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CHAPTER 1

Standard Finite Element Methods

1.1. Tools

1.1.1. Elementary Hilbert space theory. Hilbert spaces are taught in de-
tail in any class on linear functional analysis. Here we only focus on some very
basic properties.

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 € X. Tt is elementary to establish the
Cauchy—Schwarz inequality

(,y)x < llzllx [lyllx  for any 2,y € X.
It can be shown that || - || x defines a norm on X (thereby justifying the notation).
The proofs are the same as in the case of Euclidean vector spaces and left as an
exercise. The difference to Euclidean spaces is that X can be infinite-dimensional
and therefore need not be complete. If it is complete, we call X a Hilbert space.

DEeFINITION 1.1 (Hilbert space). A linear space X (over R) equipped with a sym-
mertic and positive definite bilinear form (-, ) x is called Hilbert space if it is com-
plete with respect to the norm || - ||x := +/(-, ) x. ¢

Basically, Hilbert spaces are Banach spaces with an Euclidean structure.
LEMMA 1.2 (parallelogram law). In a Hilbert space X, every (a,b) € X? satisfies
lla = bl% +lla+bl% = 2l + [Ibl%)-

PRroOOF. If we expand both terms on the left-hand side with the binomial iden-

tity, we see that the mixed terms cancel. What remains are the terms on the
right-hand side. 0

THEOREM 1.3 (projection on complete subspaces). Let X be a Hilbert space with
inner product (-,-)x and let Y C X be a complete linear subspace. Given x € X,
there exists a unique element Px € Y with the property

— Pz||x = inf ||z — y]|x.
le — Pellx = inf |lz - yllx

The element Pz is unique and characterized by the property
(x— Px,y)x =0 forally €Y.

PROOF. We abbreviate § := inf,cy ||z —y||x Let (yx)x be a sequence in ¥V with
|l — yrl|lx — d as k — oo. To prove that the sequence is Cauchy, we let m,n >0
and choose a = x — Yy, b = x — y,, in the parallelogram law, which results in
1
5 Wm A y)lx = 2(lz = ymlx + Iz = vall%)-

Since Y, Y, are from the linear space Y, their average lies in Y, and the second
term on the left-hand side is bounded from below by 46. Since the right-hand
side converges to the same value, we deduce ||ym — ynllx — 0 as m,n — oo so
that (yx)r is a Cauchy sequence. Since Y is complete, the sequence has a limit,
denoted by y, which lies in Y and satisfies |z — y|| = §. For proving uniqueness, we

Hym - ynH%( + 4”3j -

5



6 1. STANDARD FINITE ELEMENT METHODS

assume that there are y,y’ € Y realizing the infimum. The above argument with
the parallelogram law applied to ¥,%’ instead of y,,, y, shows that y = 3/, which
proves uniqueness. We thus denote Pz :=y.

For an arbitrary z € Y and € € [0, 1], the convex combination (1—¢)Pz+ez belongs
to Y, so that we infer with elementary manipluations

o — Pzl = 0% < |lo — (1 — )Pz — ez[|%x = |[(z — Pz) — (2 — Pa)| %
Expanding the right-hand side results in the estimate
|z — Px||% < ||z — Pz|% +€2||z — Px|% + 2¢(x — Px,2 — Px)x.

Simplifying, dividing by e, and letting ¢ — 0, we see with the substitution y :=
z — Pz that 0 < (z — Pz,y)x for all y € Y. Since this must be true for £y, the
bilinearity proves the asserted variational identity. O

DEFINITION 1.4. The map P : X — Y from Theorem is called orthogonal
projection to Y. ¢

It is easy to see that the orthogonal projection P to a subspace Y is linear and
nonexpansive, that is || P||.(x,y) < 1, see the exercises.

We recall the dual space X* := L(X,R), which is the space of continuous linear
functionals over X. The Riesz representation theorem states that there exists an
isometric isomorphism between X and X*. The proof is taught in every course on
linear functional analysis and we will briefly discuss the proof in what follows.

THEOREM 1.5 (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

(3.2)x = F(y) for ally € X.
The dependence of x on F is linear and the element x satisfies ||z||x = || F||x=-

PROOF. We consider the map J : X — X™* defined by
v J(@) = [y = (y,2)x]

or J(z) = (-,x)x for short. It is direct to check that J is linear and satisfies
lzllx < [|J(2)||x+ < ||z]lx so that it is injective and an isometry. We are left with
showing that J is surjective. Given some nonzero F' € X*, we denote by P the
orthogonal projection to the kernel ker(F') (which is closed and thus complete, see
the exercises). We choose b € X with F(b) = 1 and set y := b — Pb. By scaling
the element y, we can now decompose any z € X in a part in the kernel of F' and
a multiple of y, namely

z= (2 - F(2)y) + F(2)y.
By construction, y is orthogonal to any element of ker(F'), so that we compute
(z9)x = (= F(2)y, 9)x + (F(2)y, y)x = (F(2)y:9)x = F(2) ||yl %-
Rearranging this formula reveals

F(z) = yllx* (= 9)x = J(lyllx*y)(2) for all z € X

(note that y is nonzero because F(y) = 1). We thus have shown F = J(z) for

z = ||ly|x%y, whence J is surjective.
U
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1.2. Linear elliptic problems

1.2.1. Dirichlet problem and Dirichlet principle. In this lecture we study
partial differential equations (PDEs) and their numerical approximation. We con-
fine ourselves to linear equations of second order. Let us first define what we mean
by this.

DEFINITION 1.6. Let n € N and €2 C R™ be an open subset. Let furthermore a
map F : R™™ x R" x R x 2 — R be given. We call the equation

F(D?*u(x), Vu(z),u(z),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 equa-
tion is called partial differential equation because it involves partial derivatives of
the solution (in contrast to ordinary differential equations (ODEs), which only de-
pend 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 1.7. 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(x).
It is called Monge—Ampére equation.

Recall the Laplacian Au(z) = div Vu(z) = Y°7_, dj5u(z) = tr D*u(x), where tr A
denotes the trace of a matrix A.

ExXAMPLE 1.8. For f € C(2) and F(A,b,c,z) = tr A+ f(x) we obtain Poisson’s
equation

—Au(z) = f(x).

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 + Sv, («, 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(z) +v(2)) # f(2) + g(x),

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

DEFINITION 1.9. A 2nd order PDE is called linear, if it is of the form
D aa(2)0u(z) = f(x).
ler]<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. ¢



8 1. STANDARD FINITE ELEMENT METHODS

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 con-
straints 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 € C R™ which is open, bounded, and connected.

DEFINITION 1.10. Let € C R"™ be open, bounded, and connected. A function
u € C%Q) N C(Q) is said to solve the Dirichlet problem with right-hand side
f e C() if it satisfies

—Au=finQ und w=0onJN.

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

DEFINITION 1.11. A domain 2 has a Lipschitz boundary, if there are finitely many
open sets U',...,UN C R” that cover a neighbourhood of the boundary 0 and
have the property that, for any j € {1,..., N}, the set 9QU U7 can be represented
as the graph of a Lipschitz function so that ~; such that 2N U7 lies on exactly one
side of the graph.

Let us give a formal definition in two dimensions. There exists some N € N, fi-
nitely many open sets U', ..., U, open intervals I ;7 C R and Lipschitz continuous
functions ~; : I i — R? on I ; with the following property: The U J cover a neigh-
bourhood U of 99, i.e. U C Uévlej, and any U7 satisfies (after some shift and
rotation of the coordinate system)

e U'NaQ={(y,7(y):y I}
e VNN C{(y,2):yel,z>~(y)}

¢

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  and a vector field v € C1(£; R"™) we have

/ v-VdSZ/divvdx.
o0 Q

Here (and throughout this text) we denote integration with respect to the n-
dimensional Lebesgue measure by the symbol “dz” while integration with respect
to the (n — 1)-dimensional surface measure is indicated by “ds”. The divergence
theorem implies the formula of integration by parts: For two differentiable functions
u and v we have
/ (u0jv + v 0ju)dr = / wv;ds
Q a0

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 - Vu)dz = / u@ds,
Q oa OV

where v € C?(Q) N C1(Q) is assumed.



1.2. LINEAR ELLIPTIC PROBLEMS 9

THEOREM 1.12 (uniqueness). The solution to the Dirichlet problem is unique.

PROOF. Let u 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
0f), we have that w is the constant zero function whence u = v in Q. 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 1.13. Let Q = (—1,1)%\ ([0, 1] x [~1,0]) be the I'-shaped (or L-shaped)
domain. Let u be given by

w(z,y) = (1 — 22)(1 — y2)r2/3 sin (%f) .

Here, we use polar coordinates 0 < r < 1 and 0 < ¢ < 37/2; note that x = rcos
and y = rsin . One can verify that u satisfies —Au = f for some f € C°(Q) and
u|lpa = 0. But u does not possess bounded derivatives and, thus, does not belong
to C1(9).

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 1.14 (fundamental lemma of calculus of variations).

(a) Let the function g € C°(Q) satisfy

/gwdm =0
Q

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

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

Proor. Exercise. O

THEOREM 1.15 (Dirichlet principle). Let Q C R™ be a bounded Lipschitz domain.
Let V.={v € CYQ) : v =0 0n0Q} and f € C°(Q). A function u € V satisfies
—Au = f in Q if and only if it minimizes the functional J : V — R given by

1
J(v) = §/Q|Vv|2d9:f/ﬂfvd:c (veV)

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

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

d
0= aJ(u—f—tv).

The chain rule implies

V(u + tv)] dx) Vu - Vudz.
<dt 2 / | =0 Ja
It is furthermore elementary to verify

d

— | flu+tv)dx = [ fudx.

dt [¢) +=0 Q
This shows that necessary condition
(1) / Vu - Vudr = / fvdz forallveV.

Q Q

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

/ Vu - Vudr = / (—Au)vdz.
Q Q

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 —Awu =
f holds pointwise in €.

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

J(u+v)—J(u):1/(|V(u+v)| —|Vul?) dm—/fvdx

/Vu Vvdx—/fvdx+ /|VU|2d[L'

:*/|VU|2dx20.
2 Ja

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 (I). Thus, J is minimal
at u. t

Dirichlet’s principle shows that solving Poisson’s equation with boundary condi-
tions is equivalent 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 minimization 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.
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1.2.2. Weak derivatives and discrete functions. The Dirichlet principle
showed us that we can understand derivatives in some weaker sense.

DEFINITION 1.16 (weak derivative). Let & C R™ be open. Let v € L{ () and
j €{l,...,n}. If there exists a function g € L} () with the property

loc

[ vosode == [ guda torallv e @),
QO Q

then this function g is called the weak partial derivative of v with respect to the
direction j, and it is denoted by 9;v. The vector of all partial derivatives is denoted
(provided it exists) by Vo. ¢

REMARK 1.17. 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 1.18. The absolute value function v(z) = |z| on @ = (—1,1) is not
differentiable on (—1,1). Yet, its weak derivative is given by

) M@):{_l if <0

1 if > 0.
Note that we can modify elements of L] () at 2 = 0 to any value.

From the example we see that functions with certain kinks can be weakly differen-
tiable.

ExAMPLE 1.19. We subdivide the interval (—1,1) into finitely many sub-intervals
[, %j41], where

—1l=z1<---<zy=1 and U;v:_ll [I’j,ll?j_‘_l]:(z:[*l,l],

and consider the globally continuous functions that are affine when restricted to
any of the sub-intervals [z, x;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(z;)) ;-Vzl of its values at
the points z;. 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 1.20 (triangle). A subset 7 C R? is called triangle if there exists
(21,22, 23) € (R?)? such that T is the convex hull of 21, 22, z3 and these three points
do not belong on one straight line. The points z1, 29, 23 are called wvertices. The
line segments between z;, 2z for j # k are called edges. ¢

DEFINITION 1.21 (regular triangulation). Let 7 C 2% be a finite set of triangles in
Q (2% denotes the power set). The set T is called a regular triangulation of  if
die the triangles cover the domain €, i.e., Uper = €, and if any pair (T, K) € T2
satisfies one of the following relations:

i) TNK =10
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(ii) TN K is a common vertex
(iii) TN K is a common edge
(iv) T=K .

¢

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

EXAMPLE 1.22. A non-regular and a regular triangulation of the square:

In what follows, 7 will always denote a regular triangulation of Q). Let T € T be
a triangle. The affine functions over 7" are denoted by

Pi(T) :=={ve L=(T) : Ia,b,c) € Rz € T, v(x) = a + bry + cxa}.

The functions that are piecewise affine with respect to 7 (but possibly globally
discontinuous) are denoted by

P (T):={ve L) :VT e T,v|lr € P(T)}.
Finally, the continuous and piecewise affine functions are denoted by
SYT) :==C%(Q) N Py (T)
and the subspace with zero boundary conditions reads
SHT) :={v e SYT) : v|osa = 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 1.23. The elements of SY(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 S*(7) (no boundary conditions) by (¢.).ear, where for any z € N
the function ¢, € S*(T) is defined by the property

1 ify==z
0 ifyeN\{z}.

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 S}(7), one omits the hat functions belonging
to boundary vertices. To this end, we define the boundary vertices by N (9Q) :=
0N NN and the inner vertices by N'(Q2) := N\ N(9€2). The nodal basis of S}(T)
then reads

(pz: 2 € N(Q)).
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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*(7T) can
be expanded as follows
vy = Z vp(2)@s-
zEN
The spaces SY(T) and S§(T) are called finite element spaces. Any continuous
function v € C(Q) can be approximated by its interpolation Iv € S*(T) as follows

Iv:= Z v(2)p,.
zEN

The map I : C(Q) — S1(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 € RV*2, The 2 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],
[1’1] 3
[0,1],
[.5,.511)

for the unit square (0,1)2. Here, we use the library numpy:

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 *? contains in its jth row
the three node numbers of triangle number j. In the example from Figure [I] 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],
[1,2],
[2,3],
[3,011)

We will comment on (and make use of) this later. In Python we can now plot our
triangulation 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
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3 2
2
1
I 4
0
0 1

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

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]1]1)
dirichlet= np.array([[0,1],[1,2],[2,3]1,[3,01])

# 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

lecture webpage. We do not care about the actual code, but we just use it. It can
be used as follows

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.

1.2.3. The finite element method. 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.
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The point of departure for the FEM is that the energy functional J from the
Dirichlet principle (Theorem|1.15)) is well defined for elements from S*(7") or S§(T).
Indeed, when considering the functional

J(v) = %/Q\Vvﬁdxf/gfvdx

we see that, for v € S*(T), the gradient Vv is defined in the sense of weak deriv-
atives. It belongs to L?(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?(): the Holder (or Cauchy-Schwarz) inequality then reveals

‘/vadx

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 € L2(Q2) we seek u, € Si(7) minimizing the
functional J over the finite-dimensional space S§(T), written

<N fllzz@llvllzz )

4) up, € argmin J(vp).

v, €SG(T)
THEOREM 1.24. Let Q C R? be an open, bounded, polygonal Lipschitz domain with
a regular triangulation T. Given any f € L*(Q), there exists a unique uy, € S§(T)
solving the discrete optimization problem , Furthermore, is equivalent to the
condition

(5) / Vuy, - Vopde = / fopdx  for all vy, € Sé(T).
Q Q

PROOF. Like in the proof of Theorem [I.15 one can show that the minimization
problem leads to the (in this case discrete) Euler-Lagrange equation as a
necessary condition. Details will be worked out in the problem sessions. Let us now
have a closer look at . Note carefully that the left-hand side of 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
in terms of vectors and matrices.

Let the dimension of the finite-dimensional space S{(7) be denoted by N € N.
Then S}(7) has the nodal basis (¢1,...on) € (S3(T))Y. With respect to this
basis, we can represent the parts

a(up,vp) = /QVuh -Vuopdzr und  F(up) := /Qf’uhdx
from in the usual way as matrices as follows: Let v, = Z;v:l z;p; and wy, =
Zivzl yrpr be elements of S§(7). We then have
a(vn, wy) =" Ay for A € RN*N where A, = a(pj, 1) (J,k=1,...,N).
Similarly, we have for F' € V} that
F(wp) =b"y for b€ RY where by = F(pr) (k=1,...,N).

Here, z,y € R™ are the vectors with entries x;, yx. If we expand uj, = Zj Zip;
with respect to the given basis, then the coefficients x of the solution uy, (if existent)
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satisfy the system
(6) ATz =b.

This means that we have transformed in the equivalent matrix-vector system @
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

J(up +wy) — J(up) = %(x + ) TAT (@ +y)— (z+y)Tb

1
= QxTATac —x'h+ yTATy

= J(up) +y ATy > J(up) for each y € RY

where we write w) = fo:l yr@k- The last estimate follows with the positive
definiteness of A. Hence, J attains a minimum at u,. The minimum is unique as
the necessary condition is satisfied by exactly one minimizer (namely up). O

In summary, we have formulated the finite-dimensional problem as the linear
system @ Let us remark that the form @ 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 bound-
ary conditions) 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,

e a vector b representing the linear functional fQ f e dx with respect to the
nodal basis of S1(7),

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 S1(T).

With these objects at hand, we can solve @ 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 The structure of the
program is displayed in Figure [

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'

AZT‘?C = (/ V- Vo dr)j =123
T

Here, the vertices of 1" are locally numbered by 1,2,3. Since the ¢; are affine
functions, their gradients are constant so that we arrive at the formula

Ve
Al = area(T) | Vg | [Ver Vo Vis] .
Vs
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import numpy as np
from mpl_toolkits
import matplotlib.
import matplotlib.
from mpl_toolkits
from mpl_toolkits.

import
tri as

pyplot
import

mplot3d
mtri

as plt
mplot3d

mplot3d import
mplot3d import

Axes3D
proj3d

from mpl_toolkits.
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

FI1GURE 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 , f)
dbnodes=np.unique (dirichlet)
dof=np.setdiffid(range (0,nnodes) ,dbnodes)
A_inner=A[np.ix_(dof ,dof)]
b_inner=b[dof]
x=np.zeros (nnodes)
x[dof]=scipy.sparse.linalg.spsolve(A_inner ,b_inner)
return x

FIGURE 4. The basic FEM routine.

The area is easily computed as follows. With the three vertices 21, 2o, 23 € R? of
T, we have that

1
area(T) = 3 det[zo — 21, 23 — 21]-

For the computation of V; we observe that the basis functions (or barycentric
coordinates) satisfy the system

(] eI

cR3x3 cR3x1

for any T. If we take derivatives (w.r.t. ) on both sides, we arrive at

Vol 0 0
[1 1 1} vor| = |1 o
a2 Bl Ve 0 1
€R3X3 ER3X2 GRBXQ
Therefore -

Ve, -1|0 0
Vel | = b 1 0

2 zZ1 22 Z3
Vg 0 1

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):
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nodes_loc=triangles[j,:]

coord_loc=coord[nodes_loc,:]

T=np.array ([coord_loc[1,:]1-coord_loc[0,:]1 ,
coord_loc[2,:]-coord_loc[0,:] 1)

area = 0.5 * ( T[0,0]1*T[1,1] - T[O,1]1*T[1,0] )

T= np.concatenate ((np.array([[1,1,1]]), coord_loc.T),axis=0)

Ti= np.array([[0,0],[1,0],[0,11])

grads = np.linalg.solve(T,T1)

Alocal[j,:,:]=area* np.matmul (grads,grads.T)

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:/Vij'chkdx: Z/Vgoj'Vgokdx: Z /Vgpj~V<pkdo:.
Q T T

TeT TeT
nodes j,k
belong to K

This means that, for any triangle, we save the index pairs (j, 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)
Il=np.zeros ((nelems,3,3))
I2=np.zeros ((nelems,3,3))

for j in range(0O,nelems):
nodes_loc=triangles[j,:]

I1[j,:,:] = np.concatenate((np.array([nodes_loc]),\
np.array([nodes_loc]) ,np.array([nodes_loc])),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,:]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

| #o1da = avea(D) g (m),
T
where m = %(zl + 22 + 23) is the midpoint (barycentre) of T'. Since ; is affine, we
can easily compute @;(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

fl@)=2(x1(1 — 21) + 22(1 — z2)).

The exact solution reads
u(x) = x1(x1 — Dag(zg — 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))
I1=np.zeros ((nelems,3,3))
I2=np.zeros ((nelems,3,3))

for j in range(O,nelems):

nodes_loc=triangles[j,:]

coord_loc=coord[nodes_loc,:]

T=np.array ([coord_loc[1,:]1-coord_loc[0,:]1 ,

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

area = 0.5 * ( T[0,0]*T[1,1] - T[0,1]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)

Alocall[j,:,:]=area* np.matmul (grads,grads.T)

I1[j,:,:] = np.concatenate ((np.array([nodes_loc]l),np.array ([
nodes_loc]) ,np.array([nodes_loc])),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,:]1)),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[1,:]1-coord_loc[0,:] ,

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

area = 0.5 * ( tmp[0,0]*tmp[1,1] - tmp[0,1]1*tmp[1,0] )
mid=1/3*(coord_loc[0,:]+coord_loc[1,:]+coord_loc[2,:])
blnodes_locl=b[nodes_locl+area/3*f(mid [0] ,mid [1])

return b

FI1GURE 6. Routine for the right-hand side vector.

fun = lambda x, y: (x-x**2)*(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 [jl=np.max(np.abs(u_at_nodes-x))
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print (max_err)

1.2.4. Elementary properties of Sobolev spaces. 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 1.25 (Sobolev spaces). Let Q C R? be bounded and open. Define
HY(Q) :={ve L*(Q):Vj € {1,2} 9;v € L*(Q)}.

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

REMARK 1.26. For LP spaces instead of L? one can analogously define Sobolev
spaces, which are commonly denoted by W?(£2). We will not consider such spaces
in this lecture. ¢

REMARK 1.27. 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?(Q) are equivalence classes (up to equality almost everywhere) and
that point evaluations 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'(Q) can
equivalently be defined by a completion process. Let us define the following norm
on HY(Q),

lollr ) = /10130 + 170125 ).

REMARK 1.28. We use the convention that [[V[|72q) = [, |Vv|* do for the Euc-
lidean norm |-|. ¢

THEOREM 1.29. Let Q C R? be open and bounded. The space H'(Q) is complete
with respect to the norm || - |1 (q), i-e. a Banach space.

PROOF. The proof is left as an exercise (Problem [1.28]). O

In the following, we will use arguments involving the open covering
diam () 4 ,
Uj={zeQ: %2_] < dist(x,00) < 2diam(Q)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 U}, (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

an(x) =1 forallz € Q.
J

THEOREM 1.30 (approximation by smooth functions I). Let Q C R? be open and
bounded. Then the space H'(S)) is the completion of

C®(Q)NHY(Q)
with respect to the norm || - || g1 (o). In other words: Given any v € H'(SY) there
exists a sequence (v;); in C>(Q)NH' (Q) with the property that ||v —v;]| g1 () — 0
for j — oo.
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PROOF. Let v € HY(Q) and € > 0. The proof uses approximation by convo-
lution, which is known from integration theory. Let (¢)c>o be a standard Dirac
sequence. For v € H(Q) we define the approximation

'Ue( ) (1/)6 * 1QU / 77[15 €T — )dy,

where “dy” means integration w.r.t. the Lebesgue measure and the variable y.
Given any open subset D C  with ¢ := dist(D, 0§2) > 0 we then have

v. € HY(D)NC>(D) provided ¢ < 6.

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 . and
Lebesgue’s theorem

o) = [ Svele =y = = [ Fovea =iy

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

d0.(a /Wx—éMU@—meaﬁ)

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. — 9;v in L*(D),
and therefore v, — v in H'(D) for e — 0.

In order to show the result on €2 (and not just on the subsets D) another technical
step is required. Let (Uy)ren be a locally finite open covering of € and (nx)ken 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 vy . € C*(Uy) by
convolution such that

1 €

< — .
O = 10251+ [Innllen )
We combine these local approximations and define
e = Z NkVk e
keNy
We compute with the product rule (ses also Problem [1.29))

9j(v —vae) Z 0j(Mk(v — vke)) = Z (O5mk (v = Vi) + N0 (v — V)
k€N, k€N,

[0 = vk.ell

and obtain with the triangle inequality

10;(v = va.)llz2) < Y 105k (v — vkl 2wy + k05 (0 = vkl z2(w)
keNy

<2 Z [Nl o1yl — vk ell a1 (v
keNg

Here we have estimated the terms containing n; by their maxima; we furthermore
used the elementary estimate a+b < 2v/a2 + b? for real a, b. With the above choice
of vi . and the geometric series we arrive at

2
[10;(v = va,e)ll2) < 5
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For the L? norm we obtain in a similar fashion the direct estimate
lv—vaclez@ < D Imkler@llv = veel 2w, < e/5.
keNg
Altogether
2

13
v —vaclmi@) < v —vacllLa@ + Y1050 —vac)lr@ < =t
j=1

2e n 2e <
— 4+ —<e.
5 5
We have shown that, given any v € H'(2), there exists an approximation vq . that
converges in the H!(Q)-Norm towards v as € — 0. O

THEOREM 1.31 (approximation by smooth functions II). Let Q C R? be an open
and bounded Lipschitz domain. Then, H()) is the completion of

C>=(Q)
with respect to the norm || - || g1(a). In other words: Given any v € H' () there
exists a sequence (vj); in C>(Q) with the property that |[v — vj||gr@) — 0 for
j — oo.
PROOF. In contrast to Theorem [T.30] 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 9 and having the property (after some shift and rotation
of the coordinate system) that

(7) QNUI C{x €U : a2y > y(x1)}

as well as 9Q N U’ = Graph(y) for some Lipschitz function . We choose smooth
functions ¢; € C2°(U7), that form a partition of unity on U (i.e., Ej\;l p; =1
in U). In order to cover the inner part of Q, we choose an open set U’ CC Q
such that Q0 C Uévonj and set ¢g : =1 — Zjvzl ¢;. It follows that there is an open
domain 2 DD  for which (¢; : j = 0,...,N) is a partition of unity. Now we
claim that for any v € H'(Q), any € > 0, and any j = 0,..., N there exists some
w; € C°(R?) such that [[¢;v — w;| g1,y < /(N +1). Assuming for the moment
this property, we define w := _Z;V:O wj. We then immediately infer w € C°(R?)
and, in particular, w|g € C°°(Q). The triangle inequality furthermore implies

N

v = wllz@) <D lldjv — willm@) < 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 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 ¢t > 0 we then consider the shifted function v, .(z) = vj(z +¢t (?) ),

whose support locally overlaps beyond 9€). As in the proof of Theorem [I.30] we can
approximate v;; via convolution by functions ), *v;; (these satisfy (¢, *v;)|ys €
C°(U;)). In particular, we have [|vj; — 1y * uj¢| g1y — 0 for n — 0. On the
other hand, we have ||v;; — vj||g1(q) — 0 for £ — 0 (see Problem . For any
prescribed § > 0 we thus conclude

llvj,e — vjlla1 (@) < 0/2 for sufficiently small ¢ > 0.

Next, we choose 1 > 0 small enough such that

vt =ty * vl 1) < 0/2
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and obtain with the triangle inequality that

||’Uj — wn * 'Uj,t”Hl(Q) < 0.
[l

1.2.5. Traces; the Dirichlet problem in Sobolev spaces. 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 func-
tions from H'(€) in a consistent fashion. Such property is, obviously, impossible
to achieve for mere L%(f2) functions.

THEOREM 1.32 (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
A o= fpraes ]
— [ vds= [ vdz+ = | (e—P) -Vuvdz
|F| Jr T 2 Jr

31F| |F|
[vll72(ry < 27 [0l Z 27y +mdl&m( IVllZz(r)

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

and

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

/vdx—i—l/(O—P)-Vvdx:/ v(e—P)-vds,
T 2 )7 T

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 T and, thus, its product with
v equals zero. Hence,

/BTU(Q—P)~1/d3:/FU(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?) = 20Vv. We thus infer

T
17 vzdS:/v2dx+/(o—P)-vVvdatg/v2d$c+diam(T)/ [v| [Vv| dez,
1F| Jr T 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

< IFl |F|
HU”%z |T| ||UHL2(T) + | | dlam( ) - |U| |vv‘ dx.

We use the Cauchy-Schwarz inequality and the Young inequality 2ab < a® + b? to
estimate the second integral as follows

F F
diam(T)m/T|v|Vv|d:Jc: |T|/ o] ( diam(T)|Vo]) de

7| .
< gy elacry +diam(T? Vol 3o )

This implies the second assertion. O
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THEOREM 1.33. 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) —
L2(99Q) with the property

Sv =vlaq for allve HY(Q)NCQ).

REMARK 1.34. A linear map T : H'(Q2) — L%(9) is said to be continuous if there
exists a constant Cr < oo such that

HTUHLz(aQ) < CT”UHHl(Q) for all v € HI(Q)

The theorem states the following. The operation of taking boundary values, which
is well defined for functions from C°(Q), has a unique continuation to functions
from H'(Q). Taking such generalized boundary values still leads to functions in
L?(09), 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 Sv is called the trace of v on

on. ¢

PRrOOF OF THEOREM [[.33] We tesselate Q with a regular triangulation 7.
Given any v € C(Q), we can apply Theorem m to any boundary edge F' C 0f)
of the triangulation and obtain

3|F| :
WHUH%?(TF) + 3Te] diam(Tr)? V0|22 (7,
Here, TF is the uniquely defined triangle containing F' as an edge. Since T has
finitely many elements, the constant

Cr = max {max{ SIF| ]
2|Tr|" 2|Tp|

is finite and we have the estimate

lolZ2ry < CTlollie(r,) + 1V0llL2(7,)  for all v e CH(Q),

|F|

[0]| 72y <

diam(Tp)Q} : F C 09 edge with triangle TF}

For the whole boundary 9 we then obtain
1vl1Z2 00y = >, 0|22y < O > Ul + 1V0l ).

F boundary edge F boundary edge
of T of T

Obviously, every triangle can contain (at most) three boundary edges. Thus, any
Tr occurs at most three times in the sum on the right hand side, and we can
estimate

HU||2L2(89) <3Ct Z (||UH%2(T) + ||VU||%2(T)) = 307’”””%11(9)'
TeT
Altogether, we have shown that there is a constant C' such that

HU”L2(8§2) < CHUHHl(Q) for all v € Cl(Q)

Thus, we have shown the desired estimate for the map S : C*(Q) — L?(12) assigning
boundary values on the space C({2), which is dense in H'(Q) by Theorem
Thus, by an elementary result of linear functional analysis, there is a unique con-
tinuation of S to H'(Q). 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|sq 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(Q) = {ve H'(Q) : vlog = 0},
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i.e., the space of Sobolev functions with zero boundary values. Sometimes, an
alternative characterization turns out useful.

THEOREM 1.35. Let Q C R? be an open and bounded Lipschitz domain. Then
H{(9) is the closure of C2°(S2) with respect to the norm || - | g1 (g, i-e.,
H}(©) = CF(@) ",

PrOOF. We do not prove this technical result here. Its proof relies on similar
techniques as Theorem [1.30| or Theorem and can be found in the literature
[Dob10, [EvalQ]. O

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

THEOREM 1.36 (Friedrichs’ inequality). Let Q be an open, bounded, and connected
Lipschitz domain. Then there exists a constant C' > 0 such that

lvl|2) < ClVollr2q) for allv e Hé(Q)
The constant is C' proportional to the diameter of Q.

PROOF. The proof is left as an exercise. We sketch the basic idea. In view
of Theorem m it is enough to consider v € C°(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 Q C (0, L)?, L > 0. Then, v is of class C°((0, L)?)
with respect to this box. For any x € {2, we can integrate

v(z) = v(x1, 22) = v(0,22) + /OI1 Ohv(t, o) dt.

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

L
lo(z)|> < L/ |O1v(t, z2)|* dt.
0

We now intergrate with respect to x

L L
/ [v(2)]?dzy < LQ/ |O10(t, z2)|* dt.
0 0

and thereafter integrate with respect to xo

L L L L
/ / lo(2)|? da1 s §L2/ / O0(t, 22)[2 dtdas.
0 0 0 0

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 H}(Q). O

The most important implication of Friedrichs’ inequality is that ||V || z2(q) defines a
norm on H} (). (Convince yourself that this cannot be a norm on the larger space
H(Q) by considering constant functions.) Denoting the constant from Friedrichs’
inequality by Cg, we indeed have the equivalence of norms

B) vllFn )y = 0120 + 1V0ll720) < 1+ CRIVl[Z2(0) < (14 CR)[v]13 (g)-

We use the notation |v]y = [[Vv[12(q).
We are now in the position to formulate the Dirichlet problem in Sobolev spaces.
It is based on the necessary condition from Theorem (Dirichlet principle).
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DEFINITION 1.37. Let  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 € Hg(£2) such that

/Vu~Vvdx:/fvdx for all v € H} ().
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.

Let X be a (real) linear space. Given a symmetric and positive definite bilinear form
(+,)x, we define ||z||x = v/(z,2)x for any x € X. It is elementary to establish the
Cauchy—Schwarz inequality

(z,y)x < |=zlx lyllx for any z,y € X.
It can be shown that || - || x defines a norm on X (thereby justifying the notation).
DEFINITION 1.38 (Hilbert space). A linear space X (over R) equipped with a sym-

mertic and positive definite bilinear form (-,-)x is called Hilbert space if it is com-
plete 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 1.39 (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 x satisfies ||z||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 for-
mulation.

LEMMA 1.40. Let Q C R? be an open and bounded Lipschitz domain. The space
H} () equipped with the bilinear form

/Vv-dex
Q

is a Hilbert space.

PROOF. Friedrichs’ inequality shows that the symmetric bilinear form is pos-
itive definite. The completeness with respect to | - |1 is a consequence of the equi-
valence of norms (8) and the fact that H}(Q) is a closed subspace of H}(Q). O

THEOREM 1.41. Let Q C R? be an open and bounded Lipschitz domain and let f €
L2(Q). The variational formulation of the Dirichlet problem of Poisson’s equation
has a unique solution u € HE ().
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PRrOOF. We check that
v > / fvdx
Q

is a continuous linear functional on the Hilbert space Hg(£2). This follows from the
Cauchy and the Friedrichs inequality

/Q Fode < | fllzllolee < 1flz o Crloh.

Hence, we are in the setting of the Riesz representation theorem, which states that
there is a unique element u € H}(Q2) satisfying

/vu.vvdx:/fvdx for all v € H ().
Q Q

O

By using elementary Hilbert space theory we could establish existence and unique-
ness to the Dirichlet problem for any right-hand side f € L?(). Note that this
setting only needs the weak form of the Laplacian; furthermore even situations like
Example 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$(T) is a finite-dimensional subspace of the Hilbert space Hg(£2). It turns out
that the finite element solution wj, € S§(7T) is the orthogonal projection of u to
S&(T) and, thus, the best approximation in this space.

THEOREM 1.42. Let Q C R? be an open, bounded, connected Lipschitz polygon with
a triangulation T. Given f € L*(Q), the error between the solution u € H(Q)
to the variational form of Poisson’s equation and the finite element solution up €
S(T) satisfies

lu—unlt = inf _fu—wpls

Vp, GSO (T)

PROOF. We observe that, for any v, € S§(T) C Hg(£2), we have

/V(u—uh)-Vvhd:v:/Vu~Vvhda:—/Vuh~Vvhda:
Q Q Q

:/vahdx—/gfvhda::O.

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)-Vudx—/V(u—uh)-Vuhdx.
Q Q

and see from the Galerkin orthogonality that the second term equals zero and
remains zero if uy, on the right is replaced by any vy, € S§(7). Thus,

|u—uh|%z/V(u—uh)-V(u—vh)sz|u—uh\1|u—vh|1
Q

by Cauchy’s inequality. The assertion then follows from dividing by |u — |1 and
taking the infimum over vy,. U

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 theory 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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1.2.6. Finite element theory for linear coercive operators. 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 c¢. 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):

(9) /Q ((AVU) Vo + (b-Vu)v+ cuv) dx = /va dx for all v € HJ(Q).

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 im-
mediate 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 1.43 (Lax—Milgram lemma). Let V' be a real Hilbert space with inner
product (+,-)y and let a : V xV — R be a bilinear form satisfying the following two
properties

e 338> 0V(v,w) € V? |a(v,w)| < Bllv||v|w|v  (continuity)
e Ja>0v eV a|v|} <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) € V2.
The map T is linear, continuous, and invertible with

B 1
T vy <8 and [T Y pov < o

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

COROLLARY 1.44. 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 ||ully < o |F||Lev,v)-
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)v = (@T7 o)y = (Tu,v)v = alu,v)
for any v € V. The norm bound for u folllows from the bound on 7! from the

Lax—Milgram lemma. O

ExXAMPLE 1.45 (general elliptic operator). Let
A [L®(Q)?, be L™, ceL>(Q)
be the coefficients of the above PDE with f € L?(Q) und homogeneous Dirichlet

boundary condition. After multipying with test functions an integrating (by parts)
we obtain the following weak formulation: Seek u € H3 () such that

a(u,v) = F(v) for all v € Hj(Q),
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where

a(u,v) := /Q ((AVU) Vv + (b-Vu)v + cuv) dz and F(v):= /va dx.

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

THEOREM 1.46. Let Q C R? be an open, bounded, connected Lipschitz polygon. Let
the coefficients A, b, ¢ from Ezample [1.7] satisfy the following assumptions.

o The field A is pointwise symmetric and there exist real numbers 0 < ag, aq
such that

aolé]® < (A(x)€) - € < ar|é]*  ae. in Q 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 ,
e The function ¢ > 0 is nonnegative.

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

luly < C|lfllL2)
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

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 1.47. 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 uy € V}, to
a(up,vy) = F(vy) for all v, € Vj

is called the Galerkin approrimation to u. ¢
REMARK 1.48. We remark that, in the foregoing definition, the Galerkin approxim-
ation 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. ¢

ExXaMPLE 1.49. The finite element approximation to Poisson’s equation is a Galer-
kin method based on the finite-dimensional subspace Vj, := S}(T) of V := H}(Q).
The finite element approximation to the operator from Example is a Galerkin
method as well.

We now formulate the basic error estimate for Galerkin approximations.

THEOREM 1.50 (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 o, 3
as in the Laz—Milgram lemma) and let F € V*. Let u € V solve

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



30 1. STANDARD FINITE ELEMENT METHODS

The Galerkin approxzimation up € Vj, solving
a(up,vp) = F(vp)  for all vy, €V},
satisfies the following error bound
B .
uU—1u < = inf ||ju—vp]lv.
| wllv < 2 inf flu—oallv
PRrROOF. The coercivity reveals the following relation of the norm and the form
a,
(10) ollu —up||F = alu — up, u — up).
We observe that, due to the property V;, C V, the variational problems in V' and
V), satisfy
(11) a(u —up,vp) = a(u,vp) — alup,vy) = F(vy) — F(vp) = 0.
As a consequence, we can take an arbitrary wy, € Vj and compute
a(u — up,u—up) = alu —up,u) — alu — up,up) = a(u — up, u)
=0
= a(u —up,u) — alu — up, wp) = alu — up, u — wp).
=0
We use this relation in the above formula and deduce from the continuity that
allu —uply = a(u —un,u —wp) < Bllu —upllv[lu —whllv.

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

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 and Theorem and obtain the
quasi-optimal bound
|lu—wupls <C inf  |u—ovpl1.
vn€85(T)

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

Inhomogeneous Dirichlet values. It is often required to prescribe nonzero bound-
ary values to the Dirichlet problem. For some given function up : 9 — R one is
interested in finding a function u satisfying

—Au=finQ and wu=up on IN.

In the variational form one seeks u € H(2) with
a(u,v) = / fvdz for all v € HY () and w=wup on AN 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'(Q). We denote the range of the trace operator by H'/?(9Q), without
further characterizing it here. Let ap € H'(Q2) denote an extension of up to the
domain €. The idea is to shift the solution by up and to seek for w = u — up,
which then has zero boundary data. One solves for w € H}(Q) such that

a(w,v) = / fvdr —a(up,v) for all v e Hy(Q).
Q
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It follows from the continuity of a that the right-hand side defines a continuous
linear functional on H{ (2) and so there is a unique solution w. Then, u := w +up
solves the inhomogeneous 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 — ATz p, where b is the load vector
related to f and A is the stiffness matrix. We then solve for zo (which is zero at
the boundary vertices) by restricting the system ATxzo = b to the interior vertices
as the degrees of freedom. Then, x := xg 4+ xp is the coeflicient 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=TpUly

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-Vut+cu=finQ, w=uponlp, (AVu)-v=gonTy

where up is the prescribed Dirichlet data and g € L?(I'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

Hy(Q)={ve H(Q):v=00nTp}.
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)vdx = / (AVu) - Vo dz — / (AVu) -vvds

Q Q I'n

for any test function v € H}, (). The term (AVu)-v is prescribed by the Neumann
data g. The weak formulation with Neumann data thus reads: Find u € H5 ()

such that
a(u,v):/fvdx—i—/ guds.
Q Tn

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 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 = 0Q and T'p = (), 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

/ udr =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 = {veHl(Q):/ﬂvdajz()}.
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THEOREM 1.51 (generalized Poincaré and Friedrichs inequalities). Let  C R? be
an open, bounded, connected Lipschitz domain. There is a constant Cp > 0 such
that

[vllrz) < Cpl|VY|lr2@) for allv € H'(Q)/R  (Poincaré inequality).

Let T'p C 09 have positive surface measure. Then there is a constant Cg > 0 such
that

[vllr20) < Cr|Vvllr2@)  for allv € HL(Q)  (Friedrichs inequality).
The constants C'r and Cp are proportional to the diameter of the domain €.

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

1.2.7. Finite element error estimates. 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 fi-
nite element interpolation. It is, however, not a well defined on H'(f2) because
it takes point evaluations, which need not exist without further assumptions (see
Problem. This means that the interpolation operator, denoted by Iy, assigning
the finite element interpolation Ipv to any suitable (say continuous) function v, is
not well defined on H'(€2), see Problem We have seen in Problem m that
point evaluations are well-defined in the space

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

ol = [ D 107032 -
|| <2

The proof, which was shown for triangles, can be extended to polygonal domains.

with norm

THEOREM 1.52. Let Q C R? be an open and bounded Lipschitz polygon. Then, we
have the continuous embedding H?()) < C(2) and there ezists a constant C > 0
such that

[vllLe (@) < Cllvllm2)  for any v e H*(9Q).

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

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

REMARK 1.54. An iterative application of Theorem shows that H?(2) is com-
pactly embedded in H'(f). ¢

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.
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DEFINITION 1.55. Let T C R? be a triangle. Let hy 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.

The quantities pp, hr arise from the transformation of the domain. Observe that
any pair of triangles T, T allows for some affine diffeomorphism ® : T — 7', which
can be written ®(%) = BZ 4 ¢ with a 2 x 2 matrix B = D® and a vector c.

LEMMA 1.56. Let ®() = Bi + ¢ denote the affine map from a triangle T' to the
triangle T. Then, the spectral norm || - || of B and B~! satisfies

h h
1Bl < —= and |B7'|<-L.

P pr

PROOF. Given any vector & € R? of length |¢| = p, there exists pair of points

Z, ¢ inside T with & — 9 = £ because the full ball of diameter p; is contained in

T. Since ®(2) and ®(§) belong to T', the image under B satisfies BE = B(& — i) =
®(%) — ®(y) and its length is bounded by the diameter hr. We thus compute

IBl= sw |Bel= swp —|Be<T

£ER?, [¢]=1 EER? J¢|=pp PT Pt

The second asserted estimate follows from interchanging the roles of T' and 7. O
We now prove the interpolation error estimate.

THEOREM 1.57 (interpolation error estimate). There exists a constant C' > 0 such
that for any triangle T C R? the interpolation error satisfies

h
V(v = Ipv)|| L2 () < Cp%hTHDQ'UHLQ(T)

and HU—IhUHLz(T) < Ch%HDZUHLz(T)

for any v € H*(T). Here, | Dv| 121y = \/fT Zik:l |0,5v]? dz.

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

lwll g1 iy < CUD>wll 2y + Y [w(2)]).
2eN(T)
Assume for contradiction that the statement is wrong. Then there is a sequence
wy, € H3(T) with
lwall g 7y = ”(||D2wnHL2(T) + Z |wn(2)]) for all n € N.
2eN(T)

After normalizing the sequence to [|wy|| () = 1 we obtain

ID*wnl oy + Y |wa(2)| <1/n forallneN.
ZGN(T)

The space H?(T) is reflexive, whence there exists a weakly convergent subsequence
of this bounded sequence with some weak limit w € H2(T). We do not relabel the
subsequence and still denote it by w,. The compact embedding of Theorem [1.53
shows that we have w, — w in H'(T). Tt is even a Cauchy sequence in H?(T)
because

ij - wk”?p(f) = ”wj - wk”ip(fv) + ||D2(wj - wk)HQLz(T)

< ”wj - wk”i]l(jﬂ) + ||D2’u}]||i2,(,f) + ”Dzwk”?ﬂ(jw)
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and the norms of the Hessian converge to 0. Therefore we have strong convergence
wy, — w in H2(T), and D?w = 0. Thus, w is an affine function. By continuity, we
furthermore see that w(z) = 0 at the vertices of 7. Thus, w is the zero function.
But this contradicts |[wy|| g1 (7 = 1. This proves the claimed auxiliary estimate.
Now, let T be an arbitrary triangle. Then, there is an affine transformation

&: T =T

from the reference triangle to T'. We denote by e := v — Ij,v the interpolation error
and observe from the change-of-variables formula that

||V6H%2(T):/T|Ve|2d:r:/f\(Ve)'<I>|2|detD<I)|dx

We use notation é := e o ®. The chain rule reveals for any & € 7" that
Vé(3) = D(&) " Velps).
Multiplying with the inverse of D® " and taking squares thus leads to
(Ve)o @ = [Do~"Ve|* < Do !||*| Ve[

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

IVellfziy < [DDT[*| det DR[| Ve]7, .-

By the auxiliary result, there exists a constant C, depending on T, such that

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

IVellZ2 gC‘2||D<I>_1H2/T\D26|2|detD<I>\dx.

The chain rule shows

D*i(&) = D®(2) " D?v|p (s DP(2).
We thus find

|D*0” < | D®(2)|*[(D?v) o @],
After transforming back to 7" we thus obtain
IVellZziy < C?DR7|?|| DR|* || D*0[|72 (1

The norms of D® and its inverse can be estimated with Lemma [[.56] as follows
h% h4 h% h4
_rr _ 1T

PF Py PR T

D=1 De|* <

The terms related to T" 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 [L.57|that the interpolation
error is proportional to h 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-regular. The approximation of
an H? function is then determined by the mesh-size h and thus improved under
mesh-refinement.
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COROLLARY 1.58 (global interpolation error estimate). . Let Q C R? be an open
and bounded polygonal Lipschitz domain. Let {Tn}r 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 Ij, with respect to a mesh Ty, satisfies

||V(’U — Ih’U)HLz(Q) S OhHDQ’UHLz(Q) and ||1} — IhUHLQ(Q) S ChQHDQ’U”Lz(Q)
for the maximal mesh-size h = maxT € Tphr.

PRrROOF. This follows from writing the L? norm as

I sy = [0 1 B,
TeTh

and using the local bounds of Theorem [1.57] ]

We have seen that any v € H?(Q) is approximated with order h by the finite
element interpolation the H! norm and with order k2 in the L? norm.

The combination with Céa’s lemma now yields a quantified bound for the finite
element approximation on our PDE.

COROLLARY 1.59. Let © C R? be an open, bounded, connected Lipschitz polygon.
Let the coefficients A, b, c satisfy the assumptions from Theorem[1.46, Assume that
the solution u € Hg () to the weak form from Ezample additionally satisfies

u € Hy(Q) N H*(Q).
Then, the error between u and the finite element approximation wy with respect to
a triangulation Ty, from a shape-reqular family satisfies
"LL — Uh|1 S ChHD2U”L2(Q)
PrOOF. Céa’s lemma (Theorem [1.50)) yields
|lu — upl1 §é inf  |u—wps
A vp €S (Th)

where «, 5 denote the coercivity and continuity constant, respectively. We now plug

the choice vy, := Ipu 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 [[.58] O

As an immediate question we ask under what condition the assumption u € H?(£2)
is satisfied. This is the topic of regularity theory and is beyond our discussion
within this lecture. We only mention one important result here for the case of the
Laplacian.

THEOREM 1.60 (regularity on convex domains). Let Q C R? be an open conver do-
main. Given any f € L*(2), the solution to the Dirichlet problem of the Laplacian
(Poisson’s equation) satisfies u € H () N H%(Q) with the bound
1D*ull L2 () < Cllfllz2()-
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
We can prove an improved bound for the error in the L? norm.

THEOREM 1.61 (L? error bound). Let Q C R? be an open convex domain. Given
any f € L*(Q), the solution to the Dirichlet problem of the Laplacian (Poisson’s
equation) and its finite element approzimation satisfy

lu = unllz20) < Ch?||D?ul|r20) < CR?|| fllz2(0)
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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-Vodr = / evdr for all v € Hj(Q).
Q Q
We test the equation with v := e and obtain
||e||2LQ(Q) = /Qeeda: for all v € H}(Q) = /QVe -Vzdz.

We now use the Galerkin orthogonality and plug in the finite element approximation
zn to 2z,

/ Ve -Vzdxr = / V(u—wup) Vzdr = / V(u—up) - V(z— z,)de.
Q Q Q
Corollary implies for the finite element errors that
IV (= up)||L2) < ClD*unl 20
and IV (z— Zh)”LZ(Q) < C||D2Zh||L2(Q) < CHeHLZ(Q).

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 [L.60l O

For simplicity, we have considered right-hand sides f € L?*(Q2). The argument in
Theorem however even applies to any right-hand side F' in the dual space of
H}(Q). This dual space is denoted by

H™H(Q) = [Hy ()]

where we use the norm |- |;. Accordingly, the norm in H~!(Q) reads

F,v
[Flg-1 = sup )
verp@nfoy IVUllz2@)

The space L*(Q2) is embedded in H~1() by the identification of f € L?*(Q) with
the functional Ty € H~(Q) defined by

(Tf,v>=/fvdx for all v € H}(9Q).
Q

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

/ gvdx for all v € H}(Q)
Q

implies g = 0 (by density of H}(Q2) in L?*(2)) whence T}, is zero in H~'(Q2). Con-
tinuity follows from the Friedrichs inequality as follows:

Tyl = sp 2l Mloeylvlezee
veri@©\foy IVUllzz@) ~ vemngoy  1VVllr2)
< Crllfllr2e)-
This map thus leads to
Hy(Q) C L*(Q) — H ()

and the embedding is often interpreted as the inclusion L?(Q) C H1(€).
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1.3. Quasi-interpolation

In contrast to the nodal interpolation from prior sections, the quasi-interpolation is
well defined for any function from H'(2). The idea is to replace point evaluations
by certain volume averages around the vertices.

Given a triangulation T of the domain €2, we define the nodal patch of any vertex
z € N by

w,=U{TeT:2€T}

as the domain of all elements containing z, and the element patch
wr = UZEN(T)WZ

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

Rpv = Z fvdxwz

2EN(Q) " Y=

where we use the notation f -dx = |w.|™" [ -dx for the integral mean. The

operator Ry, : H3(Q) — S3(T) is called quasi-interpolation operator. Its differ-
ence to the nodal interpolation is that the point evaluation v(z) is replaced by the
computation of some average around z.

THEOREM 1.62. Let T be a regular triangulation of some open and bounded Lipschitz
polygon Q. There exists a constant C' > 0 such that the quasi-interpolation Ry, sat-
isfies for any v € HJ () the local error estimates

hptllo = Ruvll L2y + V(v = Ruo)| 21y < ClIVO| L2 (0or)-
The constant C' depends on the shape-regularity and on the shapes (but not the size)
of the nodal patches.

ProOOF. We fix T € T and v € H}(Q). Then the error Ryv restricted to T has
the representation

Bl = 3 (Ru)(2)e-.
z€N(T)

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

v = RpvllZary = | Y. (0= RBu0)(2)e:lizr <3 Y. v — Bav)(2)ll7201)
zeN(T) zeN(T)

where we used ||¢; ||y = 1. If 2 € Q is an interior vertex, we obtain from the
Poincaré inequality that

o — (Ruv)@llzzry < [lo —f

Wz

vdz|| 2y < lv —][ vdz||r2(w,)

< OCp(w)hr ||Vl L2 (0.

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

v = (Rrv)(2)ll 21y = vl L2(r) < 0ll12(w.) < hrCCR[ VYl L2(.)-
Thus, we have the local L? bound

lv = Rpvllp2(ry < Chel| Vol 12 (w7
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In order to show the local bound on the gradient, we again use the above repres-
entation of Ry and the fact that the V., sum up to zero on T. From this we see
that

||VRh’U||%2(T) = || Z (U - (th)(z))V%H%?(T)

z€N(T)
<3 Y v = (Rao) (@)l 720) I Vsl ()
2€N(T)
<Chz' Y v = (Rav)(2)Zry-
2eN(T)

Here we used ||V, |~y < Chy', see Problem m 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 C'p(w,). They only depend
on the shape of the patch. O

1.4. Linear parabolic problems

1.4.1. The heat equation and a numerical scheme. 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 [1.46) so
that we could use arguments based on coercivity. Such partial differential operators
are called elliptic. We now introduce an additional time variable ¢ € [0, T] such that
the PDE is posed on the space-time cylinder 2 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

(12a) Ou—Au=f inQx(0,T] =R,
(12b) u=0 ondQ x[0,T],
(12¢) u=g onQx{0}.

Note that u = u(t, ) and that the Laplacian A acts with respect to the spatial vari-
able z. Equation is called the heat equation. It describes the time evolution
of heat diffusion in the domain 2. Condition is the homogeneous Dirich-
let boundary condition on 9 that holds of all times ¢ € [0,T]. Finally, is
an initial condition on the initial state u(-,0) that should equal a given function
g = g(x). The right-hand side f = f(z,¢) 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 1.63 (integral of X-valued functions). Given a Banach space (X, || -
), a function s : [0,7] — X is called a simple function if it has the form form
s(t) = 2271, 1a, (t)u; with u; € 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,T]) of a sequence of simple functions. The integral of a simple function
s(t) = Z;ﬂ:l 14,(t)u; is defined as

T m
/0 s(t)dt := Zmeas(Aj)uj.
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A strongly measurable function f is said to be summable if there is a sequence (s
of simple functions such that

T
/ |sk(t) — f(t)||dt =0 as k — oco.
0

For summable f we define the integral

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

k—oo Jo

This method of integration is sometimes named after S. Bochner. ¢

We now define, for 1 < p < oo,
LP(0,T; X) :={f :[0,T] — X : f strongly measurable and || f|| z»(0,7,x) < 00}

where
T l/p
I £1le0,1:x) = (/0 ||f(t)||”dt) -

We define a weak derivative as follows.

DEFINITION 1.64. Let v € L?(0,T;X). A summable g : [0,7] — X is called the
weak derivative of v if

T T
/ Op(t)u(t) dt = —/ P(t)g(t)dt for all ¢ € C2°(0,T) (scalar test functions).
0 0

and we write v/ = Oyv = 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 1.65. Let u € L'(0,T; X) be summable with v' € L*(0,T;X). Then u €
C([0,T]; X) and we have
t
u(t) = u(s) +/ u'(r)dr forall0<s<t<T.
S

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 L1(0,T; X) as well as u. — u’ on L*(s,t; X) for compact intervals [s,t] C (0,7T)
as € — 0. We observe

ue(t) = ue(s) Jr/ ul(r)dr

and pass to the limit e — 0, which shows

u(t) = u(s) +/ o' (r)dr

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 t. O

REMARK 1.66. The statement that v € L'(0,7T; 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 1.67. If u € L*(0,T; H}(Q)) with o' € L*(0,T; H1(Q)) be given. Then
u € C([0,T); L*(Q)) and furthermore

Oellu() 12y = 2(u' (1), u(t)).
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PROOF. The proof again works by regularizing u and showing convergence of
the regularization u. 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 [Eval0l, §5.9]. O

Let us derive a weak formulation for . We interpret A as the weak Laplacian
on H}(Q). If we assume f € L?(2 x [0,7T]) for the right-hand side, the solution
u(-,t) belongs to H} (Q2) for all ¢ € [0, T]. We thus have u € L([0, T]; Hi(9)). From
, we see that dyu equals Au + f at all times, which is an element of H ().

DEFINITION 1.68. Let Q C R? be an open, bounded, connected Lipschitz polygon
and 0 < T < oo. Let f € L?(Q x [0,T]) and g € L?(Q2) be given. A function
w e L2([0,T); HY(Q)) with d,u € L?([0,T); H=()) is said to be a solution to the
initial /boundary-value problem of the heat equation if it satisfies

<8tu(~,t),v>+/

Vu(-,t)-Vode = / f(,tyvdr  for all v € HY(Q) and a.e. t € [0,T]
Q Q

and
u(-,0) = g.
From Lemma 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, € S3(T) x [0,T) such that

<8tﬁh(-,t)7’l)h> —l—/QV’l:l,h(-,t) -V, dx = ‘/Qf(yt)’l)h dx

for all vy, € S3(Tn) and a.e. t € [0, 7]

(13)

and

an(-,0) = gn
where g, is a suitable approximation to g, for instance the L? projection to SE(T)
or some (quasi-)interpolation.
The equation is called semidiscrete because the dependence on time has not been re-
solved by a numerical method, yet. In order to obtain an actual numerical method,
we need to discretize the semidiscrete problem in time. To this end, we ap-
proximate the time derivative by difference quotients.

DEFINITION 1.69. Given a time step size At and a sequence (Uj),=o...., s of elements
of some vector space, we define
Ujt1 = Uj

(’9t+UJ = At 5

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

and
_Ui=Uj

8t_Uj . At

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

¢

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

By Taylor expansion one derives the following approximation property.
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LEMMA 1.70. Given u € C%([0,T)), we have for 9, and 0; that
At
|07 ulty) — deulty)| < < l95ullcqor).

PROOF. Problem [[.49 O

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

(O uk,vp) +/ Vul - Vo, de = / fytr)vp de
Q Q
for all v, € S3(T) and all k =1,...,J.

(14)

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

MTo % + ATk = by
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 d; and the fact that the 2% is known
and obtain the following numerical scheme

(M7 + AtA )z, = Atby + M T2 1 forj=1,...,J.

This method is called the implicit Euler method or backward Fuler 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 ;" and
obtain the following scheme

M Tz, = Athy, + (MT — AtAT)mk,l forj=1,...,J

called the explicit Euler method or forward Euler 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 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.

1.4.2. Error analysis. 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 (uni-
formly in At) in norms that we expect to be bounded for the exact solu-
tion. This is a reasonable requirement for convergence with respect to
these norms.

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

LEMMA 1.71 (stability). The iterates uf of the backward Euler scheme satisfy
J J

max [ukllFz) + At Y IVl F2i) < 2ludliaq) + 288> 1 Cti) 31 q)-
k=1 k=1
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PROOF. From the definition of 9, we obtain the following identity

1 1
uf = 5(u’,i +uf )+ iAtZ’);ul,z.

A straightforward computation then yields

1 1
<8{u’,§,u’,§> = /Qafuﬁu’,j dx /Qﬁfu’fl(i(uﬁ +qul))dx—k/Q(f?;u;’i(iAt@;uZ)dx
1

1

k— _

= TAt(”uZ”QLQ(Q) — llupHZ20) + iAtnat up 1720
We use vy, := uZ as a test function at step k of and obtain

1 B 1
E(lluZ”%?(Q) — |luj; 1||2L2(Q)) + §At||3t UZ||2L2(Q) + HVUQH%"‘(Q)
- /Q Fertiyul e < ot Lo Vb 2@

1 1
< NGt 1) + §||VU§||%2(Q)~

After re-arranging the gradient terms and estimating the norm of 9; from below
by 0, multiplication of the estimate by 2A¢ and summation over k results in
K K

K
Z(HUZH%?(Q) - H“]ffl”%%m) + Atz HVUZ”%Q(Q) < Atz Gt -1 0
k=1 k=1 k=1

for any K < J. The first term is a telescoping sum and equals (Hu{f”%z(m -
[up |72 () Increasing the right-hand side by replacing K by J, we thus see that

J
k2 012 2
max urllZz(o) < llunllzz) + At; 1FCte) -1 ()
The combination with the foregoing estimate then implies the assertion. (|

The solution of the spatial finite element method defines a map G} : H}(Q) —
S$(T), called the Galerkin projection. The Galerkin orthogonality reads

/ V(u— Gru)-Vopde =0 for all v, € Sé(T).
Q

On convex domains, we have from elliptic regularity (Theorem and Corol-

lary [1.59) that

(15a) ||V(U_Ghu>||L2(Q) < ChHD2U||L2(Q).
Furthermore, Theorem [1.61] implies
(15b) [l — GhuHLz(Q) < Ch2||D2u||L2(Q).

LEMMA 1.72 (consistency). Assume that the domain ) is convex and that the solu-
tion u to the heat equation additionally satisfies

u€ CH([0, T} H*(Q)) n C*([0,T7; L*(%)).

Then, the Galerkin projection zF := Gpu(-,t;) of the exact solution u(-,t) at ty
satisfies, for allk=1,...,J,

<3;z’,§7vh>—|—/ Vz,’ﬂVvhdx:/f(~,tk)vhdx+ck(vh)
Q Q

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

J T T
AES NI ) < C(R / 1D200u(-, )20y ds-+(AL)? / 10uu(-, )| 0 ds).
k=1
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PROOF. We have the Galerkin orthogonality
/QV(ZZ —u(-,t)) - Vopdr =0.
This and the solution property of u(-,t;) show
(07 28, up) + /Q V2 - Vo, de
= (07 28 — Owu(-,tr), vn) + (Qpul-, ), vp) + /Q V(- ty) - Vo, dz
=C; + /Q f( tg)vp dx
where Cy, is defined by
Cr(v) := /Q(O;Z,]f — Ou(-, tg))vdr  for any v € HJ ().

To estimate the H~! norm of Cj, we split the consistency term on the right-hand
side as follows

(16) Cr(v) = /Qaf(z,";' —u(-, tg))vdx + /Q(afu(-,tk) — Opu(-, ty))vda.

By the fundamental theorem of calculus (see also Lemma [1.65)) the first term on
the right-hand side of ( m equals

/8 (-, tg))vde = — / /Ghatu — Owu(-, 8))vdrds
At ey
1
< s [ 160 9) — 0 sy sl
th—1

Thus we obtain with the error bound ([15al) on the Galerkin projection and Holder’s
inequality that

[ or et~ utnear < 05 / 1D20qu(-, )l (e dslvll

h k
C D28u S 22 ds||vl| 72 .
B \/Ef\//tk1 1D20u(-, $)l172(q) dsllvll L2

For the difference in the second term on the right-hand side of , we obtain
through Taylor’s formula

8t_u(',tk) — 8tu(o,tk) = ~,tk) — u(~,tk,1)) — atu(',tk)

1
Kt(u(
1

tk
= A7 /tk_l (s — ti—1)O0nu(-, s)ds.

Thus, with Holder’s inequality,

/Q(@t_u(-,tk) — Owu(-, t))vpde = —é/ kl(s —tk_l)/ﬂattu(-,s)vh dx ds

tk
< [ 10ty dslonl oo

tr—1

tr
< VAl ¢ | ot o) ey dslonlzacon

te—1
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Combining the foregoing estimates with results in

h2 tr
Culon) < (Cm\// 1D200u(-, ) 2 ds

tr
+ \/At\//tk1 10w, )72 (q) dS) [vnllL2(0)-

This implies a bound on ||Cg||7-1. Taking squares and summing over k implies the
stated bound on the sum of ||C||% 1. O

THEOREM 1.73 (error estimate for the implicit Euler method). Under the assump-
tion of Lemma the implicit Fuler method with initial value u% = Ing (nodal
interpolation) has the approzimation order

J
ALY [V (ulstr) = up)lfz(q) < O(h+ At)
k=1

and
max (- te) — upl 2y < O(R* + At).

.....

ProoF. We introduce the Galerkin projections zj := Gpu(-, ) and split the
error as follows

J
ALY IV (s te) = up)liEe (o)
k=1

J

J
<208 IV (i) — 20) By + 280 IV (o — ) B,
k=1 k=1

The first term is estimated by the approximation property (l5al) of the Galerkin
projection and AT = 1/J as follows

J J
208 [V (ul-str) = 21) 72y < CRPALY  [D%ul:, t)lI72(q)
k=1 k=1

< CR?||ull oo, ry;m2(0))-
For the second term, observe that Lemma implies that z; —uf is the sequence
of an implicit Euler scheme with right-hand side Cyx. Therefore, the stability of
Lemma [[.71] shows
J J

Atz [Vuy — ZkH%?(Q) < 2|[Ihg — 20llz2() + QAtZ ICkll -1 (0
=1 =1

T
< 9|l — Gugll 2@ + Ch / 1D?Beu(-, 5) 32 ds
0

T
+ C(AD? / 18ucu(-, )13y ds.
Since we have

11ng — 20ll20) < 1ng — 9llz2(e) + lg — 20llL2(0) < CR*||D?gl|12(0)

(note that g € H%(Q)), 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. O
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We have seen in Theorem 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 <

ﬁ S C
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.

1.4.3. Existence and uniqueness for the heat equation. 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 compu-
tations 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 equa-
tions, which is solvable by known arguments. In a second step, we derive so-called
enerqgy estimates stating that certain norms of the space-discrete solutions are uni-
formly 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 2. We
consider the shape-regular sequence (7;); of triangulations resulting from j red
refinements. The straight-forward space-discrete Galerkin method (already intro-
duced in (13)) is to find u; € S§(7;) x [0,T] such that

vy (1), 03) + /Q V(1) - Vo, d = / £ ty; de

for all v; € S5(7;) and all t € [0, 7]
and
u;(-,0) =TVg,
Where I1U)g is the L? projection of g to the finite element space S} (T5).

LEMMA 1.74. For each j = 0,1,... there exists a unique (semidiscrete) Galerkin
approxzimation 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
M "0 (t) + AT a;(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. (I

We now turn to the announced energy estimates.

THEOREM 1.75 (energy estimates). There ezxists a constant C > 0 (independent of
£, 9, j, uj) such that, for all j =0,1,...,

osier [ (5 Dl L2(@) + IVl L2 o.r3:L2(0)) + (100wl 20,111 (2)

< CIflle2qo,m;z2 ) + lgll2(0)-)
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PROOF. An application of the chain rule shows the identity

1
(Opuj, uj) = 3t(§||uj||2m(g))-

We use the test function v; = u;(¢) in the Galerkin equation, multiply by 2 and
obtain with the Cauchy and Young inequalities

(17) A (llujlz20) + 21 Vuill7io) = 2/quj de < || flI220) + lujlZ2 (0

for almost every ¢t € [0,7]. This is a differential inequality bounding the growth
of |Ju, (-, )||L2 (@) Dy the quantity itself and ||f(-,t)||2L2(Q). Gronwall’s lemma thus
implies the bound

t
(- )20y < exp(t) <||uj('70)||2L2(Q) +/0 |f('75)|%2(md8) :

Note that u;(-,0) equals the L? projection of g, whence [u;(-,0)| 20y < |l9llL2(0)-
We then have (with C7 = exp(T))

(DX, lwj (- )20y < CrllFIZ2 o,13:020)) + 19172 (0)

< Cr(Ifllezqo,m:z2@)) + 19l z2@))?

and thus the bound for the first term on the left-hand side of the assertion.
We now integrate with respect to time and deduce

§HVUJ‘||2L2([0,T];Q)

T
<N F1Z2 0,770 +/O (-, )1 72 ds + 1w (-, O) 1720y = lug (- Tl Z 20

With the bound on the maximum on [Ju;(-, s)||z2(q) just shown we thus find

1
§||VujH%2([O7T];Q) <FIZ2 om0y + (T +2) Jnax [l (- )11 720

< (1 + CUT +2) (U f 2 qo,m0) + N9llz2()?

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 € Hg () with |[Vo| 12(q) = 1 be arbitrary. We denote by
Wy € S3(T;) the L? projection of v to the finite element space and use it to test
the Galerkin equation. We obtain

(Byuj (-, ), TV p) /Vu H(])vdx—/f Do de.

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;z;. In the L? inner products (without gradients) in the above identity,
the projection property of the L? projection shows that we can replace the function
@y by v. After rearranging terms we therefore have

(Opu (-, /f de—/Vu] VIIWy da.

With the Cauchy-Schwarz inequality and the nonexpansivity of II) with respect
to the L? norm we then obtain the bound

[(Opuz, )| < 1 fll 2@y llvll L2 @) + V] 2 | VTV 0] 120y
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We have seen in Problem that the L? projection is H' stable on sequences
of red refined meshes so that there is some constant C3 with ||[VIIWy|| @) <
Cs3||Vvl|L2(q. We use this bound and the Friedrichs inequality for ||v][z2(q) in the
above estimate and get

(Opuj, v)| < Ca(Ilf L2y + VUl L20))

for some constant Cy because ||Vv||12(q). Taking the supremum over such v and
integrating we obtain

T
/O 10swj || rr-1(02) < C4(||f||%2([O,T];Q) + Hvuj||%2([0,T];Q)')'

We can now use the (already established) bound on ||Vl z2(jo,7);0) to prove the
estimate on the third term on the left-hand side of the asserted inequality. O

THEOREM 1.76 (existence of a weak solution). There exists a weak solution to the
initial/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,T]; Hj(2)) and (dsu;); is bounded in
L2([0,T); H=1(Q)). Since these spaces are reflexive, there is a subsequence (which
we do not relabel with an additional index) and some u € L2([0,T]; H3()) and
v € L2([0,T]); H~1(€)) such that

u; —u  weakly in L2([0,T]; H}(£2))
dyuj — v weakly in L%([0,T]; H1 ().

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 v,, € L([0,T]; S3(Tm)). Recall that S§(7,,) C S&(T;)
for any j > m and so v,, 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
(18) / (Oruj, vy, )dt +/ / Vu; - Vo, dedt = / / fum dadt  for all j > m.
0 0o Ja o Jo

By the above weak convergence results, we can pass to the limit j — oo to get

T T T
(19) / (Opu, vy )dt + / / Vu - Vg, dedt = / / fom dzdt.
0 0o Ja 0o Jo

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, 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 € H{ ().

We now proceed by showing that w satisfies the initial condition u(-,0) = g. We
consider with v, € CL([0,T]; S3(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
/ —(8tvm,uj>dt—|—/ Vu;- Vo, dedt = / fom dmdt—!—/ i (-, 0)vm (-, 0) de.
0 o Ja 0o Jo Q

Letting j — oo and observing that u;(-,0) = 1) g — g in L?(Q), we use the weak
convergence relations and find

T T T
/ —(atv,u>dt+/ /Vu-Vvda:dt:/ /fvdxdt+/gv(-,0) dx
0 0o Ja 0o Jo Q
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where we again used density of the finite element functions v,,. On the other hand,
a similar argument for results in

T T T
/ —<3tv,u>dt—|—/ /Vu-Vvdxdtz/ /fvdmdt+/u(',0)v(-,0) dx.
0 o Ja o Ja Q

Comparing these two formulas then leads to u(0) = g because the test function v
was arbitrary. O

THEOREM 1.77 (uniqueness). The weak solution to the initial /boundary value prob-
lem 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|1.67) that

1
01 llelz(o)) + Vel = O1e.c) + [ Ve-Veda =0

for almost all t. In particular, we have Bt(||e||%2(m) < 0 and the norm of e is
nonincreasing. The initial condition thus shows that e = 0. O

1.A. Problems
PROBLEM 1.1. Let the following function be given
— - log |z ifn=2
é(ff):{ oy L ifp>2
nn=2)a(m) lo["7 N =2
Here, a(n) # 0 is some real number. Show that A®(x) = 0 holds for all z € R™\{0}.

PROBLEM 1.2. Prove, based on the divergence theorem, the formula of integration
by parts as well as Green’s formula.

PROBLEM 1.3. Which of the following domains possess a Lipschitz boundary?

IIQE’

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

PROBLEM 1.4. Prove that the Laplacian is represented in polar coordinates (r, )
as follows

02 . 10 n 1 02
o2 ror  r20p?
PROBLEM 1.5. Verify the statements from Example

PROBLEM 1.6. Prove the fundamental lemma of calculus of variations.

PROBLEM 1.7. Show that the weak derivative is unique. (Hint: fundamental lemma
of calculus of variations)

PROBLEM 1.8. Show that the function v(z) = log(|log(|z|)|) on the unit disk Q =
{x € R? : |z| < 1} is weakly differentiable but neither bounded nor continuous on
Q.

PrROBLEM 1.9. Show that the notions of classical and weak derivative coincide for
continuously differentiable functions.

PROBLEM 1.10. Draw a regular triangulation of the square (0,1)? with 7 triangles.
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ProBLEM 1.11. 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 1.12. Prove the assertions from Example[T.19} Draw plots of such piece-
wise affine function for some examples.

PROBLEM 1.13. Prove the claims from Example
PROBLEM 1.14. Is the sign function from weakly differentiable?
PROBLEM 1.15. Show that the nodal basis (¢,).ear forms a partition of unity.

PROBLEM 1.16. Show that the functions ¢, are uniquely defined by and that
they form as basis of S1(7). Draw the graph of one of the basis functions ¢, on
an example triangulation.

PROBLEM 1.17 (barycentric coordinates). Let T C R? be a triangle with vertices
21, 22, z3. Show that to any point = € T there exist unique real numbers A;(z),
A2(x), Az(z) with the properties

x=M(x)z1 + Aa(x)22 + A3(x) 23 and A(x) + Aa(z) + As(z) = 1.

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

PRrROBLEM 1.18. Start from the example triangulation from Figure [1] and plot the
interpolation of the function u(x,y) = sin(127z)y? on a sequence of 6 red-refined
triangulations.

PROBLEM 1.19. Prove the unproven assertions from Theorem
PROBLEM 1.20. Compute the kernel of the local stiffness matrix.

PROBLEM 1.21. Study all the routines of this section line by line and convince
yourself that they are doing what they are expected to do.

PROBLEM 1.22. Do a convergence study for the unit square and the right-hand side
f(z) = 2(x1(1 — 21) + 22(1 — x2)) (exact solution see above) with respect to the
following error (semi-)norm
IV (u—un)l20)

similar to that from the above convergence test. For computing the gradient of uy,
on a given element T, 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 1.23. Given a triangle T with barycentric coordinates (nodal basis func-
tions) @1, @2, @3, prove the formula

bl

a b, c a

de =2|T|——F—

/TWPQ%’ e rera

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.)

PROBLEM 1.24. Show that the finite element space satisfies S*(7) C H'(Q).
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PROBLEM 1.25. Let T be a regular triangulation of  C R? and let v € P1(T) be a
piecewise affine function. For each interior edge F' with adjacent triangles T and
T_ (ie., F'=TyNT_), the jump across F is defined by [v], := v|r, —v|r_.
(a) Prove that
ve H'(Q) <= [v]p =0 for all interior edges F.
(b) The space H(div,) is defined by

H(div, Q) = {v e (R igz f,@%jﬁj }Tgﬂjﬁlyﬂ v eCr@) } |
Prove that

ve H(div,Q) <= [v-vp|r =0 for all interior edges F’
where vp is some normal vector of F.

PROBLEM 1.26. Show that [| - || g1(q) is a norm on H*(2). Does ||V - [|2(q) define
a norm on H'(2) as well?

PROBLEM 1.27. Let v(z) = log(|log(|z])|) be given on the disc Q = {z € R?: |z| <
1/exp(1)}. Prove v € H*(Q) (cf. Problem .

PROBLEM 1.28. Prove that H'(Q) is complete with respect to || - || g1(). (Hint:
You may use the result that L?(2) is complete (Fischer-Riesz Theorem)).

PROBLEM 1.29. Let v,w € H'(2). Prove that the product vw is weakly differen-
tiable and satisfies 9;(vw) = (9;v)w + v(djw). Does vw belong to H'(£2)?

PROBLEM 1.30. Let Q C Q be bounded open sets and let u € H(Q) be a function
with compact support within Q. Prove that the shifted function w;(z) = u(z+tb) for
some fixed vector b € R? satisfies ||u; — ul| g1 (o) — 0 for ¢ — 0. (Hint: Approzimate
w in the L? norm by a smooth function ¢ and use uniform continuity of ¢.)

PRrROBLEM 1.31. Let T be a triangle with with set of vertices N(T). Given y €
N(T), denote by ¢, € Pi(T) local hat function with

y(z) =6,, forall z€ N(T).

Compute the following 3 X 3 matrices

My = </ Oy dx) (local mass matrix)
T (,2)EN(T))?

Cr = (/ 0y (B V) dx) (local convection matrix; 8 € ]RQ)
T (y,2)E(N(T))?

St = </ Vi, Vo, d:v) (local stiffness matrix).
T (y,2)E(N(T))?

You may use the formula from Problem The gradients can be assumed to be
given as a matrix [V, ]?_, as in prior sections.

PROBLEM 1.32. Show that any function u € C*(2) N C?(), satisfying —Au = f
for f € C°(Q) and u|pq = 0, also satisfies the variational formulation.

PROBLEM 1.33. Let T C R? be a triangle and v € H*(T) := {w € H(T) : 9jw €
HY(T) for j = 1,2} with norm

vl () = Z ||aa”||2L2(T)-
ler|<2
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(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|g := Vv -7 and
prove that

[v(B) = v(A)| < |E|Y26722(1 + diam(t)?) o]l 20
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(7") that depends only on T', but not on A, B, or ¢.
(¢) Conclude that v is Holder continuous with exponent 1/2.
Remark: This shows the embedding H*(T) — C%'Y/2(T) on a triangle.

PROBLEM 1.34. (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 P; finite element method results in the
nodal interpolation, that is up = Ipu.

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

PROBLEM 1.35. Let f € L?(f2) and recall the energy functional

1
J(v) = §||Vv||2L2(Q) —/ fvdz for v e Hy(Q).
Q

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

IV (u = un)ll2(0) = 20 (un) = J () = [Vulli20) = VunlZz(q)-

PROBLEM 1.36. (a) Write the data structures for a triangulation of the L-
shaped domain Q := (—1,1)2\ ([0,1] x [~1,0]) with Dirichlet boundary
onN.

(b) Plot the convergence history for —Au = 1 on the L-shaped domain (cf.
Problem the exact solution satisfies || Vu||? = 0.2140750232). Com-
pare the convergence rate with the results on the square domain.

PROBLEM 1.37. Prove the assertions of Theorem and track the dependence of
the constant C' on the spectral bounds ag, a; and the L> norms of the coefficients.

PRrROBLEM 1.38. Prove existence and uniqueness of solutions to the second-order
elliptic problem in case of nontrivial Neumann boundary I'n # 0.

PROBLEM 1.39. (convection-diffusion equation)

(a) Implement the finite element method for the convection-diffusion equation
—eAu+f-Vu=f.

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

<e7'1(1’1—1) _ 67'2(331—1)

e~ —e7"2

u(z) = tay— 1) sin(mzs)

with

=1+ V1 4e?n? —1 — 1+ 4272

d =
—2e ane —2e

Run numerical computations for the following parameters
(i) e=0.1and B = (1,0)T.
(ii) e = 0.001 and B = (1,0)7.

1
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PrROBLEM 1.40. 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 comparison of the solution graphs and convergence tests): The
domain = (0,1)? is the unit square. The Neumann boundary is the line {(1,¢) :
0<t<1},and I'p = 90\ T'y. The exact solution is given by

u(z,y) =5+ sin(gx) sin(7y)

with up =5 and g = 0. The right-hand side reads f = 27%sin(%z) sin(my).

PROBLEM 1.41. (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

||Iu||L2(T) < C||UHL2(T) for all u € C*(T)
or HVIU'”LQ(T) < C||Vu||L2(T) for all u € COO(T)
PROBLEM 1.42. Prove Theorem [[.52

PROBLEM 1.43. Let T be a triangulation. Prove that the aspect ratio of the
triangles stays bounded under iterative red refinement.

PROBLEM 1.44. Prove that there exists a constant C' only dependent on the shape
regularity such that any finite element function v, € S*(7) satisfies

vahHL?(T) < Ch;lnvhHL?(T) forall T € T.

This estimate is called inverse inequality. (Hint: Use transformation to a refer-
ence 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 1.45. Prove for the solution u from Example that u ¢ H?(Q).

PROBLEM 1.46. A family of triangulations satisfies the minimal angle condition if
there is a lower bound 0 < «ag to all interior angles of the triangles from that family.
Prove that the minimal angle condition implies shape regularity.

PROBLEM 1.47. Prove that the nodal basis functions ¢, on a triangle T satisfy
IVellrzry <C1 and [V ||pe(ry < CzhEl
with constants C7, C5 only depending on the shape regularity.

PROBLEM 1.48. Prove that the L? inner product on finite element spaces is repres-
ented by the mass matriz

Mjk:/@j% dz.
Q

Prove that the local mass matrix is given by

2
T

Miju 1
12 |

— N =

1
1
2
(see also Problem [1.23). Implement an assembling routine for M in Python.

PROBLEM 1.49. Prove the approximation properties of the difference quotients
stated in Lemma

PRrROBLEM 1.50. e Implement the backward and the forward Euler method
for the heat equation. Approximate g by the finite element interpolation

gn = Ing.
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e Let the initial value ug(x) = sin(mz;)sin(ma2) 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, ) = sin(rz) sin(rrs) 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:
Vu — Vuy,
k:%l?(,N [Vu up || 22 (o)

and

\/ L 19u) = Fun )1 o .

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).

PrROBLEM 1.51. Prove the error estimate
Jmax lu(, t) = upl| 2 () < O(h* + At).

[RRRE}

from Theorem [L.73

PROBLEM 1.52 (H! stability of the L? projection). Let II;, : H}(Q) — S(T)
denote the L? projection, i.e., for given v € H}(Q), the function Iv € SE(T)
satisfies

/(Hhv)wh dx = / vwy, dz for all wy, € SE(T).
Q Q

Then, clearly, |[TI,v||z2(0) < [|[v]|L2(q). Prove that for a family of red-refined trian-
gulations there exists a constant C' such that

[VIILv| 12 0) < Cl|VlL2(0),

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

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

PROBLEM 1.53 (density of finite element spaces). Prove that the finite element
spaces S§(7;) with respect to a sequence T; of red refined triangulations are dense
in H}(Q).

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






CHAPTER 2

Advanced Finite Element Methods

2.1. Galerkin method

2.1.1. Closed range theorem and Banach—Babuska—Necéas lemma. We
want to characterize isomorphisms between certain Banach spaces. We start by
recalling a version of the Hahn—Banach theorem from linear functional analysis.

THEOREM 2.1 (Hahn-Banach). Let M C X be a subspace of the normed linear
space (X, | - |lx) and let f € M*. Then there exists F € X* such that F|y = f
and || F||x- = [ fllar--

PROOF. This is taught in any class on linear functional analysis. O

As a consequence, we note the following fundamental separation property.

THEOREM 2.2 (separation). Let M C X be a closed subspace of the Banach space X
and let z € X \ M be a point outside M. Then there exists F € X* with ||F||x~ =1
that satisfies F|pr = 0 and F(z) = dist(z, M).

PROOF. We construct the linear functional f on M = M + span{z} by
fly+az) = adist(z, M) forany y € M,a € R.
We compute
[f(y + az)| < o] dist(z, M) < |a |z + a7 ylx = oz +ylx

which shows continuity of f, that is, f € M* and | f||;. < 1. By the definition
of the distance and the closedness of M, we have that, given any € > 0, there
exists ye € M such that ||z — y.||lx < (1 + ¢)dist(z, M) such that f(z —y.) >
(14+¢e)7 'z — yellx. Thus, ||f]|z- > 1. We now apply the Hahn-Banach theorem
to M and f, which shows the existence of the claimed extension F. O

We use the notation (f,v) = f(v).

DEFINITION 2.3 (annihilator, polar set). Let X be a Banach space with a subspace
V C X and let U C X* be a subspace of its dual. We define the annihilator of V
by

Ve={feX": (fv)=0forallveV} C X"
and the polar set of U by

U={reX:(y,z)=0forallue U} C X.

We have the following elementary property.

LEMMA 2.4 (characterizaiion of the closure). Let V C X be a subspace of a Banach
space X. Then °(V°) =V.

55
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PrOOF. The space °(V°) is the intersection of kernels of continuous linear
operators and is therefore closed. The definitions imply that any x € V satisfies
x € °(V°). Since °(V°) is closed we therefore have V' C °(V°). By the separation
theorem, any z ¢ V can be separated from °(V°), i.e., there exists F' € V° with
F(z) # 0, whence z ¢ °(V°). This shows the claimed equality of spaces. O

We recall that for Banach spaces X and Y and a continuous linear map L : X — Y
the dual L* : Y* — X* is defined by

L*(F) = (F,L-) € X*.

We recall the closed range theorem. We denote by £(X,Y) the space of bounded
and continuous maps from X to Y.

THEOREM 2.5 (closed range theorem). Let L € L(X,Y) be a continuous linear map
between Banach spaces X and Y. The range L(X) is closed in'Y if and only if
L(X) = °(ker L*).

PROOF. We have f € ker L* if and only if (f, Lz) = 0 for all x € X, which
means f € L(X)°. We apply the foregoing lemma to the space ker L* = L(X)° and
conclude the proof. O

The main application of the closed range theorem for our purposes is the character-
ization of solvability of operator equations. Recall that a Banach space Y is called
reflexive if the map

J:Y =Y Yoy (,y)

from Y to its bidual Y** is an isomorphism.

LEMMA 2.6 (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|ly~ < Cllz||x for a constant C > 0 and all x € X.
(2) There exists v > 0 such that for all x € X

Yzllx < Ly

(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 = 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),

IL7 2llx <y~ ILL 2y =
The continuity of L and L~ implies that L(X) is closed. The closed range theorem
then teaches
(20) L(X)="°kerL*) CY".
Let us write down the polar set of ker L* C Y** explicitly:

°(ker L*) = {v € Y : (u,v) =0 for all u € ker L*}.

i

2y~

We furthermore observe from the definition of L* that
u€kerL” < (L*u,xz) =0forallz € X <= (u,Lz) =0 for all z € X.
Since Y is reflexive, we see that

u€ker L* <= (Lz,J 'u)=0foralzecX
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for J='u € Y and the isomorphism .J. Property (3) therefore implies that J~!u = 0
and so ker L* = {0}. By (20), 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. (]

Condition (2) of Lemma is often called the inf-sup condition because - can be
represented as
L
v= inf Lwy) .
2eX\{0} yev\ 1oy l2llx lylly

2.1.2. Quasi-optimality of the Galerkin method. We consider the situ-
ation of a Banach space X and reflexive Banach space Y*. Suppose and x € X
and f € Y* satisfy Lz = f. In any practical simulation we need to approximate
the infinite-dimensional spaces X and Y. Suppose we are given closed subspaces
Xp € X and Y, C Y with the inclusion mappings ¢tx and ty. Then the Galerkin
method is to find z;, € X} such that Lz equals f when restricted to test functions
of Yh.

THEOREM 2.7 (Galerkin method). Consider a Banach space X and reflexive Banach
Y with closed subspaces Xp, C X and Yy, CY with L € L(X,Y™*) and let z € X
solve Lx = f for some f € Y*. Assume that there exists v, > 0 such that
| LEnllv,s
< I5RITY,
gnexn\0} [[&nllx

and that for any yp, € Yy \ {0} there exists &, € X, with (L&, yn) # 0. Then there
exists a unique solution xp € Xy, to 1y Lxy, = 13 f. It satisfies the error bound

wylllexye, .
_'_7”1/ leex, )) inf |z — 2 x.

— < (1
[z —znllx <( o~ nf

PROOF. The existence and uniqueness of xj, follow from the Banach-Babuska—
Necas lemma. For any z;, € X} we have that

L(zp, — 2n),
@) wlen—anlx < 1EGon —an)llys =  sup SR Tn)Un)
Un €Y\ {0} lynlly

Since (Lzp,yn) = (f,yn) from the solution property of xj, we deduce from the
continuity of L that

(L(zn — ), yn)l|-

The asserted bound follows from the triangle inequality || — 25 ||x < ||l — znllx +
llzr — 2r||x and the infimum over zp. O

Yrllzn — 2l x < lley-Lllcex,ve)

The main application is that X and Y}, are finite-dimensional. Condition is
then called the discrete inf-sup condition. The nondegeneracy assumption means
that the spaces have the same dimension. In practice, we think of h being a mesh
parameter that increases the resolution by being decreased. The error bound for
the Galerkin method is proportional to -, ! and, therefore, it is important to have
the inf-sup condition uniformly in h.

EXAMPLE 2.8. In variationally formulated and coercive PDEs over a Hilbert space
X we choose X =Y and a bilinear form a : X x X — R. It induces a linear
operator L : X — X* by « — a(x,-). Given f € X*, the equation Lz = f then
means

a(z,y) = (f,y) forallye X.
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For X} C X as above, the discrete equation ¢, Lxy, = ¢% f means

a(zn,yn) = (foyn) forall y, € X,

and should be familiar to the reader from previous elementary courses. As the
most important example we mention X = H}(Q) as the usual Sobolev space over a
suitable domain €2 and the form a related to an elliptic second-order operator. The
above theorem then resembles Céa’s lemma.

2.1.3. Saddle-point problems in reflexive spaces. Minimization of func-
tionals subject to linear constraints can be re-formulated with Lagrange multipliers.
The usual (formal) derivation of a necessary condition of

1
minimize §<Au,u) — (f,u) over V subject to Bu =0

is to introduce a Lagrange multiplier p € M such that
Au+Bu=f

with an adjoint operator B’ := B*Jyp;. We want to study the well-posedness of
such formulations. In this situation, we are given a product spaces X =V x M
where the operator L has block structure. Given F' € V* and G € M*, a so-called
saddle-point problem has the format

(22) L m = [g ﬂ {Z] B [Z] |

The conditions of the Banach—-Babuska—Necas lemma can equivalently formulated
as conditions on A and B. We are given a bounded linear B operator that is not
surjective but has a bounded inverse on its range. In finite dimensions, these are
the full rank rectangular matrices. We want to study analogous mapping properties
in reflexive Banach spaces.

LEMMA 2.9. Let V and M be reflexive Banach spaces and B € L(V,M*), with
Z :=ker B, satisfy
|1 B* Jaspullv-
inf ——r
ped\{o}  |lpllm
Then, B*Jy : M — Z° is an isomorphism with H(B*JM)71||L(ZO7M) < gL

(23) 0<p=

PROOF. We observe that the range of B*Jy, is indeed a subset of Z° because
(B*Jpp, z) = (Jyp,Az) = 0 for any p € M and any z € Z. By the above
assumptions, B*Jys is continuous (property (1) of Lemma and implies
that property (2) of Lemma is satisfied. As in the proof of Lemma we
therefore see that B*Jy; and its inverse are continuous. The closed range theorem
then shows

B*Jy (M) = °(ker((B*Jp)™)).
It is direct to verify
u € ker((B*Ju)*) <= J,/'ue Z.

Thus the range equals Z° and we have established the isomorphism. The bound
on the norm is left as an exercise. U

Brezzi’s splitting theorem performs block elimination in the above system. It is our
main criterion for saddle-point problems.

THEOREM 2.10 (Brezzi splitting). Let V' and M be reflexive Banach spaces and
B e L(V,M*), with Z := ker B. The operator

L:X—>X* withX=VxM



2.1. GALERKIN METHOD 59

from is an isomorphism if and only if A is an isomorphism from Z to Z* with
Az 2~
zez\{0} |zllv

and B satisfies the inf-sup condition . Given F € V* and G € M*, the unique
solution (u,p) € V.x M to block satisfies

0<a=

- _ C
lully < @™ I1Flv- + 8711+ =Gl
_ C _ Ca,C
Ipllar < 8711+ =D lv- + 571+ =) 2 Gl

Here, Cq = ||Allzev,v+y-

PrROOF. We have seen in the previous lemma that B*Jy, : M — Z° is an
isomorphism, and so is (B*Jy)* : (Z°)* — M* with the same continuity con-
stant for the inverse. Hence, for the given G € M* there exists n € (Z°)* with
(B*Jm)*n = G with [|n]|(ze)- < B7|G|lar=. We denote by 7 € V** the Hahn-
Banach extension of 7 that coincides with 1 on Z° and has the same norm. Then,
the element ug := Jy, L) satisfies for any p € M that

(Bug, 1) = (Jarp, Bug) = (B* Jarp, uo) = (B* Jarp, Jy, ')
= (0, B Jup) = ((B*Jar) ™ n, 1) = (G, ).

Hence, Bug = G with ||uolly < B87|G|/a+. Upon defining w = u — ug, we

reformulate the original problem into
Aw+ B'p=F — Aug
Bw = 0.
We restrict the first equation to Z and obtain from the assumed isomorphism
property of A that there exists a unique w € Z satisfying
vy Aw = 15 (F — Aug)

with ||w|v < a7 (||F|lv+ + Calluollv). Here, ¢z is the inclusion of Z to V (this
notation is short, but not consistent with the above one).
Since F' — A(ug +w) € Z°, the foregoing lemma yields the existence of p € M with

B'p=F — A(ug + w)
and
Ipllar < B7HF v+ + Calluo +wllv)-
Hence, u := ug+w and p solve the saddle-point problem. The asserted norm bounds

follow from directly tracing the constants in the above estimates. The proof of the
converse statement is left as an exercise. O

REMARK 2.11. The saddle-point problem is encountered more often in a variational
form in the literature and reads as

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

b(u,q) = G(q) forallqe M
for bounded bilinear forms ¢ : V xV — R and b : V x M — R. This is of course
equivalent to the above formulation. Indeed, we see that Au := a(u,-) € V* and

Bu :=b(u,-) € M*. It is easy to check that B’y then equals b(-, u) € V* and that
the kernel can be written as

Z={veV :Vue Mb,pu) =0}

(24)
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If we want to discretize the saddle-point problem with closed subspaces V;, C V
and M) €C M, we can derive well-posedness and an error bound by applying
Theorem 2.7 to X, = V3, x Mj,. We apply Theorem [2.10] to the discrete setting and
see that the (global) discrete inf-sup condition follows from the conditions

Aznl z; By
(25) 0< ap = inf w and 0 < 5}7, _ M
zn€Zp\{0} ||Z}L||V wneMp\{0} ”u”M;L

Here, Zp, := ker(¢};Biy ), equivalently written as
= {Uh eV th e M, <th,,uh> = O}

is the discrete kernel. It is very important to note that in general we must expect
Zy ¢ Z. Usually, the condition on «y, is not very critical, for example when A is
coercive. The condition on (3, is very delicate and is linked to the compatibility of
the two discrete spaces. We note the following consequence.

COROLLARY 2.12. Let the conditions of Theorem [2.10 hold and let the closed
subspaces Vi, C V and My, C M satisfy [25). Let (u,p) € V x M solve the
saddle-point problem with right-hand side (F,G). Then, there exists a unique pair
(un,pr) € Vi, X My, solving

U Aup, + oy B'pp, = U F
Ly Bpn = 1y G.
It satisfies

_ — < O( inf |ju~— inf |p—
Ju=wnlly + p = pallar < C(int u=vally + inf p—allr)

with a constant C that only depends on oy, Br, Ca.

2.2. Stokes equations

2.2.1. The Stokes equation. We now draw our attention to problems under
linear constraints. For example, the velocity field u :  — R? of a very viscous
fluid under some volume force f :  — R? is modelled by the following constrained
minimization problem:

1
J(v) = 5/ | Dv|? dx —/ f-vdx — min subject to dive =0 and ulsqg = 0.
Q Q

The energy is measured with the Dirichlet functional for vector-valued variables.
The constraint divu = 0 models that the fluid under consideration is incompress-
ible. 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 noncon-
strained space. The enegry J is well-defined on [H}(€2)]2, the space of vector fields
whose components belong to Hg(£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
7/ \Dv|2dx—/pdivv—/f-vdx
2 Ja Q Q

for all v € [H}(€2)]? 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

L3(Q) ={v e L*(Q): /dex = 0}.
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As in the proof of the Dirichlet principle (Theorem [I.15), we can compute the
derivatives in the directions of perturbations to v and to ¢ and arrive at the following
necessary condition

/Du:Dvdm—/pdivvdxz/fmdx for all v € [HJ(Q)]?,
Q Q Q
—/qdivudsz for all ¢ € L2(Q)
Q

for the solution pair (u,p) € [H}(Q)]2xLE(Q). (The notation A : B = 23:1 A;rBjk
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 A\). Recall that systems of this structure are called saddle-point problems.
We will use the Brezzi splitting theorem to prove well-posedness of the Stokes
equations. Obviously, the Stokes equations are equivalent to with the choices
V = [H}Q))?, M = LE(Q) and

a(v,w):/Dv:Dwdx, b(v,q):—/qdivvdx, F(v):/f-vdx, G=0.
Q Q Q

THEOREM 2.13. Let Q C R? be an open, bounded, and connected domain with
polygonal Lipschitz boundary. Given any f € L*(S2), there exists a unique solution
(u,p) € VX M to the Stokes equations.

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

0<p - Joadivudz
= n sup
qeLg“D\{O}ve[Hg(Qﬂz\{O}HIDUHIP(Q)”QHLZGD

for some B. 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

2.2.2. A finite element method for the Stokes system. For the ap-
proximation of saddle-point problems, we aim at choosing finite element subspaces
Vi, €V 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, how-
ever, the inf-sup condition is usually not inherited by the discrete spaces. It needs
to be imposed as an additional condition. We call

b(vn, qn)

0<Bp= inf _ W AR
an€M\{0} o, evi\{0} 1Vn ]IV Ilgnllar

the discrete inf-sup condition. The construction of discrete spaces satisfying this
property turns out nontrivial. The standard finite element space [SE(7)]? is not
suited for a discretization involving the constraint on the divergence, see Prob-
lem and Problem We focus for the moment on a practical discretization
of the Stokes equations, the so-called Mini finite element. We will define the cor-
responding spaces, comment on the implementation, and show that it satisfies a
discrete inf-sup condition.

Given a triangulation 7 of the domain  and any T' € T with vertices 21, 2o, 23,
we define the so-called element bubble by by

br = Q2020 P24
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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,
by vanishes on Q\ T,
br € Hol(Q)
We denote the space of bubble functions by
B(T) :=span{br : 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

Vii= [So(TP @ [BT) and M, = $1(T) N L§(Q).

We clearly have the inclusions V;, C V and M}, C M. For a practical implementa-
tion, we need (local) matrix representations of the bilinear forms a and b.

Local matrices of the Mini finite element. Denote by ¢1, 2, 3 the three nodal
basis functions on a triangle T" and recall the cubic bubble function by := p1p2¢p3.
Define the local basis functions of the velocity part of the Mini finite element by

o ()= (3 = (F)em () = (2) o= (1)
o (D))

The local basis functions for the pressure component are 1,2, p3. The local
matrices then read as

Ap = {/ij : D%//kdx] and Br = {/ ©j diwﬁkdm] ,
T Gk=1,...,8 T

We can then compute the entries as follows.

LEMMA 2.14. The local matrices in the Mini FEM satisfy the following.
(a) Ar has the following block structure

Ar =

O O W\
o n o
No o

for

IT| & 10
S[/Vgp--chkdx} and R:—E |V<p-|2( )
v 7 j,k=1,2,3 180 J=1 ! 01

(b) Br has the following block structure

L
Br=|T|| L |G
L
for
1 636501 83/901
L=—- [32901 Ozp2 Ozp3 Oyp1 Oyp2 61/903} and G =— am@Q aygoQ
3 60

PROOF. Exercise (recall the integration formula from Problem [1.23]). (]
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Assembling the global system matriz. 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(€)) denote the number of interior vertices
and Ny = card(7) denote the number of triangles in the triangulation 7 of the
2D domain Q. With the nodal basis functions ()A;).en define the following basis
functions ¥, ..., Yany+an, for the velocity by

(1/}17"'71/]]\71\7): [(%Z):| 3 (wNN+17"'aw2NN): |:(O>:| B
2EN(Q) Pz/) ] en@)
(1/12NN+17--~71/’2NN+NT) = |:<bg>:| )

TeT

(YoaNN+Np+15- - s VaNy+2Ns) = [(bOTH :
TeT

and for the pressure component define
(qla ceey qNN) = [Soz]zej\/(g) .
The global matrices then read as

A= [/Qij:Dz/)kdm]

jk=1,...2(Nn+Nr)
and B = [/qu div ¢y, da?] N
k=1,...2(Ny+N7)

We then observe:

LEMMA 2.15. The global matrices in the Mini FEM satisfy the following.

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

A BT

=5 5]

so that the discrete equation reads as
A BT Up | _F
B 0 Ph o _0 '

(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.

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 quasi-interpolation
operator.

THEOREM 2.16. The Mini finite element satisfies the discrete inf-sup condition.
On a shape-regular sequence of triangulations (Tp)n, the discrete inf-sup constant
Br is uniformly bounded from below by some [y > 0.
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PROOF. Given any g, € My C M, the inf-sup condition for the spaces V and
M shows that there exists some v € V' such that divu = g, and |[Dul[z2q) <
B anll L2(q). We set

b
up, = up(qn) == Rpu + Z ﬁ

/(u — Rpu) dz € V),
TeT fT T

It is shown as an exercise that
[ Dunllz2(0) < Cl|Dul|L2()

for some constant C' > 0. It is furthermore immediate to see that wuj satisfies
Jr(un —u) =0 for all T € T. Therefore, integration by parts reveals

b(up — u,qp) = / div(up — u)gp doe = — / (up, —u) - Vgpdr =0
Q Q

because Vg, is piecewise constant. We compute, by plugging in the particular
candidate up(gp) in the supremum, that
b b
f sup (Vhs qn) > inf (un(qn); qn)
0 €M\{0} o, evi\ {0} [[Vnllv llanllne — anersn\{o} [lun(gn)llv [lanllm

(
o b(u(qn), qn)
aneMp\{0} |lun (qn)|lv |lan || a

1
— —  inf _ b(ulgn),an) > E
C anemn\{0} [[u(gn)llvlignllne — C
The choice S := 8/C completes the proof. O

2.2.3. Error estimates. We start by reformulating Theorem in the con-
text of saddle-point problems. If we add the two equations of the saddle-point
problem we arrive at the equivalent formulation: Find (u,p) € V x M such
that

(26) A(u,p;v,q) = F(v) + G(q) forall (v,p) €V x M
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 (The-
orem states that

(U,p) = A(uap; Yy )
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 Vj, x My
defines a map

(uh7ph) = A(U}“ph; ) )
from Vj, x M, to its dual.

THEOREM 2.17. Assume A is an isomorphism. Let Vi, CV and My C M be closed
subspaces, let a be coercive on the discrete kernel

Zy, = {vp € Vi : b(vp, qn) = 0 for all gn, € 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(up, privn, qn) = F(vp) + G(qn)  for all (vs,qn) €V X M.

We have the quasi-optimal error estimate

Ca
- - <1+ 22 inf inf |(u—on,p—
s = o= pr)lfvocar < (1 + Yh )v;}relvh thgMnH(u vn:P = an)llvxan
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where C'4 is the continuity constant of A and 'y,?l is the continuity constant of the
discrete inverse to Ay,.

PROOF. From Theorem [2.10] applied to the discrete spaces, we deduce that Ay,
is an isomorphism from Vj, x M}, to its dual. With the continuity constant ~; > 0
of the inverse operator we have in particular that

Yol (vns @)V xaz, < AR (VR qn) vy x -

The existence and uniqueness of the approximate solution (up,pp) as well as the
error estimate follow from the abstract bound of Theorem O

WARNING 2.18. 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 [2.16) we have constructed a bounded operator from V' to Vj,, u +— uy, with
the property b(up — u,qn) = 0 for all g, € Mj,. Such an operator is called Fortin
operator. Constructing a Fortin operator often is a suitable method for verifying
the inf-sup condition.

LEMMA 2.19 (Fortin criterion). Let the bilinear form b : V- x M — R satisfy the
inf-sup condition. Assume that for closed subspaces Vi, €V and My C M there
ezists a bounded linear map Il : V' — V}, with the property that

b(v —pv,qn) =0 for all g, € Mp,.

Then, the discrete inf-sup constant is satisfied with a constant proportional to the
inverse of the continuity constant of I1j,.

PRrROOF. We repeat the argument from Theorem [2.16| in this abstract frame-
work. The inf-sup condition for V' and M and the properties of II;, show for any
qn € My C M that

b(v, gn b(I1pv, gp
Blala < sup 208 g, 0 01)
vervioy lvllv wevvgoy  Ivllv
b(I1 b
<C sup M) oo b))
veV\{0} [T vy vheVR\{0} l|vn v
Hhv7é0
Here, we denoted the continuity constant of I, by C. O

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

THEOREM 2.20. The mini finite element discretization (un,pn) to the Stokes equa-
tions satisfies

|D(uw —un)||2() + Ip — PrllL2 (o)

<C inf D(u—v + inf —
<O sy Pl 1P oWl ¥ o P~ anle)

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

REMARK 2.21. In case that  is convex, it is known that additionally we have
u € [H?(2)]? and p € HY(Q) with

|1 D?ul| 120y + VPl L2() < ClfllL2(0)-

Together with suitable (quasi-)interpolation estimates we therefore conclude that
the error of the Mini FEM is bounded by some Chl| f||12(q) on convex domains and
thus converges at order h. ¢
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2.3. Variational problems in H(div)

2.3.1. Duality in Hilbert spaces. For a Hilbert space Y, the Riesz repres-
entation theorem establishes an isometry between Y and its dual. That is, we can
identify any y € Y with the linear functional (y,-)y. For example, any element of
L?(2)* can be represented by [, g da for some f € L*(2). Such identifications
are very common and culminate in statements like “Y is its own dual”, but some
care is necessary when working with them. In particular, when working with more
than one Hilbert space, it must be clear with respect to which space we take this
identification.

DEFINITION 2.22 (Gelfand triplet). Let X,Y be Hilbert spaces where X is densely
embedded in Y. We know (Exercise that Y* is then densely embedded in X™.
After identifying Y with Y* we therefore have the chain of embeddings

X—-Y > X"
This is called a Gelfand triplet and Y is called the pivot space. ¢

We proceed with the most prominent example in our lecture, which is related to
Sobolev spaces.

EXAMPLE 2.23 (embedding in negative Sobolev spaces). Given a bounded poly-
hedral Lipschitz domain , recall the spaces H'(Q) H}(Q). As usual, we write
HYQ)* = H (). We know that the embedding H'(2) C L?(2) is dense and,
after identifying L2(2) with its dual, we arrive at the inclusions

HY Q) CLA(Q) C HY(Q)* and H(Q) C L*(Q) C H1(Q).

WARNING 2.24 (pivot space). In stating such inclusions, it is of paramount import-
ance to specify the pivot space. Anything else will be prone to heavy mistakes.

ExAMPLE 2.25 (Dirichlet Laplacian). We know the well-posedness of the weak
Poisson equation —Awu = f in € subject to the boundary condition u|gg = 0. The
solution u € H}(Q) is the Riesz representative of the functional f € H~1(Q). If
there exists Ty € L?(Q) with f = [, T - dx, we use the identification of L?(€2) with
itself to interpret the inclusion f € H~1(2) and say that “f is an L? function”.
Without specifying the underlying identification, the statement obviously makes no
sense because the elements H~1(Q) are not functions. Note that not every element
of H=1(2) may have an L? representation.

EXAMPLE 2.26 (Neumann Laplacian). The Neumann Laplacian problem is to find
ue H'(Q) with [, udz = 0 and
—Au=f inQ and Ou/Ovr=0 on I

for the outer unit normal v. A necessary compatibility condition of f comes from
the divergence theorem and reads as

/fdx:—/Aud:v:— Ou/ovds = 0.
Q Q a0

We denote Z := H'(Q)/R := {v € H(Q) : [,vdr = 0} and recall the weak
formulation of the problem, namely: find v € Z such that

/Vu~Vvd:c:/fvdx.
Q Q

This weak problem is, of course, well posed for any f € L?(Q). The constraint
on the average of f is not needed. The point is that any constant function f will
result in fQ fvdx = 0 for any v € Z and therefore represents the zero element of
Z*. Indeed, the inclusion Z C L?(Q) is not dense. The correct pivot space in the
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Gelfand triple is therefore the space L3(2) of L? functions with vanishing average.
This resembles the above compatibility condition.

ExaMPLE 2.27 (Neumann Laplacian as a saddle-point problem). The Neumann
Laplacian problem can be posed as a variational problem over V := H!(Q2). We
denote by M ~ R the space of constant functions and introduce the operator
B: VM v~ fQ v - dz. Denoting by A the gradient inner product, we see that
A is coercive on Z (Poincaré’s inequality) and that B trivially satisfies the inf-sup
condition. Therefore, there exists a constant p € M such that

/Vu-Vvdac—!—/pU, dx z/fvdx forallv eV
Q Q Q

/uqd:c =0 for all g € M.
Q

It is easy to see that p = fQ f dx equals the average of f, which conforms to the
fact that only the projection of f to Z has an effect on u.

Given a bounded polyhedral Lipschitz domain Q, we already know the spaces H*(Q2)
and H{(2). The trace theorem teaches us that a function v € H!(Q) admits
boundary values v|pq € L?*(9€) in the sense of traces. That is, there exists a
linear and continuous operator T : H*(Q)) — L?(0) that coincides with the usual
restriction to the boundary when applied to continuously differentiable functions.
We recall that H}(Q) is the closure of C°(Q) unter the H'() norm and can be
characterized as the subspace of H'(Q) of functions with vanishing trace. The
range of the trace operator is customarily denoted by

HY2(8Q) := T(H'(Q)).

(The reason for this notation will become clear later in this lecture.) It is equipped
with the minimal extension norm
= inf v .
lollrsaooy = _yink ol
The minimal extension is the solution to an elliptic boundary value problem (see

Exercise for a similar computation). We denote by H~/2(9Q) the dual space
of H'/2(0£2). The norm in that space is, as usual, defined as

(g, v)
||QHH*1/2(BQ) = sup A L
veEH1/2(0Q) HU”Hl/?(aQ)

We have the Gelfand triplet
HY?(0Q) C L*(09Q) € HY/2(50),

for which we will later verify that the embedding is indeed dense.

If we now define by H 1/ 2(F ) for some I' C 99 the range of the trace operator
restricted to I we are not working on a closed manifold anymore. Formal integration
by parts with a function v € H'/?(T) will cause boundary terms unless it admits
an extension by zero to a function ¢ in H'/2(98). The space of such functions is
defined as

HY2(T) == {ve HY*(T): 5 € HY/?*(00)}.

We observe that in general H~1/2(I') and (H'/2(I))* are different spaces. This is
a delicate issue that we will discuss in more detail.
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2.3.2. The space H(div). If we consider the Dirichlet problem —Au = f for
the Laplacian with f € L?(), we notice that o := Vu is an element of [L?(Q2)]".
But we know more, namely

/U~Vvdx:—/fvdm for all v € CZ°(Q).
Q Q

That is, o is in L? and possesses a weak divergence in L?. The space of such vector
fields is denoted by

H(div, Q) := {a € [L2()]":3f € L*(Q) Vv € CCOO(Q)/QU Vodr = —/vadx} :

The weak divergence is then denoted by divo = f. The space is endowed with the
norm

||UHH(div,Q) = \/”’UH%Q(Q) + || leU”%z(Q)
One can show that H(div, ) is the closure of the smooth vector fields (up to the
boundary) with respect to the norm || - || g (aiv,0)-
Of course, any vector field whose components all belong to H*(£2) automatically
belong to H(div,). But H(div) fields are more general. For example (see Exer-
cise [2.21]), a piecewise polynomial vector field with respect to a triangulation need
not be globally continuous to belong to that space. It suffices that it does not jump
across any face in the direction normal to that face.
Functions from H(div) have traces in a certain sense. Integration by parts shows
(for sufficiently smooth functions) that

/ @T - vdx = / (plele’ +/ T - chdx S ||T||H(div,ﬂ)||SD||H1(Q)~
o0 Q Q

This means that the normal trace, assigning 7 - v|sq to any 7, is a bounded linear
functional on H'/2(99).

EXAMPLE 2.28 (inhomogeneous Neumann problem). Given g € H~'/2(9Q), the
weak form of the Neumann problem —Au +u = f, du/dv = g seeks u € H'(£2)
such that

/Vu-Vvdx—l—/uvdx:/fvdx—i—/ guvds for all v € H*(Q).
Q Q Q GTy)

It is well posed and its unique solution w satisfies Vu-v = g on 92 as an identity of
elements in H~/2(99). We therefore see that the normal trace is surjective onto
that space.

Previously, we could easily restrict H'/? functions from 9§ to a subset ' C 9. This
is not possible for elements from H~'/ 2(0Q). Indeed, by our above interpretation
of the normal trace through integration by parts, we think of an identity

/ng-I/dzz/ o1 - vdx
r oQ

where ¢ is the zero extension of ¢. But that extension need not belong to H'/2(99).
All subsequent computations from above then will make no sense any more.

EXAMPLE 2.29. For g € H~'/2(9%2) and a (generic) subset T' C 99, the integral
Jrgds is not well defined because the constant 1 over I' is not in H'/?(9) when
continued by 0. We will study this in more detail later, but for the moment we
consider another example.

EXAMPLE 2.30 (taken from §2.5.1 of [BBF13]). We know that in two dimensions
the function u(x) = log(|log(|z|)|) belongs to H'(Q) and so its trace belongs to
H'/? (09). For simpler computations, we take  to be the quarter segment =
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{z1 > 0,29 > 0,]z] < 1/exp(1)}. The tangential derivative of u along 9 then
belongs to H~1/2(99) (this will be proven later in the lecture) and is denoted by
g. By direct computation, we see that fBQ g ds is finite, but fr gds for T' = {zy =
0} N 9N is not.

2.3.3. Mixed finite elements for Poisson’s equation. In Poisson’s equa-
tion we introduce an additional vector variable o and set

o= Vu, —dive = f.

For the variable o above we require o € H(div,2) and

/divavdx:—/fvdx for all v € L*(9).
Q Q

The relation ¢ = Vu and integration by parts reveal for any 7 € H(div,2) that

/U'le‘z—/diVTuda?—‘r/ ut - vds.
Q Q o0

Assuming a homogeneous Dirichlet boundary condition for v we o € H(div, ) and
u € L?(Q) such that

/U-Tdm—l—/diVTudx:O for all 7 € H(div, Q),
Q Q

/divavdx:—/fvdx for all v € L*(9).
Q Q

In this way we have formulated Poisson’s equation as a saddle-point problem. This
formulation is referred to as mized formulation. 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, Q) regularity for
the vector variable but now merely ask u to belong to L?(Q2). 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 discretiz-
ation of the mixed Laplacian. Since L?(£2) functions do not require any continuity,
a reasonable choice is to discretize it by the subspace Py(T ) of piecewise constant
(possibly discontinuous) functions with respect to a regular simplicial triangulation
T. For piecewise polynomial discretizations of H(div,{2) we have seen in Prob-
lem [2221] that for each face of the triangulation the component of the piecewise
polynomial vector field must be continuous in the normal direction with respect to
the face. We thus will use the normal directions at the faces as the degrees of free-
dom. For simplicity, we restrict ourselves to two space dimensions but remark that
an analogous reasoning works in any dimension. We begin with the construction
on a single triangle. We set

a

RTY(T) = {v € [LX(T) : v() = (b

) + cx for a,b,c € R}.

The vector fields of RTy(T') belong to a subset of the vector fields that are affine in
each component. Obviously dim RT(7T) = 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 (Yg)geg (), where £(T) is the
set of edges of T, such that

(27) ]iwmmz{l ifE=F

0 else.
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FicUre 1. Convention for the edge normal.

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

1/)T7E(1}) = M(IE — PE)

where Pg is the vertex of T opposite to E. The proof of is left as an exercise.

REMARK 2.31 (finite element in the sense of Ciarlet). In the foregoing discussion,
we have seen that we can uniquely determine functions from a finite-dimensional
space of functions over T' by linear functionals that need not be point evaluations
(as it would be the case for the usual Lagrange basis of polynomials). Following the
reasoning of Ciarlet [Cia78], one can abstractly define a finite element as a triplet
(T, P, L) consisting of a bounded Lipschitz domain T" of R™ (the element domain),
a finite-dimensional space P of functions over T' (the shape functions), and a set L
of linear functionals over P that forms a basis of P* (the node functionals). It is an
exercise to verify that (T, RTo(T),{f, ®-vrds: E € £(T)}) is a finite element. 4

Globally, we then define
RTy(T) :={v e H(div,Q) : VT € T v|r € RTo(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 7' and that are
normal-continuous across each edge. Given any interior edge E, we fix a normal
vector. For the two neighbouring triangles 7 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 77.. This is graphically illustrated in
Figure[l| If E is a boundary edge, we define T_ = (.
The functions

Ur, g(z) ifzeTy
Ye(r) = —vr_p(x) ifzel-
0 else

then form a global basis of RTy(T).

LEMMA 2.32. The functions (Vg)ges form a basis of RTo(T). They satisfy . Ve -
Vg dr = 5EF-

PRrooF. Exercise. O

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

IRTT: Zf T~I/Ed877/}E.
E

Eec¢g
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By construction, it satisfies the conservation property

/IRTT'VEdSZ/T-VEdS for any £ € £.
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 I 7 to exist is for instance
7 € [H'(2)]? because traces along edges are well defined due to the trace theorem.
The following result shows H' stability of Ipz.

THEOREM 2.33. 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 reqularity of T such that

[ rroll (@) < Crarlvllar ) for all v e [H(Q)]%.

PROOF. The restriction of Irrv to a triangle K can be written in terms of the
basis expansion as follows

Iprv|K = Z 7[11 vpdsyp.
Ee&(K)

A direct computation with the shape regularity shows for the basis function that
lVEllr2(k) S hi. Similarly, [|[DYg| 2y S 1. We recall the trace inequality and
compute for the coefficient in front of 7,/} E that

[, o vel < LB olacey S 0 ol + Dol
We use the triangle inequality and compute

HrrvllL2(1) < I][ v-vgds|[Vellrze) S [vllm
Ee&(K)

In order to bound the gradient, we observe that DIgrv = DIgy(v fK v dz) for the
constant fK vdx (component -wise integral mean) because Irr conserves constants
(exercise). We then compute with trace and Poincaré inequalities that

1Dzl zae = |DInr(v ~ f vds)lzaco
K

‘][ U_f vdx) - vp ds|||DYg|| 2 o)

EcE(K)

Sh;}lll(v—]{( vde)| ey + V0l 22y S ol -

IN

Note that the constant in the Poincaré inequality scales like hyx. The claimed
bound on the H'(Q2) norm follows from using this local argument on each element
domain. ]

The following so-called commuting diagram property is of particular importance.
We denote by Iy : L2(2) — Py(T) the L? projection on piecewise constants. It
has the following representation (exercise)

(Tloq)|T = ][ qdr forall g€ L?(Q) and all T € T.
T

For vector variables, we use the same symbol Il to denote the component-wise L2
projection on [Py(7)]?.
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LEMMA 2.34 (commuting diagram property). The Raviart—Thomas interpolation
Iry : [HY(Q))> = RT,(T) satisfies

div IRT’U = HO divw.
In other words, the diagram

div

[HY Q)] — L2(9)

IrT TTo

RTH(T) 25 By (T)

commutes.

PROOF. Let v € [H1(Q2)]2. The divergence theorem shows for any T € T with
outer unit normal v that

/divIRTvdx:/ IpTv - vpds = Z /IRTU-V|Eds.
T or Eeg(T) ' B
For any edge E € £(T), the operator Irr conserves the integral of v - v|g. Thus
Z /IRTU~I/|EdS= Z /U~V|Eds:/ v-deZ/divvds
pee(T)’ B Eeg(m)’ B oT 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

][ divIgrvdr = ][ divvds.
T T

The left integrals simply equals div Igrrv because the integrand is constant on 7.
The assertion follows with the above representation of Il as the piecewise integral
mean. O

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

/Jh-Thdx—/diVThuhdl'ZO for all ThGRTo(T),
Q Q

/ div oy, vy, do = —/ fopdx  for all v, € Py(T).
Q Q

THEOREM 2.35. Given any f € L*(Q), there is a unique solution (op,up) €
RTH(T) x Po(T) to the discrete mized system. We have the error estimate
lo = onllriv.e) + v —unllL2 @)

<C inf - iv inf —
- (The}znTo(T)HJ Thll(a 7Q)+vh€120(,r) lu —vnllL2(0))

for some constant C.

PROOF. It suffices to prove the requirements from Brezzi’s splitting theorem.
The error estimate then follows from the abstract error estimate for the Galerkin
method. For the proof of coercivity of the form

a(ah, Th)
on the kernel Zj,, we first note that any 75, € Zj satisfies by definition

divropde =0 for all vy, € Py(T).
Q
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But since div 7, € Py(T), we see that div 7, = 0 pointwise in . Therefore
a(Th, ) = 17al| 220y = Il 22 () + 1 div Tallie@) = 17003 @iv0):

which implies coercivity of a in RTo(7T) C H(div, Q).

Let us prove the inf-sup condition for the form

b(Th,vp) ::/divrhvhdx.
Q

Let any vy, € 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 € HL (). From the H? regularity on convex domains
(Part T of this lecture) we deduce that @ € H?(Q) with

||1I)||H2(Q) S Crcg”vh”LQ(Q), VHA)|Q S [HI(Q)]Q, and diV VZI) = Vp, n Q

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

div Igr Vi = Iy div Vi = My (vp) = vp,.
We furthermore have a bound on the H(div, ) norm
I rr V@ % (div.0) = IHrRT V@ 720y + llvall 2@
S ”Vﬁ)”f‘—ll(ﬁ) + ||Uh||2L2(Q) S ||”UhH%2(Q)~

We then compute

sup b(T, ’Uh) > b(IRTVﬁJ, ’Uh)
mneRTo(TN0} 1Tl a(@iv) [onllL2@) — IR VO g(aiv [lvnll L2 )
[onllZ2 0

> 1

N rr V@ g aiv) lvnll 20
This proves the inf-sup condition with a constant that only depends on the shape
regularity. O
COROLLARY 2.36. If the solution to the Poisson equation satisfies u € HE(Q) N
H?(Q), then
lo = onllmaiv.0) + 1t — unllL2) < RID*ullL2@) + I f — Do fll 120
PRrOOF. This follows from the interpolation error estimate and the piecewise
Poincaré inequality. O
2.3.4. Selected aspects.

EXAMPLE 2.37 (mixed BVP). Given a disjoint partition 02 = I'p UT'y into a
Dirichlet and a Neumann boundary, we consider the mixed boundary value problem
—Au = f subject to u|p, = up and u|r, = 0 for some given up € H'/?(T'p). For
simplicity we assume I'p to have positive surface measure. We introduce the space

Hy(div,Q) := {7 € H(div,Q) : 7 - v|p, = 0}

and obtain the mixed formulation of the boundary value problem: Find o €
Hy(div, Q) and u € L*(Q) such that

/U-de+/divrudac=(7-u,up> for all 7 € Hy(div, ),
Q Q

divovdr =— [ fodz forallve L*(Q).
Q Q
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Note that the Neumann condition enters as an essential boundary condition, while
the Dirichlet condition is imposed weakly and appears on the right-hand side. This
situation is “dual” to the usual formulation of the boundary value problem studied
earlier. Inhomogeneous Neumann conditions have to be imposed in an essential
way.

Transformation properties. When working with the Sobolev space H'((2), for
the usual Lagrange elements we know the affine equivalence to a reference element.
We can parametrize T via an affine diffeomorphism & : T — T and know that
the nodal functionals (point evaluations) are conserved under this transform. We
also know the important relation Vv = (D®)~ Voo ®~1. In H(div) problems, the
situation is different because ® does not map normal vectors to normal vectors and,
thus, does not conserve the degrees of freedom. It turns out (and is well known
from the theory of differential forms) that the right transform is the pullback, also
known as contravariant transform or Piola transform. For an element & € T it acts
on a vector field ¢ as follows

r:=®(&) and gq(x):=|det D®(2)| ' DO(2){(z).
For affine @, the object D® can be thought of as a constant matrix, henceforth
denoted by B. It is possible to verify that the normal vector v to 9T and the

normal 7 to OT transform as
1

Y BT
see Exercise 2311 We furthermore have:

LEMMA 2.38. Let g € H(div,T) be the Piola transform of § and v € H'(T) be the
affine transform of 0. Then

/diqudac:/divcjf)algv7 /q~Vvdx:/(j~V@dm,
T T T T

/q-uvdSZ/ q-vods.
ar aT

PRrROOF. Exercise 2.32] O

2.3.5. Error estimate in the H ! norm. For the standard FEM, the Aubin—
Nitsche trick can be used to establish an improved convergence rate for the L? norm
of the error compared to the energy norm (the H' seminorm). For the mixed FEM,
this is obviously impossible because it approximates v in L? with piecewise con-
stants. This approximation will be of order h in case of full regularity, but not
better. We first study the projected error I, (u, — u) and see that it exhibits a su-
perconvergence phenomenon. For simplicity we state it on a convex domain where
we know that the Poisson problem is H? regular.

B~ To(#),

LEMMA 2.39. Let Q C R™ be an open, bounded, convex polytope. Let (o,u) €
H(div, Q) x L?(Q) solve the mized system for the Poisson problem with right-hand
side in L?(Q) and homogeneous Dirichlet boundary conditions. Let (o, up,) denote
approximation from the discrete mized system. Then the projected error satisfies

T (un — )|l 2@y < bllo = oull#(div,0)-

PROOF. Let (n,w) € H(div,Q)x L?(Q2) denote the solution to the mixed system
with right-hand side IIj, (up, — ),

/U.war/diwwdx:o for all 7 € H(div, (),
Q Q

divnpvdr = —/ Oy, (up, — w)vdr  for all v € L*(9).
Q Q
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We recall that € H[(Q)]" thanks to elliptic regularity. Thus, the interpolation
Irr is well defined. We test the second equation with —(uj, — ITpu) and obtain
from the commuting diagram property of the interpolation Izt and the solution
properties of u and uy that that

O / div g Ty (up — u) de
Q

= —/ div Igrn (up — u) de = / (on, — o)Igrnde.
Q Q

We add and subtract 7 and use the first equation for 7, which leads to
/ (op, —o)Igrndx = /(Uh —o)(Igrn —n)dx — / div(op, — o)w dzx.
Q Q Q
The Galerkin equations for o, show that div(oy, — o) is L? orthogonal to the piece-
wise constant functions, so that we can subtract IIw from w in the last integral.
Thus, combining the previous two chains of identities with the Cauchy inequality
yields
Ih (un = w)lZ2q)
<llo = onllL2@)lln = IrrnllL2(0) + | div(o — on)ll2@)llw — Thw| L2().-
Due to the H? regularity and n = Vw, we can use the error estimate for Iz and
the piecewise Poincaré inequality for w — ITpw and the elliptic regularity estimate
to obtain
In = TrrnllL2() + lw — Dpwl20) S hllwllmz@) S RIT(w — us)llL2()-

The assertion follows from combining the foregoing two estimates. O
COROLLARY 2.40. We have
flu— Uh||H—1(Q) S h(llo — onllaeaiv,o) + 1w — unllz2(0))-

PRrROOF. This follows from adding and subtracting II,u, the triangle inequality,
direct computations with the H~! norm and the projection IIj, and the Poincaré
inequality. O

2.3.6. Estimates based on the hypercircle identity. The following result
can be found in the literature under the name Prager—Synge theorem or hypercircle
identity.

LEMMA 2.41. Let Q C R™ be an open and bounded Lipschitz domain and let u €
H} () solve Poisson’s problem with right-hand side f € L*(2). Then, any o €
H(div, Q) with —dive = f and any v € H} () satisfy the hypercircle identity

IV (=)l Z20) + Vi = llz @) = Vv = 0l 72(0)-

PROOF. In the norm on the right-hand side we add and subtract Vu and apply
the binomial theorem to the squared norm. The result is the left-hand side plus
the mixed expression

—2/9V(u—v) - (Vu — o) dx,

which equals zero as can be seen by integration by parts because div(Vu — o) =
0. O

The fact that the right-hand side in the the hypercircle identity is independent of the
unknown function u makes the result very useful for a posteriori error estimation.
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If we choose v = u;, € S§(T) to be the Galerkin approximation to u with the
standard finite element method, the hypercircle identity implies the error bound
V(u—un)|l2() < [[Vun — o2 for any o € H(div,Q) with —dive = f.

Once we make a choice for o, the right-hand side is fully computable and is a
guaranteed bound (there are no constants is the estimate) to the Galerkin error.
Vice versa, if f is piecewise constant and o;, € RTo(T) is the discrete solution by
the Raviart—Thomas method, we have the estimate

[Vu —onllr2) < Vv =012 for any v € Hy(RQ).

Such bounds are called a posteriori error estimates because they involve information
of the discrete solution and thus are evaluated after the computation.
A direct consequence is:

COROLLARY 2.42. Let Q C R"™ be an open and bounded Lipschitz polytope triangu-
lated by T, let f € Po(T) and let up, € S§(T) and o, € RTo(T) be the approzim-
ations to u € HE(Q) resp. Vu by the standard resp. Raviart-Thomas FEM, where
u solves Poisson’s equation —Au = f. We have the guaranteed a posteriori error
bound

IV (u = un)ll720) + Vu = onllZa (o) = 1 Vun = onllts(q)-

The following result states that the standard FEM and the Raviart—Thomas FEM
are in some sense the optimal choice. We denote

Qn(f)={m € RTo(T): —divr, = f}.
LEMMA 2.43. Under the conditions of Corollary[2.44 we have

HVuthhHLz(Q) = min min ||Vvh 7ThHL2(Q).
v €SH(T) ThEQR(S)

PrOOF. For any 7, € Qn(f) and any vy, € S§(T), the hypercircle reads
IV (u—vn)llZ20) + IV = 70lF20) = IVon — 7ol L2(0)-

Since uy, is the best approximation in the energy norm, the left-hand side is minimal
for vy, = uy,, and therefore we have shown

Vup, — 7 = min Vo, — 7 .
Vup, — 7hllL2(0) esg(T)” h— ThllL2@)

It remains to show that this expression is minimal for 7, = op. To this end, we
minimize the left-hand side over Qp(f), which is equivalent to

1
§||Th||2L2(Q) - /Q Vuy, - 7, dz — min.

The Euler-Lagrange equation for the minimizer &, € Qn(f) of this quadratic min-
imization problem is (after integration by parts)

/§h~Thdx:/Vuh~Thdx:0 for allThth(O)-
Q Q

The inf-sup condition for the Raviart-Thomas method shows that there exists a
Lagrange multiplier wy, € Py(7T) such that

/ & - mhdx +/ wp, div, dz =0 for all 7, € RTo(T)
Q Q

/ div &pop dx = —/ fop dx for all vy, € Py(T).
Q Q

This shows that &, = op is the solution to the Raviart—Thomas system. This
establishes the asserted identity. U
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The foregoing result has shown that for bounding the error in the standard FEM,
the optimal choice from RTo(7T) for the upper bound is the result of the Raviart—
Thomas FEM; and that the best choice from S§(7) for bounding the Raviart—
Thomas error is the solution to the standard FEM. The lemma has shown that
this choice is sharp in the sense that the upper bound is bounded by the errors of
the two methods. The disadvantage is that, for example, for bounding the error
of the standard FEM, an additional mixed linear system of more or less the same
size needs to be solved, which is considered too expensive. Instead, a suitable
7h € Qn(f) can be designed by a local construction. We restrict our attention to
n = 2 for simplicity. We observe that Vuy is piecewise divergence-free but not
globally in H(div,Q). The jump of a (possibly vector-valued) function v across
an edge E is denoted by [v]g := v|r, — v|r_ for the two elements T sharing
E. For boundary faces there is only one element 7'y and we set [v]g := v|r,. In
every element we have Vuy|r € RTo(T). Once we have designed a piecewise RTg
function 77" (not in H (div, ) in general) with the property that —div )" |r = f|r
onevery ' € T and |7}V ]g - vg = —[Vup]p - vg for every interior edge E, we have
that 7" = 7, — Vuy, for an element 75, € Q(f). It remains to evaluate the norm of
v,

Ah possible construction is as follows. For a vertex z of the triangulation 7, we recall
the vertex patch w,, which is the interior of the union of all triangles containing z.
We define the set £(z) of edges containing z and denote by ¢, the corresponding
S(T) nodal basis function. We design a piecewise RT function 77 supported on
w; as follows. For every edge E ¢ £(z) we set the degree of freedom [, 7.-vpds = 0.
The remaining degrees of freedom are related to two faces per triangle. They are
fixed by the conditions

/ T;f-qus:—/fgozdx for every T C W,
oT T

1
[77]e - vE = —i[Vuh]E -vg for every E € £(2).

If z is an interior vertex, a simple degree-of-freedom count reveals that such choice
can be achieved. If z is a boundary vertex, we enforce the jump condition only
on the interior edges. Recall that for boundary faces there is no condition on the
normal trace for a piecewise polynomial field to belong to H(div,{2). We then
obtain as many conditions as degrees of freedom if we consider the connectivity
components of 9. A practical implementation is outlined in [Bra07), 111§9].

LEMMA 2.44. The function 7" := Y .\ 77 satisfies —divT)"|p = flr on every
T eT and [} vglg- = —[Vuplg - vg for every interior edge E.

PROOF. Since the nodal basis functions ¢, form a partition of unity, the design
of the functions 77 implies that

/leThda:— Z / Tﬁ-l/Tds:/fda:
2eN(T) 2EN(T T

and therefore —div7}"|p = f|r on every T € T. Furthermore, any edge E is
shared by two vertices z1, 22, such that

e ve = e - ve + [1]p - ve = —[Vunlg - vE.

We conclude the following reliability estimate:
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THEOREM 2.45. Under the above assumptions (in particular f piecewise constant)
we have the a posteriori error bound

IV (u—un)ll L2y < I L2 (o)

Algorithmic details on the implementation can be found in [Bra07, Chapter III
§9].

REMARK 2.46. One can prove that the bound is also efficient, that is the converse
estimate holds up to a constant,

177 L2 ) S IV (u = un) |l L2

¢
REMARK 2.47. If f € L*(Q) is not piecewise constant, we have
h2
IV (= wllaatey < W ez + | 32 251 = f. £ dalacry
TeT
see Exercise 2.35] The additional term is referred to as data oscillation. ¢

2.4. Nonconforming FEM

2.4.1. The Crouzeix—Raviart element. For standard methods we assumed
the conformity property V;, C V', which led to a convenient error analysis via Céa’s
lemma. The idea of nonconforming methods is to gain more flexibility (in whatever
sense) of the discretization by giving up that constraint. In general we will therefore
work with discrete space V3, € V. We start with the Crouzeix-Raviart element as
a basic example. For simplicity we shall work in R?. As usual, P;(7) is the space
of piecewise affine (but possibly discontinuous) functions. Given a triangulation 7
of our usual bounded, open, polygonal Lipschitz domain 2, we define

CRY(T) := {v € P,(T) : v is continuous is the midpoints of interior faces}.
The version with homogeneous boundary conditions reads
CRy(T) := {v € CR*(T) : v vanishes in the midpoints of boundary faces}.

We want to use this space to approximate the Dirichlet problem for the Laplacian,
but we have the obvious difficulty that CRj(7T) is not a subspace of HE (). For
piecewise regular objects such as v, € CR* (T), we can evaluate a piecewise gradient

Vyon € L*(Q) defined by (Vivp)|r = V(vp|r) for any T € T
and define
lvlln := [[Vav|lr2) for any piecewise H'-regular function.
We can show:
LEMMA 2.48. The seminorm |[v||, is a norm on the sum space HY () + CRy(T).

Proor. Exercise [2.39 O

The seminorm is induced by the bilinear form

ap(v,w) ;== | Vyv-Viwdz for any v,w € H(Q) + CR*(T).
o

We have shown that ay, is an inner product on C’R(l) (T), from which it is clear that,
given f € L?(Q), there exists a unique solution uj, € CR5(T) to

ap(up,vp) = / fondz for all v, € CRS(T).
Q
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This is the the Crouzeix—Raviart (or nonconforming P;) method for the Dirichlet
problem of the Laplacian. For the implementation, we use the face-oriented basis
functions with the property

][ Yepds =0gF
P

for interior faces E, F. We note that for piecewise affine functions stating that
a function is continuous in a face midpoint is equivalent with the property that
the average fE~ds coincides on both neighbouring elements 7} and 7_. On an
element T" with barycentric coordinates ¢1, ¢, ¢3, and faces Fy, Es, E3 we use the
convention that ¢;|z, = 0, that is £ is opposite to the vertex z;. The local basis
function 9 g, then reads

’(/JE]. =1- 2(,0;
It is direct to verify that therefore the local stiffness matrix equals four times the
local stiffness matrix of the standard FEM.
The nonconforming interpolation operator is defined via

Iy = Z ][ vdsyp for any v € HY(Q) + CRY(T).
Eee’E
It has the following important property.
LEMMA 2.49 (projection property). The nonconforming interpolation satisfies for
any v € HY(Q)
V;,,Ihv = HQV’U.

That is, the piecewise gradient of the interpolated function equals the best approz-
imation of the gradient by piecewise constants.

PRroOOF. Exercise 2.38 U
We proceed with a basic error estimate.

THEOREM 2.50. Let Q be an open and connected polygonal Lipschitz domain and
assume that the solution u to the Poisson problem with f € L*(Q) satisfies u €
H}(Q) N H%(Q). Then

lw = unlln S RID?ul| L2 (g)-

PROOF. We write wy, := Ipu — up and use the triangle inequality
lu —unlln < llu— Inulln + flwalln

and observe that the square of the second term on the right-hand side satisfies
I 2nw — unlli = an(Tnw — wn, wi) = an(Tpu, wy) — / Jwp dz
Q

because wy, belongs to the finite element space. We use the projection property of
I, and integration by parts for the term including Iu and compute

ap(Ipu, wy) = ap(u, wy) = /wah dx — Z/ Vu - vglwy)g ds
E

Ee&

where [-]g denotes as usual the jump across E (for boundary faces, we define it as
the usual trace) and where we have used that Vu - vg does not jump; indeed Vu is
H! regular. On any interior face E, the jump [w,]g has vanishing average and is
thus orthogonal to any constant function. We compute

/Vu-z/E[wh]Eds:/Vh(u—fhu)~VE[wh}Eds
E E

< Vot — Tyt e —f w ds]| 2 ().
E
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With triangle, trace, and Poincaré inequalities as well as Exercise we deduce

/ Vu - I/E[wh]E ds 5 h||D2u||L2(T+UT7)||Vhwh|\L2(T+UT7).
E

Altogether, we conclude the stated result from the finite overlap of face patches
and the combination with the above arguments. O

REMARK 2.51. In the previous proof we could not use Céa’s lemma. Instead, we
directly worked with the H? regularity of the solution. This assumption can be
relaxed with a more elaborate proof. ¢

2.4.2. Application to the Stokes equations. We recall the Stokes equa-
tions. Given f € L?(Q), we seek u € [H}()]? and p € L3(2) such that

~Au+Vp=f in[H Q)
divu =0 in L3(9).

Here, u is a vector field and A is defined component-wise. Asusual, LZ(Q) are the L?
functions with vanishing integral over 2. Since fQ divudz = 0 due to integration
by parts, the second equation is indeed valid pointwise almost everywhere. The
problem can be put in a saddle-point formulation. We set V = [H}(Q)]?, M :=
L3(2) and

a(v,w):/ﬂDv:Dwdaj, b(v,q)z—/ﬂqdivvdw, F(v):/ﬂf-vdx, G=0

and see that the above equation is equivalent to the usual saddle-point problem with
this specific choices. The problem admits a unique solution. The proof obviously
requires an inf-sup condition for the form . We quote the result, which we will not
prove in this lecture.

THEOREM 2.52. Given an open, bounded, connected Lipschitz domain 2, there
erists B such that

0< 8 " Joadivoda
= in sup
g€ L3 O\{0} vema )2\ {0y 1PV|z2()llallz20)

for some 3.
We denote by Z the subspace of V' of divergence-free vector fields
Z :={veV:divy=0}.
The solution u from the Stokes equations belongs to Z satisfies
a(u,v) = F(v) forallve Z.

It is known from previous lectures that the design of Galerkin methods in Z is very
difficult, see Exercise [2.11] Discretizing the saddle—point problem is easier, but
the resulting approximation will not be pointwise divergence-free in general. The
advantage of a nonconforming discretization is that the discrete velocity field uy, is
piecewise divergence-free, at the expense of the nonconformity u;, ¢ V. We denote
Vi, = [CRY(T)]?, My, := Po(T) N L3(€) and

ap(v,w) = / Dpv: Dpwdz, bp(v,q) = —/ qdivy, vdx.
Q Q

The nonconforming method seeks uy, € Vj, and p, € M}, such that
ap(up,vn) + bp(vn, pr) = F(vp) for all v, € V},
bh(uh,qh) =0 for all ¢, € Mj,.

LEMMA 2.53. The discrete Stokes system has a unique solution (up,pp).
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PRroOF. It suffices to check the discrete inf-sup condition. Given ¢q; € My, the
continuous inf-sup condition and the projection property of I} show that
divvdx divy, Ipv dx
0 < ﬁ _ sup fQ dh . fQ dh hlh )
verar@)2\{0y 1Pvllrz@)llanllzz2) verm @y2\goy 1PvIL2@) llanllzz@)

The projection property furthermore implies ||DpIpv|r2() < [|Dvl[z2(q). This
implies the discrete inf-sup condition. O

It is not difficult to see that a solution uj, will satisfy divy, up = 0. We consider
VAR {’Uh eV, :divy v, = 0}.
LEMMA 2.54. The discrete solution up, to the nonconforming Stokes discretization
satisfies up, € Zy and
ap(up,vp) = F(vp)  for all vy, € Zy,.
PROOF. This follows from testing with elements from Z,. O

It is not difficult to obtain a basic a priori error estimate.

THEOREM 2.55. Assume the solution pair (u, p) to the Stokes system with f € L*(Q)
satisfies u € [HE(Q)] N [H?(Q)]? and p € L3(Q) N HY(Q). Then, the error of the
nonconforming FEM discretization satisfies

I = unlln + 1l = prllz2 () S hID?ul|20) + VPl L2(0))-
REMARK 2.56. These regularity assumptions are satisfied on convex domains (PDE
literature). ¢

Proor oF THEOREM [2.55] It suffices to bound the norms of the errors I,u —
up, and Ipp — pp, (use the triangle inequality and known bounds). The discrete
inf-sup condition states

I Znu = unlln + [Top — pallrz(o)
S osup [an(Thu — up, wi) + by (wh, Hop — pr) + bn(Inu — un, qn)] -

llwn lln=1
llanllz2 o)=1

The projection properties of I, and Iy and the constraint on the divergence show
that the last term on the right-hand side equals zero and that

an(Inu — up, wp) + b (wp, op — pr) = an(u, wy) + by (wn, p) — / f-wpdx.
Q

We proceed in a similar fashion as in the convergence proof for the Poisson equation.
From piecewise integration by parts we obtain

ap(w, wp) + bp(wp, p) = /wah dx — Z /E((Du —playo)vE) - [whpE ds.

Eec&

The conclusion of the proof is similar as in the Poisson case and left as an exercise.
O

We have seen that the nonconforming method directly produces piecewise diver-
gence-free solutions. It is possible to design a local basis of Z; in an explicit
construction:

e For each interior edge E we take a function ap € CRY(T) such that

faE'VEds:O, faE~tEds:1, faEdS:OforF7éE.
E E F

Here tg = (—vg,2,vE 1) is a unit tangent vector.
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FIGURE 2. Orientation of the normal vectors Vg around the vertex
z

e For each interior vertex z with set of edges £(z) containing z we define
. € CRS(T) as follows. All tangential components are set to zero. Also,
the normal components are set to zero on those edges that do not touch
2,

][az-tEds:O forall E € £(?) and ][Oéz-l/EdSZO for all E ¢ £(z).
E E

For any edge E touching z we choose a normal vector ¥ with counter-
clockwise orientation (see Figure [2] and choose

/az'ﬁEds:l.
E

It is not difficult to check that a, and ag belong to Z; and are linear independent.
By a dimension argument (see Exercise[2.10]) it can then be shown that the functions
form a basis of Zj, if the domain is simply connected. Details are worked out in

Exercise [2.431

2.4.3. Morley element. We consider a variational problem in the space
HZ(2), the biharmonic problem. Given f € L%(Q) for simplicity, it seeks a function
u such that

A’u=finQ and wu=0u/dv =0 on IN.
It is easy to calculate via integration by parts that a sufficiently smooth function
u € HZ(Q) satisfies

/ Aupdr = / D*u: D*pdx = / AulApdr for ¢ € C°(Q).
Q Q Q
The corresponding variational equality
/ D%y : D*vdx = / fodz for all v € HZ(Q)
Q Q

has a unique solution by the Riesz representation theorem in HZ(2). If Vj, is a
subspace of H3(2), the Galerkin projection is easily defined and standard theory
can be used to establish an a priori error analysis. However, it turns out that
the construction of H? conforming piecewise polynomial finite element spaces is
rather complicated. The three simplest choices are the Argyris element, the Hsieh—
Clough-Tocher (HCT) element, or the Bogner-Fox—Schmid (BFS) element from
Figure

We will use a nonconforming element that allows a much simpler local construction
by giving up certain continuity constraints. The Morley element is the following
(formal) finite element for a triangle T'

0
(T PoT), 0. of g dsi 2 € N(T),E € (D)),
B Ovr
that is, the shape function are the quadratic polynomials and the degrees of freedom

are the point evaluations at the three vertices and the evaluations of the averages
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AR/

FIGURE 3. Mnemonic diagrams of some finite elements for the bi-
harmonic equation: Argyris, HCT, BFS (definitions see [CiaT8]),
and Morley.

9
P

of the normal derivative over the three edges of the triangle. The Morley finite
element space is

v continuous at the interior vertices,

v = 0 at boundary vertices

Mo(T) =V E PQ(T) :

Ov/Ovg continuous at the interior edges’ midpoints,

Ov/dv = 0 at boundary edges’ midpoints

Given f € L?(Q), the discrete problem seeks uj, € My(T) such that

/ D3y, : Divy dx = / fopdx  for all vy, € My(T).
Q Q

It is easy to check that the left hand side defines a positive definite bilinear form:
if the piecewise Hessian D%Lvh of vy, is zero, then v, must be piecewise affine. The
continuity at interior vertices implies then that vy, is continuous and thus in S*(7).
The continuity of the normal derivatives over the edge midpoints shows that vy, must
be globally affine and, by the boundary conditions imposed on My (7T ), therefore is
the zero function. Hence, there exists a unique solution uy to the discrete problem.
The main tool in the error analysis is again a nonconforming interpolation operator,
which is defined via the degrees of freedom. Given v € HZ((2), the element I}Mv €
My(T) is uniquely defined by the conditions

(v — Ipv)

ovp (z) =0forall E€&.

(v—TIMv)(z) =0forall z€ N and ][
B

With arguments similar to those for the Crouzeix—Raviart element we show the
projection property for the Hessian

DMy =Ty D%.

There is indeed a close connection between the Morley and the Crouzeix—Raviart
method. First, it is directly verified that

ViMo(T) € CRY(T) and IFEVy =V,IMy.

We will now prove that the horizontal sequences in Figure |4] are exact and that the
diagram commutes. We work with the operators

_(—=0yu) (0 -1 _
Curlv = ( amu> = <1 0 ) Vu and rot¢ = 0,2 — Oyol

for scalar functions v and vector fields ¢. The piecewise counterparts are as usual
denoted with the index h.

THEOREM 2.57. The diagram of Figure [{] commutes. If Q is simply connected, the
horizontal sequences in Figure[]] are exact and the diagram commutes.
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HAQ) ——— [HL(Q)) —— 13(2)

™ ICR I

FIGURE 4. Curl-div complex.

PROOF. The commuting property is a direct consequence of the projection
properties of the respective interpolation operators. It is a classical result that the
first row is an exact sequence and we are left with showing this property for the
second row. Clearly, divy, Curl;, = 0, which implies the complex property

Curlh Mo(T) Q Zh

where

Zy, »={vp, € CRY(T) : divj, vy, = 0}.
For showing Curly, My(T) = Zj, it suffices to compare dimensions. We have pre-
viously shown that the dimension of Z;, equals card(N(2)) + card(£(£2)). This is
precisely the number of degrees of freedom of the Morley element and thus the di-
mension of My(7T). The kernel of Curly, namely the piecewise constant functions,
has only a trivial intersection with My(T). O

From the above we observe that the solution u to the Stokes system with right-hand
side f can be written as Curl ¢ for some ¢ € HZ(Q2). We then have —A Curl ¢p+Vp =
f. Taking rot of the equation leads to

A% = — 1ot f

because rot A Curl = A2, If the distribution rot f is an L? function, this can be
directly discretized with the Morley element. Alternatively, we can discretize the
right-hand side with the linear form

/ f - Curlp vy dx for vy, € Mo(T).
Q

The resulting method with produce u; = Curly ¢, which is the solution to the
Crouzeix—Raviart method. In this sense, the structure from the continuous setting
is preserved by the nonconforming spaces. In fluid mechanics, the function ¢ is
called stream function.

2.4.4. The Helmholtz decomposition. The Helmholtz theorem is a clas-
sical result stating that any (unstructured) L? vector field can be decomposed as a
gradient field and a divergence-free field. In what follows, we denote

3= H(div",Q) = {r € H(div,Q) : divT = 0}.

LEMMA 2.58 (Helmholtz decomposition). Let Q C R™ be an open, bounded, connec-
ted Lipschitz domain and let p € [L*(Q)]™. Then there exist a unique o € H}(Q)
and a unique R € 3 such that

p=Va+ R.
The decomposition is L*(§2)-orthogonal.



2.4. NONCONFORMING FEM 85

PROOF. Let a € H}(Q) denote the solution to —Aa = —divp and set R :=
p — Va. Then we have div R = 0 and thus the claimed decomposition. The ortho-
gonality is easily checked with integration by parts, [, Va-Rdz = — [, adiv Rdz =
0. (]

In shorthand notation, we write
[L2()]" = VH(Q) @ 3.

The gradient part Va is sometimes called Helmholtz projector in the literature.
A remarkable structure of the nonconforming method is that is satisfies a discrete
analogue of the Helmholtz decomposition. Thereby, we also find a close connection
to the Raviart—Thomas space. We will prove

[Po(T)]" = V1, CR(Q) @ 31,
where 3;, 1= RT()(T) n3.

LEMMA 2.59 (discrete Helmholtz decomposition). Let Q C R™ be an open, bounded,
connected Lipschitz polytope and let p, € [Po(T)]™. Then there exist a unique
ap € CR%(Q) and a unique Ry € 35 such that

pr = Vaap + Rp.
The decomposition is L*(§2)-orthogonal.

PROOF. As in the continuous case, we denote by oy, € CRY(T) the unique
solution to

/ Vwayp - Vyop de = / pr - Vpup dx for all vy, € CR(l)(T)
Q Q

and denote Ry := pp, — Vpap. Clearly, Ry, is piecewise constant. We denote by ¥ g
the Crouzeix—Raviart basis function with respect to the interior face F' € F(Q) (in
2d this is an interior edge). With this test function observe from the above solution
property and integration by parts that

0= /QRh “Viptpdr = /F[Rh]F -vppds = [Rp]p - VF/FwF ds.

We conclude that Ry, does not have normal jumps and therefore belongs to H(div, ).
Hence, Ry, € Z;. The orthogonality of the decomposition follows from integration
by parts:

/ Viayp - Ry dr = —/ oy div Ry, dz + Z Ry - vplaplrds =0
2 a FEF()

because the jumps of oy have vanishing integral mean over the faces. O

Instead of working with explicit gradients, we can equivalently work with the
orthogonal complement of 3 for solving the Poisson equation. We denote by
I := VH}(Q) the space of gradients and observe

=3".

Given f € L?(f2), assume we are given any vector field ¢ € [L?(Q)]" with —div ¢ =
f. Then, the Poisson equation —Awu = f is equivalent to finding v € I with

/W-de:/go-Tda: forall 7 €T
Q Q
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The constraint v € I' can be encoded with a multiplier z € 3. The mixed problem
is then to find (v, z) € [L?(Q)]" x 3 such that

/'y-de+/z~de:/g0-7'dx for all 7 € [L*(Q)]"
Q Q Q

/’y~ydx=0 for all y € 3.
Q

For showing that this is indeed well-posed, we only need to check the inf-sup con-
dition

-Td
0<pf= inf sup ny T ,
ve3\{0} rerz2()m\ o} 1l Eaiv.o) Tl z2(@)
which is immediately verified (choose 7 = y).
On the discrete level, we can analogously write T, = V;, CR}(T) and

T =3y
where now the symbol L indicates the orthogonal complement within [Py(7)]™. The

discrete formulation of the above version of Poisson’s equation is to find ~;, € T'y,
with

/'yh~Thdx:/go~Thdm for all 7, € T'y,.
Q Q
The mixed problem is then to find (v, zn) € [Po(T)]™ x 31 such that

/Vh-Thdz+/Zh‘Thd$:/@'Thdl” for all 7, € [Po(T)]"
Q Q Q

/fyh~yhd:17 =0 forallye 3.
Q

We note that this is a conforming method for the mixed problem (but of course
Iy, € T'). This shows that the Crouzeix-Raviart method can be interpreted as a
conforming method. For a particular choice of ¢ we can indeed recover the usual
Crouzeix—Raviart solution such that Vyup = 4.

LEMMA 2.60. Let f € L*(Q) be piecewise constant. If o € RTo(T) with —divep = f
s given as right-hand side in the above mizxed problem, then Vyun = vp.

PROOF. We can decompose any discrete test function 7, = Vyap, + Ry, We
conclude from the orthogonality and the solution property of u, that

/thh~rhdx:/vhuh~vhahdx:/fahdx.
Q Q Q

Since f = —divp and ¢ is a Raviart—Thomas function, we can integrate by parts

/fahdx:/cp-vhahdx:/90~Thd:1:—/zh~7'hdx
Q Q Q Q

where z;, is the orthogonal projection of ¢ onto 3. Therefore, Vjuy solves the
mixed problem with the multiplier zj,. U

COROLLARY 2.61. Let f be piecewise constant. Let o, € RTo(T) be the vector
part of the mixed Raviart—Thomas solution and let uy, denote the Crouzeiz—Raviart
solution. Then

H()O'h = thh.

PROOF. It is easy to check that the L? projection of oy, on 3, equals zero (first
line of the mixed system) and that — div oy, = f (second line of the mixed system).
In the foregoing proof we have shown

/ Viup - T, dx = / op - mhdx  for all 7, € [Po(T)]",
Q Q
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which is equivalent to the asserted identity. U

2.A. Problems

PROBLEM 2.1. Let L be a linear and continuous map between Banach spaces X, Y.
Prove ker(L*) = L(X)° and ker(L) = °(L*(Y™)).

PROBLEM 2.2. Let X,Y be Banach spaces and L € £(X,Y’). Prove that L is com-
pact if and only if L* is compact.

Hints (converse direction is similar):

1. An operator is called compact if it maps bounded sets to relatively compact sets.
2. Show that A = L(B1(0)) is compact if L is compact.

3. Given a bounded sequence in Y™, show that it is uniformly bounded and equicon-
tinuous over A. Show that there is a convergent subsequence in C(A) (Arzela—
Ascoli).

4. Show that L* maps that subsequence to a Cauchy sequence in X*.

ProBLEM 2.3. For Hilbert spaces X,Y and a continuous linear map L € L(X,Y),
the map L¥ € L(Y, X) defined by

(Lz,y)y = (x, L y)x foranyz € X,y €Y
is called the adjoint of L. Prove
LA :R)_(loL*oRy
where Ry, Ry denote the Riesz isometries of X, Y.

PrROBLEM 2.4 (Lax—Milgram lemma). Let X be a real Hilbert space with inner
product (-,-)x and let a : X x X — R be a bilinear form satisfying the following
two properties

e 38> 0%(@,y) € X2 Jal,y)| < Blalixllyly  (contimuity)

e dJa>0Vz e X alz||% <a(z,z) (coercivity) .
Prove (using the Banach-Babuska—Necas lemma) that there exists a unique map
T : X — X with the property

a(x,y) = (Tx,y)x for all (x,y) € X2

The map T is linear, continuous, and invertible with

_ 1
HTHL(X,X) <pB and ||T 1||L(X,X) < =

PROBLEM 2.5 (computing with dual spaces). (a) Let M C X be a subset of a
Banach space X. Prove that M° is closed. (Hint: Embedding in the bidual space.)
(b) Let L € L(X,Y) be a linear and continuous map between Banach spaces X,Y .
Prove L*(Y*) = °(ker(L**)).

(c) Let X be reflexive and let L € £(X,Y) be injective with L(X) C Y dense.
Prove that L* is injective and L*(Y™*) C X* is dense. (Hint: separation theorem,)

PROBLEM 2.6. Prove that any closed subspace of a reflexive Banach space is re-
flexive.

PROBLEM 2.7 (computing with the orthogonal complement). Let X be a Hilbert
space with the Riesz isomorphism 7 : X — X*; and let M be a reflexive Banach
space.
(a) Prove that Z+ = T~1(Z°) for any closed subspace Z C X.
(b) Let B: X — M* be a linear map such that B* has a bounded inverse on
its range. Prove that B : (ker B)* — M* is an isomorphism.
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PROBLEM 2.8. Prove that the Stokes equations are a necessary condition for any
minimizer of the constrained energy minimization problem. Show that, for suffi-
ciently regular solutions, the Stokes equations can be written as —Au + Vp = f
and divu = 0. Here, A is the component-wise action of the Laplacian.

PROBLEM 2.9. Prove that div maps [H}()]? to a subspace of LZ(Q).

PROBLEM 2.10 (Euler formulae). Let T be a triangulation of the simply-connected
polygonal domain 2. Prove

card(T) + card(N) = 1 4 card(€) and 2card(T) + 1 = card(N) + card(E(R)).

Here, as usual, & is the set of edges, £(2) the set of interior edges, and N the set
of vertices. What happens on planar domains with holes?

PROBLEM 2.11. (conforming divergence-free functions are trivial)

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

Hint: The criss triangulation is

PROBLEM 2.12. (standard FEMs are unstable for Stokes)

Let 2 = (0,1)2. Prove that the following discretizations of the Stokes equations lead
to unstable saddle-point problems (i.e., the discrete inf-sup condition is violated):
Vi, := [SH(T))? and My, := Po(T) N LE(Q) on the criss triangulation Tp,.

Hint: Use a dimension argument with the formulae from Problem [2:10]

PROBLEM 2.13. Prove Lemma 2.14]
PROBLEM 2.14. Prove Lemma 215
PROBLEM 2.15. Prove the bound on || Duy| 2 (o) from the proof of Theorem m

PROBLEM 2.16. Implement the Mini finite element. As a test example, use the
following data on the square = (—1,1)? (not the unit square): The right-hand
side f = 0 is zero and the exact solution is
(20123 — 42}
u(@1, 22) = (203:‘11%2 — 45,
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.

PROBLEM 2.17. (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: Q = ((—2,8) x (—1,1)) \ ([-2,0] x [-1,0]) (see Figure |5)
e Forcing term: f =0,
(0,0) for —2<x<8
e Dirichlet data: up(z,y) = { (—y(y — 1)/10,0) for z = -2
(—(y+1)(y —1)/80,0) for z =8.
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F1GURE 5. The backward facing step.

PROBLEM 2.18. Let g € H'Y2(99Q). Prove that the minimal extension, that is
u € HY(Q) with
IVul[r2(@) = min [[Vol|2q),
vEH ()

vlpa=g

is given by the solution to
—Au=0 inQ and w=g on I

PROBLEM 2.19 (negative Sobolev space). We know that Hg(Q) is a Hilbert space
when equipped with the inner product fQ Vv -Vwdz. As such, it can be identified
with its dual H~1(Q). We also know that L?(2) C H~1(Q). Does this imply that
L?(Q) is also a subset of Hg(2)? Give a complete explanation of this matter.

PROBLEM 2.20 (Gelfand triplet). Following the chain of the Gelfand triplet, we
observe that, comparing with Y, a “smaller” space X C Y will yield a “larger”
dual space Y* C X*. If X is finite-dimensional dim(X) = n, we know that also
dim(X*) = n. Is therefore Y* necessarily finite-dimensional?

PROBLEM 2.21. Let 7 be a regular triangulation of @ C R™ and let v € [P (T)]"
be a piecewise affine vector field. For each interior edge F' with adjacent triangles
Ty and T_ (i.e., F =T, NT_), the jump across F is defined by [v], := v|r, —v|7r_.
Prove that

v e H(div,Q) <= [v-vp]p =0 for all interior edges F
where v is some normal vector of F.

PROBLEM 2.22. Prove that the normal trace is a surjective map from {v € H(div,Q) :
dive =0} to {g € H-'/2(0Q) : (g,1) = 0}.

PROBLEM 2.23. Prove that the mixed form of the Poisson equation satisfies the
properties of the Brezzi splitting theorem.

PROBLEM 2.24. Prove that the local basis functions i1 g satisfy the property .

PROBLEM 2.25. Write a routine (Python or pseudocode) that provides a global
enumeration of all edges in a given mesh 7.

PROBLEM 2.26. Implement the mixed Raviart-Thomas method for the homogen-
eous Dirichlet problem of the Laplacian. Use the data from earlier exercises to
compute experimental rates of convergence in different norms.

PROBLEM 2.27. Let T be a triangle. Prove that the following triplets (T, P, L) are
finite elements in the sense of Ciarlet.

e The cubic Lagrange element: P = P5(T) and £ contains the point evalu-
ations in the three vertices of T', in two interior points of each edge, and
in the midpoint of T.

e The Crouzeix-Raviart element: P = Pi(T) and £ := {f,-dz : E €
E(T)}.
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e The cubic Hermite element: P = P3(T) and L contains the point evalu-
ations in the three vertices and in the midpoint of T" and the evaluation
of the gradient in the vertices, that is

L={vv(z):ze N(T)}U{v— Vo(z) : 2 e N(T)} U{v — v(mid(T))}.
e The Argyris element: P = P5(T') and
L={vv(2),v— Vo(z),v— D*v(z): z € N(T)}

Uf{v — ][ Vv-vrds: E € &(T)}.
E
PROBLEM 2.28. Let T be a triangle and let £ consist of the six functionals

{][ ‘ds: B € E(T)}U {][ sds: E € E(T)}
E E
describing the first-order moments of a function over the three edges. Prove that

(T, P,(T), £) is not a finite element in the sense of Ciarlet.

PROBLEM 2.29. Let P be an m-dimensional vector space and let F be a subset of
P* with m elements. Prove that the elements of F form a basis of P* if and only
if for any v € P the relation (F,v) = 0 for all F' € F implies v = 0.

PROBLEM 2.30. Prove that there exists a constant that only depends on the shape
regularity such that

lv— Inroll sa(ry < Chrl|Dollgzry for any v € [H*(T)P
and
| div(v — Irpv)||z2(ry < Chr ||V divo|z2¢ry  for any v € [H?(T)]>.
PROBLEM 2.31. Prove that unit normal vectors transform as

V() = mB_Tﬁ(i).

PROBLEM 2.32. Prove Lemma 2.38

PROBLEM 2.33. Prove that the Raviart-Thomas interpolation is invariant under
the Piola transform, i.e.,

—

Ipr #4=IrT,14-

PROBLEM 2.34. Let uj, € S§(T) be the standard FEM solution to the right-hand
side f € L?(Q2). Let z be an interior vertex of 7 with hat function ¢,. Prove that

1
3 Z /E[Vuh]E-uEds:/w fo.dx
Eecé&(z) z

for the set £(z) of edges containing z.

PROBLEM 2.35. Prove that for f € L?(2) the following error bound holds

w h?
19— w2y < I8l + | S0 L1 f - f F ]2
rer © T

Hint: You may use that the Poincaré constant on a convex domain w can be bounded
by diam(w) /7.

PROBLEM 2.36. Consider the Dirichlet problem for the Laplacian with homogen-
eous boundary conditions on the unit square. with f(x) = 2(z1(1—21)+x2(1l—22))
and exact solution u(x) = x1(x1 — 1)z2(22 — 1). Compute |[Vuy, — onl|r2(0) on a
sequence of mesh refinements and compare with the true errors.
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PROBLEM 2.37. Implement the error estimator ||7;" || .2 (o) and test its performance
for the setting of the previous Exercise.

PROBLEM 2.38. Prove the projection property VI, = IIyV for the nonconforming
interpolation operator.

PROBLEM 2.39. Prove that ||-||, is a norm on Hg(Q) + CRy(T).

PROBLEM 2.40. Let T be a triangle and v € H'(T) satisfy f,, vds = 0 for an edge
E of T. Prove

lollizery + Ay 0l 2y < ChrllVollaery
with a constant C' that only depends on the shape regularity.

PROBLEM 2.41. Implement the Crouzeix—Raviart method for ) and f as in Exer-
cise [2.36] and produce experimental convergence history plots for the error in the
II-Il» norm and the L? norm.

PROBLEM 2.42. Prove that the L? error of the Crouzeix—Raviart method is of order
h? provided u € H}(Q) N H2().

PROBLEM 2.43. Prove that the functions a,, ap for all interior vertices z and
interior edges E form a basis of Zj if © is simply connected. How needs the
construction be modified for domains with holes?

PROBLEM 2.44. Implement the Crouzeix—Raviart method for the Stokes equations.
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
(20223 — 4a%
(@, v) = (20:6‘11:102 — 4a3.
Choose the inhomogeneous Dirichlet data up according to u. Create convergence
history plots for the ||-||;, error in the u variable and the L? error in the p variable.






CHAPTER 3

Selected topics

3.1. Some details on Sobolev spaces and traces

We want to understand the origin of the notation H/2(99Q) for the range of the
trace operator and the connection to Sobolev scales.

3.1.1. Sobolev spaces of non-integer order. We begin by defining the
spaces H*® for non-integer values of s.

DEFINITION 3.1 (Sobolev—Slobodeckij norm). Let  C R™. For and 0 < s < 1 and
v € L?(Q) we define

1/2
[v(z) —v(y)
s(Q) 1= —2 7 dzd RU .
vl ms () (/Q oy ey € RU {0}
For a nonnegative integer k > 0 we define the space
HM(Q) .= {v e H*Q): |0%v| sy < oo for all multiindices with |a| = k}

endowed with the Sobolev—-Slobodeckij norm

lollaresecy = \/vnzk(m + 3 1070 -

|| =k
¢

With this definition, we have a definition of the fractional-order space H'/?(Q).
Since the boundary 02 of our Lipschitz polytope €2 is a manifold, this does not
directly give a definition of H'/2(9Q). In prior sections the latter space was already
defined as the range of the trace operator, but for the moment we cancel that
definition. The idea for defining H'/2(99Q) is to locally represent the boundary as
the graph of a Lipschitz function, to flatten the boundary after localization with a
suitable partition of unity, and to sum up the local H'/? norms of the transformed
function. We recall the definition of a Lipschitz domain (first part of this lecture),
where the open sets U',...,U" cover a neighbourhood of 9§ and, after rotating
and shifting the coordinate system, U7 N 9Q = {(z,7,(2)) : z € U’} is the graph of
a Lipschitz function «y; with the domain on one side of the graph. Here, Ui C R*!
is the domain of ;. We also consider a corresponding functions n; € C°(U7) that
form a partition of unity on the boundary, Zj n; = 1 on 0.

DEFINITION 3.2 (H® on the boundary). Let 2 C R™ be an open bounded Lipschitz
domain. We say that v : 9Q — R belongs to H*(0Q) if each function u; =
(njuw)(-,v;()) belongs to H*(U?). We define the (square of the) seminorm

Juj () = u;(y)?
[ulZr- (o) _Z/ / o — y[n—1+2s T — glnott2s dwdy.

(Note that z,y belong to R"~!). We define the norm ||u| g(a0) := (Hu||%2(39) +
|u|%1¢(89)])1/2 ’

93
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REMARK 3.3. The value of the norm (but not its finiteness) in the above definition
depends on the choice of the U7 and n;. ¢

What we shall prove in this section is that the space H'/2(9Q) equals the range of
the trace operator, i.e., every g € HY/2(9Q) is the trace of some u € H'(Q) with
lull @) < Cllgllg1/2(50)- Hence this alternative definition is equivalent to the one
given above using the minimal extension norm.

We will not discuss traces of H*(€2) in detail, but what is important to observe is
that functions from that space cannot have discontinuities on (n — 1)-dimensional
submanifolds if s > 1/2, but they can if s < 1/2, see Exercise[3.1} The case s = 1/2
is critical and it turns out that such functions can only have certain discontinuities.

EXAMPLE 3.4. A piecewise constant and discontinuous function w satisfies u ¢
H'Y?(99). But, for example, u(t) = log(|log(|¢|)|) belongs to

H'Y?(=1/ exp(1),1/ exp(1)).
This will be proven later, cf. Exercise [3.6

Generally for v € L?(Q), we denote by @ € L?(R™) the extension by 0.
DEFINITION 3.5. Let Q C R™. We define

HY2(Q) := {v e HY?(Q) : 5 € H?(R™)}
with the norm

HvHﬁl/z(Q) = |0l a2 -

We have [|v]| g1/2(0) < (V]| 71/2(q) for any v € H'/2(Q), see Exercise

DEFINITION 3.6. We denote by H{(€2) the closure of C2°(2) with respect to the
H? norm. We denote by H~*(Q) the dual of HZ(Q). ¢

THEOREM 3.7 (density). Let Q@ C R™ be an open and bounded Lipschitz domain
and let 0 < s < 1. Then, H*(Q) is a Banach space and we have H'(Q) C H*(Q).
The space C>(Q) is dense in H*(Q). We have

H5(Q) if0<s<1/2

H5($) = {fIS(Q) if1/2<s<1.

PROOF. See for example [Gri85| or [Dob10]. O

REMARK 3.8. We stress the very important fact that H'/2(Q) is the closure of
functions with compact support, but, at the same time, the elements in that space
do not necessarily admit an H'/?-regular extension by zero to the full space. 4

3.1.2. The range of the trace operator.

LEMMA 3.9 (trace). Let Q@ C R™ be an open and bounded Lipschitz domain. The
trace operator is continuous as a map from H*(Q) to HY/2(09).

PROOF. For simplicity we assume n = 2. Let u € C'(Q). We localize the
boundary with the sets U7 and the cutoff functions 7; and use Exercise We
can then assume without loss of generality that the support of u intersects the
boundary such that u|sn vanishes outside some I' C 90 which is the graph of a
function v, over a subset of R"™! =R, and 2 C RxR,. We fix 7,y € R and define
E=(x—y)/2and z = (§(z +y),[¢]). We use the triangle inequality

u(z,0) = u(y, 0)] < lu(z) —u(z,0)| + [u(z) — u(y, 0)|
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and focus on the first term on the right-hand side. We use the fundamental theorem
of calculus and obtain

1 1
)~ w0 = | [ Vata—tetll)- (1) e < Vel [ (Duto - e ar

We square, divide by |£| and integrate with respect to x and y. From symmetry in
x and y we then obtain
2

1 1/
- 0) 1272y < / ( /] |Vu<x—te,t|e>|2dxdy) dt.

Here we have used Jensen’s inequality [|f| < ([ f*)¥/2. Since u is compactly
supported, we can replace the I' in the integrals on the right-hand side by R. We
substitute with &

_ 2 _ _ 2
/R/RIW(w t&, tE))|" dz dy 2/R/R\VU(w t&, t€))|” da dg

=2 Vu(z, 2 dx de.

/R/R\ u(z, tl¢])]” dz d§

After changing coordinates £ — £/t, we thus obtain

1
s Olipraqey £ [ 47210l dt £ [Vulzzco
0

This and density from Theorem [3.7] prove the continuity. O
Conversely, any v € H/2(99Q) admits a bounded extension to & € H' ().
LEMMA 3.10. Let Q C R™ be an open and bounded Lipschitz domain. For every
v € HY?(0Q) there exists an estension d € H*(Q) with |[0]| 1) < Cllv]l g1/2(a0)
and v = ¥|sq

PROOF. Again, we will prove this in the simplified situation of two dimensions
to keep the technicalities to a minimum. The principal mathematical argument,
however, is the same in higher dimensions. As in the previous proof we may assume
that v € H'/2(T') for a bounded interval I' C R, and in view of Exercise 3.2/ we can

assume that I' = R. We denote the coordinates of R? by (z,y). We denote by ¢
the standard mollifier in R? with support in the unit ball and unit integral, and set

oz, y) ::;/qu(z;x) o(z)dz,  y>0.

We compute (note that ¢’ has zero integral) the derivative and change coordinates,

i) =~ [ (2 0 - vl a:
1

Y

- y /z<1 FE() vl tyz)) dz.

After squaring and integrating and observing that ¢’ is bounded, we compute

// ‘8w@(x’y)|2dxdy5// y_Q/ lv(z) — v(z + yz) > dz dx dy
R JRy RJR, lz|<1
S// y*i"’/ lu(z) — v(w)|? dw dx dy
RJR+ lz—w|<y
S//Iv(w)—v(w)F/ y 3 dy dz dw.
R /R |z—w]|

The y-integral equals 27|z — w|™2, and therefore we have shown [|0,0]|r2q) <
|U|H1/2(F).
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We next bound the derivative 9,9. We observe that integration by parts implies

/¢<z—m>dz+/¢,<z—x) Tl =0
R Y R Y Y

We can therefore compute

oote) =172 [ 6(220) (w0e) - wiopa:

_y—2/R¢/ (Z;f“) Z;x(v(z)—v(x))dz.

The integrals are bounded in a similar fashion as before. O

The preceding two results show that both definitions of H'/2(9€Q) given in these
notes are equivalent, and so are their norms.

LEMMA 3.11. Let @ C R" be an open bounded Lipschitz domain. The derivative
Oz, continuously maps H'Y2(Q) to the dual space [H/?(Q)]*.

PROOF. For the ease of notation we consider n = 1 and denote with z,y
the Cartesian coordinates of R?. We consider functions v € H'Y/2(Q) (with some
continuation to H/2(R)). and w € H/2(Q), which admits a bounded extension by
zero to an object of H'/2(R). From previous proofs we know that these functions
have bounded extensions & € H(R x R} ) and @ € HY(R x Ry). We obtain from
integration by parts that

/ O, 0(x, y)w(z,y) de = f/ / (020(x, s)0yw(zx, s) — Oyd(x, $)0xW(z, s)) ds dx.
Q y n
For y — 0 we obtain that

/Q dpv(@yw(@) de S Vol @er | VOl @xrs) S loll ey 0ll /20
for any such pair of functions. O

The previous result is sharp in the sense that the partial derivative does not map
HY?(Q) to H-'/2(Q) for a bounded Lipschitz domain €, see Exercise But
we have that the tangential derivative maps H'/2(99) to H~/2(982), which was
already used in Example [2.30] see also Exercise

3.2. Corner singularities in planar domains

3.2.1. Setting. This section provides a brief introduction to the regularity
theory of elliptic second-order boundary value problems in Lipschitz polygons (“poly-
gons” for short), that is, in open and bounded domains whose boundary can locally
be represented as the graph of a piecewise affine function. As a simplification of
the general situation presented in [Gri92, Chapter 2|, we consider the Dirichlet
Laplacian as a model case,

—Au=f inQ and u =0 on 9N.

In a Hilbert space setting, this problem has a unique solution Sobolev space Hg (£2)
for any f € H~1(Q). More precisely, the operator

~A:Hi(Q) = H Q)

is an isomorphism. If we restrict our attention to right-hand sides f from L?(Q),
the range of the solution operator (—A)™![ 12y is a subspace of Hj(€2), and reg-
ularity theory tries to find characterizations of this subspace. It is known that
such solutions enjoy H? regularity in the interior that can be extended up to the
boundary provided the latter is sufficiently smooth, say it belongs to the class C2.
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Sg 51 F1 SQ

FIGURE 1. Our notation for a polygon.

In this case, it can be shown by local flattening and reflection techniques [Eval0]
that u € H}(Q) N H%(Q) whenever f € L?(Q). In domains with corners (such as
polygons) this result is not generally true.

EXAMPLE 3.12. Let Q := {(r,0) : 0 <r < 1 and 0 < 6 < 37/2} denote the sector
domain (r and @ are the usual polar coordinates). Then

u(r,0) = r?/sin(260/3)

belongs to H'(2), satisfies zero boundary conditions near (0,0), but does not belong
to H?(w) for any open subdomain w C € such that (0,0) € @. On the other hand
we have that Au = 0, which belongs to L?(Q).

It will turn out that functions as in this example will describe characteristic singu-
larities near corners. We shall prove that the operator —A maps Hg(Q) N H2()
to a closed subspace of L?(f2), whose orthogonal complement N has a dimension
related to the corners of the domain. If 2 has finitely many corners, then N is
finite-dimensional. This is the main decomposition theorem. Moreover, this char-
acterization makes it possible to precisely predict the regularity of the solution
using fractional Sobolev spaces. In the above example, the solution satisfies the
regularity

uwe H379(Q) for any § > 0.

We will study how regularity in the fractional-order Sobolev spaces H*(2) for 0 <
s < 1 is related to the corners of the domain.

In what follows, 2 C R? is a bounded and open polygon with (for simplicity) finitely
many corners. Thus, there exists a positive integer M such that the boundary
consists of M many straight line segments (I'; : j = 1,..., M) meeting at corners
(S;:1=1,...,M) where S; :=T; N T4, see Figure for an illustration.

We consider the space

H(A, Q) :={veL*Q): Ave L*(Q)}
with the norm
2 2 1/
lollmae = (Iol3a@ + 18013a) -

Note that first-order partial derivatives of functions from this space will in general
only exist as distributions, but not as L? functions. Nevertheless, we can give a
meaning to traces of functions from H(A,2). We note that the outward pointing
unit normal vector v to 9 exists almost everywhere on 9 (namely in the interior
of any of the segments I';).

LEMMA 3.13. Consider the space

W= H?*(Q)NH}(Q) C H*(Q).
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The trace mapping v : H*(Q) — W* defined by

w .
v [wH/@ﬂvayds] = (yw,)eW

has a unique continuous extension to a linear map from H(A,Q) to W*.

PROOF. Let v € H%(Q)) and w € W. Integration by parts (applied twice) shows

/UAwdx—/ v—ds—/ wa—ds—i—/wAvdm.
a0 aV a0 61/ Q

Since w vanishes on the boundary, the second integral on the right-hand side equals
zero. This and the Cauchy inequality establish

/ va—wdS—/vAwdm—/wAvdx
o Ov Q Q

< vl lAwl| L2y + w2 @) [|Av]| 22 (o)
< Clollua,o llwlaz@)-
The result follows from density of H?(Q) in H(A,Q) (see Exercise [3.12)). O

REMARK 3.14. We interpret yu as a boundary trace for u € H(A,Q) and write
u|pq instead of yu. ¢

3.2.2. The decomposition theorems. Recall the notation W := H%(Q) N
H}(9Q). We consider the Laplacian as an operator A W — L3(). Injectivity and
closed range property of A follow from Exercise [3.9) We are interested in

N:={vel*Q):YweW (Aw,v)Lz(Q) =0} = (AW)*

These are the right-hand sides leading to singular solutions to the Laplacian.

LEMMA 3.15. We have v € N if and only if v € H(A,Q) and
Av =0 1in Q and vlga = 0 in the sense of traces of H(A, Q).

PROOF. The proof is left to the reader as an exercise. O

LEMMA 3.16. Let v € N and let U C Q denote any neighbourhood of the corners
{S;}. Thenv e C*(Q\U).

PRrROOF. This is the classical interior regularity result, see [Eval0]. O

Consider the corner number j with angle w; and the operator
Aj: H?(0,w;) N H(0,w;) — L*(0,w;)
defined by
Ajp=—¢".
We know from the spectral theory of self-adjoint compact operators that A; has
a discrete spectrum with nonnegative eigenvalues )‘im (m=1,2,3,...). The cor-

responding L?-normalized eigenfunctions are denoted by @jm- It is well known
that

Ajm =mm/w; and @, (0) = 1/2/w;sin(OA; ).
Given any corner S; we denote the polar coordinates with origin S; by (r;,6;). We
choose p; > 0 small enough such that D, := QN {0 <r; < p;} does not intersect

with parts of 9 other than I'; UT; ;1. We will sometimes use cut-off functions
n; € C*°(Q), j=1,..., M with mutually disjoint supports and the property

_ )1 in an open neighbourhood of S;
Cha 0 outside D,,. '
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We now fix one corner S; = S and denote the polar coordinates with origin S by
(r,8). We write p = p; as well as Ay, := Aj and @p, = @jm, W = w;.
The representation of the Laplacian in polar coordinates shows that any v € N

satisfies
0%v 10w 1 0%v

o T rar T Zoge
It can be shown that v has zero boundary conditions away from S; (prove this as
an exercise), see Lemma For any 0 < r < p, we have

v(r,0) € H*(0,w;) (as a function of 6)

=0 for0<f<w,0<r<p.

and thus

v 1ov 1

ﬁﬁ-;g—ﬁ/&jv:o for 0 <7 < p.

LEMMA 3.17. Let v € C*((0,p); H?(0,w;) N HL(0,w;)) solve and assume
v € L*(D,). Then there exist real numbers cy,, By, with

(28)

|| < Lm!/2p=m )
(L only dependent on v) such that

v(r,0) = Z amr’\”wpm(e) + Z er_)‘mgom(ﬁ).

m>1 0<A <1

PROOF. The functions ¢,, form a complete orthonormal system of L?(0,w).
Thus
v(r,0) = Z Um (1)om (0)  with the coefficient v, (r) = / v(r, 0)pm(0)do.
m>1 0
The differential equation implies
ol (r) Fr ol (1) = X220, (r) =0 for 0 <r < p.

This ODE has the following solutions (Exercise [3.10)

U (1) = 1™ o+ Bpar ™A

U (1) = @ + B log(r)  for A, =0 (not relevant here).

for Ay, >0 (relevant here)

Squaring the coefficient relation, integrating, and using Cauchy’s inequality implies

p P pw P pw
/|vm(r)|2rd7":/ |/ v(r,9)<pm(9)d9|2rdr§// (o (r, 0)2d0rdr
0 0 0 0 0

= HU”%Q(DP) < 0.

Thus in case A, > 1, we see that 3, = 0. Furthermore, if \,, > 1, we see that

Mp”‘m_‘—Q _ |Oém|2/p rz)\m—i-ldr < H'U||22 .
2 +2 0 B

THEOREM 3.18. The dimension of N equals
anrd{/\j,m (0 < Ajm <1}
J

PROOF. STEP 1. We begin by considering a fixed corner (number j) and the
related eigenvalues )\, and eigenfunctions ¢,,. Let m be such that A, € (0,1).
Recall the localization function n = n; and the polar coordinates (r,8) related to
this corner. We define the function

Um = 7774_>\m om(0).
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We obviously have that u,, € H(A, Q) (prove this as an exercise) with (generalized)
zero boundary conditions.. We can thus solve for v, € H}(Q) with Av,, = Au,,
and set 0, := Uy — V. We then have by construction that o, € H(A,Q) and
omloa = 0, furthermore Ao, = 0. By Lemma we thus have o, € N. There-
fore we have shown that there exists o,, € N such that

Om — nrf’\’”(pm(ﬁ) c H'Y(Q).

STEP 2. Let v € N. We have seen in the lemma that near our corner (number j)

we have
v(r,0) — Z AT O (0) — Z B~ 0 (6) = 0.

m>1 0<A\n<1

We have seen that r=*m,,(0) and o, only differ by an H!(£) function, thus upon
substituting we obtain

U(Tv 9) - Z am'r)\m@m(e) - Z ﬁmam S Hl (Dp)
m>1 0<Am <1

It is proved as an exercise that (with the help of the bounds on «,, from Lemma/|3.17))

Z Qo (0) € HY(D,y) for any 0 < p' < p.

m>1
Consequently, we infer that

v(r,0) — Z Bmom € HY(D,).
0<A, <1

STEP 3. The interior regularity from Lemma then shows that, in global nota-

tion, we have
wi=1v— Z Z Bjm0im € HY(Q).
J 0<Ajm<1

On the other hand, since w € NN H(£2), we know by Lemma that w € H(Q)
is harmonic with zero boundary conditions. Thus, w = 0 and

v = Z Z 5j,m0j,m~

J 0<hjm<1

For any corner S; of the domain €2 we define the “singularity function” 7; by
Ma

7j(rj,05) = 0 (ri)r;”" ©1(05).
These functions have the following properties.
LEMMA 3.19. The functions 7; (j =1,...,M) satisfy

7, € H(A,Q) and 7j|pq = 0.
The functions (At : j =1,...,M) are linearly independent. If X\; 1 < 1, then AT
is not orthogonal to the space N.

PRrROOF. Exercise B.14 O

THEOREM 3.20. Let Q C R? be a connected and open polygonal domain and f €
L?(Q), and denote by u € HE(Q) the solution to the Poisson equation

—Au=f nQ and u=0 on I

Then there exist real coefficients (c1,...,can) € RM such that
u— Z c;j7; € H*(Q).
7 with

wj >
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ProOF. We know that \;,,, = mm/w;. Thus
Ajm <1 ifand only if w; > 7 and m = 1.
Theorem B8] thus teaches us that
dimN = {j:w; >7}.
The functions 7; for w; > 7 are linearly independent and thus, by a dimension
argument, form a basis of N. Consequently, the space L%(f2) is spanned by the

range of A((H}(Q) N H?(Q)) and the functions A7;. Thus, given f € L?*(Q), there
exists w € H () N H?(Q) and coefficients ¢; such that

f = AIU + Z CjATj.
7 with
wj>m
The assertion of the theorem follows from the uniqueness of the solution to the
variational problem (i.e., apply A~! on both sides). O

We end this section with a quantification of regularity in Sobolev spaces of fractional
order.

THEOREM 3.21. Let Q C R? be a connected and open polygonal domain and f €
L2(Q). The solution u € Hg(2) to the Poisson equation

—Au=f inQ and u=0 on N

satisfies

™
u€ H™(Q) for any s < min{l, min —}.
(©)  for any { j:L...,ij}

PROOF. Details are worked out in Exercise [3.13] O

3.A. Problems

PROBLEM 3.1. Let u(z) = sign(z1) and let Q@ = (—1,1)™ denote the hypercube in
R™. Prove that v € H*(2) if 0 < s < 1/2 and that «w ¢ H*(Q) if 1/2 < s < 1.

PROBLEM 3.2. Let 0 < s < 1 and let w € H*(2) have compact support in .
Denote § = dist(supp(u), 9Q) and let & denote the continuation of u by zero to R™.
Prove that @ € H*(R™) and

1all7 gny < C(L+ 571672 [ullFre () -
Hint: Lemma 6.34 in [Dobl10].
PROBLEM 3.3. Let u: R™ — R be of class C' and let x,y € R™. Prove that

u(z) —u(z) = /0 Vitz+ (1 —1t)z) - (z — x) dt.

PROBLEM 3.4. Convince yourself that locally flattening the boundary of a Lipschitz
domain preserves the H! property. Consult Lemma 6.6 from [Dob10)]

PROBLEM 3.5. Let u € H/2(Q). Prove that
2 2 2 —n—1
43030y = By +2 [ futo)? [ LT v

PROBLEM 3.6. Prove that the bilinear form (v,w) — fol v/ (x)w(z) dx does not
possess a continuous extension to H/2((0,1)) x H'/2((0,1)). Hint: Consider the
function log(| log(z/ exp(1))]).

PROBLEM 3.7. Let  C R? be a bounded open Lipschitz polygon. Prove that the
tangential derivative d; is a continuous map from H'/2(9Q) to H=1/2(99Q).
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PROBLEM 3.8. On the L-shaped domain Q = (—1,1)%\ ([0, 1] x [-1,0]) we are given
the Dirichlet boundary I'p = {0} x [-1,0]U[0, 1] x {0} and the Neumann boundary
Iy =992\ T'p. For boundary data up = 1 on I'p, and Neumann data

cos(¢) sin(2¢/3) — sin(¢) cos(2¢/3) ife=1

173, sin(¢) sin(2¢/3) 4 cos(¢) cos(2¢/3) ify=1
—cos(¢) sin(2¢/3) + sin(¢) cos(2¢/3) if x = —1
—sin(¢) sin(2¢/3) — cos(¢) cos(2¢/3) if y=—1

in polar coordinates (r, ¢), and f = 0, solve the mixed boundary value problem for

the Laplacian with the mixed Raviart-Thomas FEM. The exact solution is given

by u(r,$) = 14 r?/3sin(2¢/3). Plot the convergence history for the L? norm of
u — up, as well as o — oy, and on Il u — uy,.

2
g(z,y) = 3"

PROBLEM 3.9. Let Q C R? be a connected and open polygonal domain. Prove that
every u € H?(Q) N Hg(Q) satisfies the identity

|Au|? = || D?ul|?.

Conclude that A : H?(Q) N HE(Q) — L%*(Q) is injective with closed range. Fur-
thermore, prove that exists a constant C() such that every u € H2(Q) N H(Q)
satisfies

[ull () < C(Q)[| Aull.
PRrROBLEM 3.10. Consider the ODE

O (r) 4 (r) = A2 (r) = 0 O<r<p
for some nonnegative real number A. Prove that the solution is given by
(r) = ar* +Br=* ifA>0

"~ la+Blog(r) ifA=0
with real numbers «, 5. Hint: The ODE is called Cauchy—FEuler equation.
PROBLEM 3.11. We consider v € H(A,Q) for a polygon Q. Let I' C 99 be a

straight segment of the boundary. Prove that v|p € [HY/2(I)]*. Hint: You may
use [Gri85| that the trace of 0 - /Ov is continuous and onto from HE(Q) N H?(Q)

to HY2(Y) for any convex polygon €.

PROBLEM 3.12. Let Q C R? be a connected and open polygonal domain. Prove that
H?(Q) is dense in H(A,Q), but H () N H?(Q) is not dense in H (Q) N H(A, Q).

PrROBLEM 3.13. Show that in two dimensions and for 0 < s,a < 1, we have
r® € H'75(Q) if and only if s < a. Prove Theorem

PROBLEM 3.14. Prove Lemma [3.19]
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