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Practical matters

e 6 o o

Lectures on Mondays at 10:15-11:45 in A6/032 by Vesa Kaarnioja.
Exercises on Tuesdays at 10:15-11:45 in A6/032 by Vesa Kaarnioja.
There will be no lectures on April 14, April 21, and June 9.

The first and second lecture will be held April 15 and April 22 in
room A3/120 in place of the exercise session.

Exercise sheets will be published regularly on the course Whiteboard
page. Please submit your solutions to the exercises before the
deadlines specified on each exercise sheet.

The conditions for completing this course are

(1) successfully earning a cumulative 60% of points from the exercises
(active participation + regular attendance), and

(2) successfully passing the course exam.

The course evaluation is based on the oral exam at the end of the
course.



Exercise guidelines

@ Solutions to exercises can be submitted either via email or by handing in your
solutions at the exercise session by the specified deadline. Late submissions will
not be considered.

@ Please present your calculations clearly and neatly, providing explanation for all
steps.

@ Ensure that your arguments are coherent and presented in an orderly fashion.
Organize your solutions logically, starting from the problem statement and
proceeding step-by-step to the solution.

@ Typeset or write your solutions in clear handwriting for easy readability.

@ Avoid ambiguity in your solutions: consider the perspective or the reader and
ensure that your solutions are understandable from their point of view (i.e., the
reader should not have to guess what you have written).

@ Use appropriate mathematical notation and terminology.

@ Double-check your solutions for errors and correctness before submission. Aim for
precision and accuracy in your mathematical expressions and calculations.

@ In programming tasks, ensure that your program executes successfully. Include the
source code as well as the output of the program as part of your submission.



Uncertainty in groundwater flow

Risk analysis of radwaste disposal or CO» sequestration.
Darcy’'s law q(x) + a(x)Vp(x) = f(x)
mass conservation law V- g(x) =0

in DCRY de{1,23}
together with boundary conditions

e

-

Uncertainty in a(x,w) leads to uncertainty in g(x,w) and p(x,w)



Criticality problem for nuclear reactors

V- (3(x) Vu() + bx) u(x) = Ae(x)u(x)
diffusion absorption fission

@ The smallest eigenvalue A1 € R measures criticality of a reactor.
e Eigenfunction uy(x) is the neutron flux at the point x.

@ A\ ~ 1 = operating efficiently
@ A1 > 1 = not self-sustaining
@ A\ < 1 = supercritical

Source: Argonne National
Laboratory on Flickr


https://www.flickr.com/photos/35734278@N05/3954062594/
https://www.flickr.com/photos/35734278@N05/3954062594/

Optimization under uncertainty

Find min,¢;2(py J(u, 2),

J(u,z) = %/Q/D(u(x,w) — g(x))?dx dP(w) + % Dz(x)2 dx,
subject to

-V - (a(x,w)Vu(x,w)) = z(x), xe€D, ae. we
u(x,w) =0, x €0D, ae. weQ,
Zemin(X) < z(x) < Zmax(x), a.e.xeD.
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Domain uncertainty quantification

SRNSSRE

Three realizations of a random spatial domain
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Electrical impedance tomography

Use measurements of current and voltage collected at electrodes covering
part of the boundary to infer the interior conductivity of an object/body.
By )

V-(eVu)=0 inD,

aan =0 on 9D\ Ui:le’
U+Zk0'8n Uk on Eg, kE{l,...,L
fEk a—ZdS—Ik, ke{l,...,L},




Consider the elliptic PDE problem:

~V - (a(x)Vu(x)) = f(x) for x € D,
+boundary conditions.

In practice, one or several of the material /system parameters may be
uncertain or incompletely known and modeled as random fields:

@ PDE coefficient a may be uncertain;

@ Source term f may be uncertain;

@ Boundary conditions may be uncertain;
@ The domain D itself may be uncertain.

In forward uncertainty quantification, one is interested in assessing how
uncertainties in the inputs of a mathematical model affect the output.

= If the uncertain inputs are modeled as random fields, then the output
of the PDE is also a random field. One may be interested in assessing the
statistical response of the system, for example, the expectation or variance
of the PDE solution (or some other quantity of interest thereof).



High-dimensional numerical integration

n
/ fly)dy = > wif(t;)
[0,1]° i=1

Figure: Tensor product grid, sparse grid, Monte Carlo nodes (not QMC rules)

Figure: Sobol’ points, lattice rule (examples of QMC rules)
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Quasi-Monte Carlo (QMC) methods are a class of equal weight cubature
rules

1”
fly)dy =~ — f(t;),
Jou 7= 52100

where (t;)7_; is an ensemble of deterministic nodes in [0, 1]°.

The nodes (t;)"_; are NOT random! Instead, they are deterministically
chosen.

QMC methods exploit the smoothness and anisotropy of an integrand in
order to achieve better-than-Monte Carlo rates.

11



Course contents

@ Preliminaries: Hilbert spaces, Sobolev spaces, elliptic partial
differential equations (PDEs)

Finite element (FE) method

Modeling random field inputs

Elliptic PDEs with random coefficients
Quasi-Monte Carlo (QMC) methods

@ QMC-FE methods for uncertainty quantification of elliptic PDEs with
random coefficients

12



Preliminary functional analysis
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Inner product space

A real vector space X is an inner product space if there exists a mapping
(+,): X x X — R satisfying
e (axy + bxp,y) = a(x1,y) + b(xa,y) for all x;,x2,y € X and a,b € R;
e (x,y)=(y,x) forall x,y € X;
@ (x,x) >0 for all x € X, where equality holds iff x = 0.
A mapping (-, -) satisfying these conditions is called an inner product.

Example
i) R" = {(x1,...,xn) | xx € R}. Then the inner product is the Euclidean dot product
n
=D e x =0, %n), Y= (V155 V)
i) Let X = C([a, b]) = {f | f::[a, b] — R is continuous} and define
.00 = [ gty ax

Then this is an inner product on C([a, b]).
i) Let X = 2(R) = {(zx)$2, | %21 |zk|> < 0o}. Then £2(R) is an inner product space when
oo

Yy =D Xy x= (-, vy =1,y
k=1

14



Definition
A real vector space X is a normed space if there exists a mapping
|| - 1]: X — R satisfying

o |lax|| = |al|||x|| for all a € R and x € X;

@ |Ix|| > 0 for all x € X, where equality holds iff x = 0.

o [[x +yl|l < |Ix|| + |ly| for all x,y € X (triangle inequality).

If X is an inner product space, then it is a normed space in a canonical
way with the induced norm || - ||: X — R defined by

IIx|]| =V (x,x), x¢€X.

The first two postulates follow immediately from the properties of inner
product spaces, the triangle inequality follows from the Cauchy—Schwarz
inequality.

Proposition (Cauchy—Schwarz inequality)
If (X, (-,-)) is an inner product space, then

[y < Iyl for all x,y € X.

15



Proof. Let x,y € X and t € R. If x =0 or y = 0, then the claim is trivial.
Suppose that x # 0 £ y. Then

0 < (x+ty,x + ty) = [IxII* +2t(x,y) + £*|ly]*.

This is a second degree polynomial w.r.t. t with at most 1 real root.
Hence,

discriminant <0 < 4[(x,y)|* — 4| x|]?ly|>* < 0
& 1oy P < IRy

Note that if y = ax, a € R, then discriminant = 0 and Cauchy—Schwarz
holds with equality. O

The triangle inequality is an immediate consequence of Cauchy—Schwarz:

Ix+ 12 = (x +y,x +y) = [IxI* + IylI* +2(x,y)
< [xlZ + Iy lZ + 210 )| < M1xI? + [y 12 + 20y |
= (Ilxll + llyll)*  for all x,y € X.

16



For our purposes, having an inner product is not enough. We need to
know that these spaces are also complete normed spaces.

Definition (Cauchy sequence)

A sequence (xx)72; of elements of (X, || - ||) is called a Cauchy sequence if
for all € > 0, there exists N € N such that

mn>N = |xnm— x| <e.

Definition (Complete space)

A normed space (X, || - ||) is complete if all Cauchy sequences in X
converge to an element of X.

Definition (Banach space)

A normed space (X, || - ||) which is complete with respect to || - || is a
Banach space.

Definition (Hilbert space)

An inner product space (H, (-,-)) which is complete with respect to

Il - | = /(") defined by the inner product is a Hilbert space.

17



Example
i) R" and £*(R) are complete.
i) C([a, b]) is not complete w.r.t. the norm

b
IFI? = / ()2 dx.

Let a= —1, b=1, and define

0, -1<x<0,
fo(x) == ¢ nx, 0<x<1i
1, l<x<i

0, —-1<x<0
hen f, is continuous, and if H(x) = x)=1< - =7
() = xo.1(x) {1, 0<x<1,

1 1/n 1/n
/ |fn(x)—H(x)|2dx:/ |nx—1|2dx:/ (n°x* — 2nx + 1) dx
—1 0 0

2.3 x=1/n
_|:n3X —nX2—|—X:| _1 1 l_i n—s o0

%0 3n .n n 3n

We have ||f, — H|| = 0, but H ¢ C([-1,1]).

we have

However, note that C([a, b]) is complete w.r.t. the sup-norm ||f||cc = sup,<,, |f(x)|

but || - || # || - || and there is no inner product inducing ||

- ||co-norm (exercise).

18



If one wishes to consider function spaces equipped with inner product norms, one is led
to L? spaces.

Definition

Let D C R" be a Lebesgue measurable set. Then
[*(D) := {f | f: D — R measurable, / |f(x)]> dx < co}.
D
We define the inner product

(. 8) 20y = / F(x)g(x) dx, (1)

1/2
1l = ( / |f<x)|2dx) .

L?(D) is a Hilbert space with the inner product (1).

which induces the norm

Theorem

Remark. In practice, we treat the elements of L?(D) (resp. LP(D)) as functions. Strictly
speaking, elements of L?(D) (resp. LP(D)) are equivalence classes of measurable

functions that are equal almost everywhere on D. That is, if f, g € L?(D) and

f(x) = g(x) for almost every x € D, then f and g represent the same element in L*(D).
This identification ensures that L?(D) is a true normed space (and in fact a Hilbert

space), since the norm is zero if and only if the function is zero almost everywhere. 19



Bounded linear operators in Hilbert spaces

Definition

Let X and Y be normed spaces with norms || - ||x and || - ||y. A linear operator
A: X — Y is said to be bounded if there exists C > 0 such that

[Ax|ly < Cl|x||x forall x € X.

Lemma
Let (X,]| - |lx) and (Y, ]| - ||v) be normed spaces. Then a linear operator A: X — Y is
bounded iff
1Al == |Allx=y = sup [JAx]|y < oo. (operator norm)
lIxlx<1

v

Proof. “=" If there is C > 0 s.t. ||Ax||y < C||x||x for all x € X, then clearly
Al = supy <1 IAX]ly < C.
<" Let [|A] < occ. Since || 7 [lx =1 for all x # 0, from the linearity of A we infer

Ly — | A(2)lly < JIA] for all x € X.

lTxIx
This implies the important estimate

IAx|ly < |Alllix]lx for all x € X.



A linear operator is continuous precisely when it is bounded.
Proposition

Let (X, ]| -|Ix) and (Y, || - ||v) be normed spaces and A: X — Y a linear operator. Then
the following are equivalent:

(i) A is a bounded operator;

(ii) A is continuous (in X);

(iii) A is continuous at one point xo € X.

Proof. (i) = (ii): if x,y € X and € > 0, then
£
Al
(ii) = (iii): trivial.
(i) = (i): let A be continuous at xp € X. By definition, there exists 6 > 0 such that
ly =xllx <6 = [JAy = Axlly < 1.
If x € X is such that ||x||x < §, then by taking y = x + xo:
[Ax|ly = [[A(x + x0) — Axolly < 1.
On the other hand, for any ||x||x < 1, there holds ||6x||x = d||x||x < d and thus

linear

A
Ix=ylix < =0 = [Ax=Aylly "= A = y)lly < [IAlllix = ylix <.

5| Ax]ly = [|A(6X)]ly <1, e, [Ax]y < % for all ||Ix||x < 1.
Therefore ||A|| < 1, meaning that A is bounded. O

21



Let H be a real Hilbert space.
Definition
Two elements x,y € H are said to be orthogonal if (x,y) = 0.

Let M C H be a subset. The orthogonal complement of M in H is defined
as
Mt :={yecH|(x,y)=0 forall x € M}.

We state the following easy consequences.

Lemma
For any subset M C H, M+ is a closed subspace of H and M C (M+)+.

v

Lemma
If M is a subspace of H, then (M+)+ = M.

Proof. Exercise. O

22



Proposition (Hilbert projection theorem)

Let M be a nonempty, closed, and convex! subset of a real Hilbert space H. Then there
exists a unique element xo € M satisfying

x|l < ||x|| for all x € M.

Proof. Let § = inf{||x| | x € M}. We use the parallelogram identity
lu+ v[®+ llu = v|* = 2||ul|* + 2||v||* (exercise) applied to vectors u = 1x and v = 1y,
X,y € M, to obtain

2
1 2 1 2 1 2 Xty
Tl =yl = S+ 2l - <22
Due to convexity 3(x +y) € M, so
lIx = yI” < 20|xI* + 2]ly[* — 46> for all x,y € M. (2)

k—o0

Existence: let (xk)52; C M s.t. ||xk|| —— . Substituting x <= x, and y < xm in (2)
yields ||y — xm|* < 2|[xa]|> + 2||xm]|* — 46, since (xn + Xm) € M for all n,m. Thus
X — Xm|| = 0 as n,m — oco. (xk)iZ; is Cauchy in the Hilbert space H, so there exists
X0 = limy 00 Xk € H. Since || - || is continuous, ||xo|| = limk— o ||Xk|]| = 0. Since M is
closed and (xx)z2; C M, the limit xo € M.

Uniqueness: If ||x|| = |ly|| =6 = |lx — y[|> <0 by (2) and so x = y. O

Ttx + (1 — t)y € Mforall x,y € M, t € (0,1).

23



Corollary

Let H be a real Hilbert space, M a nonempty, closed, and convex subset of
H, and x € H. Then there exists a unique element yy € M such that

Ix = yoll = inf{[x —y[| | y € M}.

Proof. The set x — M := {x —y | y € M} is closed and convex, and
min{|[x —y| | x —y € x— M} = min{||[x — y|| | y € M}. The claim
follows from the previous result. []

Proposition (Orthogonal decomposition)

If M is a closed subspace of a real Hilbert space H, then
H=Ma® M*,
which means that every element y € H can be uniquely represented as

y:x—i-xJ‘, xe M, xte M.

24



Proof. It suffices to prove that M N M+ = {0} and M + M+ = H.

o If x € MN ML, then 0= (x,x) = ||x]|? (i.e., x L x) so x = 0.
oMMt = {0}

e Let x € H. The Hilbert projection theorem guarantees that there exists
a unique yp € M such that

Ix = yol| < [lx —yl| forally e M. (3)

Let xp = x — yp so that x = yg + xp € M + xp. It remains to show that
X0 € M+
The inequality (3) can be written as

x|l < ||z|| forall zex— M.

Since yg € M and M is a vector space, yg + M = M and M = —M which
implies x — M = x4+ M = yy + xo + M = xg + M. The previous inequality
can be recast as

x|l < ||z forallzexo+M < ||xf <|x0o+z| forallze M.

This statement is true if and only if (xp,z) = 0 for all z € M. Therefore
X € M. L]

25



Let M be a closed subspace. The orthogonal decomposition implies that
every element y € H can be uniquely represented as

y:x—i—xl, xe M, xt e M.

Lemma

Let M C H be a closed subspace. The mapping Ppy: H— M, y — x, is
an orthogonal projection, i.e., P2, = Py and Ran(Py) L Ran(/ — Ppy). It
satistfies the following properties:

@ Py is linear;

o |[Pml =1 if M #{0};

o | — Py =Py;

o |ly —Pmyl|| <l|ly —z| forallze€ M;
°oyeM = Pyy=y, (I-Pu)y=0

y €M+ = Pyy=0, (I=Pm)y=y.
o |lyll> = IPmyll> + 1I(/ = Pm)y||* (Pythagoras)

Proof. See for example [Rudin, Real and Complex Analysis, pp. 34-35].
O]

26



Example
Let H; and H, be real Hilbert spaces and let A: H; — H, be a continuous
linear operator.

The kernel (or null space) of operator A is defined as
Ker(A) := {x € H, | Ax = 0}.
The range (or image) of operator A is defined as
Ran(A) :={y € H» | y = Ax, x € Hi}.

Then we have the following:
o Ker(A) is a closed subspace of Hi, and Ran(A) is a subspace of H.
o Hy = Ker(A) @ (Ker(A))*+.

o Hy = Ran(A) @ (Ran(A))*.

27



We denote
L(X,Y):={A]| A: X = Y is bounded and linear}.

Proposition

Let X and Y be normed spaces. If Y is complete, then L(X,Y) is
complete w.r.t. the operator norm (i.e., it is a Banach space).

Proof. Let x € X and assume that A € L(X,Y), k € N, is a Cauchy
sequence. If x =0, then A0 =0 and the limit A(0) := limk_,oo A0 =10
trivially exists. On the other hand, if x # 0, then for all € > 0, there exists
N € N such that

mn>N = |An—A <
Especially,
|Amx — Anxlly < ||Am — AnlllIx|lx <& when m,n> N,
so (Axx) is a Cauchy sequence in Y and therefore the limit
A(x) == kl;rr;o Agx

exists. -



It is easy to see that A(x) := limx_o0 Axx is linear. It is also bounded:
there exists N € N such that

mn>N = |[An—A <L
Fix m > N. Then for all n > m,
[Anll <1+ [[Amll

and thus

[Anx[ly < (14 [[Aml])lIx]lx-
But ||Ax|ly = limpeo [[Anx]ly < (1 + ||Aml)||x]|x. Therefore A is
bounded.
Finally, we need to show that ||A, — A|| = 0 as n — co. Since we assumed
(Ak)72; to be Cauchy, let € > 0 be s.t. for m,n > N, there holds
|Am — An|| < e. Then

(A= An)x|ly = IiLn [Amx — Apx|ly <e||x|]|x forall x e X

= JJA-Al<e

Hence ||[A — Ap|| — 0 as n — oc.

29



If X = H; and Y = H, are Hilbert spaces, then L(Hy, H,) is a complete
normed space.

Definition

Let H be a Hilbert space. The space H' := L(H,R) is called the
topological dual space of H.

Corollary

If H is a Hilbert space, then H' is complete w.r.t. the operator norm.

Proof. This is an immediate consequence of the previous proposition since
R is a complete Hilbert space. O

Remark. In general, L(Hi, H») is not a Hilbert space even when both H;
and H, are. However, in the special case H' = £(H,R) it turns out that
indeed one can associate an inner product that induces the operator norm
| - || — meaning that H' is a Hilbert space! This is made possible by the
Riesz representation theorem.

30



Existence results

31



Proposition (Riesz representation theorem)

Let H be a real Hilbert space. If A: H — R is a bounded linear functional,
i.e., A is linear and there exists C > 0 such that

|A(x)| < C||x|| for all x € H,
then there exists a unique y € H such that

A(x) = (x,y) forall x € H.

Proof. If A= 0, then y = 0 and this is unique. Suppose A = 0 and let
M = Ker(A) = {x € H | A(x) = 0}.

Since A is continuous, M is a closed subspace of H. Furthermore, by the
orthogonal decomposition H = M @& M=, our assumption A # 0 implies
that M # H = M+ # {0}.

32



Let x € H and z € M+ with ||z|| = 1. Define
u:=A(x)z — A(z)x.

Then
A(u) = A(x)A(z) — A(z)A(x) =0

meaning that u € M. In particular (u, z) = (A(x)z — A(z)x,z) =0 and
Alx) = Alx) (z,2) = (A(x)z,2)
——

=[lz[lP=1

= (A(2)x,z) = A(z)(x, z) = (x, ZA(2)).

.. The element y = zA(z) satisfies A(x) = (x, y).
To prove uniqueness, suppose that there exist y1, y» € H such that

A(x) = (x,y1) = (x, y2).
Then (x,y1 — y2) = 0 for all x € H. Choose x = y; — y». Then

O=Mm—-yo1—y)=In-»lF & n=y

33



The Riesz operator

Let x € H and consider the linear mapping f: H = R, z +— (z,x)n. Note that £ € H'
since it follows from the Cauchy-Schwarz inequality that

15(2) = [{z, x)ul < l|zllullx[[ forall z € H. (4)

Now define the Riesz operator Ry: H — H' as x — f,.

Ry is linear: Ry(axi + bx2) = faxg1bx, = (, ax1 + bxo)y = a-, x1)w + b(-, x2)n =
af;q + bﬁQ = aRux1 + bRyx> for X1, X2 € H, a, b eR.

Ry is an isometry (||Rux||nr = ||x||#): it follows from (4) that

|Rux[r = ([l = supyy,,<1 {2, x)u| < [[x]|H. The other direction follows from
Ix[[F = (%) 0 = £(x) = (6] < Nl lxllo = I Rux]allx -

Ry is injective (one—to—one): let Rux = Rpy for some x,y € H. From linearity,
Ru(x—y)=0=f,=0= (x—y,z)y=0forallze H= x=y.

Ry is surjective (onto): by Riesz representation theorem, given A € H’, there
exists a unique x € H satisfying A(z) = (z,x)n = f(z) for all z € H. In other
words, A= (-, x)y = fx = Rux.

.. The Riesz operator Ry;: H — H’ is a bijective linear operator isometry.

Lemma
Let H be a Hilbert space. The dual space H' := L(H,R) is a Hilbert space induced by

Al = H s”up |AX| = /(A A, (A By = (Ry*A, Ry " B) .
x||p<1

34



Adjoint operator

Proposition

Let Hi and H: be real Hilbert spaces and suppose that A € L(Hi1, H>). Then there exists
a unique bounded linear operator A*: H, — Hi, called the adjoint of A, satisfying
<AX7}/>H2 = <X7A*y>H1' = HA*HH2*>H1'

Proof. Let y € H, and consider T,,: Hy — R, x — (Ax, y)n,. Clearly, T, is linear and
bounded so by the Riesz representation theorem there exists a unique z € H; s.t.
(Ax, ¥ )H, = Ty(x) = (x,z)n, for all x € H1.

Define A*y := z.
@ Let a,b € R and y1,y» € H>. Linearity follows from
(x,A"(ay1 + by2)) = (Ax, ay1 + byz) = a(Ax, y1) + b(Ax, y2) =
a(x, A"y1) + b(x, A*y») = (x,aA"y1 + bA*y»). Since x € H; was arbitrary,
A*(ay1 + by2) = aA%y1 + bAY ys.

* * (%) *
@ ||A*[H—Hy = SUP||yly, <1 A" ylm = SUP| |yl 4, <1 SUP|x|1y, <1 [{A"y, x)|

(*)
= SUP||y||, <1 SUP|Ix||y, <1 [{y, Ax)| = SUP||x|, <1 |Axl, = |AllHy—H, < oo. O

(LetA € L(H, K), H, K Hilbert spaces. Cauchy-Schwarz: sup|jy <1 (A Y k| < [[AX]| k.
Other direction: SUP |yl <1 {AX, yYk| > |{Ax, HAX”KAX)|K = |IAx|| k-
LAk = SUP|y |, <1 [{Ax, y) k|- 35



Some properties of the adjoint operator

Proposition
Let Hy and H, be real Hilbert spaces and suppose that A, B € L(H, H2). Then
(i) [1A* Al = AR 1y

(i) A™ = A, where A** = (A")*;
(iii) (C1A + CQB)* = A" + CQB*, C1,C € R.

Proof. (i) Let x € Hi, ||x||n, = 1. By the Cauchy—Schwarz inequality,

A1}, = (Ax, Ax), = (x, A"Ax) iy < I|A"Axlli = (Al —ry < IATAllsg sy

Other direction: ||A*A| < ||A%] - |A]l = || Al
(ii) If x € Hy and y € H, then

<A**X>Y>H2 = <XaA*}/>H1 = <A*Y7X>H1 =y, A H, = (AX, ¥ )ty

Hence (A"*x — Ax,y)n, =0 for all y € H, = A" x = Ax for all x € H; = A™ = A.

(iii) Let x € Hi1 and y € H,. Then

(aA+B)'y,x)u = (y,(aA+ aB)x)n, = caly,Ax)n, + c2(y, Bx)n,
= (A, ) + (B y, x)m = (A" + 2B )y, x)m -
Similarly to the previous part, we conclude that (1A + B)* = ciA* + e B™.
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Self-adjoint operators

Definition
Let H be a Hilbert space. The operator A € L(H) := L(H, H) is called self-adjoint if
A" =A, ie,

(Ax,y) = (x,Ay) forall x,y € H.

Example

Let H be a Hilbert space and let A, B € L(H) be self-adjoint operators. Then
(i) A+ B is self-adjoint.

(ii) if ¢ € R, then cA is self-adjoint.

(i) if AB = BA, then AB is self-adjoint.

Parts (i) and (ii) follow immediately from part (iii) on the previous slide. If x,y € H,
then
(ABx,y) = (BAx,y) = (Ax,By) = (x,ABy) = (AB)" = AB.

Example

Let H be a Hilbert space and M C H a closed subspace. Then the orthogonal
projections Py: H — M and | — Py =: Py,. : H — M? are self-adjoint.
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Lax—Milgram lemma

Proposition (Lax-Milgram lemma)

Let H be a real Hilbert space and let B: H x H — R be a bilinear
mapping! with C,c > 0 such that

|B(u,v)| < Cllu|| - |lv|| forall u,v € H, (boundedness)
B(u,u) > cl||ul|® for all u € H. (coercivity)

Let F: H— R be a bounded linear mapping. Then there exists a unique
element u € H satisfying

B(u,v) = F(v) forallveH

and 1
< Z||F|.
ull < CH |

TB(u+ v,w) = B(u,w) + B(v,w), B(au,v) = aB(u, v),
B(u,v+ w) = B(u,v) + B(u,w), B(u,av) = aB(u, v)
for all u,v,w € H and a € R.
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Proof. We split the proof into several steps.
Step 1. Let v € H be fixed. Then the mapping

T:ww— B(v,w), H—R,

is bounded and linear. It follows from the Riesz representation theorem
that there exists a unique element a € H with

Tw = (a,w) forall we H.
Let us define the mapping A: H — H by setting
Av = a.

Then
B(v,w) = (Av,w) forall v,w € H.
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Step 2. We show that the mapping A: H — H is linear and bounded.

Clearly,

<A(C1V1 + CQVQ), W> = B(C1V1 + Covo, W)
= C1B(V17 W) + CQB(VQ, W)
= <C1AV1 + 0 Aw,, W>

for all w € H, so A(civi + cava) = c1Avi + cAva. Moreover,

IAv]|? = (Av, Av)
= B(v,Av)
< Cllvi[ljAv]]

which implies that
[Av] < Cljv].
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Step 3. We show that
A is one-to-one,
Ran(A) = AH is closed in H.
We begin by noting that
clvl* < B(v,v) = (Av,v) < |Av]||v]|
and thus
|Av|| > c|lv|]| forall v € H.

Especially

Av=Aw = Alv—-w)=0=0=||A(v—w)|| >c|lv-w||>0=>v=w
so A is one-to-one.
To see that Ran(A) is closed, let y; = Ax; € Ran(A). The goal is to show that
y = limj y; € Ran(A). We observe that

(5) 1
. o ST _
dim g —xdl < fim—lly; = yill =0,
i.e., (x)2;1 is Cauchy and x := lim;_ o X; € H exists by completeness. Moreover,
lim [|Ax — Ax|| < lim [|A[[[[g — x|[ < C lim []x; — x|| =0
j—oo j—oo j—oo

and therefore
y = lim Ax; = Ax € Ran(A).

J—0o0

(5)
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Step 4. We show that Ran(A) = H. We prove this by contradiction:
suppose that Ran(A) = Ran(A) # H. Then there exists w € Ran(A)*,
w # 0. This implies that

1 1
w2 < = B(w, w) = < {Aw,w) =0,

i.e., w = 0. This contradiction shows that Ran(A) = H. Therefore
A: H — H is a continuous bijection.

Step 5. Existence of a solution. We use the Riesz representation theorem:

since F: H — R is linear and continuous, there exists b € H such that
F(v) = (b,v) forall veH.
Define u := A~1bh. Hence

Au=b <& (Au,v)=(b,v) forallveH
<  B(u,v)=F(v) forall veH.

tSince (Ran(A)*)* = Ran(A) # H = (Ran(A))* # {0}.
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Step 6. Uniqueness. Suppose that
B(u1,w) = F(w) forall we H,
B(up,w) = F(w) for all w € H.
Let u:= u; — up. By linearity,
B(u,w) =0 forall we H.

The coercivity of B implies that

[ay

lull* < =B(u,u) =0

c
so that u =0, i.e., uy = w».

Step 7. A priori bound. If B(u,w) = F(w) for all w € H, then by setting
w = u we obtain

1 1 1
2<°B = —F(u) < =||F
Jull? < < B(u u) = ZF(u) < Z|IFlllu]
which immediately yields

1
< ~||IF|.-
lull < Z I
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Density argument

Lemma
Let X, Y be Banach spaces and let Z C X be a dense subspace. If
T:Z — Y is a linear mapping such that

ITxlly < Clixllx, xez, (6)
then there exists a unique extension T: X — Y with T|z = T and

ITx[ly < ClIxllx, x € X. (7)

Moreover, if (6) holds with equality, then so does (7).

Proof. Let x € X. Because Z C X is dense, there exists a sequence (zx)z2; C Z

k— o0

s.t. ||z« — x||lx —— 0. Let € > 0. Since (zx)z2; is a Cauchy sequence, there exists

N € N s.t.
£

mn>N = Hz,,,fz,,||x<c

Then there holds
| Tzm — Tzolly = (| T(2m — zn)|ly < Cllzm — za[[x <,

which means that (7Tz)72; is a Cauchy sequence in Y. Since Y is complete, there
exists y := limx_,00 Tzx. Hence we may define T: X — Y by setting T(x) = y. 44



We begin by showing that T is well-defined. Let (zK)i21, (Zk)72: be two sequences in Z
s.t. zk, Zk k200 «in X. Then

1Tz — Tzilly = [ T(ze — )|y < Cllzx — 2zl < Cllz — x|l + Cllz — x|} “Z5° 0.
Recalling that 7~'(x) = limy_ 00 T2k, we obtain
T2 = TEI < IT2 — Tzl + | Tz — T(x)I| =50,

showing that T is well-defined.
Next we show that T is linear. Let x,Xx € X and a,b € R. Let Z > z 52 « and
Z >z k200 % Now ax + bx € X and Z 3 az, + bzx — ax + bx. Thus

7~'(ax + bXx) = lim T(azx+ bzx) =a lim Tzc+ b lim Tz = aTx+ b'T'x7
k— o0 k— o0 k— o0
since the limit is linear.!
Since the norm is continuous,

||TXH = I|m Txk|| = I|m | Tx|| < C I|m x| = C||x]|-
Finally, T|z = T holds by constructlon ‘and the umqueness s of the limit Tz, — y ensures
that there cannot exist another mapping L: X — Y sit. L|z = T and | Lx|| < Cl|x||. O

tLet y i=limgoo Tz and y 1= limyoo T 2.
Then || T(azk + bz) — ay — by|| < a|| Tz« — y|| + b|| T2 — y|| — 0.
Hence limx— oo T(azk + bzi) = alimi—oo T2k + blimiyoo TZk.
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Multi-index notation
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A vector of the form a := (a1, ..., aq) € N§ is called a multi-index.

denote the j™ component of multi-index o by Q.

The order (or modulus) of a multi-index is defined as
lal == a1+ + ag.

Let x := (xj)j-jzl € R?. We define the monomial notation

d

a . Q;
x =]

where 0° := 1, and the corresponding formula for partial derivatives

d

8 = 8X — HW
j=17

Other often used multi-index notations include (g) = Hj.j:l (gf)
J

al =ag!lag! (but |all == (a1 + -+ + ag)!), etc.
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Some function spaces
Let D C RY be a nonempty open set. Let us recall the following function
spaces.

Definition
C(D):={u: D — R | uis continuous},

CK(D) := {u: D — R | 39“u is continuous for all |a| < k, a € Ng},

C*°(D) := {u: D — R | 39%u is continuous for all o € N§} = ﬂ CX(D),
k=0

CE(D) := {u € CX(D) | supp(u) C D is a compact set},

G (D) :={u € C*(D) | supp(u) C D is a compact set},

where supp(uv) := {x € D | u(x) # 0},

L*(D) := {u: D — R | u is measurable, lull2(py = /D |u(x)|dx < oo}.

Remark. Recall that in the Euclidean space RY, a set is compact iff it is
closed and bounded. This is the Heine—Borel theorem.
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Let D C R? be open.
Definition

L}.(D):={u: D —=R|ue [}K) for all compact K C D}

Example

Let u € CY(D). Then integration by parts yields

/ u(x)Dy( / dou(x)e(x)dx forall g € (D). (8)
D
If ue CK(D) and a € N¢ is a multi-index with order

|| == 11 + -+ 4+ vg = k, then we obtain from repeated application of (8)
that

/u(x)&"‘ap(x)dx— |°‘|/ 0% u( x)dx for all p € C5°(D).
D
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The so-called weak derivative is a generalization of the classical derivative.

Definition (Weak derivative)

Let u,w € LfOC(D). We call w the weak 0., derivative of u and denote
w = Oy u if
/ w(x)p(x) dx = — / u(x)Pxp(x)dx for all ¢ € C5°(D).
D D

Moreover, we call w the weak 9% derivative of u and denote w = 9%u if

/Dw(x)<p(x) dx = ""/ u(x)0%p(x)dx for all p € C5°(D).

This definition ensures that the integration by parts formula is valid if the
weak derivative exists.

Remark. This definition generalizes the classical derivative: if u € C1(D),
then the weak derivative coincides with the classical one.
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Weak derivative

Example
Let d =1, D =(0,2), and

x if0<x<1,
u(x) = )
1 ifl<x<2.

Define
1 ifo<x<l1,
v(x) = .
0 ifl<x<2.
We claim v’ = v in the weak sense, i.e., f02 u(x)¢’(x)dx = — f02 v(x)p(x) dx for all

p € C°(D). Let ¢ € G5°(D) be arbitrary. Then

/o S u0¢ () dx = /0 (%) dx + /1 * (%) dx

~ () -/ o) dx + o2~ sky=- [ o) dx = / L)) dx
:9(/1770 a

as desired.
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Sobolev spaces
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Sobolev spaces

Definition
The Sobolev space of order k based on L?(D) is defined by
H¥(D) := {u € L*(D) | 8*u € L*(D) for all || < k},
and we equip this space with the norm
1/2
fe% 2
ooy = (32 [ 0%uRax)
<k 7P

induced by the inner product

(U, V) pi(py = Z /Daau(x)aav(x)dx.

|| <k

Moreover, we define
Hy (D) = clykp)(Co (D)),

i.e., H§(D) is the closure of C$°(D) in the topology of H*(D).
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Proposition
o 9%: HX(D) — H*~lel, k > |, is bounded.
0 9(0Bu) = 9B (0%u) = 0°1Pu, u e HI*HIBI(D), where
a+16 = (al“'ﬁla""ad"i‘ﬁd)-
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Proposition

H*(D) is a Hilbert space for all k € N.

Proof. Let (u;j)?2; be a Cauchy sequence in H*(D). Then for all |a| < k

|1D%upm — Daun”B(D) < |um — upll I 0,

so (D%u;)?2, is a Cauchy sequence in L?(D). Since L?(D) is complete,
there exists f& € L2(D) such that ||fo — Dauj||L2(D) Eimsay Y

Esp. u; 2% £0 .= uin L2(D).
We show that D¥u € L2(D) for all || < k, i.e., u € H*(D). For
p € (5°(D),

/Du(x)ao‘(p(x)dx—jin;O/Duj(x)a%p(x)dx
= lim —1)lelgey(x) - o(x) dx
| /D( 1)@l 9%;(x) - p(x)d
- / (—1)/°F(x) - o(x) dx
D

so 0% = f* € L2(D), || < k. Thus u € H*(D).
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Finally,
j— 00
luj = ulbwpy = D 10%u = F*|72(py) === 0
<k

which means that
lim uj=u in H(D). O

J—00



The case when D is a polygon (2D) or a polyhedron (3D) will be of
special interest to us. In these cases, the boundary 9D is not smooth,
which needs to be accounted for by our theory. However, it turns out that
working with Lipschitz domains is sufficient for our purposes. To this end,
we recall the following.

Definition

Let D C RY be a bounded, open set. A function u: D — R is Lipschitz
continuous if there exists L > 0 such that

’U(X)—U(y)‘SL|X—y|, XayeD-

Theorem (Rademacher's theorem)

If D C R? is an open subset and f: D — R is Lipschitz continuous, then f
is differentiable almost everywhere in D.

A Lipschitz hypograph D C R9 is a domain of the form
D={xeRY|xg>¢(X), X' :=(x1,...,%4_1) € R}

where ¢: R9"1 — R is a Lipschitz function.
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Definition (bounded Lipschitz domain)

An open, bounded set is a Lipschitz domain if its boundary 0D is compact

and if there exist {WJ}J’V:1 and {Dj}j’\’:1 with the following properties:

(i) {WJ}JN:1 is a finite open cover of AD, i.e., each W; C R? is an open

N

set and 9D C J;Z; W,

(i) Each D; can be transformed into a Lipschitz hypograph by a rotation
plus a translation.

(i) WynD=W,;nD;forall je{l,...,N}.

The class of Lipschitz domains is broad enough to cover most cases that
arise in applications of partial differential equations. For example, any
polygon in R? or convex polyhedron in R3 is a Lipschitz domain. If
k:R? — RYis a C! diffeomorphism and D is a Lipschitz domain, then
the set k(D) is again a Lipschitz domain.

Note that the outer normal vector is defined a.e. at the boundary and it is
a.e. continuous.
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Trace theorem on Lipschitz domains

Theorem

Let D be a bounded Lipschitz domain and let vy: C>°(D) — C*(dD) be
the trace operator yu = ulpp. Then the trace operator has a unique
extension to a bounded linear operator y: H'(D) — L2(9D).

The significance of the trace theorem is that the boundary values of
Sobolev functions belonging to H'(D) are well-defined in an unambiguous
way.
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Trace zero functions in H(D)

Theorem

Let D C RY be a bounded Lipschitz domain, u € H'(D), and
v: HY(D) — L%(OD) the trace operator. Then

uc Hiy(D) < ~qu=0:0D—R.

Proof. "=" follows from previous discussion. “<" is more difficult (see,
e.g., L.C. Evans “Partial Differential Equations” Section 5.5 for
details). O

This implies in particular the characterization H3 (D) = Ker(y), meaning
that elements in H}(D) are precisely those elements in H(D) with zero
trace.
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Definition
Let || - || and || - ||« be two norms in a normed space X. The norms are
called equivalent if there exist constants ¢;, ¢ > 0 such that

allxll« < |Ix]| < eflx]]«  for all x € X.

The significance behind this notion lies in the fact that equivalent norms
induce the same topology on X. That is, || - || and || - ||« induce exactly the
same convergent sequences in X.

For our purposes, let A: X — Y be a mapping between two normed
spaces. Suppose that cx|| - ||x« < |- ||x < Cx]|| - ||x,« and
eyl -y <+ lly < Cyll - [ly« for cx, Cx,cy, Cy > 0. If

IA(X) ||y < K||x||x for some x € X,

then Co K
X
[AC) Ty« <
We can change between equivalent norms rather liberally since any results
about boundedness, stability, etc., proved using one norm remain true for
equivalent norms up to a trivial scaling of the (typically generic)
coefficient.

Ix||x« for some x € X.



Proposition (Poincaré inequality)

Let D C R be a bounded domain. Then there exists C > 0
(independently of u) such that

lull2py < ClIVull2py forall u e H: (D).

Proof. Let p € C§°(D). Since we assumed D is bounded, we may assume D C [—a, a]¢

for suitably large a > 0. Extending ¢ by zero outside of D, we obtain

(X1, %2, ...y Xd) = (X1, %2, . -y Xd) — @(—a, X2y ...y Xd)

/ ai(thXQ,...,Xd)dtj.

By the Cauchy—Schwarz inequality,

a 2
2 0

lp(xt, X2, - - .y Xd)] §22/ —Lp(tl,xz,...,xd) dt;

—a
a a1y 2
= ‘Lp(Xl,Xz,...,Xd)|2dX1 §4a2/ i(tl,XQ,...,Xd) dt;.
—a _a|0x
Repeated integrations w.r.t. x», X3, ..., X4 over [—a, a] together with the density of

C$°(D) in Hy(D) prove the assertion.

O
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An equivalent norm in H}(D)

For all u € H}(D), the norm

1/2
lellgeoy = IVelizgoy = ([ 170Gl ax)

is equivalent to [|ul|y1(p) (||u||L2(D + HVUHB(D )2,
This can be seen as an immediate consequence of the Poincaré inequality:

lullbp oy < llullfzoy + IVullizpy < (14 C)llullip py-
b ( (D) (D) h(D)
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Sobolev inequality

We mention the following result.
Theorem

Let D C R? be a bounded Lipschitz domain and k > d/2. Then
HX(D) c Cg(D) := {v € C(D) | v is bounded}

and there is a constant C > 0 s.t.

lullco(py = sug lu(x)| < CHUHHl(D) for all u € Hl(D).
xe

Proof. Cf., e.g., Adams (1975) or Adams and Fournier (2003).

o If d =1, then u € HY(D) has a continuous representative.

o If d € {2,3}, then u € H?(D) has a continuous representative.
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Elliptic PDEs
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Let D C R? be an open and bounded Lipschitz domain. We consider the
problem

{‘V (a(x)Vu(x) = f(x), x €D, (9)

ulpp =0,
where f: D — R is the source and a: D — R is the diffusion coefficient.

Uniform ellipticity assumption: There exist constants amax, amin > 0 such
that
0 < amin < a(x) < amax < oo for all x € D.

Definition
Let a € CY(D) and f € C(D). Then u € C?(D) is the classical solution
to (9) if (9) holds for all x € D and u(y) =0, y € 9D.

The requirement that f is continuous is usually much too restrictive for
practical applications.
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Definition (Strong solution)

Let a: D — R be Lipschitz and f € L2(D). We call u € H>(D) N H}(D) a
strong solution to (9) if

-V - (a(x)Vu(x)) = f(x) forae xe€D,

where the derivatives are the weak derivatives.

Note that we also have the following.

Lemma

Let D C R? be a bounded Lipschitz domain. Then for u,v € HY(D),

/8Xju(x)v(x)dx:—/ u(x)@xjw(x)dx—i—/ njulappvlsp dS,
D D oD

where -|sp: HY(D) — L%(OD) is the trace operator.

Proof. The formula holds for u, v € C>°(D). The assertion follows by
exploiting the density of C>°(D) in H'(D). O
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If uis a strong solution to the PDE (9), then for all v € C§°(D)

(—V - (aVu),v / -V Vu(x))v(x)dx
i alx uix) - VX X vix)lavulx)- - nlx
—/D<)v<>v<>d *AD{,O)(V“ (x))dS

= / a(x)Vu(x) - Vv(x)dx =: B(u, v).
D

Define also
F(v) = /D F(x)v(x) dx.

This leads us to consider the variational formulation

B(u,v) = F(v) forall v e C§°(D).

'V . (v(aVu)) = aVv - Vu + vV - (aVu) + divergence theorem

68



The previous discussion motivates us to introduce the so-called weak
solution to (9).

Definition

Let a € L°°(D) and f € L?(D). Then u € H}(D) is called a weak solution
to (9) if

B(u,v) = F(v) forall v e Hy(D), (10)

where
B(u,v) = /Da(x)Vu(x) - Vv(x)dx

and

Remark. It is sufficient to enforce (10) for all v € C§°(D). Moreover, the
definition can be extended for arbitrary F € (H}(D)) =: H=}(D).




Our variational problem is

B(u,v) = F(v) forallve Hg(D), (11)
where B(u,v) = [, a(x)Vu(x) - Vv(x)dx and F(v) = [, f(x)v(x)dx.
Let us use the norm ||vHH3(D) = ||Vv| 2(p), which is equwalent to the

usual Sobolev norm by Poincaré’s inequality.

Provided that we have uniform ellipticity, i.e.,
0 < amin < a(x) < amax < oo for all x € D, then

B(u.) = [ a(x)7u(x) - V() dx < amacl o) Vo
for all u,v € H}(D) and
B(u,u) = / a(x)Vu(x) - Vu(x)dx > aminH”Hi[&(D) for all u € H3(D).
D

. By the Lax-Milgram lemma, there exists a unique solution u € H}(D)
Fll,—
to (11) st. Jullpyp) < - 2t2

Amin
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When does the weak solution coincide with the strong
solution?

If f € L2(D), the diffusion coefficient a is smooth enough (e.g., Lipschitz),
and the boundary 9D is “nice enough” (e.g., a convex polyhedron), then
u € H?(D) N H}(D) and the weak solution coincides with the strong
solution. These considerations belong to the purview of elliptic regularity
theory.
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