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Abstract

The aim of this thesis is to find a lower and an upper bound for the smallest eigen-
value of the non-conforming eigenvalue problem with zero boundary condition. The non-
conforming finite elements will be the Crouzeix-Raviart element with odd degree, which
are only in certain points continuous over the edge of a triangulation. Therefore, we need to
introduce an interpolation operator on the Crouzeix-Raviart space to create a continuous
space, which can be applied to determine exact bounds for the smallest eigenvalue.

As a concrete numerical experiment, we will study the impact of the degree of the
Crouzeix-Raviart elements on the discrete eigenvalue and the lower bound of the smallest
eigenvalue.
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1. Introduction.

In the field of mathematical physics, the eigenvalue problems with boundary condition
are of interest. They are defined in the following way:

—Au=Au in £, (1)

u=0 on 0,

for u € H&(Q) and ) describing the domain. To apply these on physical problems,
discretisation methods are applied. One of the best known discretisation methods is the
Galerkin discretisation, which can easily be applied on conforming and non-conforming
finite element spaces. In this thesis, we will focus on the non-conforming finite element
discretisation of the eigenvalue problem, which will be based on the Crouzeix-Raviart
elements. The non-conformity of the Crouzeix-Raviart elements emerges from the fact
that continuity between the edges of a triangulation is only enforced on k points lying on
each edge and non on the vertices. On the other parts of the edges, there will be a jump
when going over the edges of triangles in a triangulation.

In this thesis, we will derive an interpolation operator, which maps the space of Crouzeix-
Raviart element of odd degree to a continuous space. This operator will be used to derive
a lower and an upper bound for the smallest eigenvalue.

In Chapter 2.1, we will review relevant function spaces and some useful analysis to
apply on the non-conforming eigenvalue problem. The most important notions used for
this thesis will be the Hilbert space H{(£2), the variational formulation of the eigenvalue
problem and the Lax-Milgram Theorem. This subchapter is based on [BS08], [Eval0] and
[Hac86].

In Chapter 2.2, we will recall the notion of finite elements and define the Crouzeix-
Raviart elements. The basis representation of this space is crucial for the following sub-
chapters. For the notion of finite elements we will follow [BS08] and [Bral3]. The definition
of the Crouzeix-Raviart elements and some properties were already encountered in [CS22].

In Chapter 2.3 and 2.4, we will introduce the eigenvalue problem and discuss some of its
properties and error estimations. One of the most important results is that the eigenvalues
of the eigenvalue problem are positive, real and countable. It is also important to observe
that the smallest eigenvalue is simple, which will be required for the error estimation.
Again, we refer to [Eval0O] and [Hac86].

In Chapter 2.5, we will define an operator mapping the Crouzeix-Raviart elements to
continuous elements. For this, we will define some nodal points on the triangulation, which
will be based on the properties of the Crouzeix-Raviart elements.

Finally, in Chapter 2.6, we will introduce explicit bounds for the smallest eigenvalue of
the eigenvalue problem, which is a generalization of the bound in the thesis [CG14]. The
upper bound will be defined by the Rayleigh-Ritz principle applied on the non-conforming
interpolation operator of the Crouzeix-Raviart elements. The lower bound will depend on
the discrete eigenvalue and the mesh size.
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To evaluate the proposition of the lower bound, we will show some numerical exper-
iments in Chapter 3. We will focus on the unit square and the L-shape domain and
compare the error of the discrete eigenvalue and the lower bound with different degrees of
the Crouzeix-Raviart element and different mesh sizes.

In the end, we summarize the main results from Chapter 2 and 3 and give an outlook
on further possible investigations.
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2. Theory.

In this chapter, we will introduce the theory that enables us to work with the Crouzeix-
Raviart space on the eigenvalue Problem. For the following subchapter we need a couple
of assumptions and general definitions. From now on € is always a domain in R™. Let us
denote with 9Q the boundary of Q and with Q the closure of Q. We define the following
sets

LP(Q):z{f:Q%R:/gzlfINOO},

Ck(Q) == {f : Q — R : k-th derivative is continuous},
CH(Q,R™) := {f : Q@ = R™ : k-th derivative is continuous},
Ce(Q) := {u € C>®(Q) : supp(u) C Q and supp(u) is compact }

with supp(u) being the support of u. Let us notice that all above defined function spaces
are over the field of real numbers.
We also define the following scalar product and norm

(u,v) == (u,v) 2() = /Qu(x)v(x)dx,

[ull = [[ullz2(0) = v/ (u, ).
2.1. Continuous Problems.

In this subchapter, we will give a brief introduction into the theory of continuous prob-
lems by starting with the definition of the Sobolev space, continuing with the theory
regarding Hilbert spaces, then moving on to the elliptic partial differential equations and
its variational formulation and lastly introducing the Ritz-Galerkin discretisation.

To define the Sobolev spaces we need to define the a-th weak derivative.

Definition 2.1. ([Hac86, Definition 6.20]) A L2-function u € L?(f2) has a a-th weak
derivative DYu € L*(Q), if

/ w(z) DSu(z)dz = (—1)1 / D%w(z) u(z)dz, for every w € C°().
Q Q
The a-th weak derivative is not always the same as the derivative of a function. In the

following example we show the first weak derivative of a function.

Example 2.2. Let us consider Q = (—1,1), @ =1 and f(z) = |z|. We claim that the first
weak derivative of f(x) exists and is given by

1 ifz>0

1 _
Dy f() = {—1 if2 <0

6
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Now let w € C°(f2) be an arbitrary function. We observe by applying partial integration
that

[ s / Pl (@) + /1f(:r)w’(w)
= @@’ - [ Foue + @@l - [ e

1
~ [f@)w(@)]°, - / (—Dw(a) + [f(2)w(z)]} - / (+1)w(z)

-1 0

/Dl )+ lim f(@)w(z) - w(-1) +lim f)u(e) - w(D).

z]0

Since w € C°(Q) we get limgyo w(x) = limg o w(z) and w(1l) = w(—1) = 0. It follows that

/ i) = [ Do) + (o) (tmy (o) +limy ()
- [ phsw

In conclusion, D} f(x) is the first weak derivative of f.

After defining the a-th weak derivative of a function, we can define the Sobolev space
and the Sobolev norm, which are used to study solutions of partial differential equations.
They are named after Sergei Lwowitsch Sobolew, who introduced the notion of the Sobolev
space.

Definition 2.3. ([Eval0O, p. 258-259]) Let £ € N be a non-negative integer and let p €
[1,00). The Sobolev space W*P is given by

WhP(Q) = {u € LP(Q) : V|a| < k, D®u € LP(Q)},

and the Sobolev norm || - ||ip is defined as

lullsp={ D I Dgu [

o<k

1/p

Definition 2.4. ([BS08, Definition 1.3.7]) The semi-norm |- |, on W*P (1) is defined via

1/p
uley == | D I Dau |t
|a|=k

Next we want to introduce the notion of Hilbert spaces. Therefore, we need a couple
definition beforehand.
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Definition 2.5. ([BS08, Definition 2.1.1]) Let V' be a linear space and let a : V x V — R
be a mapping. The mapping a(-,-) is called a bilinear form if

v — a(v,w)
and
w — a(v,w)
are linear maps on V for all v, w, € V.
The bilinear form a(-, ) is called symmetric if

a(v,w) = a(w,v)
for all v,w € V.
We show an example of a symmetric bilinear form.

Example 2.6. The euclidean scalar product < -,- >: R” x R” — R given by

n
<a,b>= Z a;b;
i=1

is a symmetric bilinear form.

An inner product space consist of an inner product and a linear space. We will first
define an inner product, which is a special case of a bilinear form and then we will define
an inner product space.

Definition 2.7. ([BS08, Definition 2.1.1]) Let V' be a linear space. An inner product
(+,-)v is a symmetric bilinear form on V satisfying

i) (v,v)y >0forallveV,

ii) (v,v)y =0 if and only if v = 0.

Definition 2.8. ([BS08, Definition 2.1.2]) Let V be a linear space and (-, -)y be an inner
product. Then we call (V, (-,-)y) an inner product space.

The following example shows the inner product space, which consists of the space L?
and the L2-scalar product.

Example 2.9. An inner product space is (L2, (-, -)), where (-, -) is the inner product defined
as the L?-scalar product,

(u,v) = / u(x)v(x)dx
Q
for 2 C R2. Notice that this inner product is also symmetric.

The Hilbert spaces are named after the German mathematician David Hilbert and are
essentially a Banach spaces, whose norms are induced by a scalar product. They are,
similarly as the Sobolev spaces, used to solve partial differential equations.

Definition 2.10. ([BS08, Definition 2.2.1]) Let (V,(,-)y) be an inner product space.
(V,(-,-)v) is called an Hilbert space, if the associated normed linear space (V|| - ||y/) with

|- llv:= m is complete.
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Let us define H*(Q) := W*?2(Q). The following proposition shows that the space H” is
also an Hilbert space.

Proposition 2.11. ([Hac86, Satz 6.23]) H*(Q) equipped with the scalar product
(u,v) gr () = Z D%u(x) D% (z)dx,
laj<k ¢
1s a Hilbert space and its norm is given by

lu leey= | S 1 Dou 2. (2)
|| <K

Notation 2.12. ([Hac86, Definition 6.27]) We denote the scalar product of H¥() as

(u,v)g == Z D%u(x) D% (z)dx.

o<k 7<)
Notation 2.13. ([Hac86, Definition 6.27]) The completion of C°(Q) in L?(Q2) with the
equipped norm || - || x(q) is denoted as HE(Q).

An important example for the following chapters is the Hilbert space Hg ().

Example 2.14. The Hilbert space H}(f2) consists of functions u € L?(f2), whose first
derivative lie also in L?(2), but are zero on the boundary,

u=0 on Jf.

The norm is defined as

i larsyi= /I 4 oy + 1| Vu 220
and its semi-norm as
[ul 1) =l Vu |2 @) -
Notice that
Il | 2@y <l w3 gy -
Let us recall the Cauchy-Schwarz inequality.

Theorem 2.15. (Cauchy - Schwarz Inequality, [BS08, p. 2.1.4]) Let (V. (-,-)v) be a inner
product space. Then it holds

[(u, v)v | < ullv][v]]v.

The following lemma shows that the norm of the Hilbert space H*(2) is equivalent in
HE(Q) to the semi-norm of the Sobolev space W#2(Q).

Lemma 2.16. ([Hac86, Lemma 6.29]) Let 2 be a bounded domain. Then || - || gx(q) and
| |k.2 define equivalent norms in HE(S2).

For the following proof we will follow along the lines of [Hac86, Lemma 6.29].

9
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Proof. First notice that for u € HY(Q)

fuliz = \/ S | Dou 2 < \/ S Dow |2 =] gy

lal=k jal<k

The next goal is to show that

Let u € C°(2) and let us choose an « with |a| = k — 1 and let v := D% € C°(Q2) be
the a-th weak derivative of u. Choose R > 0 such that 2 C B(0), where Br(0) is a ball
of radius R around 0. Therefore, there exists an x; € [—R, R] for every x € Q such that

N 2
1 ov

r 011
Notice that by setting v = 1 in the Cauchy-Schwarz inequality we observe that

I

where || denotes the volume of Q. This implies that

lv(z)]? = —(t,x2,x3, ... ,@y)dt

1
= (1)) < [ful] 1)) = |23 /Qw,

1 Qv 2
/ 8951 (t,x2,23,..., 2 )dt ($1’+R)/R Tm(t’xQ’x?’"“’xn) dt
R |9 2
§2R/ v(t X9, X3, ..., %n)| dt.
O0xy
If we integrate over x € {2 we observe that
2
HUHZ_/ \v(m)|2§/2R/ t (t,xo,x3,...,2p)| dt
Q
R ov
—(t,x9,x3,...,2p)| dt
3 1
av
= 4R?
Bxl
Since we chose v to be the a-the derivative of v and |a| = k — 8— is the k-th derivative
of u. This implies that
ov
> <4R? < AR?|ul}, 5.
ol o ul

If we sum up over all a with |a| = k — 1 we see that
2 2 21,12 2
|U’k—1,2 = Z [[o]|” < Z 4R |U‘k2 < Ck—1|u|k,2'
la|=k—1 |a|=k—1
But since k is arbitrary, we observe for any j < k that

[ulf < CjCiia... Crotlulf .

10
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By summing up over all j =0,1,2,.., k we observe that

k
ulBpeey < 3 lul2s < Clul?,
7=0

for any u € C2°(£2) and since C°(92) is dense in H*(2) we observe the required result. [

For different properties of the eigenvalue problem, which we will discuss in Chapter 2.4,
we need to introduce the notion of compact operators and compact embedding.

Definition 2.17. ([Eval0, p.287]) Let X and Y be two Banach spaces with X C Y. Then
X is compactly embedded in Y, if
i)
[lully < Cllullx
for u € X and C being a constant.
ii) for each bounded sequence {uj}72, in X there exists a subsequence {uy,}52; C
{ur}32,, which converges in Y to some limit u,

lim ||ug; — ully = 0.
j—00

Definition 2.18. ([Eval0, p.724]) An operator K : X — Y is a compact operator if for
each bounded sequence {uy}72; in X there exists a subsequence {uy, }32; C {uy}32, such
that {Kuy,}32, converges in Y to some limit u,
lim ||Kuy, —ully =0.
J—o0
For the Chapter 2.4 we also require the Hilbert space H&(Q) to be compactly embedded
in L2(Q). For this we need the Rellich-Kondrachov compactness theorem.

Theorem 2.19. (Rellich-Kondrachov compactness theroem, [Eval0, p. 286]) Let Q@ C R™
be an open and bounded domain with C' boundary. Let us chose a p such that 1 < p <n
and let p* := P Then it holds true that WLP(Q) is compactly embedded in Li(Q) for

every q such that 1 <1 < p*.
The following corollary shows that H}(f2) is compactly embedded in L%(12).

Corollary 2.20. Let Q be bounded and open with C* boundary. Then H&(Q) is compactly
embedded in L?(Q).

Proof. This corollary follows immediately by the Rellich-Kondrachov compactness theo-
rem. By the choice of p = 2 and n > 2 it follows, that 1 < g < % Since Rellich-
Kondrachov compactness theorem holds for any ¢, we can choose ¢ = 2 and oberve that

HZ(9) is compactly embedded in L?((2). O

11
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The rest of this subsection is based on pages 311 - 317 in [EvalO] and Chapter 8.1 in
[Hac86] and introduces the variational formulation of a partial differential equation. From
now on, let us consider the second-order partial differential equation

Lu=f in Q, (3)

where Q € R" is open and bounded, f : Q@ — R is a given function with f € L?(Q) and L
denotes a second-order partial differential operator of the form

Zm( ) Zb axz ()

3,j=1

for given coefficient functions a; j,b;,c € L>®(Q) fori,j =1,2,...,n
The boundary condition we focus on is called the Dirichlet boundary condition and is
defined as follows
u=0 on I COoN.

From now on we will always focus on the Dirichlet boundary condition for I' = 9€). For
second-order partial differential equation three important typed are distinguished: elliptic,
hyperbolic and parabolic second-order partial differential equation. In this thesis we will
only focus on the elliptic ones, which is defined in the following way.

Definition 2.21. ([Eval0, p. 312]) The partial differential operator L from (3) is called
elliptic, if for almost every x € € and for all £ € R™ there exists a constant § > 0 such
that

n

Z a; ;(7)&& > 0|¢*.

ij=1
To define a solution of (3), let us multiply (3) with a smooth test fuction v € C°(Q2)
and integrate over ). Then we observe the following equation
=

L (i) 20
/ Z@az ( I 9, ) / Zbaxz U+/chv=/gfv. (4)

which is equivalent to
Recall the Gauss Theorem and the resulting integration by parts.

Theorem 2.22. (Gauss Theorem, [Eval0, p.712 Theorem 1]) Let v = (v!,...,v™) denote
the outward-pointing unit normal vector field to the domain Q.

i) Let w € C1(Q2). Then it holds true that

ou
o Ox;

dx—/ udS 1 <i<n.
o0

12
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/div(u)dl‘:/ uvdS,
Q o0

for every u € C1(Q,R™).
Theorem 2.23. (Integration by Parts, [Eval0, p.712 Theorem 2]) Let u,v € C*(Q). Then

it holds true that
axz / Yoz, /asz w,
1

where v = (v',..., V") denotes the outward-pointing unit normal vector field to the region
Q.

it) It holds true that

Proof. Let us consider the Gauss theorem i), which states

Ay :/ g
o 0ri  Joq

for y € CY()). Let us choose y := uv. By partial derivation we observe that
0
y _ O(uv) _ 8uv+u8(v).
Applying this observation to the Gauss theorem, it follows that

/ uvui—/ O(uv) 8uv+ u(%
09 Ja 0z Jg Ox; o Ox;

which is equivalent to
ou v / i
V= — U + uvy-.
0 8113’1 Q 8:61 o0

Corollary 2.24. Let u,v € C(Q). Then it holds true that

/—Auv:/<Vu,Vv>—/ <v,Vu > v.
Q Q o0

Proof. The proof follows immediately from the integration by parts, Theorem 2.23, by
plugging in 8” for w. O

From the Integration by Parts and the Dirichlet boundary conditions it follows that

UE& 08 ELE2)

3,j=1

N ”E)xj 8551 Fle) aZL‘]

1,j=1

-], Z( ,Ja%)s‘;;

7]_

13
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Now let us apply this result in (4), from which we observe that

"9 ou / " Ou /
v = - — | aij(x)5— v+ b; v+ | cuv
foro= [ (o) ) o f (S ) o
/”zl(%)m [ [

ou Ov ou
/ Z aij oz, a—x] + ; bia—xiv + cuwv.

i,7=1

For easier handling we will denote the right hand side of the equations as a bilinear
form, which we will denote as a(-, -).

Definition 2.25. ([Eval0, p. 314]) Let us denote the bilinear form a(-, ) associated with
the divergence form elliptic operator L from (3) as

Ou dv -
(u,v) := — b v + cuv
[ X a0,
for u,v € HF(Q).

After the calculation above and the definition of the bilinear form a(-,-), we can finally
define a weak solution. Weak solutions are actually important since in this case we do
not require the solution to be smooth, which is often the case in modeling real-world
phenomena.

Definition 2.26. ([Eval0, p. 314]) We state that u € H}(2) is a weak solution of the
second-order partial differential equation (3), if

a(u,v) = (f,v)
for all v € H} ().
Remark 2.27. The equation
Find u € H}(Q) such that for any v € Hj(Q) a(u,v) = (f,v)

is also called the weak formulation or the wariational formulation of the second-order
partial differential equation (4).

Definition 2.28. The weak formulation or variational formulation of the eigenvalue prob-
lem (3) with Dirichlet boundary condition reads as follows:
Find (\,u) € R x H}(Q) \ {0} such that for any v € H}(Q) a(u,v) = X (u,v).

The goal for the rest of this chapter is to find a tool to prove the existence and uniqueness
for the problem (3) with Dirichlet boundary condition. This will be done with the Lax-
Milgram Theorem. But therefore we need the definition of a coercive and a continuous
bilinear form.

14
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Definition 2.29. ([BS08, Definition 2.5.2]) Let (H,|| - ||ir) be a normed linear space.

A bilinear form a(-,-) is called coercive on V' C H if there exists a constant ¢ > 0 such
that

a(v,v) > cllvl[%

for every v € V.

A bilinear form a(-,-) is called continuous if there exists a constant d < co such that

la(v, w)| < dffv]|mllw|[m

for every v,w € H.
Remark 2.30. A continuous bilinear form is also called bounded.

Let us recall the definition of a dual space with its norm and the Riesz representation
theorem.

Definition 2.31. ([Bréll, p.3]) The dual space V' of V consists of all continuous linear
functionals on V. The dual norm on V' is given by

[fllvr == sup |f(z)]
[|z|[v <1
zeV

Theorem 2.32. (Riesz Representation Theorem, [BS0S, Theorem 2.4.2]) Let H be a
Hilbert space and L be a continuous linear functional on H. Then there exists an u € H
such that L can be uniquely represented as

L(v) = (u,v)q.
Moreover, we have
Ll = lulla-
The following theorem will prove the existence and uniqueness of the eigenvalue problem,
which will follow in Chapter 2.3

Theorem 2.33. (Laz-Milgram Theorem, [Eval0O, p. 315]) Let (H,(,-,-)m) be a Hilbert
space with norm || - ||g, let a : H x H — R be a continuous and coercive bilinear mapping
and let f: H — R be a bounded linear functional on H.

Then there exists a unique u € H such that

a(u,v) = (f,v) ()
for everyv € H.
For the following proof we follow along the lines of [Eval0].

Proof. First, let us prove the existence of (5) for w € H. Let us fix u € H. Then
v — a(u,v) is a bounded linear functional on H. From Riesz Representation theorem we
observe that there exists a unique w € H such that a(u,v) = (w,v)y for v € H. Next let
us define an operator A : H — H which maps u € H to w € H, Au = w. Then it follows
that

a(u,v) = (Au,v)g (6)

15
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for u,v € H.

Claim 1: The operator A : H — H with Au = w is a bounded linear operator.
Proof: First let us prove that A is linear.
From (6) we observe that

(A(Au + pa), v) g = a(Au + pa,v),
For A\, u € R and u,v € H. Since a(-,-) is a bilinear form we see that
a(Au + pt,v) = Aa(u,v) + pa(i,v),
where we again apply (6) and observe that
Aa(u,v) + pa(t,v) = AM(Au,v)g + p(Ad,v)g = (Nu + pAa,v)g.
Summing up,
(A(Au+ pa),v)g = (ANu + pAa,v)g.
Therefore, A is a linear operator.
Next let us show that A is bounded. Let us first notice that
| Au ||%= (Au, Au) g = au, Au),
where we again applied (6). Since a(-,-) is continuous, we observe that
a(u, Au) <d || u |zl Au | .
By dividing this inequality by || Au ||z we see that
| Au (< d || ullm
for a constant d > 0 and for any u € H. Hence A is bounded and concludes the proof of
the claim.
Notice also that from coercivity and (6) we observe that
cllulf< a(u,u) = (Au,u)m,
and Cauchy-Schwarz inequality implies that
cllullf< (Au,u)n <|| Au g u -
By dividing this inequality by || u ||z we observe that
clulla<el Aulla .

In conclusion, A is a bijection and the range of A is closed in H.

Claim 2: For the range of A, denoted as R(A), it holds true that
R(A) = H.

16
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Proof: We prove this by contradiction. Assume that R(A) C H. This implies the
existence of w € H \ {0} with w being in the orthogonal complement of R(A). It follows
that

c|lw|p<a(w,w) = (Aw,w)g =0,
which is a contradiction and proves the claim.

From Riesz Representation theorem we again observe that there exists a w € H such
that

(f7 U) = (’U}, U)H
for any v € H. Claim 2 as well as the fact that A is bijective and R(A) is closed in H

shows that there exist a u € H with Au = w. From this result and again applying (6) it
follows that

a(u,v) = (Au,v) g = (w,v) g = (f,v)
for v € H. Which shows the existence of a solution of (5).

Now let us prove the uniqueness of (5).
Let u and @ both be solutions of (5). Then it follows that

a(u,v) = (f,v) = a(a,v).
But we observe for any v € H that
a(u —a,v) = a(u,v) — a(a,v) = (f,v) — (f,v) =0.
Coercivity implies that
cllu—al%,<alu—i,u—1i) =0,
and hence u = @, which shows the uniqueness of (5). O

It may be very difficult to solve a variational problem on a infinite dimensional space
V. So let us reformulate (4) for a finite dimensional subspace V;, C V with V = H}(Q).
Remember that (-,-) describes the L2-norm.

Definition 2.34. ([Hac86, p.163] ) The reformulation of the variational formulation from
definition 2.28 with a finite dimensional V}, C H}(Q) instead of H{(Q) is called the Ritz-
Galerkin discretisation and reads as follows:

Find wuy, € V}, such that for any v € Vi, a(up,v) = (f,v). (7)
If the solution exists, the according solution wy, is called the Ritz-Galerkin solution.

It may be easier to find the weak solution of the Ritz-Galerkin discretisation using the
basis of the finite dimensional space V},. Therefore we introduce the following lemma,
which states that the discrete weak solution w; only needs to satisfy the Ritz-Galerkin
discretisation for the basis of V}, and not any function v € V},.

Lemma 2.35. ([Hac86, Lemma 8.4]) Let us denote the basis of Vi, as {b1,...,by}. Then
the Ritz-Galerkin discretisation is equivalent to the following formulation:

Find up, € Vj, such that for every i € {1,..,m} a(un,b;) = (f,b;). (8)
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Proof. Since {by,...,by,} is a basis of V},, we can rewrite v € V}, as

m
v = E 'I}ibi
i=1

By linearity we observe that

3

a(uha =a uhazvl sza uhab)a (9)

=1

(up,v) = uh, vi(up, by). (10)

Ms

=1

First assume that (8) holds true. Then (9) and (10) imply that we need to find v € V},

such that
m
alup, v sz aup, bi) =D vi(un, b;) = (un,v),
i=1

which is exactly the Ritz- Galerkm discretisation.

Moving on, let us assume the problem with the Ritz-Galerkin discretisation from (7)
holds. Then we can choose v = b; for an arbitrary b; and hence the Ritz-Galerkin discreti-
sation reformulates to find uy € V}, such that

(uhv ) (f7 )
Since b; is arbitrary (8) follows. O
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2.2. Finite Elements.

The idea behind the finite element method is to divide a large or complex domain into
into smaller, countable ones. Therefore, we divide the domain €2 into a finite amount of
smaller subdomains, which we will call a triangulation 7. This subdivision will be part of
a finite element. The finite element method is usually applied on domains of dimension
two or three and is a special case of the Galerkin discretisation. From now on let Q C R2.
Let us first define the notion of a triangulation 7 on a domain §2.

Definition 2.36. ([Bral3, Definition 5.1]) A subdivision of triangles 7 = {71, 72,...., 7}
of a polygonal domain Q C R? is conforming, if it satisfies the following:

i) its closure is the union of the triangles that is

m
Q= U Ti,
=1

ii) if 7; N 7; consists of exactly one point, this point is a vertex of 7; and 7,
iii) if, for ¢ # j, 7; N 7; consists of more than one point then 7; N 7; is an edge of 7; and
Tj.

Let us visualize an example of a conforming triangulation and a non-conforming trian-
gulation on the unit square.

Example 2.37. In the following figure on the left side, a conforming triangulation is
depicted. However, the right hand side figure is not a conforming triangulation. The
intersection of the triangles 7 and 79 yields more than one point, but consists not of the
whole edge of 7.

T2
71

FIGURE 1. Left: conforming triangulation. Right: Non-conforming triangulation.
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Notation 2.38. For the rest of this thesis we use the following notations:
£ denotes the set of all the edges on the triangulation 7,

Esq includes only the edges lying on the boundary 052,

Eq includes all the edges, which do not lie on the boundary 052,

V denotes the set of all the vertices of the triangulation T,

Vq includes all the vertices, which do not lie on the boundary 052,

|7| denotes the area of the triangle 7 € T,

hg denotes the length of the edge F,

h. denotes the length of the longest edge in 7 € T,

H denotes the length of the longest edge over all triangles in T that is

H :=maxh,
TET

e Let us denote as Ty a triangulation of € such that
h <H
for every 7 € Tg.

Let us next look at different types of triangulation and therefore let us reformulate the
definition of shape regular and quasi-uniform in [Bral3].

Definition 2.39. ([Bral3, Definition 5.1]) A triangulation Tz of Q is said to be shape
reqular, if there exists a constant ¢y > 0 such that we can find a ball with radius p;
contained in the triangle 7 with

hr < CsrPr

for every 7 € Ty.

A triangulation T of €2 is said to be quasi-uniform, if there exists a constant cq, > 0 such
H < cquhr
for every 7 € Ty.

After introducing the notion of a triangulation, let us introduce finite elements and its
components.

Definition 2.40. ([BS08, Definition 3.1.1]) A finite element is a triple (2, P, N), where

i) Q C R? called the element domain, is a domain with piecewise smooth boundary,
ii) P be a finite-dimensional space of functions on 2, called the shape functions, and
iii) N = {Ny, No,..., Ny}, called the nodal variables, be a basis for P’, the dual space

of P.

We will use the following notation.

Notation 2.41. We call §; ; the Kronecker delta function and it is defined as

0 ifi#y,
su={ 1 1] (1
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In practice we will define the set of nodes for a finite element and from that derive a
basis for the shape functions. This basis is called the nodal basis and is defined in the
following way.

Definition 2.42. ([BS08, Definition 3.1.2]) Let (Q,P,N) be a finite element and let
{¢p1, b2, ..., Pa} be the basis for P dual to N. ¢; is a Lagrange basis if

Ni(¢;) = 6i;.
Then {¢1, ¢2,...,¢q} is called the Lagrange basis or the nodal basis for P.

The following lemma characterizes the equivalence of the nodal variables being a basis
for the dual space P’ and the multiplication of any nodal variable with a shape function
being zero having only the trivial solution.

Lemma 2.43. (/[BS0S, Lemma 3.1.4]) Let Q C R? and let P be a d-dimensional space of
functions on Q. Let us also assume, that N is a subspace of the dual space of P,

N ={Ny,Ny,...,Ng} CP.
Then the following are equivalent:

i) {N1,Na,..., Ny} is a basis for P'.
it) If v € P with Nyv =0 for every i € {1,2,...,d}, then v =0.

The proof is taken from [BSO08].

Proof. Let us reformulate i) and ii) into matrix representation.
Let us start with i). Since {N71, No,..., Ny} is a basis for P’, we can write any L € P’

as
d
L= Zaij.
7=1

Let {¢1, ¢2,..., ¢4} be the nodal basis for P. Then we observe that

d d
yi = L(¢:) = Zaij(¢i) = Z%‘&‘,j =a;
j=1 j=1

and hence we find a matrix equation

y = Ba
with y = (y:)%,, a = (a;)%, and B = (Ni(gbj))ﬁjzl. Notice that {Ny, Na,..., Ny} is a
basis for P’ if and only if y = Ba is always solvable, which is again equivalent to B being
invertible.

Let us look at ii) and choose a v € P with N;u = 0 for every i € {1,2,...,d}. Since
{b1,d2,...,Paq} is the nodal basis for P, we can rewrite v as

d
v = Z bj(f)j.
j=1
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Notice, that

d d d
0= Niv = NZ‘ Z bjgbj = ijNz(gb) = ijéi’j = bi,
7=1 7j=1 7=1

which implies that b; = 0 for any i € {1,2,...,d}. From this observation we again find a
matrix equation
Cx=0

for C = (Ni(¢j))§l’j:1. It follows that v € P with N;v = 0 for every i € {1,2,...,d} leads
to v = 0, which is equivalent to Cx = 0 having only the trivial solution, which again holds
true if and only if C' is invertible.

Notice that B = C”, which implies that C' is invertible if and only if B is invertible,
which implies that i) holds true if and only if ii) holds true. O

Finite elements can be divided into two types, called the conforming and the noncon-
forming finite elements. The main difference between these two types is for a conforming
finite element, we assume the finite element is contained in the Sobolev space where we
solve the variational problem. In practice, we often need to relax the choice of elements in
order to solve a problem and as a result, we can not assume that the finite elements are
contained in the Sobolev space. However, we can use the Rayleigh quotient to estimate
the solutions. Therefore, we will apply a nonconforming finite element.

Let us look at the Lagrange basis, which spans a conforming finite element.

Definition 2.44. The Lagrange basis By, ., € L?(2) of degree k on the nodal point z; € A/
with z; = (z,y;) is a polynomial of degree k for each triangle 7 € 7 and is characterized
by

By.z,(2)) = 0i
with ¢; ; being the Kronecker delta function. Furthermore the Lagrange basis is a piecewise
continuous polynomial of degree k.

The following example shows the linear Lagrange element on a triangle 7 of a triangu-
lation.

Example 2.45. Let us take a look at a triangle 7 € 7 with nodal points z1, 22, 23 € V
and the case of the degree being k = 1. As basis we choose the linear Lagrange basis,
which reads as By (x) := Bi ., (x), Ba(x) := By, (x) and Bs(z) 1= By ., ().
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<3

21 22
FiGurE 2. Lagrange element on triangle 7 with nodal points 21, z2 and z3.

Definition 2.46. The degree of a multivariate polynomial p : 2 — R" is defined as the
highest degree of the monomials, where the degree of a multivariate monomial is received
by adding the degrees of each variable of the multivariate monomial. Let us define the
space of k-th degree polynomials as follows

P(Q) :={p: Q= R:pis a polynomial of degree < k},
PHQ,R™) :={p: Q — R": pis a polynomial of degree < k}.

Let us look at an example of a nonconforming finite element, precisely the linear
Crouzeix-Raviart finite elements on a triangle 7 of a triangulation.

Example 2.47. Let us take a look at a triangulation 7 of Q C R? with nodal points
21, z9 and zg in the middle of each edge of a triangle 7 € 7. As basis we choose the
Crouzeix-Raviart elements of degree 1, which are edge oriented in contrast to the Lagrange
elements, which are vertex oriented. The linear Crouzeix-Raviart elements C; € L2(f2)
are continuous over the edges in the nodal points and the elements restricted to a single
triangle are linear. Moreover, C; is zero on the middle of the edges on the boundary 0f2.

Z3e 22

<1

F1GURE 3. Crouzeix-Raviart elements on triangle 7 with nodal points 21,
z9 and z3.
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Moving on, let us define the Crouzeix-Raviart element of degree k for an odd k, which
is not constant over the edges and hence a nonconforming finite element. Therefore, we
need to define the jump of v € P¥(T) over an edge E € &g as [v]g. Let us fix an edge
E € & and let 7; and 7 be the two triangles sharing the edge E. We will denote the
piecewise smooth function v;, as v restricted to 7,

Ury = Vlpy
and similarly, we will denote v, as v € Pk restricted to 75 that is
Vry = Vl7y-
Then we define the jump across the edge F as follows:
[v]e == vnlE —vnlE
From now on k will always be an odd number.

Definition 2.48. ([CS22, P. 14]) Let k be odd. Then the Crouzeiz-Raviart space CRE(T)
of degree k is given by

& . & ~ for every E € £ and every q € PF1(E) JelvlEqg=0
CRy(T) := {U €PAT): for every E € Eyq and every g € PF~1(E) Jpvg=0

Remark 2.49. Notice that Crouzeix-Raviart elements are not continuous over the edges
and hence are not continuous on 7. Therefore, CRE(T) ¢ H{ (). This is the reason the
Crouzeix-Raviart elements are nonconforming finite elements.

Now let us find a basis for CRE(T). The basis for CRE(T) is based on the Legendre
polynomials. Therefore, let us first define the Legendre polynomials and look at a couple
of its properties, which we will need in Chapter 2.5.

Definition 2.50. The Legendre polynomial P,go’o) € P*([~1,1]) is the polynomial of de-
gree k on the interval [—1, 1] with the properties

1
/ PO (2) PO (z)da = 0
-1

for k # m and P,go’o)(l) =1.

Remark 2.51. By definition the Legendre polynomial are orthogonal and since we define
a Legendre polynomial for every degree k, they also form a basis for polynomials.

The following example shows the Legendre polynomial of degree 3.

Example 2.52. The Legendre polynomial of degree 3 is
1
P3(0’0) (z) = 5 (51‘3 - 3:6‘) .

The number of roots is important for the further chapters. The following lemma provides
us with an exact amount.

Lemma 2.53. The Legendre polynomial of degree k > 0 has exactly k distinct roots.
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Proof. Let us first notice that the Legendre polynomial Pk(;o,o) has at least one root of odd
multiplicity. By definition we know that

1 1
0= / Péo’o)(x)PO(O’O) (x)dx = / PIEO’O) (x)dx.
-1 -1
Therefore, P}go,o) changes signs at least ones and hence has at least one root of odd mul-
tiplicity.
Next let us assume by contradiction that P}gop) has m < k distinct roots of odd mul-
tiplicity and let us denote them by x1,z1,...,2,,. Then it follows that the product

Plgo’o) [, (x — x;) changes sign at least once,

m
0,0
PV @) [J(x - 2:) > 0.
i=1
Hence the integral must be positive, i.e.
1 m
/1 P,io’o) () | | (x — z3)dz > 0.
- i=1

Notice that we can rewrite [} (z —z;) as a linear combination of Legendre polynomials,

m

H(x —x;) = Z aiPi(O’O) (z).
i=1

i=1
By plugging that into the above inequality we observe that

m

0< /11 P,EO’O) () H(m —x;)dx

i=1

1 m
= / P]E,O’O) (z) Z aiPZ-(O’O) (x)dx
-1 i=1

1
- / PO (1) PO (2
i=1 -1

By definition of the Legendre polynomial
1
| P @ P @ =0
-1

for any ¢ < k and hence
m 1
Z ai/ Pk(;o,o) (x)Pi(O’O) (x)dx = 0.
i=1 -1

But this is a contradiction since
m

1 m 1
0< / P}go,o) (x) H(m —x;)dx = E ai/ P,EO’O) (w)Pi(O’O) (x)dx = 0.
1 . :

=1 =1 -1
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Therefore, the Legendre polynomial of degree k has at least k roots of odd multiplicity
in the interval [—1, 1]. Since a polynomial of degree k has at most k roots, the Legendre
polynomial of degree k has exactly k distinct roots in (—1,1). O

In Chapter 2.5 the zeros of the Legendre polynomial are quite important. Therefore we
denote them with the set ZkLE .

Notation 2.54. We denote the set of zeros of the Legendre polynomial PIEO’O) as
0,0
2k = {ehf e (-1,1): PO =0, 1 <1 <k
with —1 < &F <&fh < ... <& < 1.
Let A, 4, € P1(7) be the barycentric coordinate for the node A; defined by
)\T,Ai(Aj) = 51"]' fori,j € {1, 2, 3}

for a triangle 7 € T. Let A, g be the vertex in the triangle 7 opposite of the edge E. Let
us also denote the edge patch as
Wg = U T

T€ETE
with
Tg:={reT:ECrT}.
To find a basis for the Crouzeix-Raviart space, we need to introduce the non-conforming
edge bubble first.

Definition 2.55. ([CS22, P. 15]) The non-conforming edge bubble on the edge E € £ is
given by

0 on 2\ wg.

The following theorem characterizes a basis for the Crouzeix-Raviart space, which con-
sists of the non-conforming edge bubble on every edge and the Lagrange basis on every
node except the ones lying on the vertices.

Theorem 2.56. ([CS22, Theorem 3.3]) Let k be odd. A basis for the Crouzeiz-Raviart
space CRE(T) is given by
{Br.:2 € N(T)\ Va} U{BLE : E € &q}.
Since the Crouzeix-Raviart elements are not continuous over the edges of the triangles

7 € T, we will need to map the Crouzeix-Raviart element space to a continuous one.
Therefore, let us introduce interpolation operators.

Definition 2.57. ([BS08, Definition 3.3.1]) Let (©2,P,N) be a finite element with nodal

basis {¢1, P2, ..., P4} and a triangulation 7. Let a function v € V' be defined on all nodal
points N; € N. Then for 7 € T the local interpolation operator is given by

BC’R o {P]EO’O)(l - AT,ATYE) on T for 7 € TE,
k,E -

d
Tv = Z N;(v)e;.
i=1

26


mailto:carina.capol@uzh.ch

Master Thesis Carina Capol
2022 carina.capol@uzh.ch

Proposition 2.58. (/BS08, P. 76]) The local interpolation operator I, has the following
properties:

i) it holds that N;(Z;(f)) = N;(f) for N; € N,

i1) and it holds that Z.(f) = f for f € P.

The following proof is taken from [BS08].

Proof. Let us begin with the proof of i). By the definition of the local interpolation
operator and the linearity of the nodal variables we observe that

d d
NiZ-(f) = Ni | D Ni(Hdi | = D Ni(INi(ey).
j=1 j=1
By the definition of the nodal basis we see that
d d

>N (HINi(es) = Y Ni(£)dij = Ni(f),

j=1 j=1
since 9; ; = 0 for ¢ # j. Hence

For ii) we know from i) that

which implies that

and hence

0

We defined a local interpolation operator for a triangle in a triangulation. But we
actually want to find a interpolation operator, which is defined on the whole triangulation.
We will define this as the global interpolation operator.

Definition 2.59. ([BS08, Definition 3.3.9]) Let Q C R? be a domain with a triangulation

T . Assume that for 7 € T, (7, P, N) forms a finite element and also assume that f € C"™(Q)
where m > 0 is the order of the highest partial derivative involved in the nodal variables.
Then the global interpolation operator Lt is given by

ITf ‘7’ = ITf
for every 7 € T.
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Next we will define the nonconforming interpolation operator, which maps an Hg-
function onto the Crouzeix Raviart space. It will be used for the calculation of the lower
bound for the smallest eigenvalue of the eigenvalue problem, following in Chapter 2.6.

Definition 2.60. The nonconforming interpolation operator Zyc : HE () — CRE(T) is
a an operator which satisfies the following property for every v € HE(Q)

/E(v —ZInev) =0

for every edge E € £ in every triangle 7 € T.

Remark 2.61. We assume that the interpolation operator Zy¢ is unique and well-defined
and does indeed satisfy the property

/E(v — Tnew) =0

for every edge E € £ in every triangle 7 € T.
A construction of this operator can be found in [Boh23] in Chapter 5.5 with the definition
following in Definition 5.28.

Example 2.62. In the case of the degree k = 1 the functional is defines as

1
Fea(v) = |Er/E“

for v € H}(2) and let the non-conforming basis element be ¢g. Then the interpolation
operator Zy¢ is defined as follows,

Incv = Z Fri1(v)or

Eec&q
and the property holds true

/E(’U—INCU):/E v — Z Fri1(v)oE Z/EU—U;/EUIE\:O

Eec&q
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2.3. Eigenvalue Problems.

In this subchapter we will introduce the eigenvalue problem and observe some properties
of it. It is based on Chapter 11 of [Hac86] and Chapter 6.5 of [Eval0].
Let us consider the eigenvalue problem

—Au=Au in £, (12)
u=0 on 0N,

for u € HE(Q). Then the weak formulation of the eigenvalue problem (12) is as follows:
Find u € H}(Q) such that for any v € H}

a(u,v) = A (u,v), (13)
where
" Qu v
pu— pu— . 14
a(u,v) /9;21 91, 01, /Q< Vu, Vo > (14)

Since in the previous subchapters we always required the bilinear form to be symmetric,
let us show that this is the case for the eigenvalue problem.

Definition 2.63. An eigenvalue problem is symmetric if
a(u,v) = a(v,u)

for every u,v € V

Lemma 2.64. The eigenvalue problem (12) is symmetric.

Proof. Since the euclidean scalar product is symmetric, we immediately observe that
a(u,v) = / < Vu,Vu >= / < Vu,Vu >=a(v,u)
Q Q
0

To show existence and uniqueness of a solution of the eigenvalue problem (13), we want
to apply the Lax-Milgram theorem, Theorem 2.33. For this, the bilinear form a(-,-) has
to be continuous and coercive.

Lemma 2.65. The bilinear form a(-,-) defined in (14) is continuous and coercive.

Proof. Let us first proof the coercivity. Let u € Hi. Then we see that
a(u,u) = / < Vu,Vu >=|| Vu ||2L2(Q)
Q

Lemma 2.16 implies that
| Vu Baon= e Il 1m0,

which proves the coercivity of a(,-).
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Now let us prove the continuity of a(-,-). From the Cauchy-Schwarz inequality we
observe that

a(u,v) = /Q < Vu, Vv > <[ Vu |l2@) | Vv [|r2q) - (15)
We also notice that

I Vu [ Z2y=1 u ) = I w720 <l 7 @)
which implies that
I Vu 2@ <l vl (o) -
Applying this obervation to (15) we observe that
a(u,v) <[ Vu[[r2) | Vo Iz <l w [z @l v |19
which proves the continuity of a(-, -). O

We prepared all the requirements to apply the Lax-Milgram Theorem, which shows
the existence and uniqueness of (3). The following theorem states the existence and
uniqueness.

Theorem 2.66. The weak solution of the second-order elliptical partial differential equa-
tion (3) exists and is unique.

Proof. This follows immediately from the Lax-Milgram theorem, Theorem 2.33, and since
from Lemma 2.65 we know that a(-,-) is continuous and coercive. O

Next we want to show that the eigenvalues are real, positive, have no finite accumulation
point and there exists a orthonormal basis consisting of eigenfunctions. For this, the
following two lemmas are needed.

Notation 2.67. Let us denote by H () the dual space of H}(2). Moreover, let L be
the functional
L:H}Q) - H(Q),
and S be its inverse,
S =L
Lemma 2.68. S is a bounded, linear and compact operator mapping L?() into itself.

Proof. Let us first prove that the operator S is bounded. Let v € L?(Q2) with Sv = u. By
coercivity of a(-,-), assuming Sv = u and the Cauchy-Schwarz inequality we observe that

cHuH?{é(Q) < a(u,u) = Au,v)
< Afful[ o]
< Mlull gz ollvll-
Which is equivalent to
cllullgy @) < Alll|
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by dividing by ||ul| g1 (). By the choice of Sv = u we observe that
1Sl 1) < Cllvl]

and hence S is a bounded operator. From Lemma 2.20 we know that HE(Q) is compactly
embedded in L?(Q). Hence S : L2(2) — L?(f2) is a compact operator. O

Let us denote the resolvent set of a bounded linear operator T': H — H as follows
p(T) ={pu e R: (T — ul) is bijective}
and the spectrum of T' as follows

o(T) == R\ p(T).
Notice, that an element 1 € o(T") is an eigenvalue of T'. Let us also denote the nullspace
N(T) that is

N(T):={ue H:Tu=0}.

Lemma 2.69. [Eval0, Chapter D.6] Let H be a Hilbert space and T : H — H a linear,
bounded, compact and symmetric operator. Then there exists a countable orthonormal
basis of H consisting of eigenfunctions of T. Furthermore let us define the constants m
and M in the following way

m:= inf (Tu,u)y
ueH ( ’ )
[Jull =1
and

M := sup (Tu,u)q.
ueH
llull =1

Then the eigenvalues of T are within the interval [m, M].
This proof is based on [Eval0] pages 728 and 729.

Proof. First let us prove that the eigenvalues lie within the interval [m, M]. Let us first
assume that p > M. Then we observe that

(= Tu,u)g > (o — M) plul |-
From Lax-Milgram Theorem we observe that ul — T is bijective and hence p € p(T).
Analogue if 1 < m, then we see that
(Tu — pu, g, 2 (m = p)Jul 3.

Again from Lax-Milgram Theorem we observe that u/ —T is bijective and hence u € p(T).
Therefore, p € o(T) only if pn € [m, M].

Next let us prove that there exists a countable orthonormal basis of H consisting of
eigenfunctions of T'. Let {4 }72, be a sequence of distinct non-zero eigenvalues of T' and
set p1o = 0. Let us define the subsets Hy = N(T') and Hy = N(T — uiI) for k € N>;.

Claim 1: Hy, for k € N>; are nontrivial, finite dimensional subspaces of H.
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Proof of claim 1: First notice that the eigenfunction wy to the eigenvalue py is in Hyg
and hence Hj is nontrivial. Assume by contradiction that that dim(Hy) = co. Then we
observe a infinite orthonormal set {u;}72; C Hy. But this implies that

Tuj = pru;

for j =1,2,3,.... Let us also observe that

liass = pnl g, = ey = B, = it (Il 3, — 20z, ) + ey, ) = 2083
if 7 # 1. Hence
| Tu; — Tl |, = V205

Hence T contains a convergent sequent. But this contradicts the compactness of T'. Hence
Hj, is finite dimensional, which concludes the proof of the claim 1.

Now let w € Hy and v € Hj for k # [. It follows that Tu = pgu and Tv = .
Since T is symmetric, we observe that
pe(u,v)g = (Tu,v)p = (u, Tv)p = m(u,v)H.

But by assumption u; # p; and hence (u,v) = 0. This implies that Hy and H; are
orthogonal.

Let H be the smallest subspace of H containing every Hy, for k = 0,1,2,.... Then we
can write an element u € H as follows

m
u=y_ apu,
k=1

with m € {0,1,2,...}, ax € R and uy, € Hy.
Claim 2: H is dense in H.
Proof 2: Clearly T(H) c H. Furthermore, if u € H’, where H' is the dual space of H,
and v € H, we observe that
(Tu,v) g = (u,Tv) 5 =0
and hence T(H') C H'. Let us denote T = T| 7+ Then since T' is symmetric and compact,

also T is symmetric and compact. Notice that o(T) = {0} since any nonzero eigenvalue
of T would be a nonzero eigenvalue of T' as well. Hence

(T, u)g =0
for any w € H'. But if u,v € H' then we observe
2(Tu,v) g = (Tu,v) g + (Tu,v) g + (Tu,u) g — (Tu,u) g + (To,0) 5 — (Tv,v)
= (T(u+v),u+v)g— (Tu,u) g — (Tv,v)
=0.
Therefore, T = 0. This implies that
H c N(T)c H
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and hence ~
H' ={0}.

Therefore H is dense in H, which concludes the proof of the claim 2.

Notice that Hp has a countable orthonormal basis. Let us choose an orthonormal ba-
sis for every subspace Hy for k = 1,2,3,.... Hence we observe an orthonormal basis for
H consisting of eigenfunctions of T'. O

Now we are prepared to show that the eigenvalues are real, positive, have no finite
accumulation point and that there exists an orthonormal basis consisting of eigenfunctions.

Theorem 2.70. ([Eval0, p. 355]) Let us consider the eigenvalue problem (12). Then the
following holds true.

i) Every eigenvalue is real and there are at most countably many eigenvalues,
i1) All eigenvalues are positive and they have no finite accumulation point that is

A — 00 as k — oo.

iii) There exists an orthonormal basis {u}3, of L*(Q), where ux € H}(Q) is an
etgenfunction corresponding to the eigenvalue A

—Auk = )\kuk m Q,
up, =0 on 0N
For the following proof, we follow along the lines of [Eval0, p.355].

Proof. As in Notation 2.67 let S denote the inverse operator of —A. From Lemma 2.68
we know that S is compact. From Lemma 2.64 we know that the bilinear form of —A is
symmetric and hence also the operator —A is symmetric. Therefore also its inverse S is
symmetric. Furthermore, notice for f € L?(), that

(S£, 1) =((=A) "1, f) = (u, f) = a(u,u) > 0.
Then by Lemma 2.69 it follows that the eigenvalues py of S of are real, positive and there
exists an orthonormal basis for L?(£2), which consists of eigenfunctions corresponding to
the eigenvalues ui. Notice that for u # 0 we observe that Sw = pw if and only if

—Aw = Mw for A = % Therefore the eigenvalues A\, of —A of are also real, positive and

there exists an orthonormal basis for L2(2), which consists of eigenfunctions corresponding
to the eigenvalues Ag. O

To show a couple of properties of the smallest eigenvalue, we introduce the Rayleigh
quotient. The Rayleigh quotient is directly linked to the smallest eigenvalue, which we
will show in the next theorem.

Definition 2.71. Let a(-,-) be the bilinear form of the variational problem (13). Then
for v € H}(Q)\ {0} we define the Rayleigh quotient as
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The following theorem characterizes the smallest eigenvalue to be the minimal Rayleigh
quotient.

Theorem 2.72. (Rayleigh Principle) For the smallest eigenvalue X\ it holds true that

A= min R(v).
veH ()\{0}

For the following proof, we follow along the lines of [Eval0, p.357].

Proof. From Theorem 2.70 we know that there exists an orthonormal basis {uy}3, of
L3(9), where uy, € H}(Q) is an eigenfunction corresponding to the eigenvalue A

—Au, = A\gug, in
up =0 on O
Therefore, we observe that

a(ug, ur) = Ag|lug||* = A (16)
and for k # j we see that

a(ug, uj) = Mg (ug, u;j) = 0. (17)
Since {uy}32, is a orthonormal basis of L?(Q2), we can write u € H}(Q) with ||u|| =1 as

u = Z diuy, (18)
k=1

for dj, = (u,wy) and the series is converging in L?(£2). Let us also notice that

de—zdkuuk deuk (uyu) = ||ul[* =

Moreover, (16) and (17) imply that { } > | is an orthonormal subset of Hj () endowed

with the inner product a(-,-).
Claim: {;—L}ZO | is an orthonormal basis of H{(Q).

Proof: Let us notice that { }k | is a orthonormal basis of H{(Q) if and only if

a(ug,u) = 0 implies u = 0 for k: =1,2,3,.... This actually holds true since {u};°, is a
basis of L?(£2) and hence
a(ug,u) = )\k(uk, u)=0
only if w = 0 for k = 1,2,3,.... Therefore, { }k | is a orthonormal basis of H}(f2),
which concludes the proof of the claim.

Moreover, we can write u as follows
> U U
k . k
u= g pr—— with pug =a (u, )
= VA V Ak

and the series converging in H}(Q2). Notice that (18) implies that

p = dig /Mg
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and the series (18) also converges in Hg ().
Therefore, from (16) and (18) we observe that

o
a(u,u) =a U,deuk
k=1

= Z dk’a(ua uk)
k=1

= Z di/ Nobe
k=1

oo

= di\ > No.
k=1
Notice that for u = u; the equality holds,

a(ur,u1) = v/ Aoa (Ul, \X—) =V Aop1 = Ao.
0

This implies that
Ao = min {a(u,u) Tu € H&(Q)v |Jul| = 1}

= min a(v,v)

vEHI(Q)
[[v]]=1
= min a(v, v)
very(@)\{o} |[v]]
= min R(v).
veHj ()\{0}

O

The next goal is to show that the smallest eigenvalue is simple. For this, we need to
impose two lemmas.

Lemma 2.73. [Eval0, p. 358] Let Ao be the smallest eigenvalue of the eigenvalue problem
(12). If u € H(Q) and ||u]| = 1, then u is a weak solution of

—Au=Xu in (19)
u=0 on Of.
if and only if
a(u,u) = Ao.

This proof is taken from [Eval0] page 358 and 359.
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Proof. First of all, let us notice that if u is a weak solution of (19), then
a(u,u) = Np.

Now let us prove the other direction of the statement. Let us assume that
a(u,u) = Ao

and let d, = (u, wy). Analogue as in the proof of theorem 2.72, we observe that

and

Therefore, we observe that
> dio =X = a(u,u) =Y dig.
k=1 k=1
This implies that
0=> diXe—> dido=Y_ di(d — o)
k=1 k=1 k=1

and we observe that
dk = (u, wk) =0
if A > Ag. From A\g having finite multiplicity we see that

m

U= Z(u7 wk)wk

k=1
for some m with —Awy, = Agwy. This implies that

m m
—Au = Z(u,wk)(—A)wk =X Z(u,wk)wk = Aou
k=1 k=1
and hence u is a weak solution of (19). O

For the following lemma we require the strong maximum principle, which is carried our
in the following way.

Lemma 2.74. (The strong maximum principle, [Eval0, p. 350]) Let u € C2(Q)NC(f), ¢
be non-negative in Q and let ) be connected. Then we observe for two different cases the
following:
i) If
-Au<0 in Q
and u attains a non-negative mazximum over the closure of ) at an interior points,
then u is constant in €.
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it) If
-Au>0 in Q
and u attains a non-positive minimum over the closure of Q0 at an interior points,

then u is constant in Q.

Lemma 2.75. [Eval0, p.359] If u € HE(Q) is a nontrivial weak solution of (19), then
either

u>0 inQ
or
u<0 in Q.

For the following proof we follow along the lines of [Eval0, p.359].

Proof. First without loss of generality, let us assume that ||u|| = 1 and let us define

a::/ua_ and ﬂ::/u%,
Q Q

u a.e. on {u > 0}, and u a.e. on {u <0},
Uy = nd wu_ =
* 0 a.e. on {u <0}, 0 a.e. on {u>0}.

with

The short form a.e. denotes almost everywhere. Notice that
a+p=1
and uy,u_ € H} () with
Du, — Du a.e. on {u >0}, and  Du. — Du a.e. on {u <0},
0  ae. on {u<0}, 0  ae. on{u>0}.

Therefore, we observe that
a(uy,u_) =0.
From Theorem 2.72 we observe that
aluy,uy) > Xollug|f®
and
a(u_,u_) > Xollu_||*.
As a result it follows from Lemma 2.73 that
Ao = a(u,u) = a(ug,ut) + a(u—,u_)
> Nollug|” + Aollu—|[?
= (a+ B)Ao
= Ao.
But equality must hold and therefore

a(uy,uy) = Aol |uy|]”
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and
afu—,u_) = Aol ju_| 2
From Lemma 2.73 we observe that u; and u_ are both weak solutions of (19). Further-
more, notice that
—Auy = Augp >0

and analogously

—Au_ = du_ <0.
The strong maximum principle (Lemma 2.74) implies that either uy > 0 or uy =0 in Q
and analogue either u_ < 0 or u— = 0 in 2. This concludes the proof. O

Next we can apply the previous two lemmas to show that the smallest eigenvalue is
simple.

Theorem 2.76. The smallest eigenvalue of the eigenvalue problem (12) is simple.
The following proof is taken from [Eval0, p.360].

Proof. Let us assume, that v and v are nontrivial weak solutions of (19). Then Lemma

2.75 implies that
/ u#0
Q

/QU#O.

But this implies that there exists a constant ¢ € R such that

/u—cv:(].
Q

Notice, that u — cv is also a weak solution of (19). Hence again by Lemma 2.75 and the
equation above, we observe that u — cv = 0 and therefore u = cv in . Therefore, the
eigenvalue Ag is simple. O

and

After proving that the smallest eigenvalue is simple, all eigenvalues are positive and
real, they have no accumulation point and are at most countable, we can order them as
shown in the following corollary.

Corollary 2.77. The eigenvalues of the eigenvalue problem (12) can be sorted as follow:
O<)\0<)\1§)\2§...
Proof. The proof follows from combining Theorem 2.70 and Theorem 2.76. U

After analyzing a couple of properties of the eigenvalue problem, let us reformulate the
variational eigenvalue problem,

Find (\,u) € R x H}() \ {0}} such that for any v € H}(Q) a(u,v) = X (u,v), (20)
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for
a(u,v) = / < Vu,Vv > (21)
Q

with the Ritz-Galerkin discretisation. Let Vj;, C V be a finite dimensional subset of
V = H}(Q). Then the Ritz-Galerkin discretisation of the eigenvalue problem reads as
follows

Find (Ap,en) € R x V3, \ {0} such that for any v € Vj, a(epn,v) = A\p(epn,v). (22)

Let us denote as F(A) the set of eigenfunctions corresponding to the eigenvalue A of the
eigenvalue problem (20),

E\) :={veV:-Av=)\v}
and Ej(A) denote the set of eigenfunctions in V}, corresponding to the eigenvalue A; of
the discrete eigenvalue problem (22),

En(A\p) :={v €V} : —Av = \pu}.
Let us take a look at the convergence of the discrete eigenvalues and the discrete eigen-
functions. Let us first start with two theorems concerning the convergence of the discrete

eigenvalues. The first theorem shows that if a subsequence of discrete eigenvalues converge
towards a value, then this value is the smallest eigenvalue of the eigenvalue problem.

Theorem 2.78. ([Hac86, Satz 11.13]) Let A, be discrete eigenvalues of (22) with A\, —
Ao for i — oo, hy — 0. Then X\ is an eigenvalue of (20)

For the following proof we follow along the lines of [Hac86].

Proof. We prove the statement by contradiction. First let us define the functions w(\)
and wp () as

w(A) = inf sup a(u,v) — A(u,v)|, (23)
weV|lullv=1yev,||v||y=1
wp(A) = inf sup  |a(u,v) — A(u,v)|. (24)

ueVhllullv=1vev;, ||v|ly=1

Notice that w(\) is continuous and A is a eigenvalue of (20), if and only if w(\) = 0. Let
C and ny, be positive constants with limy_,qn, = 0 such that

wh(A) = Cw(A) = np,
w(A) > Cwp(N) — np,.
Let us assume that \g is not an eigenvalue of (20). Then we can find an € > 0 such that

w(A) > mng > 0 for A € B(\g), where B.(\g) is the ball of radius € around Ag. This implies
that there exists an hg > 0 such that

nth%

for every h < hg. Then it follows that for every discrete eigenvalue A, € B(\o) with
hi < hgo

0= whi()\hi)
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> Cw()\hi) — N,

> Cng - 0
ng
o0
2
>0,
which is a contradiction. Therefore, )¢ is an eigenvalue (20). O

The next theorem show that we can find an eigenvalue for every finite dimensional
subset V}, and they converge to the smallest eigenvalue of the eigenvalue problem.

Theorem 2.79. ([Hac86, Satz 11.15]) Let Vi, C V be a series of subsets, which approzi-
mates V. = H}(Q) for h — 0. Let Ao the smallest eigenvalue of (20). Then for every h
there exist a discrete eigenvalue A\, of (22) with

lim Ap, = Ao.
I AR 0

In the following proof we follow along the lines of [Hac86].
Proof. From Theorem 2.76 we know that )¢ is simple. Let w(A) and wp(\) be functions
defined as in the proof of Theorem 2.78. Then there exists an € > 0 such that
w(A) >0 for 0<|A— Aol <e
Let us define
Pe :=min{w(A) : |]A = Xo| = €}.
Since w(A) is continuous and the boundary of the ball of radius € around Ao, 0B¢(A), is
compact,
pe 2 0.
Notice that A is a eigenvalue of (20), if and only if w(A) = 0 and w(Ag) = 0 since Ag is an
eigenvalue. Let C' and ny be positive constants with limj,_,gn, = 0 such that
wr(A) = Cw(A) —np,
w(A) = Cwp(N) — np.
Hence we observe for \g that
0 =w(Ao) = Cwp(No) — np,
which is equivalent to

n
wi(Ao) < ﬁh

Therefore, we observe for every A € 9B(\) and for h small enough that
wp(A) > Cw(X) —ny
> Cps — Np
np,
e
> wp(Ao)
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Hence there is a minimum in wp, () for A € Be(Ag).

Claim: The function wp(A) has no positive local minimum in the interior of ¥ C R.
Proof: Let 3 be the set of possible eigenvalues and choose an arbitrary A* € 3 such that
wy, is positive for that value. Then we can find a sufficiently small € such that wp(\) is
positive for any A € B.(A\*). Tt follows that (—A — AI)~! is holomorphic in B.(\*). Next,
choose u,v € V' such that

U = ((—A - M)—l) u,v)

is also holomorphic in ¥. Notice that the absolute value of the function U(\) obtains a
maximum on the boundary, since the U(\) is holomorphic, that is

U\ < U(B)|.
| ()I_ﬁegg%*)l B

Vxv!

Let
lully: = [lvllv» = 1.
Then we observe
UB) < I(=A = B0 vy

Hence it follows that

1
U] < UuB)| < —A—pNn~! )= —.
TN S pehax Bl S pehax I( BN lvev I T
Notice that we obtain the infimum of |[U())| at
1
—— =[(-A =" 2
W()\) H( ) HV(—V
Hence it follows that
1
=|[(-A-A1)"" /
CL)h(A) ||( ) HV(—V
< ~A-pI)7t :
_5651}9%?»”’( B lvev
1
= max

Summing up,

wr(A) > min{wp(B)s € 0Bc(N)}
and therefore, wy, () does not attend a positive local minimum in 3. This ends the proof
of the claim.

Since pe > 0 and there exists no positive local minimum, the minimum is zero, which
means that there exists a A\, € Be(\g) with

wp(An) = 0.

Notice that A, is an eigenvalue of (22), if and only if wy(Ay) = 0. Therefore, A\, is an
eigenvalue. O
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Next we show the convergence of the discrete eigenfunctions, but on a subsequence of
the discrete eigenfunctions. For this, we require Céa’s lemma, which is also called the
quasi-optimal error estimate.

Lemma 2.80. (Céa’s lemma,[BS08, p. 2.8.1]) Let a(-,-) be coercive with constant ¢ and
continuous with constant d and let V- C H be finite dimensional. Let also u be a solution
of (29) and let up, be a solution of (31). Then it holds true that

d
— < Z mi _ .
[l = unlly < - nin fju = vfjy

The following proof is taken from [BS08]
Proof. Let us first notice that
a(u,v) = (f,v) = a(up,v)
for any v € V, C V, which implies that for any v € V},
0 = a(u,v) — a(up,v) = a(u — up,v).
But by coercivity we also observe that
ol fu = unl[f < alu —un,u—up).
By bilinearity of a(-,-) we see that
a(u —up,u —up) = alu—up,u —v+v—up) =alu—up,u—2v)+a(u—up,v—up)
for any v € V. Notice that v — uy € V}, and hence
a(u — up,v —up) =0,
which implies that
a(u — up,u —up) = alu — up, u — v).
From continuity we observe that
a(u — up,u —v) < d|ju—upl||lv||u—vlly.
Summing up,
clfu —up|} < dlfu—unllv||u—vllv.
By dividing by ||u — v||y and ¢ we observe the desired result. O

Next let us show a property of the convergence of a subsequence of the discrete eigen-
functions.

Theorem 2.81. ([Hac86, Satz 11.16]) Let Vi, C V be a series of subsets, which approx-
imates V.= HE(Q) for h — 0. Let ey, € Ep(A\p) be a series of discrete eigenfunctions
with ||en|lv =1 and limp_oAn = Xo. Then there ezists a subsequence ey, which converges
towards an eigenfunction e € E(Xg) of (20) with |le||v = 1, that is

lim ler, — el = 0. (25)

1—00

For the following proof we follow along the lines of [Hac86].
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Proof. First notice that since V = H} () is compactly embedded in L?({2), we can find a
subsequence ey, which converges towards e € L?(Q) in L*(Q2), that is

lim |le —ep,|| = 0. (26)
i—00
Next let us define the bilinear form a,(-,-) : V' xV — R as
ay(u,v) == a(u,v) — p(u,v).
Let Zp, : V — V},, be an operator and let zp, := Zp,(A\o)e be the solution of

an(zn,v) = (Ao — p)(e,v)
for every v € Vj,. Analogously, let Z : V' — V be an operator such that z := Z(\g)e is the

solution of
au(z,v) = (>‘0 - ,u)(ea U)

for every v € V3. From Céa’s lemma (Lemma 2.80) we observe that
Iz = znllv < & min 1z vl
C vEV)
Since the V}, approximate V', we observe that

d
lim ||z — 2zp,||ly < — lim min ||z — ||y =0.
1—00 C i—o0veV),

Hence there exists an h. > 0 such that
€
Iz = zn,llv < 5 (27)
for every h; < he. Since ep, is an eigenfunction, it solves the equation
a’u(ehi?v) = ()\hz - M)(ehwv)
for every v € V},. Then it follows that
a,u(zhi - ehi’ ) = aﬂ(zhz’ ) - (6hi’v)
= (Ao — w)(e,v) = (An, — p)(en;; v)
= (Ao = p)(e,v) = (A, = Ao)(en,, v) = (Ao — p)(en;, v)
= (Ao — p)(e = en;;v) — (An, — Ao)(en;; v)
for every v € Vj,,. We define
Fl(v) = (>‘0 - /L)(e — €h,;, U) - ()\hz - )\0)(6}”, U)'
Notice that
1—00
since Ap, — Ao and (25). Therefore, there exists an he > 0 such that
€
HFZHV’ < 6

for a constant C > 0 and

N

2, — enllv <
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for every h; < he. This inequality and the inequality from (27) imply that

[z = enlv = ||z — 2, + 21, — en,|lv

< HZ—ZhiHv—i— thz _ehiHV
€+€
2 2

€

IN

for every h < min{he,ﬁg}. Hence ey, converges towards z in V' for i — oo and hence
also ey, converges towards z in L*() for i — co. We observe that (26) concludes that
e =z = Z()\g)e for the variational formulation

ale,v) = Ao(e,v).

Therefore, e € E()\g) given by

lim e;, = e
A i
1— 00

is an eigenfunction of the eigenvalue problem (20). Moreover, notice that

= lim [len [l = 1,

lellv = \ lim en,
1—00

which concludes the proof. O

Furthermore we can show the convergence of the whole series of the discrete eigenfunc-
tion, but we differentiate between two cases.

Lemma 2.82. ([Hac86, p. 296]) Let Vi, C 'V be a series of subsets, which approximates
V = H}(Q) for h — 0. Let e, € Ep(\y) be a series of discrete eigenfunctions with
llen|lv =1 and limp_oAp, = Ao. Let the smallest eigenvalue be simple.

o If |(en,€)v| < 3 then

lime, =e¢
h—0 ’

then

N[

o If[(en,e)v| >
en

lim ———— =e.
hli% (eh, e)v €
For the following proof we follow along the lines of [Hac86].
Proof. Let us first prove by contradiction that the eigenvalues \;, are simple. From The-
orem 2.79 we know that for every h there exists a discrete eigenvalue with A\, — Ag for
h — 0. Hence
dim(Ep(Ap)) = 1

and therefore for every h there exists an eigenfunction e, € Ep(\)) with e, — e. Next
let us assume that the eigenvalues \j are not simple,

dim(EpR(Ag)) > 2.
Then there exists another eigenfunction é;, which is orthonormal to e,
(én,e)y = 0.
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From Theorem 2.81 it follows that there exist a subsequence €5, which converges towards
é with é € E()\g). But since é,, are orthonormal to e, also é is orthonormal to e and
therefore
dim(E(A)) > 2,

which is a contradiction to the assumption that Ag is simple. Hence for every h there
exists a simple eigenvalue \y,.

After proving the existence and uniqueness of the eigenfunctions e, for every h, let us
assume that

1= le|lv = llenllv-
Let E+ be the orthogonal complement of e,

Et:={veV:(ev)y =0}

Then we can rewrite V as

V = span{e} @EL
and therefore we can also decompose ej, as

en = e} +ep

for e} € span{e} and ei- € B+, If

limsup ||e;- ||y > 0,

h—0

then we observe analogue to the part of the proof concerning A, being simple that Ag
would not be simple, which is a contradiction and hence

lim su ’elH =0.
P ||€n v

h—0

Let us rewrite e} as ej = ype with v, = (ep, ). Then we observe that

1
1= fleally = [|ef + i
= el + |
el + [t
= Imelly + [l 1v

— 1
= bl llellv + ]|,

_ 1
= Dl o],

By taking the limit we see that
1= Jim flex
= fim b + e,
= lim |y},
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since eﬁ — 0 as h — 0 and hence
lim =1.
h—0 h/h|
Case 1: Let us assume that
1
’(6h,€)v| = |’Yh| < 5)
then
lim ej, = lim e + e
h—0 h h—0 h h
= lim ye + er
ey Th h
=e

since [y,| — 1 and e;- — 0 for h — 0 and |v,| is bounded.
Case 2: Next let us assume that

1
[(en e)vl= |l = 5.
Then we see that
en _ ep
(ehv G)V Yh
_ e; + e
Yh
i
e
—e+ I,
Yh
By taking the limes we observe that
i
lim e lim e + h
h—0 (ep,€)y  h—0 Th
=e

as |yn] — 1 and e — 0 for h — 0.
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2.4. Error Estimates for Eigenvalue Problems.

In this subchapter we will focus on the error estimate of the eigenvalues and the eigen-
functions of the eigenvalue problem. Let @ C R? and V = H}(Q). Remember that the
eigenvalue problem

—Au= X u inQ (28)
can be reformulated as a variational problem as follows:
Find (A\,u) € R x V'\ {0} such that a(u,v) = A(u,v) for any v € V, (29)
where
a(u,v) = /Q < Vu,Vuv > . (30)

The Ritz-Galerkin discretisation for a finite dimensional subspace V}, C V reads as
follows:

Find (Ap,up) € R x V3 \ {0} such that a(up,v) = Ap(up,v) for any v € V. (31)

We will always denote with Ag the smallest eigenvalue of the eigenvalue problem (28).
Remember that in Theorem 2.76 we proved that Ag is always simple. Let us define

a)(u,v) == a(u,v) — A(u,v)
for u,v € V. Notice if u is a eigenfunction of the eigenvalue A, then
ax(u,v) = 0.

We already know that the bilinear form a(-,-) is continuous. Now we also want to show
that the bilinear form ay(-,-) is continuous.

Corollary 2.83. The bilinear form ax(-,-) is continuous.

Proof. Remember from Lemma 2.65 that a(-,-) is continuous. By applying the definition
of ay(+,-), the Cauchy-Schwarz inequality and the continuity of a(-,-) we observe that

lax(u, v)| = |a(u, v) — A(u, v)|
< la(u, v)| + [A[[(u,v)]
< la(u, v)| + [All[ulv]]v]|v
< cllullv|[vllv + |Alullv||v|lv
= Cllullv|v[lv,

for u,v € V, where c is the continuity constant of a(-,-) and C = c+ |\|. O

Let us investigate the error estimate between a discrete solution and an exact solution.
This lemma will be required for the error estimate of an eigenvalue and an eigenfunction
of the discrete eigenvalue problem.

Definition 2.84. For u € V we denote the smallest distance of u to V}, as

d(u, V) = inf — .
(w,Vh) = inf [lu—olly
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Lemma 2.85. [Hac86, p. 11.22] Let u,v € V with (u,v) # 0. If d(u,V4) is sufficiently
small, then there exists an up € Vi, with (up, — u,v) = 0 such that

lun —ully < 2d(u, V).

Proof. From Céa’s lemma and the definition of d(u, V},) we observe that
d
Hu - uhHV < Ed(u, Vh).
From the proof of Lemma 2.65 we know that ¢ =1 and d = 1 and hence
[lu = unllv < d(u, Vi) < 2d(u, V).
O

The following results will investigate the error estimate of the discrete smallest eigen-
value and the error estimate of the corresponding discrete eigenfunction. First we will find
an upper bound for the error of the discrete eigenfunction in dependence of the error of
the discrete eigenvalue.

Lemma 2.86. [Hac86, p. 11.23] Let a(-,-) be the bilinear form of (29), let e € E(\o) and
let Vi, C V be a series of subsets, which approrimates V for h — 0. For h sufficiently
small, we can find an e, € Ep(Ap,) such that

llen — ellv < C(|Ao — An| + d(e, Vi)
The following proof is taken from [Hac86].
Proof. Let Zy : V. — Vj, be an operator and let zj := Zp(Ao)e € V' be a solution of

a2 ) = (A = 1) (e, v)
for every v € V3. Analogously, let Z : V' — V be an operator such that z := Z(\g)u € V
is a solution of

a’/t(z7 v) = (Ao — p)(u,v)
for every v € V},. Notice that

Z(No)e = e.

Hence we observe that

lle — zu|ly < Cd(e, V). (32)
Let us also observe by definition of zp, a,(-,-) and the fact that a(ep,v) = Ay(en, v) that

ay(zn — en,v) = au(zn,v) — ay(en, v)

— (o — #)(e,0) — aylen,v)
= (Mo — p)(e,v) — alep,v) + plen, v)
= (Mo — p)(e,v) — Ap(en,v) + ulep,v)
— (o= 1)(es0) — (o — ) env).

Furthermore we see that

ap(zn — en,v) = (A = p)(e,v) — (An — p)(en, v)
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= (Ao — A+ An — p)(e,v) = (A — p)(en, v)
= (Ao = An)(e,v) + (An — p)(e,v) + (An — p)(2n — en — 2n, )
= (Ao — An)(e,v) + (A — p)(e = 2n,v) + (An — ) (20 — €,y v).

From this result we also observe that
ax, (zn — en,v) = au(zn — en,v) — (A — 1) (2 — €en,v)
= (Ao — An)(e;v) + (An — p)(e = zp,v) + (A — 1) (21, — €n, v)
— (An = p)(2n — €n,v)
= (Ao — An)(e;v) + (An — p) (e — 2, v)
— f(v).
As shown in Theorem 2.81, notice that since e, — e for h — 0,
|(e;en)l =2 n >0
for a small h. Hence we can chose e, such that
(zn,en) = 1.
Furthermore we observe for u € E+ := {v € V : (v,e) = 0} that
ullv = [|ull g+

and

Al g < WS lves

since E+ C V. Let us define the function &(\) as

W(A) = inf sup lax(u,v)| > 0.
uwEEL ||ullv=1yeEL |jv||y=1

The positivity of @ implies that

sup —ax(u, v)| = @W)|Jul| -
veBL |ollv=1

Let us notice that

sup  Jaa(u,v)[ = sup  [f(v)] = [|fllpe-
vEEL,||v]ly =1 vEEL[v]ly =1

Hence we observe that

fllger = sup ax(u,0)] = @W)|full g,
veBL |fofly=1

which is equivalent to

- 2 llpe

(M)

e fllve
500 Sl

Al g
w

Summing up we see that

lullv <
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By plugging in u = zj, — ej, and using (32) we observe that
ll2n = enlllv < @n(n) I fllv
< On(An) " (Ao = Anl + lle = znllv)
< C(120 = Anl + d(e, Vi) (33)
Then by (32) and (33) it follows that
llen —ellv < [le = znllv + [|2n — enllv
< Cd(e, V) + Cd(e, Vi)
< Cd(e, Vy),
which concludes the proof. ]

Next we will find an upper bound for the error of the discrete eigenvalues in dependence
of the smallest distance of its eigenfunction in the finite dimensional subspace V}.

Theorem 2.87. [Hac86, Satz 11.24] Let a(-,-) be the bilinear form of (29) and let Vi, CV
be a series of subsets, which approzimates V' for h — 0. Let e € E(\) with ||e|]|y = 1.
Then there exists a discrete eigenvalue \p, such that

Ao — M| < Cd(e, V)2
For the following proof we follow along the lines of [Hac86].
Proof. Let us chose a vy, € V}, such that
lle = vnllv < 2d(e, Vi)

with (vp,e) = 1. From Lemma 2.85 we know that indeed there exists such an u, € Vj,.
Theorem 2.79 implies that there exist discrete eigenvalues with A\, — Ag for h — 0. By
definition of ay,(-,-) and since ay, (ep,vy) = 0 for every v, € Vj, we observe that

0 = ax,(en,e) = alepn,e) — Ao(en, €)
= ay, (en,e) + An(en,e) — Ao(ep, €)
= ay, (en,e) + (A, — Xo)(en, €)
(en,e) —an, (en,vp) + (A — Ao)(en, €)
= ay, (en, e —vp) + (A — Ao)(en, €).

Let us notice that e — v, € V and also ay,, (e,v) = 0 for every v € V, hence also

= a)\h

ay,(e,e —vp) =0.
From the above equations we also observe that
0=ay,(e,e —vp) = ay,(e,;e —wvp) + (An, — Xo)(e, e — vp)
for every v € V. Therefore, it follows that
0=ay,(en, e —vp)+ (A — Ao)(en, e)
= ay, (en, € — vn) + (An — Ao)(en, €) — an, (e, —vp) — (An — Ao)(e, € — vn)
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= ay, (en —e,e —vp) + (A — Xo) ((ens e) — (e;e —vp))
= ay,(en —e,e —vp) + (An = Xo) ((en —e,€) + (e, €) — (e, €) + (e,vn))
=ay, (ep —e, e —vp) + (A — o) ((eh —e,e)+ (e,vh)) )
By assumption, it holds that (e,v,) = 1 and hence
0=ay,(en —e,e—uvp)+ (A — o) ((eh —e,e)+ (e,vh))
=ay,(ep —e,e —vp) + (A — Ao) ((eh —e,e)+ 1) .
This equation is equivalent to
(Ao — An) = an, (en — e,e —vp) + (A — Ao)(en — €, €).

By taking the absolute value, then applying the Cauchy-Schwarz inequality on |(e, —e, €)|
and the continuity of ay, (-, -), proved in Corollary 2.83, we observe that

|Xo — An| = |ay, (en, —e,e —vp) + (A — Ao)(en — e,e)|
<lax,(en —e,e —vp)| + Ao — Anl|(en — e, €)|

< cller —ellv|le = vnllv + [Xo — Anlllen — el|v|lellv
= Cllen — ellv (Ile — vnllv +v|Xo = Anlllellv) -

Remember that ||e||yy = 1 and by assumption ||e — vi||y < 2d(e, V},). By Lemma 2.86 we
see that

llen — ellv < C(J1Ao — An| + d(e, Vi)
Therefore, we observe that
Ao = Al < Cllen —ellv (Ile — vallv + Ao — Anlllellv)
< C(|ho — M| +d(e, Vi) (2d(e, Vi) + | Ao — Anl)-
Since for h sufficiently small |[A\g — A| — 0, we observe the desired result,
Ao — An| < Cd(e, V3)?.
O

Moving on, we find an upper bound for the error of the discrete eigenfunctions not
in dependence of the error of the discrete eigenvalues, but in dependence of the smallest
distance of the exact eigenfunction in the finite dimensional subspace Vj,.

Theorem 2.88. [Hac86, Satz 11.25] Let a(-,-) be the bilinear form of (29) and let Vi, CV
be a series of subsets, which approzimates V' for h — 0. Let e € E(\o) with |le||ly = 1.
Then there exists a discrete eigenfunction e, € Ep(\p,) such that

llen — el] < Cd(e, Vi).

Proof. From Lemma 2.86 we know that for h sufficiently small, we can find an ej, € Ep ()
such that

llen — ellv < C(|Ao — An| +d(e, Vi)

o1
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On the other hand from Proposition 2.87 we know that there exists a discrete eigenvalue
A, such that ~
Ao — M| < Cd(e, V)%
By plugging in the second result into the first one we observe that
llen — ellv < C(|1Ao — Au| + d(e, Vi)

< C(Cd(e, Vi)* +d(e, V1))

< d(e, Vi) (ééd(e, Vi) + é)

< Cd(ev Vh)
for C > CCd(e,V},) + C. O
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2.5. Mapping Crouzeix-Raviart Elements to Continuous Elements.

The main goal is to find a lower and an upper bound for the first eigenvalue Ag of the
eigenvalue problem

—Au=Au in £, (34)
u=0 on 0N,

for u € H}()\ {0}. To find an upper bound, we can simply apply the Rayleigh principle.
However, when applying conforming finite elements, we cannot calculate a lower bound.
Therefore, we apply a nonconforming finite element, which will be the Crouzeix-Raviart
elements. As already discussed in Chapter 2.3, the Crouzeix-Raviart elements of degree k,
for k£ odd, are not continuous over the edge of the triangles in the triangulation 7. But to
apply the Rayleigh principle we need continuity on the whole domain 2. Summing up, the
goal of this subchapter is to find an operator, which maps the Crouzeix-Raviart elements
to continuous elements because then we will be able to apply to Rayleigh principle to find
an upper bound for the smallest eigenvalue of the eigenvalue problem (34).
We need to find a sufficiently accurate interpolation operator

Icr : CRE(T) — PH(T) N H(Q),

which maps Crouzeix-Raviart elements onto elements, which are piecewise polynomials of
degree k on triangles 7 € T, but are continuous on the whole domain Q C R? and zero
on the boundary 0€2. Notice, that the points on the edges E € &g, where the Crouzeix-
Raviart elements are continuous, are the zeros of the Crouzeix-Raviart element on the
edges. We will call these points and the points in the inner of all triangles points of
continuity. More precisely, the zeros of the Crouzeix-Raviart elements on the edge are the
zeros of the nonconforming edge bubble from Definition 2.55, which are exactly the zeros
of the Legendre polynomial of degree k, P,EO’O), transformed on an edge E' € £q. Since the
Legendre polynomial of degree k has exactly k roots, we observe k points of continuity on
every edge E € &q.

FIGURE 4. Zeros of Legendre Polynomial P]E,O’O) on the interval [—1, 1] for
k=T.
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To define an element v € CRE(7) of degree k on a triangle 7 € T in a unique way, we
want to have s = 14+ 2+ ...+ (kK + 1) nodes on the triangle, including k£ + 1 nodes on
each edge. So we actually need one more node on each edge in addition to the points of
continuity. Notice also that no vertex is a point of continuity. We determine a sufficiently
accurate interpolation operator as an operator, which yields the average on the points
of discontinuity, but is exact on the points of continuity. To find a sufficiently accurate
interpolation operator we want the vertices to be also part of the nodes. If we add the
vertices to the nodes, we get the result in terms of k+2 nodes on the edges F € £q, which is
too much. That is the reason we now refine the triangulation 7. By bisecting each triangle
in the middle of each edge and connecting each side midpoint to the other two midpoints
by straight lines, we get a refined triangulation, called the red-refined triangulation. We
denote this refinement as 7* = red(T).

FIGURE 5. An example of a red-refined triangulation 7* = red(T).

Let us fix a triangle 7 € 7 and red-refine it such that 7* = red(7). Denote the refined
triangles as 79, 71, 72 and 73, where 7q is the inner one. And let 7 be the reference triangle
with vertices A; = (0,0), Ay = (1,0) and A3 = (0,1). Let us define the edge E; in 7,
which lies opposite of the vertex A; fori=1,2,3.

Notice that the triangle 7y consists only of points of continuity, since a Crouzeix-Raviart
element is continuous in the interior of every triangle 7 € T and the vertices of the triangle
To are the middle points of the original triangle 7, which are also continuous, since the
middle points are zeros of the edge bubble for every edge E' € £q. However on the triangles
{71, 72, T3} the Crouzeix-Raviart elements are not continuous over the edges, which are also
part of an edge of the original triangle 7 € 7. Hence, to find a well defined transformation
from the nodal points of the reference triangle 7 to the nodal points on a triangle 7; for
i € {0,1,2,3} in the red-refined triangulation 7*, we need to differentiate between the
triangles on the edges {71, 72, 73} and the one in the interior {7p}.
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Vs As

. Eq

Es

A ~ Ay
Es

FIGURE 6. Left: Red-refined triangulation 7 with refined triangles 7, 71,
79 and 73. Right: Standard triangle 7.

Case 1: Let us first look at the case of the inner triangle 7y. Since 79 only consists of
points of continuity, we can use an very simple approach by choosing the nodal point to
be equidistantly distributed.

Let 7 be the reference triangle as already defined above. Let the index set ¢; be defined
as = {p € N3 : = ()2, Y2_, s < k}. Then the nodal points of 7 can be described

as .
5P = {k# e Lk}

and are hence distributed equidistantly.

= nodal points

FiGURE 7. Nodes f]g on the standard triangle 7 for k = 7.
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The affine transformation x,, : 7 — 79 maps the reference triangle 7 onto the inner
triangle 7y and is defined as
X0 (i) =My +mq T
where M;, 1 < ¢ < 3, are the vertices of 7y according to the left-hand side figure of Figure
6 and m. is a 2 x 2 Matrix with the first column being M3 — M7 and the second column
being My — M;. Then the set of nodal points on the triangle 7y is defined as

Yi(70) i= {Xr(2) : 2 € Z0}.

Case 2: Now let us look at the triangles 71, 7 and 73 from the red-refined triangulation
T as shown in Figure 6. Let us fix a triangle 7; for i € {1,2,3} and let us call an edge of
T;, which are also part of an edge of the original triangle 7, as an outer edge.

We will first define two sets of points on the interval [0,1], with one referring to the
zeros of the edge bubble and the other one being additional points to end up with exactly
the amount of nodal points needed on the edges for the interpolation operator. With help
of these two sets we will define the nodal points on the standard triangle 7 and then we
will map the nodal points on the standard triangle 7 to the red-refined triangles 7, 7 and
T3.

As already discussed before, the only points of continuity on an edge of the original
triangle 7 are at the zeros of the Legendre Polynomial P,EO’O), which is transformed on
that edge. Notice, that an outer edge of 7; is half an edge of 7. Hence the only points of

continuity on an outer edge of 7; are the zeros of the Legendre Polynomial P,go’o) on [0, 1]

transformed on that outer edge. So we want these points to be nodal points. However

since there are only k“

k+1
2

zeros of the Legendre Polynomial P,EO’O) on the interval [0, 1], we

need nodal pomts additionally, to result in k£ + 1 nodal points on an outer edge of 7;.
Now we will discuss on how to choose these additional nodal points.

To achieve an interpolation operator on an edge, which yields the average on the points
of discontinuity and is exact on the points of continuity, we want the nodal points to include
the endpoints, be symmetrically distributed and accumulate around the endpoints. For
this, we introduce the Gauss-Lobatto points.

Definition 2.89. The Gauss-Lobatto points are given as the zeros of the following equa-
tion:

(1= P2 (@) = 0.

Remark 2.90. Notice that the Gauss-Lobatto points consist of the points {—1,1} and
the zeros of the Legendre polynomial of degree k — 1.

Notation 2.91. Let us denote the set of the Gauss-Lobatto points as
{m €l }:<1—<§,?f> )P (6 =01 <1< k+1)

o6
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F1cure 8. Lifted Gauss-Lobatto points Zgﬁft on [0,1] for k =T7.

Notice that the Gauss-Lobatto points indeed include the endpoints, are symmetrically
distributed and accumulate around the endpoints. The distribution of the Gauss-Lobatto
points transformed to [0, 1] will be our ideal distribution of the nodal points on an outer
edge since the distribution of these points is symmetrical, the endpoints are included and
the points accumulate around the endpoints and therefore we will achieve an interpolation
operator, which yields the average on the points of discontinuity on an edge and is exact on
the points of continuity. We will call the transformed Gauss-Lobatto points ideal nodes.

From now on we call the Gauss-Lobatto points transformed on [0,1] the transformed

Gauss-Lobatto points and the zeros of the Legendre Polynomial P,go’o) on the interval
[0, 1] as the Legendre points. Notice, that the Legendre points are fixed and we will not be
able to attain the distribution of the transformed Gauss-Lobatto points exactly, however
the goal is to reach the distribution of the transformed Gauss-Lobatto points as good as
possible.

0.5
= transformed Gauss-Lobatto points
*  Legendre points
0
0.5 1 1 1 1
0 0.2 0.4 0.6 0.8 1

FiGure 9. Transformed Gauss-Lobatto points and Legendre points on
[0,1] for k =T7.
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We will first assign every Legendre point to a transformed Gauss-Lobatto point, by
observing which transformed Gauss-Lobatto point is the closest one to each Legendre
point.

0.5
Legendre points
0
0.5
0.2 ofa 0.6 \0.8 1
9.5 T

- transformed Gauss-Lobatto points

o =2 0.4 0.6 0.8 1

FI1GURE 10. Assign each Legendre point to a Gauss-Lobatto point for k = 7.
ktl
2
there will be % transformed Gauss-Lobatto points, which do not have an assigned Le-
gendre point. Let us also fix the transformed Gauss-Lobatto point at 1. The next step
is to observe if there are any unassigned transformed Gauss-Lobatto points between each

neighboring pair of assigned transformed Gauss-Lobatto points.

Since we have k 4+ 1 transformed Gauss-Lobatto points, but only Legendre points,

o8
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0.5

= assigned Gauss-Lobatto points
<+ free Gauss-Lobatto points

FIGURE 11. non-assigned Gauss-Lobatto points for k = 7.

To get as close as possible to the ideal distribution, we will transform the unassigned
transformed Gauss-Lobatto points between two neighboring assigned ones to the interval
of the two corresponding Legendre points by preserving the distribution of the transformed
Gauss-Lobatto points within the interval of the two assigned transformed Gauss-Lobatto
points. We will transform the free Gauss-Lobatto point with the transformation ¢;;,
which we will define later in detail. These new received points will be the additional nodal
points.

0.5
- assigned Gauss-Lobatto points
free Gauss-Lobatto points
0
901,4 901,4 994,6 Id
-0.5 : 2
0 op 0.4 a6 0.8
0.5
0 ;
- Legendre points
< additional nodal points
-0.5 . ) . L
(o] 0.2 0.4 0.6 0.8 1

Figure 12. Transforming the free transformed Gauss-Lobatto points for
k=T.
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Now let us introduce an algorithm to observe these additional nodal points. As already
mentioned before, the Legendre points transformed to an edge of 7; are part of the nodal
points, since the Crouzeix-Raviart elements are continuous in these points over the edges.
Since an outer edge of 7; is half of an edge of 7, we shall observe nodal points on the

interval [0, 1]. Let Z kLE be the zeros of the Legendre polynomial of degree k, as defined in

notation 2.54, and define the set of zeros of the Legendre polynomial P}go,o)

[0,1] as

on the interval

Zth =zt no,1].
Notice that Z + consists of the points f IR ,§k Let ZGL be the zeros of the Gauss-

Lobatto pomts of degree k, as defined in ‘Notation 2. 91, and let us lift the Gauss-Lobatto
pomts from the interval [—1,1] to the interval [0, 1] and denote the new observed set as

Zk Jift )

&t

Zh = {fk,zé [0,1] fﬁk,l—i,ﬁ [ezft, 1§l§k+1}.

an

95

Zy, = {ék,zé[oal]ffk,z—,ﬁ GZkGL,lSZSIH-l}-

We will call §,; € Z,?ﬁft an ideal node. Notice, that the points §;,; € Z,?ﬁft are also ordered,

0:§k1<§k2<---<€kk+1:1-

Now let us assign each Legendre pomt ng € Z t to an ideal node & ; € Z,glLift in the
way, that for glfl € [&hjy &k j+1] 1f§ ii is within the ﬁrst half of the interval of two adjacent
ideal nodes (& ;, &k j+1], then 5,5? gets assigned to & j, otherwise 5{;”; gets assigned to

Sk g+l
. §k,j + &kt
e

o LB~ | &k T Skt LE
if &F e []2]a£k,j+1)a §ii =~ kg1

Without loss of generality let us assume that f,f € ZLE got assigned to & ; € Zk it
and ¢LE kir1 € Z ,CLE got assigned to & € Z,?l%ft for i < k Wlth some unassigned ideal nodes
left in the interval (&k.jr €k ),

LE :
flgf ~ &gy Ship1 =&k -1 > 1

Let us transform the interval of the ideal points £, ;, &, to the intervall of the Legendre

points [¢£F g &L H—l] with the transformation ¢;; : [& . §ig] — [f,ﬁf,f,ﬁﬂ_l] given by

gk,j
§k,z &k.j
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If f,fE € ZLE | got assigned to & ; € Zk ity for @ =k, let us define the transformation
Pit+1 : [ék,j,ék,kﬂ] (6%, 1) as

. (1- kk)

Pikri(e) = Sk k1 — kg

By repeating this for every pair of adjacent Legendre points, whose assigned ideal points
Ehjr &k € Zk gy are not adjacent and for the Legendre point £L %) with corresponding
transformation ¢, 41, we obtain a new set of points Zk defined as

. R " k+1
2y = {fk,m €[0,1]: Epn = 0ju(Eri), ri € Z5H it \ ZFP 1<m< 2}

with /Z\LE consisting of all the ideal nodes & ; € Zgﬁft, which already have an assigned
Legendre point ng € Zk 1

zZk : k
: {f k:hft : there exists fk,j S Z,fﬁ such that flﬁ ~ fkg ,1<i< —21_} )

The set Zk includes all the required additional nodal points on an edge after fixing the
Legendre points Z kL - as nodal points on an edge.

0.5
= Legendre points
= additional nodal points
0
-0.5 :
0 0.2 0.4 0.6 0.8 1

FIGURE 13. Legendre points Zka_ and additional nodal points Zj, for k = 7.

Now we are ready to define the nodes on the reference triangle 7. Let 7 be the reference
triangle as already defined before as in Figure 6 and let El and Eg be the outer edges of
the refined triangle 7; for ¢ € {1,2,3}. We will first define the nodes on the outer edges
E1 and E3, then proceed to the edge E2 and lastly define the nodes in the inner of the
reference triangle 7.

Let us define the set A; k“’”t(El) as the zeros of the Legendre Polynomial transformed on
the edge E; and the set N, gisc(ﬁl) as the new additional defined points of Zj transformed
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on the edge El as
ﬁ]gont(ﬁl) = {(fkl 1= glﬁlE> € E1 5 € Zk

and

Ardisc( 13 c £ k+
Niise(Ey) 3:{<§k,l>1—€k,z)€E1 §kl€Zk,1<l<2}-

Notice, that N; kc‘mt(El) includes all the points of continuity on the edge Ej with respect
to the basis from Theorem 2.56 and N ,g”sc(ﬁl) includes all the points of discontinuity on
the vertex El with respect to the basis from Theorem 2.56.

Let us define the sets N ,f""t(Eg) as the zeros of the Legendre Polynomial transformed
on the edge Eg and N gisc<E\3) being the new additional defined points of Zj, transformed
on the edge Eg as

K rcont ( T =~ k+1
N (By) 1= {(.g,ff,o) €Es: &7 ez, —— ;- SI< k}
and

Ardisc/ 4 2 E+1
N (ES)iz{(ék,z,())GEs szezk,1<l<2}-

Notice, that A gont(ﬁg) includes all the points of continuity on the edge Ej; with respect
to the basis from Theorem 2.56 and N, ,‘jisc(ﬁg) includes all the points of discontinuity on
the edge Eg with respect to the basis from theorem 2.56.

Since Ez is not an outer edge and hence only consist of points of continuity, we can
choose equidistant nodes as in case 1. Let us define the set N ,f”"t(ffg) as equidistant nodes

Aot (By) = {(0 ;) CBi0<i< k}

And lastly, let us define the set /\A/',gont(%). Again notice, that the inner of a refined
triangle only consist of points of continuity, but we need them to line up with the nodes
on the edges 1 and Fj3. Let Z denote the union of the Legendre points and the additional
points,

on the edge Eg,

LE| |7
Zy, = Zk,7+| |Zk
where the elements §,; € Zj are ordered as

0=CEr1 <& <...<&pt1 =1

Hence let us define the set N C‘mt( ) as equidistant nodes on perpendicular hnes to the edge
E5 connecting the nodes of Ncont( 1)U NdZSC(El) and the nodes of NCO”t( 3) U ./\/'dZSC(Eg)
in the interior of the reference triangle 7 as

~ o l o
cont (XY . ) > . ) I <k-—-1 ) + .
N (T)_{<€k’“k‘i 1)67’ i €2k, 1<I<k—1,1<i<k 1}
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Let Zc‘mt( ) denote the union of the continuous nodal sets defined before, that is

Zcont ( ) U Ncont ( ) Ncont ( )

=1

and Ed“c( ) denote the union of the discontinuous nodal sets defined before, that is

Edzsc( ) Ndzsc( ) U ./\/']gwc(Eg).

= continuous nodal points
= discontinuous nodal points |

FIGURE 14. Nodal points Zcont( )U Edwc( ) on standard triangle 7 for k = 7.

Then the set of nodal points on the reference triangle 7 is defined as
ik(A) _ Zcont( ) U Edzsc( )

We define the transformations x,, : 7 — 7; for i € {1,2,3}, which map the reference
triangle 7 to a red-refined triangle {71, 72,73} € T* as follows. For 71 € T* we define the
transformation

X1 (‘%) = M3+ mery z,
where m,, is a 2 X 2 matrix whose first column is V; — M3 and the second column is
My — Ms. In addition, Mo, M3 and V; are the vertices of 7 according to Figure 6. For
7o € T we define the transformation

X2 (jj) = M3 + My j}a
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where m,, is a 2 X 2 matrix whose first column is V5 — M3 and the second column is
My — Ms. In addition, M7, M3 and V5 are the vertices of 7 according to Figure 6. For
T3 € T we define

XTg(i‘) = My +mgq, 2,
where m,, is a 2 X 2 matrix whose first column is V3 — My and the second column is
My — Ms. In addition, M7, My and V3 are the vertices of 73 according to Figure 6.
Then the set of nodal points on the triangles 7; € T* for i = 1,2, 3 is defined as
Sk(ri) = S (m) | SPe(n), 1<i<3,
with
YEM () = {xr(2) 2 € 2PM(F)}, 1<i<3,
and
Ti(n) = {xn(2) 12 € PP}, 1< <3,
Summing up, the set of nodal points on the red-refined triangulation of the whole
triangulation 7* = red(7) is defined as

Ny =1 U Ze(m).

TET 7 eTH

= discontinuous nodal points
A = continuous nodal points 7
L} (] T
- | ] » -
5 & ) = § J
- ] ] - L]
- L - - -
i - - T
- [ ] -
- - . B
- L i) -
o " L] - = - | ] - x:
= 1 - . - - [] - . = 7

FIGURE 15. Nodes Ny (T) on red-refined triangulation T7* for k = 7.
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To find a nodal interpolation operator Zog : CRE(T) — PE(T*) N HS(Q) which yields
the average on the points of discontinuity and is exact on the points of continuity, we need
to differentiate between the set of boundary points, the set of points of continuity and the
set of points of discontinuity,

NPT = {2 e Nil(T) : 2 € 09},

N]fontm-*) =1 e/\/’k(T*) 1z € U U Eiont(ﬂ‘) \NI?Q(T*)v

TET T, €TF

NETT) =2 e Nu(T) iz € |J ) Soe(m)  \NE(T).
T€T T7;€7;-*
Let V €V be a vertex from the triangulation 7 and its nodal patch being defined as

wV:UT

T€Tyv
with Ty = {7 € T*:V € 7}. Then let us define the set of nodal points on the nodal patch
of the vertex V as
NS (T) o= {2 e NEEe(T") sz € wy |

Notice, that the boundary of the nodal patch wy is always in the interior of a triangle in
the triangulation 7 and therefore consists only of points of continuity. So if we choose
two different vertices Vi, Vo € V from the triangulation 7, then the intersection of the two
sets of nodal points on the nodal patch of the vertices V1 and Vs is empty,

Ndisc (7-*) m/\/'disc2 (T*) = Q.

kzwvl kywy

Let us define the set WVC f, which denotes the space of piecewise polynomials of k-th
degree on the red-refined triangulation of continuous functions on the nodal patch wy with
defined values vcg on the boundary of the nodal patch and on N (Ty),

nglj = {w e PH(Ty) nC@y) : w(z) = ver(z) for z € dwy uN,gO”t(Tv)} :
Let vy be the minimizer of

min UCR — W ||12 .
Wi | 22wy

Given by the following definition, the conforming interpolation operator maps the
Crouzeix-Raviart space to piecewise polynomials and will give as an output the exact
value of the Crouzeix-Raviart element on the points of continuity and an average of the
Crouzeix-Raviart element on the points of discontinuity.
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Definition 2.92. The conforming interpolation operator Zcg : CRE(T) — PH(T*) N
H} () is given by

_J ver(z) ze€ Nt (T,
ICRUCR(Z) = { 'Uv(z) = lelisc (T*)

kwy

(35)

Lemma 2.93. The interpolation condition (35) defines an element vor € CRE(T) in a
unique way.

For this proof we follow along the lines of [Bral3, Bem 5.4].

Proof. First of all, notice that for a given element vcr € CRE(T) the interpolation con-
dition (35) is defining an element in a unique way if for every f € C°(r) for 7 € T there
exists an unique polynomial p of degree k, which solves

p(zi) = f(zi), i=1,2,...,s, (36)

withs=1+2+...+(k+1) and z; for i = 1,..., s being the nodal points.

Let us arrange k 4 1 lines parallel to one edge of the triangle on the triangle 7 where
the first line lies on the that edge and the (k + 1)-th line lies on the opposite vertex. Let
us distribute s nodal points equidistantly on these lines with the i-th line consisting of
k — i 4+ 2 nodal points where one node is on each intersection from the line with an edge.
Notice, that the lines itself do not need to be distributed equidistantly. To visualize the
arrangement of the lines and nodal points easier, there are some examples in Figure 16.
Going from left to right, the first line being also an edge has k 4+ 1 nodal points. The
second line will have k nodes and so on until the last line consists only of the vertex at
(1,0).

= nodesfork =3 = nodes fork =5 = nodes fork =7

0.8 0.8 0.8

0.6 0.6 0.6

0.2 0.2 0.z I

FiGurE 16. Distribution of nodal points on standard triangle 7 with the
lines being parallel to the edge on the left for k = 3,5,7.

To prove (36), we will use induction on the degree k. The case of kK = 0 is clear. Let
us assume (36) holds for the degree k — 1. Since the location of the nodes on the edges
is invariant under affine transformations, let the edge with the equidistant nodes of the
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triangle be on the z-axis with corresponding nodal points z1,29,...,2,+1. Then there
exists a unique polynomial po(z) = pg, which solves

po(zi):f(zi), iZl,Z,...,k—i—l.

By induction hypothesis, there also exists a unique polynomial ¢(z,y) = ¢ of degree k —1,
which solves

q(zi):f(zi)v l:(k+2)7(k+3)aa5
where the nodal points z; for i = (k + 2), (k + 3),...,s lie on the remaining k — 1 lines.

Let us define f as )
fz) = J[f(zz‘) —po(2i)]

7
where y; is the y-value of z;,
2 = (mi,yi), 1€ {1,...,5}.

Notice, that f is also uniquely defined. Then clearly, p(x,y) = po(x) +yq(x, y) solves (36)
uniquely. O
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2.6. Explicit bounds for the smallest eigenvalue.

In this subsection we prove a lower and a upper bound for the smallest eigenvalue of
the eigenvalue problem

find (\,u) € R x H}(Q)\ {0} such that |[u|| = 1 and a(u,v) = A(u,v) (37)
for all v € H}(€2). The bilinear form a(-, ) is defined as

a(u,v) = / (Vu, Vo)
Q
for u,v € HE(Q). We will use the following nonconforming eigenvalue problem

Find (Acgr, ucr) € RxCRE(T)\{0} such that ||ucg|| = 1 and ayc(ucr, vor) = Aer(ucr, vor)
(38)
for all vog € CRE(T). The nonconforming bilinear form ayc(-,-) is defined as

anc(ucr, Vor) = Z/ < Vucr, Vvcr > (39)
TET
for ucgr,voR € CRIS(T)
Hence the Rayleigh quotient for the nonconforming problem is given by
ANC\VCR,UCR
Rvetuen) = et i)
|lverll

for vogp € CRE(T) \ {0}.

Remark 2.94. The degree of the Crouzeix-Raviart elements will not be involved explicitly
in the calculation of the lower bound and therefore the bound will be independent of the
degree k. In the next chapter, numerical experiments, we will study the effect of the degree
k on the discrete eigenvalue.

We denote as j1,1 the first positive root of the Bessel function Ji, which is defined as
being a solution of the Bessel’s differential equation

&y Oy
22

1
2+x —I—(;U )y = 0.

To find a lower bound for the smallest elgenvalue Ao, we need to find an error estimate of
the nonconforming interpolation operator Inyc. Let us first focus on the error estimate of
the nonconforming interpolation operator Iy¢.

Definition 2.95. The norms ||| - ||| for H}(Q) and ||| - |||nyc for CRE(T) are given by

o]l == va(v, v)
with v € H}(Q) and a(v,v) from (21) and

llvlllve = Vanc(v, v)
with v € CRE(T) and anc(v,v) defined in (3).
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Notice for v € H}(2) it holds true that
ol = vl g)-

Theorem 2.96. (L? interpolation error estimate, [CG1j, Theorem 2.1] ) Let Incv be
the nonconforming interpolation operator from definition 2.60 with v € H&(Q) and the

constant k be defined as Kk := /% + ]% Then the following holds true
1,1
v —Incv ||< kH|[[v = IncvllIne-

To prove this theorem, we need a couple of lemmas beforehand. The following lemma
without proof is taken from [LS10, Theorem 3.3]. It characterizes a lower bound for the
smallest eigenvalue.

Lemma 2.97. ([LS10, Theorem 3.3]) For any triangle T € T it holds true that
XohZ > 43,

By applying the Rayleigh principle, Theorem 2.72, on Lemma 2.97, the following corol-
lary immediately follows.

Corollary 2.98. (Poincaré Inequality on Triangles, [CGR12, Theorem 2.1]) Let f €
HY(7) for a triangle T € T. Then it holds true that

s

Proof. Notice that Lemma 2.97 is equivalent to the statement: For every triangle 7 € T
it holds true

e
< —

Flaien-
L2(7) .71,1’ ln ™

L h2
Ao j%,l.

Applying the Rayleigh Principle, Theorem 2.72, we observe for Ay that

2
ol _ el _ Jy IVl
vergonor [[olF = Tl = Jwlla,

for any w € HZ(7) \ {0}. Let us choose w := f — ﬁ J. f- Tt follows that

L 2

h72_ 1 Hf_mef)LQ(T)

o W ) 3
(TR,

which is equivalent to
1 2 h2 1 2
|- <t [lve-2p
|T’ T L2(7) JilJr |7—‘ T
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From taking the square root and applying the definition of the L2- and H'-norm it follows
that

h-
H - < —\flmvn
|T| L2(r) Jil

0

The following lemma is required to prove the Poincaré-Friedrichs inequality on a triangle
T.

Lemma 2.99. (Trace identity, [CGR12, Lemma 2.1]) Let f € WYi(7), where 7 € T is a
triangle with a vertex P and E is its opposite edge. Then it holds true that

5 L =g [eP)-viw.

VE

P

Ficure 17. Triangle 7 with one vertex being P and its opposite edge being F.

This proof follows along the lines of [CGR12].
Proof. Let us define the function g(x) := (x — P)f(z). Then its divergence is
divg(z) = 2f(2) + Vf(2) - (z — P)
and hence
/divg(x)dm _ /Qf(x)dx +/Vf(x) (@ — P)da. (40)

Let H be the straight line that contains E and let us notice that dist(P, H) is the shade
thrown from (z — P) onto vg for x € E and hence
(x —P)-vg =dist(P,H), z¢€kFE.

If x € 07\ E, then (x — P) is parallel to one of the other two edges besides E and hence
is perpendicular to the normal vector of that edge v(x),

(x—P) Lv(x), z€0r\E.
Then it follows by applying the Gauss theorem, Theorem 2.22, that

/T divg(z)dz = / glapa)ds
= /; g(@)v(z)dx + / g(@)v(z)da

oOT\E
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_ /; o(2)vpdz
_ /E (z — P)f(z)vndz

_ /E dist(P, ) f (z)da. (41)

By combining (40) and (41) we observe that

/T2f(x)daz+/TVf(x)-(x—P)da;:/Edist(P,H)f(x)d:n,

which is equivalent to

dist(P,H)/Ef(m)dx—Q/Tf(x)da::/TVf(x)-(x—P)d:n

By dividing the equation by 2|7| we see that

S fewe = g [ s =g 9560 (0= e

Notice that the area of a triangle is defined as

1
|| = §|E]dist(P,H).

Hence it follows that

1 1 1
|E|/Ef($)d$_M/Tf(m)dm:M/va(x)'(m—P)d%

which concludes the proof. ]

The following lemma is called the Poincaré-Friedrichs inequality and gives an upper
bound for the L? norm for a function in H'(7) with edge-mean zero on a triangle 7.

Lemma 2.100. (Poincaré-Friedrichs Inequality, [CGR12, Lemma 2.2]) Let f € H'(7),
where T € T is a triangle with a vertex P and E is its opposite edge. In addition, we
require fE f=0. Then it holds true that

1 h2
< — ist(P — )2 4+ ——
| f 2 < \/8 gleagdlst( r)* + 7 | e (r)

1,1
The proof is taken from [CGR12].
Proof. First we apply the Theorem of Pythagoras as follows

U PRI S PO
11 By = |1 H/f+||/f

L2(T
Hf e 7l /

(42)

L2(7-) L2 (T
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From the Poincaré inequality on triangles, Corollary 2.98, it follows that

2
s
\T| L2(7) J1

On the other hand, from the trace identity, Lemma 2.99, the fact that fEf = 0 and
Cauchy-Schwarz inequality for integrals it follows that

A= [e-pvies g [
-|5 [e= P -vs@

1
<5 lz=Plleze [flme

1 !f\Hl (43)

]

Let us use polar coordinates (r, ) with r := dist(z — P) and a@ < ¢ < 8 and let the
distance of P to E be as 0 < §(¢) < max dist(z — P). We observe that

| xz—P H%Q / / r2r drdy

o 4

B 2 i _ p)2
S/ () maxdlst(x P)

o 2 el

2
dist(x —P)? [P 5(p)? 4
2

T aeE . v
di t _ 2 B ré(p)
= max —————— ist(z / / rdrdy
el a 0
dlSt(:E — P)?
=max ————|7|.
zeFE 2
From this result it follows that
1

T — PHL2 |f\H1

H
dist(z — P)?
<
—= 2|T|\/ ’THf‘Hl

= maxdlst( P)|flgr
\/ 7] wek o

CRAEE

And hence we see that

1 J.f

2
1 2 2
i, </8m ma dist(z — P)° | [3s 1)
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1 .
Now we plug the results from (43) and ( 44) in the equation (42) and observe that

171y = |7~ |/ |T|/f

h3 1 _
< T|fﬁ{1(7) + 3 Iéleaé(dlst(x — P)2 ‘fﬁ{l(f)

2

L2(T L2(7)

Ji
Rz 1 5 9
= <J11 T3 gleagdlst(w - P) ) e
which concludes the proof. ]

With help of these previous lemmas, we are finally able to prove Proposition 2.96. We
will follow along the lines of [CG14].

Proof of Theorem 2.96, L? interpolation error estimate. From the definition of the L?-
norm we observe that

| v—Incv |? = /|U—INCU| Z/|U—JNCU|

TET
=Y llv—1Incv |72 -
TET

Notice that the problem over €2 can be reduced to a problem over a single triangle 7, where
we can apply Lemma 2.100 with f = v — Incv to get a upper bound for the L?-norm of
v — Incov over a triangle 7. Notice that by definition of the interpolation operator Zyc
the condition f 5V — Incv =0 holds true. This result lead to
o I3
l
Z | v — Incv HL2(T < Z rxneaé(dlst —x)" + 7. [v — Incv|ger)

TeT TeT o1

Notice that max dist(P — z)? < h2, which leads to
Te

1 hz 1 h?2 1 1
fmaxdist(P—x)Q—l—,z—T§7h3+_277:h3 —+ .
8 zeE Jia 8 Jia 8 Jia

Hence, it follows that

1 , h2 11
Z (8 rmneaécdlst(P —z)? + ]2> v — Incv|gir) < Z h? (8 + j%) [v = INcv| g ().

TET L1

73


mailto:carina.capol@uzh.ch

Master Thesis Carina Capol

2022 carina.capol@uzh.ch
Let H = ma%ch be the maximal diameter over all triangles 7 € T and let us define
TE
K2 = % + ]% Therefore, we observe that
1,1
Zh2< >|U—IN0’U’H1 <n2HQZ|v—Ich]H1
€T 7]- TET
By using the definition of ||| - |||nyc we see that
2H2Z|U_INCU|H1 —/{2H2Z/<V v — Iycv), V(U—INOU)>
TET TET

= 1" H?||lv = Incolllie
from which we observe the desired result,
v —1Incv [[< kH|l[v = Incvl||ne-
O

After investigating the required error estimate of the nonconforming interpolation op-
erator, let us find a lower bound for the smallest eigenvalue. Remember that this bound
will not depend on the degree of the Crouzeix-Raviart elements.

Theorem 2.101. (lower bound, [CG14, Theorem 3.2]) Let Ao be the smallest eigenvalue
of the eigenvalue problem (3) and Acr,o be the smallest discrete eigenvalue from (3). Then
the following holds true
ACR,0
_ NCRO oy
1+ /2H2 g0 ~ 0

For the proof we follow along the lines of [CG14].
Proof. Let us consider the Pythagoras theorem in L?(£2; R?),
Xo = a(ur,w) =[| Vur [[720y=] Vur = TVu1 [[Z21q) + || TV [[72(o (45)

with IT being the L2-orthogonal projection into piecewise constants P°(7T). Let |7| denote
the area of the triangle 7 € T and let v € V. Then by using the integration by parts it
follows that
|7 IIV|, = /Vv = [ Vo.
T or
From Proposition 2.96 we know that [, v = [, Iycv. Using this and again integration by
parts we see that

/ Vv = Vincv = /VINCU = |7|V(Incv|r)-
T or T

Summing up,
|7 VY| = |7V (INncv|r),
which leads to
IIVv|r = V(Inco|r).
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Let us define for every 7 € T the piecewise gradient as
VivcIncvlr :i= V(Incv|7).

Therefore we observe

IIVU|‘r = vNC’INC'U‘T
and hence

Vv = VNC(INCv).
Now we can plug this result in (45) and observe that

Ao = [|Vur = TV ||? + [TTVu1 |72 0
= | Vur — VveUnev)||* + || Ve (Inev)|®

=Y | IVur = Vno(Inev)? + ) | [Vae(Inev)?

TeT 7T TeT T
- / V(= Incolr) P+ 3 [ 19 (Inovl)
TeT 7 TeT "7
= [llur - IncollZe + Il ncoll e (46)

From the Rayleigh principle on the discrete eigenvalue problem, Theorem 2.72, we observe
that )
[ Incolllve

AcRro <
| Incv |27

U =

which leads to
Aero || Incv [P< |IInevlllve-
We plug that result in the equality (46) for v = u; and see that

Ao > |[Jur = Incw||[%c + Aoro || Incua |2 (47)

On the other hand, by using binomial expansion and the fact that || u1 [[z2q)= 1, we
observe that

| Incur ||* = / [Incw | = / ui 4+ uf — 2w Incur + (Incur)® — 2uf + 2urIycuy
Q O

= / u? + / (w1 — Incur)?® — 2/ uy (w1 — Incur)
Q Q Q
P+ = I I =2 [ o = Ivcu)
> 1+ || ug — Incur || =2 || ur — Incu || -
Let us define o := k2H?* ¢ r,o and set s = IJ%Y It follows that
I Incun P > 14 || ur — Incwn || =2 || ur — Incu ||

= 1+ || uy — INc’u,l H2 —2s H uy — INc’u,l H —2(1 — 8) H Uy — INcul H .
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By using the following Young equation,
2s || ur — Iycur ||[< 8%+ || w1 — Incw |?,
it also follows that
| Ivou 122 14 [l ur = Inoun 2 =25 | wy — Incur | =2(1 = ) | wg — Incus |
> 14 | ur — Incu ||? == || ur — Incus ||* =2(1 = s) || w1 — Incua ||
=1-52—2(1—5) || uw — Incu || .
Now we first use Proposition 2.96 and then again another Young inequality,
2t[||ur — Incwrll|ve < ¢ +|||lur — Incu||[}e
for t := (1 — s)kHAcR,0, which is equivalent to

[Jur — Incul|[3e

2(1—8)/{HH|U1 _INCUIMNC < (1—8)2/€2H2)\CR()+ \
CR,0

)

in the observed inequality and observe that
H INCu1 H2 Z 1-— 82 — 2(1 — S) H ul —INcu1 H
>1-— s? — 2(1 — s)nHH]ul — [Nc'ulmNc

N — Incw[[1Rc

>1-— s? — (1 — 8>2I£2H2)\CR7() h
CR,0

Summing up,

lut = Incu|lfe
ACR,0

|| Incur ||2 >1-— s2 — (1 — 8)2H2H2)\0R,0 (48)

From (47) and (48) we conclude that
Ao > [|lur = Incwl|Re + Acro || Incua |17
> |[Jur = Incw||lyve + Aoro(l = 8° = (1= 8)*k*H?*Acro) — [|lu1 = Incwa|l[Fc
= Acro(l — s% — (1-— S)QEQHQ)\CRO)

a2

1
= 1— — 2H?
Acro( Ata? % a)QH ACR,0)
1+a)P?-a?—-a

(1+a)

= ACR,0

ACR,0
1+«
_ ACR,0
1+ H2H2/\CR70’
which is indeed the desired result. O
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Now let us find an upper bound for the smallest eigenvalue. This bound follows imme-
diately by applying the Rayleigh principle.

Theorem 2.102. (Upper bound,[CG14, Theorem 3.6]) Let \g be the smallest eigenvalue
of the eigenvalue problem (3) and Icrvor be the conforming interpolation operator from
definition 2.92 with vcg € CRE(T), which is normalized by || ver ||= 1. Then the
following holds true

Ao < R(Iorver)-
This proof is taken from [CG14].

Proof. Let us first notice that since vepr is normalized by || vogr ||= 1, we observe that
there exists at least one edge E in every triangle 7 € T such that

Iepver(mid(E)) = ver(mid(E)) # 0,
where mid(FE) is the midpoint of the edge E. Hence we observe that

Iomver # 0.
Thus we can apply the Rayleigh Principle, Theorem 2.72, and get the desired result,

Ao < R(Icrvcr)-
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3. Numerical Experiments.

After analyzing the smallest eigenvalue and its theoretical lower and upper bound in
Chapter 2.6, we provide some numerical experiments in this chapter. We will focus on
the domains of the unit square and the L-shaped domain for Crouzeix-Raviart element of
degree one and three. Recall the weak formulation of the eigenvalue problem (12) from
Chapter 2.3.:

Find (A, u) € R x H}(Q) such that ||u|| = 1 and a(u,v) = \(u,v)
for all v € H}(2) and the bilinear form a(-, -) being defined as

a(u,v) = /Q (Vu, Vo)

for u,v € H}(Q). Similar as in Chapter 2.6, we will use the following non-conforming
eigenvalue problem:

Find (Acgr,ucr) € RXC’RIS(T) such that ||lucg|| =1 and ayc(ucr,vor) = Acr(ucR, VOR)

for all vog € CRE(T), where the nonconforming bilinear form ayc(,-) is defined as

anc(ucr,ver) =Y | < Vucr, Voor >
TeT T

for ucr, voR € C’RS(’T). Recall the lower bound for the smallest eigenvalue

ACR,0
— = < Ao, 49
1 + HQHQ)\CR,O >~ A0 ( )

The calculation of the smallest eigenvalue of the Crouzeix-Raviart elements of degree
one and three is based on FreeFEM++, which is written in C++. FreeFEM++ is a soft-
ware and programming language, which solves partial differential equations on 2D and 3D
with finite elements. There is also an internal mesher, called BAMG, which we used to
build the meshes for the experiments. FreeFEM-++ has already a lot of built-in finite ele-
ments, for example the Lagrange finite elements up to the degree of four. It also features
the Crouzeix-Raviart element of degree 1, which is called Plncdc. Unfortunately, there
was no Crouzeix-Raviart element of degree 3. Therefore we had to implement this on
our own. The implemented Crouzeix-Raviart element of degree 3, which we called P3nc,
was based on Plncdc and P3. Briefly summarized, we combined the P3 and the Plncdc
element, changed the degrees of freedom and changed its basis.

The calculation of the lower bound was executed on Matlab and used the formula (49).

To calculate H we used the meshes from FreeFEM++ built with BAMG and loaded them
on Matlab.
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3.1. Unit Square.

Consider the unit square (—1,1)? and its smallest eigenvalue \g = 272, We first calculated
discrete eigenvalues A\cr o on FreeFEM++ and got the results shown in Table 1. Next we
set the discrete eigenvalues in relation to the exact eigenvalue \g on a logarithmic scale. H
denotes the maximal diameter of the grid. In Figure 18 we can see that the error referring
to the higher degree, k = 3, decays much faster. More precisely, the error of the discrete

eigenvalue with degree 1 decays in order 2 and the error of the discrete eigenvalue with
degree 3 decays in order 6.

H 0.707 0.354 0.177 0.088 0.0442

k=1]18.33436854 | 19.39846541 | 19.65450441 | 19.71806057 | 19.73392345

k=3 |19.78503813 | 19.74005242 | 19.73922229 | 19.73920901 | 19.73920881
H 0.022 0.011 0.006
kE=1|19.73788757 | 19.7388785 | 19.73912623
k=3119.7392088 | 19.7392088 | 19.7392088

TABLE 1. Smallest discrete eigenvalue Acr o on the unit square computed
with FreeFEM++.
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—»— for degree k=1
—+— for deqgree k=3
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error A, - ACR,D'

=
o

[=)]
l

10 8 1 ¢ 1
10° 10! 102
1/H

FIGURE 18. Error of A\g and Acg,o on the unit square.
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Moving on, we calculated the lower bound on Matlab with the discrete eigenvalues
calculated before. They are listed in Table 2. Next, we again set the lower bound in
relation to the exact eigenvalue on a logarithmic scale. When looking at the figure with
the error of the lower bound, Figure 19, there is no improvement from the lower bound of
degree 1 and the one of degree 3. Remember that in the formula of the lower bound for
the smallest eigenvalue, we did not consider the degree of the Crouzeix-Raviart element.
Hence there is no difference expected for the numerical experiment.

H 0.707 0.354 0.177 0.088 0.0442
k=116.61823229 | 13.21190482 | 17.57048261 | 19.14842929 | 19.58812837
k=316.79816042 | 13.36947186 | 17.63815630 | 19.16837285 | 19.59333591
H 0.022 0.011 0.006
k=119.70122099 | 19.72969814 | 19.73683028
k=319.70253732 | 19.73002813 | 19.73691283
TABLE 2. Computed lower bound Ay for the smallest eigenvalue on the

unit square.

102

—»— for degree k=1
—+— for deqree k=3

101 L

10°t

101.

error |4, - Ag|

102%t

10 3 1 1
10" 10! 102
1/H

FIGURE 19. Error of \g and the lower bound A; on the unit square.
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3.2. L-shape Domain.

Consider the L-shape domain (—1,1)%\ ([0,1] x [0,1]) with its smallest eigenvalue A\ =
9.6397238. The exact value of the smallest eigenvalue is taken from [TB06]. This domain
is slightly more complicated but the procedure is the same as with the unit square. We
first calculated the discrete eigenvalues Acro with different coarse grids on FreeFEM++
and got the results shown in Table 3. We set the discrete eigenvalues in relation to the
exact eigenvalue \g in a logarithmic scale. In Figure 20 we can see the error of the discrete
eigenvalue for different coarse grids with H denoting the maximal diameter of a grid. In
difference to the experiment on the unit domain, for the L-shape domain the error on the
higher degree does not decay three times faster. However, it does decays with the same
slope but is smaller.

H 0.965 0.477 0.237 0.129 0.070
k=118.309940336 | 9.062546842 | 9.448700118 | 9.570199748 | 9.614255236
k=319.645395304 | 9.645956654 | 9.637476344 | 9.639952082 | 9.639303006
H 0.034 0.018
k=119.630235817 | 9.636026424
k=319.639558503 | 9.639652818
TABLE 3. Smallest discrete eigenvalue Acgro on the L-shaped domain
computed with FreeFEM-++.

10!

—s—for degree k=1
—+—for degree k=3

10° 10t 102
1/H

FIGURE 20. Error of A\g and Acgo on the L-shaped domain.
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Next, we calculated the lower bound of the smallest eigenvalue on Matlab, which can
be seen in Table 4. Moving on, we represented the error of the lower bound and the exact
eigenvalue on a logarithmic scale, depending on the size of the grid H. With a slightly
more complicated domain, we notice a difference between the error of the lower bound
calculated with the Crouzeix-Raviart element of degree 1 and degree 3. Although we did
not consider the degree of the Crouzeix-Raviart element in the formula of the lower bound
for the smallest eigenvalue, it has an influence on the lower bound.

H 0.965

0.477 0.237 0.129 0.070
k=11]3.33041238 | 6.48148675 | 8.56963108 | 9.28458477 | 9.52689313
k=3 3.52607167 | 6.77453018 | 8.72462724 | 9.35022154 | 9.55148719
H 0.034 0.018
k=119.60917370 | 9.63044705
k=319.61845563 | 9.63406925
TABLE 4.

Calculated lower bound A, for the smallest eigenvalue on the
L-shaped domain.

10!

—— for degree k=1
—+— for deqree k=3

10 3 1
10" 10!
1/H

102

FIGURE 21. Error of \g and A; on the L-shaped domain.
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4. Conclusion and Outlook.

Summing up, we created an operator, which maps the space of the Crouzeix-Raviart
elements to the space of piecewise polynomials, which are continuous on the whole domain.
We called this operator the conforming interpolation operator, that is

Tor : CRE(T) — PH(T*) N HL(Q).

We defined the nodal points on each triangle of the triangulation of the domain by dividing
the set of nodal points into points of continuity and point of discontinuity. The points
of continuity are defined by the property of the roots of the Crouzeix-Raviart element.
The choice of the points of discontinuity is supported by an algorithm. The conforming
interpolation operator Zgg is then given by

B UCR(Z) P GNcont(T*)’
ICR’UCR(Z) = { vv(z) = N’fiisc (7'*)

k,wy
With help of this interpolation operator we were able to find a lower and an upper
bound for the smallest eigenvalue. The lower bound was given by

ACR,0
14+ “2H2ACR,O

which, except for the discrete eigenvalue, does not depend on the degree of the Crouzeix-
Raviart element. The numerical experiments confirmed this thesis, as the error did not
improve much between the degree one and three. However, the improvement of the error
of the discrete eigenvalues of the degree one to the degree three implies that there is indeed
an improvement by using higher degrees of the Crouzeix-Raviart elements.

The upper bound was given by the Rayleigh principle, which reads as

Ao < R(Icrvor)-

As already discussed, it makes sense to use a higher degree, since the discrete eigenvalues
improve. However, our formula of the lower bound for the smallest eigenvalue does not
improve much for higher degrees. Therefore, a lower bound which depends on the degree
of the Crouzeix-Raviart elements should further be researched. Since the computation of
the upper bound required deeper programming skills, we did not confirm the upper bound
with numerical experiments, which would be the next step for further examination. At the
same time with deeper programming skills we could investigate the effect on that upper
bound by the choice of the nodal point, where one choice could be the nodal points of
this thesis, another could be the Gauss-Lobatto points and the final choice could be the
transformed Legendre roots.

S )\05
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