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1 Lecture 2017.10.30

Notation: A multi index « is a vector in R whose components o are non-negative integers.
The length |a| of « is defined by

d
la| = Z Q.
j=1
If v : R? — R we may use the multi index notation to define partial derivatives of order |a/:

N olel

= aq ay *
0x{"...0x,

Example: o = (1,0,1), |a| =2
0%

D% = .
v 0x10x3

Notation: For £ € R? we define £~ = £ - ... - €5
Example: Q= (1707 1)3 g = (51)52753) = Ea = é-l . €3~
In this course we will mainly consider linear partial differential equations of the form

au = a(z,D)u = Z ao(z)D% = f, in Q

|| <m
() is an open connected set.

Definition: We say that the direction ¢ € R?, &€ # 0, is a characteristic direction for the operator
a(z, D) at x if

MO =AEa) = Y aala)e® =0.

la]=m

Note: in the sum we only take |«| = m (principle part).

Definition: A (d — 1)-dimensional surface is given locally as a function
F:RY—R F(zi,...,7y) = 0. The normal is given as VF = (%’ ooy 2 for z € R? on surface.

Main Examples:

Example: First order scalar equations:

d
Zaj(x)% + ao(z)u = f, Z ao(x)D% = f
j=1 J

Characteristic equation:
D oai@)&=0 [ ) aa(2)e*=0
J=1 la]=1
Then € is a characteristic direction if £ is perpendicular to (a1 (z), ..., aq(x)).

Example: Let
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Poisson’s equation: —Au = f. Characteristic equation A(§) = — (&} + ... + &%) =0 = £ = 0. This
means that there are no characteristic directions.

Example: Heat equation %7; — Au = f. We consider in R4*! with variables (z,t) x € R? and
t € R. With variables (£, 7) the characteristic equatopm A(§,7) = — (& + ... +&2) = —[¢]* = 0.
For example the vector (0,0,0,...,0,1) is a characteristic direction and the plane 7 = 0 is a
characteristic surface. F(x1,...,zq4,t) =t =0VF = (0,...,0,1)

Example: Wave equation: %272“ — Au = f. Consider in R¥*! with points (z,t), z € R%, t € R.
Characteristic equation with variables (£,7), £ € R, 7 € R. A(6,7) = — (&3 + ...+ &3) + 72 =0,
7 = %|¢|. Characteristic directions (£, £[£|), £ # 0 anything.

Characteristic surface: Given Z € R? and 7 € R consider the cone |z — 7|2 — |t — |2 = 0.
VE = (2021 — T7), oo, 2a — T3), —2(t — 1) = 2@ —F t ) — 2 —F, Fle—z|). This is

t—t=t|c—7|
of the form (&, £|¢|) = this cone is a characteristic surface.

Tt

Classification of 2:nd order PDE’s:

Consider second order PDE with constant coefficients:

d d
0%u ou
Qjp=——— + bi=— +cu=7f
Mzzl 7" 0z 0z, ; 7 0z

where a;;, = ag;, a;i, bj, c constants. Characteristic equation

a1 . 14

d
A& =D auéén =€ - AE A=
3k adil QAdd

A is symmetric, we can use the Spectral Theorem

(A 0
A=pPDp~t pl=pP" D=

O.Ad

We introduce a change of variables Pn = ¢ ;
A(€) = A(Pn) = Pn- APn= Pn-PDP~'Py= Pn-PDn=PTPn-Dn=nDn= > e )\jn?.

Definition: A differential equation is elliptic if all A; has the same sign. It is hyperbolic if all
but one \; has the same sign and it parabolic if the remaining \; = 0.

Let V be a vector space over R.
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Definition: An inner product on V is a function V' x V — R such that

(1) Au+pv,w) = Au,w) + plv,w) w,weV A peR
(2) (wv)=(v,u) wveV
3) (v,v)>0 forallveV,u#£0

The pair (V, (-,-)) is called an inner product space.
Homework: Show that the following is true:

(a) (v,0)=0&0v=0
(b) (w’ Au + /“)) = )‘(w’ u) + :u(w> U)

Homework solution: This is shown by using our three axioms.

(a): We begin by showing =: Let v = Au where u # 0. Then it follows from axiom (1) that
(v,v) = (Au, Au) = A(u, Au). Then we use axiom (2) A(u, Au) = M(Au, u) = A2(u, u). Since
(v,v) = 0 it follows that A?(u,u) = 0 but we defined that u # 0 thus it follows from axiom (3)
that (u,u) > 0 which means that A\ = 0, which implies that v = 0.

Now we show <«: As before let v = Au where u # 0. By the same reasoning as before we have
that (v,v) = A%(u,u), and that (u,u) > 0. But since v = 0 and u # 0, A has to be 0, which in
turn means that (v,v) = 0.

(b): Axiom (2) gives us that (w, A\u + pv) = (Au + pv, w), axiom (1) then gives us that
(Au + pv, w) = AMu, w) + p(v,w). Finally we use axiom (2) again and we recieve
A, w) + p(v, w) = Mw, u) + p(w, v). U

Example: Let C[a, b] denote the set of real-valued continous functions on [a, b] with addition
(f+g)(x) = f(x) + g(z) and scalar multiplication (Af)(z) = Af(x). Define

(£9) = [, f(2)g(x)da.
Homework: Show that (C[a,b], (+,-)) is an inner product space.

Homework solution: We have to show that the three axioms hold for all the elements in Cfa, b]
with the given inner product.

(1): Consider (Af + pg, h), where f, g, h are arbitrary elements in C[a,b] and A, u are arbitrary
real constants. Our inner product gives us fab()\f(x) + pg(z))h(z)dx, we use the linearity of the
integral f;()\f(x) + pg(z))h(z)dr = )\f; f(x)h(z)dx + uf;g(x)h(:n)dx. Thus axiom (1) holds.

(2): Consider f,g defined as before. According to our inner product
(f,9) = ff f(x)g(z)dx = ffg(:c)f(x)dx = (g, f). This means that axiom (2) holds.

(3): Consider f € C[a,b] such that f isn’t the zero function on our interval. We have that

(f, )= f; f(x)3dx. f(z)? >0 for all z and since it isn’t the zero function f(x) has to non-zero
somewhere, thus f(z)? > 0 somewhere. Since we consider f € Cla,b] f(x)? has to be non-zero on
atleast some interval in [a, b] and 0 at least zero everywhere else, thus by the definition of the

integral f; f(z)%dz > 0= (f, f) > 0. Axiom (3) holds. O
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2 Lecture 2017.10.31

Definition: A linear functional is a function f : V' — R that is linear
FOu+pv) =Af(u) +pf), A, p e Ru,veV.

Definition: A bilinear form a : V' x V — R is a function such that

a(Au + pv,w) = Aa(u, w) + pa(v,w) and a(w, Au + pv) = Aa(w,u) + pa(w,v), u,v,w € V

A, € R. Tt is symmetric if a(u,v) = a(v,u) and it is positive definite if a(v,v) > 0 for all v € V
such that v # 0.

Homework: Let V = (C|a,b], (+,-)) be an inner product space with the inner product
= fab fgdz). Show the following:

(a): F(v) = f: v(z)dr is a linear functional.

(b): F(v) =wv(a) is a linear functional.

(©): alf,g) f f(x)g(x)(1 + 2?)dx is a positive definite bilinear form.
Homework solution: We use the definitions:

(a): Let v,u be elements from Cfa, b] and )\ , b elements from R. Now consider

F(w + pu) f Au(z) + po(x)de = X f x)dz + p f x)dz. The integrals evaluate to real
numbers This mappmg fulﬁlls the condltlon deﬁned above it is linear in its argument and it
maps functions to real numbers.

(b): Let u,v and A, u be defined as above. Now consider
F(\v+ pu) = (A + pu)(a) = Av(a) + pu(a). This mapping fulfills the condition defined above, it
is linear in its argument and it maps functions to real numbers.

(c): Let f,g,h € Cla,b] and let A\, u € R. We begin by showing it’s a bilinear form.
A\ + " h) = [ @) + pgla >>h< )1+ 2?)de =

)\f f@)h(x)(1 + 22)dx + uf g(z)h(z)(1 + 2?)dx = \a(f, h) + pa(g,h). We can see that if it is
linear in 1ts ﬁrst argument a has to be linear in its second argument, following from elementary
propertleb of the mtegral To show that it is positive definite we consider

f f(2)?(1 + 22)dx and let f not be the zero function. With f € C[a,b] we have that it
has to be non-zero on atleast some interval in [a, b], thus f(x)? is greater than zero on atleast
some interval in [a,b] and atleast zero everywhere else. Also, (1 + 22) > 0 on [a,b]. Thus the
integral has to be > 0, which means that a is positive definite. O

Definition: We say that u € V and v € V are orthogonal if (u,v) = 0. Notation: u L v.

Definition: Let V' be a vector space over R then a function || - || : V' — R, is a norm on V if:
(@) [l >0 Vo0
(@) Ml =A|lvl] YveV, AeR
(@) Nu+oll <llull + o] wveV

Note: v =0 < ||v|| = 0. The pair (v, || -||) is called a normed space.

Homework:Let V = C|[a, b] be a vector space with the norm ||f|| = sup |f]| = m[ax |f]- Show
z€[a,b] €

that this is a normed space.

Homework solution: We have to show that the given norm fullfills the axioms given any
element from V.

(a): |f| > 0, and since according to the axiom f can’t be the zero function it has to be > 0
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atleast on some interval. If we take the maximum value on that interval we will recieve a real
number > 0.

(b): This follows directly from the properties of the supremum/maximum.
sup |Af| =X\ sup |f].
z€[a,b] z€Ja,b]

(c): Let f,g € Cla,b] Consider sup |f + g| according to the triangle inequality for absolute

z€a,b]
values we have that sup |f 4+ g| < sup (|f|+|g]) < sup |f|+ sup |g|. Thus
z€(a,b] z€[a,b] z€[a,b] z€la,b]
F =+ gll < {111 + llgll- 0

1/2 is a norm.

If (V,(+,-)) is an inner product space then ||v|| = (v,v)
Proposition: Cauchy-Schwartz inequality: Let (V,(-,-)) be an inner product space. Then
[(w, v)| < ||ulll|v]], w,v € V with equality if and only if u = Av for some A € R.

Proof: If v = 0 the result holds trivially. Let t € R and consider
0 < (u+tv,u+tv) = ||u||? + 2t(u,v) + t?||v||? := f(t). This is a quadratic function, since it’s
greater than 0 for all ¢ it also has to be greater than 0 in its minimum. It can easily be shown

(u,v)

that the minimum is a = — e

(u,v)? | (u,v)?||v]]? (u, v)?
0< f(a) = [Jul]*~2 ol el = |Jul|*~ BE = (u,0)? < [ulP|oll* = |(u, )] < [Julll[v]|
If u = —tv we have equality. O

Proposition Triangle inequality: ||u + v|| < ||ul] + ||v]]-
Proof: We prove this by using Cauchy-Schwartz inequality
[lu+ol* = (u+v,u+v) = [|ul[* +2(u, v) + [[o]|* < [Jul]? +2[Ju||[]v]| + |[v]]*

= ([ull + [[o)? = [fu+vl] < [full + [

Homework: Prove the Parallellogram identity: ||u + v||* + |[|u — v||* = 2(]|u]|* + ||v]|?)
Homework solution: We simply use the axioms and the definition of the norm!
u vl + u—vlf? = (4o, utv)+ (=0, u—0) = (u,u+0) + (0,u+ ) + (1, u—v) — (v, u—v) =

(u,u) + (u,0) + (v,u) + (v,0) + (u,0) = (u,0) = (v,0) + (v,0) = 2([ul* + |l|*) O

Definition: Let (z,) C V be a sequence in (V.|| - ||), we say z, — = € V as n — oo alternatively
written as lim z, = z if lim ||z, — z|| =0, with ¢ — §-notaion:
— 00 n—oo

(Ve>0)3N):n>N= ||z, —z|| <e.

Definition: A sequence is a Cauchy-sequence if (Ve > 0)(AN) : m,n > N = ||z, — xpl| <e. Tt
can be stated informally as: lim ||z, — zm|| = 0.
m,n—o00

Fact: If (z,,) is convergent then x,, is a Cauchy-sequence. & The converse is not true! &

A normed space is called complete if every Cauchy-sequence converges. A complete normed space
is called a Banach space and a complete inner product space is called a Hilbert space.

Example: Cla,b], ||f|| = sup |f| is a Banach space.

z€la,b]
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Homework: Show that Cla,b], ||f]| = \f: f(z)?|'/? is not complete.
Homework solution:

Find a function that is Cauchy but that doesn’t converge to a continous function. Try a function
which converges to a step function.

Example:

V= {(xn)}’ zp €R, Z |$n|2 < o0, ((l‘n)a (yn)> = Z Tn " Yn

n=1
(V,(-,)) is complete.
Definition: Let V, W be normed spaces. A mapping B : V — W is linear if

B(Au+ pv) = ABu+puBv wu,v €V A pu€R. It is bounded if there is ¢ > 0 such that
[|Bu|lw < ¢||v]|y for all v € V. We nay then define the norm of B by

B
|[Bv|lw _ sup ||Bv|lw = inf{c € R: [|Bv|lw < ¢|v|[vfor all v € V'}

|B|| = =
vev, w0 |[v]lv [lvllv=1

= [|Bvllw < [|BI] - [Jv]lv

Homework: Show the equalities above.
Homework solution:

Definition: We denote the set of bounded linear operators by B(V, W) if V.= W, B(V). This
can be made to be a vector space:

(Bi1+ Ba)v=Biv+Bov veV

(ABjv=ABv AR, veV
Then B(V, W) is a normed space and if W is complete so is B(V, W).

Homework: Show that ||B|| defined as above is a norm.
Homework solution:
Lemma: B € B(V,W) < B is continous that is x,, - © = Bz, — Buz.

Definition: Let V be a normed space. The space of continous linear functionals is B(V, R).
Notation: V* = B(V,R), V* is called the dual space of V. Since R is complete so is V*.

A bilinear form a : V x V — R is bounded if there is ¢ > 0 sicj that |a(u,v)| < c||u]| - ||v]].
Definition: The ball centerad at vy € V with radius r > 0 is B,.(ro) = {v € V ||[v — vo|| < r}.
Definition: A set A C V is open if for every vy € A there is r = r(vy) such that B,(vg) C A.
Definition: A is closed if A=V '\ A is open.

Homework: Show that A is closed & (z,) € A, 2, 22 €V =z € A.

Homework solution:

Definition: A € V is a dense subset of V' of for all v € V' there is v,, € A v,, — v.

Theorem: Let V be a Hilbert space and V;; C V be a closed subspace. Then any v € V' can be
uniquely be written as v = vy + w where vy € Vg and w L vg. The element vy can be
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characterised as th unique element in Vg such that ||v — vg|| = min{||v — u||,u € V}. The
element vy is denoted by Py, v.

—

Vo
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3 Lecture 2017.11.06

Corollary: V is a Hilbert space, Vo C V is a closed subspace, Vj # V. Then w € V' \ Vj, w L vg

Proposition: Vo #V = Jwe € V\ Vo, wgy # 0. Projection theorem:
wog=v9+w, wluvy w0 aswy#vg.

Theorem: (Riesz Representation Theorem) Let V be a Hilbert space and L: V — R be a
bounded linear functional on V' (ie. L € V*). Then there is a unique v € V' such that
L(V) = (v,u) for all v € V. Furthermore ||L||y = ||ul|.

Proof: See the book.

Note: The Riesz representation theorem identifies continous linear functionals with elements of
the Hilbert space V.

Homework: Show that the map ® : L — u (V* — V) is linear, surjective and isometric. (V' and
V* are isometrically isomorphic).

Homework solution:

Often in this course we will study the following problem: Let V' be a Hilbert space and
L:V — R be a bounded and a : V' x V — R bilinear positive definite. Problem: Find v € V such
that a(u,v) = L(v) for all v € V. Call this problem (V).

Definition: A bilinear form u : V x V — R is called coercive of there is an « > 0 sich that
a(v,v) > a|[v||? for all v € V. Note that coercive implies positive definite, but positive definite
does not imply coercive. In finite dimensions however, postitive definite and coercive is
equivalent.

Ifa:V xV — R is positive definite, symmetric and bilinear, then a is an inner product on V.

1/2

If a is coercive and bounded, then the norm (energy norm) ||v||, = a(v,v)'/? is equivalent to the

original norm || - [|. a|[v||? < a(v,v) < M]||v||?.

In summary: If a: V x V — R is bilinear, coercive, symmetric and bounded then: the energy

norm || - ||, and || - || are equivalent and therefore (V,|| - ||4) is complete (hence a Hilbert space).
Also L is bounded linear on (V|| - || =) bounded linear on (V,|| - ||a)-
In this case the Riesz representation theorem on (V|| - ||,) vields that there is an unique

u €V : L) =alv,u) = a(u,v) for all v € V. Thus equation (V') has a unique solution.

Energy estimate: We may bound the norm of the solution in terms of L:
allull* < a(u,u) = L(u) < [|Lllv-[[ullv = |lully < S|IL]

V.
The solution to (V') may be characterized through a minimization problem:

Theorem: If ¢ : V x V — R is symmetric and positive definite then u is a solution to problem

(V)& F(u) < F(v) for allv € V F(u)) = $a(u,u) — L(u)

Proof: Suppose that u is a solution to (V). Set w =v —u = v = u+ w. Then

Fw)=Fu+w)= %a(u +w,u+w)— Llu+w) = %a(u,u) — L(u) + a(u,w) — L(w) + %a(w,w)

The sum of the first two terms are equal to F'(u) by definition. The som of the second two terms
are equal to 0 since u is a solution. Thus we have F(v) > F(u) since a(w,w) > 0.

Now suppose F(u) < F(v) for all v € V. Consider g(t) = F(u + tv) > F(u) = g(0), where t is a
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real parameter. we have

g(t) = Flu+tv) = %a(u+tv,u+tv) — L(u+tv) = %tza(v,v) + (a(u,v) — L(v))t+ %a(u,u) — L(u)

This is a quadratic in ¢ and it has a minimum at 0 thus
0=4¢'(0) = a(u,v) — L(v) = a(u,v) = L(u) O

Note: F'is called the energy functional and (V) the variational equation for F'.
There is an extension when a is non-symmetric.

Theorem: (Lax-Milgram) Let V' be a Hilbert space and a : V' x V' — R be a bounded coercive
bilinear form and L : V' — R be a bounded linear functional then there is a unique u € V sich
that a(u,v) = L(v) for all v € V. (That is (V') has a unique solution)

Note: Unlike the symmetric case before there is no characterization of w through the
minimization of an energy functional. But we still have ||u|| < L||L||y-.

Function spaces: Let Q C R? then Q denotes the closure of .
0= N A
QCA,A is closed

An example is that the closure of a ball is the ball with its boundary.
Let €2 be a domain (= open, connected). C(€2) : vector space of continuous functions Q — R.
If © is abounded domain then C(Q) is a Banach space with norm
VI, = suplv(e)| = maxlo()|
cQ z€Q

x

C*(Q) : space of k-times continually differentiable functions on € : then D%v is continous for all
laf < k.

Ck(Q) : {v € Ck(Q) : D* € C(Q), |a| < k}. This is a Banach space if we set
||U||ck-(§) = Z|a\gk ||D3Hc(ﬁ)- In 1D: © = (0,1):

[v]lc2(0) = sup |v(z)|+ sup [v'(z)]+ sup |[v"(z)|
z€[0,1] z€]0,1] z€]0,1]

A function V' : Q — R has compact support if v = 0 outside of a compact set (compact <
bounded and closed in R9)

Ck(9) is the space of functions in C*(£2) with compact support.

Cse(Q) : v e CkQ) for every k.
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4 Lecture 2017.11.07

Definition: Let Q C R? be a domain. To begin with let, 1 < p < co. A function v € LP(9) if

Jo [v(2)[Pdz < 0o. We define [[v]|100) = ([, |v(x)|pdx)1/p. Here follows a couple of notes
regarding this definition.

Note 1: Here fQ f(x)dx denotes the Lebesgue integral. It coincides with the Riemann integral
for bounded Riemann integrable functions (at least on bounded €2). For such functions the
Lebesgue integral is an extension of the Riemann integral.

Note 2: There are many functions that are not Riemann integrable but are Lebesgue
integegrable.

Example: Q = (0, 1), consider the Dirichlet-function:

1, if z is rational
v(z) = e
0, if x is irrational

Note that v is very simple v = xgn(o,1)- It’s easy to see that v is not Riemann integrable,
however it is Lebesgue integrable and [, v(z)dx = 0.

Note 3: The Lebesgue integral behaves much nicer than the Riemann integral if one wants to
exchange limits and integrals.

Example: Suppose /, () = f(x), ] € 2. Then |[f,(x)] < g(x), g(x) € L(€) =
Jo f(@)dz = 1m0 [0, 40 f(2)dz. This is called Lebesgue’s dominated convergence theorem.

Note 4: We consider two functions v and w equivalent, or we say that they are equal almost
everywhere (a.e) if v(z) # w(z) only for z € A where A has Lebesgue measure 0, defined as
follows: Let ¢ = (a1,b1) X ... X (aq,bq) C R? be a hypercube in R%. The Lebesgue measure m(c)
of ¢ is defined by m(c) = Hle(bi —a;).

Definition: A set A C R? has Lebesgue measure 0 if for every € > 0 there are countably many
hypercubes ¢,,, n=1,2,... such that A C |J;—, ¢, and >~ m(c,) < . Note that if
A= {a} = m(A) =0, if A is countable then m(A) = 0.

Example: Consider R? then the real line A = {(x,0),2 € R} has Lebesgue measure 0 (a line has
0 "area”). In general if  C R? a domain, then the boundary T of Q (I' = Q \ Q) has Lebesgue
measure 0. for example {(x,0),2 e R} =T, Q ={(z,y) : z € Ry > 0}.

Note 5: If v = w a.e, then if v is Lebesgue integrable then so is w and fQ vdx = fQ wdz.

Example: With the Dirichlet-function from before v = 0 a.e because m(Q N (0,1)) = 0 thus v is
Lebesgue integrable with Lebesgue integral 0.

Note 6: Elements of the space LP(Q2) are equivalence classes of functions that are equal a.e.
Therefore in general we cannot talk about point values of v € LP(2), that is v(z) for fixed x
(unless there is a continous representation in the equivalence class).

Note 7: LP(Q) is complete and hence a Banach space. p =2, L?(Q) is a Hilbert space with
inner product (u,v) = [, uvdx where this is the Lebesgue integral.

Note 8: Regarding p = co. We say that v is essentially bounded if there is a M > 0 such that
|v(z)| < M for almost all .

[|v||poe = inf{M : |v(z)| < M for almost all z} 1 ess suplv(x)| # sup |v(z)|
z€eQ e

L is a Banach space.

10.
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Example: Q = (0,1) and for n =1,2,...

if x £

if x =

—
I =

3l=3=

SUp,eq V()| = oo but ess suplv(x)| = 1.
€N

Note 9: If the boundary I' of {2 is smooth enough (say, Lipschitz continous) then C§(2) (also
C§°(€2)) is dense in LP(2), 1 < p < oo. That is for every v € LP(Q) there are (v,) C CEQ (resp
C§°(9)) such that ||v, — v||r» — 0 as n — oo. This does not hold for L.

Sobolov spaces: We need the concept of weak (or generalized or distrubutional) derivatives.
We begin with a lemma.

Lemma: Suppose that V and W are Banach spaces and A C V is a dense subspace of V (dense:
Vv € V3(v,) C A: v, — v). Supposse that B : A — W is a bounded linear operator. Then there
is a unique linear continuous (= bounded) extension B of B to the the whole of V' such that

1Bllsv,wy = |IBllca,w)-

Let Q C R? be a domain. Let v € C*(Q). Let ® € C}(f). Integrate by parts:

ov 0P
= @ = —
(%) s dx /Qvaxi dx

This is a special case of Greens formula (see introduction of the book) w = (wy, ..., wq) vector

field, v scalar field then
/w~dem:/w-nwdx—/Vw¢d:E
Q r Q

n is the outward facing unit normal of T'.

If v € L*(Q) it might not have a classical derivative. One can define the generalized (weak)
derivative denoted by % to be a functional with the following properties:

Definition: The weak derivative is defined as

ov B B 0 1
o (®) = L(®) = —/Qv xidaz, o e Cy(Q)

Suppose that L is bounded that is there is a M > 0 such that |L(®)| < M||®||.: V& € C(Q).
Then by the lemma ther is a continous linear extension of L to the whole of L? (because C{ is
dense in L?). By Riesz representation theorem there is an unique w € L? such that

L(®) = (®,w) ® € L?. Therefore in this case

d
/va dx:L(cb):/@wdxwpecg
Q 3:102 Q

In this case we say that % is in L2. We still denote w by %. With this notation

0P o
=— = [ d—, VD e CL(Q
(xx) Qvazi dx L o Vo e Cy(2)

Comparing () with (%) we say that for v € C3(Q) the weak derivative coincides with the
classical derivative. Note: weak derivative allows for integration by parts in the appropriate way.

11.
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Let o be a multiindex and v € L?(€2). Define D®v as a functional:

(D) (®) = L(®) = (11 /Q)UD“‘I)da:, o e Cl(Q)

If |L(®)| <;||®]|L2 then since ® € C’(l)a‘ () is dense, there is a unique continuous extension of L to
the whole of L?. By the Riesz representation theorem there is w € L? which we denote by D%v

such that (w,¢) = (D%, ®) = L(®) = (—1)lo| [, vD*®dz = (—1)ll (v, D*®), v € C}* ().
Definition: The Sobolev space H*(Q) is defined by:
H*(Q) = {ve L*(Q): D € L*(Q) |a| < k}

We endow H* with the inner product

(u,v)ge = (u,v) = Z /DauDavdm
Q

|| <k

and with the norm:

1/2
e =l = | 3 [ (D*wPs
laf<k 7S
Note: For H? we have ||v||o = ||v]|go = ||v||z2 = ||[v]]. For H' we have:
<o 1/2
loll = { [ o+ 320
Q ]; 8a:j
and for H? we have:
d d d 1/2
ov 0%v
bl = { [ o+ 304 3 Y o
0 J; 8xj j:ll; 8xj3xk

note that the H? norm contains all the mixed second order derivatives not just the Laplacian!
We continue by listing two important properties of the Sobolev spaces.

Property 1: H* is a Hilbert space

Property 2: C!(Q) is a dense subspace of H*(Q) for [ > k, this holds if I' = 9 is smooth
enough.
Definition: The seminorm | - | is defined by:

1/2

[v|x = Z /Q(Do‘v)zdx

|| =k

This is not a norm, for example |v|; = 0 for v = constant. Still the triangle inequality holds and
|)\U‘k = )\|’U|k.

Definition: We define the trace. This is the generalization of the boundary value of a function.
If v € C*(Q) then we may define the boundary value yv of v by restricting v to

I': (y)(z) =v(z) x € T. Then v is a continuous function on I'. We would like to extend this
concept to v € H'.

12.
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Problem: T has the Lebesgue measure 0 in R?. As functions in H' are only defined as L?
functions the point values on I' are not well defined.

Idea: We define the boundary space L?(T') as the space of functions on T' such that the surface

integral [ v*ds < oo, with the norm |[v]|z2ry = (¢ vzds)l/Q. We will first define the boundary
value of a function v € C1(Q) C H' by restriction of v to the boundary and we try to extend this
notion to the whole of H! using the denseness of C1(Q2) in H!.

Lemma: Let Q = (0,1). Then there is a constant ¢ > 0 sich that [v(z)| < C|Jv]|; for all
c € CY(Q) and z € Q (in particular we may take x = 0, 1).
Proof: For z,y € Q and v € C1(Q2) we have v(z) = v(y) + f; v'(s)ds (this is nothing but usage

of the fundamental theorem of integral calculus). Then we use the triangle inequality, the
triangle inequality for integrals and Cauchy-Schwarz

[v() < [o(y)| +] / "1 (s)ds| < Joly)| + / s < ol + ([ 1 12d5>1/2 (f 1 v(9)Pds)

The limits of integration can change from x,y to 0,1 since the absolute value makes the integral
grow when the interval grows, thus it is fine to make enlarge our limits to the whole of €2 in our
inequality. Then we use (a + b)? < 2a? + 2b%:

e <2 (o + [ 1 (o) )

Since the righthand side is independent of y and the second term on the lefthand side is
independent of y we can take the integral with respect to y on both sides (since the length of our
integral is 1 these objects integrate like multiplication with 1) and acquire

o(@)* < 2 ([vllZ> + [lv']1Z2) = 2[lv]f}

By continuity this result holds for = € Q. We have |v(1)| = lim,,_,; |v(z)| and
Ty, — T, |zp| < m = |z| < m. This concludes the proof. O

Theorem: (Trace theorem) Let Q € R? be a bounded domain. Suppose that I' = 9 is a
polygon or smooth. We define the trace operator v by v : C}(Q) c H(Q2) — C*(T) c L*(T)
(0v)(z) = v(z) x € T. Then there is a bounded linear extension of « to the whole of H!(Q) still
denoted by ~. In particular there is a ¢ > 0 sich athat |[yv]| 2y < ¢|[v]|mr (o) Yo € H ().

Note: In this settomg the "boundary value” of a function in H'({2) only exists as a function on
L2(T).

Proof: 7 is clearly linear. By homework problem 2.5 we only need to show that

[yl L2y < cllv]|mr v € CH(Q) as CH(Q) is dense in H'(2). We will prove this for (0,1) x (0, 1)

We will only consider one side of the rectangle, the same reasoning as follows holds for the other

three. Let (21, 22) € Q we use the lemma applied to the function  — v(x1,z2) and z; = 0 (right
side of the rectangle).

1 1
v(0,29)* < 2 (/ v(wy, 2)%dry —|—/ (av(;l’xz))zdxl)
0 0 1

1 1 1 1,1
ov(xy,x
/U(O,zz)zdx2§2</ / v(:cl,xg)Zdzldm2+/ /( (61 2>)zdz1dz2)g2(|v|§2(9)+|vv||§2(m)
0 o Jo o Jo T

This implies that |[v|[z2) < 2||v]|? a

Definition: We saw that the trace operator v : H(€2) — L?(T') is bounded and therfore it’s
nullspace (kernel) is a closed subspace of HY. We define Hg:

HY(Q) = {v e H'(2),0 =0}

13.
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It is a closed subspace of H! these are all the functions in H! that vanish on the boundary I in
the trace sense.

Homework: T : V — W, where V and W are normed spaces, is bounded. Show that
ker(T) = {v € V : Tv = 0} is a closed subspace of V.

Homework solution:

14.
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Theorem:(Poincaré inequality) Let  C R? be a bounded domain. Then there is a constant ¢
such that ||v]|p2 < ¢||Vvl|p2 for all v € H}. Tt is important that v € H} (zero on boundary).

Proof: Fact: C§ is dense in H} therefore it is enough to prove that |[v]|z2 < ¢||Vv||z2
Vo € C3(Q). Indeed: v € H},3(v,) € C : vy, — v in H'-norm v,, — v in L% Vv, — Vv in L? =

vnllzz < c|Vunllze — ||[vllL2 < ||[V]|z2 as n — oo
as || +]|zz is continuous. We will prove this for = (0,1) x (0,1). Let v € C}(Q) z € (21, 72) € Q.

Then:
1 v

s (s,x2)ds

v(z1,22) — v(0,22) =

This is simply the fundamental theorem of calculus. The second term on the righthand side is 0
because of compact support. We now use Cauchy-Schwarz, our second facor is the invisible 1 in
front of our derivative of v:

v(z :1c)2</36112ds-/m1 av(sx) 2ds</1 ﬁ(sac) 2d3
nr) = | . \om 2 =)y oz ™2 .

Here the last inequality follows from 1 < 1, since we have a squared realvalued function the
integral can only get bigger if we extend our integration limits. We now integrate the above
inequality over all of {2:

2
// v(x1, 22) dxldxg // (5‘%1 sx2> dsdxs.

The integral over x; on the righthand side evaluates to 1 since the righthand side doesn’t depend
on z1. The righthand side definitely is smaller than the norm of the gradient squared, if we add
more derivative terms we will end up with something larger. Thus we have:

2
/ / 93171'2 dl’ldll?g / / < S T2 > del‘Q S ||VUH%2,

which we wanted to show. ]
Corollary: If v € H} then:

[olf = IVl[Za < [lollZ2 + [IVollZ2 (= [[oll}) < el[VollZ + [[VollZ = (c+ DIIVol[Z2 = (e + 1)]off.
Therefore on H} |-|; and || -||; are equivalent and thus | -|; is a norm on H{ not just a seminorm.

Definition: The dual space (Hg)* is denoted bu H~!. That is H ! is the space of bounded
linear functionals on H}. If we equip H} with |- |; then the norm on H~! is given by

L(v
1Ll = sup ZL
veH} |U|1

Boundary value problems: We will consider a general second order elliptic problem of the
form (which we will refer to as BVP):
Lu=-V- (aVu)+b-Vu+cu=f

where f € Q C R and u =0 on I'. a, b and ¢ are smooth functions (b vectorfield) and f is
continuous.

Definition: A function u is a classical solution of the boundary value problem if u € C?Q and u
satisfies BVP.

15.
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Note: In applications one would like to consider more genreral f, say f € L?. We need a more
general solution concept, weak or variational formulation of BVP.

Suppose that u € C?() is a classical solution. We take v € C(Q) multiply both sides of the
equation BVP by v and integrate over Q (note: integration by parts):

/fvdx:/ﬁuvdac:/ —V-(aVu)v+b-Vuv+cuvdr = —/aVu-nvds—l—/ aVu-Vu+b-Vuv+cuvdz.
Q Q Q r Q

The integral over I is 0 since v € C}. Thus we have we have:
/ aVu - Vv +b-Vuv + cuvdr = / fodx Yo € C3(Q)
Q Q

Claim: This holds for all v € H}(Q). v € H}, (v,) € C} such that v,, — v in L? and Vv, — Vo
in L2. Thus our equation can be extended to H{ by taking the limit n — oo, we also note that
our integral is a sum of inner products in L?:

(aVu,v,) + (b Vu,v,) + (cu,v,) = (f,vn) — (aVu,v) + (b- Vu,v) + (cu,v) = (f,v).
Definition: (Weak/Variational solution of BVP) Find u € H} such that

/aVu-Vv+b~VuU+cuvdx:/fvdx, Vv € Hy.
Q Q

Terminology: Such a function w is called a weak or variational solution of BVP. Note: The
above calculation shows that a classical solution is weak solution. Conversely: If u is a weak
solution and u € C?(Q) then u is a classical solution. Reversing the above calculation we find that

/ fudx = / Luvdx Vv € C}
Q Q

/Q(Eu—f)vdx =0V el

or

(Lu— f,v) =0 Vv e CL. As C} is dense in L? we conclude that Lu — f = 0 in L? that is
Lu—f=0ae IfucC?Q) and fcCQ) = Lu— fecC(Q) = Lu(x)— f(xr)=0 for all z € Q.
(If g is continuous on Q and g = 0 a.e then g = 0 Vo € Q) Finally as u € H} N C?(Q), we have
(vu)(z) = u(x), x € I' = u = 0 onI" thus u is a classical solution.

Note: A weak solution is often not regular enough to be a classical solution (e.g f € L2, Q has
corners etc.).

Theorem: Suppose that a,b and ¢ are smooth functions in  and that a(x) > ag > 0 and that
c(x)— 3V -b>0forall z € Q and f € L2 Then there is a unique weak solution u of BVP. That
is, there is a unique u € H{ such that

/aVu~Vv+b~Vuv+cuvdz:/fvdevGHé.
Q Q

Furthermore there is a constant ¢ > 0 independent of f sich that |ulr < ¢||f||L=.

Proof: We will use the Lax-Milgram Lemma on V = H{ with norm |- |1, bilinear form
a(w,v) = / aVw - Vv +b- Vw4 cwvdr v,w € HY =V
Q

and linear functional L(v) = [, fudz. We need to check that a is bilinear bounded and coercive,
we also need to check that L : V — R is bounded.

16.
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To begin with we will need some inequalities they are

Lf - gllez < (I fllze - [lgllz2
d
If F=(fi,..[s) G= <gl,...,gd)|/ F-Gdz| < ||F||p2 - ||G]|r> where ||F]|L> :/foda:
Q Q=
j=1
[F'- G2 < lfglfdgd|\fi||L°°||G|\L2

FFl L2 < [[fllze 1 F] L2

The proof continues in the next lecture.

17.
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Proof: We will use Lax-Milgram Lemma: If V' is a Hilbert space, a : V x V — R is a bounded
coercive bilinear form on V and L : V — R is a bounded linear functional on V' then there is a

unique v € V such that a(u,v) = L(v) Yv € V and ||u||lv < ¢||L||v+ = sup,ey %

Let V = H} with norm | - |1, define
a(w,v):/an~Vv+b-va+cwvdx v,we Hy =V
Q

and define
L(v) = / fvdx ve HY =V.
Q

As stated we need to show: a is (1) bilinear, (2) bounded and (3) coercive, we also have to check
if (4) L is bounded. It is easy to see that a is bilinear, that takes care of criterion (1). We now
show that a is bounded, that is |a(w,v)| < K|w|1|v]|1:
/ cwvdz
Q

/ b - Vwuvdx
Q

llaVwl[L2][VollL2 + [[b- V|| [[v]|z2 + [lew|| L2 [[ol] L2 <

c.s
<

la(w,v)| < + +

/ aVw - Vudx
Q

Poincaré

lallo Vo190l + il ) [wllaallolle + el ollollollo

laf |z ol ]y + M (1I§?<Xd||bz‘|mo> [wlifoly + M2Jell <ol [wly < Kol

(note that we have used the definition of the seminorm here) where

= y oo 2 oo .
¢ = 3 {fall=. +37 (s o= ) 222l |

We have now shown the boundedness of a. We now show coercivity that is |a(v,v)| > a|v][?.
1
a(v,v) = / alVu|* +b- Voo + cv’de = / a|Vv)? + §b - V(0?) + cvide
Q Q

Note: V- (bv?) = v?V - b+ b- V(v?). Also since v is zero on I since v € H} the divergence
theorem gives us that

/V~(bv2)dx:/b-m)2ds:0:>/b~V(v2)dx:f/v2V~bdx.
Q ~ Q Q

Thus we have that

1 1
a(v,v) = / alVu|* — §U2V b4 cvide = / a|Vo)? + (¢ — iv"’v -b)vida
Q Q

> / a|Vv|*dx > ao/ |Vo2dz = aglvl3,
Q Q

(here we used that ¢ — 2V - b > 0) this means a is coercive. Finally, we need to show that L is
bounded, that is show 3C > 0 : |L(v)| < C||v||v). We have

I _ C<S Poir&caréo ‘L(’U)| <0
L@ =10 01L il "L clifioh = T < el
L(v
1Ll = sup 2O < o
veV |U‘1

18.
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Which shows that L is bounded. Now by the Lax-Milgram lemma there is a unique w € V = H}
such that a(w,v) = L(v)Vv € V = H} and |w|; = ||w|]y < CJ|L||v+ < K||f]]. O

When b = 0 the bilinear form a is symmetric, then the unique weak solution can be characterized

as the minimizer of the energy functional F(v) = Ja(v,v) — L(v).

Theorem: (Dirichlet’s principle) Suppose that b = 0, a, ¢ are smooth in Q and a(z) > ag > 0
c(z) >> 0 z € Q then the unique solution of BVP satisfies F(u) < F(v) Vv € H} where

1
F(v) = §/Qa|Vv|2c112dx—/vadac

with equality only if v = u.

Proof: Theorem A.2 (in the book) shows that F(u) < F(v) Vv € V = H} as u is a weak
solution. If w € H{ such that F(w) < F(v) for all v € H} then by theorem A.2, w is a weak
solution. By uniqueness u = w. ([l

Inhomogeneous BVP: Classical formulation: u € C? such that Lu = f in Q, u = g on I" where
f and g are given continuous functions.

We would like to consider this problem when f € L?(2), g € L*(T'). Weak formulation: Find
u € H' such that a(u,v) = L(v) for all v € H} yu = g where v}, — L?(T) is the trace operator

a(u,v) = / aVu - Vv +b- Vuv + cuvde,
Q

L(v) = / fudx.
Q
Call this problem BVP1.

Theorem: Suppose that there is an ug € H' such that yug = g. If a, b, ¢ are smooth,
a(z) > ag >0, c(x) — $Vb(z) > 0 for all z € Q, f € L*(Q), g € L*(T') then there is a unique weak
solution of BVP1.

Proof: We look at the problem: find w € H{ such that a(w,v) = L(v) — a(w,v) for all v € H{.
As a: H} x H} — R is bounded and coercive (like before), L is bounded, and V — a(ug, v) is
also bounded on HJ. We have that

la(ug, v)| < K||uol|1][v]]1-

By Lax-Milgram there is a unique w € Hg such that a(w,v) = L(v) — a(ug,v) Yv € H. Then
u = w + ug is a weak solution of BVP1.

a(u,v) = a(w,v) + a(ug,v) = L(v) — a(ug, v) + a(ug,v) = L(v).

Also
yu=qyw+yup =0+g=g,

hence u is a weak solution of BVP1. Uniqueness: Suppose that w; and wy are weak solutions of
BVP1. Let u = wy — wo,

a(u,v) = a(wy,v) — a(wz,v) = L(v) — L(v) = 0 = (0,v) Yv € H.

yu =yw; —ywz =g —g =0,

hence u € H}. Furthermore u solves a(u,v) = (0,v) for all v € H}. Buth this has a unique
solution which has to be u, which that satisfies |ul1 < ||f]| =¢|[0]]=0=u=0in
H' = w1, = wa. ([l

19.
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Neumann problem: We consider the classical formulation: Find u € C?(Q2) such that

Au= -V - (aVu)+cu= fin Q, % =0 on I, where % = n - Vu where n is the unit normal of

[. Let u € C%(Q) be a classical solution and v € C1(Q) then

/vfdx://luvdx:/ —V~(aVu)+cudx:—/aVu~m)ds+/aVu'Vv—i—cuvd:E:
Q Q Q r Q

/ aVu - v+ cuvdr Yo € C1(Q).
Q
Here we used that the normal derivative is 0. By limit argument using that C'(Q) is dense in
HY(Q) we set
/ aVu - Vv + cuvdr = | fudr Vv € H'.
Q Q

20.
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Neumann problem continued (Weak formulation): Find u € H'(f2) such that
/ aVu - Vv + cuvdr = / dz Vv € H(Q),
Q Q

if u is a weak solution and u € C' then u is a classical solution. Indeed: reversing the steps
before we get

/ fode = / =V - (aVu)v + cuvdzr + / a@vds Yo e H.
Q Q r 0

n

Let first ve C Cc H! =

/ fodz = —/ ~V - (aVu) + cuvdz Vv € Cj =
Q Q

/Q(Eu — fHvdz =0 Yo € Cj.

Since C¢ is dense in L2, we get Lu = f a.e. If u € C%(Q), f € C(Q) = Lu(z) = f(z) in Q=

/aa—uvdSZOVveH1:>@=OonF.
T an 3n

Theorem: Let a,b,c be smooth in Q, a(z) > ag > 0Vr € Q, ¢(x) > ¢op > 0 and f € L. Then the
Neumann boundary value problem has a unique weak solution.

Proof: Let
a(w,v) = / aVwVv + cwvdz, v,w € H!
Q

and let
L(v) = / fodr ve H'.
Q

To Show: There is a unique u € H! : a(u,v) = L(v)Vv € H'. To show: a is bounded and coercive
(a is clearly symmetric and bilinear!).

Bounded:

C.S
la(w,v)] < + < [laVwl|2[[Vol[z2 +[leul[L2]|v]| 2 <

/ aVw - Vudr
Q

/ cwvdx
Q

llal[ Lo [[Vwl[[[[Vo]| + [le][ Lo [[w]]]]o]| <
llal[ Lo ([[w]] + [[Vw[)(llell + [IVoll) + llellze (lwl] + [[Vwl([[ol] + [[Vol]) = kl[wll]|v]]1,

and where k = ||a||L + ||¢|| L~

Coercive:

By the Riesz representation theorem (or more generally by Lax-Milgram)
Ju € H' : a(u,v) = L(v)Vv € H!

21.



