, A3) 6(1 — A1 — Ag — Az) dA1dAadAs,
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where §(1 — Ay — A2 — A3) denotes the Dirac distribution supported by the plane
A1+ A2 + A3 = 1. Formula (2.1) shows that the linear form f — Ik (f) is symmetric
(simply use the change of variable p; = A, (;)):

(2.2) Vo e Ss, /dex:/ngdx.

In what follows, a quadrature formula on K will be defined by a finite set of quadrature
points Q = {z;}, belonging to K, and a corresponding set of weights {w;} belonging
to R. Then, for any f € C'(K), an approximation I;7P(f) of I (f) is defined by

(2.3) IPP(f) = mes(K)> wif (x;).
In light of (2.2), it is natural to ask that the linear form I7FP(f) be symmetric:
(2.4) VoeSy VfeC(K), LI =IP(f,).

Thus we shall consider only symmetric quadrature formulas, constructed as follows:
(a) Let Q as a symmetric set of quadrature points:

(2.5) r€EQ=>1x,€Q VoeS;
and define an equivalence relation on Q by
(2.6) tRy<JoeS; [ y=ux,.

(b) Let {Cq, 1 < a < M} be the set of equivalence classes of R and define a
symmetric quadrature formula by

M
(2.7) IPP(f) = mes(K) Y wa [Z f(:v)]-

a=1 zcCq

Note that such a formula can be deduced from the equivalent formula for the reference
triangle K.

The following question arises: for a given set P of polynomials, what conditions
must a quadrature formula satisfy in order that it be exact in P?

In fact, we shall consider only symmetric finite dimensional spaces of polynomi-
als P:

VpeP VYoe€S;, p,€P,

and for such a space P we choose a basis B(P) having the same symmetry properties.
Note in particular that P is symmetric. Let us define an equivalence relation in
B(P) by

(2.8) rRs< 3o €8s ) s=rg,

and let {55, 1<B<M } be the set of equivalence classes of R. The following result
is immediate.
LEMMA 2.1. A symmetric quadrature formula I37°(f) is ezact for any element

of P if and only if it is exact for one representative of each equivalence class 5g.
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This lemma indicates that M is the number of degrees of freedom needed for the
quadrature formula in order that it be exact for any element of P. Note, however,
that this does not necessarily mean that M (the number of equivalence classes in Q)
must be equal to M (the number of equivalence classes in B(P)) since the location of
the quadrature points as well as the weights are degrees of freedom for the quadrature
formula. N

Consider, for instance, the equivalence classes Cjz for the case P = P,. (We
denote by Nj the dimension of P, and write Mk for M .) Since, in two dimensions,
each class is made up of one, three, or six elements, we have

(2.9) M;, < Ny < 6Mj.
For the first five values of &, one has

(i) k=1, N, =3, M =1 C = {A1, A2, Az},

.. _ _ T ¢y = {)‘%7)‘%’/\5}’
(ii) k=2 Ny=6, M=2, Cy = {MAa2, Mg, Ao},

Cl = {)‘?v)‘%/\gh
(iii) k=3, N,=10, M, =3, Cy = {)\%AQ,A%)\g,A%)\l,Ag)\g,)\gAl,A%Ag},
Cs = { M)},

C1 = {Xi, A3, A3},
. _ _ Tr _ CQ = {)\?)\2,)\?)\3,)\3)\1,Ag)\g,)\g/\l,Ag)\g},
(IV) k= 47 N4 = 15, M4 = 47 Cg _ {)\%)\%,)\%)\%,)\%)\%},

Cy = {A2XA2A3, N3N A3, A2 Ao,

Cr = {)‘?’)‘g)/\g},
—~ Co = {0, Mg, MAL, Mg, A, ALY
k=5 N;=21, Ms=>5, 1142, ALA3; AgAL; A28, AAL ;
) ; g Cs = {XIN3, A2 XX A2 AN AR,
Cy = {A3X0A5, A As, A3A Ao )

Note that, in each case, Mk is much less than Ng: the number of degrees of freedom
needed for the quadrature formula is much less than the dimension of the space of
polynomials one wishes to integrate exactly. Contrary to what one might think, it
is not true that M = k: one can check that M7 = 8 and Mg = 9. One can obtain
an exact formula for M by noticing that the numbers of triplets (p, ¢, r) of integers
satisfying 0 < p < g < r and p+ ¢+ r = k is the same as the number of possible
decompositions of k as a sum of integers between 1 and 3. Using the theory of
generating functions (see [30]), one obtains

— kK k4T (=D 2 2
(2.10) Mk—ﬁ+§+73+ 3 +9cos(3>.

In particular, for large k, one has

~ k(k+1 N,
My, ~ g _ J7
12 6
a result suggested by the fact that in the set of polynomials of arbitrary degree each
equivalence class has “generically” six elements.
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3. Difficulties related to classical finite elements.

3.1. The mass lumping problem. We consider the following model problem:

Find u: Q) xRt - R so that

(92u +

i (@,t) — Au(z,t) =0, (7,t) € 2 xR,
(3.1) ot )

u(z,0) = up(x), a—?(m,O) =ui(x), z€q,

w(z,t) =0, (z,t) el =90 xR,

where () denotes a bounded polygonal subset of R2. Let 7;, be a triangulation of
that satisfies the usual properties of finite element meshes, and let V;, € H}(Q) be an
approximation subspace of Lagrange finite elements subordinate to 7,. The problem
to be solved can be written (omitting the initial conditions) as follows:

Find up(t) : RT — V},  so that

ﬁ/ uh(x,t)vh(x)dx—i—/ Vup(z,t)Vop(z)de =0 Yo, € V.
Q Q

Let {a;} be the set of the degrees of freedom associated with Vj, and let {w;} be the
corresponding Lagrange basis. If U;, denotes the vector whose components are the
coordinates of uy, in the basis {w; }, then (3.2) is equivalent to the ordinary differential
system

d*Up,
dt?

(3.3) M, S )+ KyUn(t) = 0,

where the mass matrix M}, and the stiffness matrix K, are given, respectively, by

M;; = / w;(2) w;(x) de = (w;, w;),
Q
(3.4)
K = / Vw;(z) Vw,(x) dx.
Q
The problem addressed in this article is the fact that the mass matrix M}, although it

approximates the identity operator, is not diagonal, due to the fact that two different
basis functions are not necessarily orthogonal in L?:

If now, instead of computing the integrals defining M;; exactly, we evaluate them
approximately using, in each triangle K of 7,, a quadrature formula like those in
section 2, we in fact replace the continuous L? inner product (w;, w;) by the discrete
inner product (w;,w;), defined by

(3.5) V(u,v) € C(Q) (u,v)n = thhu(dl)v(&l),
1

where {a;} is the union over all the triangles of 7}, of all the quadrature points and
{wi,n} is the set of all the appropriate weights. Mass lumping will be achieved if two
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Fic. 3.1. P> finite element.

different basis functions are now orthogonal for the discrete inner product (.,.) or
equivalently if the new approximation to the mass matrix is diagonal. All the devel-
opments in the remainder of the paper are based on the following trivial observation.

LEMMA 3.1. If the nodes of the finite element space Vi, and the quadrature points
coincide, i.e., if

(3.6) {ai} ={a},
then one has mass lumping.

Indeed, it suffices to remark that if ¢ # j, the product w;w; necessarily vanishes
at each point a;. For P; Lagrange elements, with the trapezoidal quadrature rule,

(3.7 rev () = 150y + () + (50,

Lemma 3.1 guarantees that the approximate mass matrix is diagonal. For higher
order elements, such as P5 or Ps, the use of condition (3.6) is complicated by the fact
that one does not want to lose accuracy by applying numerical integration. In other
words, the quadrature formula must also be sufficiently accurate. This is, in fact, the
case for the trapezoidal rule coupled to P; elements. The general conditions to be
met in order to ensure sufficient accuracy have been known for more than 20 years.
First derived for application to elliptic problems (see [6], [19]), these conditions were
then generalized to parabolic problems [27] and to hyperbolic problems (see [2], [3]).
For standard P, elements the rule is

In each triangle K, the quadrature formula I37°(f) must be exact for Pajy_s.

In the next two sections it is shown that satisfying this condition (and thereby
preserving the accuracy of P, and P; Lagrange elements) poses an obstacle to mass
lumping.

3.2. The case of P, elements. For P, elements, we seek, in accordance with
the above condition, a symmetric quadrature formula exact for P,. The degrees of
freedom of the element form a symmetric set of quadrature points as illustrated in
Figure 3.1.

There are two equivalence classes of points, {S1, S2, S3} and {M;, M2, M5}, and
two equivalence classes of polynomials in Po(K). The two parameters for the adequate
quadrature formula will be the weights wy (s for summit) corresponding to {51, S2, S3}
and w, (e for edge) corresponding to { My, My, M3}

IPP(f) = mes(K) {ws (f(S1) + f(S2) + f(S3)) +we (f (M) + f(Ma) + f(Ms))} .
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FiG. 3.2. P3 finite element.

The unique well-known solution is
ws =0 and w€:§.

Unfortunately, as the weights corresponding to the vertices of the triangle are zero,
the corresponding basis functions have a “discrete norm” |w1|,2l equal to 0! Thus, some
terms of the new diagonal mass matrix M}, are equal to zero, so that this matrix is
not invertible.

3.3. The case of P; elements. In the case of P3; elements, we are looking
for a quadrature formula exact for P, which is made up of four equivalence classes.
Therefore, we need a priori four degrees of freedom to define the quadrature formula.
We choose a set of degrees of freedom similar in its structure to that of the classical
P; finite elements. In fact, we must consider the following symmetric set (Q) of
quadrature points which can be divided into three equivalence classes:

e the vertices {S1, So, S3},

e the six edge points {Mia(«), Ma1(a), Mis(a), Ms1(a), Mag(a), Msa(a)},

e the center of the triangle {G},
where a denotes a real parameter between 0 and 1 and M;;(«a) is the barycenter of
S; and S; with respective weights o and (1 — ) (see Figure 3.2). We recall that the
classical location of the degrees of freedom in R3 corresponds to o = 1/3. It is easy
to see that (Q) is P3 unisolvent: if P belongs to P; and P vanishes on (Q), then it is
zero at four distinct points of each edge. Therefore being a polynomial of degree 3, it
is necessarily proportional to the bubble function, but as p(G) = 0, we have p = 0.

By allowing the interior edge nodes to move in a symmetric way along the bound-
ary, we get the desired fourth parameter. We thus look for a quadrature formula of
the form

3 3
(3.8) IEPP(f) = mes(K) § we > £(S) +wa Y f(Mij(a)) + wa f(G)
=t i
with four parameters (ws, wa, wg, and «). It can be shown (the details are omitted)
that there exists a unique choice that makes formula (3.8) exact in Pj:

33 1 1 9
= = —— wa:—’ U_)G:—.

(6% 9’ wS I
6 60 10 20
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The corresponding quadrature formula, which can be found in [23], has the major
drawback that one of the weights, the one associated with the summits (wy), is strictly
negative. As a consequence, the corresponding semidiscrete scheme is unstable and
any time discretization would lead to an unconditionally unstable scheme. Formula
(3.8) is therefore not applicable in our context.
REMARK 3.1. A proof of the instability result can be found in [33]: some modes

of the discrete solution behave as does the solution of the differential equation

0%u

o wiu =0,

which admits exponentially growing solutions in e“t, where wy, > 0 grows like 1/h
when h goes to 0.

4. New finite element spaces. We have seen in the previous section that the
spaces P and P3 seem unsuited for mass lumping even if one plays on the choice of
the basis functions. The difficulty that we have encountered is due to our failure to
respect a new constraint which is a necessary condition for ensuring the stability of
the semidiscrete wave equation

(8) The modified mass operator must be positive definite.

Of course, this stability condition will be satisfied if and only if

(P) The weights in the quadrature formula are strictly positive.

The idea is to construct slightly larger finite element spaces, ]52 and ]53, for which one
can, with the additional degrees of freedom, find appropriate quadrature formulas with
strictly positive weights and sufficient accuracy to preserve the accuracy obtained,
respectively, with the P, and P5 spaces. To preserve this accuracy, certain conditions
need to be imposed on the quadrature formula. Consider a polynomial finite element
space of the form

(4.1) Vi ={vn € HY(Q)/ VK € Ty, vs|x € P},
where P is a finite dimensional subspace of polynomials satisfying
(4.2) P.CPCPy, k<Kk.

Then we get the same accuracy with P as with standard Py, elements if (see [6], [19],
or section 5)
(A) The quadrature formula is exact in Pyyp—o.
Thus we shall construct spaces ﬁk, k = 2,3, and the associated integration formulas
using the following guidelines: _
(i) The space Py should be as small as possible with P, C Py, C Py .
(ii) The set (Q) of quadrature points should be P}, unisolvent.
(iii) The quadrature formula should satisfy the accuracy condition (A).
(iv) The quadrature formula should satisfy the positivity condition (P).
(v) The number of degrees of freedom on the boundary should be sufficiently
large to ensure the H'-conforming nature of Vj,.
Conditions (iii), (iv), and (v) are purely mathematical criteria linked, respectively,
to accuracy, stability, and consistency considerations. Criterion (ii) is imposed by
condition (3.6) of Lemma 3.1. It implies some compatibility between the choice of
the finite element space and the quadrature nodes. Criterion (i) is more concerned
with efficiency and aims at minimizing the total number of degrees of freedom of the
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element. Both (i) and (ii) indicate that &’ should be chosen as small as possible. Note
that while (i), (ii), (iii), and (iv) are purely local criteria involving a single triangle,
criterion (v) takes into account the problem of joining distinct adjacent elements.
However, this criterion may have an influence on the others: if, by passing from P
to Py, one increases the degree of the traces of the polynomials on the edges of the
triangle, then one also increases the number of degrees of freedom on the boundary,
which goes, of course, against (i). Moreover, the fact that these nodes must remain
located on the boundary reduces the liberty of moving them for satisfying (iii) and
(iv). Thus it is useful, when enlarging the Py spaces, to make use of “bubble-type”
functions, i.e., polynomials vanishing on the boundary of the triangle: the degrees of
the traces of elements of the new space Py thus remain less than or equal to k.

4.1. The~case of P, elements. The idea is to introduce a new space ]32 sat-
isfying P, C P, C P3. To comply with (A), we need to integrate Ps exactly. Thus,
as seen in section 1, we need a priori three degrees of freedom for the quadrature
formula. Let us consider

(43) ﬁg =P ® [b}7
where b = AjA2)3 is the “bubble” function and where [v1,va,...,v,;,] denotes the
subspace generated by the vectors {vi,va,...,Um}.

The dimension of 152 is 7 so that criterion (i) has been satisfied in an optimal
way. Thus we need seven Lagrange interpolation points and hence seven quadrature
points. These are chosen to be the three vertices {51, 52,53}, the midpoints of the
three edges { M7, Ma, M3} and the center of gravity G; see Figure 4.1. These consti-
tute a symmetric set of quadrature points (Q), in the sense of section 2, with three
equivalence classes. It is immediate to check that this set of points is ]52 unisolvent
(criterion (ii)), the bubble function b being, up to a multiplicative constant, the basis
function associated with G. Moreover, as b vanishes on the edges of K, the degree of
the trace of any element of P, on any edge of K remains less than or equal to two.
The trace on any edge of such a function is thus entirely determined by its values
at the two vertices and at the midpoint (criterion (v)). It remains to determine the
symmetric quadrature formula satisfying criteria (iii) and (iv). We know that this
quadrature formula must be of the form

E(f) = mes(K){ws(f(S1) + f(S2) + f(S3))
+we(f(My) + f(Mz) + f(M3)) +wa f(G)}-

LEMMA 4.1. There ezists a unique quadrature formula of the form (4.4) satisfying
criteria (iii) and (iv). It is obtained by setting

(4.4)

1 2 9
4. , = — . = —, -7
(4.5) YTo0 T YT g
Proof. Note that if such a formula exists the weights are necessarily given by

3 1 1
Ws = M/KAI(AI - 5) </\1 - 3> dzx,

(4.6) Wa = ﬁ?@ /K A1 = Ay) ()\1 - ;) dz,

27

= A A Azdx.
wa mes(K)/K 1A2A3A4T
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F1c. 4.1. The degrees of freedom for };2.

Typel Type2 Type3

FiG. 4.2. The three types of basis functions in Vj,.

Note also that the integrands in (4.6) are polynomials of degree 3 each of which
vanishes at the nodes of two of the three equivalence classes of (Q). The computation
of the integrals leads to (4.5). To conclude, it suffices to check that the formula is
exact for one representative of each of the three equivalence classes of P,. 0

REMARK 4.1. In fact, formula (4.4), (4.5) is well known as Simpson’s rule (see,
for instance, [23], [34]).

We observe that all the quadrature weights are strictly positive as desired. We
can now consider the space

(4.7) Vi={ve H'(Q)/VK €Ty, v/k € Ps}

as an approximation space for H'(Q). V}, clearly admits three types of basis functions
(see Figure 4.2) associated, respectively, with a vertex, an edge, or a triangle so that
dimV}, = Ny+ N, + N;, where N, N,, and N; are, respectively, the number of nodes,
edges, and triangles of 7j.

4.2. The case of P3 elements. We wish here to construct a symmetric sub-
space P3 such that P; C P3; C Py. We then need a quadrature formula which inte-
grates Ps exactly. This requires a priori a symmetric formula with five parameters.
The symmetric set (Q) of quadrature points that we shall use is made up of three
equivalence classes:

o three vertices {51, Sz, Ss}.
e six boundary points {Mia(e), Ma1(er), M13(er), Ms1(ar), Maz(ar), Msa(a)}.
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Fic. 4.3. The set of quadrature nodes.

e three interior points {G1(5), G2(8),Gs(B)}.
Here, o and 3 denote two real parameters between 0 and 1, and (see Figure 4.3)

e G;(B) has barycentric coordinates A\; = § and A; = % for j # .

e M;;(a) is the barycenter of S; and S; with weights o and (1—c), respectively.
We have five parameters to play with in order to define our quadrature formula; the
three weights associated with the three equivalence classes of (Q) and the two “loca-
tion” parameters o and 3. Note that, in comparison with the classical P3 elements
(section 3.2), we have gained one parameter (namely, 5) by splitting the center of
gravity G into three interior points G1(3), G2(83), and G3(3).

It remains to find the right space P3. We put
(4.8) Py = Py @ bP,.

By construction, Ps satisfies criteria (i) and (v). Concerning criterion (i), we have
the following lemma which in addition gives the Lagrange basis of ]53. B
LEMMA 4.2. If0 < a <1/2,0< 8 < 1/2, and B # 1/3, the set (Q) is Ps
unisolvent. Moreover,
(i) the basis function associated with G; is

w?:b<xi—1;5>.

(ii) The basis function associated with M;; is

N 8 (128 (a8
s == g [ () < ()

where we have set

_ Aid;
pij = a(l — a)(2a — 1) (OL)\Z — (]. — Oé)/\j + (]. — 20&))\]0,
Aij = pij(Gi), Bij =pij(Gy), Cij = pij(Gr).

(iii) The basis function associated with S; is

s 8b (. 1-8 | S 1-8
o= g [ () e ()|
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where p; and A; are given by
1 —2a + 2a? 2 —Ta+ Ta?
i = Ai N A+ ————— N ) |
P (; ! a(l—-a) ™7 T a(l —a) (A + k)>
Ai =pi(Gi), Bi=pi(G1), l#i.

Proof. For the unisolvence, we note that, as PsNbP; = [b], the dimension of ]33 is
12, which coincides with the number of degrees of freedom. Thus it suffices to remark
that any p of P53 has a unique decomposition of the form

p=p+byg,
(49) p e P37 p(G) = 07
q < Pl-

Then, if p vanishes at all quadrature points, p vanishes at all boundary points of
(Q) and also at G. These points being Ps unisolvent whenever 0 < a < 1/2, we
deduce that p = 0. Now because p(G;(5)) =0, j =1,...,3, we have ¢(G;(5)) = 0,
j=1,...,3. Since ¢ € P; and the three points G1(8), G2(3), and G3(3) are not
collinear for 0 < 8 < 1/2 and 8 # 1/3 we conclude that ¢ = 0. The computation of
the basis functions using the decomposition (4.9) is straightforward but rather tedious
and will not be included here. O

In order to satisfy criteria (iii) and (iv), it remains to construct an adequate
quadrature formula, which must have the form

(4.10)

3 3 3
Tic() = mes(K) { we 3 F(S)) +oa D0 F(Migle) +0i 3 F(G5(5)

i) i,j=1

LEMMA 4.3. The unique quadrature formula of the form (4.10) which integrates
Ps5 exactly has quadrature points determined by

12
B=3+ ﬁ\ﬁ_ 0.5853,

(4.11)
42 +21/7 — /21 (35 + 16 V/7)
= ~ 0.2935

«Q
84 + 427
and strictly positive weights given by
1 2471
ws = 2 919 V7 + 247 ~ 0.0148,
124080 v/7 + 330960
4
72+ V7
(4.12) Wa =2 VT (24 VT) ~ (.0488,
25280 + 9520 /7
147 + 42
wp = p MTHRVT o,

4007 + 1280

Proof. We give a rather constructive proof. First note that the polynomial

p1 = Ade Az (A1 — ) ()\1 - 1_26>
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has degree 5 and vanishes at all quadrature points. Therefore, if the formula exists,
(3 is necessarily a root of the quadratic equation

(4.13) fi(B) = /K AMA2A3(A1 — ) <)\1 - 1_25> dx = 0.

It is clear that this equation has one real solution between 1/3 and 1 since
f1(1/3) = / MA2Az (A — 1/3)%dz > 0
K
and
VB>1 f1(6)<0 (p1<0in K).
Computing this solution one obtains the value given in (4.11). The weight wg is then

defined by

(4.14) 3wﬁ5%

(mes(K)):/K)\l)\g)\gdx.

In the same way, the polynomial
P2 = )\1(1 — )\1)()\1 — Oé)()\l -1+ Oé)

has degree 4 and vanishes at all quadrature points except the G,;(3)’s. Therefore, «
is defined as the solution of the quadratic equation

/ MI=X)M —a) (M —1+a)de
K

(4.15) = wp(mes(K)) {5(1 —B)B-a)f+a-1)

()05 (52}

Selecting the unique solution of this equation which is smaller than 1/2 we obtain the
value of @. Once a and § are known, w, and wg can be found by solving a 2 x 2
linear system whose equations are obtained by taking f constant and then f linear in
the equation

IK(f>:/K<f> vfePp;.

To complete the proof, it suffices to check a posteriori that the formula is exact for
one representative of each class of Ps. 0

REMARK 4.2. The computations of o, 3, wq, wg, and ws have been carried out
with the help of MAPLE.

Of course, the most important result is that the weights w,, wa, wg are strictly
positive. We can now construct a finite element space for H'(Q) as

(4.16) Vi ={veC’Q)/VK €T, v/ € Ps}.

Once again there are three types of basis functions. The difference between ]52 and
this case is that there is one basis function of type 1 per node (as for P5) but two
basis functions of type 2 per edge and three basis functions of type 3 by triangle.
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5. Convergence and error estimates. In this section, the problem of esti-
mating the error due to numerical integration is dealt with. The aim is to extend
the results obtained by Ciarlet and Raviart (cf. [6, section 4.4.1] and [28]) for elliptic
problems to the case of the wave equation (or more generally second order hyperbolic
equations). The case of parabolic evolution equations was studied by Raviart [27].
The error analysis for second order hyperbolic equations without numerical integra-
tion is due to Dupont [16]. He obtained results directly in the time domain using
an elliptic projection and energy estimates. The effect of numerical integration was
first studied by Baker and Dougalis [3] by essentially following the lines of the proof
of Dupont. The authors were not aware of this latter work when they performed
the analysis presented in this section. The method given here differs from that of
Baker and Dougalis in that it uses the Laplace transform in time and thus reduces
the study of a hyperbolic problem to that of an infinite family of elliptic type prob-
lems parametrized by the Laplace variable s (s € C). The main difficulty is to control
the constants appearing in the “elliptic” error estimates, more precisely, if s = n + iw
where n (n > 0) is fixed and w varies in R, to control these constants when |w| — +o0.
The advantages of this approach are that it leads to simpler proofs (at least from the
point of view of the authors) than those in [3], that it yields somewhat better esti-
mates in that less regularity is required of the solution to obtain the optimal order of
convergence, and that the dependence on time of the constants in the error estimates
is given explicitly. For the sake of clarity, the presentation is restricted to the case of
the wave equation with constant coefficients and with zero initial data:

Find u: Q xRt - R so that
82u +
ﬁ(.}?,f)—Au(l‘7t):f($,t>, (l‘vt)GQXR ’
(5.1) ou
u(z,0) =0, a(z,O) =0, xe€q,
g—u(x,t)zo, (r,t) €T =90 x RT.
n

The case of variable coefficients could be treated in much the same way modulo ap-
propriate regularity assumptions and the case of nonzero initial data could be treated
by using an adequate extension operator. Further, in the interest of simplicity and
conciseness, only H!-type estimates, estimates in the energy norm, will be given.
Standard duality arguments could be used to obtain L2-estimates.

As the demonstration for our error estimates does not depend on the fact that
the elements are P3, we shall use a slightly more general setting: suppose that k
and k" are positive integers with 3 < k < &/, and that P is a space of polynomials
with P, C P, C Py. (The case k < 2 could be treated in a similar way but with
slightly different regularity assumptions.) Suppose that the regular affine family of
finite elements [6, pp. 87, 124] {YN/hk}heH is such that, for each h in H,

Vi ={ve Q) : VK € Ty, vk € Pi(K)}.

Suppose also that the quadrature formula

%zfdx: 2 }ifd“f: > meS(K)]{?foFKdgz,

KeTy, KeT;,
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where F : K — K is the affine mapping of the reference element K onto the
element K, has positive weights and is exact for piecewise polynomials of degree no
more than k + k' — 2.

We use the standard notation for Sobolov spaces, norms, and seminorms: if O
is an open subset of R? or of R? x (0,T), then H™(O) is the space of functions in
L?(0), all of whose derivatives of order up to and including m belong to L?(O). The
norm on H™(O) is denoted || - ||;m,0 or simply || - ||m, and | - |m,0 or simply | - |, is
the usual seminorm

0“v
M= 3 [
ol [ |5

la|<m

dy.

2 v |2
dy and |v|?, = / ‘
| | Z o aya

|a]=m

5.1. A family of auxiliary problems. We begin by studying a family of ellip-
tic problems indexed by a complex parameter s and related to our original problem
via the Laplace transform. These auxiliary problems concern complex-valued func-
tions, which we shall denote by boldfaced characters. The space of square summable
complex-valued functions will be denoted by L?(2) and will be equipped with the
usual scalar product and norm

(5.2) (1, v)o.0 = / wvdr,  [ulq = (wu)g.
Q

Similarly, C°(Q2) will be the space of continuous, complex-valued functions in L?(Q)
and H™ () the space of complex-valued functions in L?(2), all of whose derivatives of
order up to and including m are also in L?(Q2). For H!(2), in addition to the standard
seminorm, |v|%Q = (Vv, Vv)o.q; we shall make use of an s-dependent scalar product
on H(Q2) and its associated norm

(5 3) (u7 V)l,s = (VU., VV)O,Q + |s|2(u, V)U,Qv
IVIT s = (viv)rs = VIR g + [sI7 IVIIG g

where s is a complex parameter, in practice the Laplace variable, with a strictly
positive real part

s=n+iw, n>0 (fixed), wekR.

For each s, we are interested in the solution u = u, in H'(Q) of the following
problem:

—Au+sPu=f inQ,

0]
a—Z:O on I,

where f = f, belongs to L?(2). The corresponding variational problem is
ueV=HY(Q),
(5.4)
a(s;uv) =5(f,v)po YVEV,
where a(s;-,-) : V2 — C is defined by

a(s;u,v) = 5(Vu, Vv)o.o + |s/%s(u, v)o.q.
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One shows easily that a(s;-,-) has the following coercivity and continuity properties
(for s =n + iw):
nlvlzs < la(s;v, v Vv e HY(Q),
la(s;u, v)[ < s ulf [IvIE, Yu,veH(Q),

which guarantee the existence and uniqueness of the solution of (5.4). Note that
the coercivity constant does not depend on w, whereas the continuity constant is
equivalent to |w| when w tends towards oco: this is the source of difficulty for our
analysis as for the analysis of any hyperbolic problem.

To write the finite element problem

up € V];;,
(5.5) ) 2 vk
ap(s;up,vy) =35, vi)oa Vvi e VE,

we define the bilinear form ay(s;-,-) : \N/",i X \7}’3 — C by

an(s;un, vi) = 3(Vuy, Vvi)oo + s s(un, vi)n,

where
(uh,vh)h = j{ uy, vy, dx.
Q

It is the positivity of the weights in the quadrature formula that guarantees the
continuity and coercivity of the forms ay(s;-,-). More precisely, because the weights
are positive, || - |2 = (-, ), determines a norm on V¥, a norm equivalent to the norm
[ -13q as \N/",?L is finite dimensional. Thus, for each h, h > 0, (5.5) has a unique
solution. To obtain error estimates though, we need to know that the constants of
continuity and coercivity are independent of the parameter h:

Cnlvill3 s < lan(s;vi, va)l Vv, € V],

‘Vh”is Vuh,vh < VZ

lan(s, un, vin)| < C'lsl|[un?

with C independent of h as well as of s. This, however, is implied by the fact that
the constants in the norm equivalence

Cillvallg.o < Vel < Callvallg o

are independent of h, a fact that can be demonstrated in a straightforward manner
by using a reference element.

5.1.1. Estimates in the || - ||1,s-norm. To estimate the error in the || - |1 s
norm we proceed just as in the classical case for elliptic problems: we use Strang’s
lemma, which in the present context yields the following lemma.

LEMMA 5.1 (Strang’s lemma). If u is the solution of (5.4) and wuy the solution
of (5.5), then there is a constant C' independent of h and of s such that

(5.6)
E

. 1
lu—upf1,s <C inf <1+> la—vallis+ = sup
VhEV’Z n Wth\v’l;;

|(a —an)(s; v, Wp)|
[whll1,s
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The proof is just the same as in the usual case [6], only particular attention must
be paid to the dependence of the constants on s and on 7.

The infimum in (5.6) is now bounded from above by taking v;, = II,u, where II,
is the interpolation operator from C°(€2) (or any of its subspaces H!(Q2), [ > 2) onto
{72 that interpolates a function v € C°(f2) at the quadrature points. Using the result

[6, Theorem 3.2.1]

(5.7)
S IV-Ipvlmk SCHT™ N vk VveH(Q), 2<I<k+1, m<l,
KeTy, KeT,

first with [ = X\ and m = 0, then with [ = A + 1 and m = 1, we obtain that

(5.8)  |[v—Tuv]li,s < Ch(Js| [Vre + [Vat1,0) Vv e HMYQ), 2<)A<E.

In order to estimate |(a —ay)(s;Ipu, wp)|, we define the continuous bilinear form
Eh:VZXVZ—HRby

En(vh,wn) = Y (/ ViWh —j{ VhWh> ;
K K

KeTy,

so that (a — ap)(s;vh, Ws) = 8|s|?En(vh, wr). Note that Ep (v, wy) = 0 if the sum
of the degrees of the polynomials v;, and wy, is less than or equal to k + k' — 2.
LEMMA 5.2. There is a constant C such that for vy, wy, € V,’i and1l <p,qg < k-1,

|En(Vh, wh)| < ChPTI ( > Vh|2,K> < > |Wh|§,1<> :

KeTn KeT,

Proof. The demonstration makes use of the reference element K for the family of
triangulations {7, }nex: for each K in 7p, let Fi denote the affine map from K onto
K, and, for vy, € VZ, let v € Pr(K) denote the restriction of vj, to K and let Vi

denote the induced map v o Fx in Pk(IA() Thus

En(va,wi) = Y </KVhWh—?€<VhWh>

KeTy,

(5.9) = Y Ex(vk,wk)

KeT,

> mes(K) E(Vi, W),
KeT,

where we have used the notation

EK(VK,WK) = / VKWK—% VKWEK and E(GK,V?/K) = [\VKV?/K—%A {I\KVT’K.
K K K K

Now let ﬁj denote the L2-projection of L2(K) onto Pj(I?). Since the quadrature

rule is exact for polynomials of degree less than or equal to k+%"—2 and since p—1+k’

and ¢ — 1+ k' as well as p— 1+ ¢ — 1 are all less than or equal to k + k' — 2 we have

.10 E(Vi, Wk)| = |E(VKk =, 1V, Wi — I, 1Wi)|
5.10 . .
S C ‘GK — HP_IGK|O,I?|‘%\/K — Hq—le|0’f€7
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where we have used the continuity of E (in the HO’OO(IA( )-norm) and the equivalence
of norms on the finite dimensional space P (K) for the inequality. In combination
with [6, Theorem 3.1.4] this inequality becomes

~

BV, Wi < Ck| 2wk 2
(5.11) < C(mes(K)) "2 hP|vic|p x (mes(K)) ™2 hd|wi|q x

< C (mes(K)) ™t hPH vl k [Wilg k-

The desired result is obtained by combining (5.9) with (5.11) and using the Cauchy—
Schwartz inequality. ]

If we apply Lemma 5.2 with v, = Illpu, with p = k — 1, and with ¢ = 1, and use
(5.7) with m =1 =k — 1, we obtain

1

3 3
(@ — an)(s;1Tpu, wy)| < C‘S‘3hk ( Z |Hhu|i—1,K> ( Z |Wh%,K>

KeTy, KeT,
(5.12)

1,s-

1
2
<l ( 5 wm) i

KeT,

Now combining (5.6) with (5.8) (with A = k) and (5.12) we obtain the following result.

LEMMA 5.3. Suppose that k > 3 and that f € L?(Q) is sufficiently regqular that
the solution u of (5.4) is in H**1(Q). Then if uy, is the solution of (5.5), the following
estimate holds:

S
[u—up1s < CR* |(Julegro + |8 ulke) + |77| (lalks1,0 + [l Talko + [sPalk-1.0) | ,

with a constant C' independent of h and of s.

REMARK 5.1. One could, by this same technique, obtain estimates of order k for
k = 2 but with greater reqularity requirements: the requirement k > 3 s necessary
because to obtain (5.12) we use m =1l=k—114n (5.7). Ifweusem=k—1butl =k

3
we may still use (5.7) but we obtain a term %W‘k in Lemma 5.3.

5.2. Error estimates in the time domain. Recall that the weak form of the
continuous problem (5.1) is

find u: [0,T) — V = H'(Q) such that

2
(5.13) %/ﬂu(x,t)v(x)dm—}—/ﬂVu(x,t) Vv(x)dx:/ﬂf(x,t)v(x)dx Yo eV,

/ u(z,0)v(z)de =0 YveV,
Q
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and the finite element problem is

(5.14)
find up, : [0,T) — \Nfﬁ such that

j;j{)uh(ﬂc,t)vh(x)da?—&—/QVuh(:C,t)Vvh(sr:)dx:/Qf(a:,t)vh(at)dx Yy, 6\7’;,

j{ up(x,t) vp(z)dz =0 Vo, € VF.
Q
Let Qr = Q x (0,T) and denote Qo simply by @Q. Introduce the space

Vo ={ve H(Qr):v(z,0)=0 VzeQ}

and the following energy norm on Vrg:

T 1ov
2 _
|||U|||1,T—/0 l a1

To exploit the results of the preceding section, we will use the Laplace transform

1
T or

2

+[Vol§ | dt.
0,2

v(z,y,s) / v(z,y,t)exp(—st)dt with s =n+iw (n>0)
0

and Plancherel’s theorem which guarantees that if w exp(—nt) is in L?(R) and w
vanishes on R™, if w is the Laplace transform of w and 1 > 0, then

OOW2 w)dw = Oow2 exp(— .
| Wi / (t) exp(—2nt)dt

— o0
This is of course immediately applicable when T' = oco.

5.2.1. Weighted L2(0,00; H'(2)) and H'(0,00; L?(€2)) estimates. We
introduce the weighted Sobolev spaces

P

HY(RFS H™(©) = { & LB H™ () - O expl(—t)

loc

€ L*RT; H™(Q)), p= 0,...,1}.

If w and wy, are the solutions of (5.13) and (5.14), respectively, and if u, u, and f
are the Laplace transforms of u, uy, and f, respectively, then u(:, -, s), respectively,
up (-, -, s), is the solution of (5.4), respectively, (5.5). If u € H}(0,00; H*F27(Q)),
l=1,...,3, then from Lemma 5.3 and Plancherel’s theorem we derive that

e O(u —up)|?
/0 <|U—Uhig+ ‘(ath)

0,0

> exp(—2nt)dt

2k > 2 dul®
(5.15) < Ch [ulfy1.0 + Fn exp(—2nt)dt
0 k,Q
1/°° oul? ‘82112 ‘83112
+ = = 5 + == exp(—2nt)dt|.
n* Jo ( ot k+1,Q ot k,Q ot E—1,9
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5.2.2. Estimates in L?(0,T; H'(Q2)) and H'(0,T; L?(€2)). In addition to

the norm || - |l = || - [ 10,751 (0)) We shall use the seminorm | - |, ; 7: for each
T | gl |2
0
ve HOTH™@), PoPur= [ |57
sby 0 8tl .0

Let Ty > 0. Suppose that u is in H'(0,T; H™(2)) for some T, Ty < T. We wish
to extend u to a function @ in H'(0, 00; H™(R)) in such a way that

l

|1~/«|m,l,oo < C Z |u|m,j,T
j=0

with a constant C' depending only on Q and Tj. First let ¢ be a cut-off function
in C*°(R) that vanishes on (—o0,0] and is constantly 1 on [Tp,00). Then let £ €
H'(—00,T; H™(Q)) be defined by

0 ift <0,
f(x,t) = { .
() u(z,t) f0<t<T.

Now use the extension operator £ : H!(—oco,T; H™()) — H!(—00,00; H™(1)),
defined by

&(x,t) fort <T,

E(&)(x,t) = !
(©)(z,1) Zajf(%T*j(th)) for T <t

for appropriate choice of the constants a; (see [32, p. 284]). Then

l

1€(E)m 1,00 < Clélmir < CllYlli0,10) Z Ul m, 5,7

Jj=0

as 1 does not depend on z. Finally the extension % of u is obtained by piecing together
uwand E(§) at t =T

~ _ u(z,t) f0<t<T,
WD =\ e T <t

Then @ € H'(0,00; H™(Q2)) and we have

|t 1,00 < |lmt, 1 + [E()Im1,00

l
l0.10) D Nt

Jj=0

<A+Cy

(5.16)
l

< CTO Z |'U/|m,j7T~

=0

We obtain an extension f of f by f = %%1 — V4 on @, and the extension
of uy is the solution to the finite element problem on @ with f as the right-hand
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side. We note that causality guarantees that u, @y, and f agree with u, up, and f,
respectively, on Qr. Applying (5.15) to @, then noting, for the left-hand side, that

for 3 € L*(0,00), foT B2dt < [;° 32 dt and that u and @ as well as uj, and @y, agree
on the interval (0 T) and, for the right-hand side, that e=* < 1 on (0,T) and that

|02, 100 < CZJ _olul?, ;7 ((5.16) above) we obtain

T 2
olu—u _
/ (Iu—uh?,gﬁ‘( = ) )e 20t g
0 1.0

< Cn* luliir07 +Z lulf ;7 + Z lulpir +Z lulf ;r +Z luli_1 1

7=0

—2nT

Now, since e~ 2" is bounded below on [0, T] by e we obtain

1
lw — Uhm%T < CCr, h** " ‘U|i+170,T + Z |u|i]T

j=0
1
+ o Z ulf g1 + Z ulf ;o + Z ulf_1 ;7
j=0 j=0
Setting n = % in order to minimize €27 L we obtain the following theorem.

THEOREM 5.1. Suppose that k > 3. Let Ty be positive and suppose that To < T <
0o. Suppose that f € L*(Qr) is sufficiently regqular that the solution, u, of (5.13) is
in H**2(Qr). Then if uy, is the solution of (5.14), we obtain the following estimate:

1

e = unlli < CH** {fulfsror + Y ulf o
j=0

1 2 3
+ 17 Z |U|i+1,j,T + Z ‘Uﬁ]T + Z |U|i—1,j,T

Jj=0 Jj=0 Jj=0

with the constant C' depending only on Q and Ty.

REMARK 5.2. To obtain estimates of order k for the error u — uy in the energy
norm fOT(|u —uplg + |%e — B2 ) dt we have used only H*2(Qr)-regularity.
In [3] estimates of order k in thzs same norm for the error u — wy, where wy, s an
elliptic projection of u into the solution space, H**3(Qr)-regularity is used. To obtain
estimates of order k for the full error u — up, in the L™ -energy norm supg< < (Ju —

auh

upl1,0 + ‘%t — % |o.0), H*T5(Qr)-regularity is required; cf. Theorem 5.2.

5.2.3. An L*°(0,T; H'(£2)) estimate. In this section we use interpolation to
obtain an estimate in the || - || oo (0,71 ())-norm. As, for each 6, % < 0 < 1, there is
a continuous injection of H?(0,T; H*(Q)) into L>(0,T; H'(12)), it suffices to obtain
estimates in the H?(0,T; H'(£2)) norm. Recall that

H?(0,T; H'(Q)) = [L*(0, T; H'(Q)), H' (0, T; H' (2))]o.

If, for s > % and j a nonnegative integer with j < s — 1, we introduce the notation

27

Hg,j(QT){UGHS(QT) 8;*0 i=0,... },
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we may write, for § € (0,1) and for m an integer with m > 2 — 0,
HYS ™ (Qr) = [H (Qr), HYS ™ (Q1)]s,

as HS?;H(QT) is dense in [H(?,ll(QT)ngE_l(QT)]ﬂ
Now, for h > 0, let £, denote the linear operator that associates with v €
H§ (Qr) the error v — v, € L*(0,T; H'(Q)), where vy, is the solution to (5.14) for

f= % — Aw. From Theorem 5.1 we have that this operator is continuous:
(5.17) ||£h'UHL2(O,T;H1(Q)) <CyT thUHH[’f{Q(QT)'

For an H'(0,T; H!(Q))-estimate, we note that the restriction of the operator £, to
the subspace H6”2+ Y(Qr) commutes with the operator %:

Ly,
—

Hy's ™ (Qr) HY(0,T, H'())

9 9
i | B
H(Qr) 5 12(0,T,HY(Q)),
so that we have, for v € H(’)“’JQFB(QT),
k
(5.18) H[.:}L’U”Hl(O’T,Hl(Q)) <CiTh ”UHH;;S(QT)'

Now as the inclusions Hg};l(QT) — H{" (Qr) and H'(0,T, H*(2)) — L*(0,T, H* (1))
are dense and continuous, we can combine a standard interpolation result (see [29,
Theorem 5.6]) with (5.17) and (5.18) to obtain

1Cnvllzzoo,7,m10y) < Co~" CF T ¥ [[vll grgzeo g,

Thus we have demonstrated the following theorem.

THEOREM 5.2. Suppose k > 3. Let Ty be positive and suppose that Ty <T < oo.
Let 0 be in the interval (%, 1) and suppose that f € L*(Qr) is sufficiently reqular that
the solution, u, of (5.13) is in H*?*%(Qr). Then if uy is the solution of (5.14), we
obtain the following estimate:

e = unl| e o1 2)) < Co T hE[Jull gz

with the constant Cy depending only on 0, 0, and T.
6. Time discretization.

6.1. Presentation of the schemes. The semidiscrete equation can be rewrit-
ten
d2uh

(61) W + AhUh = 0,

where gh denotes the bounded operator in V, associated with the bilinear form
a(up,vy) and the inner product (up, vp)a:

V(uh,wh) eV, x Vh, (ghuh,vh)h = a(uhmh).
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For the time discretization, the simplest scheme consists of using the classical leapfrog
scheme with three time steps:

uZH —2up + u;fl
At?

where uj; is the approximate solution at time t" = nAt and At denotes the time step.

Such a scheme yields second order accuracy with respect to At which is generally

not sufficient for a higher order finite element method. For instance, the dispersion

analysis (see [33]) on uniform meshes of the semidiscrete problem shows that one
obtains errors in space on the phase velocity of plane waves which are O(h*) and O(hS),

(6.2) + Apuf =0,

respectively, for the P, and Py elements. On the other hand, the stability analysis
allows us to take a time step At which is proportional to the space step h. If one does
not want to lose the accuracy provided by the space discretization, one must then
also use higher order schemes with respect to time. It is the purpose of this section
to propose a strategy for reaching this goal. Of course, as we have to approximate
an ordinary differential equation we have at our disposal all the machinery of Runge—
Kutta or multistep methods. We shall restrict our investigation to schemes respecting
the following criteria:
(i) The scheme uses three time steps.
(ii) The scheme is explicit.
(iii) The scheme is centered.

Criterion (ii) is obvious in our context and motivated by efficiency considerations
only. Criterion (i) prevents a priori the use of any start-up procedure but, in fact,
also appears necessary to combine higher order accuracy, explicitness, and stability.
Criterion (iii) aims at preserving in the discrete model the reversible nature and
the conservative character of the continuous model. It ensures in particular that no
numerical dissipation is introduced by the time discretization. A convenient strategy
consists in applying the so-called modified equation technique to (6.1). Such schemes
can be seen as appropriate modifications of the leapfrog scheme (6.2) constructed by
looking at the truncation error associated with the leapfrog scheme. More precisely,
if U}y = up(t"™), where uy(t) denotes the exact solution of (6.1), we have

Uptt —oup Ut 9%y, b i -
N - at2 tn) ; 72”2) A UR + oAt

Therefore a 2kth order scheme in At is given by

(6.3)

n+1 n n—1
u —2ul +u ~
6.4 h h h A ) l+17Al+1 = 0.
(64) A2 + Anui Z (20 4 2)!

From the computational point of view, note that the cost of one time step for (6.4) is
k times the cost of one time step for (6.2). To see that, one evaluates the polynomial
in A, appearing in (6.4) using Horner’s rule. For instance, for k = 2 (order 4), the
scheme is

n+1 n n—1
uy = 2up +uy

~ At ~
and is implemented as
n+1 n n—1 2
—2ul +u AtF ~
(6.6) h ﬁ h-+4%—mqum
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where the quantity between brackets appears as the result of an intermediate time
step. For k = 3 (order 6), the scheme is

n+1 n n—1 2 4
-2 ~ At® ~ At* ~
(6.7) ST Byup - S ARup + s Al =0,
and we use the expression
up ™t —2up fulTt At? ~ At? ~
68) gyt A {“Z TR {“Z - :ﬂ)Ath” -

6.2. Stability analysis. An important feature relative to the analysis and the
practical implementation of such schemes is their stability: explicit schemes are con-
strained by a CFL stability condition. For the leapfrog scheme (6.2), this condition
is (see [28])

AL | A

(6.9) 0

<1,
where the norm of operator ||A]| is defined by
~ a(up, Up,
(6.10) A = sup “n)
vp €Vh ‘vh‘h

It is also possible to obtain a sufficient stability condition for the general 2kth order
scheme (6.4). More precisely, we have the following condition.
LEMMA 6.1. Scheme (6.4) is stable if

AP
S

where the coefficient ay, is characterized by

(6.11)

(6.12) a =sup{a>0/Vze[0,a], 0 <xQ(x) <4},
where Qy is the polynomial defined by

k—1 1)l$l

(_
Qrlw) =1+ ; 201 2)!
In particular, one has

52/3 {5
ai=1, =3 ag=-"+ 7f +5/2 ~ 1.8930,

(V2723 (109 + 27 VATVE)*® — 238 + 14223 Y73/109 + 27 VAIV5 ) Y277
42 V/109 + 27415

~ 5.3703.

Proof. Let us denote by o(Ay) the spectrum of Aj,, made up of positive real
eigenvalues. Let us remark that scheme (6.4) can be rewritten

ul ™t = 2up Tt
ST A (At =0,

(6.13)



HIGHER ORDER TRIANGULAR ELEMENTS WITH MASS LUMPING 2071

where Aj,(At) is defined by
An(At) = A, Qu(AEPAY).

The von Neuman analysis shows that the scheme is stable if and only if the eigenvalues
of the symmetric operator Ay (At) are positive and smaller than 4/At#?. This leads to
the requirement

VAeo(dy), 0<AALZ?QR(AAL) < 4.
Let us introduce the set
Er={x>0/0<2xQx) <4}

Looking at the behavior of @ at infinity, it is easy to see that Ejy is a compact set
whose first connected component is the segment [0, a]. As we also have the inclusion

o(An) C [0, | An]l,

it is very easy to conclude. 0

Note that, for instance, the time step allowed for the fourth order scheme is v/3
(1.732) times greater than that for the second order scheme, which compensates in
large part for the fact that the computational time per time step is twice as large.
Also note that ||Ay]| is of the order 1/h? for small h. An explicit expression for || Ap||
can be obtained in the case of a regular mesh using a Fourier method (see [33]).

7. Numerical results. We conclude with a presentation of two types of numer-
ical experiments, the first to show the accuracy and the efficiency of the method, the
second one to show that it can be used with unstructured meshes.

7.1. A test in a homogeneous medium. We first consider the very simple
test case: the propagation of a wave in a homogeneous two-dimensional (2D) medium
of velocity 1, with a Dirichlet boundary condition. The source is quasi-punctual and
located at point xg.

o)~ Dule,t) = o) (1), €@ tel0,T]

(7.1) u(z,0) = %(I,O) —0, zeQ,
u(z,t) =0, z€dQ, te]o,T],
where
fe 2a(2a(t — b)? — 1) exp(—a(t — b)?) Vte|0,3.5],
1o otherwise,
(7.2)

0= (1—7;1)2 b=1.35,

g(z) = exp(—T|x — xzg|).

We consider the case in which (2 is a square and the source is located at its center, i.e.,
{ Q =10,12[ x ]0,12][,

7.3
( ) rs = (6,6).
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FiG. 7.1. Snapshot of the solution on a reqular mesh after five seconds.

The source (7.2) generates a wave whose central wavelength is about 0.5. We take
T = 50 so that the wave propagates along more than 100 wavelengths (a hard test
case for second order methods). For the computation, we use a uniform mesh. A
snapshot of the solution after a short time (before any reflexion on the boundary) is
presented in Figure 7.1.

This gives an idea of the variation in space of the solution that has to be compared
with the choice of the space step Az. Our goal is to compare the accuracy of our new
P and P elements with respect to the usual P; method. For this comparison, we
adapt, in each case, the step Az of the mesh in order that the number of degrees of
freedom should be approximately the same in each experiment:

2
e For P, Az = —.

~ 4
e For P, Ax = —.

e For ]53, Ax = —.

The ratio « = At/Ax is taken so that time step At is equal to 0.04 for second order
methods in time and to 0.08 for fourth order in time (we recall that the stability
condition is roughly twice as large for schemes, fourth order in time, which balances
the cost of the corrective term).

In Figures 7.2-7.6, we represent the computed solution at point (9,3) as a function
of time. The top pictures correspond to short times (0 < ¢ < 25) while the bottom
pictures correspond to later times (25 < ¢ < 50). In fact, in each picture, we have two
curves: the dotted line corresponds to the exact solution, which can be computed,
for instance, using the principle of images and the continuous line corresponds to the
approximate solution.

In Figure 7.2, we represent the P; solution, computed with a centered scheme
second order in time. We see clearly that an unacceptable error appears quite early
on. This points out the dispersive nature of the waves as well as the importance of
using higher order schemes.
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Fic. 7.2. Seismogram P, second order in time and space, 3.75 elements per wavelength, o =
0.3, t € [0,25] (top), t € [25,50] (bottom,).
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Fic. 7.3. Seismogram Pz, fourth order in space and second order in time and o = 0.15, 1.875
elements per wavelength, t € [0,25] (top), ¢t € [25,50] (bottom).
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Fic. 7.4. Seismogram P, fourth order in space and time and a = 0.3, 1.875 elements per
wavelength, t € [0,25] (top), t € [25,50] (bottom,).
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Fic. 7.5. Seismogram Ps, fourth order in space and second order in time and o = 0.1, 1.25
elements per wavelength, t € [0,25] (top), t € [25,50] (bottom).
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Fic. 7.6. Seismogram Ps3, fourth order in space and time and a = 0.2, 1.25 elements per
wavelength, t € [0,25] (top), t € [25,50] (bottom).

In Figure 7.3, we represent the solution computed with the 152 space, still using a
second order scheme in time. In comparison with Figure 7.2, we observe a major im-
provement of the quality of the solution due to the gain in spatial accuracy. However,
a small phase-shift appears at later times. The result shown in Figure 7.4, for which
we have used here a scheme fourth order in time, then clearly shows the advantage of
increasing the time accuracy: the phase-shift observed in Figure 7.3 has disappeared.

The results seen in Figures 7.5 and 7.6 have been computed with the space ﬁg.
The comparison of these results seems to indicate that it is of no use to continue to
increase the time accuracy: with the Ps element and a fourth order scheme in time
(Figure 7.6), we get a quasi-perfect solution, despite the fact that the mesh is rather
coarse in this experiment. Moreover, it can be shown that the method sixth order in
time, which requires a significant increase in computation time, is less stable than the
method fourth order in time.

7.2. An example of a computation in a complex geometry. As an il-
lustration of the ability of our code to handle complex geometries, we treat here a
problem of wave propagation in an exterior domain. The domain, the complement
of a “cone-sphere”-shaped obstacle, can be seen in Figure 7.7, where we also show
the computational mesh, which is in fact nonregular only in a neighborhood of the
obstacle. We observe the diffraction of an incident wave of the same nature as that
considered in section 7.1. This incident wave is emitted by a point source located
at point (7.5,12). We show, in Figure 7.7, a snapshot of the total field. We see in
particular the diffraction phenomenon due to the summit of the cone.
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F1G. 7.7. Mesh for a cone-sphere (top) and the solution after 5.3s (bottom).

8. Conclusion. In this paper, we have constructed triangular finite elements of
degrees 2 and 3 which lead to stable, explicit, third, and fourth order accurate methods
for the approximation of the 2D wave equation on arbitrary meshes. These methods
are obtained by using quadrature rules permitting mass lumping together with higher
order finite difference time stepping. The present work might be generalized in several
directions. We conclude here by presenting the actual state of our research in these
directions:

e Generalization to higher order elements in two dimensions. We have
been able to construct the Py space, which gives fifth order accuracy, along
the same lines as those of section 4. However, it would be nice to have a
general strategy for constructing the Pj spaces for any k. This does not seem
to be at all easy. The work is in progress.
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e Generalization to dimension 3. This work is underway; we have already
constructed the P, space. This example shows that extension to the three-
dimensional case is not as straightforward as one might think. (See also the
work by Mulder [26]).

e Generalization to other models. The methodology presented here can
be extended to edge elements for Maxwell’s equations [12], [17], [18] and
also to mixed formulations of elastodynamics equations [4], [5]. The essential
additional difficulty lies in the fact that the quantities to be approximated
are no longer scalar, so that obtaining mass lumping is more difficult even in
the case of lower order elements.
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