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Topic 1: Linear elliptic problems

§1 Dirichlet problem and Dirichlet principle (week 15)

In this lecture we study partial differential equations (PDEs) and their numerical approxim-
ation. We confine ourselves to linear equations of second order. Let us first define what we
mean by this.

Definition 1.1. Let n € N and €2 C R" be an open subset. Let furthermore a map
F:R"™™ xR" xR x Q — R be given. We call the equation

F(D*u(z), Vu(z),u(x),z) =0 for all z € Q

a partial differential equation of 2nd order. Any function u :  — R satisfying the above
relation is called a solution.

The foregoing definition is rather abstract. At the same time, it implicitly requires further
properties (differentiability) of the solution, which are not stated explicitly. We will work
with this basic definition and will proceed with examples. The equation is called partial
differential equation because it involves partial derivatives of the solution (in contrast to
ordinary differential equations (ODEs), which only depend on one scalar variable. The
notion of 2nd order describes that the highest involved derivative of u has order 2. At this
point, the function F' can be arbitrarily nonlinear.

Example 1.2. For a given function f € C(Q) (usually referred to as right-hand side) and
F given by F(A,b,c,z) = det A — f(x), we obtain the equation

det D*u(z) = f(z).
It is called Monge—Ampére equation.

Recall the Laplacian Au(x) = divVu(z) = Y77, 9ju(r) = tr D?u(z), where tr A denotes
the trace of a matrix A.

Example 1.3. For f € C(Q) and F(A,b,c,z) = tr A+ f(x) we obtain Poisson’s equation
~Aufz) = ().

What is the difference between these two examples? Poisson’s equation is linear. This means
that, given solutions u to the right-hand side f and v to the right-hand side g, the equation

—Aw(z) = af(x) + Bg(x)

will be satisfied by the linear combination w := au + fv, (a, 8 € R). This is easy to verify.
It is also elementary to verify that the Monge—Ampere equation does not have this property.
We expect in general that

det D(u(x) + v(z)) # f(2) + g(a),

for solutions u and v to right-hand sides f and g, respectively. Convince yourself of this fact
by setting up suitable examples.



Definition 1.4. A 2nd order PDE is called linear, if it is of the form

Y aa(x)0u(z) = f(z).

o <2

Here, a,, and f are given functions over 2. The above sum runs over all multi-indices « of
length < 2, and 0“ is the partial derivative with respect to a.

We will start this lecture by considering Poisson’s equation, the most basic instance of a
PDE that is rich enough to highlight all relevant concepts. Generally, we pose the questions
of existence of a solution to a PDE and its uniqueness. Even for Poisson’s equation we
will quickly reach certain limits that we will later overcome with tools of linear functional
analysis.

Clearly, solutions to Poisson’s equation are not unique without any further constraints being
imposed. For instance, any solution can be shifted by an arbitrary affine function and will
still remain a solution. We will thus consider the Dirichlet problem, which imposes a zero
boundary condition on the solution. This PDE is posed on a domain 2 C R" which is open,
bounded, and connected.

Definition 1.5. Let Q C R™ be open, bounded, and connected. A function u € C?(Q)NC(Q)
is said to solve the Dirichlet problem with right-hand side f € C() if it satisfies

—Au=finQ und wu=0on .

It will often be important to impose more structure on the boundary 0f2.

Definition 1.6. A domain  has a Lipschitz boundary, if there are finitely many open sets
U',...,UN C R” that cover a neighbourhood of the boundary 9 and have the property
that, for any j € {1,..., N}, the set 9QU U’ can be represented as the graph of a Lipschitz
function so that ; such that QN U J lies on exactly one side of the graph.

Let us give a formal definition in two dimensions. There exists some N € N, finitely many
open sets U!,...,U", open intervals I 7 C R and Lipschitz continuous functions ~; : I = R?
on fj with the following property: The U7 cover a neighbourhood U of 99, i.e. U C Uj-vlej,
and any U’ satisfies (after some shift and rotation of the coordinate system)

e U'NaN={(y,v(y) :y eI}
e U'NQC{(y,2):yel,z>()}
0

In our examples we will mostly deal with simple Lipschitz domains with boundaries consisting
of piecewise smooth curve segments. It is known that Lipschitz domains posses, almost
everywhere on the boundary, a well-defined outer unit normal vector v. The divergence
theorem teaches us the following: For a bounded Lipschitz domain 2 and a vector field

v € C1(;R™) we have
/ v'uds:/divvdfv.
o0 Q
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Here (and throughout this text) we denote integration with respect to the n-dimensional Le-
besgue measure by the symbol “dx” while integration with respect to the (n—1)-dimensional
surface measure is indicated by “ds”. The divergence theorem implies the formula of integ-
ration by parts: For two differentiable functions v and v we have

/(u@ﬂ)—{—v@ju)dx:/ uv vjds
Q o0

for any j € {1,...,n}, where v; is the jth component of the outer unit normal. A variant
thereof is called Green’s formula

/(uAv + Vu - Vo)dr = / u@ds,
Q oo Ov

where v € C?(Q) N C1(Q) is assumed.
Theorem 1.7 (uniqueness). The solution to the Dirichlet problem is unique.

Proof. Let uw and v be two solutions to the Dirichlet problem with right-hand side f. The
linearity then implies that the difference w := u — v satisfies —Aw = 0. Integration by parts

results in
O:—/wAwdx:/ |Vwl|? dz.
Q Q

Here, no boundary term occurs because w vanishes on the boundary. Therefore, Vw equals
zero almost everywhere in 2. Hence, w is constant; and since w = 0 on 0f2, we have that w
is the constant zero function whence v = v in Q2. O

At this point we are not yet in the position to formulate a satisfactory existence theory. With
the spaces of differentiable functions used above we may lose control over derivatives, which
makes it often difficult to justify numerical methods. Let us discuss the following illustrative
example.

Example 1.8. Let Q = (—1,1)2\ ([0,1] x [~1,0]) be the I'-shaped (or L-shaped) domain.
Let u be given by

_ (29
u(z,y) = (1 —22)(1 — y*)r*3sin <3> .

Here, we use polar coordinates 0 < r < 1 and 0 < ¢ < 37/2; note that x = rcosp and
y = rsin . One can verify that u satisfies —Au = f for some f € C°(Q) and u|sq = 0. But
u does not possess bounded derivatives and, thus, does not belong to C*(Q).

We will now characterize the Dirichlet problem as an optimization problem. To this end, we
will employ basic methods from the calculus of variations. The most important tool is the
following.

Lemma 1.9 (fundamental lemma of calculus of variations). (a) Let the function g € C°(£2)

satisfy
gdr =0
J
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for all ¢ € C°(Q) (smooth functions with compact support). Then g = 0 holds in the
whole domain €.

(b) The assertion of (a) remains valid if g € Li _(Q) (with the same conclusion almost
everywhere in ).

Proof. Exercise. O

Theorem 1.10 (Dirichlet principle). Let Q@ C R™ be a bounded Lipschitz domain. Let
V={vel(Q):v=00n00} and f € C°(Q). A function u € V satisfies —Au = f in
if and only if it minimizes the functional J : V — R given by

1
J(v) = 2/Q|Vv\2dx—/gfvdx (veV)

over V. Here, | - | denotes the Euclidean norm. Any solution to the Dirichlet problem in
particular satisfies the necessary condition

/Vu'Vvdx:/fvdx for allv e V.
Q Q

Note that above we chose V C C!(Q) to ensure that the integral involving the gradient is
finite. One can weaken this requirement.

Proof. If w € V minimizes the functional J, then a necessary criterion is that J < J(u + tv)
for small perturbations ¢ > 0, v € V. This means that J(u + tv) has a minimum at ¢t = 0,
which implies for the directional derivative that

d

(jt; /Q IV (u+ tv)2d:c>

It is furthermore elementary to verify

<jt/ﬂf(u+w)dx>

This shows that necessary condition

The chain rule implies

= / Vu - Vodz.
t=0 Q

= / fudzx.
t=0 Q

/ Vu - Vvdr = / fvdx forallveV. (1)
Q Q

Furthermore, integration by parts (Green’s formula) implies

/ Vu - Vodr = /(—Au)v dx.
Q Q
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Due to the fact that v € V', no boundary term occurs. Altogether, we have shown that
/(Au flvde=0 forallveV.
Q

We thus conclude with the fundamental lemma of calculus of variations that —Aw = f holds
pointwise in €.

Let us now assume that u € V solves Poisson’s equation. Green’s formula then implies (1)
for every v € V. A direct computation, with arbitrary v € V, results in

T(u+v) — J() = 1/(\V(u+v)\ Vul?) dx—/fvdx

/Vu Vvdm—/fvd$+ /|Vv|2d1:— /|Vv|2dz>0

For the first identity we have used the elementary formula |b|? — |a|? = 2a - (b—a) + |a — b|*;
for the second identity we have used relation (1). Thus, J is minimal at u. O

Dirichlet’s principle shows that solving Poisson’s equation with boundary conditions is equi-
valent to solving the corresponding minimization problem. In terms of calculus of variations
we say that Poisson’s equation is the Fuler-Lagrange equation corresponding to the min-
imization problem. Thus, we ask the question under which conditions and in which spaces
minimizers of the functional J exist. This will lead us (later in this course) to the concept
of Sobolev spaces. For the moment we just remark that the formulation as a minimization
problem requires weaker conditions on u than the original Dirichlet problem: We only need
first derivatives to exist. The Laplacian does not explicitly show up in the functional J. It
is contained implicitly or weakly in that formulation. We will formalize this via the concept
of weak derivatives.

Problem 1. Let the following function be given

— 5 log || =2
q)(w):{ am . S
S e =2

Here, a(n) # 0 is some real number. Show that A®(x) = 0 holds for all z € R™\ {0}.

Problem 2. Prove, based on the divergence theorem, the formula of integration by parts
as well as Green’s formula.

Problem 3. Which of the following domains possess a Lipschitz boundary?

-,
(a) (0) (c) (d) (e)

The lower part of the boundary of (e) is parametrized by y = /|z|.




Problem 4. Prove that the Laplacian is represented in polar coordinates (7, ¢) as follows

@ 1o 1o
or2  ror  r2dp?’

Problem 5. Verify the statements from Example 1.8.

Problem 6. Prove the fundamental lemma of calculus of variations.



§2 Weak derivatives and discrete functions (week 16)

The Dirichlet principle showed us that we can understand derivatives in some weaker sense.

Definition 1.11 (weak derivative). Let @ C R" be open. Let v € L{ () and j € {1,...,n}.
If there exists a function g € L{ (£2) with the property

loc

/ v dr = —/ gy dx for all yp € C°(Q),
Q Q

then this function g is called the weak partial derivative of v with respect to the direction j,
and it is denoted by 0;v. The vector of all partial derivatives is denoted (provided it exists)
by V.

Remark 1.12. The weak derivative is unique (see problems).

The idea behind this definition is to extend the common notion of differentiability. If v
is differentiable, then the weak and the classical derivatives coincide. There are, however,
functions that are not differentiable in the classical sense, but possess a weak derivative.

Example 1.13. The absolute value function v(z) = |z| on Q = (—1,1) is not differentiable
on (—1,1). Yet, its weak derivative is given by

-1 ifz<0
/
— 2
Vi) {1 if x > 0. @)

Note that we can modify elements of L{ (Q2) at z = 0 to any value.
From the example we see that functions with certain kinks can be weakly differentiable.

Example 1.14. We subdivide the interval (-1, 1) into finitely many sub-intervals [x;, zj41],
where B
—l=z1<---<zy=1 and U;y;ll [z, xj41] = Q= [-1,1],

and consider the globally continuous functions that are affine when restricted to any of the
sub-intervals [z;,2;41]. Any such function is weakly differentiable.

The functions from the foregoing example allow for a very simple representation, and so they
are generally suited for numerical computations. It is easy to verify that any such function
can be characterized by the vector (v(xj))é-vzl of its values at the points x;. Between these
nodal points, the values are interpolated by straight lines.

It is possible to generalize this construction to higher space dimensions. We only consider
the case n = 2 in this lecture in order to minimize the technical efforts. Let the domain
be subdivided in triangles. We consider the space of functions that are globally continuous
and that are affine when restricted to any of the triangles. In order to define such spaces,
we introduce a suitable class of triangular partitions.



Definition 1.15 (triangle). A subset T C R? is called triangle if there exists (z1, 29,23) €
(R2)3 such that T is the convex hull of 21, 2o, 23 and these three points do not belong on one
straight line. The points 21, 29, 23 are called vertices. The line segments between z;, z; for
j # k are called edges.

Definition 1.16 (regular triangulation). Let 7 C 2? be a finite set of triangles in Q (22
denotes the power set). The set 7: is called a regular triangulation of € if die the triangles
cover the domain €, i.e., (Jper = 2, and if any pair (T, K) € T2 satisfies one of the following
relations:

i) TNK=10

(ii) TN K is a common vertex
(iii) TN K is a common edge
(iv) T

This means that the elements of a regular triangulation may only meet under certain rules.

Example 1.17. A non-regular and a regular triangulation of the square:

In what follows, 7 will always denote a regular triangulation of ). Let T' € T be a triangle.
The affine functions over 1" are denoted by

Pi(T) :={v & L®(T) : Ia,b,c) € R*x € T, v(z) = a + bxy + caa}.

The functions that are piecewise affine with respect to 7 (but possibly globally discontinuous)
are denoted by
P (T) ={veL>®Q):VT € T,v|lr € P(T)}.

Finally, the continuous and piecewise affine functions are denoted by
SHT) = CO(Q) N P(T)
and the subspace with zero boundary conditions reads
So(T) == {v € SYT) : v|on = 0}.

The letter S shall remind us of splines; a notion that is possibly known from one-dimensional
interpolation.
The following property is very important, and its proof is discussed in the problems below.

Lemma 1.18. The elements of S'(T) are weakly differentiable.

Proof. Exercise. O



The set of vertices (or nodes) of a triangle is denoted by N (T') and the set of all vertices is

N :={z € Q: there exists T € T having z as a vertex} = U N(T).
TeT

The basis we choose for S*(T) or S§(T) is the nodal basis. First, we define the nodal basis of
S1(T) (no boundary conditions) by (¢,).enr, where for any z € N the function ¢, € S1(T)
is defined by the property

1 ify==z

0 ifyeN\{z}. )

‘Pz(y) = 5yz = {

These functions are usually referred to as “hat functions”. It will be shown in the exercises
that these function indeed form a basis.

In order to define a nodal basis of Sé (T), one omits the hat functions belonging to boundary
vertices. To this end, we define the boundary vertices by N(9€) := 02 NN and the inner
vertices by N'(Q) := N\ N(99Q). The nodal basis of Si(7) then reads

(b2 1 2 € N(Q)).

As in classical Lagrange interpolation, the coefficients with respect to the nodal basis are
given by the nodal values. This means that any function v, € S'(7) can be expanded as

follows
Up = Z Uh(z)()pz-
zeN

The spaces SYT) and SY(T) are called finite element spaces. Any continuous function
v € C(Q) can be approximated by its interpolation v € S1(T) as follows

Iv:= Z v(2)ps.

zeN

The map I : C(2) — SY(T) is called interpolation operator. For the case of zero boundary
conditions, the definition is analogous.

Let us now briefly discuss how to operate with triangulations and finite element functions
on a computer (using Python).

We describe a triangulation by prescribing a list of nodes and a list of triangles. The nodes
are put in a list coord € R¥*2, The z and y coordinate of the jth node are written to the
jth row. In the example of Figure 1 this means

coord = np.asarray([[0,0],
[1,0],
(1,171,
(0,11,
[.5,.5]11)

for the unit square (0,1)2. Here, we use the library numpy:
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Figure 1: Triangulation of the square (0,1)? in four triangles. The bold numbers indicate
the node numbers wile the numbers of the triangles are displayed in italic.

import numpy as np

Now we form triangles out of the node numbers. We use convention that the numbering
is counterclockwise. The list triangles € RV*3 contains in its jth row the three node
numbers of triangle number j. In the example from Figure 1 this reads

triangles = np.asarray([[0,1,4],
[1,2,4],
[2,3,4],
[3,0,411)

We finally save the node pairs of the boundary edges on the Dirichlet boundary

dirichlet= np.array([[0,1],
(1,21,
[2,3],
(3,011

We will comment on (and make use of) this later. In Python we can now plot our triangu-
lation by:

import numpy as np
import matplotlib.pyplot as plt
import matplotlib.tri as mtri

plt.triplot(mtri.Triangulation(coord[:,0], coord[:, 1], triangles))
plt.show()

If we want to generate a surface plot of a piecewise affine function from S*(7), we can use
trisurf. Figure 2 shows a complete example.

The triangulation in the above example is very coarse. Finer triangulations can be obtained
by mesh refinement. A very simple refinement rule is called red refinement. Here, every
triangle is subdivided in four congruent sub-triangles by connecting the edge midpoints by
straight lines. We provide a routine red_refine.py on the lecture webpage. We do not care
about the actual code, but we just use it. It can be used as follows

11



import numpy as np

import matplotlib.pyplot as plt

import matplotlib.tri as mtri

from mpl_toolkits import mplot3d

from mpl_toolkits.mplot3d import Axes3D

coord = np.asarray([[0,0],[1,0],[1,1],[0,1],[.5,.5]11)

triangles = np.asarray([[0,1,4],[1,2,4],[2,3,4]1,[3,0,4]11)
dirichlet= np.array([[0,1],([1,2],[2,3],[3,011)

# show triangulation

plt.triplot(mtri.Triangulation(coord[:,0], coord[:, 1], triangles))

plt.show ()
# plot the interpolation of the function x+y
func = lambda x, y: x + y

func2=np.vectorize (func)

z=func2 (coord[:,0] ,coord[:,1])

fig = plt.figure(figsize =(14, 9))

ax = plt.axes(projection =’3d’)

trisurf = ax.plot_trisurf (coord[:,0],coord[:,1],z,
triangles = triangles,
cmap =plt.get_cmap(’summer’),
edgecolor=’Gray’) ;

plt.show ()

Figure 2: Sample use of triplot and trisurf
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neumann=np.zeros ([0, 2])
coord, triangles, dirichlet,_,_,_ = \
red_refine(coord, triangles, dirichlet, neumann)

Here, neumann is just an empty list that, at this stage, has no importance. Later in the
lecture we will also consider problems with a second type of boundary condition (so-called
Neumann boundary condition), but for the moment we can ignore it; we also do not care
about the three ignored output arguments of the function.

Problem 7. Show that the weak derivative is unique. (Hint: fundamental lemma of calculus
of variations)

Problem 8. Show that the function v(x) = log(|log(|=|)|) on the unit disk Q = {x € R? :
|z| < 1} is weakly differentiable but neither bounded nor continuous on €.

Problem 9. Show that the notions of classical and weak derivative coincide for continuously
differentiable functions.

Problem 10. Draw a regular triangulation of the square (0,1)? with 7 triangles.

Problem 11. Let K,T be triangles that intersect in one point z = T'N K. The point z
is vertex to T but not to K. Such point is called a hanging node. Draw a picture of this
situation and convince yourself that regular triangulations cannot contain any hanging node.

Problem 12. Prove the assertions from Example 1.14. Draw plots of such piecewise affine
function for some examples.

Problem 13. Prove the claims from Example 1.13.
Problem 14. Is the sign function from (2) weakly differentiable?
Problem 15. Show that the nodal basis (¢,).en forms a partition of unity.

Problem 16. Show that the functions ¢, are uniquely defined by (3) and that they form as
basis of S*(7). Draw the graph of one of the basis functions ¢, on an example triangulation.

Problem 17 (barycentric coordinates). Let T' C R2 be a triangle with vertices z1, 29, z3.
Show that to any point = € T there exist unique real numbers Aj(x), Aa(z), A\3(z) with the
properties

r = A (x)z1 + A2(z)22 + A3(x) 23 and AM(z) + Aa(x) + A3(z) = 1.

The A; are called barycentric coordinates. Show furthermore that the barycentric coordinates
(as functions of x) coincide with the three nodal basis functions for the vertices of 7T

Problem 18. Start from the example triangulation from Figure 1 and plot the interpolation
of the function u(z,y) = sin(127z)y? on a sequence of 6 red-refined triangulations.
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§3 The finite element method (week 17)

So far we did not study any existence theory to the Dirichlet problem of Poisson’s equation.
Instead we first introduce the central numerical method of this lecture: the finite element
method (FEM). We want to use it to approximately solve Poisson’s and other equations. In
the course of this lecture we will then justify the method by convergence theory. But for the
moment we motivate the scheme in a purely heuristic manner in order to be able to quickly
proceed with practical results.

The point of departure for the FEM is that the energy functional J from the Dirichlet
principle (Theorem 1.10) is well defined for elements from S'(7) or S3(7). Indeed, when
considering the functional

J(v) = ;/Q‘VUde—/Qf’UdSU

we see that, for v € S*(T), the gradient Vv is defined in the sense of weak derivatives. It
belongs to L2(Q) (it is even piecewise constant). Thus, the first part of the sum is finite.
The second term is finite as well if we impose the (fairly weak) condition f € L?(f2): the
Holder (or Cauchy-Schwarz) inequality then reveals

‘/vad:n

Since we are considering the homogeneous Dirichlet problem (i.e., a zero boundary condition),
we restrict the attention to approximations from the subspace S}(7). In our notation,
we indicate that we are dealing with “discrete functions” by adding the index h to the
variables. As an approximation to the solution u to the Dirichlet problem with right-hand
side f € L*(Q) we seek uy, € S§(T) minimizing the functional J over the finite-dimensional
space S§(T), written

< f 2@ llvllz2 -

up, € argmin J(vp). (4)
Vh ES& (T)

Theorem 1.19. Let Q C R? be an open, bounded, polygonal Lipschitz domain with a reqular
triangulation T. Given any f € L?(), there exists a unique uy, € S§(T) solving the discrete
optimization problem (4). Furthermore, (4) is equivalent to the condition

/ Vuy, - Vopde = / fopdz  for all vy, € S§(T). (5)
Q Q

Proof. Like in the proof of Theorem 1.10 one can show that the minimization problem (4)
leads to the (in this case discrete) Euler-Lagrange equation (5) as a necessary condition.
Details will be worked out in the problem sessions. Let us now have a closer look at (5).
Note carefully that the left-hand side of (5) is a positive definite bilinear form, while the
right-hand side is a linear form (that is, an element of the dual space). This is shown as
an exercise. It is actually immediate to see that the left-hand side is bilinear and positive
semidefinite. The definiteness follows from the Dirichlet boundary condition. For a better
overview, we now formulate (5) in terms of vectors and matrices.
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Let the dimension of the finite-dimensional space S§(7) be denoted by N € N. Then S} (7))
has the nodal basis (¢1,...¢n) € (S§(T))Y. With respect to this basis, we can represent
the parts

a(up,vy) ::/QVuh-Vvhdx und  F(vp) ::/vahdx

from (5) in the usual way as matrices as follows: Let vy, = Z;VZI zjp; and wy = Zszl Yk
be elements of S§(7). We then have

alvp,wp) =z Ay for A € RV*N where Aj =alpj,or) (G,k=1,...,N).
Similarly, we have for F' € V;* that
F(wy)=b"y for beRY where b, = F(¢) (k=1,...,N).

Here, z,y € R™ are the vectors with entries z;, y;. If we expand u;, = Zj xjp; with respect
to the given basis, then the coefficients x of the solution u;, (if existent) satisfy the system

ATz =b. (6)

This means that we have transformed (5) in the equivalent matrix-vector system (6). For
this system it is immediate that it is uniquely solvable because A is positive definite (because
a(+,-) is). Thus, there exists a unique solution u, € S{(T) to (5). What is left to be shown
is that uj, minimizes the functional J. Since A is symmetric, we derive with (6) the relation

1
J(un + wy) = J(un) = S (@ + y) ATz +y) — (@ +y)"b
1
— §$TATJI —be+yTATy
N
= J(up) +y ATy > J(up) for each y € RY and v} = Zykgpk,
k=1

where the last estimate follows with the positive definiteness of A. Hence, J attains a
minimum at uj,. The minimum is unique as the necessary condition (5) is satisfied by
exactly one minimizer (namely uy,). O

In summary, we have formulated the finite-dimensional problem (4) as the linear system (6).
Let us remark that the form (6) is more general in that it does not require symmetry but
only definiteness. Let us now describe how to implement the FEM on the computer. For
this, we need to assemble the matrix A and the vector b from the foregoing proof within a
computer program.

In order to discretize Poisson’s equation (subject to homogeneous Dirichlet boundary condi-
tions) with the FEM, we need

e atriangulation 7, described through the data structures coord, triangles, dirichlet,

e the right-hand side f, e.g. given through values at certain points or as function,

15



import numpy as np

from mpl_toolkits import mplot3d

import matplotlib.tri as mtri

import matplotlib.pyplot as plt

from mpl_toolkits import mplot3d

from mpl_toolkits.mplot3d import Axes3D
from mpl_toolkits.mplot3d import proj3d
import math

import pylab

from red_refine import red_refine #our refinement routine
import scipy.sparse

import scipy.sparse.linalg

from scipy.sparse import csr_matrix

Figure 3: The required packages in Python

def FEM(coord,triangles,dirichlet ,f):
nnodes=np.size (coord,0)
A=stiffness_matrix(coord,triangles)
b=RHS_vector (coord,triangles,hf)
dbnodes=np.unique (dirichlet)
dof=np.setdiffld (range (0,nnodes) ,dbnodes)
A_inner=A[np.ix_(dof,dof)]
b_inner=b[dof]
x=np.zeros (nnodes)

x [dof]l=scipy.sparse.linalg.spsolve(A_inner ,b_inner)
return x

Figure 4: The basic FEM routine.

e a vector b representing the linear functional fQ f ® dx with respect to the nodal basis

of S1(T),

e the so-called stiffness matriz A, i.e., the matrix representing the bilinear form from
Poisson’s equation with respect to the nodal basis of S*(T).

With these objects at hand, we can solve (6). It is important to restrict the matrices to the
degrees of freedom. In our case, these correspond to the inner nodes (as the values for the
boundary nodes are already fixed by the value 0). The list of degrees of freedom is usually
given the variable name dof.

We start by specifying all required packages, see Figure 3. The structure of the program is
displayed in Figure 4.

It remains to describe the routines for assembling the stiffness matrix A and the right-hand
side vector b. We start with A. First, we build up local stiffness matrices for each triangle T

Aéﬂc = (/ Vi Vi dx)j,k;:l,Z,S-
T
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Here, the vertices of T" are locally numbered by 1,2, 3. Since the ¢; are affine functions, their
gradients are constant so that we arrive at the formula
Vel
Ale = area(T) |V, | [Vior Voo Vips] .
Vg
3

The area is easily computed as follows. With the three vertices z1, 22, 23 € R? of T', we have
that

1
area(T) = 3 det[zo — 21,23 — 21].
For the computation of Vg; we observe that the basis functions (or barycentric coordinates)
satisfy the system
[2’1 2 23] pa() | = [ }

ER3x3 €R3x1

for any T'. If we take derivatives (w.r.t. ) on both sides, we arrive at

Z1 22 Z3

Vol 0 0
Ll Zl 21] Ve | =11 0
€R3X3 N——
cR3%2 cR3%2
Therefore -

VQO]_ —1 0 0

Vg | = {1 ! 1] 10

0 1

Vi

We compute all local stiffness matrices in a loop

nelems=np.size(triangles,0)
Alocal=np.zeros((nelems,3,3))

for j in range(0,nelems):
nodes_loc=triangles[j,:]
coord_loc=coord[nodes_loc, :]
T=np.array([coord_loc[1,:]-coord_loc[O0,:] ,
coord_loc[2,:]-coord_loc[0,:] 1)
area = 0.5 * ( T[0,0]*T[1,1] - T[O0,1]1*T[1,0] )
T= np.concatenate((up.array([[1,1,1]1]), coord_loc.T),axis=0)
T1= np.array([[0,0],[1,0],[0,111)
grads = np.linalg.solve(T,T1)
Alocallj,:,:]1=area* np.matmul (grads,grads.T)
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Now we need to assemble the local stiffness matrices into the global stiffness matrix. The
entry Ajj of the global stiffness matrix is given by

Ajk:/Vgoj-Vgpkdx: Z/chj-Vgokdq:: Z /Vgpj-Vgokdx.
& TeT T rer T

nodes j,k

belong to K
This means that, for any triangle, we save the index pairs (7, k in the above sum) assigning
the global node numbers to the entries of the local stiffness matrix. We write these indices
into the arrays I1, I2. We then build up a sparse matrix based on these indices (note that
repeated indices imply summation).

nelems=np.size(triangles,0)
nnodes=np.size(coord,0)
I1=np.zeros((nelemns,3,3))
I2=np.zeros((nelems,3,3))

for j in range(O,nelems):
nodes_loc=triangles[j, :]
I1[j,:,:] = np.concatenate((np.array([nodes_loc]),\
np.array([nodes_loc]) ,np.array([nodes_locl)) ,axis=0)
I2[j,:,:] = np.concatenate((np.array([nodes_loc]).T,\
np.array([nodes_loc]).T,np.array([nodes_loc]l).T) ,axis=1)

Alocal=np.reshape(Alocal, (9*nelems,1)).T

I1=np.reshape(Il, (9*nelems,1)).T

I2=np.reshape(I2, (9*nelems,1)).T
A=csr_matrix((Alocall0,:]1,(I1[0,:]1,I2[0,:]1)),shape = (nnodes,nnodes))

The full routine for the stiffness matrix can be found in Figure 5. We now proceed with
the assembling of the right-hand side. We again run a loop over all elements. Since b is not
sparse, we can just update the vector in each loop iteration. For approximating the integral,
we use the midpoint rule

/ fojdx ~ area(T) f(m)p;(m),
T

where m = %(zl + 22+ 23) is the midpoint (barycentre) of T'. Since ¢, is affine, we can easily
compute ¢;j(m) = 1/3. This results in the routine of Figure 6.

For testing the FEM code, we use the above data for the unit square. In the code they will
be loaded by a function geom_square. We use the following right-hand side for validation

f(z) =2(x1(1 — 1) + z2(1 — x2)).

The exact solution reads
u(z) = x1(x1 — 1)za(z2 — 1).

For a very basic convergence test for the L* norm we now execute the following lines of code
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def stiffness_matrix(coord,triangles):
nelems=np.size(triangles ,0)
nnodes=np.size (coord,0)
Alocal=np.zeros((nelems,3,3))
Il=np.zeros ((nelems ,3,3))
I2=np.zeros ((nelems,3,3))

for j in range(0O,nelems):
nodes_loc=triangles[j,:]
coord_loc=coord[nodes_loc, :]
T=np.array([coord_loc[1l,:]-coord_loc[O0,:] ,
coord_loc[2,:]-coord_loc[0,:] 1)
area = 0.5 * ( T[0,0]*T[1,1] - T[0,1]*T[1,0] )
tmpl= np.concatenate ((np.array([[1,1,1]]), coord_loc.T),axis
=0)
tmp2= np.array ([[0,0],[1,0],[0,1]1])
grads = np.linalg.solve (tmpl, tmp2)
Alocal[j,:,:]1=area* np.matmul (grads,grads.T)

I1[j,:,:] = np.concatenate((np.array([nodes_loc]) ,np.array ([
nodes_loc]) ,np.array([nodes_loc]l)),axis=0)
I2[j,:,:] = np.concatenate((np.array([nodes_loc]).T,np.array

([nodes_loc]).T,np.array([nodes_loc]).T),axis=1)

Alocal=np.reshape(Alocal,(9*nelems,1)).T

Il=np.reshape(Il, (9*nelems,1)).T

I2=np.reshape(I2,(9*nelems ,1)).T

A=csr_matrix ((Alocal [0,:],(I1[0,:]1,I2[0,:])),shape = (nnodes,
nnodes) )

return A

Figure 5: Routine for the stiffness matrix.

def RHS_vector (coord,triangles,f):

nelems=np.size(triangles ,0)

nnodes=np.size(coord,0)

b=np.zeros (nnodes)

for j in range(O,nelems):
nodes_loc=triangles[j,:]
coord_loc=coord[nodes_loc, :]
tmp=np.array([coord_loc[1l,:]-coord_loc[0,:] ,

coord_loc[2,:]-coord_loc[0,:] 1)

area = 0.5 * ( tmp[0,0]*tmp[1,1] - tmp[O0,1]*tmp[1,0] )
mid=1/3*(coord_loc[0,:]+coord_loc[1l,:]+coord_loc([2,:])
b[nodes_loc]l=b[nodes_locl+area/3*xf(mid [0] ,mid [1])

return b

Figure 6: Routine for the right-hand side vector.
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fun = lambda x, y: (x-x**2)x(y- y**2)

u_exact=np.vectorize (fun)

f = lambda x, y: 2% ((x-x**2)+(y- y**2) )

coord, triangles, dirichlet, neumann = get_geom()

max_err=np.zeros (5)

for j in range(0,5):
coord, triangles, dirichlet,_,_,_ = \

red_refine (coord, triangles, dirichlet, neumann)

x=FEM(coord, triangles, dirichlet,f)
u_at_nodes=u_exact (coord[:,0] ,coord[:,1])
max_err [j]l=np.max(np.abs(u_at_nodes-x))

print (max_err)

Problem 19. Prove the unproven assertions from Theorem 1.19.
Problem 20. Compute the kernel of the local stiffness matrix.

Problem 21. Study all the routines of this section line by line and convince yourself that
they are doing what they are expected to do.

Problem 22. Do a convergence study for the unit square and the right-hand side f(z) =
2(x1(1 — 1) + x2(1 — 22)) (exact solution see above) with respect to the following error
(semi-)norm

IV (u = up)l2(e)

similar to that from the above convergence test. For computing the gradient of u, on a
given element 7', use the local representation in terms of the nodal basis. The gradients
of the basis vectors were already computed in the loop for the stiffness matrix. Perform an
analogous convergence study for the error in the L? norm and compare the convergence rates
(with respect to the maximal diameter of the triangles in the triangulations, the so-called
mesh size). Visualize the results in a loglog-diagram (horizontal axis: mesh size, vertical
axis: error in the different norms).

Problem 23. Given a triangle T' with barycentric coordinates (nodal basis functions) ¢1,
V2, @3, prove the formula

alble!
(a+b+c+2)!

A%%%M—%ﬂ

for any a,b,c € NU{0}. (It is enough to show it on the reference triangle with vertices (0, 0),
(1,0), (0,1) and to then argue by transformation.)
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§4 [Elementary properties of Sobolev spaces (week 18)

We introduce spaces of functions that posses appropriate weak derivatives. It will turn out
that these are suited for a sound theory of Poisson’s equation (and similar problems). We
shall prove many, but not all of the stated results.

Definition 1.20 (Sobolev spaces). Let Q C R? be bounded and open. Define
HY(Q) :={v e L*(Q):Vj € {1,2} 9;v € L*(V)}.

That is, the functions from H'(Q) belong to L?(f); their first weak derivatives exist and
belong to L?(Q) as well.

Remark 1.21. For LP spaces instead of L? one can analogously define Sobolev spaces, which
are commonly denoted by W1P(€). We will not consider such spaces in this lecture.

Remark 1.22. In many cases it will be enough for our purposes to confine ourselves to
polygonal Lipschitz domains. Most of the results will, however, hold under weaker conditions.

Sobolev functions have far more structure than generic L? functions. Recall that elements
from L?(£2) are equivalence classes (up to equality almost everywhere) and that point evalu-
ations are not well defined. This is generally the case for Sobolev function, too. Yet, we will
see that such functions possess boundary values in some generalized sense. We first study an
important property, namely that H'(£2) can equivalently be defined by a completion process.
Let us define the following norm on H! (),

Remark 1.23. We use the convention that ||V1)H%2(Q) = [, |[Vv[?dz for the Euclidean norm
-l

Theorem 1.24. Let Q C R? be open and bounded. The space H' () is complete with respect
to the norm || - | g1 (q), i.e. a Banach space.
Proof. The proof is left as an exercise (Problem 28). O

In the following, we will use arguments involving the open covering

~diam(92)
2

Uj:={reQ: 277 < dist(x,00Q) < 2diam()277}

for the open and bounded set 2. This covering is locally finite in the sense that any of the
sets U; has a nonempty intersection with only finitely many sets Uy (exercise). It is known
from multivariate analysis that there exists a corresponding smooth partition of unity, that
is a family (7;); of nonnegative functions n; € C2°(U;) with the property

D mj(z) =1 forallz € Q.
J
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Theorem 1.25 (approximation by smooth functions I). Let  C R? be open and bounded.
Then the space H'(Q) is the completion of

= (Q) N HY(Q)

with respect to the norm || - [|g1(q). In other words: Given any v € H(Q) there exists a
sequence (vj); in C°(Q) N HY(Q) with the property that |[v — vj|| g1 () — 0 for j — oo.

Proof. Let v € H'(2) and £ > 0. The proof uses approximation by convolution, which is
known from integration theory. Let (¢-).>0 be a standard Dirac sequence. For v € H(Q)
we define the approximation

ve() = (e * 1gv)(z ‘/1¢aa:— (v)dy,

where “dy” means integration w.r.t. the Lebesgue measure and the variable y. Given any
open subset D C Q with ¢ := dist(D, 02) > 0 we then have

v € HY(D) N C™(D) provided ¢ < 4.

Let us prove this claim. It is known that v. € C*°(D) as well as v. € L?(D). Moreover, the
partial derivatives satisfy due to rotational symmetry of 1. and Lebesgue’s theorem

djve(x ‘/a @Myz—lggﬂax—wdw@~

We observe that, for any x € Q with dist(xz,9Q) > e, the function y — . (x — y) belongs to
C°(€2). By definition of the weak derivative 0; we thus have for such z, after integration by
parts, that,

9,0-(x /%w—emm@—wﬁmam>

In other words: The derivative of the regularization is the regularized derivative. By known
results from measure and integration theory related to approximation by convolution we
thus infer convergence v. — v in L?(D) and d;v. — djv in L?(D), and therefore v. — v in
HY(D) for e — 0.

In order to show the result on © (and not just on the subsets D) another technical step is
required. Let (Ug)ren be a locally finite open covering of Q and (g )ren be a corresponding
smooth partition of unity as constructed above. Owing to the above results we can find, for
any k and any ¢ > 0, an approximation v, . € C*°(Uy) by convolution such that

1 9
<L .
Ux) = 10 251+ [kl er o)

lv = vkellm

We combine these local approximations and define

Ve 1= E Mk Vk,e-

keNg
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We compute with the product rule (ses also Problem 29)
05(v —vae) = Y Oj(mk(v —vke)) = D (O — vke) + Mids(v — v.e))
keNp k€Ng
and obtain with the triangle inequality

10 (v —va.)llrz@) < D U0mk(v = vee) 2wy + 1m0 (v — vee)ll 2w
keNy

<2 |mlloreyllo = vkellanw,)
k€Np

Here we have estimated the terms containing 7 by their maxima; we furthermore used the
elementary estimate a + b < 2v/a? + b? for real a, b. With the above choice of vy and the
geometric series we arrive at

105(v = vae)llr2 o) <

Cﬂ\l\')

For the L2 norm we obtain in a similar fashion the direct estimate

lo = vacllz@ < D lImkllcrayl i) < /5.
keNp
Altogether
2 e 2 2
[v—=vacllr@) < lv—vacl) + Z 105(v = vae)llz ) < 5 + 5 + 5 <e
j=1

We have shown that, given any v € H'(Q), there exists an approximation vq,e that converges
in the H'(Q)-Norm towards v as € — 0. O

Theorem 1.26 (approximation by smooth functions IT). Let Q C R? be an open and bounded
Lipschitz domain. Then, H* () is the completion of

()
with respect to the norm || - ||g1q). In other words: Given any v € H'(Q) there exists a
sequence (vj); in C°°(Q) with the property that ||v — vj||g1(q) — 0 for j — oc.

Proof. In contrast to Theorem 1.25 we need some regularity of the boundary. Since the
domain has a Lipschitz boundary, there are open sets U',...,U" covering a neighbourhood
U of 99 and having the property (after some shift and rotation of the coordinate system)
that

QMU c{zc Ul :ag > y(x1)} (7)
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as well as 9Q N U’ = Graph(y) for some Lipschitz function v. We choose smooth functions
¢; € C(U7), that form a partition of unity on U (i.e., Z;VZI ¢; = 1in U). In order
to cover the inner part of €, we choose an open set UY CcC € such that Q C Uj-V:OUj
and set ¢g = 1 — Zjvzl ¢j. It follows that there is an open domain Q 5> Q for which
(¢j :5=0,...,N) is a partition of unity. Now we claim that for any v € H!(f2), any ¢ > 0,
and any j = 0, ..., N there exists some w; € C°(R?) such that |pjv—wjll g (w,) <e/(N+1).
Assuming for the moment this property, we c}eﬁne w = Z;‘V:o w;. We then immediately infer
w € CX(R?) and, in particular, w|g € C*°(Q). The triangle inequality furthermore implies

N
lv = wllgoy < D lléjv — wylle) < e
j=0
which proves the assertion of the theorem. Let us now prove the above claim. For j =
0 the claim follows as in Theorem 1.25. Given any j € {1,...,N}, we choose a local
coordinate system according to (7). We extend v; := ¢;v by zero to the whole R, For

small ¢ > 0 we then consider the shifted function v;.(z) = v;(z +t 0)), whose support

1
locally overlaps beyond 0. As in the proof of Theorem 1.25 we can approximate v;; via

convolution by functions v, * v;; (these satisfy (1, * vj¢)|ys € C*°(Uj)). In particular, we
have [[vj s — ¥y * ujtl| 1) — 0 for n — 0. On the other hand, we have |[v;+ — vj|g1() — 0
for t — 0 (see Problem 30). For any prescribed 6 > 0 we thus conclude

lvje — vjll 1@y < 6/2  for sufficiently small ¢ > 0.
Next, we choose 1 > 0 small enough such that
vt — by * ”j,tHHl(Q) <4/2

and obtain with the triangle inequality that

||1)j — 1/}77 * Vit H(Q) < 6.
Problem 24. Show that the finite element space satisfies S*(7T) C H'().

Problem 25. Let T be a regular triangulation of  C R? and let v € P;(T) be a piecewise
affine function. For each interior edge F' with adjacent triangles Ty and 7_ (i.e., F =
T, NT_), the jump across F' is defined by [v]p := v|r, —v|7_.

(a) Prove that
veE HY(Q) <= [v]p =0 for all interior edges F.

(b) The space H(div, () is defined by

2 )
H(div, Q) = {v € I2(QR?) Jg € L*(Q2) such that for all p € C°(Q) } .

Jov-Vedz=— [, gpdx
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Prove that
ve H(div,Q) <= [v-vp]p =0 for all interior edges F'
where vg is some normal vector of F'.

Problem 26. Show that | - || ;1) is a norm on H'(Q2). Does ||V - [|;2(q) define a norm on
H'(Q) as well?

Problem 27. Let v(z) = log(| log(|z|)|) be given on the disc Q = {x € R? : |z| < 1/exp(1)}.
Prove v € H'(Q2) (cf. Problem 8).

Problem 28. Prove that H'(Q2) is complete with respect to | - || y1(q). (Hint: You may use
the result that L?(Q) is complete (Fischer-Riesz Theorem)).

Problem 29. Let v,w € H'(Q). Prove that the product vw is weakly differentiable and
satisfies 9;(vw) = (9;v)w + v(djw). Does vw belong to H(2)?

Problem 30. Let © C Q be bounded open sets and let v € H'(Q) be a function with
compact support within €. Prove that the shifted function u(z) = u(x + tb) for some fixed
vector b € R? satisfies ||u; — ul|1(q) — 0 for t — 0. (Hint: Approzimate w in the L* norm
by a smooth function ¢ and use uniform continuity of ¢.)

Problem 31. Let T be a triangle with with set of vertices N'(T'). Given y € N(T), denote
by ¢, € Pi(T') local hat function with

py(z) =6y, forall z e N(T).

Compute the following 3 x 3 matrices
My = </ Py dx) (local mass matrix)
T (v:2)€(N(T))?
Cr:= </ wy(B- V) dx) (local convection matrix with given § € R?)
T (v,2)€N(T))?

St = </ Ve, - Vo, d$> (local stiffness matrix).
T (y,2)EWN(T))?

You may use the formula from Problem 23. The gradients can be assumed to be given as a

matrix [V@;]?:l as in prior sections.
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§5 Traces; the Dirichlet problem in Sobolev spaces (week 19)

In the previous lecture we have seen hat suitable smooth functions are dense in H'(2). As a
first application of this result we will show that we can assign boundary values to functions
from H'(Q) in a consistent fashion. Such property is, obviously, impossible to achieve for
mere L?(2) functions.

Theorem 1.27 (trace identity and trace inequality for triangles). Let T C R? be a triangle
with some edge F C T and opposite vertex P € T. Any function v € C*(T) then satisfies

T / 1/
— vds = vdr + — e — P)-Vuvdz
Fl Jp T 2 T( )

3|F| .
IoliEacey < g I3y + gy Aimm(T) 190l

and

Here, |T| denotes the area of T and |F| denotes the length of F.

Proof. We have div(e — P) = 2 (in two space dimensions). Integration by parts therefore
reveals

/vdx—l—l/(o—P)-Vvda::/ v(e—P)-vds,
T 27 or

where v is the outer unit normal of 7. We observe that, on the two edges of T' different from
F, the vector (e — P) is tangential to 9T and, thus, its product with v equals zero. Hence,

/aTv(o—P)-Vds:/Fv(o—P)'Vds.

Since furthermore v is constant along F', the quantity (e — P) - v is constant on F' as well,
and its value corresponds to the orthogonal projection of (e — P) in direction of v. This
is precisely the length of the height on F', which by elementary geometry takes the value
2|T|/|F|. This proves the first assertion.

In order to show the second claimed property, we apply the trace identity to v2. Note that
V(v?) = 2vVv. We thus infer

T
17l v ds—/v dm—|—/(o— pP)- vVvd$</v dx + diam(T /|U|]Vv|dx
[F| Jr T T T

where in the second step we have estimated the length of (e — P) by the diameter of T'. After
rearranging the identity we obtain

|E]
oIl () < T [l T>+mdlam | [ol[Voldz.
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We use the Cauchy-Schwarz inequality and the Young inequality 2ab < a® 4 b? to estimate
the second integral as follows

diam(7T /|v|\V |dz = /|v (diam(T)| V|
I i )de

|F|

< gy olEacr) + diam (D) |90l o).

This implies the second assertion. O

Theorem 1.28. Let Q C R? be an open, bounded domain with polygonal Lipschitz boundary.
Then, there exists a unique continuous and linear map S : H*(Q) — L?(09Q) with the property

Sv =wlgq for allve HY(Q)NC Q).

Remark 1.29. A linear map T : H(Q) — L?(99) is said to be continuous if there exists a
constant C7 < oo such that

ITv| r2(00) < Crllvll gy for all v e H'(Q).

The theorem states the following. The operation of taking boundary values, which is well
defined for functions from C°((2), has a unique continuation to functions from H*(2). Taking
such generalized boundary values still leads to functions in L?(952), and we interpret these
as boundary values of functions from H'(£2). This concept turns out important if we wish to
pose the Dirichlet problem in Sobolev spaces. The operator S is called trace operator, and
Swv is called the trace of v on 9f2.

Proof of Theorem 1.28. We tesselate () with a regular triangulation 7. Given any v € C1(€),
we can apply Theorem 1.27 to any boundary edge F' C 0f) of the triangulation and obtain

3|F| |F|

2
o022 < oy IPEetriy + g e (Te) Vel o,

Here, TF is the uniquely defined triangle containing F' as an edge. Since 7 has finitely many
elements, the constant

S|F| |F|
2|Tp| 2|TF|

C7 = max {max{ diam(TF)Q} : F C 09 edge with triangle TF}

is finite and we have the estimate
lola ) < Crl0l2aizm + IV0l220z,) for all v e CL(Q).

For the whole boundary 02 we then obtain

”’UH%Q(BQ) = Z HUH%Q(F) <Cr Z (HUH%%TF) + HVUH%Q(TF))-
F boundary edge F boundary edge
of T of T
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Obviously, every triangle can contain (at most) three boundary edges. Thus, any T occurs
at most three times in the sum on the right hand side, and we can estimate

1ol 7200 < 30T Y (I0l172¢ry + V0l Z2¢ry) = 3CT |03 -
TeT

Altogether, we have shown that there is a constant C' such that
HU||L2(8Q) < Clvllgrq) forallve cH(Q).

Thus, we have shown the desired estimate for the map S : C1(Q) — L?(Q) assigning bound-
ary values on the space C'(Q), which is dense in H'(2) by Theorem 1.26. Thus, by an
elementary result of linear functional analysis, there is a unique continuation of S to H(€2).
The continuity constant remains the same. O

As a consequence from the trace theorem, it makes sense to impose boundary values on
functions from H'(Q). We will usually write u|so instead of Su etc., but we need to be
aware that this function is only of class L? on 9. For the Dirichlet problem, it is reasonable
to consider the following subspace

Hy () := {v e H'(Q) : v]on = 0},

i.e., the space of Sobolev functions with zero boundary values. Sometimes, an alternative
characterization turns out useful.

Theorem 1.30. Let Q2 C R? be an open and bounded Lipschitz domain. Then HE(Q) is the
closure of C2°(Q) with respect to the norm || - || g1(q), i-e.,

Hy() = TF@) ",

Proof. We do not prove this technical result here. Its proof relies on similar techniques as
Theorem 1.25 or Theorem 1.26 and can be found in the literature [Dob10, Eval0]. O

For functions from H}(f2), the L? norm can be controlled by the L? norm of the gradient.
This result is called Friedrichs’ inequality (sometimes Poincaré—Friedrichs inequality).

Theorem 1.31 (Friedrichs’ inequality). Let 2 be an open, bounded, and connected Lipschitz
domain. Then there exists a constant C' > 0 such that

HvHLz(Q) < CHVUHLz(Q) for allv € H&(Q)
The constant is C proportional to the diameter of ).

Proof. The proof is left as an exercise. We sketch the basic idea. In view of Theorem 1.30,
it is enough to consider v € C2°(Q2) and then argue by density. We extend v by zero to
some larger rectangular box containing 2. After shifting coordinates, we may assume that
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Q C (0,L)%, L > 0. Then, v is of class C°((0, L)?) with respect to this box. For any z € €,
we can integrate

v(x) = v(z1,22) = v(0,22) + /0331 O1v(t, x2) dt.

We observe that the boundary term is zero. For the remaining term, we use the Cauchy-
Schwarz/Hoélder inequality and obtain

L
(@) < L/ Oro(t, 20) 2 dt.
0

We now intergrate with respect to z;

L L
/ lo(z)Pday < L?/ Oro(t, 20) 2 dt.
0 0

and thereafter integrate with respect to o

L L L L
/ / lv(z)|? deydas < L2/ / |01 (t, 22)|? dtdas.
o Jo o Jo

Since the support of v lies inside 2, this implies the asserted estimate for v. By a density
argument, it is true for all functions from HE (). O

The most important implication of Friedrichs’ inequality is that ||V - || 12(q) defines a norm
on H{(Q). (Convince yourself that this cannot be a norm on the larger space H'(2) by
considering constant functions.) Denoting the constant from Friedrichs’ inequality by Cr,
we indeed have the equivalence of norms

01210y = I01720) + IV0lI720) < (L+ CR)IVOlZ200) < L+ CR) 0] Fn 0y (8)

We use the notation |v[1 = [|[Vv||p2(q)-
We are now in the position to formulate the Dirichlet problem in Sobolev spaces. It is based
on the necessary condition from Theorem 1.10 (Dirichlet principle).

Definition 1.32. Let Q C R? be an open and bounded Lipschitz domain. Given f € L?(Q),
the variational (or weak) formulation of the Dirichlet problem for Poisson’s equation seeks
u € H}(Q) such that

/Vu-Vvdm:/fvdm for all v € Hy ().
Q Q

This generalizes Poisson’s equation in the sense that every classical solution will also be a
solution to the variational formulation (see exercises).

We will now establish that the variational formulation possesses unique solutions. This will
be an immediate consequence of the Riesz representation theorem, a fundamental result from
the theory of Hilbert spaces. This topic is taught in any class on linear functional analysis,
and we briefly recall basic details.
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Let X be a (real) linear space. Given a symmetric and positive definite bilinear form (-,-)x,
we define ||z||x = v/(z,z)x for any = € X. It is elementary to establish the Cauchy—Schwarz
inequality

(z,9)x < |z|x[lyllx for any z,y € X.

It can be shown that || - | x defines a norm on X (thereby justifying the notation).

Definition 1.33 (Hilbert space). A linear space X (over R) equipped with a symmertic and
positive definite bilinear form (-, -)x is called Hilbert space if it is complete with respect to
the norm || - ||x == +/(-,")x-

Basically, Hilbert spaces are Banach spaces with an euclidean structure. We recall the
dual space X*, the space of continuous linear functionals over X. The Reisz representation
theorem states that there exists an isometric isomorphism between X and X*.

Theorem 1.34 (Riesz representation theorem). Let X be a Hilbert space with inner product
(-,)x and let F € X* be a continuous linear functional. Then there exists a unique element
x € X with the property

(x,y)x = F(y) forallye X.

The element  satisfies ||x||x = || F||x+-
Proof. The proof is taught in every course on linear functional analysis. O
We now use Hilbert space methods to show well-posedness of our variational formulation.

Lemma 1.35. Let Q C R? be an open and bounded Lipschitz domain. The space HE(Q)
equipped with the bilinear form
/ Vv - Vwdz
Q

1s a Hilbert space.

Proof. Friedrichs’ inequality shows that the symmetric bilinear form is positive definite. The
completeness with respect to | - |1 is a consequence of the equivalence of norms (8) and the
fact that H}(2) is a closed subspace of H(12). O

Theorem 1.36. Let Q C R? be an open and bounded Lipschitz domain and let f € L*(Q).
The wvariational formulation of the Dirichlet problem of Poisson’s equation has a unique
solution u € H} ().

Proof. We check that
v / fvdx
Q

is a continuous linear functional on the Hilbert space H{ (). This follows from the Cauchy
and the Friedrichs inequality

| #ods <15 lolol o) < 1120 Cloh
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Hence, we are in the setting of the Riesz representation theorem, which states that there is
a unique element u € Hg(Q) satisfying

/Vu-Vvda::/fvda: for all v € H ().
Q Q

O]

By using elementary Hilbert space theory we could establish existence and uniqueness to the
Dirichlet problem for any right-hand side f € L?(2). Note that this setting only needs the
weak form of the Laplacian; furthermore even situations like Example 1.8 are covered by the
theory. What is furthermore attractive about this approach is a direct characterization of
the finite element error. We note that S} (7)) is a finite-dimensional subspace of the Hilbert
space HE(Q). It turns out that the finite element solution uj, € S}(T) is the orthogonal
projection of u to S&(T) and, thus, the best approximation in this space.

Theorem 1.37. Let Q C R? be an open, bounded, connected Lipschitz polygon with a trian-
gulation T. Given f € L*(Q2), the error between the solution u € H}(Q) to the variational
form of Poisson’s equation and the finite element solution uy, € S§(T) satisfies

lu—uply = inf |u—vgl;.
’UhGSé T)

Proof. We observe that, for any v, € S§(T) C H(Q), we have

/V(u—uh)-Vvhda::/Vu'Vvhd:c—/Vuh-Vvhdx:/fvhdx—/fvhdxzo.
Q Q Q Q Q

This property is also called Galerkin orthogonality because it describes that the error is
orthogonal on discrete space. We compute

|u—uh@:/V(u—uh)~Vud:U—/V(u—uh)'Vuhdx.
Q Q

and see from the Galerkin orthogonality that the second term equals zero and remains zero
if uj, on the right is replaced by any v, € S§(T). Thus,

lu —up|3 = / V(u—wup) - V(u—op)de <|u—upliju—ovnh
Q
by Cauchy’s inequality. The assertion then follows from dividing by |u — u|; and taking the

infimum over vy,. O

We have seen that the finite element method is, in some sense, optimal. The result should
illustrate the basic idea of the error analysis. In the next sections, we will generalize the the-
ory to more general operators (not just the Laplacian) and see that the finite element method
satisfies similar error bounds. It will turn out as a special case of Galerkin approximations.
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Problem 32. Show that any function u € C1(Q)NC? (), satisfying —Au = f for f € CY(Q)
and u|pg = 0, also satisfies the variational formulation.

Problem 33. Let T C R? be a triangle and v € H*(T) := {w € HYT) : 9w €
HY(T) for j = 1,2} with norm

lollaeery = | 100]2, .

o <2

(a) Consider a sub-triangle ¢ := conv{4, B,C} with E := conv{4, B} and with tangent
vector 7. Apply the trace inequality to f|p := Vv -7 and prove that

_ . 1/2
[0(B) — v(A)| < [E[Y207Y/?2(1 + diam(t)®) " |[o]| 2oy
for o := 2|t|/|E|.

(b) For any two points A and B in T there exists C' € T such that (with E := conv{A, B}
and t := conv{A, B,C}), o~! is uniformly bounded by some constant C(T) that de-
pends only on 7', but not on A, B, or t.

(¢) Conclude that v is Holder continuous with exponent 1/2.
Remark: This shows the embedding H*(T) < COY2(T) on a triangle.

Problem 34. (a) Prove that in one space dimension the approximation of the equation
u’(z) = 1 (on the interval (0,1) with homogeneous Dirichlet boundary conditions)
with the Pj finite element method results in the nodal interpolation, that is uy = Ipu.

(b) Convince yourself that this property cannot be valid in higher space dimensions (e.g.,
by a computational test case).

Problem 35. Let f € L?(2) and recall the energy functional

1
J(v) = iuvvuig(m — /Q fodz for v € H}(Q).

Prove that the error of the finite element method for the Poisson problem with right-hand
side f satisfies

IV (= un) 220y = 207 (u) = J(u) = [Vl 220y — IV un |22 .

Problem 36. (a) Write the data structures for a triangulation of the L-shaped domain
Q= (-1,1)%\ ([0,1] x [-1,0]) with Dirichlet boundary 9.

(b) Plot the convergence history for —Au = 1 on the L-shaped domain (cf. Problem 35;
the exact solution satisfies ||Vul|? = 0.2140750232). Compare the convergence rate
with the results on the square domain.
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§6 Finite element theory for linear coercive operators (week 20)

We can use Hilbert space methods to consider more complicated second-order operators than
the Laplacian. In many applications, we encounter PDEs of the form

—div(AVu) +b-Vu+cu=f

for a matrix field A, a vector field b, and a function ¢. These three terms are referred to as
diffusion, advection, and reaction, respectively. As for the Laplacian, we can interpret the
divergence operator weakly and derive the following variational formulation for u € H&(Q):

/Q <(AVu) Vv + (b Vu)v + cuv> dx = /va dz for all v € H(Q). (9)

In this section we will study under which (sufficient) conditions this system has a unique
solution. Note that the left-hand side need not be symmetric, and an immediate use of scalar
products like in the case of Poisson’s equation is not possible. Note furthermore that there
need not be any related energy functional or Dirichlet principle.

The following important result extends, in some sense, the Riesz representation theorem to
a class of nonsymmetric bilinear forms.

Theorem 1.38 (Lax—Milgram lemma). Let V' be a real Hilbert space with inner product
(v )v and let a: V x V — R be a bilinear form satisfying the following two properties

e 38> 0V(v,w) € VZ |a(v,w)| < Bllv|lv]w|v  (continuity)
e dJa>0VweV alp|} <a(v,v) (coercivity) .
Then, there exists a unique map T : V. — V with the property
a(w,v) = (Tw,v)y  for all (v,w) € V.

The map T is linear, continuous, and invertible with

QIm

1T\ Lvvy < B and [T |pwy <

Proof. We will prove a more general result later in this class. It will imply the Lax—Milgram
lemma. O

Corollary 1.39. Let a be a continuous and coervice bilinear form on a Hilbert space V' with
inner product (-,-)y. Given any F' € V*, there is a unique u € V' such that

a(u,v) = F(v) forallveV.

It satisfies ||ul|y < Of1||FHL(V7V).
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Proof. Let f € V denote the den Riesz representative of F' in V, and let T denote the
mapping from the Lax-Milgram lemma. Then, u := T~! f satisfies

F(v) = (f,o)y = (TT7 f,0)y = (Tu,v)v = a(u,v)

for any v € V. The norm bound for u folllows from the bound on 7! from the Lax-Milgram
lemma. O

Example 1.40 (general elliptic operator). Let
A€ L2, be[L®Q), ceL®(Q)

be the coefficients of the above PDE with f € L?(Q2) und homogeneous Dirichlet boundary
condition. After multipying with test functions an integrating (by parts) we obtain the
following weak formulation: Seek u € H}(2) such that

a(u,v) = F(v) for all v € H}(Q),

where

o, v) = /Q <(AVu)-Vv+(b-Vu)v+cuv) dr and F(v) = /Q fuda.

We now apply, under further structural assumptions, the Lax—Milgram lemma to the above
setting.

Theorem 1.41. Let Q C R? be an open, bounded, connected Lipschitz polygon. Let the
coefficients A, b, ¢ from Example 1.40 satisfy the following assumptions.

o The field A is pointwise symmetric and there exist real numbers 0 < ag, a1 such that
aolé]* < (A(@)) - E <arlef  ae inQ for all & € R?
i.e., A is uniformly positive definite.

e The vector field b is divergence-free, divb = 0 (in the sense of the weak divergence, see
Problem 25).

e The function ¢ > 0 is nonnegative.

Then there exists a unique solution u € H&(Q) to the weak form from Example 1.40. It
satisfies the bound

lulr < C|fll20)

for some constant C' > 0 that is independent of f and u.

Proof. The proof is left as an exercise. It is enough to verify that a satisfies the assumptions
from the Lax—Milgram lemma. O
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A finite element discretization of this problem is straight-forward: We restrict the bilinear
form a and the right-hand side to finite element functions. The form a, however, need not
be a scalar product, and the best-approximation property (as in the Laplacian case) is not
valid in its original form. We will now study approximations in a more general setting.

Definition 1.42. Let a be a coercive and continuous bilinear form on a Hilbert space V,
and let V;, C V be a closed subspace. Given F' € V* let u € V solve

a(u,v) = F(v) forallveV.
The unique solution up € V}, to
a(up,vy) = F(vy) for all v, € Vj,
is called the Galerkin approximation to u.

Remark 1.43. We remark that, in the foregoing definition, the Galerkin approximation
indeed exists and is unique. This follows from the fact that closed subspaces of Hilbert
spaces are again Hilbert spaces. It is immediate to see that the Lax—Milgram lemma applies
on such subspaces as well.

Example 1.44. The finite element approximation to Poisson’s equation is a Galerkin method
based on the finite-dimensional subspace Vj, := S}(T) of V := H}(Q). The finite element
approximation to the operator from Example 1.40 is a Galerkin method as well.

We now formulate the basic error estimate for Galerkin approximations.

Theorem 1.45 (Céa’s lemma). Let V' be a Hilbert space and let Vi, C'V be a closed subspace.
Let a : V XV — R be a continuous and coervice bilinear form (with «, 8 as in the Laz—
Milgram lemma) and let F € V*. Let u € V' solve

a(u,v) = F(v) forallveV.
The Galerkin approximation up € Vy, solving
a(up,vp) = F(vy)  for all v, € Vi

satisfies the following error bound
lu—unlly <2 inf lu—onlly.
o v €V,
Proof. The coercivity reveals the following relation of the norm and the form a,
allu —upl} = alu = up,w —up). (10)
We observe that, due to the property Vj, C V, the variational problems in V' and V}, satisfy

a(u — up,vp) = a(u,vy) — a(up, vy) = F(vy) — F(vg) = 0. (11)
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As a consequence, we can take an arbitrary wy € V3, and compute

a(u — up,u —up) = alu — up,u) — alu — up,up) = a(u — up, w)
—_——
=0
= a(u — up,u) — a(u — up, wp) = a(u — up, u — wp).

=0

We use this relation in the above formula (10) and deduce from the continuity that
allu —uplf} = a(u —up,u—wy) < Bllu—unllv|u —wpllv.

In case that u —up = 0, the assertion of the theorem is trivially satisfied. Otherwise, we can
divide by the norm of v — u; and take the infimum over wy,. ]

Due to the factor 8/« in the error estimate, the Galerkin method is said to be quasi-optimal.
We can apply the abstract setting to the finite element method for the second-order system
from Example 1.40 and Theorem 1.41 and obtain the quasi-optimal bound

lu—uplt <C inf |u— ol
U}LE‘S%( )

In this sense, the finite element method computes a near-best approximation in the space
S&(T). We will quantify this approximation in the forthcoming sections.
Let us now discuss in which regards the theory and methods to more general situations.

Inhomogeneous Dirichlet values

It is often required to prescribe nonzero boundary values to the Dirichlet problem. For some
given function up : 92 — R one is interested in finding a function u satisfying

—Au=finQ and wuw=up on .

In the variational form one seeks u € H'(Q) with
a(u,v) = / fvdx for all v € H}(Q) and wu =wup on I in the sense of traces.
Q

Here, a is the Laplacian inner product, but the generalization to other operators is immediate.
Of course, for this formulation to make sense, the data up must belong to the range of the
trace operator, i.e., it must possess a continuation to a function from H'(Q2). We denote
the range of the trace operator by H'/2(9Q), without further characterizing it here. Let
ip € HY(Q) denote an extension of up to the domain . The idea is to shift the solution
by up and to seek for w = uw — up, which then has zero boundary data. One solves for
w € HE(Q) such that

a(w,v) = / fvdz — a(up,v) for all v € HJ(Q).
Q
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It follows from the continuity of a that the right-hand side defines a continuous linear func-
tional on H} () and so there is a unique solution w. Then, u := w + up solves the inhomo-
geneous boundary value problem. In a practical finite element implementation, we proceed
analogously. It might be required to interpolate up with piecewise affine functions along
the boundary so that it is the trace of a finite element function. We can extend this finite
element function to the domain by setting it to zero at all interior vertices and denote the
coefficient vector by zp. The modified right-hand side then reads b := b — A"z, where b
is the load vector related to f and A is the stiffness matrix. We then solve for z¢ (which is
zero at the boundary vertices) by restricting the system A'zg = b to the interior vertices
as the degrees of freedom. Then, x := xg + xp is the coefficient vector of the finite element
solution.

Neumann boundary values

In many applications, for example when u describes the heat distribution in some domain
(2, one wants to prescribe (AVu) - v on the boundary rather than actual values for u. In
the context of a heat distribution, this corresponds to the heat flux. The boundary is then
subdivided in two disjoint parts

oN=Tpul'y

where I'p is relatively closed. The part I'p is called the Dirichlet boundary and I'y is called
the Neumann boundary. Either of the parts is allowed to be empty. The boundary value
problem in its strong form then reads

—divAVu+b-Vu+cu=finQ, uwu=uponlp, (AVu)-v=gonly

where up is the prescribed Dirichlet data and g € L?(T'y) is a given function, the so-called
Neumann data. Assume for simplicity that up = 0. As we have no homogeneous boundary
condition on the whole boundary, we need to work with the space

HhH(Q) ={ve H'(Q):v=0o0nTp}.

Be aware that in our integration-by-parts arguments the boundary terms do not vanish any
more because test functions may be nonzero along I'y. Indeed, we find

/(— div AVu)vdr = /(AVU) -Vudzr — / (AVu) -vods
Q Q N

for any test function v € H}(£2). The term (AVu) - v is prescribed by the Neumann data g.
The weak formulation with Neumann data thus reads: Find u € H,(Q) such that

a(u,v):/vada:+/F guds.
N

In our Python code, we can prescribe the Neumann boundary by the structure neumann,
which so far had been left empty. In order to show well-posedness with the Lax—Milgram
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lemma, we need coercivity of a on H},(2). This means that we need a generalization of
Friedrichs’ inequality to the case where our functions only vanish on some part (of positive
surface measure) of the boundary. In the pure Neumann case I'y = 9Q and I'p = 0), it is easy
to see that there will be no unique solution because solutions may be shifted by arbitrary
constants. In this case we therefore need to normalize the solution

/ udx =0 in case of pure Neumann bounary conditions.
Q

This condition guarantees coercivity, as will be shown in the next theorem. We use the
notation

HY(Q)/R={ve H(Q): / vdxr = 0}.
Q

Theorem 1.46 (generalized Poincaré and Friedrichs inequalities). Let Q C R? be an open,
bounded, connected Lipschitz domain. There is a constant Cp > 0 such that

vl 2@y < CplIVllp2@) for allv e HY(Q)/R  (Poincaré inequality).

Let I'p C 09 have positive surface measure. Then there is a constant Crp > 0 such that
vl z2(0) < CFlIV120) for allv € HEL(Q)  (Friedrichs inequality).

The constants Cr and Cp are proportional to the diameter of the domain Q.

Proof. The proof is based on a so-called compactness argument that will be presented in the
next section. We postpone the proof to the exercises of that section. O

Problem 37. Prove the assertions of Theorem 1.41 and track the dependence of the constant
C on the spectral bounds ag, a1 and the L° norms of the coefficients.

Problem 38. Prove existence and uniqueness of solutions to the second-order elliptic prob-
lem in case of nontrivial Neumann boundary I'y # 0.

Problem 39. (convection-diffusion equation)

(a) Implement the finite element method for the convection-diffusion equation —eAu + 3 -

Vu=f.

(b) Consider the unit square = (0, 1)? with homogeneous Dirichlet boundary conditions
and the right-hand side f according to the exact solution

erl(mlfl) _ 67"2(:2171)
u(z) = +x1 — 1| sin(mwzs)

e~ —e7"2

with

—1+V1+4e2n2 d -1 — V1 + 4e?n?
= and 79 = )
—2¢ —2¢

Run numerical computations for the following parameters

™
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(i) e=0.1 and 8 = (1,0)T.

(ii) € =0.001 and 8 = (1,0)7.
Problem 40. Extend your finite element code to the case of inhomogeneous Dirichlet and
zero Neumann boundary data. Use the follwing test case to validate your code (via com-
parison of the solution graphs and convergence tests): The domain Q = (0,1)? is the unit

square. The Neumann boundary is the line {(1,¢) : 0 < ¢t < 1}, and I'p = 9Q \ I'y. The
exact solution is given by

u(z,y) =5+ sin(gm) sin(my)
with up = 5 and g = 0. The right-hand side reads f = 27%sin(3z) sin(ry).

Problem 41. (nodal interpolation not L? or H' stable) For a triangle T C R?, prove that
there is no constant C' such that the nodal P; interpolation I satisfies

[ {ullp2(ry < Cllull g2y for all u € C*(T)
or |[VIu| 2y < C||Vull2ry for all u € C™°(T).
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§7 Finite element error estimates (week 21)

We would like to quantify the right-hand side of Céa’s lemma in terms of the mesh-size
(maximum diameter of the triangles in 7). The idea is to plug in a suitable approximation
in the infimum for which we then derive quantified bounds. To achieve this, we will use the
finite element interpolation. It is, however, not a well defined on H'(Q2) because it takes point
evaluations, which need not exist without further assumptions (see Problem 8). This means
that the interpolation operator, denoted by Iy, assigning the finite element interpolation I,v
to any suitable (say continuous) function v, is not well defined on H'(f2), see Problem 41.
We have seen in Problem 33 that point evaluations are well-defined in the space

H%*(Q) = {v € L*(Q) : all weak derivatives of v up to order 2 exist as functions of L*(Q)}

with norm

lellmzy = | 3 16°0]2a .

lo|<2
The proof, which was shown for triangles, can be extended to polygonal domains.

Theorem 1.47. Let Q C R? be an open and bounded Lipschitz polygon. Then, we have the
continuous embedding H?(2) < C(Q) and there exists a constant C > 0 such that

[Vl o) < Cllvllmzi)  for any ve H*(Q).

Proof. The proof is left as an exercise. The idea is to triangulate the domain and to use the
bound that was proven for triangles. O

We have seen that we can apply the finite element interpolation I;, under the assumption
that our solution u satisfies the stronger property u € H}(2) N H?(2). For a derivation
of a quantitative bound on the interpolation under this assumption, we need an additional
property from the theory of Sobolev spaces.

Theorem 1.48. Let Q C R? be an open and bounded Lipschitz domain. Then, the embedding
HY(Q) < L*(Q) is compact. That is, any weakly convergent sequence v, — v (n — 00) in
H(Q) converges strongly in L*(9).

Proof. The proof is shown in advanced courses on linear functional analysis and is beyond
the scope of this lecture. ]

Remark 1.49. An iterative application of Theorem 1.48 shows that H2(f)) is compactly
embedded in H'(Q).

With these tools we can now prove an interpolation error estimate on triangles. The constant
appearing in the estimate will depend on the aspect ratio of the triangles.

Definition 1.50. Let 7" C R? be a triangle. Let hp denote its diameter and let pr denote
the diameter of the largest ball inscribed to T'. The quantity hr/pr is called the aspect ratio
of T.
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The quantities pr, hr arise from the transformation of the domain. Observe that any pair
of triangles T, T allows for some affine diffeomorphism ® : T — T, which can be written
®(%) = BT + ¢ with a 2 x 2 matrix B = D® and a vector c.

Lemma 1.51. Let ®(2) = BZ + ¢ denote the affine map from a triangle T to the triangle
T. Then, the spectral norm || - || of B and B~ satisfies

IBI< ™ and Bt < 2
P PT
Proof. Given any vector ¢ € R? of length |¢] = pi, there exists pair of points Z, § inside T
with & — §J = £ because the full ball of diameter p;. is contained in T. Since ®(&) and ®(4)
belong to T, the image under B satisfies B{ = B(Z — §) = ®(2) — ®(y) and its length is
bounded by the diameter hy. We thus compute

hr
IBl= sw |Bg= sup —|Bg< L
£ER? [¢|=1 ¢eR? |¢|=ps PT pr
The second asserted estimate follows from interchanging the roles of T" and T. O

We now prove the interpolation error estimate.

Theorem 1.52 (interpolation error estimate). There exists a constant C > 0 such that for
any triangle T C R? the interpolation error satisfies

h
IV (v = Iyv) || 21y < clhTHD V)l L2y

and — |lv = Ipvl| 2y < ChT||D2U||L2

for any v € H*(T). Here, | D*vl| 21 = \/fT Z?,k:l 0% da.

Proof. We first prove an auxiliary estimate on some fixed reference triangle T. We claim
that there is a constant C' such that any w € H2(T ) satisfies

[l gy < CUD* W oy + D
2eN(T)

Assume for contradiction that the statement is wrong. Then there is a sequence w,, € H2(T))
with
Hwn”Hl( ) (||D2wn||L2 + Z |wn for all n € N.
2EN(T)

After normalizing the sequence to |wy,]| HY(T) = 1 we obtain

HDzwn|]L2(T) + Z |wn(2)] <1/n for all n € N.
zeN(T)
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The space H?(T) is reflexive, whence there exists a weakly convergent subsequence of this
bounded sequence with some weak limit w € H 2( ). We do not relabel the subsequence and
still denote it by wy,. The compact embedding of Theorem 1.48 shows that we have w, — w
in H'(T). Tt is even a Cauchy sequence in H?(T') because

lwj = will 3 ) = llws = will3s ) + 1D (wj = wi) 1757,

H2(T) HU(T)

< Moy = wil2p gy + 10205122 g + 1020kl 2o,

H(T)

and the norms of the Hessian converge to 0. Therefore we have strong convergence w,, — w
in H 2(T ), and D?>w = 0. Thus, w is an affine function. By continuity, we furthermore
see that w(z) = 0 at the vertices of T. Thus, w is the zero function. But this contradicts
||| iy = 1. This proves the claimed auxiliary estimate.

Now, let T be an arbitrary triangle. Then, there is an affine transformation

O:7T =T

from the reference triangle to 1. We denote by e := v — [v the interpolation error and
observe from the change-of-variables formula that

HVeH%g(T):/TVe\zdx:/Ty(ve)-@mdew@dx

We use notation é := e o ®. The chain rule reveals for any & € T that
Vé(&) = DP(2) " Velps)
Multiplying with the inverse of D®T and taking squares thus leads to
(Ve) o ®? = | DD TVe|? < | DD Vel

where || - || denotes the (pointwise) spectral matrix norm.
We observe that D® is constant on 7' (because @ is affine). We thus obtain

IVelBapy < [D® 2| det DB|[[VE]2,

By the auxiliary result, there exists a constant C , depending on T, such that
211122
Vel 0z < CUD%e Nz

Here, we have used that e, the interpolation error vanishes at the vertices of 7', and so does
the transformed function on the vertices of T'. So far we have shown

IVellZ2 <02\|D¢>—1||2/TyD2@12|deth>ydx.

The chain rule shows
D?*9(2) = D®(2) " D*v|g(3) DP ().
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We thus find
|D*6> < || D(&)||*|(D*v) o .

After transforming back to T we thus obtain
IVellf2(r) < C*IDR7H? || DRI D%0l|7 2.

The norms of D® and its inverse can be estimated with Lemma 1.51 as follows

h% h4 h% h4
DS~ DO|* < &~ = ——F.
PT P Pi PT

The terms related to 1" are independent of T" and can be estimated by some universal constant.
We thus obtain (after taking squareroots) the asserted bound on the norm of the gradient.
The bound on the L? norm is left as an exercise. O

We see from the interpolation error estimate of Theorem 1.52 that the interpolation error
is proportional to hr provided the aspect ratio of the triangle is bounded. If we take, for
instance, any fixed triangle and refine it uniformly with the red refinement rule, the aspect
ratio is bounded by a universal constant. We say that a family of triangulations with bounded
aspect ratio is shape-reqular. The approximation of an H? function is then determined by
the mesh-size hp and thus improved under mesh-refinement.

Corollary 1.53 (global interpolation error estimate). . Let Q C R? be an open and bounded
polygonal Lipschitz domain. Let {Ty}n be a shape-reqular family of triangulations. Then,
there is a constant C > 0 such that for any v € H*(Q) the finite element interpolation Iy,
with respect to a mesh Ty, satisfies

IV (v = Inv)|lL2(0) < ChHDQUHLQ(Q) and [|v — Ipvl|p2(q) < ChQHDZUHB(Q)
for the maximal mesh-size h = maxT € Tphr.

Proof. This follows from writing the L? norm as

I e = S0 1 ey
TeTh

and using the local bounds of Theorem 1.52. O

We have seen that any v € H?(Q2) is approximated with order h by the finite element
interpolation the H! norm and with order A% in the L? norm.

The combination with Céa’s lemma now yields a quantified bound for the finite element
approximation on our PDE.
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Corollary 1.54. Let Q C R? be an open, bounded, connected Lipschitz polygon. Let the
coefficients A, b, ¢ satisfy the assumptions from Theorem 1.41. Assume that the solution
u € H}(Q) to the weak form from Ezxample 1.40 additionally satisfies

u € HYH Q) N H?(Q).

Then, the error between u and the finite element approximation uy with respect to a trian-
gulation Ty, from a shape-reqular family satisfies

u—up|i < Chl|D?ul 12y

Proof. Céa’s lemma (Theorem 1.45) yields

lu —up|p < A inf  |u—ovp)h
O v, eSEH(Th)
where «, 3 denote the coercivity and continuity constant, respectively. We now plug the
choice vy, := Iu in the infimum. Note that the interpolation exists because u € H?(Q) was

assumed. The assertion then follows from the interpolation error estimate of Corollary 1.53.
O

As an immediate question we ask under what condition the assumption u € H?() is satis-
fied. This is the topic of regqularity theory and is beyond our discussion within this lecture.
We only mention one important result here for the case of the Laplacian.

Theorem 1.55 (regularity on convex domains). Let Q C R? be an open convexr domain.
Given any f € L*(Q), the solution to the Dirichlet problem of the Laplacian (Poisson’s
equation) satisfies u € H}(Q) N H2(Q) with the bound

ID*ull12(0) < Cllfllr2(0)-
Proof. See the literature, e.g., [Dob10, Eval0]. O

When the domain is nonconvex, the solution may fail to belong to H?(£2). This is for instance
the case in Example 1.8.
We can prove an improved bound for the error in the L? norm.

Theorem 1.56 (L? error bound). Let Q C R? be an open convexr domain. Given any
f € L?(Q), the solution to the Dirichlet problem of the Laplacian (Poisson’s equation) and
its finite element approximation satisfy

lu — unll 20y < CB?||D?ull12(0) < CB?||fll L2

Proof. The technique employed in the proof is known as the Aubin-Nitsche duality trick.
The idea is to solve for a solution z € H}(Q2) an auxiliary problem whose right-hand side is
given by the error e := u — uy. Let z solve

/Vz-Vvda::/evd:c for all v € H3 ().
Q Q
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We test the equation with v := e and obtain
||e||%2(ﬂ) = / eedr forallve HLHQ) = / Ve -Vzdz.
Q Q

We now use the Galerkin orthogonality and plug in the finite element approximation zp to
Z7

/ Ve -Vzdr = / V(u—wup) - Vzdr = / V(u—wup)-V(z— zp)dz.
Q Q Q
Corollary 1.54 implies for the finite element errors that

IV (u = un)ll22(0) < ClD*unll 120y
and  [|V(2 = z)llz2() < ClID?2nl12(0) < Cllellz2 ().

We now combine the above formulas and divide by the norm of e to arrive at the first asserted
estimate. The second one follows from Theorem 1.55. O

For simplicity, we have considered right-hand sides f € L?(2). The argument in The-
orem 1.41 however even applies to any right-hand side F' in the dual space of H}(Q). This
dual space is denoted by

H™Y(Q) := [Hy ()]

where we use the norm | - |;. Accordingly, the norm in H~1(£2) reads

Fu
1 L
veri@\foy IVollzz)

The space L?(£2) is embedded in H~!(Q) by the identification of f € L?(£2) with the func-
tional Ty € H~1(£2) defined by
(Ty,v) = / fodx for all v € HY(Q).
Q

The map f +— T is injective and continuous, thus an embedding. The injectivity follows
from the fact that

/ gudz for all v € H(Q)
Q

implies g = 0 (by density of H}(Q) in L*(Q)) whence Ty is zero in H~1(Q). Continuity
follows from the Friedrichs inequality as follows:

Jofvde _ Wzl

Tl -1 =  sup < Cr|lfllL20)-

vert@\foy IVOllzz) ~ vem@noy  1Vollz)

This map thus leads to
Hy () € L*(Q) — H™H(Q)

and the embedding is often interpreted as the inclusion L?(Q) € H~1(Q).
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Problem 42. Prove Theorem 1.47.

Problem 43. Let 7 be a triangulation. Prove that the aspect ratio of the triangles stays
bounded under iterative red refinement.

Problem 44. Prove that there exists a constant C' only dependent on the shape regularity
such that any finite element function v, € S*(7) satisfies

IVurllz2ery < C’h;1||vh||L2(T) forall T € T.

This estimate is called inverse inequality. (Hint: Use transformation to a reference element
T. Use equivalence-of-norms argument in the finite dimensional space Py (T) with a constant
C(T) only depending on T'. Afterwards, transform back.)

Problem 45. Prove for the solution u from Example 1.8 that u ¢ H?(1).

Problem 46. A family of triangulations satisfies the minimal angle condition if there is a
lower bound 0 < g to all interior angles of the triangles from that family. Prove that the
minimal angle condition implies shape regularity.
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Topic 2: Saddle-point problems

§8 Abstract saddle-point problems and the Stokes equation (week 22)

We now draw our attention to problems under linear constraints. For example, the velocity
field u : 2 — R? of a very viscous fluid under some volume force f : Q — R? is modelled by
the following constrained minimization problem:
J(v) = ;/ |Dv|? dz / f-vdr — min subject to divu =0 and u|sq = 0.
Q Q

The energy is measured with the Dirichlet functional for vector-valued variables. The con-
straint div u = 0 models that the fluid under consideration is incompressible. In order to —at
least formally— compute a corresponding PDE as an Euler-Lagrange equation, we need to
reformulate it as a problem on the whole nonconstrained space. The enegry J is well-defined
on [H}(Q)]?, the space of vector fields whose components belong to H}(2). This can be
done via Lagrange multipliers. The idea is to add a term involving the constraint to the
functional and to minimize

1
/|Dv|2dx—/pdivv—/f-vdx
2 Ja Q Q

for all v € [HE(Q)]? and some p in the range of the divergence operator. The latter is then
called the space of Lagrange multipliers. It will turn out that the range is precisely

2 =V 2 : var = .
L) = {v € 2*): [ vdo =0}

As in the proof of the Dirichlet principle (Theorem 1.10), we can compute the derivatives in
the directions of perturbations to v and to g and arrive at the following necessary condition

/Du:Dvdx—/pdivvdx:/fde: for all v € [Hg(Q))%,
Q Q Q

R —/qdivudx—O for all ¢ € L3(Q)
Q

for the solution pair (u,p) € [HE(Q)]? x L3(Q). (The notation A : B = 23:1 A By, is
used the inner product of matrices.) The physical interpretation of the Lagrange multiplier
p is the role of a pressure variable. This system is referred to as the Stokes equations. It
is easy to see that this system is symmetric but not coercive with respect to the product
space (chose for instance p = Adivu for sufficiently large ). Systems of this structure are
called saddle-point problems. We will lay the functional analytic basis for studying such
saddle-point problems.

We now want to characterize isomorphisms between certain Banach spaces. For a closed
subspace U C V* of the dual of a Banach space V' we define the polar set

U:={veV:(uv)=0foralueU} CV.
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Here, we use the notation (F,u) = F(u). It is the space of all elements of V' on which all
functionals from U vanish. We recall that for Banach spaces V and W and a continuous
linear map L : V — W the dual L* : W* — V* is defined by

L*(F)=(F,L-) V",
We recall the closed range theorem.

Theorem 2.57 (closed range theorem). Let L : V. — W be a continuous linear map between
Banach spaces V- and W. The range L(V') is closed in W if and only if L(V') = °(ker L*).

Proof. See linear functional analysis. O

Recall that a Banach space Y is called reflexive if the map
J:Y =Y Yoy (hy)
from Y to its bidual Y** is an isomorphism.

Lemma 2.58 (Banach-Babuska—Necas lemma). Let X be a Banach space and let Y be a
reflexive Banach space. A linear map L : X — Y™ is an isomorphism if and only if the
following three conditions are satisfied:

(1) Continuity: ||Lz|y~ < C|z||x for a constant C >0 and all x € X.

(2) There exists v > 0 such that for all x € X
Mellx < | Lafly-

(3) For every nonzeroy € Y \ {0} there exists some x € X such that (Lz,y) # 0.

Proof. Let conditions (1)-(3) be satisfied. Then, by (1), L is continuous and, by (2), it is
injective because Lz = 0 implies x = 0. Hence, L is bijective as a map from X to its range
L(X). The inverse L™ : L(X) — X is continuous because, by (2),

1L 2lx <y HIZL 2llys =77 l2]

Y*-

The continuity of L and L' implies that L(X) is closed. The closed range theorem then
teaches
L(X)="ker L") C Y™ (12)

Let us write down the polar set of ker L* C Y** explicitly:
°(ker L*) :={v e Y" : (u,v) = 0 for all u € ker L*}.
We furthermore observe from the definition of L* that

u€kerL* < (L*u,z) =0forallz € X <= (u,Lz) =0 forall z € X.
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Since Y is reflexive, we see that
uc€ker L* <= (Lz,J 'u)=0forallzc X

for J7'u € Y and the isomorphism .J. Property (3) therefore implies that implies that
Ju = 0 and so ker L* = {0}. By (12), we then have that L(X) = Y*. Thus, L is an
isomorphism.

The proof of the converse direction is immediate and left as an exercise to the readers. [

Remark 2.59. An immediate consequence of Lemma 2.58 is the Lax—Milgram Lemma. For
the proof, let X =Y be a Hilbert space and let L be defined by the bilinear form a as follows

X ex—alz,):=L(x) e X"

It is then an exercise to show that continuity and coercivity of a imply the assumptions of
the Banach—Babuska—Necas lemma, see Problem 48.

We can formulate an analogue of Céa’s lemma for Galerkin methods.

Lemma 2.60 (quasi-optimality of Galerkin methods). Let X be a Banach space and let Y
be a reflexive Banach space and let L : X — Y* with || Lz|y- < C be a continuous linear
map. Let z € X satisfy Lz = F for some F' € Y*. Let X, C X and Y, C Y be closed
subspaces satisfying

(i) There exists vy, > 0 such that for all xp € X}
Yllznllx < Ly,

(ii) For every nonzero yp, € Yy \ {0} there exists some xj, € X, such that (Lzp,yp) # 0.
Then there exists a unique z; € Xp solving
(Lzn,yn) = (Fyn)  for all y, € Y.

It satisfies the quasi-optimal error estimate

C
_ < (14 =) inf ||z — .
|2 — znllx < ( %)miléx |z — znllx

Proof. The unique solvability follows from an application of Lemma 2.58 to the discrete
spaces. For an arbitrary wy, € X}, the triangle inequality leads to

2z = znllx < ||z —wnllx + [[wn — 24l x-

Note that (wp, — zp,) € X} and thus we have due to assumption (i)

L(wp — zn), yn
llwn = znllx < IL(wh — z0)lly; =  sup (L( ),Yn)
Yi€Y5\{0} Ny lly
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From the solution property of z;, and z we obtain
(Lzn,yn) = (F,yn) = (Lz,yp) for any y, € Y, CY.

This is a generalization of Galerkin orthogonality. With the continuity of L we therefore
obtain

L(wp — 2),yn
Yullwy, — zpl|x = sup ot ). yn)

= || L(wn — )|y
YieYa\ {0} lynlly "

< | L(wn = 2) [y < Cllwn — 2] x-
Since wy, was arbitrary, we combine the above estimates and take the infimum to conclude
the proof. O
Saddle-point problems

So far, we have seen an abstract characterization of isomorphisms. The conditions are, in
general, difficult to verify. We want to focus on problems with some additional structure.
We consider two Hilbert spaces V', M and continuous bilinear forms

a:VxV >R, b:VxM—R.
Given F € V* and G € M*, we seek (u,p) € V x M such that

a(u,v) + b(v,p) = F(v) foralveV

b(u,q) = G(q) for all g € M. (13)

This is the abstract saddle-point problem. Obviously, the above Stokes equations belong to
this class. For such problems, we will formulate criteria that guarantee solvability of the
system.

The bilinear form b induces a linear map

B:V —>M*
from V to the dual of M, which acts as follows
V 3v— Bv=>bv,-) e M.

The adjoint operator
B :M-—V*

is given by
M>pu— B'u=>b(,u) eV

The kernel of B reads

Z :=ker(B)={veV:¥YueMb,un) =0}.
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In the following, we will write (with the isomorphism J from V to its bidual)
Z°:=°"J(Z)={FeV*:(F,z) =0forall z € Z}

for the space of linear functionals vanishing on the kernel Z. We now study under which
circumstances B is an isomorphism. The central assumption on b is the following condition

. | B pllv= . . b(v, w)
0<fB= inf ————= inf b(-, * = inf sup —————— (14
wertvoy Talar — weningoy 120 AV llne = ey Tl

called the inf-sup condition.

Lemma 2.61. Let b satisfy the inf-sup condition. Then:
(i) B': M — Z° is an isomorphism with ||(B") ™| z(ze ary < 671
(i) B : Z+ — M* is an isomorphism with 1B M zarzey < B

Proof. Let us prove (i). We observe that the range of B’ is indeed a subset of Z° because
(B'p,z) = b(z,p) = 0 for all z € Z. By the above assumptions, B’ is continuous (property
(1) of Lemma 2.58) and the inf-sup condition implies that property (2) of Lemma 2.58
is satisfied. As in the proof of Lemma 2.58 we therefore see that B’ and its inverse are
continuous. The closed range theorem then shows

B'(M) = °(ker((B)")).

It is direct to verify
u € ker((B)*) <= J lueZ.

Thus the range equals Z° and B’ is an isomorphism between M and Z°. The bound on the
norm is left as an exercise.
For the proof of (ii), let v € Z be given and observe that

g : V — R defined by w — (v, w)y

is a continuous linear functional in Z°. Since, by (i), B’ is an isomorphism, there exists
p € M with |[g|lv+ = [Jv]lv such that

The norm bound from (i) shows

Bllulla < [1Bul

ve = |lgllvs = ||lv]lv.

We divide this relation by the norm of p and multiply with the norm of v and obtain

=g (Bo,u)
| B’ (v,0)
MV v,V)v
Blvllv < llvllv = < [|Bl[ar=-
[ ][ nr [[ell s
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Thus (1) and (2) from Lemma 2.58 are satisfied. Furthermore, for any v € V and its
orthogonal projection to ITv to Z+ we have ||ITv||y; < ||v||y by standard results on orthogonal
projections. Thus, the inf-sup condition shows

0<p= inf sup MS inf su M
neM\{0} yev\joy Il al[vllv ™ ned\{0} ez joy el aellwlly

because the Z-part of v € V is not seen by b. This shows that (3) from Lemma 2.58 is
satisfied. The same lemma then states that B is an isomorphism from Z+ to M*. Again,
the norm bound is left as an exercise. O

We now formulate the main criterion for saddle-point problems.

Theorem 2.62 (Brezzi splitting). Let V', M be Hilbert spaces with continuous bilinear forms
aonV xV andb onV x M. If, in the above notation, a is coercive on the kernel Z and
b satisfies the inf-sup condition (14), then for any F € V* and G € M* the saddle-point
problem (13) has a unique solution (u,p) € V- x M. It satisfies

Ca
ve+ 8711+ ;)HGHM*a
Ca) Ca
B

Here, « is the coercivity constant and C, the continuity constant of a.

lully <o~ F]

- Cq -
Il <8 1(1+;)HFHV* +A7H 1+ 1Glaz--

a
Proof. Property (ii) of Lemma 2.61 shows that there exists some ug € Z+ with Bug = G

and |Juo|ly < B871|G||am+. Upon defining w := u — ug, we reformulate (13) into

a(w,v) + b(v,p) = F(v) — a(up,v) forallveV
b(w,q) =0 for all ¢ € M.

Since a is coercive on Z, there exists (by the Lax—Milgram lemma) a unique w € Z satisfying
a(w,v) = F(v) — a(up,v) forallveZ

with |w|v < a7 (||F|lv+ + Calluo|lv). Since F — a(up + w,-) € Z°, property (i) from

Lemma 2.61 yields the existence of p € M with
b(v,p) = F(v) —a(up + w,v) forallveV

and
Ipllar < B~ (IF v+ + Callug + wl|v).

Hence, u := up+w and p satisfy (13). The asserted norm bounds follow from directly tracing
the constants in the above estimates. O
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We will use the Brezzi-splitting theorem to prove well-posedness of the Stokes equations.
Obviously, the Stokes equations are equivalent to (13) with the choices V = [H(Q)]?,
M := L%(Q) and

a(v,w):/QDv:Dwdx, b(v,q):—/quivvdaz, F(v):/ﬂf-vd;v, G=0.

Theorem 2.63. Let Q C R? be an open, bounded, and connected domain with polygonal
Lipschitz boundary. Given any f € L?(Q), there exists a unique solution (u,p) € V x M to
the Stokes equations.

Proof. Since a is coercive (by Friedrichs’ inequality), it remains to prove the inf-sup condition

0<3 f Joadivodz
= in sup
e L3O\0} vemp )2\ {0y 1PV 2@ lallz2 (o)

for some 8. This result is not shown here because its proof is far beyond the scope of this
lecture. It can be found in the literature. O

Problem 47. Prove that the Stokes equations are a necessary condition for any minimizer of
the constrained energy minimization problem. Show that, for sufficiently regular solutions,
the Stokes equations can be written as —Au + Vp = f and divue = 0. Here, A is the
component-wise action of the Laplacian.

Problem 48. Use the Banach—Babuska—Necas lemma to prove the Lax—Milgram lemma.
Problem 49. Prove that div maps [H{(Q2)]? to a subspace of L3().

Problem 50. (Euler’s formulae)
Let 7 be a regular triangulation of the simply-connected bounded domain  C R? with
vertices N, edges £ and interior edges £(2). Prove that

#HN +#T =1+ #E

and

2H#T +1 =H#N +#E(Q)
(#A denotes the cardinality of a set A).
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§9 A finite element method for the Stokes system (week 23)

For the approximation of saddle-point problems, we aim at choosing finite element subspaces
Vi, CV and My C M. Since these are closed subspaces, they are again Hilbert spaces and
the Brezzi splitting can be used to study the solvability of the resulting discrete problem.
In contrast to the coercivity in the Lax—Milgram setting, however, the inf-sup condition
is usually not inherited by the discrete spaces. It needs to be imposed as an additional
condition. We call

0< fB,= inf S 7[)(%’%)

g €M\{0} v, cvi\ {0y [vnllvIianllae

the discrete inf-sup condition. The construction of discrete spaces satisfying this property
turns out nontrivial. The standard finite element space [S§(7)]? is not suited for a discret-
ization involving the constraint on the divergence, see Problem 51 and Problem 52. We
postpone the abstract analysis of Galerkin discretizations of saddle-point problems to later
sections and focus for the moment on a practical discretization of the Stokes equations, the
so-called Mini finite element. We will define the corresponding spaces, comment on the
implementation, and show that it satisfies a discrete inf-sup condition.
Given a triangulation 7 of the domain Q and any T" € T with vertices 21, 22, 23, we define
the so-called element bubble by by

b = Q21 P2y P2y

where the ¢, are the hat functions associated to the vertices of T". It is immediate to verify
that

e bp|r is a cubic polynomial on T,

br is positive in the interior of T,

br vanishes on Q\ T,

br € H& (Q)
We denote the space of bubble functions by
B(T) :=span{bp : T € T}.

We then have dim (7)) = #7 where # denotes the cardinality of a set. The Mini finite
element discretization is based on the discrete spaces

Vi =SSP @ [B(T)? and M, = SY(T) N Li(Q).

We clearly have the inclusions V, C V and My, C M. For a practical implementation, we
need (local) matrix representations of the bilinear forms a and b.
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Local matrices of the MINI finite element

Denote by @1, @2, p3 the three nodal basis functions on a triangle T" and recall the cubic
bubble function by := @1p2¢3. Define the local basis functions of the velocity part of the
MINTI finite element by

o ()= (7 = (F)m ()= (2) o= (1)
o (D)= (2)

The local basis functions for the pressure component are @1, @2, 3. The local matrices then
read as

Ar = |:/D1/1j : Dwkd:z] and Br = [_/ @jdivwkdiv] A
' P8 T 20

We can then compute the entries as follows.

Lemma 2.64. (a) A7 has the following block structure

Ar =

o o W\
o wno

0
0
R
for

T & 10
S:[/Vgpngpkdac} and R=-— |Vg0-|2< )
r 7 jk=1,2,3 180 ; 701

(b) Br has the following block structure

L
Br=|T|| L |G
L
for
1 aac()ol 8y901
L= —3 (833@1 Orp2 O0rp3 a?J(Pl ay(pg 6@1903) and G = 60 Ozp2 aySOQ
accﬁp?) 81/903
Proof. Exercise (recall the integration formula from Problem 23). O
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Assembling the global system matrix

These local matrices need to be assembled to the global system matrix of the Mini FEM. We
need to fix some numbering of degrees of freedom. Let Ny = card(N(f2)) denote the number
of interior vertices and Ny = card(7) denote the number of triangles in the triangulation
T of the 2D domain 2. With the nodal basis functions (A;).cn define the following basis
functions ¥4, ..., Yany 12N, for the velocity by

(¢17"'7¢NN): |:<%Z>:| 5 (wNN+17"'777/)2NN): |:<O>:| 5
2EN(Q) Pz/ 1en(e)

(VaNy+1s- - > V2NN +Np) = [<b0T>} v (VoNy+Npt1s - - o s VaNy+2Ng) = Kbo ﬂ )
TeT T/ drer

and for the pressure component define

(qla .. anN) = [(pz]zeN(Q) .

The global matrices then read as

and B = [—/ qjdivwkdx] N
k=1, 2(Nn+Nr) @ k=1 3Ny NT)

A= |:/S)D’(/J]D1/Jkdx]

We then observe:

Lemma 2.65. (a) The global system matriz M of the Mini FEM discretization of the
saddle-point formulation has the block structure

A BT
u=l5 )

so that the discrete equation reads as
A BT| [w] [F
B 0| |pn]| |O]°
(b) The matriz M has a nontrivial kernel, namely globally constant pressure modes.

Proof. Exercise. O

So far we did not enforce the discrete pressure variable to belong to LZ(2). This constraint
is best included via a Lagrange multiplier. Details can be found in the code provided on the
course webpage, which follows the implementation outlined above.
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The discrete inf-sup condition for the Mini element

We now verify the discrete inf-sup condition for the Mini FEM. The main technical tool is
a so-called quasi-interpolation operator. In contrast to the nodal interpolation from prior
sections, the quasi-interpolation is well defined for any function from H'(Q). The idea is to
replace point evaluations by certain volume averages around the vertices.

Given a triangulation 7 of the domain €, we define the nodal patch of any vertex z € N by

w,:=U{TeT:zeT}
as the domain of all elements containing z, and the element patch
wr = UzeN(T) W2

as the domain of all elements surrounding 7. Given any v € Hg(Q), we then define its
quasi-interpolation Rpv € S§(T) by

Ryv = Z ][Ud93<,0z

zeN(Q) ¥ W=

where we use the notation fwz dr = |w,|7! fwz -dzx for the integral mean. The operator
Ry, : H}(Q) — S3(T) is called quasi-interpolation operator. Its difference to the nodal
interpolation is that the point evaluation v(z) is replaced by the computation of some average
around z.

Theorem 2.66. Let T be a reqular triangulation of some open and bounded Lipschitz polygon
Q. There exists a constant C > 0 such that the quasi-interpolation R satisfies for any
v € HY(Q) the local error estimates

hitllv = Rpollg2ery + IV (v = Rio) |l 221y < ClIVO| p2(0p)-

The constant C' depends on the shape-reqularity and on the shapes (but not the size) of the
nodal patches.

Proof. We postpone the proof to later sections. ]

Theorem 2.67. The Mini finite element satisfies the discrete inf-sup condition. On a shape-
reqular sequence of triangulations (Tp)n, the discrete inf-sup constant By, is uniformly bounded
from below by some [y > 0.

Proof. Given any ¢, € My C M, the inf-sup condition for the spaces V and M shows that
there exists some u € V' such that divu = ¢ and || Dul|2(q) < ,6_1||qhHL2(Q). we set
br

up = up(qn) == Rpu + Z m

/(u — Rpu)dx € Vj,.
TeT T

It is shown as an exercise that

[Dunll 2y < Cl[Dullr2(0)
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for some constant C' > 0. It is furthermore immediate to see that uy, satisfies [.(up —u) =0
for all T' € T. Therefore, integration by parts reveals

b wsn) = | diviun, ~ wande = [ (wn ) Vg do =0
Q Q
because Vg, is piecewise constant. We compute, by plugging in the particular candidate
up(gn) in the supremum, that

b(vn, qn) : b(un(qn), qn)
inf sup —————— > in
€M\ {0} o, evi\foy 1Onllvllanliar — aned\{o} [lunlan)llv[lanllae

(
b(u(gn), qn)
(4

= in
aneMp\{0} [lun(an)llv]lgnlla
Lo Mulm)a) B
~ C aedt\(0) [[u(an) Ivllanllar = C
The choice §p, := 3/C completes the proof. O

Problem 51. (conforming divergence-free functions are trivial)

Let 7 be the criss triangulation of the unit square and let uj, € [S§(7)])? with divu, = 0.
Prove that uj, = 0.

Hint: The criss triangulation is

Problem 52. (standard FEMs are unstable for Stokes)

Let Q = (0,1)2. Prove that the following discretizations of the Stokes equations lead to un-
stable saddle-point problems (i.e., the discrete inf-sup condition is violated): V}, := [S§(T)]?
and Mj, := Py(T) N L3(2) on the criss triangulation 7j.

Hint: Use a dimension argument with the formulae from Problem 50.

Problem 53. Prove Lemma 2.64.

Problem 54. Prove Lemma 2.65.

Problem 55. Prove the bound on |[Duyl[12(q) from the proof of Theorem 2.67.

Problem 56. Implement the Mini finite element. As a test example, use the following data
on the square Q = (—1,1)? (not the unit square): The right-hand side f = 0 is zero and the

exact solution is
~ ( 20x175 — 4331
u(ws, wz) = (20x1x2 — 4ab.
Choose the inhomogeneous Dirichlet data up according to u. Create convergence history
plots for the error in the u variable.
Hint: An example of an implementation can be found on the course webpage.
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§10 Error estimates (week 24)

We start by reformulating Lemma 2.60 in the context of saddle-point problems. If we add
the two equations of the saddle-point problem (13) we arrive at the equivalent formulation:
Find (u,p) € V' x M such that

A(u,p;v,q) = F(v) + G(q) for all (v,p) € V x M (15)
where

A(u, p; v, q) = a(u, p) + b(v, p) + b(u, q)

is a continuous bilinear form on V' x M. The Brezzi splitting theorem (Theorem 2.62) states
that

(U,p) = A(u7p7 "y )
is an isomorphism from V x M to its dual V* x M* provided a is coercive on the kernel Z
of b, and b satisfies the inf-sup condition.
Let V, C V and M;, C M be closed subspaces. The restriction of A to V}, x M;, defines a
map
(un, pn) = Alun, ph;-, )

from Vj, x M}, to its dual.

Theorem 2.68. Assume A is an isomorphism. Let Vi, CV and My C M be closed sub-
spaces, let a be coercive on the discrete kernel

Zy = Avp € Vi : b(vp, qn) =0 for all g, € My}

and let b satisfy the discrete inf-sup condition. Then, given any F X G € V* x M*, there
exists a unique (up,pp) € V- x M such that

A(un, pr;vn, an) = Fon) +G(qn)  for all (vp,qn) € V x M.

We have the quasi-optimal error estimate

Cy
—up,p— <(1+24) inf inf |(u—ovpp—
(= wn, p = pu)llvsar < (1+ - ) Jnf inf (1w =vnp=an)llven

where C 4 is the continuity constant of A and vy, L is the continuity constant of the discrete
mverse to Ay,.

Proof. From Theorem 2.62 applied to the discrete spaces, we deduce that Ay, is an isomorph-
ism from Vj, x Mj, to its dual. With the continuity constant 7, > 0 of the inverse operator
we have in particular that

Yol (Vny a1 1vi, x g, < AR (VR gn) vy sy -

The existence and uniqueness of the approximate solution (up,pp) as well as the error es-
timate follow from the abstract bound of Lemma 2.60. O
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Warning 2.69. In general we expect Z;, € Z, i.e., the kernel spaces are not nested.

Checking the discrete inf-sup condition can be a difficult task. In the proof of Theorem 2.67
we have constructed a bounded operator from V' to V3, u — wyp, with the property b(up, —
u,qp) = 0 for all g, € M. Such an operator is called Fortin operator. Constructing a Fortin
operator often is a suitable method for verifying the inf-sup condition.

Lemma 2.70 (Fortin criterion). Let the bilinear form b : V. x M — R satisfy the inf-sup
condition. Assume that for closed subspaces Vi, C V and My C M there exists a bounded
linear map Iy, : V. — Vi, with the property that

b(v —Ipv,qn) =0  for all g5, € My,

Then, the discrete inf-sup constant is satisfied with a constant proportional to the inverse of
the continuity constant of 11j,.

Proof. We repeat the argument from Theorem 2.67 in this abstract framework. The inf-sup
condition for V' and M and the properties of 115 show for any ¢, € My C M that

b(v, gn b(ITpv, gn
Blanlar < sup 200 gy, Lnv.00)
vev\ioy IPllv werngoy - IIvllv
b(1I b
<C sup (pv, qn) <C sup (’UMQh)'
vevi{oy [ITnvlly vnevin{oy llvallv
I, v#£0
Here, we denoted the continuity constant of II;, by C. 0

Error bounds for the quasi-interpolation

Proof of Theorem 2.66. We fix T € T and v € H3(Q). Then the error Ryv restricted to T
has the representation

Ryvlr = > (Ru)(2)¢-.
2eN(T)

We use that the ¢, sum up to 1 on T and the Young inequality (a+ b+ c)? < 3(a? + b + ¢?)
that

v = RuvllFery = 1| Y. (0= (Br0)(2)e:llizm <3 Y llv—(Ruv)()l72()
2eN(T) 2eN(T)

where we used ||¢. | feo(ry = 1. If 2 €  is an interior vertex, we obtain from the Poincaré
inequality that

lo — (Ruv) ()l 2y < llo - f

Wz

v de| 2 < |lv —f 0] 2o,y < CCP(@)hrl|Vo 2oy

Wz
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If z € Q is a boundary vertex, then (Rpv)(z) = 0 and z belongs to a boundary edge, so
that v has zero boundary conditions on a part of dw, of positive surface measure. Thus,
Friedrichs’ inequality implies

[0 = (Ruo)(2)ll 21y = 0l 21y < [0l 22(0.) < hrCCF( VYl 12(0.)-
Thus, we have the local L? bound
v = RpvllL2(ry < Chr|| V|l p2(wp)-

In order to show the local bound on the gradient, we again use the above representation of
Ry, and the fact that the Vi, sum up to zero on 7. From this we see that

||VR/7,U||%2(T) = H Z (U - (th)(z))VQOZH%Z(T)

zeN(T)
<3 > o= Ru))NZemy I Vesllizer)
2eN(T)
< Chz' Y v = (Ba)(2)l[72¢r-
zeN(T)

Here we used ||V, pe(r) < Chz', see Problem 59. The above bounds on v — (Rpv)(2)
in the L? norms then imply the assertion. Note that the constants Cp(w,) and Cr(w,) are
independent of the diameter of Cp(w,). They only depend on the shape of the patch. O

Let us conclude the study of the Stokes equations by summarizing our findings for the Mini
finite element as an error estimate.

Theorem 2.71. The mini finite element discretization (up,pp) to the Stokes equations sat-
isfies
|D(w —up)ll 2y + [P — pPall2(o)

<C inf D(u — + inf _
- (vhe[s(%(lTnHB(T)PH (= onllzze qhep()(%mg(m”p anllz2)

for some constant C' that is independent of the mesh size.

Remark 2.72. In case that ) is convex, it is known that additionally we have u € [H?({2)]?
and p € H'(Q) with

I1D%ul| 20 + IVPl 2(0) < Clfllr2)-
Together with suitable (quasi-)interpolation estimates we therefore conclude that the error

of the Mini FEM is bounded by some Ch|| f|| 2(q) on convex domains and thus converges at
order h.

Problem 57 (H! stability of the L? projection). Let I : H}(Q) — S{(T) denote the L?
projection, i.e., for given v € H}(12), the function II,v € S§(T) satisfies

/(Hhv)wh dx = / vwy, dz - for all wy, € S§(T).
Q Q
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Then, clearly, |[TI5v||z2(q) < ||v]|L2(q)- Prove that for a family of red-refined triangulations
there exists a constant C' such that

VL[| L2 (@) < ClIVoll 220,

i.e., the L? projection is H' stable.

Hint: Given v, prove v = I (Rpv — v) + Rpv. For the first term, use an inverse estimate
(Problem 44), the L? stability of the projection I,v, and the approzimation and stability
properties of the quasi-interpolation Ry,.

Problem 58 (density of finite element spaces). Prove that the finite element spaces S (7;)
with respect to a sequence 7; of red refined triangulations are dense in H}(€2).

Hint: Given v, approximate it by a smooth function ve and interpolate v. by a finite element
function on a sufficiently fine mesh.

Problem 59. Prove that the nodal basis functions ¢, on a triangle T' satisfy
IV@:llzzry < G and ||V:llp=(ry < Cahg!
with constants C'1, C2 only depending on the shape regularity.

Problem 60. (backward facing step) Use the Mini element to simulate the flow over a
backward facing step. Print the computed velocity and pressure and present the plots in the
tutorial session. The parameters are:

e Domain: = ((—2,8) x (—1,1)) \ ([-2,0] x [-1,0]) (see Figure 7)
e Forcing term: f =0,

(0,0) for —2<x2<8
e Dirichlet data: up(z,y) = { (—y(y — 1)/10,0) for x = -2
(—(y+1)(y—1)/80,0) for xz=S38.

Figure 7: The backward facing step.

62



§11 Mixed finite elements for Poisson’s equation (week 25)

Poisson’s equation can be written as a saddle-point problem as follows. For simplicity we
assume a homogeneous pure Dirichlet boundary condition on I'p := 0€2., We introduce an
additional vector variable ¢ for the gradient and write

o =Vu, —dive = f,

which is obviously equivalent to Poisson’s equation for u because A = div V. Given f € L?,
we see that o is required to satisfy certain differentiability properties, namely o € [L?(£2)]?
and divo € L2 We say that o € [L?(Q2)]? has a weak divergence if there is some g € Ll _(Q)
such that

/U-dex——/gwdx for all ¢ € C°(2).
Q Q

We write div o = g for the weak divergence. The reasoning behind this definition is the same
as for the weak partial derivative.

Example 2.73. Let u € HZ(Q) be the solution to the weak form of the Dirichlet problem
for Poisson’s equation with some right-hand side f € L?(Q2). The gradient Vu satisfies

/vu.wdx:/fwdx for all ¥ € C°(Q)
Q Q

in the variational formulation. Thus, Vu possesses the weak divergence —f and we have
—divVu = f as an equality of L? functions.

Definition 2.74. The function space of L? vector fields with weak divergence in L?(f2) is
denoted by

H(div, Q) := {v € L*(®;R?) : v has a weak divergence in L*(Q)} .

It is endowed with the norm

lollmaivay = /10132y + I divela ).

It was already considered in Problem 25. For the variable o above we require o € H(div, )
and

/divavdx:—/fvdm for all v € L*(Q).
Q Q

The relation o = Vu and integration by parts reveal for any 7 € H(div, () that

/U-de:—/diVTud:c+/uT-I/ds.
Q Q Q

Assuming a homogeneous Dirichlet boundary condition for u we thus find

/U'Td$+/diVTud$:O for all 7 € H(div, ).
Q Q
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For this equation it is enough that u € L?(). We thus seek o € H(div,Q) and u € L*(Q)
such that

/U~7’dﬂ:+/div7'ud:c:0 for all 7 € H(div, ),
Q Q

/divavdw:—/ fvdx for all v € L*(Q).
Q Q

In this way we have formulated Poisson’s equation as a saddle-point problem. This formula-
tion is referred to as mized formulation because variables from different function spaces are
involved. As an exercise it is shown that the system satisfies the properties from Brezzi’s
splitting theorem and is therefore well-posed. We remark that we have explicitly imposed
the H(div,2) regularity for the vector variable but now merely ask u to belong to L?(12).
The property that o is the weak gradient of u is implicitly contained in the first row of the
system.

We want to identify appropriate finite element spaces leading to a stable discretization of the
mixed Laplacian. Since L?(£2) function do not require any continuity, a reasonable choice is to
discertize it by the subspace Py(T) of piecewise constant (possibly discontinuous) functions
with respect to a regular triangulation. For piecewise polynomial discretizations of H (div, )
we have seen in Problem 25 that for each edge of the triangulation the component of the
piecewise polynomial vector field must be continuous in the normal direction with respect
to the edge. We thus will use the normal directions at the edges as the degrees of freedom.
We begin with the construction on a single triangle. We set

a

RTH(T) := {v € [L*(T))* : v(z) = (b

> + cx for a,b,c € R}.

The vector fields of RTy(7T) belong to a subset of the vector fields that are affine in each
component. Obviously dim RTy(7") = 3. For the standard P; finite element, the degrees of
freedom were the point evaluations at the vertices and we worked with the nodal basis of hat
functions. Since here we want to enforce continuity of the normal component across edges
we seek a basis (V) geg(r), where E(T') is the set of edges of T', such that

][T,Z)E'VFdl’:{l ifE=F 16)
F

0 else.

Here, vp is the outer normal vector of T restricted to the edge F'. This property is achieved
by the following definition
|E|

1/JT7E({L') = m(% — PE)

where Pp is the vertex of T opposite to E. The proof of (16) is left as an exercise. Globally,
we then define
RTH(T) :={v e H(div,Q) : VT € T v|r € RTp(T)}.

This space is called the Raviart—Thomas finite element space. We have seen that it consists of
all vector fields that are in RTy(T") for every triangle T" and that are normal-continuous across
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Figure 8: Convention for the edge normal.

each edge. Given any interior edge F, we fix a normal vector. For the two neighbouring
triangles 7y and 7_ this vector then points inwards to one of them and outwards to the
other one. We use the convention that

vg=vr, and vg=—vr_

that is, vg is the outward pointing normal to 7% . This is graphically illustrated in Figure 8.
If E is a boundary edge, we define T_ = 0.
The functions
Yr,p(x)  ifzell
wE(.%') = _wT,,E(l') fxeT_
0 else

then form a global basis of RTy(T).

Lemma 2.75. The functions (g)pee form a basis of RTo(T). They satisfy fnVg-ve de =
dEF.

Proof. Exercise. O

The Raviart—Thomas space has a canonical interpolation operator, which reads for any
sufficiently smooth vector field 7

IprT = Z][ T -vdsyg.
E

Ee&

By construction, it satisfies the conservation property

/ IRTT-VEdSZ/ T7-vds forany E € €£.
E E

We will see that this operator is not well defined for functions in H(div, ) but requires
further regularity of 7. A sufficient criterion for Izy7 to exist is for instance 7 € [H1(Q2)]?
because traces along edges are well defined due to the trace theorem. The following result
shows H' stability of Ir7.

Theorem 2.76. The Raviart-Thomas interpolation is stable with respect to the H' norm
in the following sense. There exists a constant Cr,,. only dependent on the shape regularity

of T such that
rrvlla @) < Crarllvlmiq)  for allv e [H'(Q)),
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Proof. The restriction of Ir7v to a triangle K can be written in terms of the basis expansion

as follows
Igrv|g = Z ][U vg dsyg.
EeE(K)

A direct computation for the basis function shows that

|E| < AL, e~ _LE]
=——||e—P h hx
1Bl ) QIK\H B2 ) < 2]K\ K| K] SRR = \[

where we used that there exists a constant ¢ (only depending on the shape regularity) such
that h? < ¢|K| and the elementary estimate |E| < hg. Similarly,

|E| K12 £ 1
D < 2 < .
[DYEllL2(x) < 2|K|\ﬂ | 2|K\1/2f o

We recall the trace inequality from Theorem 1.27 and compute for the coefficient in front of
Y that

][ v vgl = \EM/ v-vgl < BTl )
E E
- 3|E| ! |
< |E|-1/2 ——L 12 \|Dv
<|E| \/2|K|H 2200+ ey i 1PV e

3 2
= ——=h3%|D

There exists a constant ¢ (only depending on the shape regularity) such that h? < c|K|. We
thus infer

] o uEr<\/ el + IID0la 0, < Ol ol + 1DV 200

for some universal constant C;. We use the triangle inequality and compute

1 _
Mrrolg < Y | f v sl o < 35 Cu R ol + 1Dl 20c)
EcE(K ¢

< Collvll gy

for some constant Cy (where we used the very rough esimate hx < const for the gradient
term). In order to bound the gradient, we observe that DIgrv = DIgyp(v — f, vdzx) for the
constant f, v dx (component-wise integral mean) because Iy conserves constants (exercise).
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We then compute
IDIervlla = 1DIar(v = f vde)le)

3 |7i (v 7{( vdz) - v ds|| Dye| 2oy

EEe&(K)
<3 (0 = o)l + 190l 20)

< Csl|vll gy

IN

for some constant C3 where we used the Poincaré inequality for the mean-free function
v — fK vdzx. Note that the constant in the Poincaré inequality scales like hx. The claimed
bound on the H'(Q) norm follows from using this local argument in the sum expansion

1rroll3ng) = Y IHrrol3n )
KeT

O

The following so-called commuting diagram property is of particular importance. We denote
by I : L?(Q) — Po(T) the L? projection on piecewise constants. It has the following
representation (exercise)

(IToq)|r = ][ gdz forall g€ L*(Q) and all T € T.
T
For vector variables, we use the same symbol IIy to denote the component-wise L? projection
on [Po(T)J?.

Lemma 2.77 (commuting diagram property). The Raviart—-Thomas interpolation Ipp :
[HY(Q)]? — RTy(T) satisfies
div Igprv = Il div v.

In other words, the diagram
div
[HY(Q)]? — L*(Q)
Irr 1o

RTY(T) 2 Ry(T)

commautes.

Proof. Let v[H'(Q)]?. The divergence theorem shows for any 7' € T with outer unit normal

v that
/diVIRTUd:B:/ Iprv-vds = Z /IRTU-V|Eds.
T ar peer)’E
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For any edge E € £(T), the operator Irr conserves the integral of v - v|g. Thus
Z /IRTU-V]ECZS— Z /’U-Z/|Ed8—/ v-uds-/divvds
pee(r)’ P Eee(T)’ B or T

where we used again the divergence theorem. We combine the above two chains of identities
and divide by the area of T to obtain

][divIRTvd:c = ][ divods.
T T

The left integrals simply equals div Igrrv because the integrand is constant on T. The
assertion follows with the above representation of Ily as the piecewise integral mean. O

Let us now turn to the discretization of the mixed Laplacian. The mixed finite element
approximation seeks (op,up) € RTo(T) x Po(T) such that

/Uh‘ThdZ'—/diVThuhd.T:O for all ThGRT()(T),
Q Q
/ div oy, vy do = —/ fopdx  for all vy, € Py(T).
Q Q

Theorem 2.78. Given any f € L%(Q), there is a unique solution (o, up) € RTy(T) x Po(T)
to the discrete mixed system. We have the error estimate

- iv + - SC inf - iv + inf -
o — onllmaiv,o) + lu —unll L2 (Thengo(T)lla h| E (div,0) Uhelgomllu vnllz2()

for some constant C'.

Proof. Tt suffices to prove the requirements from Brezzi’s splitting theorem. The error es-
timate then follows from the abstract error estimate from Theorem 2.68. For the proof of
coercivity of the form

a(oh, Th)

on the kernel Zj,, we first note that any 7, € Z satisfies by definition
/ divrpupde =0 for all v, € Py(T).
Q

But since div 7, € Py(T), we see that div 7, = 0 pointwise in Q. Therefore

a(Th, Th) = HThH%Q(Q) = HThH%Q(Q) + | diVThH%Z(Q) = HThHQH(div,Q)v

which implies coercivity of a in RTy(7) C H(div, ).
Let us prove the inf-sup condition for the form

b(Th, vp) ::/diVThvhdx.
Q
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Let any v, € Py(T) be given. In case that € is not convex, we increase the domain to a
larger convex domain Q by adding suitable triangles, and we extend vy by zero to a function
f € L2(€). On Q we then solve the weak form of the Dirichlet problem A = f for some
W € HA(Q). From the H? regularity on convex domains (Theorem 1.55) we deduce that
W € H?(Q) with

@l r2(q) < Cregllvnllzz),  Vidla € [HY(Q)]?, and div Vi = vy, in Q.

Since V in H', its Raviart-Thomas interpolation is well defined and satisfies, due to the
commuting diagram property,

div IgppVw = Iy div Vo = Ty (vp,) = vp.
We furthermore have a bound on the H(div,2) norm

Vi) = Mrer VilEa ) + onllz20) < Cren IVl 0) + lenlagey
< (Clay Creg + DllvnlZ2(q)-

We then compute

sup b(T, vn) S b(Ipr Vi, vp,) B ||”h||%2(9)
merTo (N0} 1T @ llvrllzz) — HrRr V@[ geaivllvnllzz)  HrRr V|| g (giv) 1onll L2 o)
> = .
CIZRTCI?eg +1

This proves the inf-sup condition with a constant that only depends on the shape regularity.
O

Remark 2.79. The implementation of the Raviart—Thomas element requires a global enu-
meration of the edges of the triangulation.

Remark 2.80. The space H(div, §2) possesses traces in some generalized sense. The trace is
defined by duality. Let v € H*(), then we can define the normal trace o-v of ¢ € H(div, )
as a linear functional acting as follows

(o -v,v) ::/U-Vvdx+/vdivadx.
Q Q

This definition is of course inspired by the divergence theorem. Notice carefully that o - v
need not be an L? function over 92, but in general only exists as a linear functional. It is
therefore not possible to restrict it to some part of the boundary or to a single edge of a
triangle. This is why the interpolation Iy is not a well-defined operation on H (div, ().

Problem 61. Prove that the mixed form of the Poisson equation satisfies the properties of
the Brezzi splitting theorem.
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Problem 62. Prove that the local basis functions 7 g satisfy the property (16).

Problem 63. Write a routine (Python or pseudocode) that provides a global enumeration
of all edges in a given mesh 7.

Problem 64. Implement the mixed Raviart—Thomas method for the homogeneous Dirichlet
problem of the Laplacian. Use the data from earlier exercises to compute experimental rates
of convergence in different norms.
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Topic 3: Linear parabolic problems

§12 The heat equation and a numerical scheme (week 26)

So far we have seen PDEs that were depending on spatial variables in some domain 2. We
assumed uniform positive definiteness on the diffusion coefficient A (see Theorem 1.41) so
that we could use arguments based on coercivity. Such partial differential operators are
called elliptic. We now introduce an additional time variable ¢ € [0, 7] such that the PDE is
posed on the space-time cylinder © x [0, T]. For simplicity we will focus on the heat equation
as a prototype. It seeks a function u : Q x [0,7] — R such that

Ou—Au=f inQx(0,7] =R, (17a)
u=0 on dQx[0,T], (17b)
u=g onx{0}. (17¢)

Note that v = u(¢,x) and that the Laplacian A acts with respect to the spatial variable x.
Equation (17a) is called the heat equation. It describes the time evolution of heat diffusion
in the domain Q. Condition (17b) is the homogeneous Dirichlet boundary condition on 052
that holds of all times ¢ € [0,7]. Finally, (17b) is an initial condition on the initial state
u(+,0) that should equal a given function g = g(z). The right-hand side f = f(x,t) models
(time-dependent) heat sources in the domain €.

Before stating a weak formulation for this problem, we give some brief remarks on integration
of functions with values in some Banach space X. The construction is analogous to the usual
Lebesgue integral.

Definition 3.81 (integral of X-valued functions). Given a Banach space (X, ||-||), a function
s:[0,T] — X is called a simple function if it has the form form s(t) = 377" 14, (¢)u; with
uj € X and Lebesgue measurable sets A; C [0,7]. A function f :[0,7] — X is said to be
strongly measurable if it is the limit (a.e. in [0,77]) of a sequence of simple functions. The
integral of a simple function s(t) = 37" 14;(t)u; is defined as

T m
/ s(t)dt == Zmeas(Aj)uj.
0 =

A strongly measurable function f is said to be summable if there is a sequence (sg)y of simple
functions such that

/T lsk(t) — f(t)||dt = 0 as k — oo.
0

For summable f we define the integral

T T
/ f(t)dt :== lim sg(t)dt.
0

k—o0 0

This method of integration is sometimes named after S. Bochner. O
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We now define, for 1 < p < oo,

LP(0,T; X) :=={f :[0,T] = X : f strongly measurable and || f||z»( r.x) < 0o}

T 1/p
1l = ( /0 Hf(t)||pdt) |

We define a weak derivative as follows.

where

Definition 3.82. Let v € L?(0,T;X). A summable g : [0,7] — X is called the weak
derivative of v if

T T
/ O (t)u(t) dt = —/ P(t)g(t)dt for all ¢ € C°(0,T) (scalar test functions).
0 0

and we write v/ = v = g.

In many respects we can operate with Bochner integrals as with ordinary Lebesgue integrals,
and this viewpoint will basically be sufficient for our lecture.
We have the following embedding of weakly differentiable functions.

Lemma 3.83. Letu € L'(0,T; X) be summable with v’ € L'(0,T; X). Thenu € C([0,T]; X)
and we have

t
u(t) = u(s) —i—/ ' (r)dr  forall0<s<t<T.

Proof. We only sketch the idea of the proof. As in prior sections on Sobolev spaces, we can
approximate u by some u. (through convolution) and see that u. — u in L*(0,T; X) as well
as ue — v’ on L(s,t; X) for compact intervals [s,t] C (0,7 as e — 0. We observe

ue(t) = ue(s) —I—/ ul (r)dr

and pass to the limit € — 0, which shows

for almost every 0 < s < t < T'. From this representation we see that u is continuous because
the integral is continuous as a function of ¢. O

Remark 3.84. The statement that u € L'(0,7; X) is continuous should always be read as:
There exists a continuous function in the equivalence class u.

Recall the dual space H~1(Q) of H}().

Lemma 3.85. If u € L*(0,T; H}(Q)) with ' € L*(0,T; H1(Q)) be given. Then u €
C([0,T); L*()) and furthermore

Oullu(t)[ 220y = 200 (), u(t))-
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Proof. The proof again works by regularizing u and showing convergence of the regularization
ue in C([0,T]; L*(2). The claimed formula for the derivative of the squared norm is easily
verified for smooth functions u. and remains true after taking limits. The details can be
found in [EvalO, §5.9]. O

Let us derive a weak formulation for (17). We interpret A as the weak Laplacian on H}(€2).
If we assume f € L?(2 x [0,7T]) for the right-hand side, the solution u(-,¢) belongs to HZ ()
for all t € [0,T]. We thus have u € L*([0,T); H}(2)). From (17a), we see that d;u equals
Au + f at all times, which is an element of H~1(Q).

Definition 3.86. Let © C R? be an open, bounded, connected Lipschitz polygon and
0<T<oo. Let f e L>(Q2x][0,T]) and g € L*(Q) be given. A function u € L*([0,T]; H}(£2))
with dyu € L2([0,T]; H~1(R)) is said to be a solution to the initial /boundary-value problem
of the heat equation if it satisfies

(Opu(-, /Vu Vvdm—/f tyvdz for all v € H}(Q) and a.e. t € [0,T]

and
u('? 0) =g-

From Lemma 3.83 we see that posing a condition on u(-,0) is meaningful.

Numerical methods

We will later prove that there exists a unique solution to the heat equation. Let us first
define a numerical method, so that we can start to do actual computations. The idea is
to discretize the spatial derivatives with a finite element method. The time derivative is
discretized by difference quotients. Ignoring for the moment the time discretization, we use
finite elements (with respect to a triangulation 7 of Q) in space and obtain the so-called
semidiscrete equation: Seek @y, € S§(T) x [0, T] such that

(Optp (- t),vp) / Vi (-, t)-Vop de = / f(,t)vpdx  for all vy, € SO (7r) and a.e. t € [0,T]

(18)

and
un(-0) = gn

where g, is a suitable approximation to g, for instance the L? projection to S(l) (T) or some
(quasi-)interpolation.
The equation is called semidiscrete because the dependence on time has not been resolved
by a numerical method, yet. In order to obtain an actual numerical method, we need to
discretize the semidiscrete problem (18) in time. To this end, we approximate the time
derivative by difference quotients.
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Definition 3.87. Given a time step size At and a sequence (Uj);=o,... s of elements of some
vector space, we define

Ujr1 —Uj

0, U; == A

(1=0,...,J=1) (forward difference quotient)

and

Uj — Uj_l
At

Let now the interval [0, 7] be uniformly subdivided by the time step size At =T/J as

0, Uj = (j=1,...,J) (backward difference quotient).

to=0,t1 =At, ..., t; =jAt, ..., t;=T.
By Taylor expansion one derives the following approximation property.

Lemma 3.88. Given u € C?([0,T]), we have for 8] and 0, that
At
|07 u(t;) — Bu(ty)] < 7”@%“”0([01])-

Proof. Problem 66. ]

We introduce a uniform time step size At = 1/J. If we replace the time derivative in (18)
by the backward difference quotient 9, , we arrive at fully discrete problem. We denote by
(uk)i_, the sequence of spatial unknowns in S}(7) and obtain the equations

(O ul o) + /Q Vul - Vo, de = /ﬂf(-,tk)vh dr for all v, € S§(T) and all k=1,...,J.

(19)
The initial condition is u% = g5, where gj, is some approximation to g in S§(7). In matrix-
vector notation for the coefficient vector z* of uﬁ this reads as

MTorak + ATak =,

where M is the mass matrix, A is the stiffness matrix, and by is the right-hand side vector
for f at t;. We use the definition of 9, and the fact that the 2¥ is known and obtain the
following numerical scheme

(M + AtA )z = Atby + M T2F1 for j=1,...,J.

This method is called the implicit Euler method or backward Euler method. We note that in
each time step we have to solve a linear system.

We can perform an analogous derivation for the forward difference quotient d;" and obtain
the following scheme

M ap = Atby+ (M7 — AtA )y forj=1,...,J

called the explicit Fuler method or forward FEuler method. Here, a system with the mass
matrix M has to be solved in each step. It turns out that this can be done much more
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efficiently in comparison with the implicit Euler method. The reason is that the mass matrix
can be suitably approximated by the diagonal matrix M whose entries M;; equals the row
sum of M. This procedure is referred to as mass lumping. Each time step in the lumped
scheme is then very cheap because no linear system has to be solved. This explains why
the scheme is called explicit. It will, however, turn out that the time step size needs to be
chosen much smaller for the explicit method than for the implicit method in order to obtain
reasonable approximations.

Problem 65. Prove that the L? inner product on finite element spaces is represented by
the mass matriz

M;, = / jpr dr.
Q
Prove that the local mass matrix is given by

_ 17l

2 11
i 121
12 1 1 2
(see also Problem 23). Implement an assembling routine for M in Python.

Problem 66. Prove the approximation properties of the difference quotients stated in
Lemma 3.88.

Problem 67. e Implement the backward and the forward Euler method for the heat
equation. Approximate g by the finite element interpolation g, = Ig.

e Let the initial value ug(x) = sin(7rz1) sin(7z2) on the unit square Q = (0,1)? be given.
Prove that the solution to the heat equation with f = 0 is given by

u(t, r) = sin(rx;) sin(mzs) exp(—272t).

e Take these data (and T'= 1) and compute experimental convergence rates with respect
to h and At. Use the following two choices for the norm:

K
pmax Ve = Vug| 220

and

[ 1900 = (0] .
Q

The last integral can be approximated by the midpoint rule in space and the Simpson
rule in time.

Remark: We interpret uy(t) to be piecewise affine in time (a polygonal line through
the points uf).
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§13 Error analysis (week 27)
We now perform an error analysis for the implicit Euler method. The proof follows a general
guideline for the error analysis of any time-stepping scheme. The two building blocks are:

e Stability: The sequence of discrete approximations stays bounded (uniformly in At)
in norms that we expect to be bounded for the exact solution. This is a reasonable
requirement for convergence with respect to these norms.

e Consistency: Usually, the exact (or semidiscrete) solution will not satisfy the recur-
sion rule of the numerical method. Consistency means that the resulting error terms
converge to zero for At — 0.

Lemma 3.89 (stability). The iterates uﬁ of the backward Fuler scheme satisfy

k
e [y + A3 IV ey < 200y + 280 S 1)
T k=1 k=1
Proof. From the definition of 9, we obtain the following identity
1
k

1
up = i(ui +uf )+ iAtﬁt_uﬁ.

A straightforward computation then yields
1
(07 uk,uk) /8 uhuhdx—/a ulb (= uh+uh ))dx—i—/@t_uﬁ(QAtﬁt_uﬁ)dx
Q

_ 1 _
= 2A (Huh”L2 — [Jup IH%Z(Q)) + §At”8t Uh||%2(m

We use v, := qu as a test function at step k of (19) and obtain

1 B 1 _
@(Hulfi”%%g) - Huﬁ IH%Q(Q)) + §AtH3t Uh”%%m + HVU];QH%‘Z(Q)
- /Q F oty dz < 117Gt -y | Vb e

1 1
< SIFC i) + 51 VuRllZz -

After re-arranging the gradient terms and estimating the norm of 9, from below by O,
multiplication of the estimate by 2A¢ and summation over k results in

K

S il — a2 +At2||Vuh||L2(Q<AtZHf %10

k=1 k=1 k=1

for any K < J. The first term is a telescoping sum and equals (HuhKH%Q(Q) — ||u2||%2(ﬂ)).
Increasing the right-hand side by replacing K by J, we thus see that

omax (220 < 220 N S
77 kl

The combination with the foregoing estimate then implies the assertion. O
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The solution of the spatial finite element method defines a map Gy, : H}(2) — S3(T), called
the Galerkin projection. The Galerkin orthogonality reads

/ V(u— Gpu) - Vopdz =0 for all v, € SE(T).
Q

On convex domains, we have from elliptic regularity (Theorem 1.55 and Corollary 1.54) that
IV (u — Gru)ll 20y < ChlID*ul 12(0. (20a)

Furthermore, Theorem 1.56 implies
lu — Grull 20y < CR?||D?ul| 2. (20b)

Lemma 3.90 (consistency). Assume that the domain € is convex and that the solution u
to the heat equation additionally satisfies

ue CH([0, T]; H*()) n C*([0, TT; L*(%).

Then, the Galerkin projection z,’j := Gpu(-,tr) of the exact solution u(-,ty) at ty satisfies,
forallk=1,...,J,

(07 28 up) +/ Va2 - Vo, de = / f(ste)op dx + Ci(vp)
Q Q

where the C, € H=1(Q) are linear functionals satisfying

J
At; ICkl[5-10 < C(B* /OT ID?0pu-, 5)[172q) ds + (At) /OT s, )72 ds)-
Proof. We have the Galerkin orthogonality
/QV(z,li —u(-,tr)) - Vopdz = 0.

This and the solution property of u(-,tx) show

(07 28, op) + /Q Va2l - Vo, dx

= (07 28 — Ou(-, tr), vn) + (Opu(-, tr), vp) + /Q Vu(, tg) - Vup dz

=C, + /Q f( tg)vp da
where Cy, is defined by

Cr(v) := /Q(c'?;z],.f — Oyu(-,tg))vdx  for any v € HE(Q).
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To estimate the H~! norm of Ci, we split the consistency term on the right-hand side as
follows

v) = /sz,’i — (-, t))vda + /Q<8tu<-7 t) — dyu(-, 1) vda. (21)

By the fundamental theorem of calculus (see also Lemma 3.83) the first term on the right-
hand side of (21) equals

ty
/8 Stk))vde = — / /Ghatu — Owu(-, s))vdxds
At tk )

HGhatU( s) = Ou(-, 8)l L2 dsl|vl 2@

tk—1

A

Thus we obtain with the error bound (20a) on the Galerkin projection and Holder’s inequality
that

B h2 tr
o=t pede < 05 [ 1D, 20y dsllvlloge

te—1

h2 tr
C D29,u(-, s)||? dsllv
< m¢ [ 102001 g sl

For the difference in the second term on the right-hand side of (21), we obtain through
Taylor’s formula

O ul-, th) — Byul- ty) = Ait(u(-, be) — (st 1)) — Brulert)

G G-t atga
= —— S — tg—1)0xul(-, s)ds.
At ey
Thus, with Holder’s inequality,
_ 1 [t
/(ﬁt u(e, tr) — Opu(s, ty))opde = —— (s — tkl)/ Opu(-, s)vp dxds
Q At Jy, Q

tr
< / 10w, )| 2 dslonl 2

th—1

ty
< \/At\//tk_1 10su(-, $) 72 dsllvnll L2y

Combining the foregoing estimates with (21) results in

o (F \//tkkl'm@tu )13 ds + VAL \/ /t“nattu $)|IZ2 (g ds >||vh||m

This implies a bound on ||C||-1. Taking squares and summing over k implies the stated
bound on the sum of [|Cy[|3,-:- O
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Theorem 3.91 (error estimate for the implicit Euler method). Under the assumption of
Lemma 3.90, the implicit Euler method with initial value u?l = Ing (nodal interpolation) has
the approximation order

AtZHV 1) = uf)[32g) < O(h + Ab)

and
Jmaxlu(-, t) — ubllr2(0) < O(h° + At).

=1,...,

Proof. We introduce the Galerkin projections zp := Gpu(-,t;) and split the error as follows

J J
ALY IV (uls tr) = uf) 720y < QAtZ IV uls te) = 2|72 () +2A¢ Y 1V (21— uf)|72(q)-
k=1

The first term is estimated by the approximation property (20a) of the Galerkin projection
and AT = 1/J as follows

J
208 |V (ul-str) = 21) 1720y < Ch?AtZ 1D*u(-, te) 1220y < Ch2|lullcoqo,ry;m2(0))-
= k=1

For the second term, observe that Lemma 3.90 implies that z; — ulfl is the sequence of an
implicit Euler scheme with right-hand side Ci. Therefore, the stability of Lemma 3.89 shows

J

ALY Vg = 2il[72(0) < 2ITng — 20ll2(0 +2AtZ”CkHH 1
=1 k=1

<2|lg = Grgllr2()
4 r 2 r 2
+Ch /0 |D20gu( 5)|[ 2y ds + C(AL)? / 00t )22 0y .
Since we have

119 — 20llr2() < 1 — 9llr2() + llg — 20l r2(0) < Ch?(|D?gll12(0)

(note that g € H?(f2)), the error estimate for the norm involving the gradient is established.
The error estimate for the maximal L? error is shown analogously and left as an exercise. [

We have seen in Theorem 3.91 that the choice h =~ At yields a balanced error bound for
the discrete L?-H' norm. This is the case for the implicit Euler method. The explicit
Euler method satisfies a similar error bound under more restrictive assumptions. A stability
analysis of the explicit Euler method shows that stability is achieved under the additional
condition

At

s
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for some global constant ¢. This means that we have to chose the time step much smaller,
namely of order (At)?, which is not rewarded by the error estimate. In spite of the low
computational costs in each time step, this makes the explicit method rather unattractive.
In contrast, the implicit scheme is unconditionally stable.

Problem 68. Prove the error estimate

k 2
max u(- te) — upllr2) < O(R” + At).

e

from Theorem 3.91.
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§14 Existence and uniqueness for the heat equation (week 28)

We now prove existence of weak solutions in a constructive procedure. We follow the following
roadmap. In a first step, we discretize the PDE in space with a finite-dimensional Galerkin
method. At this stage, we are not interested in actual numerical computations but rather
use the Galerkin method as a tool from analysis. The space-discretized PDE can then
be interpreted as a system of ordinary differential equations, which is solvable by known
arguments. In a second step, we derive so-called energy estimates stating that certain norms
of the space-discrete solutions are uniformly bounded with respect to the dimension of our
Galerkin subspace. In the third step, we pass to the limit and see that the Galerkin solutions
weakly converge to some limit, which is then proven to satisfy the heat equation.

In order to define Galerkin approximations, let 7y be a triangulation of ). We consider
the shape-regular sequence (7;); of triangulations resulting from j red refinements. The
straight-forward space-discrete Galerkin method (already introduced in (18)) is to find u; €
S3(T;) x [0,T)] such that

(Oruj(-,t),v5) +/ Vu;(-,t) - Vojde = / f( t)vjdr for all v; € Sj(T;) and all ¢ € [0, T
Q Q
and '
uj(-,0) =Wy,
Where 111 g is the L? projection of ¢ to the finite element space SS (T5)-

Lemma 3.92. For each j = 0,1,... there exists a unique (semidiscrete) Galerkin approz-
imation u; to the heat equation.

Proof. Letting x;(t) denote the coefficient vector of the spatial part of u;, we see that the
Galerkin equation is equivalent to

MToxi(t) + ATxj(t) = b(t)

where M is the mass matrix, A is the stiffness matrix, and b(¢) is the right-hand side vector.
This is a linear ODE system which is complemented by the initial condition z;(0) = y;
where y; are the coefficients of g, Thus, it is uniquely solvable by standard results on
ODEs. O

We now turn to the announced energy estimates.

Theorem 3.93 (energy estimates). There ezists a constant C > 0 (independent of f, g, j,
uj) such that, for all j =0,1,...,

(max i ()2 ) + 1IVuslln2 o2y + 10kl 20,17, 5-1 ()

<O z2qom;z2) + l9ll2)-)
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Proof. An application of the chain rule shows the identity

1
(Opuj, uz) = at(§||Uj||%2(Q))-
We use the test function v; = u;(t) in the Galerkin equation, multiply by 2 and obtain with
the Cauchy and Young inequalities

Al 220 + 201Vt [22qy = 2 /Q fujdz < || 12200 + 1220 (22)

for almost every ¢ € [0, 7. This is a differential inequality bounding the growth of ||u;(-, ) H%Q(Q)
by the quantity itself and || f(-,?)[%. (- Gronwall’s lemma thus implies the bound

s (-, D) 1220y < exp(t) (Huj("o)H%?(Q) +/0 Hf(',S)H%m)dS) :

Note that u;(-,0) equals the L? projection of g, whence |ju;(-, 0)llz2() < ll9llz2(0)- We then
have (with C1 = exp(T))

Ofil&XT HUJ( )H%Q(Q) < Cl(HfH%Q([O,T];LQ(Q)) + ||9||%2(Q)) < Cl(||f||L2([0,T};L2(Q)) + H9HL2(Q))2

and thus the bound for the first term on the left-hand side of the assertion.
We now integrate (22) with respect to time and deduce

] T
QHVUJH%z([o,T};Q) < 720,10 +/O [ (-, )72y ds + llu (- 0)[ 720y — l1ug (- T 720y

With the bound on the maximum on [lu;(, s)|[z2(q) just shown we thus find

1
§||vuj||%2([0,T};Q) < 1 72o,y0) + (T +2) Jmax luj (-, ) 122
< (14 CuUT +2)(Ifllr2qome) + 9ll22)”

which implies the bound on the second term on the left-hand side of the asserted estimate.
In order to bound the third term on the left-hand side of the assertion including the negative
norm, let v € Hj(Q) with ||[Vo|2(q) = 1 be arbitrary. We denote by II MWy € S3(T;) the
L? projection of v to the finite element space and use it to test the Galerkin equation. We
obtain

(Opuj (-, / V(- VYo dz = / F(, Iy da.
Note that the term with angular brackets on the left-hand side is nothing but the L? product

because the solution to the ODE system is the FEM function with coefficients d;x;. In the
L? inner products (without gradients) in the above identity, the projection property of the
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L? projection shows that we can replace the function IIY)v by v. After rearranging terms
we therefore have

(Opuj (-, /f ])vdx—/VuJ ) - VI da.

With the Cauchy-Schwarz inequality and the nonexpansivity of II¥) with respect to the L?
norm we then obtain the bound

1(0us, 0) < I fll 2 vl 20y + 1Vl 2oy IVITD 0| 12 g

We have seen in Problem 57 that the L? projection is H' stable on sequences of red refined
meshes so that there is some constant C3 with ||VH(j)v||L2(Q) < O3 Vv|| 20 We use this
bound and the Friedrichs inequality for ||v[|z2(q) in the above estimate and get

[(Oruj, 0)| < CalllFll 20y + Vusll2()

for some constant Cy because ||Vv| 12(q). Taking the supremum over such v and integrating
we obtain

T
/0 18l 1) < Call 122030 + V4172 (0.77.60))-

We can now use the (already established) bound on ||V, z2(j0,m;0) to prove the estimate
on the third term on the left-hand side of the asserted inequality. O

Theorem 3.94 (existence of a weak solution). There exists a weak solution to the ini-
tial/boundary value problem of the heat equation.

Proof. The bounds from the energy estimates show that the sequence (u;); of Galerkin
solutions is bounded in L?([0,77; H}(2)) and (dyu;); is bounded in L%([0, T]; H~1(£2)). Since
these spaces are reflexive, there is a subsequence (which we do not relabel with an additional
index) and some u € L?([0,T); H}(Q)) and v € L*([0,T); H~1(£2)) such that

uj —u weakly in L2([0,T7; H&(Q))
Oiu; — v weakly in L2([0,T); HH(Q)).

It is then an exercise (cf. the arguments in the proof of completeness of Sobolev spaces) to
prove that v = dyu. The plan of the proof is to show that u satisfies the heat equation
and the initial condition. We momentarily fix an index m and choose a finite element test
function vy, € L%([0,T]; SA(Tm)). Recall that S3(Ty,) C S§(T;) for any j > m and so vy, is
an admissible test function on all finer triangulations. We therefore obtain from the Galerkin
equation and integration with respect to time that

T T T
/ (Orug, vm)dt +/ / Vuj - Vo, dedt = / / fomdxdt for all j > m. (23)
0 0o Ja 0o Jo

By the above weak convergence results, we can pass to the limit 7 — oo to get

T T T
/ (Opu, vy ) dt + / / Vu - Vo, dedt = / / fvm dadt. (24)
0 0 Jo 0o Jo
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This identity is valid for all m € N. Since the finite element functions on a sequence of
red refined meshes are dense in H{(Q) (see Problem 58), the identity even holds for all
v € L2([0,T]; H}(2)). In particular, the weak heat equation is satisfied for almost every ¢
and all test functions v € HE(Q).

We now proceed by showing that wu satisfies the initial condition u(-,0) = g. We consider
(23) with v, € CL([0,T7; S§(Tm)) with v, (T) = 0 being a test function for the Galerkin
equation with j > m. Integration by parts (with respect to time) reveals

T T T
/ —<3tvm,Uj>dt+/ /VUj-vadxdt:/ /fvmdxdt—i-/Uj(-,O)vm(-,O) dx.
0 0 Q 0 Q Q

Letting j — oo and observing that w;(-,0) = MWg — g in L?(Q), we use the weak conver-
gence relations and find

T T T
/ —(8tv,u>dt+/ /Vu-Vvdxdt:/ /fvdmdt—l—/gv(',O)da:
0 0 Q 0 Q Q

where we again used density of the finite element functions v,,. On the other hand, a similar
argument for (24) results in

T T T
/ —(Otv,u>dt—|—/ /Vu-Vvdxdt—/ /fvdxdt—i—/u(',O)v(-,O)dx.
0 0 Q 0 Q Q

Comparing these two formulas then leads to u(0) = g because the test function v was
arbitrary. O

Theorem 3.95 (uniqueness). The weak solution to the initial/boundary value problem of
the heat equation is unique.

Proof. The difference e of two weak solutions satisfies the heat equation with right-hand side
f =0 and initial values g = 0. We then have (cf. Lemma 3.85) that

1
at(iHeH%Q(Q)) + ”VQHQB(Q) = (Ore, €) +/ Ve -Vedr =0
Q

for almost all ¢. In particular, we have (||e[|32 (Q)) < 0 and the norm of e is nonincreasing.
The initial condition thus shows that e = 0. Ul
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