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Abstract

This contribution presents a general numerical method for computing lower and
upper bound of the optimal constant in Friedrichs’ inequality. The standard Rayleigh-
Ritz method is used for the lower bound and the method of a priori-a posteriori
inequalities is employed for the upper bound. Several numerical experiments show
applicability and accuracy of this approach.

1. Introduction

From the numerical point of view, the guaranteed and fully computable two-
sided bounds always provide a strong information about the computed quantity.
Their difference is a reliable bound on the approximation error and in applications
they allow to stay on the safe side by using properly either the lower or the upper
bound as the approximation.

In this contribution, we concentrate on the optimal constant in Friedrichs’ in-
equality. The presented two-sided bounds are guaranteed up to round-off errors.
The chosen approach is quite general and theoretically it can be used in arbitrary
dimension, for any domain, and for different variants of Friedrichs’ inequality. Practi-
cally, we are limited by particular choices of discretization methods. For instance, the
presented numerical examples are limited to polygonal domains in two dimensions.

The optimal constant in Friedrichs’ inequality is called Friedrichs’ constant and
its value is connected with the smallest eigenvalue of the corresponding differential
operator. The classical Rayleigh-Ritz method provides an upper bound on the exact
eigenvalue and consequently a lower bound for Friedrichs’ constant.

Computing a lower bound of the smallest eigenvalue and hence computing the
upper bound of Friedrichs’ constant is considerably more difficult task. We use
the method of a priori-a posteriori inequalities [5, 9]. The original idea relies on
C?-smooth test and trial functions, which are technically difficult to work with.
Therefore, we proposed in [11] an alternative approach based on complementarity
and standard Raviart-Thomas finite element method.

We briefly review this approach in Sections 2-4 and provide several numerical
experiments in Sections 5-7.



2. Friedrichs’ inequality

Let us consider a domain @ C RY with Lipschitz boundary. Further, let I'p
and 'y be two relatively open and disjoint subsets of the boundary 02 such that
00 = T'p UTx. Let the (d — 1)-dimensional measure of I', be positive. We will
refer I'p and 'y to as Dirichlet and Neumann parts of the boundary, respectively.
Further, we consider Sobolev space H(Q) = {v € L*(Q) : Vv € [L*(Q)]?} and its
subspace V = {v € H(Q) : v|r, = 0} of functions with vanishing traces on I'p.

In this contribution, we will assume the following variant of Friedrichs’ inequality:

[v]oe < Crl|Volloe Yo eV, (1)

where || - ||o.q stands for the L?*(Q2)-norm. Let us note that this inequality is named
after Kurt O. Friedrichs [3]. The optimal (smallest) possible value of the constant Cy
such that inequality (1) holds is called Friedrichs’ constant and the symbol Cg will
denote this optimal value throughout the paper. The particular value of Cr depends
on the domain 2 and on the Dirichlet part of the boundary I'p.

Friedrichs’ constant scales naturally with the size of 2. Namely, if Q= k€2,
FD = kI'p, and FN = kI'x for some k£ € R then Friedrichs’ constants C’F and Cg
corresponding to Q and Q, respectively, satisfy Cr = kCp.

In special cases, Friedrichs’ constant can be computed analytically. For example,
it was computed for a rectangle, circle, and a circular wedge in [6] for I'n = 9f.
Result [8] can be used for analytic computation of Cg for equilateral and right-angle
triangles. In certain simple cases (e.g. rectangle) it can be computed even if I'p #
0f). In less special cases there are analytic upper bounds for Friedrichs’ constant.
The Faber-Kran inequality [2, 4] yields upper bound Cg < \/@ /(jo1v/27), where
2| is the area of the two-dimensional domain @ and jo; = 2.404826 is the first
positive root of the Bessel function Jy. Similarly, in [7] we can find an estimate
Cr <7 (ag| 2+ + \ad|_2)_l/2, where |ai|, ..., |aq| are lengths of sides of a d-
dimensional box in which the domain € is contained. Note that both these estimates
require I'p = 0f). However, in more general cases the value of Friedrichs’ constant
has to be computed numerically.

3. Lower bound on Friedrichs’ constant

Friedrichs’ constant Cp from (1) is connect with the smallest eigenvalue of the
Laplace eigenvalue problem that can be formulated in a weak sense as: find A\; € R
and u; € V,i1=1,2,..., such that

(Vu;, Vo) = \(ug,v) Yo eV, (2)

where the parenthesis denote the L?(Q) inner product. If A; = min; \; stands for the
smallest eigenvalue of (2) then it can be easily shown, see e.g. [10, 11], that

Cr =1/ A1 (3)
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A standard method for computing approximations of the eigenvalues \; is the
Rayleigh-Ritz method. In this method we consider a finite dimensional subspace
VP CV and seek A\ € R and u? € V such that

(Vul, Vo') = A} (u], o) Wt e V.

This is equivalent to the generalized eigenvalue problem Az; = A Mx; for the stiffness
and mass matrices A and M. If a standard finite element method is used then
matrices A and M are sparse and efficient methods of numerical linear algebra can
be used. The Rayleigh-Ritz method is well known for providing upper bounds on
the eigenvalues. Thus, the approximation A? of the smallest eigenvalue \; satisfies
A1 < AP Consequently, the approximation Cl" = (A\*)~1/2 of Friedrichs’ constant,
see (3), is a lower bound on the exact value CF, i.e.,

o = ()7 < G,

4. Upper bound on Friedrichs’ constant

Computing an upper bound of Friedrichs’ constant is a more difficult task, be-
cause it corresponds to the computation of a lower bound of the smallest eigenvalue.
We employ the method of a priori-a posteriori inequalities [5, 9] enhanced by the
complementary approach [11]. Here, we just briefly describe the algorithm.

First, use the Rayleigh-Ritz method and compute approximations A € R and
ul € V of the smallest eigenvalue \; and the corresponding eigenfunction u;.

Second, compute a flux reconstruction q, € H(div,Q) = {q € [L*(Q)]? : divg €
L*(Q)}. We consider a triangulation of 2 and a corresponding Raviart-Thomas finite
element subspace W, C H(div,2). A standard finite element technology, see e.g.
[1], can be employed to compute g, € W), such that

(div gy, divpy,) + A?(Qh)d’h) = )\'f(Vu}f,@bh) - )‘If(ulfa divep,) Vb, € W,

We note that this particular flux reconstruction is a brute force solution and if the
efficiency is an issue then a local reconstruction based on Vu! has to be used.
Third, compute

h h, h :

IV lon 5 bt dvaen 1 e
[utllo.q [utlo.0 2 2

The lower bound on the smallest eigenvalue and the corresponding upper bound on

Friedrichs’ constant are then given as

X22 S )\1 and CF S C;p = 1/X2

, B

It is important to note that this approach is justified only if the approximation
A is sufficiently accurate. In particular, the closest eigenvalue to A} must be ;.
If the smallest and the second smallest eigenvalues A\; and A\, are well separated
then sufficiently accurate Rayleigh-Ritz approximations of A; and Ay can provide
good confidence about the validity of this assumption. In all numerical experiments
present below we experienced exactly this situation.



5. Example A: Friedrichs’ constant for triangles

Friedrichs’ constant Cr depends on the size and shape of the domain 2 and on
the size, shape, and position of I'n. The dependence on the size of €2 is well known,
see Section 2. Therefore, the following numerical experiments concentrate on the
dependence of Cr on the shape of 2 (Examples A and B) and on I'p (Example C).

We note that in all experiments below, the Rayleigh-Ritz approximations A\ and
u® are computed by linear finite elements on triangular meshes and the reconstructed
fluxes q;, are computed by quadratic Raviart-Thomas finite elements using the same
triangular mesh.

First, we consider €2 to be a nonobtuse triangle and assume ['p = 9€). We inves-
tigate the dependence of Ck on the shape of this triangle. In particular, we consider
triangles inscribed into a rectangle with lengths of sides @ and b. The triangles have
vertices with coordinates (0, 0), (a,0), (d,b), see Figure 1. In particular, we fix a = 1,
consider four values of b € (0, 1], namely b =1,1/2,1/4,1/8, and 20 equidistributed
values of d in [0, 1/2]. The two-sided bounds on Cf for the resulting triangles are pre-
sented in Figure 2. These bounds were computed on uniform meshes obtained by six
successive uniform refinement steps of the original triangle. Thus, all these meshes
have 4% = 4096 triangles. We see that a fixed value of b yields triangles with the
same area and the parameter d then controls the shape only. However, the observed
dependence of Ck on the shape is negligible. We see a considerable dependence of
CFr on b, but it is connected with the size of {2 as mentioned in Section 2.

0.16 " "
.—3:3—_3_—:_.—t:xj <+t —3 $ — 3 3 3 —
0.141 b=1 1

0.12¢

0.1} e
T E)2

Cr 0.08

0.04;

0.02f b=1/8
0 . . . .
0 0.1 0.2 0.3 0.4 0.5
d
Figure 1: The shape of Figure 2: Friedrichs’ constant for triangles with ver-
triangle  is given by the  tices [0, 0], [1, 0], [d,b]. Solid and dashed lines corre-
parameters b and d. spond to upper and lower bounds of C, respectively.

6. Example B: Friedrichs’ constant for regular stars

The value of Friedrichs’ constant is of interest especially for nonconvex domains.
Therefore, we consider €2 to be n-fold regular star with n = 3,4,...,30 and choose
I'p = 092. We put the outer vertices of stars €2 on a circle with radius ., = 1 and
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the inner vertices on a circle with radius r;, = 1/3, see Figure 3. We use uniform
mesh with 4% - 2n triangles and compute both lower and upper bound of Friedrichs’
constant Ck.

Figure 4 shows the dependence of Cr on n. The value of Cr decreases with n
and it seems that in the limit n — oo it converges to Friedrichs’ constant of a circle
with radius 7y, = 1/3, which is approximately 0.138610. We note that Friedrichs’
constant for a circle with radius ro, = 1 is approximately 0.415831. The increasing
gap between the lower and upper bound of Cf is probably caused by singularities
of the eigenfunction u; at the obtuse angles. The strength of these singularities
increases with the size of these angles, but the resolution of the used meshes stays
the same.

0.18
R
0.16f T
~ T
Crotal T -
0.12+ upper bound
— = —lower bound
~~~~~ circle r=1/3
01— : - : : -
5 10 15 20 25 30
n
Figure 3: Illustration of 7-fold regular Figure 4: Values of Friedrichs’ constant for
star with inner and outer radii. n-fold regular stars.

7. Example C: Dependence on the Dirichlet part

In the final example we investigate the dependence of Cr on the Dirichlet part I'p
of the boundary 0€2. We consider a fixed L-shaped domain ) and vary the position
and size of I'p. The boundary 0f2 is split into 16 segments of unit length. The part
I'p is chosen as a connected curve of length |I'p| = ¢, i.e. it consists of ¢ segments.
In this experiment we consider |I'p| = 1,5,11, and 15. For each length we compute
the lower and upper bound of CF for all 16 positions of I'p on 0f2. The positions are
indexed by the number of the first segment of I'p in the counterclockwise sense, see
Figure 5.

Figure 6 presents the dependence of Cr on the position of I'p for the four con-
sidered sizes |I'p|. We observe strong dependence both on the position and size. We
also see similar values of Cr for almost symmetric positions, for instance for |[I'p| = 1
and positions 4 and 11 or for |I'p| = 11 and positions 7 and 14 (these positions
correspond to peeks in the graphs in both cases).
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Figure 5: The L-shaped domain and Figure 6: Dependence of Friedrichs’ con-

enumeration of boundary segments stant on the position and size of I'n. Up-
(left). An example of a position and per bounds are indicated by solid lines and
size of T'p (right). lower bounds by dashed lines.

8. Conclusions

In this contribution we present a method for computing guaranteed lower and
upper bounds of Friedrichs’ constant or equivalently for lower and upper bounds of
eigenvalues of the corresponding differential operator. The main output is a numeri-
cal study of the value of Friedrichs’ constant Cr in various cases including convex and
nonconvex domains. We observe the dependence of Cr on the shape of the domain
2 and on the size and position of the Dirichlet part I'p of the boundary 9). While
we observed negligible dependence of Cr on the shape of nonobtuse triangles, the
dependence on the size and position of the Dirichlet part I'p is significant in majority
of tested cases.

Let us conclude this contribution by a note that the presented method can be
easily generalized to compute two-sided bounds of the optimal constants in similar
inequalities, like the trace inequalities, Poincaré inequality, and Korn’s inequality.
For all these inequalities the computation of the optimal constant reduces to the
computation of the smallest eigenvalue of a differential operator.
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