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1 Introductory Concepts

Error analysis in finite-element methods requires slightly more mathematical concepts than error analysis in
finite-difference and finite-volume methods. In the last-mentioned two methods, one typically uses Taylor
polynomials to arrive at local discretisation (truncation) errors for the difference formulas to approximate
derivatives. Subsequently one uses stability of the finite difference approach through analysis of the norm
of the inverse of the discretisation matrix (by the use of eigenvalues of the discretisation matrix, if this
matrix is symmetric), which in particular, amounts to

There is a K > 0 such that [JA~!|| < K as the grid size tends to zero (stability), that is as & — 0,

to demonstrate that the finite difference approximation converges according to the order of accuracy of the
approximation of the derivatives by the difference formulas. This classical result is also known as Lax
Equivalence Theorem: A stable, consistent (local truncation error tends to zero if we send the step size to
zero) finite difference scheme converges. This concept was analysed in the course Numerical Methods I,
see Vuik et al [1].

In this manuscript, some elementary error bounds for finite-element methods are established. Practical
implementation of the finite-element method is discussed in van Kan et al [2]. Since this text only aims
at providing the idea how apriori finite-element error analysis is carried out, only error estimates for the
Poisson equation are considered. Furthermore, the proof of the upper bound for the interpolation error
will only be provided for the one-dimensional case. Since finite-element solutions are sought in function
spaces, we will estimate finite-element errors in these spaces. Therefore, we start with introducing some
mathematical concepts that we will need in the derivations. First, we start with function spaces.

Definition 1 We introduce the following concepts:
1. A function space is a set of functions between two fixed sets, being the domain and codomain (image).
2. A Banach space is a complete, normed space.
3. A Hilbert space is a Banach space with an inner product induced norm.
4

. Let Q C RY, the space of square integrable functions (L>~integrable) is defined by
Q) ={f Q>R : / £2dQ is finite}.
Q

5. Associated with this space, the L*~norm is defined by

1/2
il = | [, 29|



It will be necessary to understand the notion of an L>—space and norm. We define the L?—inner product

1/2
12(Q) and hence
the function space L?() with its norm is a Hilbert space. We use the following recursive convention for
Hilbert spaces with (higher-order) partial derivatives of functions:

between two functions as (f,8);2(q) = Jo fgd€, which implies that ||f|];2(q) = (f,f)

HO(Q) = L2(),
6]
HP(Q):={feHP1(Q) : D’f € L*(Q)}, for p e N\ {0},

where in RY, we have the multi-indexed derivative

0 u d
DPu={ ——— where (q1,...,q4) €{0,...,p} : P = .
{axtlh .__ade (CII Cla’) { P} ;% P}

Note that the above convention differs slightly from the classical convention of multi-indexed derivatives.
The above definition implies that the H'(Q) Hilbert space is defined by

af 9f

H'(Q):= LX(Q) : ==, =~ c*(Q

@={rerm: L. cr@l.

where Q C R2. This is an important Hilbert space that will be used extensively in this manuscript.

Further, the Hilbert space H?(Q) is associated with the H”—norm, which is defined by

ullzp () = 1l 3p-1 ) + ) HLH% » with [[ul] yoq) = [lull 2(q)-
HP(Q) HP1(Q) ax?lu.(;xgd L2(Q) (©) Q)

In finite-element language, these Hilbert spaces are also commonly referred to as Sobolev spaces, which
merely represent a generalization of Hilbert spaces regarding different norms, such as p-Holder norms. At
this stage we will not consider this generalization, and use the words Sobolev spaces and Hilbert spaces
interchangeably. From the above formalization, it follows that

du\?
|[ua]| 7,1 :/u2+||Vu||2dQ:/u2+ ) <) dQ, inR7.
T Qe \9%

This is an important norm. We also consider semi-norms like

d’u ou '\’
2 : 2 2
ey = ) I gl tenee oy = [ X (50) a0
{(@1,42)€{0,....p} : L qi=p} ~1 77T je{l,..d} J
Note that norms are characterized by ||.|| > 0, the Triangle Inequality, ||ou|| = |ot|||u||, and by ||u|| =

0 <= u =0. A semi norm does not satisfy the last requirement, that is: There may exist u # 0 such that
|u| =0.

We note that in order to understand the derivation of the finite-element error in one dimension, it is not
necessary to understand the notion of multi-indexed derivatives.

2 The Principle of the Galerkin Finite-Element Method

The finite-element method is most commonly derived by the use of a weak formulation, where the solution
is sought in a Hilbert space. To get the idea, let @ C R be an open domain bounded by piecewise smooth
boundary I', in which we solve the following problem

—Au=f(x), xeQ

)
u=g(x), xel.



Here Au =V - Vu = div grad u represents the Laplace operator. If f € C(Q) (f is continuous over Q) and
g € C('), then existence and uniqueness of u € C>(Q)NC(Q) (u has continuous second-order derivatives
in Q, and Q denotes the closure of Q, hence Q = QUT) can be demonstrated. The weak form, also known
as the finite-element form, is obtained by multiplication of the above partial differential equation (PDE) by
a fest function ¢ (x) and integration over the domain of computation Q, which results into

f/Qd)AudQ:/Qq)fdQ. 3)

The above integrals exist if ¢, Au, f € L*(Q), or more formally if u € H*(Q). These continuity require-
ments for the solution, in fact, are already somewhat weaker than for the original PDE. We will weaken the
smoothness requirements further by applying the Product Rule for differentiation on equation (3), to arrive
at

—/V-((qu)—V(b-VudQ:/¢fdQ. @)
JQ Q

The first term in the left-hand side is treated by Gauf3’ Theorem to arrive at

- [ (¢Vu)dr+ [ Vo-Vuda~ [ o5 aq. )

Since we have a Dirichlet boundary condition on I', we choose ¢ = 0 on I" to get rid of the boundary term,
to arrive at the following weak formulation:

Find u € H) (), such that for all ¢ € H{ (), we have / Vo -VidQ— / 0f dQ,
Q Q ©)
where H;(Q) ={ucH(Q)|u=g(x)onT}, and H}(Q) :={u € H(Q) |u=0o0nT}.

Now the solution is sought in (a subset of) the Hilbert space H'(), which requires derivates of u to be
square-integrable, rather than requiring C>-continuity globally. Therefore, equation (6) is referred to as a
weak formulation of boundary value problem (2). Since we are searching finite-element solution in H',
which is a Hilbert space, we will estimate the finite-element error in Hilbert spaces such as the L>—norm.
Formally, the left-hand side in the above integral, represents a bilinear form, defined by

au,9) = /Qvu.wb Q. )
it is easy to see that a(.,.) is linear in both arguments. Further, we define
(0.9) = [ o5 a2 ®)
Then the weak form amounts to:
Find u € H, (Q), such that for all ¢ € Hy (), we have a(u,¢) = (9, f). )

The finite-element approximation is constructed by dividing the domain Q into a mesh, with grid points
{x;}, and elements {e;}, which are all engaged to its specific set of grid points. In the Lagrangian finite-
element frameworks, the basis functions are piecewise smooth or continuous Lagrangian interpolatory
polynomials defined over each element, such that

L i=j,
0, i#j.
For the sake of simplicity, we set g(x) = 0 on I" and hence ¢; = 0 on I'. The general case is dealt with

in a straightforward way using a homogenization argument. Hence the finite-element solution is sought in
Vi(Q) := Span{¢;}\_; C V(Q) := H} (Q), where we write the finite-element approximation by

Pi(x;) = & = {

() ~ uy(x) = i}q@-(x»



and for the test function, we choose ¢, € V,,(Q). In other words, the discrete weak form becomes:
Find u;, € V},(Q), such that for all ¢;, € V,,(Q), we have a(uy, ¢p) = (¢n, f)- 10)

Since V;,(Q) C V(Q), we can naturally "test” the continuous weak form by all functions in V,,(Q):
Find u € V(Q), such that for all ¢, € V,,(Q), we have a(u, ) = (¢, f). an

Subtraction of the last two forms, yields the following orthogonality relation for the finite-element error
u—up:

alup —u, @) =0, for all ¢, € V,,(Q). (12)

This relation states that the difference between the finite-element approximation, u; and the (exact) solu-
tion, u, is in a sense orthogonal to the test space V;,(Q). This orthogonality relation is crucially important
in the further estimates that we will make, and this result is valid for general bilinear forms. Suppose that
a given bilinear form satisfies the following requirements in V(Q):

1. a(.,,) is continuous (or bounded) in V(2), that is:
There is a K > 0 such that |a(u,¢)| < K|[ullyq)|[¢]]v () for all u, ¢ € V(Q);
2. af.,.) is coercive (or strongly elliptic) in V (), that is:

There is a ¢ > 0 such that a(u,u) > c||u\|é(9), for allu € V(Q).

Going back to our bilinear form, then one can demonstrate Poincaré’s (Lax-Friedrichs) Inequality, which
says that there is a § > 0 such that

[ 1vul? 4@ =19l gy 2 Bllil o, = [ o a0

This implies that

1 1

2 2 2 2

|\u||H1(Q)=/Qu +||Vul]” dQ < <ﬁ—|—l>/Q|Vu| dQ = <ﬁ+1)a(u,u)
B 2 e _ B

— a(u,u) > l+ﬁ||u||H1(Q) —C||M||H1(Q), where ¢ := m

Since B > 0, we have ¢ > 0 since and remember that we had a(u,u) = [, ||Vu||* dQ. The inequality
by Cauchy-Schwartz immediately gives boundedness (or continuity) of this symmetric (that is a(u,9) =
a(¢,u)) bilinear form a(u,¢) = [ Vu- Vo dQ. It can be proved that all symmetric bilinear forms are
bounded.

Hence, the two properties are satisfied by the current choice of bilinear form on the function space H& (Q).
For the sake of finite-element error, one often considers the energy norm of the solution. The energy norm
is defined by

Definition 2 Given u € H'(Q), then the energy norm is defined by

1/2
lullowyi= | [, I9ulPa@]

Note that if # = 0 on boundary I', then the energy norm defines a proper norm. Next, we consider the
energy-norm of the error for the chosen problem, and choose any i, € V,(Q), then for the energy norm of
the finite-element error, we get

Hu—uh||125(g) :/QHV(u—uh)H2 dQ = a(u—up,u—uy) = alu —up,u— iy + iy —up) =
13)

a(u—up,u— i) +a(u—up, iy — up) = alu—up,u—iy) < ||lu—upl|g) - |u— i)

4



Note that the boundary condition # = 0 on I' implies that the energy norm is a proper norm. The above
relation implies that
Hu—uh||E(Q) < ||u—ﬁh\|E(Q)7 for all i), € V;,(Q). (14)

This can be formalized in Céa’s Lemma:

Lemma 1 Céa’s Lemma: Let u € H} (Q) satisfy
/QVu VodQ = /Qq)fdQ, forall ¢ € H}(Q),
let V;,(Q) be a finite dimensional subset of H}(Q), and let uy, € V,(Q) satisfy
/Q Vi - VdQ = /Q O fdQ, for all ¢y, € Vy(Q),

and let Hu||125(g) = [o||Vu||>dQ, then

|l —unl|p(Q) < |lu—il|g(q), for all @y € Vi ().

This lemma implies that the energy norm of the finite element solution u;, is estimated from above by the en-
ergy norm of the interpolatory approximation of the exact solution u#. Hence, in order to prove convergence
of the finite element solution, it is sufficient to prove convergence of the interpolatory approximation of the
exact solution. Further, the conditions in this lemma (as well as continuity of the right-hand side, which
is satisfied if f € L?(Q), because then one gets | [, ¢ fdQ| < 0120l f1l20) < ﬁH(bHHl(Q)HfHLz(Q)
) are also satisfied in Lax-Milgram’s Lemma (or the Riesz Representation Theorem) for existence and
uniqueness of solutions to variational problems.

3 Preliminaries from Functional Analysis: Riesz’ Representation Lemma
and Lax Milgram’s Lemma

This section may be skipped if one is only interested in how finite-element errors are estimated. However
for readers with more mathematical interest, this section will shed some light on the existence of solutions
to weak formulations in finite-element spaces. Further, we present some generic existence and uniqueness
results that may be used for the analysis of linear boundary value problems. Before we state the Riesz’
Representation Theorem, which already is an important preliminary and fundamental tool for proving ex-
istence and uniqueness to certain boundary value problems, we introduce the definition of a bounded linear
functional:

Definition 3 Let H be a Hilbert space. A linear functional f : H — R is bounded in H if there exists a
K > 0 such that
W <K[vlla,  VveH.

The set of linear; bounded functionals on H is denoted by H™', and ||f|| ;-1 := sup ‘f(v)‘ This norm is

0#veH |[V[|z
often referred to as a dual norm or a negative norm. Further H™" is often referred to as the dual space of
H.

Here ||v|| denotes the H-norm of v. A simple example could be H = L?(Q), then we would be referring
to the L?(Q)-norm. We denote the inner product on Hilbert space H by (u,v)y for u,v € H. As examples,



we consider
H =L*(Q), where (u,v)12(0) :/ uv dQ,
Q

or for
H=H'(Q), we have (V)1 (0) :/ uv + Vu-VvdQ.
Q

Next we introduce the fundamental Riesz” Representation Theorem:

Theorem 1 Let H be a Hilbert space, and let f € H™! (i.e. a bounded, linear functional on H), then there
exists exactly one u € H such that

(u,v)g = f(v), forallve H.

Further, we have || f||y-1 = ||u||a-

Although one can find the proof (in multiple ways) of this assertion in standard textbooks in Functional
Analysis, the proof is given for the sake of completeness.

Proof: First we prove that there exists at most one u € H that satisfies the variational form (u,v)y = f(v).
Suppose that multiple u, say u; and u; satisfy the variational form, then we obtain (u; —up,v)y = 0, for all
v € H. We choose v = u; — up, then we obtain (u; —up,u; —up)py = ||u1 — ugH%, = 0. Hence, since this is
proper norm, we arrive at u; —up = 0. Hence there is at most one u € H for which (u,v)y = f(v) for all
veH.

Next, we consider existence. Consider the functional

10) = 31~ 70)

then it is not hard to prove that this functional is convex and that it has a (unique (which makes the first
uniqueness part unnecessary in the proof)) minimiser. The minimiser of this functional over H, which
hence exists, is denoted by u and is determined by setting the Gateaux differential to zero,

d
Ef(u +1v)—0 =0,

From this relation, it follows that the minimiser of J over H satisfies
u € H such that (u,v)y = f(v), VveH.

This is exactly the variational problem. Hence existence of a solution to the minimisation problem implies
the existence of a solution to the variational problem. Hence existence and uniqueness have been demon-
strated.

Next we demonstrate that || f||;-1 = ||u||n. From the definition of the negative norm, it follows that
SO o @] _ (wu)m
fllg-1 = sup > = = lulla
ozverr [VIle " lulle [ullm

Hence we have
g1 = Nfull 15)

Combining Cauchy-Schwartz’ Inequality with the existence result, we arrive at

O = v)al <|lulla [[v/la, — wveH.



From this inequality, and choosing v # 0, we obtain
SV
vl

Since this inequality holds for all 0 # v € H, it follows that it should also hold for its supremum over H,
hence we arrive at

< ||u||m, forall u,v € H.

fv

Wl = sup T 16)
0#veH [V[la

Combining inequalities (15) with (16), concludes that || f||;-1 = ||u||a- O

This pivotal result is used to demonstate the generalisation Lax-Milgram’s Lemma for existence and
uniqueness of non-symmetric problems. Before we state the Lemma, we first introduce the concepts of
continuity and coerciveness of bilinear forms:

L. a(.,,) is continuous (or bounded) in H, that is:

There is a K > 0 such that |a(u,v)| < K||u||g ||v||g for all u, v € H;
2. af.,.) is coercive (or strongly elliptic) in H, that is:

There is a ¢ > 0 such that a(u,u) > c||ul|%, for all u € H.

These concepts are used in Lax-Milgram’s Lemma:

Lemma 2 Let H be a Hilbert space, let a(.,.) : Hx H — R be a continuous (bounded), coercive bilinear
form, and let f(v) be a bounded linear functional in H (that is f € H™"'), then there exists exactly one
u € H such that

a(u,v) = f(v), Vv e H.

Furthermore ||u|lg < L||f||;-1, where a(v,v) > c||v||3, Vv € H.

Proof: We use a combination of Banach’s Contraction Theorem and Riesz’ Representation Theorem. We
consider the following variational problem derived from a(u,v) = f(v):

Find u € H such that (u,v)y = (u,v)g —s(a(u,v) — f(v)), YveH, seR.

We will use Banach’s Contraction Theorem to demonstrate existence and uniqueness of u € H. This form
can be written as (u,v)y = (Ps(u),v)n, Vv € H. This step is motivated by the fact that f(v) is bounded in
H, which allows us to write f(v) = (ug,v) foraug € H, for all v € H. Tt also follows that P, : H — H. We
will show that P;(u) is a contractive mapping for some s € R. Let

wi,v)m = (Bs(ur),v)a = (u,v)m —s(a(ur,v) = f(v)),

(w2, ) = (Py(u2),v)m = (u2,v)u — s(a(uz,v) — £(v)).

We will demonstrate that ||w; — wa||g < ||lu1 — uz||n for some s € R, which makes P;(u) a contractive
mapping. From the above equations, it follows that

(w1 —wo, V) = (U1 —u,v)g — sa(uy —up,v) = (uy —uz,v)g — s(A(u; —up),v).

In the last step, we used the fact that a(u,v) can be seen as a duality pairing of linear bounded operator
Au € H! with v € H, which makes (Au,v) a linear, bounded functional in v, hence on H. Due to Reisz’
Representation Theorem, there is a unique JAu € H such that (Au,v) = (JAu,v)y for all v € H. The operator
J : H~!' — H must be an isometric isomorphism (linear bijection and ||Jf||g = ||f||y-1)- This implies
that the above formula gives

(w1 —wa,v)g = (up —up,v)g — s(JA(u; —ua),v).



This implies that w; —wy = (I — sJA)(u; — up). This gives
[lw1 = w27 = (w1 —wa,wi —wa)a = || — wa[fy — 25(JA(ur — u2),ur — uz) + 5*||JA (w1 — wp)[ |y <
< (1 —2s¢+52K?) - ||u —u2||121.

Here we used coerciveness and boundedness of the bilinear form. From the quadratic form, it can be seen

that for s € (0, 12<CZ) we have ||w) —wa||g < ||u1 — uz||n, for which a contraction is obtained on H. Hence

HueH : a(u,v)=f(v), VveEH.
Next, we consider the second part of the Lemma:

|f (u )IH i |f ()

el O#ueH” ul|

cllullfy < alu,u) = f(u) =|f(u)| = ||| e = 11— [l

Division by ||u||z and ¢ > 0, gives
1
< - ~1.
luller < —[1£1l5
This concludes the proof of the lemma. O

Next, we apply the Lax-Milgram Lemma to an n dimensional space, and let H" = Span{v,...,v,},
where v; € H, hence H" C H is an n dimensional subspace of H. Then one obtains the following claim

Lemma 3 Let a(.,.) : Hx H — R be coercive and continuous on H, and let f(v) be bounded in H.
Suppose H" = Span{vi,...,v,}, where v; € H, then

There is exactly one u" € H" such that a(u",v;) = f(v;), for all v; € H".

Furthermore |[u"||g < L||f]|-1-

Proof: Since H" is a subspace of a Hilbert space, which is a Hilbert space itself, it follows that a(.,.) is
bounded and coercive on H". Further, f(v) is also bounded on H". This proves the existence and unique-
ness part of the theorem. Further, we have

sup
OaéueH el 1

|f ()]
ez = |1£ g1 ][] -
IIM”H O;éu"eH” || "H -

ol [u |l < a(u"u") = fu") = | f(u")| =

Division by |[u"||; and ¢ > 0, gives
1
e[| < = [1f 11
c
This concludes the proof of the lemma. O

This lemma proves the existence of a finite-element solution. This also implies that the system matrix
(stiffness matrix), defined by §;; = a(vi,v j) is non-singular and the solution to Sx = b is uniquely defined.

4 Convergence of the Galerkin Approximation to the Exact Solution

This section is not necessary for the understanding of the derivation of elementary error estimation of the
finite-element method. This section is meant for the reader with a larger mathematical interest and opens
the road to more general error analysis for Galerkin-based finite elements, where the function spaces for
the test functions (i.e. the test space) and the function space of the solution (i.e. the solution space) are the
same. We consider the convergence of the Galerkin approximation to the solution of the weak form as the
number of basis functions, that is, the dimensionality, is sent to infinity. First, we generalise Céa’s Lemma



from the previous section.

Theorem 2 Let H be a Hilbert space, and let a(.,.) be a bounded, coercive (with respective constants
K > 0 and ¢ > 0) bilinear form on H. Suppose that H" = Span{vi,...,v,}, where v; € H, and let

u € H such that a(u,v) = f(v), forallve H,

a7
u" € H" such that a(u",v;) = f(v;), forallv; € H".
Then ||u—uy||g < &||u—v,||u for all v* € H".
This is a generalisation of Lemma 1, which we will prove using similar principles.
Proof: See Assignment 3. U

The above theorem is known as a generalisation of Lemma 1, and we will use this result to conclude con-
vergence of the Galerkin method. Before we state the result, we review the definition of density.

Definition 4 Let H be a Hilbert space, and let H" be a n dimensional subset, for which H" =
Span{vi,...,va}, with v; € H as basis functions. Then H" is dense in H if for all v € H we have that
either v € H" or v is a limit point of H", that is

YveH,Ve>0: 3N > 0 such that there is aVv" € H" for which ||V' —v||y < € (i.e. dist(H",v) < €),Yn> N.

The above definition says that we can approximate each v € H arbitrarily well in H” if we take enough ba-
sis functions. This also means that the solution to the weak form, u € H can be approximated arbitrarily
well in H". Then the generalisation of Céa’s Lemma will warrant convergence. We formulate this in the
following convergence theorem:

Theorem 3 Let H be a Hilbert space, and let a(.,.) be a bounded, coercive (with respective constants
K >0 and c > 0) bilinear form on H. Suppose that H" = Span{vi,...,v,}, where v; € H, and let H" be

dense in H, and let
u € H such that a(u,v) = f(v), forallve H,

(18)
u" € H" such that a(u",v;) = f(v;), forallv; € H".
Then ||u — uy||p — 0 as n — oo. In other words, the Galerkin method converges.
Proof: Since H" is dense in H, and since u# € H, the definition of density implies that
Ve >0: 3N >0 such that there is a #" € H" for which 0 < ||#" —u||g < &, Vn > N.

Combining this relation with Céa’s Lemma, gives

n K nn K

Ve>0: IN>Osuchthatn >N=0<|[u" —u||g < —||@" —u|lg < —€.
c c

This implies convergence of the Galerkin method. (]



S Convergence of the Interpolatory Approximation in the Energy
Norm
In this section, we will prove convergence in the energy norm of the one-dimensional interpolatory ap-

proximation of the exact solution. To this extent, we first introduce and prove Taylor’s Theorem with the
integral representation of the error:

Theorem 4 Let f € HP(I) where I = (@, ) a < B, let a € I, then for all x € I we have

fx)=fla@)+x—a)f (@) +...+ (xp!“)pf@) (a)+ % /ax(x— 9P P (5)ds. (19)

Proof: We proceed by Mathematical Induction. For p = 0, the above equation (19) gives

f(x) :f(a)+/:f'(5)ds:f(a)+f(x)—f(a) =),

hence the equation works for p = 0. Next we use equation (19), which we have to use to prove the following
Induction Hypothesis:

_ 1 .
mf(p+l)(a)+M/a (x— )P P2 (5)ds.  (20)

Taking the integral error term in the Induction Hypothesis (20), gives using Integration by Parts

“L*/%wwﬁvW”@%z—J=f%Fwﬁvw”@rffiv>®wwmw=
(p+1)!a (p+1)! a Jyx p!
1 (x— a)p+1f(l7+1)(a) + /a i(xf S)Pf(P) (s)ds.
(p+1)! x P!
Using equation (19) for the integral term in the above equation, shows, after some rearrangement, that the
Induction Hypothesis (20) is satisfied. This proves the assertion. O

The above theorem is pivotal in expressing the interpolatory error in terms of the L,—norm of the second
derivative of the function that is to be interpolated. Consider x;_| < x < Xx, X1 < Xk, then the linear
interpolant of f(x) on [x;_y,x] is given by

§—X S — Xj—
Fal8) = Flrrt) ——— 4 floo) — =L, § € [Xp—1,x4],
Xg—1 — Xk Xp — Xg—1
using Taylor’s Theorem for p = 1 (linearization around x), gives
§— Xk / He—1 11
Ails) = (@) G =)0+ [ G = (0 +
2D
S — Xg— Xk
S () 4 (=0 )+ [ a0 (0.
X — Xg—1 x
Chosing s = x, gives, see Assignment,
—_ "Xk—1 — X "Xk
Al = )+ == [ e o e 2L P oa @)
Xg—1 — Xk Jx Xp —Xg—1 Jx

Assignment 1 Show that upon setting s = x, equation (21) can be written as equation (22).

10



This relation can be used to demonstrate that the error becomes of second order, however, due to Céa’s
Lemma, we are only interested in the interpolatory error of the L?>—norm of the derivative. Differentiation
of equation (21) with respect to s gives

Xk]xkl

55 = '@+ [ nar+ [* g 23)

Xk—1 _xk
Assignment 2 Show that differentiation of equation (21) with respect to s implies equation (23).

Since |M| 1 and \xkx"x’ | < 1fort € [xg_1,x;], the above equation implies

X X 1/2
o<l -rwl< [* o< Vs | [ ora)

- Xk—1

The latest inequality results from application of Cauchy-Schwartz’ Inequality. Hence, integration over the
interval (x;_1,x;) gives

0< /x"f 1£L(s) = f () Pdx < (xk_xkil)z/xk (0.

Xk—1

We summarize the result in the following theorem:

Theorem 5 Given x;_1 < x;, and let f € H?(xy_1,x;), and let x € [x;_1,%;] and

X — Xk X —Xp—1

Sn(x) = f-1) + f (k)

3
Xe—1 — Xk X — Xk—1

then we have

0< [ 1) =f (Pdx < (a7 0) .

Suppose we are dealing with an interval (a,b) that is divided into subintervals a = xo < x] < ... <x;_1 <
Xk < ... <X, = b. Then, assuming that f € H?(a,b), Theorem 5 implies that

0= [l = rwfas= ¥ [* 150 -1 wPars

Yw-ni? [ ra<i [ ora-i [0z

k=1 I Xk—1 k=1

where h:= max }(xk — x¢—1). This implies that (note that the square root should be taken for the norm)
L,

0 < Ifn = Flli2i@p) < P2 (0p)-

We formalize this result in the following theorem:
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Theorem 6 Let f € H*(a,b), givena=xo < x| < ... <X_| <X; < ... <X, =Db, and let f}, be the piecewise
linear interpolation of f, such that

X — X X — Xk—1
() = fOax1) ————+ f () , Jor xj_p < x < x,
Xp—1 — Xk Xp — Xp—1
and leth:= max (x;x —x;_1), then we have

ke{l,...,n}

0 <Ifn = Fllr2@p) < PUF" | 2(00)-

This result can be similarly extended in a straightforward way to higher-order (p—th order) interpolation
and to higher dimensionality. In general, one can write

Theorem 7 Let p € {1,2,...} and f € HP*1(Q), and let f, be the Lagrangian interpolation of f over a
discrete representation of the bounded region Q C RY with nodal points {x;}, such that f;, represents a
p-th order interpolation of f using n, elements and let h be the maximum diameter of all elements in Q,
then we have

0<[V(fu—Dllz@) < 11 flur+r (-

Proof: Proof will be given in future version. (]

Theorems 6 and 7 are special cases of the Bramble—Hilbert Lemma, and state that the energy norm of the
interpolant is bounded and converges to zero linearly as 7 — O for linear interpolation (Theorem 6) and
with order p for p—order interpolation (Theorem 7). We saw from Céa’s Lemma that the energy norm of
the finite-element error is bounded from above by the energynorm of the Interpolatory error. Hence, the
finite-element solution converges in the energy norm, this is summarised in the following theorem:

Theorem 8 Letp € {1,2,...} and f € HP*'(Q) and let Q C R be bounded by (piecewise) smooth bound-
ary I', and suppose that

u € HY(Q), such that for all ¢ € H)(Q), we have / Vo -VudQ— / 0f dQ, o
Q Q

and let uy, be the finite element solution with piecewise p—th order interpolation Lagrangian basis functions
and let h be the maximum diameter of all elements in Q, then we have

0 < [[V(un— )l 20y < B |f|re1 (0)-

Note that with the given boundary condition, this implies with Poincaré’s Inequality that ||u — uy|| Q) —
0 as h — 0, and in principle, Poincaré’s Inequality suggests that the finite-element method converges in
the L>—norm with at least an order p if p—th order basis functions are used. In the next section, we will

analyse the actual convergence behaviour in the L?>~norm and we will see that convergence will be of order
p+1
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6 The L>-Norm of the Error

In the previous section, we demonstrated convergence in the energy norm of the finite element error. Next,
we demonstrate convergence of the error in the L>—norm. The analysis is done by the use of Nitsche’s trick.
We consider finite element solution of the problem

—Au=f, inQ,
u=0, onT.
The idea of Nitsche’s trick is to consider w, which solves
—Aw=u—uy, inQ,
w=0, onT.

Note that the right-hand side of the above partial differential equation represents the finite-element error.
The weak form for w is given by

Find w € HY () such that /Q V- VodQ — /Q 0 (1 — up)dQ, for all ¢ € H(Q).
Let wy, € V,(Q) where V,(Q) C H}(Q) is a finite dimensional subset, then
Find wy, € V,(Q) such that /Q Yooy - VopdQ = /Q On(u—up)dQ, for all @, € V().
Choose ¢, = u — uy, in the weak form for w, then one obtains
0< /Q(u —up)?dQ = /Q Vi V(i —u)dQ = /QV(W — ) - V(i — up)dS. 25)
The last step follows because w;, € V;,(Q) and because of orthogonality relation equation (12). For the
sake of illustration, we consider linear elements. Higher order elements can be dealt with analogously. For

linear elements, we have the following errors (see Theorem 5 with p = 1) for the energy norms of w and u,
respectively:

There is a C > 0 such that

lw—=wallg@) = [IV(W—=wn)|2q) < Chl|u—upl|2(q), and

(26)
||t = un| | (@) = IV (u =) |r2(0) < Ch|f]12()-
Using Cauchy-Schwartz on equation (25) and subsequent combination with inequality (26), gives
0< / (1= 1A = [~ ][22 ) = / Vw—wi) - V(i — up)dQ <
Q Q
27
V(W —wi)ll 20 IV (= )|l 12(q) < Chllu—up||120)Chl|fll 12()-
Division by ||u — uy||;2 () immediately implies that there is a K > 0 such that
0 < [lu—unll 20y < KP?||f]]12(0)- (28)

We summarize this result in the following theorem:
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Theorem 9 Let f € L*(Q) and let @ C R? be bounded by polygonal boundary T, and suppose that

u € HY(Q), such that for all ¢ € H)(Q), we have / Vo -VudQ— / 0f dQ, 9
Q Q

and let uy, be the finite element solution with piecewise linear elements, then there is a K > 0 such that

0 < [[u—unll 20y < KP?||fll12(0)- (30)

We can also extend this theorem to general degree of finite element approximations:

Theorem 10 Let u € HP*'(Q) and let Q C RY be bounded by piecewise smooth boundary T, and suppose
that

u € H}(Q), such that for all ¢ € H} (Q), we have/ Vo -VudQ = / Of dQ, 31)
Q Q

and let uy, be the finite element solution with piecewise p-th order basis functions, then there is a K > 0
such that
0 < [u—up||2(q) < KR"HHIDPH |2 (32)

We note that this text has not treated the errors that may appear if one approximates a (piecewise) smooth
boundary by polygons (for p = 1) or by Lagrangian interpolation functions of order p, where p also rep-
resents the order of the basis functions by which the solution is spanned. This contribution will give an
additional error of the same order as the error that we get from approximating the solution by interpolation
functions. The proof of this fact is very technical.

Further, in order for the error bound to be valid, it is needed that the right-hand side function satisfies
fe LQ(Q). If this is not satisfied, then the current error bound analysis breaks down. Sometimes, con-
vergence with a lower error bound can be demonstrated, or even convergence in the norm of a different
Sobolev space (so not in a Hilbert space), for instance in whl (@), which is given by

whl(Q):= {feLl(Q) : %, gev(g)},

where

LI(Q):{f:Q—HR: /|f|insﬁnite.}
Q

This very interesting, but complicated, convergence analysis is beyond the scope of this version of this
manuscript. More theory on the error analysis of finite-element methods with Dirac Delta functions can be
found in the studies by Scott [3] and Bertoluzza [4] among many other studies.

For cases in which the differential operator is symmetric and positive definite, such as for

—Au+2Au=f(x), x€Q,
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where A > 0, the analysis is entirely analogous except for some straightforward technicalities. In the case
of nonsymmetric differential operators, such as in the convection-diffusion equation

—Au+q-Vu+du=f(x), xXeQ,
u=g(x), xely,

n-Vu=0, x €1y,

the convergence analysis becomes somewhat more complicated. Here one uses the adjoint operator in
Nitsche’s trick for estimation of the L>—norm of the finite-element error. Existence and uniqueness of the
weak solution in H' for the case that q-n > 0 (that is an outflow boundary) is demonstrated by the use of
Lax-Milgram’s Lemma. Some of the finite-element convergence analysis can be done in the assignments.

In general, more information regarding finite-element error analysis can be found in the books by, among
many others, Brenner & Scott [5] and in Braess [6] for solid mechanics and saddle point problems. We
note that there are many more references that treat convergence theory of finite element methods.

Assignment 3 Given any continuous, coercive nonsymmetric bilinear form a(u,v) for u,v € V(Q). Let u
be solution to

Find u € V(Q), such that for all ¢ € V(Q), we have a(u,¢) = (¢, f),

and let V,(Q) C V(Q) be a finite dimensional (that is, the finite-element space) subspace, for which we
have
Find uy, € V,(Q), such that for all ¢, € V,,(Q), we have a(up, ) = (@, f).

Use
There is a K > 0 such that |a(u,v)| < K||ullv ||v||v for all u,v € V (continuity);

There is a ¢ > 0 such that a(u,u) > c||u|[3, for all u € V (coerciveness).

to prove Céa’s Lemma:
K
[l —unlly < — [l —=vallv-

Remark: Note that a(u,v) # a(v,u) for a nonsymmetric bilinear form.

Assignment 4 Consider the linear diffusion-reaction equation, take for simplicity

—Au+Au=f(x), x€Q,

u=0, xel,

where A >0,
(a) use Nitsche’s trick that for linear elements, to arrive at

[l —un|lp2 () < KR
(b) do the same for quadratic elements, to arrive at

llu—upl|2(0) < KK.
Hint: Make use of the results from Assignment 3 and Theorem 7.

Assignment 5 Consider the linear convection-diffusion-reaction equation, take for simplicity

—Au+q-Vu+Au=f(x), x€Q,
M:O7 XEF])

n-Vu=0, x eIy,
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where A > 0, use Nitsche’s trick with the adjoint differential operator (if a(u, ) is the associated bilinear
corresponding to the linear differential operator, then a(¢,u) is its adjoint) that for linear elements, to
arrive at

[l — n| 2 () < K.

Hint: Make use of the results from Assignment 3 and Theorem 7.
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