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"There is no general theory known concerning the solvability of all partial differential
equations. Such a theory is extremely unlikely to exist, given the rich variety of
physical, geometric, and probabilistic phenomena which can be modeled by PDE.
Instead, research focuses on various particular partial differential equations that are
important for applications within and outside of mathematics, with the hope that
insight from the origins of these PDE can give clues to their solutions."

"Our effort will be largely devoted to proving mathematically the existence of solu-
tions to various sorts of partial differential equations, and not to so much to deriving
formulas for these solutions. This may seem wasted or misguided effort, but in fact
mathematicians are like theologians: we regard existence the prime attribute of what
we study. But unlike most theologians, we need not always rely upon faith alone."

Lawrence C. Evans: Partial differential equations.



Chapter 1

Introduction

1.1 Why we introduce the weak solution

We expect that the reader has at least basic knowledge of the classical theory of partial differential equations. The
aim of the introductory part is to explain that the notion of classical solutions is sometimes not sufficient or even not
natural with respect to the studied problem and why it is natural to replace it by the notion of weak solutions. From
many possible examples we chose the following ones.

e On the example of the Dirichlet problem for the Poisson equation we show in Subsection 1.2.1 that the classical
solution requires certain a priori smoothness of the data. If the data do not fulfil these smoothness requirements,
it is necessary to generalize the notion of the solution. We shall follow one possible path which will lead us to
the notion of the weak solution and. We shall also present basic problems we need to consider in these Lecture
Notes. It also indicates us requirements on the function spaces in which we look for solutions.

e In Subsections 1.2.2 and 1.2.3 we present two situations, where the weak solution appears naturally. In other
words, the weak solution of a partial differential equation (PDE) is here the primary notion and the classical
solution is the secondary notion which was used rather due to historical reasons.

— The first example are the necessary conditions for the existence of critical points of functionals as the length
of a curve, the measure of a surface, the total energy of some physical system etc. The critical points are
in the classical mechanics solutions of Euler-Lagrange equations. These equations in the classical setting
are, however, not the primary notion, they are deduced from the condition:

the Gateaux derivative is zero at the critical point in any direction.

This is in fact equivalent with the claim that the critical point is a weak solution to the Euler—Lagrange
equations.

— The balance laws of continuum mechanics are formulated on arbitrary sufficiently "nice" subsets of the
given domain (so-called control volumes) which is filled by the body. This is another example of a problem,
where the notion of the weak solution is primary. We shall show that from the balance laws (mass, linear
momentum, total energy) it is possible to obtain directly the weak formulation and the classical formulation
is secondary and can be obtained only under the extra assumption of sufficient regularity of the data and
the solution itself.

1.2 Several examples

1.2.1 Homogeneous Dirichlet problem for the Poisson equation

Let Q C R? be a bounded open set with the boundary 992. We consider the following problem®

—Au(x) = f(z) Vo € Q (12)
u(z) =0 Yz € 09, '
1Let us recall the notation. If q = (ql, R qd)T is a vector-valued quantity (for example the heat flux), then the equation
divg=f inQ (1.1)

balances the flux of the quantity q over the boundary 92 and the source term f. If the flux q is proportional to Vu (it means, it is linearly
dependent on Vu), where u is a scalar quantity u: @ — R (for example the temperature), then we obtain from (1.1) equation (1.2)1, since

after using @ = —Vu (in our example, the heat flows from warmer parts to colder ones) in the left-hand side of equation (1.1) we get
d d d
dq; 0 ( ou ) 8%u
divq = = — = — = —Au.
a ; ox; ; Ox; \ Ox; ; awf
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where f: © — R is a given function. The boundary condition is for simplicity chosen to be constant (and zero is just
our choice since we may simply add/subtract any constant value without changing the equation).

A classical solution to problem (1.2) is a function u € C? () NC () which fulfils pointwisely (or equivalently in the
sense of continuous functions) (1.2). If u is a classical solution to (1.2), then we necessarily require f € C (Q2). If the
function f on the right-hand side of the equation is not continuous (which may easily be the case for many problems
coming from physics), then the notion of classical solutions is not sufficient. Since such problems are interesting from
application point of view, it is important to formulate them mathematically correctly. This requires to introduce a
more general definition of a solution to the given problem to obtain a well defined object which we can work with in
such examples.

Let us assume that

fe L), (1.3)
we multiply equation (1.2); on an arbitrary function ¢ € C5°(£2) and integrate the obtained equality over . We get

—/Augodx:/fgadx Vo € C5° ().
Q Q

We rewrite the left-hand side by virtue of the Gauss Theorem (more precisely, by its consequence called the Green
formula which describes the integration by parts in higher space dimensions). We also recall that the boundary integral
over 0f? is zero, since the function ¢ has compact support in . It reads

/Vu-Vgad:z::/fgpdx Vo € C5° (), (1.4)
Q Q

or
(Vu, Vo) 20y = (f,0)120) Vo € C57 (D). (1.5)

We could go on and transfer one more derivative from u onto ¢. We shall not follow this path (it leads to so-called
very weak solutions), we namely require that the space in which we look for a solution is the same (or at least close
to the) space, where we take the function ¢ from. Particularly, we raise the following questions:

Question 1.2.1. Is it possible to set in (1.5) ¢ = u?
If yes, then it follows from (1.4)

IVl = / V2 de = (f,0) 2y < I oo 1l 2 (L6)

where we used in the last step Holder’s (or Cauchy—Schwartz) inequality.
Let us assume that
3e> 0, Vi [Jull ey < ¢ Vel (17)

or the norm of the function is controlled by the norm of its gradient. In general, it cannot be true; it is enough to
consider a constant function. However, in our case we have u|,,, = 0 which excludes all nontrivial constant functions.
A question remains:

Question 1.2.2. For which functions we may expect (1.7) to hold?
If (1.7) holds, then it follows from (1.6)

IVull 22y < el fll 2 -
This inequality and (1.3) imply that Vu € L?(Q) which leads to the natural definition of the space

v
8$i

wh2(Q) = {v cL*(Q)|Vi=1,...,d: € LQ(Q)}.

This, however, raises another question:
Question 1.2.3. How can we define derivatives for functions which are not continuous?
We further introduce the space
Wy () = {v € WH(Q)] v]yq =0}

Recall, however, that for functions v € LP(Q), p € [1, o0] it does not make sense to speak about values of the function
on the boundary, as the boundary 92 is in standard situations a set of zero d-dimensional Lebesgue measure. Functions
from W12(Q) form a subset in L?(Q). We can therefore also talk about derivatives, at least in a certain sense. The
question is if this information is sufficient to speak about values on the boundary. Hence, it will be necessary to solve
the following problem:

Question 1.2.4. Is is possible to speak about boundary values for functions from W*12(Q)? If yes, in which sense?
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Let us still return to Question 1.2.1. It follows from (1.5) that the answer will be positive, provided there is a
positive answer to the question:

Question 1.2.5. Are the smooth functions with compact support dense in Wol’2 (Q)?
If the answer is affirmative, we call u € W;"*(€) the weak solution to problem (1.2) if the equality

(Vu, Vo) 2y = (f,0) 20 -

holds for all ¢ € WO1 -2 (©2). We introduced a notion of solution which requires less knowledge about the regularity of
the functions (both the given and the sought ones). The application of the new definition of a solution immediately
raises the following questions.

1. What can be said about existence and uniqueness of a weak solution? Is it possible to show a continuous depen-
dence on the data of the problem? If yes in which norm? Altogether, these questions deal with generalization
of the well-posedness in the sense of J. Hadamard. They are denoted as problems of existence, uniqueness and
continuous dependence on the data for weak solutions.

2. Is it possible to get an extra information about the smoothness of the solution in case when the data are smoother
than required for the existence of a solution? Under which conditions on the data the solution will be a classical
one? Altogether, these questions are denoted as regularity problem for weak solutions.

We shall study these fundamental problems not only for the motivational example (1.2), but mostly for linear and
nonlinear elliptic and later also parabolic and hyperbolic problems in the relevant chapters of these Lecture Notes.

Let us note that the problem of existence and uniqueness of weak solutions is simpler than the regularity problem.
The reason is that the definition of weak solutions is based on more complex structures, function spaces etc. For linear
elliptic problems it is enough to use the Riesz representation Theorem and its generalizations.

1.2.2 Problems of calculus of variation — necessary conditions

The calculus of variations deals with the study of critical points of functionals, it means of mappings from a Banach
space (complete normed vector space), usually infinite dimensional, to the space of real numbers. Typically ¢: X — R,
where X is a function space (in the classical setting X is typically C*((a,b)) N C([a,b]) with zero values at endpoints
or C1(Q2) NCy(Q), where the latter denotes the space of continuous functions up to the boundary of 2 which are equal
to zero on 0f2).

Let us recall a few basic notions.

Definition 1.2.6 — Local maximum (minimum). We say that the functional ¢: X — R has at the point
zo € X a local maximum (or minimum), if

36 > 0,Yz € Us(z0) : ¢(z0) > p(z) (or p(z0) < p(z)),
where Us(zo) = {z € X| ||z — zo|| x < 6}

Definition 1.2.7 — Gateaux derivative. We say that the functional p: X — R has at the point zg € X
Gateaux derivative, if Vh € X, ||h||y = 1 there exists the limit

m ¢(wo +th) — Sﬁ(l’o)'

dp(wos h) = t&o t

If 20 is the point of the local minimum (or maximum) of the functional ¢, or in other words, if z( is the extremal
point of the functional ¢ and if the limit d¢(xo; h) exists for some h € X, then necessarily dp(zo; h) = 0. In particular,
if p has the Gateaux derivative at the extremal point xy € X, then necessarily

Vh e X: 0p(xo; h) =0. (1.8)

The proof of the previous claim is simple. We denote gy, (t) = @(zo + th). Since g (t) has at 0 a local extremum,
the theory of real functions implies that if g}, (0) exists, then g}, (0) = 0. However, according to the definition of the
Gateaux derivative it holds g}, (0) = dp(xo; h).

Let us mention several classical problems of calculus of variations.

Example 1.2.8 (Brachistochrone problem). Let

vy = {(z,y) eR*|z € [0,a], y = y(x), y(0) =0, y(a) = b}

be a curve connecting the origin of the cartesian coordinate system with the point [a, b], given as a graph of a function
y(z). The Brachistochrone problem (Problem of the fastest descent curve) is a problem to find such a function v from
the suitable class of functions (in the classical setting)

Y = {y €C'((0,a)) NC([0,a]) |y(0) = 0,y(a) = b}
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o e,
T[y]\/ﬁ/o V ooy

This functional provides the time needed for a mass point to reach from the point [a,b] the origin on the curve y(x)
in the homogeneous gravitational field g. Any friction is neglected here.

which minimizes the functional

Example 1.2.9 (Curve of the minimal length). Using the same notations as in the previous example, the functional

LM=AﬁA+mem

provides the length of the curve described as the graph of the function y(x). The problem is to minimize L[y] in a
certain class of curves Y (typically, with fixed endpoints and with possible limitation that the curve lies in a given
manifold).

Example 1.2.10 (Minimal surface). Let Q C R? be a (reasonable) set and let the function g: 92 — R be given. The
problem of the minimal surface is to find such a function w: £ — R that w minimizes the functional

Alu] :/Q\/l—t— |Vul? dz

which provides the measure of the surface described by the function u, where the set of surfaces over which we minimize
the function is described as

Y ={ue CH) NCE) | ulon = g},
where g is a given function.

The spaces Y introduced in Examples 1.2.8-1.2.10 are, however, not linear. We therefore choose in Examples 1.2.8
and 1.2.9
X =C'((0,a)) NCo([0,a)),

Co([0,a]) denotes here the space of continuous functions in [0, a] such that u(0) = u(a) = 0. We look for the critical
point v in the form
v(z) = vo(x) + &(2), (1.9)

where £ € X and vg: [0,a] — R is a smooth function fulfilling the boundary conditions vg(0) = 0 and wvg(a) = b.
Similarly, we choose in Example 1.2.10
X =CHQ)NCy(Q)

and look for the critical point (the extremal) w in the form

(JJ(CL’,y) = WO(xay) + f(xa y)v

where £ € X and wy: € — R is a smooth function fulfilling the boundary condition wy|,q = g

For Example 1.2.9 we show that the requirement that the Gateaux derivative (1.8) is zero corresponds to the
requirement to find a weak solution of the Euler-Lagrange equation; the Euler-Lagrange equation (in the classical
formulation) is in this case a secondary notion, since it is deduced under the assumption of higher regularity of the
considered functions.

It holds for arbitrary ¢ € X

Ll +69) = ¢ [ VIT (@) + @) T i@ da

t=0

/“ww+wu»wmd4 [ Lt
0 VIFW@ e @P |, o VIt @@
We rewrite in this case condition (1.8) as

v'(2)¢' (z)

2 dz =0. 1.10
1+ (v'())? 10

Wi € C((0,a)) N Co([0, al): /0

/
Assuming higher regularity of the considered functions, for example if (M) € C((0,a)), we get from the

previous equation after integration by parts the relation

Ve € Co([0, a]): _/Oa (%) o(z) dz = 0. (1.11)
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This relation already implies the pointwise validity of the Euler-Lagrange equation?

B (S G B 1:0. 1.12
( 1+(v’($))2> (112)

It is reasonable to ask, why we do not call the weak solution to equation (1. 12) a function v € C1((0,a)) N Co([0,a))
fulfilling equality (1.10), and why we rather work with more general functions®. A very serious objection against this
possibility is the fact that C!(€2) is not complete with respect to the integral norm ||“||cl(Q),f = [ v/ ()| dz, while
the integral norm is for the given problem natural.

Assuming v in the form (1.9), then the function £ from the aforementioned decomposition is a suitable test function
in quality (1.10). Indeed, if we set & = ¢, we get

P o [ W@ @)
/o Vit @@)? :5/0 ST @@r e T w@)?

: : W@l : ;
This equality and the fact that o = 1 can be used to obtain the estimate

‘ R Gl /12y4
|v'|dz:/ ——— (14?7 dx
/0 o (L+[v/f?)s

1 a /12
<s ¢1|U|i|2 / VIF 0P de
_l’_

1
5/0 \v6|dx+§+§/0 |v'| d.

/0|1/\dx§/0 lvp| dz + a (1.13)

which shows that the L'-norm of the derivative is a natural norm for the given problem.
At the end we present one claim connecting the present and the previous subsections.

1 a

IN

Altogether, we get

Lemma 1.2.11 — Variational formulation of the Poisson equation. The function u € W01’2(Q) is an
extremal point (local minimum) of the functional

olu] = %/Q\Vu\de—/qudm,

if and only if it is a weak solution of problem (1.2), i.e., it fulfills equality (1.4) for all ¢ € W, ().

Proof. Step 1: Proof of implication "=-"
If u € W)?(Q) is an extremal point of the functional ¢, then we have §¢(u; @) = 0 for all € W;*(Q). Since

olu+tp] = /|Vu|2da:—/fudx+t{/ Vu- Ve — f(pdx}

(1.14)
+5 [ velraz,
2 Jo
we immediately get that
6 (u; ©) = (Vu, Vo) 2y — (f, €)1
This proves the first implication.
Step 2: Proof of implication "<"
On the other hand, using (1.14) with ¢ = 1 we easily see that (1.4) implies
Slu+ ¢l > o] Vo e Wy (Q).
|

This example clearly shows that if we understand the elliptic problem as Euler-Lagrange equation of the cor-
responding variational problem, then the correct formulation is the weak one, while the classical formulation is a
consequence of a further assumption, namely that the solution is sufficiently regular.

2Here we used the following claim: If u € C(Q) fulfills for any ¢ € C5°(R) the equality fQ z)p(z)dz = 0, then w = 0 for all z € Q.
3The first candidate for a suitable function space could be the Sobolev space W11((0,a)) = {u € LY((0,a)) |w € L1((0,a))} or rather
the space of functions with bounded variation.
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1.2.3 Balance laws of continuum mechanics

Equations which describe the body movement in the framework of continuum mechanics and thermodynamics are
based on the balance laws, whose validity is required for any open subset B of the domain € filled in by the body.
The general formulation of these balance laws has the form (v is the external unit normal vector to 0N2)

(i/BD(t,x)dx—&—/BBF(t,x)~udS=/BP(t,a:)da:, (1.15)

where D denotes the density of the physical quantity (mass p, components of the linear momentum vector pv,
components of the angular momentum vector pv x x, specific total energy £ = %|v|2 + e with e the specific internal
energy), F is the corresponding flux of this quantity through the boundary and P is the volume production of the
given quantity.

To have better understanding of the functions D, F and P, let us present the balance of mass

d

— | p(t,x)dz —I—/ p(t,x)v(t,z) -vdS =0, (1.16)
dt Js oB

the balance of linear momentum (T is the stress tensor, b the volume external force)

d

T /Bp(t,x)v(t, x)dz + /BB (p(t,z)v(t,z) @ v(t,x) — T(t,z))vdS = /Qp(t,x)b(t,x) dz, (1.17)

and the balance of total energy (q is the heat flux, r is the density of the heat sources)

% | olt.2) ("’(t””” + e(t,x)) dz + /68 (p(t,a:) (V(t;) +elt, x)) v(t,z) + qt, ) — T(t, 2)v(t, a:)) vdS

_ /Q (ot 2)b(t, ) - vt 2) + plt,)r(t, ) ) da. (L18)

The standard procedure of deducing equations of continuum thermodynamics is based on rewriting (1.15) by virtue
of the Green identity and the interchange of derivative and integral to the form

/ (0,D + divF — P) (t,2)dz = 0,
B

where B C B C Q is an arbitrary control volume. Assuming the integrand continuous, the previous equality implies
that it holds Vz € Q, Vt € (0,T)
O D(t,z) +divF(t,x) = P(t, z). (1.19)

It is evident that (1.19) requires differentiability of functions which is in (1.15) not needed. The weak formulation is
then "usually" deduced from (1.19) and the boundary conditions.

Our goal is to show that the general form of the balance law (1.15) implies directly the weak formulation. To
this aim we shall need the following result; its proof can be found, e.g., in (Evans and Gariepy, 1992, Section 3.4.3
Theorem 2).

Theorem 1.2.12 — Coarea formula. Let n: R? — R be a Lipschitz function and let v € L!(R?). Then it holds

L. v|(,era| y(a)=r} 18 integrable in the sense of the (d — 1) dimensional (Hausdorff) measure
2. fRd |V77 | dz = fR (f{l.eRd‘ n(z)=r} U(CIJ) dS) dr

We now follow the procedure proposed in book Feireisl (2004). Let n be a smooth non-negative function with compact
support, hence n € C§°(Q). Then the set {x € ] n(x) > r} has for almost every r € (0,+00) a smooth boundary
{z € Q| n(x) =r} as follows by the Sard Theorem (see, e.g., (Luke§ and Maly, 1995, Theorem 34.17)). Let us now
consider the general form of the balance law (1.15) with the control volume B = {z € Q| n(z) > r} for r € (—o0, +0)
and integrate the balance law with such control volume from 0 to +oco. We have (recall that the outer unit normal

vector to the set {x € Q| n(z) =7r}is f‘g—z‘).

+o0 +oo
/ D(t,x) dxdr—/ / F(t,z) - Vn(z) dsSdr
dt B={z€Q | n(x)>r} OB={weQ | n(z)=r} |Vin(z)]

+oo
= / / P(t,z)dxdr.
0 B={zeQ|n(z)>r}
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We now apply the Coarea formula from Theorem 1.2.12 to the second term and rewrite the first and the third ones
based on the following calculation (h(t,z) = D(t,z) or h(t,z) = P(t,x))

+oo +oo
/ / h(t,z)dxdr = / / sign (n(z) — )" h(t,z) dzdr
0 B={zeQ | n(z)>r} 0 Q

+oo
= [ h(t, ac)/ sign (n(z) — )" drdz = [ h(t,z)n(z)dz;
Q 0 Q

we get for arbitrary n € C§°(2) non-negative

i/ D(t,z)n(x)dz 7/ F(t,z) - Vn(z)de = / P(t,z)n(x) dx.

dt Jo Q Q

It is not difficult to verify that this implies the validity of (1.19) in the sense of distributions (i.e., also for arbitrary
n e Cg ().

Before we touch the questions of solvability of partial differential equations in the weak sense and qualitative
behaviour of these solutions, we introduce the Sobolev spaces W*P?(Q2) and we study their properties. We do it in
two steps. First, we only list their most important properties and skip all technicalities needed in the proofs, then we
apply them to the study of linear problems. We return to them later and give all details of the proofs of the main
properties as the density of smooth functions C§°(£2), C°°(Q2) or C>°(Q) in different types of Sobolev spaces, question
of interpretation of the boundary values of Sobolev spaces (trace theorems), the connection of Sobolev spaces and
other spaces (theorems on continuous and compact embeddings) and finally also to different equivalent definitions
of the Sobolev spaces. Then we apply our knowledge to a few classes of nonlinear problems. Similarly we proceed
for the evolutionary problems (parabolic and hyperbolic equations and the corresponding functions spaces, called
Lebesgue-Bochner or Sobolev—Bochner spaces).

Exercise 1.2.13. Deduce both the weak and the strong formulations of the Euler-Lagrange equations for the function
1 1
L(Ia u, Vu) = 7|u‘p + 7|vu|p?
p p

P
2

where [Vul? = (zle |2 |2)
Exercise 1.2.14. Prove that

(u,v):/ﬂ(uv—l—Vu-Vv)dx

is a scalar product on the space B
V ={we Q) |w=0on dN},

but this space is not complete with respect to the norm associated to this scalar product.

Exercise 1.2.15. Based on computations below Theorem 1.2.12 deduce the weak and strong formulation of the
balances of mass, linear momentum and total energy introduced in (1.16)—(1.18).



Chapter 2

An easy guide to Sobolev spaces

We saw in the previous chapter that sometimes the classical solution for different kinds of partial differential equations
may not exist or it is not the appropriate type of solution with respect to the problem. On the other hand, it follows
from the examples therein that in these situations it is possible to speak about a generalized solution which will be in
what follows called a weak solution. To introduce this notion we must build the theory of the relevant function spaces,
so called Sobolev spaces W"P(Q) which play the main role in the modern theory of partial differential equations. In
this chapter we only introduce them and explain their most important properties. Several finer results as well as all
long and technical proofs will be presented later, in Chapter 6.

We assume in this chapter that the reader knows the elements of the theory of Lebesgue integral and Lebesgue
spaces and knows the main properties of spaces of continuous, Hoélder continuous and continuously differentiable
functions. For completeness and for the reader’s convenience we present a short overview of these results in Appendix
A. We also assume that the reader has sufficient knowledge of functional analysis; a short overview of the main
important results is presented in Appendix B.

2.1 Definitions, basic properties

Let us first recall the definition of the multiindex.

Notation 2.1.1 (Multiindex). The ordered d-tuple o = (o, ..., aq), o; € Ng, is called the multiindex. The length
of the multiindex is denoted || and is defined as |a| = a1 + -+ - + aq.

In what follows we also use a shorten notation for partial derivatives.

Notation 2.1.2 (Partial derivative written by a multiindex). The symbol D*¢ denotes the partial derivative of a
function ¢
glel
Da(b(l') — ¢(x)

- a1 g
ox{" ... Oxy

We can now introduce the basic notion in the modern theory of partial differential equations’.

Definition 2.1.3 — Weak derivative. Let @ C R? be an open (possibly also unbounded) set and a =
(a1,...,aq) be a multiindex. Let u,v, € L _(9). We say that v, is a weak derivative of u with respect to

2, if it holds for any ¢ € C§°(Q)
/ uD®¢dx = (—1)l* / Vo d.
Q

Q

The following properties of the weak derivative are more or less evident.

1

e (22), we may assign to the

IThe weak derivative is a special case of a more general notion — the distributional derivative. If u € L
function u the regular distribution T3, defined as

Yo € D(Q): (Tu, ) ::/ucpdar,
Q

where (-,-) denotes the duality pairing between (D(Q))* and D(Q2). Every distribution can be differentiated infinitely many times. A
distribution G is the derivative of a distribution T" with respect to z, if

Vo € D(Q): (T, D) = (-1)I*1(G, ).
In particular, if G = G, and T' = Ty, are regular distributions, it holds

Vi € D(Q): /QuDo‘sodw = (Tu, D) = (=1)!*1(Gy, ) = (-1)]* /dew;

it means that v = D%u in the weak sense. While the derivative of a distribution exists for any order, it may not be the case for weak
derivatives. On the other hand, if the weak derivative of the second (or higher) order exists and Q C R? with d > 2, then the derivative is
independent of the order of differentiation, see also Exercise 2.1.10 below.

13
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Lemma 2.1.4 — Connection between weak and classical derivative I. The following claims hold.

1. Let u € C*(Q). Then for any |a| < k the classical and weak derivatives coincide.

1

150 (92), thus almost everywhere) given uniquely.

2. The weak derivative is (in the sense of equality in L

Proof. We leave the proof of these claims to a kind reader as a useful exercise. |

Remark 2.1.5. If the classical derivative is continuous, it is necessarily equal to the weak derivative. Therefore, we
shall use the same notation for both; if v, is a weak derivative of u with respect to %, we shall write D%u = v,.

We are ready to present the most important definition of this chapter.

Definition 2.1.6 — Sobolev spaces. Let 2 C R? be an open set, & € N and p € [1,00]. The Sobolev space
WkP(Q) is defined as
WEP(Q) := {u € LP(Q)|V]a| < k| D% € LP(Q)}.

We endow this space with the norm

> ID%ulpqy | for pe [1,o0),

lellep = lullwes@) =9 \ja<e
ax || Dul| ; oo for p = oo.
‘Ig}lé\\ ull Q) rp=0o0
If it is clear from the context on which set we work, we shall use the shorten notation || - ||i,p. If there is a danger
of ambiguity, we shall use the full notation || - ||y x.»(q). Similarly as in the case of the LP(€2) spaces, the elements of

WkP(Q) are in fact classes of functions which differ on a set of measure zero.

Remark 2.1.7. It is possible to define the Sobolev spaces for k£ € Ny which means that the case kK = 0 is included. For
k = 0 we identify the Sobolev space with the Lebesgue space, i.e.,

WOP(Q) = LP(Q).

Remark 2.1.8. We also often shorten the notation for partial derivatives of u. For u € WHP(Q), we define for
m = 1,...,k the vector (the tensor of the m-th order) V"u : Q — R?" as follows

0™Mu

1 tm * ’
8Ii1 e axinz

where 4y = 1,...,d.

If m = 1, we write shortly Vu := V'u.

The correctness of Definition 2.1.6 is summarized in the following theorem.

Theorem 2.1.9 — Sobolev norm. The space W*P(Q) is a normed linear space.

Proof. The space W*P(Q) is clearly a linear space (cf. Exercise 2.1.10 below). It is therefore enough to verify that
Il - llk,p is a norm. We consider only the case p € [1,00), the proof for p = oo is left for a kind reader as a useful
exercise. We check step by step that || - ||, satisfies all the axioms of a norm.
Step 1: Property 1. of the norm
It evidently holds for any u € W*P?(Q) that
0 < flulley < 0.

Moreover, if [|u[[r,, = 0, then also [lu[[, = 0 and therefore (property of the || -, q)-norm) we also have u = 0 almost
everywhere in € , i.e., u is equivalent to a zero function. The opposite implication is straightforward. Whence it holds

u=0 <= |ulkp=0.

Step 2: Property 2. of the norm
The weak derivative satisfies D* (Au) = AD“u (cf. Exercise 2.1.10), further also ||AD%u||, = |A|||D%ul|,. Altogether,
we have

1 1
P P
Nullep = | D IID*Ga) |5 ] = [IAP Y 1D}
la|<k || <k
= [Alllulle,p,

and we verified that the proposed norm is positively 1-homogeneous.
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Step 3: Property 3. of the norm
Weak derivative is clearly linear D¢ (u + v) = D%u + D%v (cf. Exercise 2.1.10) and for the LP-norm, the Minkowski
(triangle) inequality holds (cf. Theorem A.3.10)

l[u+vllp < lullp + [[0]lp-

Moreover, also the "discrete" Minkowski inequality holds, i.e., we have for any non-negative {a,, b, }

1

(Sonr) 59) ()

n=0 n=0
This inequality yields

lu+vllip = D ID%+ D)5 | < [ > (ID%ully + IDv]l,)"

la|<k la|<k
P P
< DDl ]+ D D uln ) = ey + l[ollkp;
la| <k lal<k
we thus verified the triangle inequality. It follows from Steps 1-3 that || - ||x,p is a norm. |

The following exercise contains elementary properties of the weak derivative. Their proofs are easy, however, we
strongly recommend the reader to perform them in detail.

Exercise 2.1.10 (Properties of weak derivative). Show that it holds for arbitrary two functions u,v € WP (Q), where
k € N, and an arbitrary multiindex « satistying |a| < k:

1. D%y € Wk=lalr(Q) and D*(DPu) = D?(DYu) = D Pu, whenever |a| + (8] < k
2. M+ pv € WEP(Q) and D®(Au + pv) = AD%u + pD%v whenever A\, u € R

3. if © C Q is open, then u € Wk (1)

=~

if n € C*°(Q), then nu € W*P(Q) and it holds that
D% (nu) = Z <a> DPyD> Py,
{B|Vi=1,...,d, B;<a;} p

where () := I, (5.)-

Let us now present several typical examples showing which functions belong or do not belong to the spaces W*P ().
The first example illustrates that Sobolev functions cannot have a jump across a (d — 1)-dimensional manifold.

_Jz in(0,1)
u(w) = {2 in [1,2)

Example 2.1.11. The function

is not an element of W1P((0,2)), because the weak derivative, if it had existed, would have been equal to the classical
one in the intervals (0,1) and (1, 2); the classical derivative is the function

1 i (0,1)
vl@) = {0 in (1,2).

This function, however, is not a weak derivative of 2 u, but it is a weak derivative of a function

{x in (0,1)

1 in[1,2).

Generally, a function which has a jump discontinuity across a (d — 1)-dimensional manifold in Q C R? does not have
a weak derivative in €.

2The function v indeed possesses a distributional derivative. It is equal to the distribution TX(0~1> + §1, where x7 is the characteristic
function of the interval I and ¢s is the Dirac distribution with the support at the point s. But this distribution is not regular and the
function u does not possess a weak derivative. The function u, however, belongs to the space BV ((0, 2)), i.e., to the space of functions with
bounded variation. The space BV (Q2) is defined as a subspace of the function space L!(2) for which all distributional partial derivatives
of the first order are Radon measures, cf. (Lukes and Maly, 1995, Section 21).
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The second example shows a typical behaviour near a singularity.

Example 2.1.12. Let Q = B;(0) € R% Then u(z) := -tz € W'P(Q) & a < %. We see that also unbounded

RER
functions belong to some WP (). Note that for o < d%p the function u € L9(R) for every g € [1,p*), where p* := ddfpp
(compare with the Embedding Theorem 2.4.5).

Solution. Consider the function
x;

ul(a?) = —QW
and show that wu;(xz) = a?n. ﬁ (in the weak sense). To this aim, apply the definition of the weak derivative and
consider any ¢ € Cg°(Q) (it is in fact enough to take ¢ € CA(Q2))
0 0
—/u ? do = — lim w2 dz
o O e=0+ Ja\p.(0) 0%

and apply the Green formula (integration by parts in higher dimensions) on the second integral; (it is possible, as both
functions are sufficiently smooth on Q\ B.(0)). Then compute the limit ¢ — 0. O

The last example illustrates the fact that the set of points, where the Sobolev function is discontinuous or un-
bounded, can be even dense in ).

Example 2.1.13. Let {r};-, be a dense countable subset in B;(0). We define for z € B;(0)

oo

1 —a
u(z) = Z§|x—n| .

i=1
If p<dand a € (0, %), then u € WHP(By(0)), but the function is not bounded on any open subset of By (0).

The basic important properties of Sobolev spaces as completeness, separability and reflexivity are summarized in
the following theorem.

Theorem 2.1.14 — On properties of Sobolev spaces. For every k € Ng and p € [1, 00| the space W*P(Q) is
a Banach space. For p € [1,00) the space W¥*P(Q) is separable and for p € (1,00) the space is reflexive. For p = 2
the space W*2(Q) is a Hilbert space with the scalar product

(u, V)wrz) = (U, V)g,2 = Z /QDO‘UDO‘U dz. (2.1)

|| <k

Proof. Step 1: Completeness
The aim is to show that every Cauchy sequence in W*?(Q) has a limit in W*P(Q). Let {u,}—, C W*P(Q) be a
Cauchy sequence, i.e.,

Ve >0, 3ng €N, Vn,m > ng 1 ||un — Umllkp <e.

The definition of || - ||, implies that for any multiindex « such that |a| < k it holds || D*u,, — D%uy, ||, < €. Therefore
all sequences {D%u,,} -, C LP(2) are Cauchy sequences. The spaces LP(Q) are complete (cf. Theorem A.3.11), and
therefore there exist limits

Up — U in LP(Q)

2.2
D%y, — ug in LP(Q), |a] < k. (22)

Since the limits of sequences D%u,, were constructed separately, it is not clear whether we have D“u = u,. It remains
to verify this claim. First, it holds u, € Li () (as us, € LP(Q)); we have verified the first property of the weak

loc
derivative. We take arbitrary a such that |a| < k. By virtue of the definition of the weak derivative it holds for every

¢ € C°(Q)
/u"Do‘gbdx:(71)|a‘/Daun¢d:z:.
Q Q

We pass to the limit n — 0o on both sides of the equality. For the left-hand side we have due to (2.2);

lim unD“qﬁdx:/uDagbd:c,

and for the right-hand side we obtain due to (2.2)9

lim (—1)'a‘/QDaun¢dx=(—1)‘“'/Qua¢dx.

n— oo

Whence it must hold for any ¢ € C3°(Q) that [, uD*¢dx = (—1)le] Jo ta® dz. This implies D*u = uq,.
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Step 2: Reflexivity and separability
To show the reflexivity and separability we use the properties of the LP(2) spaces, cf. Theorems A.3.34 and A.3.37.
Denote X = (LP(Q2))", where  is the number of all multiindeces with the length equal or less than k. The space X
is clearly reflexive (for p € (1,00)) and separable (for p € [1,00)).

We further define the mapping I: W*?(Q) — X as?

ou ou Ok

I = [D* = — e, — | .
(U) [ u]|a|§k u, 8%1’ 78xd7 ,6335

Then I is an isomorphism between W#?(Q) and I(W*?(Q)) C X. Due to the completeness of the space WP (1),
cf. Theorem 2.1.14, the set I(W*?(Q)) is a closed subset of X. Thus due to Theorem B.2.4 the space W*P(Q) is
separable, if p € [1,00), and reflexive, if p € (1, 00).

Step 3: Case p =2
We leave for a kind reader the verification that (2.1) is a scalar product. Since the associated norm is the standard
norm in W*2(Q), the space W*?2(Q) is a Hilbert space. [ |

On the other hand, for the value p = 1 the Sobolev spaces (similarly as the Lebesgue ones) are not reflexive and
for p = 0o neither reflexive nor separable.

Theorem 2.1.15 — On non-reflexivity and non-separability. The Sobolev space W% () is not separable
and the Sobolev spaces W*1(Q2) and W*>(Q) are not reflexive.

Proof. The proof of the first claim is left for the reader, cf. the following Exercise 2.1.16. The proof of the second
claim can be found in (Kufner et al., 1977, Theorems 5.2.4 and 5.2.6). |

Exercise 2.1.16 (W"°°(Q) is not separable). Let Q C R? and let § > 0 be such that Bs(zg) C € for a certain .
Consider for £ = (&1,...,&q4) € Bs(xo) functions ¢ = min(1, |z — &1|). Show that ¢, is an uncountable system of
functions from W1 () such that ||¢¢ — Pellwroe (o) = 1 for & # &1

In what follows we introduce certain subspaces of Sobolev spaces whose elements "are zero" on the boundary €.
These subspaces play an important role when we introduce the solution to certain boundary value problems in the
theory of PDEs as well as at the rigorous justification of integration by parts for Sobolev functions.

Definition 2.1.17 — The space Wfp(ﬂ) Let  C R? be an open set, p € [1,00) and k € N. Denote
wke(q) = Gy e
Remark 2.1.18. If we allow p = oo in the definition above, we would get
co@ = fue C*@)|Vla| < k, Va € 992: Du(z) =0}
which follows directly from the definition of the convergence in the norm | - ||x,00-

The following relation between W#?(€2) and WP () is left as an exercise for a kind reader.

Exercise 2.1.19. Show that Wéﬁp(Q) is a subspace of W*P?(€)). Show further that Wg’p(Q) C WkP(Q) for an
arbitrary open Q C R%.

The spaces Wéf P() share many properties with W*P?(Q) as it is formulated in the next theorem.

Theorem 2.1.20 — On properties of spaces W, "*(Q). For any k € N and p € [1,00) the space W, () is a
Banach space. For p € [1,00) the space Wéc’p(Q) is separable and for p € (1,00) the space is reflexive. The space
Wé“ 1(Q) is not reflexive.

Proof. The proof is, similarly as the proof of Theorem 2.1.14, based on known properties of the Lebesgue spaces LP(€2).
A more detailed proof can be found in (Kufner et al., 1977, Theorems 5.2.2, 5.2.4 and 5.2.6). |

Remark 2.1.21. If we allow for k = 0 in the definition of the space W ?(Q), then W?(Q) = LP(Q) for 1 < p < oo
and 2 C R? open, since the smooth compactly supported functions are dense in LP(£2) in this situation.

Finally, as a direct consequence, we deduce the formula for integration by parts for elements of Sobolev spaces
W, P (Q) and W' (Q).

3The mapping I forms the vector of all possible (weak) partial derivatives of the order at most k.
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Theorem 2.1.22 — On integration by parts I. Let Q C R? be an open set, k € N and p € [1,00). Then for
any multiindex a such that |a| < k, every u € Wg’p(ﬂ) and every® v € W' (Q) it holds

/Dauvdx:(fl)la‘/uDo‘vdx. (2.3)
Q Q

9Recall that p’ := p’%l with the convention that for p = 1 we have p’ = oco.
Proof. By virtue of Holder’s inequality A.3.12 it is not difficult to verify that both integrals in (2.3) are finite. Fur-
thermore, from the definition of the space Wéc P () we know that there exists a sequence {u, }5°; C C5°(Q2) such that

for any multiindex «, |a| < k we have
D%u,, — D% in LP(Q).

As also D € L¥' (Q), we immediately obtain

/D“uvdm: lim D%u, vdx
Q

n—oo O

(2.4)
/ uw D% dr = lim u, D% dx.
Finally, directly from the definition of the weak derivative (recall that u, € C5°(2)) we deduce
/ D%, vdz = (—1)l / uy, D% dz
Q Q
and plugging this identity into (2.4) we get (2.3). |

Inspired by Definition 2.1.17, we introduce at the end of this section yet other function spaces which we obtain as
closure of smooth functions up to the boundary in the corresponding Sobolev norm.

Definition 2.1.23 — Sobolev spaces as closure. Let 2 C R? be an open set, p € [1,00) and k € N. The space
WFP(Q) is defined as

= llk.p

WHhP(Q) :=C>(Q)

Remark 2.1.24. Analogously as in the case Wéc’p(Q) (cf. Remark 2.1.18) it does not make sense to define W’““(Q),
because we would get due to the properties of || - ||k, that W*>(Q) c C*(Q).

The following lemma summarizes the properties of the space defined as the closure of smooth functions up to the
boundary in the Sobolev norm.

Lemma 2.1.25 — On properties of spaces W“’(Q) Let Kk € N and p € [1,00). Then W’W(Q) is a closed
subspace of W*?(Q2) (and thus a Banach space) which is separable and furthermore for p € (1, 00) also reflexive. In
particular, WP (Q) c WkP(Q).

Proof. The fact that the space is closed follows directly from the definition. Other properties can by shown by virtue
of Theorem 2.1.14. Their proof is left as a useful exercise for a kind reader. |

The answer on the question when it holds Wk7p(ﬂ) = WkP(Q) will be given in the next section; all proofs then later,
in Chapter 6. The validity of such claim will require certain assumptions on the qualitative properties of the set (2.
We now only present a counterexample of this claim for a sufficiently "ugly" open set €.

Exercise 2.1.26 (W"?(Q) # WHP(Q)). We define the set Q C R? as
Q:=DB1(0)\ {(z,0): x €[0,1)}, see also Figure 2.2 from Example 2.2.11.

Consider a function u defined as
0 ifz<O,
u(z,y):=<¢0 ifz>0ay>0,
z ifx>0ay<0.

Show that for every p € [1,00] it holds u € WP(), but for p < co we have u ¢ Wh?(Q).

Let us note that introducing the Sobolev spaces by Definitions 2.1.6 and 2.1.23 is not the only possibility. In the
last section of Chapter 6 we present an alternative, but fully equivalent definition based on the so-called Beppo Levi
spaces.
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2.2 Density of smooth functions

Starting from this section, we shall rather present overview of properties of Sobolev spaces and skip the proofs. We
first look at results concerning the density of different types of smooth functions. They are important since they
allow the following proof strategy: we first show validity of certain integral identity for smooth functions and in the
next step, based on the density argument, we show by suitable limit passage that the identity also holds for Sobolev
functions. These results will be mostly based on mollification of Sobolev functions.

In what follows the notation 1 will be used exclusively for the mollification kernel, i.e., for smooth radially symmetric
function supported in the unit ball with integral mean value equal to one, see also Definition A.3.28. The function
Ne(x) := e~ (%) stands then for its rescaling and finally for u € L{, .(R?) we introduce the mollification of the function
u, denoted u., as (see also Definition A.3.30)

wee) = e wu(e) = [ e =iy

2.2.1 Local approximation of Sobolev functions
The first result concerns a direct application of the mollification of a Sobolev function.

Theorem 2.2.1 — On local approximation by smooth functions. Let @ C R? be open, p € [1,00) and
u € WFP(Q) be arbitrary. We define u as zero outside of Q and let u. := 7. * u denote the mollification of u. Then
it holds:

1. D%u, = (D*u). almost everywhere in Q. := {z € Q| dist (x,0Q) > e}

2. u. — u in WkP(Q') for every open ' C Q' C Q.

This theorem has several corollaries. The first one is a precise characterization of W*?(R?).

Lemma 2.2.2 — Connection of W}*?(R%) and W*?(R%). Let k € Nap € [1,00). Then Wk»(R?) = Wi (R).

Another, "intuitively" straightforward corollary of the Theorem on local approximation by smooth functions 2.2.1
is the following claim dealing with Sobolev functions which have zero first order derivative almost everywhere (and,
as follows from the theorem, the functions are constant).

Lemma 2.2.3 — On constant functions. Let  C R? be an open connected and u € V[/lic1 (©2). Then the
following two assertions are equivalent.

1. The function u is constant almost everywhere in 2.

2. For any multiindex « of the length one it holds D®u = 0 almost everywhere in ().

We stated in the previous lemma that a Sobolev function has zero gradient on an open connected set, if and only if
the function is constant there. We now formulate the result that if a function is constant on a measurable set, then all
derivatives of the first order are there zero almost everywhere. This will allow us to present a claim about composition
of Lipschitz and Sobolev functions. Recall that yp denotes a characteristic function of a set B.

Theorem 2.2.4 — On the derivative of a composite function. Let Q be open and u € WP(Q) for some

p € [1,00]. Denote for arbitrary a € R
Q= {z € Q|u(z) =a}.

Then for any ¢ € {1,...,d} it holds that g—; = 0 almost everywhere in ).
Further, let f € C%(R) (note that f’ € L>(R)). Then fou — f(0) € WHP(Q) and it holds
0f (u(x)) du(x)

R = f'(u(x)) o, X{zeQ|u(z)¢s;} almost everywhere in €, (2.5)

where Sy := {s € R| the classical derivative f’(s) does not exist}.

Note that the Rademacher Theorem A.2.16 ensures that the derivative f’ exists almost everywhere in R and thus the
set Sy is of zero measure. If moreover (2 has finite measure, then f(0) € W'?(Q) and thus f(u) € WP(Q2). Finally,
as an easy corollary of Theorem 2.2.4 which is in fact a part of the proof we get a claim which is often used in the
theory of partial differential equations.

Corollary 2.2.5. Let u € W11 (Q) be arbitrary and denote u™ := max{0,u} and u~ := —min{0, u}. Then we have for
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all : € {1,...,d} and almost everywhere in 2 that

out  Ou

axi - @X{ZEQ |u(xz)>0}
ou~ ou

O = _%X{zeﬂ|u(a:)<0}
ul

) U
oz = SlgnuaixiX{wEQ | u(z)#0}-

In particular, u™, v~ and |u| € WH1(Q).

In general, a composition of two Sobolev functions may be not a Sobolev function.

Example 2.2.6. Consider the function u(z) = 2®sin® (1) € Wh*°((—1,1)) and further the function f(2) = ¢/z €
Wh4((=1,1)) for ¢ < 3. Then the function (f o u)(x) = zsin (1) does not belong even to W!((—1,1)).

2.2.2 Global approximation of Sobolev functions by functions from C*((2)

We shall explain in this subsection that it is possible to strengthen Theorem 2.2.1 in the sense that the approximate
sequence belongs to C*°(Q) N W*P(2). Note that this "stronger" formulation does not require any extra assumptions
on the set €2, on the other hand, this result does not say anything about the global approximation by means of
C>°(2)-funtions. This problem will be studied in the following subsection.

Theorem 2.2.7 — On approximation by smooth functions in €. Let O C R? be a bounded open set,
p € [1,00) and u € WHP(Q2). Then there exists a sequence {u,},—, C C*(Q) N W*P(Q) such that u,, — u in
wWkr(Q).

2.2.3 Global approximation of Sobolev functions by functions from C*((2)

We aim at obtaining global approximation of Sobolev functions by smooth functions up to the boundary. To this aim,
we need to apply Theorem 2.2.1. Since the approximation must be done up to the boundary, it will already depend on
the properties of the boundary. For general domains, this given result is not true (cf. Exercise 2.1.26), thus we must
exclude such situations as in the above mentioned exercise. We shall present two results of this type. The first one
is connected with a special type of domains, so-called star-shaped ones for which the proof is rather straightforward.
The other case covers more general class of domains, but the definition of the domain is much more involved. Indeed,
also the proof is more complex.

Definition 2.2.8 — Star-shaped domain. We say that an open set Q C R? is star-shaped (with respect to
a point xg), if there exists a point zg € Q such that for any = € Q, x # x¢ the half line starting at z¢ and going
through x has exactly one common point with the boundary of €. It means that

{y eRe|IreRy,y=1(z —zo) + xo} N 0N contains exactly one point.

An example of a star-shaped domain is a ball or cube in R? or, as indicated by the name of the domain — a symmetric
star in the plane. Recall that a star-shaped set is necessarily connected.

Theorem 2.2.9 — On approximation up to the boundary for star-shaped domains. Let € be a star-
shaped domain and u € WP () for p € [1,00). Then there exists a sequence {u,} -, C C®(f) such that u,, — u
in Wkr(Q).

The main idea of the proof is connected with the fact that we may "slide out" the function along the half lines
starting at xo (the point with respect to which the domain is star-shaped). We can do it in such a way that the slid
out function is close to the original one in the Sobolev norm. Then we molify this function (the mollification makes
sense up to the boundary of Q).

The star-shaped domains are too specific and do not include a big class of otherwise "nice" domains. Another class
for which the approximation of Sobolev function by smooth functions holds true are so-called domains with continuous
boundary. Since it is not more difficult to define domains with Hélder continuous (or even more general) boundary,
we present the definition in full generality.

Definition 2.2.10 — Domain with C*#-boundary. Let Q C R? be a bounded domain, k € Ng and € [0, 1]%.
We say that € is a domain with the C**-boundary (shortly domain of the type C** and denote € CMH), if
there exist positive numbers «, 3, and M cartesian coordinate systems, i.e., the coordinates of an arbitrary point
x € R? in the r-th coordinate system are denoted as = (v, ...,2,,) := (2}, 2,,), and M continuous functions
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ar: A, — R of class C¥*, where we define for any r € {1,..., M}
Api={z, eR"i=1,...,d=1: |z,] <a}
such that the following holds.

1. If we denote by T, the mapping (rotation and shift) which describes the change of coordinates from the r-th
cartesian coordinate system (z.., x,,) to the global coordinate system (2, z4), then for any z € 9 there exists
a coordinate system (i.e., there exists r € {1,...,M}), such that © = T,.(z, ar(z])) for some z]. € A,.

2. If we define

{(z,2,,) €ERY| 2l € A, ar(2)) < 2y, < ar(2)) + B}
{(z},2,,) €ER |2l € A, ar(z]) — 6<xrd<ar( D}
{(]. J) €RY |z, €Ay, ar(z)) =Tp,},

’I‘

|
A=

then T,.(V,;*) c Q, T,.(V,7) € R*\ Q and T,.(A,.) C O9.

Property 1. implies furthermore that 9Q = U7]~W=1 T.(A,). If we denote the open set V, := V" UV,” UA,, then
o0 C in:1 (V) and {T.(V;)} M, is a finite open covering of a certain neighbourhood of 9.

%For 1 = 0 we speak about domains with C*-boundary; if further k& = 0, then by C%° we understand a continuous function and we
speak about domains with C°- or C-boundary.

Figure 2.1 displays the typical situation how the boundary should look like.

Tq

Figure 2.1: Domain Q with the C%!-boundary.

Example 2.2.11. Typical examples of different types of domains are as follows.

1. Domain defined as (0,a)%, a > 0 (i.e., the d-dimensional cube) is a domain with the C%!-boundary (Lipschitz
boundary).

2. The ball in R? is a domain with the C*°-boundary.

3. The ball in R? without one line (see Figure 2.2) is even not a domain with the C-boundary.

Figure 2.2: Domain which is not of the type C.

Note that the third example is in fact a typical example of the domain assumed in Exercise 2.1.26 for which we do
not have W*?(Q) = W*P(Q). On the other hand, as we shall see below, the equality holds for domains € C and
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together with the continuity of the boundary, the key property is that we may speak about a well defined interior of
the domain (represented by T,.(V,*)) and exterior of the domain (represented by T,.(V,~)) which allows us to modify
the proof from the case of star-shaped domains.

Remark 2.2.12. Some of the domains have special names; the domain 2 € C is usually called the domain with
continuous boundary, and Q € C%! is called the domain with Lipschitz boundary.

Important tool in the proof of the theorem below which will also be very useful at several other situations, is the
following lemma.

Lemma 2.2.13 — On partition of unity. Let {G’i}f:l be a finite number of open sets in R? such that
) C Ui;G;. Then there exist non-negative functions ¢; € C5°(G;), i = 1,...,k such that for any i we have
[¢illc@) <1 and it holds for any z € Q

The main result reads as follows.

Theorem 2.2.14 — On the approximation up to the boundary for 2 € C. Let Q €C, p € [1,00), k € N
and u € W*P(Q). Then there exists a sequence {u,} -, of functions from C*°(Q) such that u, — u in W*P(Q).

In other words, for p € [1,00), k € N and © € C we have W’”’(Q) = Wkr(Q).

The proof is based on the following. We consider each part of the boundary (the remaining part away from the
boundary is easier and Theorem 2.2.1 can be applied) in the local coordinate system and apply the Lemma on partition
of unity 2.2.13. We "slide the function out" in the direction of the last variable (i.e., out of 2) and then mollify the
resulted function. To have everything well defined, the continuity of the boundary is required.

2.3 Weak derivative and differences

We saw in the previous subsection that the Sobolev functions can approximated arbitrarily close in the Sobolev norm
by smooth functions. We also know that if a function has continuous classical derivatives, then they coincide with the
weak derivatives. We shall now consider the opposite relation, namely if the weak derivative can be considered as a
certain approximation of the classical derivative.

We denote for arbitrary ¢ = 1,...,d and h € R the difference quotient

u(x + he;) — u(x)
h )

Ary(z) = (2.6)

where e; is the unit vector in the direction of the x; axis. It is evident that if u has at the point x (classical) partial
derivative with respect of the x; variable, then

_ Ou

lim Al
lim Au(z)
We aim to clarify that something similar "in the mean" holds also for the weak derivative almost everwhere in ). The
first result in this direction is the following.

Theorem 2.3.1 — On the connection between difference quotient and weak derivative I. Let () be
open, p € [1,00] and u € LP(Q2). We denote for arbitrary 6 > 0

Qs = {z € Q| dist(x,00) > ¢}.
Then we have the following.
1. If u € WhP(Q), then for any i € {1,...,d}, d € (0,1) and || € (0, %) it holds

ou

840 < |

Lr(Q) .

2. If p € (1, 00] and there exist constants {C;}¢_; such that for any i € {1,...,d}, § € (0,1) and |h| € (0, %) it
holds

||A£L“||Lp(95) < G,
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then u € WP(Q). Moreover, we have for any i € {1,...,d} the estimate

Corollary 2.3.2. Note that (verify that the assumptions of the second part of Theorem 2.3.1 are satisfied) Lipschitz
functions belong to W1>°(Q)). We even have the embedding C%!(Q) — W1°°(Q). The opposite inclusion requires
certain regularity of the domain and will be discussed later.

ou
al‘i

<.
Lr(Q)

Remark 2.3.3. The second part of Theorem 2.3.1 does not hold for p = 1, as a kind reader may verify for the function
u(zx) := signzx in the interval (—1,1). Nonetheless, the function fulfilling the assumptions of the second part of the
theorem for p = 1 belongs to the space BV () — functions with bounded variation.

We now strengthen the previous theorem in the sense that we will replace weak convergence by the strong
one.

Theorem 2.3.4 — On the connection between difference quotient and weak derivative II. Let ) be
bounded, p € [1,00) and u € WP(Q). We denote for § > 0

Qs = {z € Q| dist(z,00) > §}.

Then it holds for any § > 0
Ju

Al —
it 8:10,

=0. (2.7)
Lr(Qs)

lim
h—0

Remark 2.3.5. Since the strong convergence implies almost everywhere convergence, at least for a chosen subsequence,
Theorem 2.3.4 guarantees that for any subsequence h,, — 0 there exists a set of zero Lebesgue measure N C () such
that (for a chosen subsequence)

B ou
8l‘i

thEO Alm(z)

()| =0 for all x € O\ N.

This claim, however, does not imply existence of the classical derivative, since the function v can be changed on a
set of measure zero which can be dense in €2 and thus after this change the function u is not continuous at any point
and cannot have the classical derivative anywhere. A different situation is for p > d, where already a continuous
representative of the function exists. We shall discuss this case later.

On the other hand, we may strengthen Lemma 2.1.4; we assumed there the continuity of the derivatives and we
can relax the assumptions as follows.

Lemma 2.3.6 — Connection of weak and classical derivative II. Let 2 be an open set and u € WhH1(Q).
Let D C €2 be defined as

D :={z € Q| there exists the classical partial derivative of u with respect to z;}.
Then the weak and classical derivatives of u coincide almost everywhere in D.

Finally we present a small generalization of Theorem 2.3.1.

Lemma 2.3.7 — On the connection between difference quotient and weak derivative III. Let € be
open, p € [1,00] and u € WP(Q). We denote for § >0, h € (—$, ) and arbitrary unit vector e € R?
Qs = {z € Q| dist(z,0Q) > 0}

u(z + he) — u(x) -

AN =
eu(l‘) h

Then it holds
||AZU||LP(QZW) < ”vu : e”Lp(Q) :

2.4 Theorems on continuous and compact embeddings

Before we present the results concerning the embeddings, we first mention two auxiliary results connected with
extensions of Sobolev functions. They are used in the proofs of the further results, however, play also an important
role in the theory of partial differential equations.
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Theorem 2.4.1 — Extension operator. Let Q € C%! and p € [1,00]. Then there exists a continuous linear

operator
E:W'P(Q) » W'P(RY)

such that:
1. Fu=wuin Q)
2. Ewu has compact support in R?

3. there exists C' = C(d,2) > 0 such that
[Eullyprey < C llullymg -

Remark 2.4.2. Tn what follows we shall call Eu extension of u € WP(Q) to u € W1P(R?) and the operator E will
be called the extension operator. The extension can be defined so that it preserves the C! regularity. It is possible to
preserve also higher regularity, but more regularity of the boundary of 2 must be required. This is due to the fact
that the construction can be easily done for flat boundaries, while for more general non-flat boundaries we first need
to flatten the boundary.

Let us assume that the boundary is described (for simplicity, we do not consider the change of variables caused by
different coordinate systems)

zg=a(x), 2’ e A={a' eR"|Vie{l,....d— 1} [z;] < a}.
Recall the notation from Definition 2.2.10
VT = {(2/,24) eRY|2’ € A, a(2') < 24 < a(z) + B}
V™ ={(2/,24) eRY |2 € A, a(z') — B < x4 <alz))}
A={(',zq) eR*|2' € A, a(z)) = x4}
V=VtuV- uUA.

We now look at the change of variables which "flattens" the boundary. We define new variables (y’,y4) and the
mapping F: (—1,1)¢ — V by means of

o' = oy ) (2.8)
zq=a(ay’)+ Bya, (e, z=F(y))
and
/ 1 /
Yy =—x
T, » (2.9)
Yd Exd - Ba'(x )7 (l'e'a Yy = F (33)),

respectively. Denote further

Ct:=(-1,1)4"1 x (0,1)
C~:=(-1,1)%1 x (~1,0).

Then F maps C* onto V*, C~ onto V~ and (—1,1)¢"! x {0} onto A. Furthermore, if a is at least Lipschitz, the
following key lemma holds true.

Lemma 2.4.3 — Flattening of the boundary. Let F and F~! be defined above by (2.8) and (2.9). Let a be
a Lipschitz continuous function in A. Then the change of variables F and its inverse F~! are Lipschitz continuous.

Moreover, there exists constants C; = Ci(a,a, 3,d) and Cy = Cy(a,«, 3,d) such that for any u € WhP(VT)
with p € [1,00), the function U := uo F € WLP(C*) and it holds

& ||UHW1,,,(V+) < HUHWLp(cﬂ < Oy Hu||W1»P(V+) : (2.10)

Remark 2.4.4. There is also another method of extension of Sobolev functions, so called Calderén method (the method
from Theorem 2.4.1 is called Nikolskii method) and to construct the extension for any &k and p € (1,00) it is enough
to have Q € C%!, while the Nikolskii method requires, due to the flattening of the boundary, at least C*~! boundary.
Disadvantage of the Calderén method is that it does not work for p = 1 and p = co0.?

4The Calderén method is based on integral representation of functions. More details can be found (for p = 2) in Negas (1967) or Zenisek
(2001), the generalization for p # 2 can the reader easily construct himself; it is based on the theory of Fourier multipliers. The restriction
p # 1 and p # oo is connected with the fact that the LP — LP estimates of the used singular integral operators generally do not hold true
for p=1 and p = co.
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We turn now our attention to different embeddings (continuous or compact) of Sobolev spaces. From the definition
of Sobolev spaces it directly follows that u € W*P?(Q) belongs also to LP(2). The main goal is to show that the
function u belongs to a "much better" space, provided 2 has a Lipschitz boundary.

Recall Example 2.1.12. We studied for which o € R the function

f@) o= |z~

belongs to W1P(B(0)) and to LI(B1(0)), respectively. We showed that if a < %, then f € WLP(B(0)), and,
simultaneously, f € L9(B1(0)) pro any ¢ € [1 d—p]. This on one hand indicates that if u € WP(Q), for p < d, then

) d—p
u € L1(Q) for g € [1, d%], too. On the other hand, this examples shows that the best we may expect for p < d is that
WhP(Q) — L4(Q), where q < ddfpp, higher exponent would contradict the above mentioned example.

Finally, for p > d, the assumption v € WHP(Q) implies that —a > 1 — % > 0. Note that for such a we already
have f € C%ll(B,(0)).

This simple example leads to the conjecture that for "reasonable" domains 2 it may hold that
L5 (Q)  forp e [1,d),

WhP(Q) < { ‘-
CH'7%(Q) for p € (d, 00).

2.4.1 Theorems on continuous embedding

We denote for p < d
. dp
=— b

As indicated above in the introduction to this section, the following results hold.

p (2.11)

Theorem 2.4.5 — Embedding W!'?(Q) — LI(Q) for p < d. Let Q € C%! and p € [1,d). Then it holds for any
q € [1,p7]
WhP(Q) — LYQ).

More precisely, for any ¢ € [1,p*] there exists C' which depends only on p, d, ¢ and € such that for any u € WHP(Q)
we have

||u||Lq(Q) <C Hu”WLP(Q) . (2.12)

The theorem above does not say anything about the case p = d, however, as a direct consequence of Theorem 2.4.5
we easily get the following.

Theorem 2.4.6 — Embedding W?(Q) < L1(Q). Let Q € C%!. Then it hold for any ¢ € [1,00)
Wh4(Q) — LI(Q).

Let us now consider the case p > d. Define

d
* .1 , 2.13
W= » ( )

where we set for p = co the value p* := 1. The main result in this situation is the following.

Theorem 2.4.7 — Embedding W'?(Q) — C%*(Q) for p > d. Let Q € C%! and p € (d,o0]. Then it holds for
any a € [0, p*] _
WhP(Q) — Q).

More precisely, for any o € [0, 4*] there exists a constant C' which depends only on «, p, d and § such that for any
u € WHP(Q) there exists a representative u* € C*%(Q), i.e., u* € [u], satisfying

”U*”co,a(ﬁ) <C ||u||W1a:D(Q) .

It follows from the above stated theorems that the case p = d is particular and the embedding from Theorem 2.4.6
is not "sharp". Nonetheless, as shown in the following exercise, better result on the scale of Lebesgue spaces cannot
be expected.®
Exercise 2.4.8. Show that the function f(z) := In (ln (1 + ﬁ)) belongs for d > 2 to W14(B;(0)), but does not
belong to L>=(B1(0)). Whence W14(Q) « L>(Q).

5We show in Subsection 2.6 that if Q is a bounded set, then

v

771/ d‘pd)%<CHV I
‘Ql o LP(Q)
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Recall the notation (cf. Remark 2.1.8)

Then the Euclidean norm of Vu is

and furthermore
IVull L ray = lIVulllLr (o)

Then it is not difficult to see that
[ully + IVl Lo re

is an equivalent norm in W1?(£2). To simplify the notation, if no confusion may arise, we always work with Vu instead
of carefully writing all partial derivatives.

Example 2.4.9. Let us try to find a condition for ¢ to satisfy: let p € [1,d), then there exists C' > 0 such that for
any u € WHP(R?) it holds
||U||Lq(Rd) <C HVUHLP(Rd;Rd) : (2.14)

We take u € C5°(R?) for which we assume (2.14) to hold, and define the functions
u(z) ;== u(\z), with arbitrary A € R*.

Inequality (2.14) should hold for all functions from W1?(R%) with the constant C independent of u. In particular, it
must hold for all functions uy. Using the change of variables, we easily get

_d
[uxllpoqray =A™ [l o(ray

||VUAHLP(Rd;Rd) =\ ”vu“LP(Rd iRd)

and from inequality (2.14) applied on wuy it follows
_d _d
A HU”Lq(Rd) < CX' ”vu”LP(Rd ;Rd) -

Since the parameter X is arbitrary, for the inequality above to hold it is necessary that

d d d
1+4-—--=0, orqzip.
q p d—p

Indeed, inequality (2.14) really holds for u € C§°(R?), provided d, p and ¢ satisfy 1 + g — g =0.

Theorem 2.4.10 — Gagliardo—Nirenberg. Let p € [1,d). Then it holds for any u € C}(R?)

p(d—1)
||U||Lp*(Rd) < d—p ||Vu||LP(Rd;Rd) 0 (2.15)

Choosing 2 = B1(0) and applying the change of variables z = z + ry, y € B1(0) we get (perform carefully!)
[ -
By (z)

L
| B ()] Br(:L')

1

1 Y
udy dz> S OrIVullLe(s, () -

1Br(@)] /B, ()

Particularly for p = 1 we have

1 1

udy| dz < C |[Vu|dz
C1Be@)] /B ' "1B:@) /)

1

1 ¢ 1
<or L / Vul?dz | |Br(2)]'~7 < C||Vul page -
1B ()] ( B R

The left-hand side characterizes the space BMO(R?) (bounded mean oscillations). This space is a Banach space and

1 1
su U — udy
Br(z)CRd |BT‘( )| By (z)

dz
1Br (@) /B, ()

[U]BMO(Rd)

is the seminorm in this space. It plays an important role in the harmonic analysis, where it is often used as a replacement of the space
L*> (), see, e.g., Stein (1993).
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Remark 2.4.11. Since the smooth functions with compact support are by definition dense in WO1 P(Q) for arbitrary
open sets §2, inequality (2.15) holds also for them. More precisely, for the same constant as above and any u € VVO1 P(Q),

<

||U||Lp* @ = ||vu||LP(Q;Rd) :

p(d—1)
d—p
If u € WHP(Q), then using the extension from Theorem 2.4.1 we get a similar inequality also in this case. However,
we need to require that 2 is a bounded Lipschitz domain and on the right-hand side we need to have the full norm in
wWir(Q).
A natural question arises, whether the assumption Q € C%! is really necessary for the optimal embedding exponent.
The following example contains counterexamples, showing the necessity.

Example 2.4.12. We show that for W1?(Q) < LP" () to hold in the class of sets Q € C%® with a € [0, 1], the
necessary condition is € C%!. Assume that 0 C R? has a part of the boundary in the neighbourhood of the point
(0,0) described by |y| = x#, where p > 1 and x € (0, 1), and the rest of the boundary is smooth, cf. Figure 2.3. Check
carefully that then Q € cO% (the description of the boundary = = |y|/%, y € [—1,1], must be considered).

Now, similarly as in Example 2.1.12, we consider functions of the type u(z,y) := =%, where we only deal with
the part of the domain close to the origin, i.e. with the set Q := {(z,y) |z € (0,1), y € (—z*,2")}, since outside the
origin, the function is smooth. Then

1 zt 1
HU“%«Z(Q) :/0 </ “mfaq dy) dx=2/0 Y dy

1 zh 1
IVl e = lal” [ ( / x*“*””dy) da = 2fap [ a0 s

From here we immediately get that

1
weLI(Q) e q< —F
a
1 _
WEWWP(Q) e a< TP
p
This example confirms that we have for a two-dimensional domain Q € C%% at most WP (Q) — L%(£2), where

— (4pmp (d=1+w)p  For
K 14 u—p d—14p—p*
more details see (Adams, 1975, Theorem 5.35). It is possible to see that g, is a decreasing function of y, having for

i =1, i.e., for a Lipschitz domain, optimal value ¢; = p*, and at infinity (domain with continuous boundary) only the
value o = p.

. This example can be easily transformed to d dimensions, where the correct choice is ¢, =

y=—at

Figure 2.3: Domain 2 from Example 2.4.12.

We show at the end of this subsection that inequality (2.15) allows to prove interpolation inequalities of the type

1—
Hu”Lr(Rd) <cC ||v“||zp(Rd;Rd) Hu”Lq(O:qd) )

for suitably chosen ¢, r, p and «a.

Example 2.4.13. The following inequalities hold®.

6The constants obtained above are not optimal and can be improved, see e.g., Temam (2001). These inequalities play an important
role in the proof of existence, uniqueness and regularity of weak solutions to the incompressible Navier—Stokes equations and they are
"responsible" for a significant difference between the results for two and three space dimensions.
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1 1
1. We have for d = 2 [[v]| pagay < 2% |V 22(geipey 01122 ge) -
3 3 1
2. We have for d = 3 ||| pa(gs) < (3)1 ||V'U||£2(R3;R3) Hv||£2(R3) .

We start with inequality (2.15) for p = 1. We take for d = 2 the function u = |v|? and by virtue of Holder’s
inequality we compute

2 2
/ |v|4dxs(/ |V|v|2|dx) 34(/ |w||v|dw) < 4|V 022 g 1ol 2 -
R2 R2 R2

Taking the fourth root we obtain the result.
8
For d = 3 we choose u = |v|3, then

) LNt sy
lv|*de < [Viv[3|dz | <[z
R3 R3 3
N
s() (/ |w||v%|v|‘édx)
3 -

AR T
< 3 ||VU||L2(R3;R3) ||U||L2(R3) HU||L4(R3) :

3
. 2
/ |Vol|v|3 d:c)
R3

vl 2N

We now divide by ||v||2L4(R3) and we conclude by taking the square root.

Based on similar considerations, it is possible to show a general claim which is left as a useful exercise for the kind
reader.

Exercise 2.4.14 (General interpolation inequality). Show that for any « € [0,1) and any 7, p, g € [1, 00| satisfying

1 11 1
= - _Z 1—a)=
r a(p d)ﬂ a)q

there exists a constant C' = C(p, ¢, 7, d) such that it holds for any u € C5°(R?)
a j et
[ullpr(ray < ClVUl Lo Rapay [l Lo (ray - (2.16)

Moreover, if p < d, it is also possible to take « = 1. Due to the density argument, these inequalities can be extended
for functions u € L"(RY) for which Vu € LP(R%;R?).

As a corollary of the embedding theorem for p > d we have
Corollary 2.4.15 (If Q € C%, then C%1(Q) = W>°(Q)). Let Q € C%L. Then C%1(Q) = W12 (Q).

Proof. We already know (cf. Corollary 2.3.2), that for any open set C%!(Q) < W'*°(€2). On the other hand, we
know for Lipschitz domains that W1>°(Q) < C%1(Q) and thus also C%1(Q2) = W1°(Q). |

The only "weakness" of this approach is the use of the Rademacher Theorem A.2.16 in the proof of the extension
theorem. However, this can be removed, since it is possible to show a more general result which include the Rademacher
Theorem as a special case.

Recall that a function v has at the point = total differential if there exists a € R? such that

i [4W) —u(@) —a-(y —2)|

=0.
Y=z |z — y

Recall also that a is equal to the gradient of u at the point x in the classical sense. In the theorem below we deal with
the continuous representative [u], since due to Theorem 2.4.7 it holds W?(Q2) — C°(Q).

Theorem 2.4.16 Let u € W1P(Q) and p € (d, co]. Then the function u has total differential almost everywhere in
Q and the classical derivative is at almost all points, where the total differential exists, equal to the weak derivative.

2.4.2 Theorems on compact embedding

We now strengthen the results of the previous subsection and state that the corresponding compact embeddings for
Sobolev spaces defined on Lipschitz domains hold true. Furthermore, we also claim that some results remain true even
for less smooth domains, in particular for only domains with continuous boundary. We again consider separately the
cases p < d, p = d and p > d. Recall also the notation p* = dd% and p* =1— %. The main result for p < d is the

P
following.
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Theorem 2.4.17 — On compact embedding of W!?(Q) for p < d. Let Q € C%! and p € [1,d). Then it
holds for any ¢ € [1, p*)
WHP(Q) —— LY(Q).

For p > d we have the following result.

Theorem 2.4.18 — On compact embedding of WP (Q) for p > d. Let Q € C%! and p € [d,0]. Then it
holds for any ¢ € [1, 00)
WhP(Q) s LYUQ).

Moreover, if p > d, then it holds for any a € [0, u*)
WP (Q) —— C0*(Q),
and thus also WP (Q) —— L*°(Q).

As indicated in Example 2.4.12, the assumption on the Lipschitz continuity of the boundary is a key one, otherwise
the embedding (continuous) up to the limit spaces cannot be true. On the other hand, the same example indicates
that for domains with Hélder continuous boundary it is possible to expect some improvement in the integrability and
we may hope for some compact embedding. The following theorem gives the claim which will be also fundamental for
the proof of Theorem 2.4.17.

Theorem 2.4.19 — On compact embedding for domains with C-boundary. Let Q € C and p € [1,0).
Then it holds
WP(Q) s LP(Q).

As a trivial corollary we also have.

Corollary 2.4.20. Let Q € C and p € [1,00). Then it holds for any ¢ € [1, p]

WP (Q) —— LY(Q).

2.4.3 General Sobolev embeddings

The previous subsections dealt with W1P(Q). By induction, the results above can be generalized.

Theorem 2.4.21 — General Sobolev embeddings. Let Q € C%!, k € N and p € [1,00]. Let further
j €{0,1,...,k — 1} be arbitrary. Denote
1 k—j 1
mO::ffij and if mg # 0, mi= —.
p d mo

Then we have the following.
1. If mg > 0, then

(a) Whe(Q) = W7™(Q)
(b) for any m; € [1,m) it holds W*P(Q) < Wim1(Q).

2. If mo = 0, then it holds for any g € [1,00) that WP (Q) << W54((Q).
3. If mp <0, we set p := —dmyg and it holds

(a) if u € (0,1), then WkP(Q) < C3#(Q) and for any a € [0, 1) we have WFP(Q) < C7%(Q)
(b) if p =1, then

p#oo: Yae[0,1): WEP(Q) s CI(Q)

p=o0: Wk>3(Q) < ck11Q)

(c) if u > 1, then it holds for any «a € [0,1] that WP (Q) < C7%(Q).

The last result describes a special case which gives a slightly better result than expected.

Theorem 2.4.22 — On embedding of W%1(Q). Let Q € C%!. Then W%1(Q) < C%(£2), where

Cp(Q) = {u € C(Q)] sup lu(@)] =: llulley () < o0}

Exercise 2.4.23. Prove the above result for d = 1!
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2.5 Traces of Sobolev functions

The Sobolev functions are used to formulate the boundary value problems for partial differential equations. It is
therefore necessary to have a possibility to speak about values of Sobolev functions on the boundary of the domain
Q. There are two approaches how to solve this problem. One is based on the notion of "capacity" of a set and can
be found, e.g., in Mazja (1985). The other approach which is more commonly used is based on extension of a certain
linear operator and will be presented here.

If u € WHP(Q), then for p > d there exists a continuous representative (up to the boundary of €, provided the
domain is sufficiently regular) which equals to the given function u almost everywhere in 2. Whence in this case the
boundary value is well defined (and is even Holder continuous). Thus, below we discuss only the case p < d.

In this situation it is not any more clear what does the boundary value mean, since the d-dimensional measure of
the boundary is zero. On the other hand, under suitable assumption on the regularity of the boundary of Q (at least
for Q € C°) we know that smooth functions up to the boundary are dense in WP(Q), the restriction of functions
u € WHP(Q) on 99 is well defined for a dense subset of W1P(Q2). It therefore suffices to study if the restriction
operator for functions u € C>(Q) on 99 is well defined as an operator from WP(Q) into a certain function space
defined on the boundary of 2. Below we explain that it is possible. First, however, we need to define correctly the
corresponding spaces.

2.5.1 Surface integral and spaces L?(0f)

In the whole subsection we assume that the boundary is of the class C%! and we use the notation from Definition 2.2.10.
Further, let {¢r}iw=1 be the partition of unity on a certain small neighbourhood of 92 covered by the local description
of the boundary. We first define sets of zero measure.

Definition 2.5.1 — Set of zero measure on 0f). Let A C 09). We say that A is a set of zero measure, if it
holds for any r € {1,..., M}
{z, € Ar | Tr(z;, ar(z})) € A}ty =0.

Similarly as in the case of the standard Lebesgue measure, in what follows, we use the terminology almost everywhere
on 082, if the claim holds for all z € 92\ A, where A is a set of zero measure.
We continue with the definition of measurable functions.

Definition 2.5.2 — Measurable functions on 9. Let f: 90 — R. We say that f is measurable, if for any
re{l,...,M}, foT, is measurable on A, with respect to the (d — 1)-dimensional measure.

We are now ready to define the surface integral.

Definition 2.5.3 — Integral [,,-dS. Let u: 9Q — R be measurable. Denote u,(z) := u(z)¢,(z), where
{¢,}M | is the partition of unity corresponding to the open covering of 9Q by UM, V,.. Then we define the integral
of a function u over 0 as

M
/3§szS = Z/A ur (T (2}, ar(2))))V/ 1+ |Var(xl)? dz)., (2.17)

provided all the integrals on the right-hand side exist and are finite.

Remark 2.5.4. Note that in the definition above, each integrand on the right-hand side of (2.17) is a measurable
function. It follows from the fact that w is measurable and thus, due to the smoothness of ¢,., also the function w, is
measurable. Furthermore, since functions a, are Lipschitz, then the Rademacher Theorem A.2.16 ensures existence of
Va, almost everywhere in A, and the gradient is also measurable.

The above defined surface integral seems to depend on the choice of parametrization (description) of the boundary
0f). The following key theorem justifies that, indeed, it is not the case.

Theorem 2.5.5 — Independence of surface integral of parametrization. Let 2 € C%! be arbitrary. Let
{ar1, Arl,Trl}%;l and {a,2, ATQ,TTQ}%; be two arbitrary descriptions of the boundary which are in agreement
with Definition 2.2.10. Let further {¢>r1}%1:1 and {d)rg}%il be two partitions of unity corresponding to them. Then
a function u is measurable with respect to the first parametrization, if and only if it is measurable with respect to
the second parametrization. Furthermore, it holds for any measurable u

My
. [ @ an@))y1+ Ven(ap)P dai,
Ar1

rl=1

Mo
= [ waTialehe a1+ WVaralara) P ot
Ayg

r2=1

(2.18)
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whence the surface integral of u does not depend on the choice of parametrization of 2.

The surface integral is thus well (and uniquely) defined and we can present the definition of the Lebesgue spaces
on 0. This definition is in fact a straightforward modification of the spaces L”().

Definition 2.5.6 — Spaces LP(992). Let Q € C%! and let u be a function defined almost everywhere in Q. We
say that the function w is an element of LP(99), p € [1, 00), if

/ [ul? dS < cc.
o0

We further say that the function wu is an element of L>°(92), if (the essential supremum, more precisly the notion
of a set with zero measure, is understood in the sense of Definition 2.5.1)

esssup |u(x)| < oo.
reIN

We consider the following norms in the spaces LP(952)

1
</ |u|P dS> p € [1,00)
[ullzro0) = o0 (2.19)
esssup |u(x)| P = 00.
e0N

Similarly as for the classical Lebesgue spaces we understand elements of LP(0N2) as classes of equivalent functions,
i.e, we say that u ~ v, if v = v almost everywhere in 0f). Based on this convention we have the following re-
sult.

Theorem 2.5.7 — Properties of spaces L?(992). Let Q € C%1. Then the space LP(92) with the norm defined
in (2.19) is a Banach space which is separable for p € [1,00) and reflexive for p € (1, 00).

Remark 2.5.8. Recall that if Q € C%!, then due to the Rademacher Theorem A.2.16 the functions a, are differentiable

in A, and there exists a constant C' > 0 such that ’ g;, ‘

-| < € < oo almost everywhere in A, for any r € {1,2,...,M}.

Thus we may consider, for p € [1,00), instead of norm (2.19) an equivalent one,

1
P

M
N () o0 = (Z /. (T (@) dmr> (2.20)

which is sometimes easier to work with.

The following lemma claims that yet another equivalent norm can be defined without the functions {¢,}M; from
the partition of unity.

Lemma 2.5.9 Let Q € C%!, a function u defined almost everywhere in 92, be measurable such that it is non-zero
only in T;.(A,) for some r € {1,..., M} fixed. Let it hold [, |u(T} (2}, ar(x})))|" dz, < oo for a certain p € [1,00).
Then u € LP(0N) and there exists a constant C = C(952) such that

||UHLP(8Q) <C <A |u(TT(x;,ar(m;)))|P dxi)

2.5.2 Theorems on traces for W'r(Q)

Before we introduce the main result of this subsection which allows to speak about boundary values for Sobolev
functions, let us motivate the optimality of the result.

Example 2.5.10. Let u(z) := |x|~®. We already know from Example 2.1.12 that this function belongs to W1?(B1(0))
provided v < =2 The same holds if we replace B (0) by the half-ball {z € R?||z| < 1,24 > 0}. Since this function is
smooth outside the origin, we may expect that its trace will coincide with the function outside the origin. Computing
its trace, the only interesting part is the set x4 = 0 (otherwise the function is smooth). We therefore have

1
/ |x|7*1dS = C(d)/ proatd=2 gy
{Bl (O)CRd_l ‘ Id:O} 0
This integral is finite provided —ag+d —2 > —1, i.e., for ¢ < %. This indicates that the best result we may expect

is that if u € W1P(Q), p < d, then u € L4(99Q) for q € [1, (Cf;lgp].

We are now ready to formulate the promised main result.
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Theorem 2.5.11 — On trace operator for W'?(Q) with p € [1,d). Let Q € C*'. Define the linear continuous
operator T: C*(Q2) — C(0N) by
Tu = u|pq-

Denote for arbitrary p € [1,d)

poo-r . 1_1 p-l
T d-p’ TToopt p pd-1)

Then there exists a uniquely defined extension of T' such that the mapping is linear and

T: WhP(Q) — L1(09),

is bounded (thus continuous) for all ¢ € [1, p].

Remark 2.5.12. Since C(99Q) — L%(05), the operator T' defined as T := u|sq is in fact defined as an operator from
C>®(Q) — L1(09) for any ¢ € [1, 00]. However, it is possible to extend it to WP(Q) only for ¢ < p.

The situation is much simpler for p > d and the following claim holds.

Theorem 2.5.13 — On trace operator for W'?(Q) with p > d. Let Q € C%! and T be the trace operator
defined in Theorem 2.5.11. Then the operator is continuous from W14(Q2) to L(09) for each g € [1, 00). Moreover,
the operator T is continuous from WP(Q2) to L4(99Q) for each q € [1, 00] if p € (d, o0].

Next we consider further properties of the trace operator. In fact, except for p = 1, the operator is compact as an
operator from W1P(£) to certain Lebesgue spaces on 95.

Theorem 2.5.14 — On compactness of trace operator. Let Q € C%!' and T be the operator defined in
Theorem 2.5.11. Then it holds.

1. If p € (1,d), then the operator T is compact from W1P(Q) to L(9S) for any ¢ € [1,p).
2. If p > d, then the operator T is compact from W1P(Q2) to L4(9€) for each ¢ € [1, ).

3. If p = d, then the operator T is compact from W14(Q) to L4(99) for each q € [1,00).

We saw in the section devoted to continuous and compact embeddings that we may hope for weakening the
assumptions on the regularity of the boundary of €, from Lipschitz to (Holder) continuous, for the price to get "non-
optimal" results. The following example shows that any weakening of assumptions on the regularity of the boundary
leads to problems with the definition of the traces.

Example 2.5.15. Let us consider a domain Q C R? such that part of its boundary is formed by the curve (cf.
Example 2.4.12)

lyl=a", z€[0,1], p>1.

We showed in Example 2.4.12 that if the rest of the boundary is smooth, then the function u(x,y) = =% belongs to
Wh2(Q) if a < 42 = 2oL,
If we compute the integral over the boundary, we get”

<l lul dS < 0.
[219]

Therefore, for > 3, there exist functions from W12(Q) which do not belong to any L?(dQ) for arbitrary ¢ > 1. It
illustrates that the condition 2 € C%! cannot be weaken.

A question appears, whether L’ (09) is the range of the trace operator from WP(Q) (if p € [1,d)). This question
is important in connection to the boundary value problems for partial differential equations. The answer is negative.
It only holds that the range of the corresponding trace operator is dense in Lpn(aQ). The precise characterization
requires to build the theory for spaces with fractional derivative. In fact, the range of the trace operator is the space
Wlf%’p(aﬂ), 1 < p < oco. For p = 1 the range of the trace operator is L*(9), but the situation is rather complex
here. More precise information about these spaces will be given in Chapter 6.

7If we consider the parametric description of the boundary = = t, y = t*, t € [0, 1], we thus compute

1
/ /1 + (utr—1)2 dt
0

which leads to the result presented above.



2.6. Poincaré inequalities and equivalent norms 33

2.5.3 Characterization of W, ”(Q) and integration by parts

The theorems on traces have many important corollaries. It not only allows to speak about boundary values for Sobolev
functions at the boundary 0f), but it also makes possible to generalize the classical theorem on integration by parts
for Sobolev functions and to characterize precisely the space VVO1 P(Q). Let us start with the integration by parts. It is
usually formulated for smooth Q (piecewise smooth ) and functions with continuous derivatives up to the boundary.
We saw in Theorem 2.1.22 that the assumption on smoothness up to the boundary can be weaken, provided we consider
functions from WO1 P(Q). We now generalize this result for Lipschitz domains and Sobolev functions (generally with
nonzero trace on the boundary)

Theorem 2.5.16 — On integration by parts II. Let Q € C%!'. Then the outer normal v exists almost
everywhere on 9. Let further p,q € [1,00) be such that one of the possibilities holds:

1. p€[l,d) and g € [1,d) such that %+ é < d%l
2. p=dand ¢ >1 (or ¢ =d and p > 1, respectively)
3. p>dand ¢ >1 (or ¢ >d and p > 1, respectively).

Then it holds for any u € WP(Q) and v € W9(Q) (v is the unit outer normal vector to 9Q)

Ov dx:/ uvuidS—/ auvdx. (2.21)
a9 Q

u

Another important consequence of the theorem on traces is the following characterization of the space VVO1 P(Q).

Theorem 2.5.17 — Characterization of Wol’p(Q). Let Q € C%!. Then

WyP(Q) = {ue W"P(Q)|Tu = 0 almost everywhere on 9} .

2.6 Poincaré inequalities and equivalent norms

We show in this section that in some cases it is possible to replace the standard norm on the space W*?(Q) by
different functionals which define there equivalent norms. These equivalent norms play an important role in the theory
of partial differential equations, for example if we prescribe the boundary value on the full boundary or its parts, or
if we consider functions with prescribed mean value. We start with one general lemma.

Lemma 2.6.1 Let Q €C% k€N and p € [1,00). Denote by P, polynomials of the degree at most k. Let {fi}é:1
be continuous bounded functionals (not necessarily linear) on W*»(Q) which fulfil for any u € Pj,_;

!
Z |fi(u)] =0 <= w =0 almost everywhere in Q.
i=1

Let it further hold for any u € W*?(Q), A€ Rand i = 1,...,1

[fiQu)| < [A[1fi(w)] -
Then there exist positive constants ¢; and ¢ such that we have for any u € WP (Q)

P

l
e ullwroy < | D ID%ullfpqy + D IH@IF | < e llullwrn - (2.22)
o=k i=1

Proof. The second inequality in (2.22) is trivial, let us therefore consider only the first one.
For contradiction, let us assume that there exists a sequence of functions {f, }>., C W*P(Q) such that it holds

1
s N R 1 e
Z ||D U7L||LP(Q)+Z|fi(un)| < :
=1

n
lee| =k

Evidently 1, # 0, therefore uy, := @/ [|tnlyy 1.0 () is well defined. Dividing the above stated inequality by || |y x5 ()
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and using the assumptions on f; we get

. 1
> IDulf, Q)+Z|fz w)" | <~ (2.23)

le|=k

as well as |lup||yipq) = 1. Since the sequence {u,};2, is bounded in WkP(Q), due to the compact embedding

WEP(Q) ess WF=LP(Q) (Theorem 2.4.19 or 2.4.21) we may choose subsequence (relabeled) and find v € W*=1P((Q)
such that u,, — u in W*=1P(Q). Furthermore, it follows immediately from (2.23) that for |a| = k we have D%u,, — 0
in LP(). This implies that u, — u in W*P(Q), too.

The strong convergence implies for the limit function u that ||u||W,€,p(Q) = 1 and D% = 0 for any |a| = k. Applying
Lemma 2.2.3 and a simple induction it is not difficult to see that w € Px_;. Since the functionals f; are continuous,
we see that 2221 |fi(u)]” = 0 and since u € Py_1, we also get u = 0 which contradicts to lullyyrn @) =1 [ |

Remark 2.6.2. Functionals satisfying assumptions of Lemma 2.6.1 always exist, it is enough to take
falu) = / z%u(z)dz, forall |a| <k -1,

or

fo= D%(x)dz, forall o] <k -1,
Q*

where Q* is an arbitrary non-empty subdomain of (2.

Lemma 2.6.1 has a number of applications. Let us present the most important ones.

Theorem 2.6.3 — On equivalent norms in W?(Q). Let Q € C%1. Let Q* C Q be such that [Q2*|; > 0
and I' C 09 such that |T'|4—1 > 0. Let further p € [1,00) and oy, ¢ = 1,...,4, be non-negative numbers such that
Zle a; > 0. Then there exist positive constants ¢; a cp such that it holds for any u € WP (Q)

p
/udS / udx
F *

Proof. Denote f1(u (fF |u|P dS) fa(u) = |fFudS| f3(u (fQ* |u|P dx)’” and fi(u) = UQ* udx| All four
functionals are clearly positive homogeneous (in the sense as presented in Lemma 2.6.1), bounded and continuous
on W1P(Q) (here we use the theorems on traces, i.e., Theorems 2.5.11 or 2.5.13 and the assumption Q € C%1). We
finally apply Lemma 2.6.1 and it is enough to verify that if u = const. almost everywhere in 2, then for arbitrary
ied{l,...,4}

N
)" <l

+a3/ |u|P dz + ay

ey < IVl +en [ fuf a5+

filuy)=0 <= wu=0.
This equivalence is, however, evident. |

Note that unlike in Lemma 2.6.1, we consider in Theorem 2.6.3 domains with Lipschitz boundary. This is connected
with the fact that we speak about values of u on the boundary and use the theorems on traces (Theorems 2.5.11 and
2.5.13). If we do not consider integral over (a part of) the boundary, it would be enough to consider domains with
continuous boundaries only.

Some inequalities (equivalent norms) have traditional names. Below we present their short list.

Remark 2.6.4 (Important inequalities). Let 2 € C%!. Using Theorem 2.6.3 we can easily obtain the following inequal-
ities.

1
1) Inequality 1 [|ullyip) < (HVqu - Jo ul? dS) " is called Poincaré-Friedrichs inequality. Evidently, we

can replace [, |u[PdS by ([ |u/?7dS)7, 7 where g [1, 4= —L] for p € [1,d) and ¢ € [1,00) for p > d.

2) Inequality c1 [[ullyyip(g) < (HVUH r@) T | [qudz|” )E is called Poincaré inequality. Its generalization for the
space W¥*P(Q) can be found below.

3) It is possible to replace [, |ul? dz by ([, |ul? dx)s, where ¢ € [1, ddfpp} for p € [1,d) and ¢ € [1,00) for p > d.

Let us finally mention several important inequalities for Sobolev spaces of higher order.

Theorem 2.6.5 — On equivalent norms on W*?(Q). Let Q € C°, Q* C Q be such that |Q*|; > 0, p € [1,00)
and k € N. Let o and s be non-negative numbers satisfying a; + ag > 0. Then there exist positive numbers ¢y
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and ¢y such that it holds for any u € WP (Q)

P P
allulyerey < | X 10°uluy +n ([ 1alde) +o2 3 | [ Doudal ) <eallullyese-
|al=k o o] <k—1 'S
Proof. The proof is left for a kind reader as a useful exercise. |

We did not consider integrals over boundary in the theorem above. There were two reasons for it. The above presented
result holds for domains with only smooth boundary, since it is based on compact embedding and we do not need
the theorems on traces and the Lipschitz boundary. Second reason is that unlike Theorem 2.6.3, it is not enough
to consider for Sobolev spaces of higher order only integrals over the boundary; we need also certain qualitative
assumptions of a part of the boundary. We shall illustrate it on the case of W2P(£2) and leave the general situation
for a kind reader.

Theorem 2.6.6 — On equivalent norms on W??(Q). Let Q € C%! and p € [1,00). Let I' C 99 be such that
I is not a hyperplane and satisfies |T'|q—1 > 0. Then there exist positive numbers ¢; and c¢s such that it holds for
any u € W2P(Q)

p

et Nellwaoey < | 32 ID"ully+ [ 1P aS | < eallulyaniay:
|a|=2

Since 02 cannot be a hyperplane, the above presented inequality holds always for I' = 9f).

Proof. Due to Lemma 2.6.1 it is enough to check that if v € Py and [; |u[?dS = 0, then u = 0. Let u be a linear
function and w = 0 almost everywhere on I'. This, however, may happen only in the case when I' is a hyperplane. By
our assumptions, this case is excluded. |

We considered up to now only the questions concerning equivalent norms. We have seen that it is important to
exclude the possibility that the function u is a non-zero polynomial of the (k — 1)—th order. These functions cannot
always be excluded, as for example in the weak formulation for the Poisson equation with the Neumann boundary
condition. We therefore introduce subspaces of Sobolev functions which are equivalent up to polynomials of a certain
order.

Definition 2.6.7 — Factor space W*?(Q)/P. Let Q CR? k€ N and p € [1,00]. Let P C Py_; be a subspace
of polynomials of the (k — 1)-th order. Denote by W*P?(Q)/P the factor space, i.e., we say that it holds u; ~ us
for uy,uy € WFP(Q), if u; — us € P. We endow this space by the norm

ulwer@ye = it il

This space is evidently a Banach space which is for p € [1,00) separable and for p € (1, 00) reflexive. The proof, as
well as the proof of the following theorem, is left as an easy exercise for a kind reader.

Theorem 2.6.8 — Poincaré inequality for factor spaces. Let Q € C° and k € N. Then there exist positive
constants ¢; and ¢y such that it holds for any u € WP (Q)

cllullwer@y/pe_, < Z DUl 7y | < collullweri@)p_,-
|| =k

2.7 Dual spaces

Let k € N and p € (1,00). Denote
(W' @) =wtr@),

where % + ﬁ =1
The restriction F € W~kP(Q), k € N onto C5°(2) clearly defines a distribution. In what follows, we shall

characterize these distributions more precisely.

Theorem 2.7.1 — Equivalent characterization of dual spaces to W(;c’pl (@) I. Let p € (1,00), k € N. Then



36 Chapter 2. An easy guide to Sobolev spaces

F € W=FP(Q), if and only if there exist functions {fa}iaj<k C LP() such that

F= Y (-1)*D"fa,

|| <K

where D f, denotes the distributional derivatives, i.e., it holds for v € W(f P /(Q)

(F,w) ey = Z /QfaDO‘udx. (2.24)

lo| <k

Moreover,

”FHW*kup(Q) = inf Z HfozHI[),p(Q) )
la| <k

where the infimum is taken over all sets of functions {fa}, <) which fulfil (2.24).

Proof. For the general case, see, e.g., (Kufner et al., 1977, Theorem 5.9.2), the special case k = 1 and p = 2 can be
found, e.g., in (Evans, 1998, Section 5.9 Theorem 1). [ |

Another possible characterization is as follows.

Theorem 2.7.2 — Equivalent characterization of dual spaces to WO]”’/(Q) II. Let p € (1,00), k € N and
Q € C*°(Q). Then for any g € Wg’p (©) the formula

(@, gy = D /Q DgD fdz, f€WEP(Q)

|| <K

defines a continuous linear functional on WéC P(Q).
On the contrary, for any ¢ € (Wé“’%ﬂ)) there exists exactly one g € Wg’p,(Q) such that

Ve WP Q) : (& Nwpoq) = > /QD"‘gD“fdx.

lo| <k

Furthermore, there exists a positive constant K = K(d, k, p, 2) such that
KHgHwkm’(Q) < ||¢||(W0’“*P(Q))* = ||9||Wk,p/(Q)-

Proof. The proof can be found in Simader (1972). [ |



Chapter 3

Linear elliptic PDE’s

Elliptic equations of second order belong to the most important types of partial differential equations. They are also
the most studied ones and the best understood ones. The reason of such intensive study of this type of PDEs is the fact
that they describe numerous real-world problems. We shall first show several simple problems and explain the main
ideas connected with the notion of weak solution to these problems. Next we turn our attention to more complex (but
still linear) equations with more complex boundary conditions. We concentrate our effort to questions of existence
and uniqueness of solutions. We further ask the question whether more regular data imply also higher regularity of
the weak solution and we shall also study the question under which conditions the weak solution becomes the classical
one. Then we show that in some situations the weak solutions are minimizers of certain variational problems. Even
though the reader may get impression that the theory is complete and in some situations rather simple, the general
theory of these equations still contains many open problems and there are results showing that not everything is so
simple as it might seem at the first glance. Nonlinear problems will be studied in Chapter 7.

3.1 A few simple problems

Let us recall the problem studied in Subsection 1.2.1 and consider several similar problems. At this moment we can
dispose with a certain knowledge of Sobolev spaces, however, still quite limited.
First, let us consider
—Au+u=f in Q

3.1
u=20 on 0f). (3.1)

Based on considerations in Subsection 1.2.1 we easily deduce that the corresponding weak formulation of Problem
(3.1) is (for simplicity with f € L?(Q)) as follows. We look for u € W, *(2) such that

/(Vu~V<p+ug0) dx = / feodx Vo € Wy (Q). (3.2)
Q Q

The existence of a weak solution in the sense of (3.2) is based on direct application of the Riesz representation
Theorem for linear bounded functionals in the Hilbert space (Theorem B.2.2). The left-hand side of (3.1) is clearly
the scalar product in W2(Q) and we know that W,*(2) is a closed subspace of W12(Q2). Thus we may consider
the same scalar product also on W;?(€2). We therefore only need to verify that the right-hand side of (3.2) can be
understood as an application of a linear continuous functional on the function ¢. This is, however, trivial, since

<F750>W01’2(Q) IZ/QfQOdZE

is clearly linear and

‘/wada?‘ < flzz@llellzz@) < M llz@ lellwr2@)-
Whence we know that for any F € W~12(Q) = (WOIQ(Q))* there exists uniquely defined u € Wol’Q(Q) such that
(F, 80>W01~2(Q) = (U#P)W(}’?(Q) Vo € W()172(Q)~

This function u is clearly a weak solution to our problem in the sense of (3.2). Moreover, it is easy to see that any
classical solution to Problem (3.1) fulfils also (3.2). The other question, namely whether a more regular weak solution
is also a classical solution (or an intermediate solution, called the strong solution) we skip for a moment and return
to this at the end of this section. Note that in our considerations the regularity of the set Q did not play any role.
In fact, any open nontrivial set is sufficient for the definition of the weak solution as well as for the existence and
uniqueness of the weak solution to Problem (3.2).

37
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Next we return precisely to the problem considered in Subsection 1.2.1. We take

—Au=f in

3.3
u=0 on ON). (3:3)
The weak solution reads as follows. We look for u € I/VO1 2(Q) such that (again, we assume f € L2(Q))
/Vu-Vgod;v = / fedz Vo e Wi2(9). (3.4)
Q Q

The main difficulty of this problem is connected with the fact that the left-hand side of (3.4) is not any more a
scalar product in W2(2). On the other hand, due to Poincaré-Friedrichs inequality, we have that there exists C
independent of u € W, *(Q) such that

lull2(0) < ClIVul|r2(q) (3.5)

for all u € Wy'?(€); this implies (we recommend the reader to check it carefully!) that the left-hand side is indeed
a scalar product in W?(€2). The norm associated to this scalar product is then equivalent on Wy'*(€2) with the
standard norm on W12(Q) (associated to the standard scalar product on W2(Q)). We can now again employ the
Riesz representation Theorem (the fact that the right-hand side of (3.4) defines a continuous linear functional on
W, () with respect to the norm associated to the scalar product defined by the left-hand side of (3.2) requires to
use once more inequality (3.5)) to conclude that there exists unique weak solution to Problem (3.4). Again, we did
not need any smoothness of the boundary.

Next, we still keep the Poisson equation, however, instead of the homogeneous Dirichlet boundary condition we
consider the inhomogeneous one. The classical formulation reads as follows

Ay = f in © (3.6)
U = U on 0f).
The classical formulation requires that ug € C(99) at least. For the weak solution, the choice of the optimal function
space is more complex and requires the use of fractional Sobolev spaces on the boundary of €. In fact, the range of
the trace operator from W12(Q2) can be for Q € C%! characterized as W32 (€2); this space will be introduced in more
details in Chapter 6. To simplify, we assume that there exists Uy € W12(£2) such that Uy = 1y on 9 in the sense of
traces. Indeed, the choice of Uy is non-unique.
The weak formulation of our problem (3.6) is the following. We look for u € W12(Q) such that u — Uy € W, *(2)
and

/ Vu-Vedr = / fedz Y € W01’2(Q). (3.7)
Q Q

The application of the Riesz representation Theorem is less straightforward. We look for « in the form v = v+ Uy,
1,2 .
where v € W;"7(2) and satisfies

/Vv-Vgad:r:/fgodm—/VUo-Vgodx Vo € Wy 2 (9). (3.8)
Q Q Q

Since evidently
<G,@>W&,2(Q) ::/Qﬂpdx—/QVUo-Vgpdx (3.9)

is a linear continuous functional on I/VO1 2(Q) with respect to the norm associated to the scalar product defined by
the left-hand side of (3.8), the existence of the unique v = v(Up) is a direct consequence of the Riesz representation
Theorem, exactly as for Problem (3.4). However, it does not imply directly that also u = v(Uy) 4+ Uy is independent
of the choice of the extension of the boundary data Uj.

Let U and UZ be two different functions from W1'?(Q) having the same trace, U] = UZ = uo on 99 in the sense
of traces. Let v! and v? be the corresponding solutions to Problem (3.8). Then w := (v! + U}) — (v? + Ug) satisfies

/ Vuw-Veodz =0 Vo e Wi2(9Q).
Q
Since w € Wol’Q(Q) too, it is possible to use ¢ := w which yields

/ |Vw|*dz = 0.
Q

Whence w = const almost everywhere in {2 and since the trace of w is zero, it implies that w = 0 almost everywhere
in Q. Thus, the solution u is independent of the choice of the boundary data extension Uy. Recall that Q € C%! is
required in order to have the trace of a Sobolev function well defined.
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The last problem we look at in this section is the Neumann problem for the Helmholtz equation
—Au+u=f in
A (3.10)
— = on 0f).
v 7
Above, v is the unit exterior normal vector. Here, the weak formulation requires more attention. Formally, for ¢
smooth up to the boundary and assuming Q € C%!, we get

/—Au(pdx:— @gpdS—F/Vu-Vgodx:—/ g<pdS+/Vu-V<pda:.
Q o0 OV Q aQ Q
Therefore, we consider the following weak formulation. We look for u € W12(2) such that
/ (Vu-Vap-i—ugo)dx:/ fgodx—&-/ gpdS Vo € WH(Q). (3.11)
Q Q 0

2(d—1)

Assuming g € L*(99) (we could reduce the assumption, e.g., to g € L (09) if d > 2 or L1(0f?) for some ¢ > 1 if
d = 2) the Riesz representation Theorem provides us unique weak solution to our Problem (3.11).

Clearly, whenever we have existence of a classical problem to our Problems (3.1), (3.3), (3.6) or (3.10), it is also a
weak solution in the corresponding sense. Let us now look at the opposite problem, namely whether a weak solution
which is sufficiently regular is also a classical solution to our problem. This question (in both directions) is usually
referred as consistency of weak solutions to the given problem. We start with Problem (3.2). Let u € W, %(Q) be a
weak solution to Problem (3.2) and let furthermore, u € C?(2) N C(2). Then clearly u = 0 at 99 in the sense of
continuous functions. Using the integration by parts formula (2.3) we have for any ¢ € C§°(£2)

/(Vu-V(p—I—ugo) dx:/(—Au—i—u)@dx;
Q Q

thus we have
/(—Au—i—u—f)godx:O (3.12)
Q

for any ¢ € C§°(Q2). Therefore, it holds
—Autu=f
in Q (in the sense of continuous functions; since u € C?(), then also f € C(Q2)) and our function u is the classical
solution to (3.1). Similarly we show the consistency of weak solutions for the weak formulations (3.4) and (3.7).
Problem (3.11) is slightly different. Assume that u € C?(2) N C1(Q) satisfies (3.11) for all ¢ € W12(Q2). Then,
using integration by parts (2.1.22) with ¢ € C§° () we get as above that
—Autu=f

in Q. Next, we take ¢ € C*(Q2). We get

/ gpdS = (Vu-V(p—i—wp—fgp)dx:/
a0 Q

ou
—pdS.
Q 81/

(—Au—|—u—f)gz)dx—|-/aQ

Since the volume integral is identically zero and the equality holds for any ¢ € C°°(Q), it is not difficult to see that
ou
v Y
on 99, i.e., the function u is a classical solution to (3.10).
If we replace the assumption u € C%(Q) by u € W22(Q), we get then only

—-Aut+u=f

a.e. in . In this situation we speak about strong solution. This remark is relevant for all four problems considered
above.

3.2 Linear elliptic partial differential equations of the second order

In this section we turn our attention to a general second order differential operator and we shall discuss the weak
formulation for rather general boundary conditions. We define for Q C R? and a function u: Q — R

9 Au Coou Ko
b= = 30 o (o) + Lo+ X g+ (.13)

where A := (a;;)¢,_1: @ =R ¢:= (¢;)i;: Q@ =R d:= (d;)f_;: @ = R and b: Q — R are the coefficients of L.

To shorten the notation, we shall often use the tensor (vector) notation

Lu = —div (AVu) + ¢ - Vu + div (du) + bu.
We now introduce the elliptic operator; it will be closely connected to our operator L.
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Definition 3.2.1 — Elliptic operator I. Let Q C R? be open. We say that the operator L defined in (3.13) is
elliptic, if it holds for any 4,5 € {1,...,d} that a;;,b,¢;,d; € L°°(Q) and there exists C; > 0 such that it holds for
any z € R? and almost every = €

d
z'A(z)z = Z aij(w)ziz; > C1lz|?. (3.14)
i,j=1
We now focus on the elliptic problem we would like to solve. Below, we understand under the data the following.

e The domain Q C R? will be Lipschitz and its boundary will be formed by
0N=T1UlUl'sUM,
where I'; are open in 0 for ¢ = 1,2, 3 and the (d — 1)-dimensional Lebesgue measure of the set M is zero.

e The datum in Q is
f+ Q=R
e The data on 02 are
ug: I't = R
g: I'hul'ls =+ R
o:T's > R.

In this chapter we shall mostly directly assume that there exists Uy: 2 — R such that Uy = ug on I'; in the
appropriate sense.
We aim at solving the following problem.

Definition 3.2.2 — Boundary value elliptic problem: scalar equation. For the given data Q, f,uq (or Up),
g and o and the operator L defined in (3.13) which is elliptic in the sense of Definition 3.2.1, we look for u: & — R
such that (v is the exterior unit normal vector to 0)

Lu=f in Q (3.15)

u = ug on I'y (Dirichlet boundary condition) (3.16)
(AVu—du)-v=g on T'y (Neumann boundary condition) (3.17)
(AVu—du) - v+ou=yg on I's (Newton boundary condition). (3.18)

The above stated definition includes elliptic equation with three kinds of boundary conditions. Recall that equations
(3.15)—(3.18) can be written as follows.

d d d
0 Ju ou 0
- 5| Gija— . —(d; bu = in 3.19
ijzdaxi (a]axj>+;caxi+;axi( u)+bu=f in (3.19)
U = U on I'y (3.20)
d d
Z Zaij% —dulvi=g on I'p (3.21)
T - 63:]-
i=1 j=1
d d
Z Zaij% —du | v;+ou=g on I's. (3.22)
T - 8:r:j
i=1 j=1

The term (AVu — du) - v is (for d = 0) often replaced by Vu - n, where n is the so called conormal vector defined
by n; = Z?:l QijVi.
Observation 3.2.3. Note that if d = 0, the conormal vector n(z) = (nq,...,n4) points at every point = € 9Q (where
it exists) outside of €, since due to the assumption on A (see (3.14)) it holds n(z) - v(z) = szzl a;j(z)v;(z)v;(x) >
C’1|V(x)\2 =C7 > 0.

Below we present two examples of (scalar) elliptic problems.
Example 3.2.4. Let A(z) = | (thus a;j(z) = J;; foreachz € Q),b=0ac=d = 0in Q. Then Problem (3.15)(3.18)
is reduced to

—Au =f in
U = ug on I'y
ou Ou (3.23)
v on 7 ontz
U
— +ou =g on I's.

ov
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This problem describes thermal equilibrium in homogeneous and isotropic material under the conditions that on I'y
the temperature is prescribed as ug, on I's the heat flux through the boundary is prescribed and on I's the heat flux
is proportional to the difference of the outer (given) temperature and the interior (unknown) temperature.

Another example shows that elliptic problems can describe convection and diffusion.

Example 3.2.5. Let b =0, d = 0 and let ¢ be such that divc = 0 in Q. Then equation (3.15) is reduced to
—divA(Vu)+c-Vu = fin Q. (3.24)

This equation describes two phenomena: the term AVu represents the diffusion (e.g., the Brownian motion) and the
term ¢ - Vu represents the transport of the quantity v in an incompressible fluid moving with the velocity field c(x),
x e Q.

Even though we shall mostly be concerned with the "scalar" operator L defined in (3.13), most results can be shown
for systems of equations. It means for problems, where the a-th component of the operator L, where a € {1,..., N}
and N € N denotes the number of unknown functions, is defined for @: Q — RN as

_izd:ai

B=11,j=1

N d

g OuP d 3ﬁ

(3.25)

3

=1

-

The coefficients of the operator L should be understood in this sence and we define mappings A Q— RAXAXNXN g
Q — RUNXN g Q — RINVXN and b Q — RV*N with the help of (&) = af’, ()77 = ¢, 0)87 := d?” and

ij )
(b)*# := b*#. To shorten the notation, we use again the vector (tensor) notation

Li = —div (/Kw) 4T Vit + div (33) + ba

which should be now understood as equality in RY. The expression ¢ - Vi is to be understood as (¢ - Vi)® =
S YN P i as (Ba)r = SN, d2Puf, b as (b)) = SO, bR,

0411

Similarly as for the scalar problem (N = 1) we can also define the ellipticity for the operator defined in (3.25).

Definition 3.2.6 — Elliptic operator II. Let Q C R? be open. We say that the operator L defined in (3.25) is
elliptic, if it holds for every 7,5 € {1,...,d} and o, 8 € {1,..., N} that aof, df‘ﬂ, ?B b8 € L>°(9) and there exists
C; > 0 such that for all Z € RN and almost every = € that

d N
A@)z= > > aif(z)202] > C1|2. (3.26)

i,j=1aB=1

Similarly as in the scalar case, we consider the following data of our problem.

e The domain Q C R? will be Lipschitz and its boundary will be formed by four parts
0N=T1UTUl'sUM,
where I'; are open in 0 for ¢ = 1,2, 3 and the (d — 1)-dimensional Lebesgue measure of the set M is zero.

e The datum in € is
f:Q—RN.
e The data on 0f2 are
ﬁo: Iy — RN
G:TouUuTy — RY
: Ty — RVXN,
As for the scalar case, we mostly assume in this chapter that there exists ﬁos Q — RY such that ﬁo =1y on I'y in the

appropriate sense.
We aim at solving the following problem:

Definition 3.2.7 — Boundary value elliptic problem: vector equation. For the given data (2, f, g, g and
and the operator L defined in (3.25) which is elliptic in the sense of Definition 3.2.6, we look for @: © — RV
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satisfying (v is again the unit exterior normal vector to 952)

Li=f in Q, (3.27)

= on I'y (Dirichlet boundary conditions) (3.28)

(AVi —0@0) - v = § on Ty (Neumann boundary condition (3.29)
(AVi —30) v+ G@=g on T'z (Newton boundary condition). (3.30)

The above stated definition includes system of elliptic equations with three kinds of boundary conditions. Recall that
equations (3.27)—(3.30) can be written as follows. For every o € {1,..., N} it holds:

N d 9 ouP N d ouP N d 9 N
_Z Z B (aZBM> +ch?ﬁ - +ZZ xl(d?:@uﬂ)_’_zbaﬂuﬁ — fo w O (3.31)
- i 7 1 2

B=11i,j=1 B=1i=1 b B=1i=1 0 =1
u® = ug on I'y (3.32)
N d d
ou
S (a5 ) @) =g e Te (333)
B=1i=1 j=1 L
N d d N
ap 8UB aB, B aB, B a
ZZ Zaij e — (d"u?) 1/1»—1—20 u =g on I's. (3.34)
B=1i=1 j=1 T B=1
Often, if 9 = &, the term AV v is replaced by Vii- i, where # is the conormal vector defined as n?’e = Zf-l:l a?jﬁui.

We now present one example which includes also the "reactive" terms.

Example 3.2.8. Let N =2, A=1 (i.e, af‘jﬂ i= 6ii0ap), 0 = € =0 and b*? := (=1)%(1 — 45). Then equations (3.27)

are reduced to
—A’LLI _ 'LL2 _ fl
in Q. (3.35)

The rest of this chapter contains the treatment of questions of solvability and further qualitative properties of
solutions to problems stated in Definitions 3.2.2 and 3.2.7. The reader should, however, keep in mind that the most
important issue is to understand different problems included in (3.15)—(3.18) and (3.27)—(3.30) rather than building
the general theory. This is also the main motivation of the definition of weak solution, although in some cases, the
definition could be different.

3.3 Definition of weak solution

The procedure how to deduce the weak formulation was partially shown (at least for a simple elliptic operator) in
Subsection 3.1. We shall follow this idea here and deduce the formulation for our rather complex problem. We shall
first proceed for the scalar case, then we also explain the idea for the vector one. Assume that u is a classical solution
to (3.15)—(3.18) and assume that all coefficients of the elliptic operator are smooth. Let ¢ € C>(Q) be arbitrary such
that ¢ = 0 na I'y. We multiply (3.15) on ¢, and integrate over . It yields (see also (3.19))

d

0 ou 4 ou 9
/a(ijz_lawi (v, Yoy, + D g b= [ gt

We now look at the terms with the divergence operator and perform the integration by parts.
d d d d d
ou Oy ou de ou
[ et St S a2 cmd)aes [ (-3 arfs Saame)oas = [ soar
i,j=1 J i=1 i=1 i,j=1 J i=1

To treat the boundary integrals we employ the boundary conditions (3.21)—(3.22) together with the fact that ¢ =0
on I'y and rewrite the above identity to the final form

d d d
ou Oy ou Op B
/Q( E aija—xja—miJr E cia—xicpf E di“axi +bu<p) dx+/F augpdS—/ﬂf(pdz+/F " g dS.
i=1 i=1 3 2Ul3

ij=1

Using the (vector-) matrix-calculus we can rewrite this identity into

/ (AVU~V<,0+C'Vucp—d~V<pu+bu<p>dx+/
Q

ngodS:/f(pd:ch/ gpdS. (3.36)
s Q IaUT's
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For fixed operator L and fixed o we introduce the following bilinear form which represents the left-hand side of (3.36)

Br o (u, ) == /Q (AVu Vo+c¢-Vup—d-Vou+ bu<p) dz + / oupdsS, (3.37)

T's

where we assume that all integrals exist and are finite. We have already seen in Subsection 3.1 that the correct space
for our problem is the Sobolev space W2(£2). To recall the motivation we use the special case A =1, b = 1 and f
arbitrary square integrable function and all other parameters zero. If we use ¢ := u in (3.36), we get

1 1
Jull s = [ Fude < 51718 + el (339)

where we used on the right-hand side the Young inequality. We see that the second term can be subtracted from
both sides of the inequality and the norm which we naturally have under control (at least formally) is the W12-norm.
Following Subsection 3.1 we shall assume in the rest of this chapter that Uy € W2(Q) is such a function that the trace
of Uy is equal to ug on T';. This leads us to the following definition of the weak solution to (3.15)—(3.18).

Definition 3.3.1 — Weak solution of boundary value problem for elliptic equation. Let Q € C%!,
{T';}3_, be the corresponding parts of the boundary and the operator L be elliptic in the sense of Definition 3.2.6.
We define

Vi={p| p e W(Q), Tylr, = 0}

with the standard norm [j¢[|y := [|¢|lwr.2(q). Let further the function v € W2(Q) and the data Uy € W2(Q) ¢,
o€ L>®(s), ge (W22, UTs))* ¥ and f € V*. We say that u is a weak solution to (3.19)-(3.22), if

u—UyeV (3 39)
Br.o(u, ) = {f,0)v + <g’(‘0>w%=2(rzur3) for any ¢ € V. :

20Uy = ug on I'7 in the sense of traces.
bDual space to the range of the trace operator from W12(Q).

Due to the assumptions on the data and on the coefficients of the operator L, all terms in (3.39) are well defined
and finite. This can be easily seen from Hdolder’s inequality and from the fact (not yet proved) that the range of the
trace operator can be well characterized and it is a Banach space. Note that we replaced the integrability assumption
on f and g by the assumption that they belong to certain dual spaces. Nevertheless, if we assume f € L?() and
g € L?(Q), we may simply define

(fiehv ::/Qﬁpdx, (99D 1200 ::/ g9 ds,

o0

and solve problem (3.39). On the other hand, the general form of (3.39) allows us to cover also the case when the
right-hand side is defined as derivative of a non-smooth function. If, e.g., I'y = 9Q and f := divF, where F; € L?(Q),
we may easily set

(fyo)v ::—/QF-V@d:U.

This definition is, moreover, consistent with the prefered integral formulation, as if F; € W, (Q) and thus f € L2(Q),
we may due to integration by parts (Theorem 2.1.22) identify

(fyo)v = —/ F-Vpdr= | divFpde = | fedz.
Q Q Q

We showed at the beginning of this section that if « is a classical solution to our Problem (3.15)—(3.18), then it
satisfies also the weak formulation. We will now look at the opposite implication, i.e., if u is a weak solution which is
additionally sufficiently smooth, then it is also the classical solution. This implication is the key property to justify
the weak formulation as it says that whenever we may show sufficient regularity of the weak solution, then the weak
solution becomes the classical one. If we can furthermore show also uniqueness of weak solutions, then the weak
formulation is the only correct choice. Everything is summarized in the following theorem.

Theorem 3.3.2 — On consistency of weak solutions I. Let all assumptions of Definition 3.3.1 be satisfied. Let
for any i, j € {1,...,d} it hold a;;,d; € C*(Q), ¢;,b, f € C(Q), 0 € C(T'3), g € C(T2 UT3) and Uy, u € C*(Q) NC3(N).
Then u is a classical solution to (3.19)—(3.22), if and only if u is a weak solution.

Proof. The first part of the proof that any classical solution is a weak solution was explained at the beginning of this
section and we shall not repeat it. Let us look at the proof of the second implication. Let u € C'(2) N C?(Q2). We
want to show that if u satisfies (3.39), then it also satisfies (3.19)—(3.22). Let the function ¢ € C5°(f2) be arbitrary.
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Using this test function in (3.39) and due to assumptions on f we get (note that all boundary terms disappear due to
the fact that ¢ has compact support)

/ (Avu.v(p_FC.Vugp—d-ngU—FbU(P)dI: fedr.
o Q

We apply in the first and in the third terms integration by parts (it is possible due to strong assumptions on all
functions) and using the fact that the boundary terms disappear we get

/prdx:/fgpdx.
Q Q

Since ¢ is an arbitrary smooth compactly supported function, we immediately obtain the validity of (3.15). The
validity of (3.16) follows from the definition of the function spaces; we therefore look at the validity of (3.17)—(3.18).
We repeat the procedure with the difference that ¢ € C>(Q) such that ¢ = 0 on I';. These functions satisfy ¢ € V/
and thus can be used in (3.39). We get

/ (AVu~V<p+c-Vug0—d-Vg0u+bugo)dm+/
Q

s

0u<pdS=/f<pdx+/ g dS.
Q ILUT's

We use again in the first and in the third terms integration by parts, but we must include now also the boundary
terms (note that the integral over I'; again disappears as ¢ =0 on I'y)

/prdx—&—/ (AVu-V(p—udJ/)(pdS—F/ augpdS:/ﬁpdx—F/ gedS.
Q T'aUl's I3 Q T'aUl's

Due to the previous step we know that the first terms on both sides are equal. Since ¢ can be an arbitrary smooth
function on I's U T3, we immediately get (3.17)—(3.18). [ |

Before coming to the vector case, let us define another notion of the solution which lies between the weak and the
classical one.

Definition 3.3.3 — Strong solution I. Let all assumptions of Definition 3.3.1 be satisfied. Let, moreover, for
any i,j € {1,...,d} it hold a;;,d; € Wh>(Q), f € L*(Q2), g € L*(00) and Uy € W?%(Q). We say that u € W22(Q)
is a strong solution to our problem (3.15)—(3.18), if (3.15) holds almost everywhere in © and (3.16)—(3.18) hold
almost everywhere on 0f).

It is again not very difficult to see that if u € W22(Q) and u is a weak solution, then it is also a strong solution and
vice versa. The proof can be performed exactly as the proof of Theorem 3.3.2.

We now repeat the same procedure as above for the vector problem (system of elliptic equations). We multiply
the a-th equation on the function ¢® from C*°(Q), where ¢® = 0 on I';. We sum the resulted equalities over
a=1,2,..., N and integrate over €. It yields

ouf d ouP
ap v ap
Z / <aij O ) " ; “ o,

a,B=1

N
i(d?ﬁuﬁ)+baﬁuﬁ>¢adxz/ Zfasgadx.
Li Qa:l

As in the scalar case, we perform integration by parts at several term and get the identity
d

B 9> ouP D™
aﬁ%i (ob 428,899 e B0 4
Z/ ig=1 U 8xj 8$i+;1 8 4,0 Z o 6xi+ ugo) v

a,f=1 i=1

N
+ Z / ag) a—m—l—Zd“’B i adsz/ﬁzlf%adx.

a,f=1 7]1

We replace the boundary terms by (3.33)—(3.34) and use the fact that ¢* = 0 on I';. The resulted identity has the
form (as in the scalar case, we define g to be zero on I't)

aaﬂaadaaﬂadaa s 5w
S LS e - e )
a,B=1 i,7=1 J v =1 H i=1 g
N
+Z/F PP dS = /Zf‘“ada:—&-Z/F
3

a,8=1 2““

Using the (vector-) matrix-calculus we can rewrite the identity into shorter and more understandable form (we use as

in the previous section @ = (u!,...,u"") and similarly for other terms)

/Q (Avu VE+ (Vi) - ¢ — (0V§) - i + bg.ﬁ) dz + /

( ﬁ)-@dS:/f.gdH/ G- @ds. (3.40)
I's Q T'aNI's
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Above, the denoted AV : V@ := Zgil Z?Zl(zgzl 25:1 a?jﬂ %i)%. We again introduce the following bilinear
form (with L and fixed)

B, (0.9) = |

(Avi: Vg + (Vi) - ¢ — (39) - + (b)) - §) do:Jr/ (@)-@ds, (3.41)
Q

I's

where we assume that all integrals exist and are finite. This allows us to introduce the definition of the weak solution
to (3.27)—(3.30).

Definition 3.3.4 — Weak solution of boundary value problem for system of elliptic equations. Let
Q € C%! with the corresponding parts of the boundary {T';}3_; and let L be elliptic in the sense of Definition 3.2.6.
We define

Vi={G=(¢'...,o") |Va=1,...,N, ¢* ¢ WH3(Q), To®|r, = 0}

with the standard norm ||p||3 = 25:1 ||gaa||%vl,2(9). Further, let for any «, 5 = 1,..., N the functions u® €

WL2(Q) and the data Ug € W2(Q), 0*f € L®(T's), g* € (W2:2(9Q))* and f* € V*. We say that @ is a weak
solution to (3.31)—(3.34), if

U — [70 ev
L } (3.42)
By, (@,@) = (F.@v + D (6" 9"y by, o a0y GE€ V.
a=1

Similarly as below Definition 3.3.1 it is possible to verify that under our assumptions all integrals (dualities) are
well defined and finite.
Furthermore, the same claim as in the scalar case can be shown concerning the consistency of weak solutions.

Theorem 3.3.5 — On consistency of weak solutions II. Let all assumptions of Definition 3.3.4 be fulfilled.

Let for any 4,5 € {1,...,d} and any o, € {1,..., N} it hold a%ﬁ,d?ﬁ € CH(Q), 2P b28, f* € C(QY), o*F € C(T),
g® € C(T2UT3) and US,u® € C*(Q) NC3(Q). Then @ is a classical solution of (3.31)—(3.34), if and only if @ is a

weak solution.
Proof. The proof is similar to the scalar case. |
Exercise 3.3.6. Prove Theorem 3.3.5.
Finally we also define the strong solution in the vector case.
Definition 3.3.7 — Strong solution II. Let all assumptions of Definition 3.3.4 be satisfied. Let for any i,j €
{1,...,d} and any o, 8 € {1,..., N} it holds a®’, d*® € Wh>=(Q), f* € L2(Q), g* € L2(d0) and UZ € W>2(1Q).

ij 2%
We say that @ such that u® € W22(Q) for any o € {1,2,...,N} is a strong solution, if (3.31) holds almost
everywhere in  and (3.32)—(3.34) hold almost everywhere on 0fQ.

It is again not difficult to show that u® € W22(Q) for any « € {1,...,N} and @ = (u',...,u") is a weak solution,
then it is a strong solution and vice versa.

Exercise 3.3.8. Prove the claim about the consistency for strong solutions.

3.4 Existence of weak solutions, uniqueness and continuous dependence
on data for coercive operators

We have already seen in Subsection 3.1 that operators of the type —Awu + u are elliptic and provide good estimates
for the solution of corresponding elliptic problems: the bilinear form

BL(u,v):/(Vu~Vv+uv)d:r
Q

has the property that
By (u,u) = / (IVuf? +u2) dz = Jull?,.
Q

We shall consider in this subsection similar operators (even for the vector case) which will however be as general as
possible. In Subsection 3.1 the main tool to get existence of a weak solution was the Riesz representation Theorem.
This, however, requires that the bilinear form can be viewed as scalar product which means that the main part of
the elliptic operator is symmetric; more precisely, the matrix A from the differential operator of the second order

_ Z?,j:l %(aija‘%) must be symmetric. We shall first relax this condition.
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Theorem 3.4.1 — Lax—Milgram. Let V be a real Hilbert space with the scalar product (-,-)y and the norm
|l -llv=(,)"2. Let B: V x V — R be a bilinear form on V which is:

a) V-elliptic, i.e., there exists m > 0 such that for any u € V' it holds

B(u,w) 2 ml[ulff (3.43)

b) V-bounded, i.e., there exists M > 0 such that for any w,v € V it holds

|B(u, v)| < Mlullv o]}y (3.44)

Then for any F' € V* there exists unique v € V' such that for any v € V' it holds
B(u,v) = (F,v)y. (3.45)
Moreover, u satisfies the estimate

1
< —||F|ly-. 3.46
fullv < m” v ( )

Proof. Let us first look at the simpler part of the proof. If u satisfies (3.45) for any v € V, then choosing v := u in
(3.45) and using (3.43) we get
mlull} < Bu,u) = (F,u)y < ||F|

v l|lullv

which directly implies (3.46). Furthermore, let uy,u2 be two solutions of (3.45). Then the bilinearity of B and the
linearity of the duality immediately yield

B(uy —ug,v) =0 for any v € V.

Choosing v := u; — us and using the V—ellipticity we see that u; = us which implies the uniqueness of solutions to
our problem.

It remains to show existence of « which solves (3.45). We first use the Riesz representation Theorem B.2.2 and find
for the given F' € V* unique w € V such that for any v € V' it holds (w,v)y = (F,v)y. Problem (3.45) transforms
into the problem to find u € V' such that for any v € V it holds

B(u,v) = (w,v)y. (3.47)

We now rewrite the left-hand side to the form of the scalar product. More precisely, due to the bilinearity and the
V-boundedness of B we see that for a fixed u € V it holds B(u,-) € V*. Due to the Riesz representation Theorem
there exists unique element A(u) € V' such that for any v € V' it holds

B(u,v) = (A(u), v)v. (3.48)

Equation (3.47) then rewrites into
(A(u),v)y = (w,v)y. (3.49)

To finish the proof of existence of w € V which fulfils for all v € V equation (3.49), it is enough to show that the
mapping A: V — V is onto.
Let us first summarize properties of A which directly follow from the properties of the form B.

(i) A is linear. Indeed, since B is bilinear, we have for any uy,uq,v € V

(Afur + u2),0)v =Y Bluy + uz,v) = Bluy, v) + Blus, v)
3.48
O (A(un), v)v + (A(ua), v)y
and thus A is linear.

(ii) A is injective and A(V) is a closed subspace of V. The property that A(V) is a subspace follows from the
linearity of A. Further, due to the V-ellipticity of B we have for any u € V

mull{ < B(u,u) = (A(u),w)y < [|A®u)|v|ullv;
thus )
lully < E”A(U)HV

which due to the linearity implies the injectivity. Furthermore, if { A(u™)},en is a Cauchy sequence, then due to
the linearity of A and the above presented estimate the sequence {u"},en is Cauchy and thus we see that A(V)
is a closed subspace.
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(iii) A is bounded. Indeed, due to the V-boundedness of B we have

AW = (Aw), Aw)y "= Blu, A(u)) < Mlully [ Au) v
and thus ||A(u)||v < M||ullv.

From the properties above it follows that A: V — V is linear, bounded (thus continuous) and injective operator
with the closed range A(V') which additionally forms a subspace of V. Assume now that A(V) # V. Then there
exists v € V' \ A(V) which can be chosen so that ||v||y = 1, and for any w € A(V) it holds (v,w)y = 0. Choosing
w = A(v) € A(V) and using the V-ellipticity of the form B we get

0= (v, A(0))v = (A(v),v)v = B(v,v) > m|fv[[{, =m >0
which leads to contradiction. The operator A is thus onto and the proof is finished. |

The goal of this section is to formulate assumptions on the operator L and on the data of Problem (3.27)—(3.30)
so that we may apply the Lax—Milgram Theorem. For a moment we consider only the vector problem since the scalar
problem in the setting of the following theorem is on the same difficulty level as the vector problem. Before we do so,
let us look at the special problem of the Neumann problem. Let us set ¢ = 9 = 6 and b = o in the definition of the
operator L and assume that [['s| = |0€]. In this situation the space V in Definition 3.3.4 reduces to

Vi={F=(¢'...,¢"); for any a € {1,..., N} it holds that ¢* € W'?(Q)}
and the weak formulation has the form

/QKW; VEdr = (F, @y + (6912, forall FEV. (3.50)

If we now choose in this identity @ := (0,...,0,1,0,...,0), we get that for any o € {1,..., N} it must hold

(2 D) + (9% 1y 3 2 g =0 (351)
which for f and ¢ integrable does not mean anything else than
/fadm—i—/ g¢dS =0forany a € {1,...,N}. (3.52)
Q a9

We see that condition (3.51), or (3.52), respectively, are necessary conditions for the existence of a solution. In
what follows we show that these conditions are also sufficient. We now show one abstract result telling us that the
V-ellipticity of the bilinear form By, defined in (3.41) is the sufficient condition for existence of the unique weak
solution.

Theorem 3.4.2 — On existence and uniqueness for coercive operators. Let all assumptions of Defini-
tion 3.3.4 be satisfied.
a) If By, is V-elliptic, then there exists unique solution to Problem (3.27)—(3.30).

b) If¢=0=23,b=o, T3] = |09 and conditions (3.51) are fulfilled, then there exists a weak solution to Problem
(3.50) which is unique up to an additive constant.

Proof. Let us first look at the simpler case b). We showed in (3.51) the necessary condition for the existence of a
solution. Since in this case the condition is reduced to

N
/QAV{[: V@dz = (f,F)v + Z<9a’¢a>wé~2(am’
a=1

we see that replacing =i+ E, where k € RN is arbitrary, is again a solution if 4 were so. This leads to the idea that
we should consider instead of the space V rather the factor space V/PL; we say that @ ~ i, if @) — @2 = k € RN
almost everywhere in Q. The space V/P} is again a Hilbert space and due to Theorem 2.6.8 can be endowed by the
norm

N
1@, pp = IVElS =D [Vuc3;
a=1
furthermore, clearly (4, 7)y, py = Jo Vi - Vida is a scalar product. Due to the assumption on the matrix A the

expression

B(it,7) := / AV : Vidz
Q
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is a bilinear form. Assumption (3.26) yields
B(it, @) = / RVii: Viida > Cy| Vi3 = Oy il
Q

and B is also elliptic. To be able to apply the Lax-Milgram Theorem 3.4.1 we have to find F € (V/ P{)* so that

Due to the trace theorem (recall that the space W2:2(Q; RYN) is the range of the trace operator) we can define F € V*
by means of

—

N
(F,@)v =(f,@)v + X_jlw, ) whep = OV HT.9) 12 00rw)

It remains to show that this F belongs also to (V/PXN)*; in other words we need to show that for any k € RY and any
@ € V it holds that . . B
<F7<ﬁ+k>v = <Fa<ﬁ>V~

This is, however, a simple consequence of (3.51). We can therefore apply the Lax—Milgram Theorem (Theorem 3.4.1)
and we get existence of a unique @ € V/PJ solving our problem. As @ is unique in the factor space V/PY, we get
uniqueness of the weak solution up to an additive constant which finishes the proof for the Neumann problem.

Let us now deal with the case a). Similarly as above the space V is Hilbert space a due to the properties of the
traces of Sobolev functions and assumptions on f and ¢ we may define F' € V* by means of

<F7<;5>V = <f7§3>V + <§a ¢>W%’2(F2UF3;RN)'

Consider now the form By, defined in (3.41); due to the linearity of the integral and assumptions on the data (the
reader can easily check it using Hélder’s inequality), that the form is a bilinear bounded form on W12(Q;RY). Since
V is a closed subspaces of this space (an easy corollary of the trace theorem), then By, is a bilinear bounded form
on V. Hence assume according to a), that By, is V-elliptic.

Let us first consider uniqueness of solution to problem

By, (ii,@) = (F, @)y forany G V. (3.53)

Let u] and #s be two solutions such that w; — U& € V and ty — Ug € V (recall that i is the prescribed value on

I't and U'& and ﬁg are two functions having on I'y the same trace equal to uy). Then also U’& - ﬁoz € V and we can
choose in (3.53) the test function ¢ := @; — @y € V. Subtracting the corresponding equations for @; and @s we obtain

BL7 (ﬁl - ﬁ27ﬁ1 - 172) =0
which due to the V-ellipticity (it is possible to use it as @; — s € V') leads to 4 = iy (almost everywhere in 2) giving
us the uniqueness of the solution.

Let us now deal with existence of a solution. We look @ in the form @ = ¥ + Uy, where 7 € V. Plugging this into
(3.53) and due to the linearity of By, we easily see that to find the function @ it is enough to show existence of ¥ € V
which satisfies ~

Br, (1,§) = (F,@)v — Bu, (U0, @) forany Ge V. (3.54)

7
First, due to the bilinearity of By, on W'2(Q;RN) we can find G € V* such that
(G, @)v = (F,@)v — B, (U, ) for any g€ V.

Equation (3.54) transforms therefore to

B, (7,¢) = (G, @)v- (3.55)
We can now apply the Lax-Milgram Theorem 3.4.1, since we verified that By, is a V-bounded bilinear form and due
to our assumptions it is also V-elliptic. Therefore there exists unique ¢ € V' satisfying (3.55) and thus also i, a weak
solution to problem (3.27)—(3.30). [ ]

We realized that to the proof of existence and uniqueness of solutions to problem (3.27)—(3.30) it is enough to
show that By, is a V-elliptic form. Furthermore, for the Neumann problem we showed that conditions (3.51) are
necessary and sufficient for the existence of a solution. We further concentrate on the identification of assumptions on
the parameters of the operator L which allow us to obtain the desired ellipticity. Note that the ellipticity condition
is fundamental as we shall see in the following sections and violation of this condition can lead to non-existence or
non-uniqueness of solutions. Later, in the nonlinear case, this condition will be replaced by the so-called coercivity
which will be equivalent to the ellipticity in general Banach spaces.
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The results which we formulate and show use "brute force" to show the ellipticity of By, . In many cases, as will
be shown below in several examples, they cannot be applied, although it can be verified by finer techniques that the
form By, is elliptic.

For the next part, we first define two auxiliary functions

N

b(z) == inf Z b ()2 2"

ZERN; |Z|=1
{zeRM; |z1=1) £+

N

o(x) := inf P (2)222P.
(@) {zeRN;|z\:1}a%;1 (z)

(3.56)

Note that in the scalar case, i.e., N = 1, it trivially holds b=band 5 =o.
We first formulate the existence theorem for the situation when at least on a part of the boundary (nontrivial one)
the Dirichlet condition is given.

Theorem 3.4.3 — On existence for |I';| > 0. Let all assumptions of Definition 3.3.4 be satisfied and |T';| > 0.
Assume that there exists € > 0 dependent only on 2 and I'; such that if data and coefficients of L satisfy

Cib(a) — [e(@)* - [3(2)?

> —eC? almost everywhere in Q,
o(x) > —eCy almost everywhere on I's,

(3.57)

where b and & are defined in (3.56) and C is the constant from the ellipticity of the operator L. Then there exists
unique weak solution to (3.27)—(3.30). Moreover, there exists C' > 0 dependent only on 2, I'y, C; and € such that
the solution @ satisfies

v+ [ Uollws2rey + 1191 (3.58)

i, < € (1] e —

This theorem claims that if the Dirichlet condition is prescribed on a part of the boundary, then existence and
uniqueness of weak solutions is ensured if either all terms are sufficiently small or the terms b and are good (non-
negative) and they control the potentially bad terms ¢ a 9. Moreover, it is evident that the stronger the ellipticity of
Ais (hence, the higher C is) the worse situations can be covered. We leave as an easy exercise the proof of existence
and uniqueness of weak solutions in the following situations: (i) problem (3.23) for ¢ > 0 and |T'y| > 0 (ii) problem
(3.23) with (3.23); replaced by (3.24) for ¢ = 0 and |T'y| > 0 (iii) vector problem with the equations (3.35) and such
boundary conditions of the type discussed above with |T';| > 0.

We now formulate the theorem for the case when we prescribe only Neumann or Newton boundary condition. The
main difference with respect to the previous theorem is the fact that not only need that the terms b and are not
bad, but one of them must be even sufficiently good.

Theorem 3.4.4 — On existence for |I';| = 0. Let all assumptions of Definition 3.3.4 be satisfied and let
IT'1| = 0. Let Cy be the constant from the ellipticity of the operator L. Then the following holds.
1. Let ~ ~
C1b(z) — [c(x)]? — [9(2)]* > 0 almost everywhere in Q,
- R 3.59
/ (C1b(z) — |e(z)]* — [0(x)[*) dz > 0. (8.59)
Q
Then there exists € > 0 (however, now dependent on (3.59), C; and €2) such that if fulfils
o(x) > —e almost everywhere on I's,
then there exists unique weak solution to (3.27)—(3.30).
2. Let
o(x) >0 almost everywhere on T's,
(3.60)

/ odS > 0.
I

Then there exists € > 0 (dependent on (3.60), C; and Q) such that if b, ¢ and ? fulfil
C1b(z) — |¢(z)|? — [9(x)|> > —c  almost everywhere on I's,

then there exists unique weak solution to (3.27)—(3.30).
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Moreover, in both cases, there exists a constant C' > 0 dependent only on 2, I';, C; and & such that the solution
satisfies

Il 2 < € (IFllv- + [1Tollws.2@mm) + 1 (3.61)

(W§ 2(TyUl's;RN )= ) :

Corollary 3.4.5. Since the problem is linear, then the mapping F: [f, g, (70] — ¥ as a mapping from V* x (W%’Q(I‘Q U
I3;RY))* x WH2(Q;RY) to V is bounded and continuous.

Proof of Theorem 3.4.8 and Theorem 3.4.4. Due to Theorem 3.4.2 it is enough to show that the bilinear form By, is
V-elliptic. Let us take arbitrary @ € V and plug it in formula (3.41). Using the ellipticity of the matrix A (see (3.26))
and definitions of b and & (see (3.56)) we get the inequality

BL(ﬁnnzi/(FV@:Vﬁ+@Vﬁ-ﬁ—5Vﬁ~ﬁ+bﬁ%0dm+:/( @)-7ds
Q s

z/ (crlva? - @IVl - 8] vallal + bla?) dx—i—/ &lal? ds.
Q

s
Applying the Young inequality we may further estimate

212 2
+ [0
‘C| | | ‘u|2

N &2 TR
||V |a| + [3||Vidl|d) < = | Vi) +
2 o

and the above mentioned inequality reduces to the form

T 0m2 A2
By (a,a)z/ (ﬁ|w|2+m|2w) dx—i—/ 5|2 dS. (3.62)
' [9) 2 Cl 1'*3

From now on we proceed separately for |I'y| > 0 and |I'y| = 0.
In the former we use the Poincaré inequality and the Theorem on traces to obtain the required inequality. More
precisely, using Theorem 2.6.3 we get existence of ¢; dependent only on €2 and I'; such that

Sl < [ (vapdos [ |a?as.
Q I
Similarly due to the Theorem on trace operator 2.5.11 we get existence of ¢ dependent only on 2 such that
@S < [|a]|F ,-
s

We apply these inequalities in (3.62) to get

2 2
Bu (@, )>cfcl /| |2—C1 Gl d:ch/ 5la2 ds
I's
,Cy
> Cl 4 +Cl 2 / |“|2dS

b J - o2 _
: / mzwdﬁ [ staas
Cl FS

C -
= &IVl + o / @241 + Oy — |7 — [3P) da (3.63)

—|—/ (334710 +0)|a* dS
I's
Ci, . _ . _ ~ -
>l Pl + 0 [ O+ O — [d? ~ 3) o
—|—/ (334710 +0)]d|* dS,
I's

where in the last inequality we used again Theorem 2.6.3. If we choose
£ := 34" min(1, c3),
hence € > 0 depends only on  and T'y, then it holds for any data satisfying (3.57)

Lo +Ch
B, @) > SR, = ot S
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The bilinear form By, is therefore V-elliptic and the proof is in this case finished.

Let us now turn our attention to the latter, i.e., |I';| = 0. We cannot dispose any more with the Poincaré inequality
which works with the values of the function on the boundary. However, we may replace this by requirement that at
least one of the terms in (3.62) is good. Let us consider now case 1. from Theorem 3.4.4. Due to (3.59) there exists
O* C Q and ag > 0 such that |Q2*]4 > 0 and

012&3

Cib(z) — [8(2)]? = p(a))* > almost everywhere in Q*.

Using this inequality in (3.62) and using the fact that expression in (3.59) is non-negative in the whole Q, we have

Bi. (@) > % (/ |va|2dx+a3/ ﬁ|2dx> +/ 5l ds. (3.64)
Q * I3

We can now repeat the procedure from the previous part;, we apply Theorem 2.6.3 to get from the first term the whole
norm and Theorem on trace operator 2.5.11 to estimate the last term. Altogether we have

2
JN ciCr
By, (@) = Ll
2 2.2
i ciCy cseiC \ .
+/ la?ds > 2 1\\u||32+/ ( 2122 +a> @ dS.
I's 4 Is 2
Choosing
2.2
c5csC
gi= 2171
2
we get the desired estimate, provided o satisfies assumptions of point 1. Point 2. can be shown similarly and is left as
an exercise to a kind reader. [ ]

This part contained basic techniques and procedures how to show that our operator is elliptic (hence the form By,
is V-elliptic). We saw that if we prescribe Dirichlet boundary values on at least a part of the boundary, we can handle
also the unpleasant terms, provided they are not too big. If the Dirichlet conditions are not prescribed, at least one
of the other terms must be sufficiently good. The whole proof did not use any structure of the unpleasant terms and
the following exercises contain several cases which do not fall into our theory, developed up to now.

Exercise 3.4.6. Let us consider Q C R? open bounded, not necessarily Lipschitz. For a given f € L?(Q) we want to
find a weak solution to
—Au=f in

u=20 on 0f2.

Solution. We already discussed this case, however, the main issue now will be the properties of the boundary. In this
situation, we cannot speak about the trace of u, nonetheless, the natural candidate for the suitable function space is
V= VVO1 -2 (€). Let us recall that this space is defined as a closure of smooth compactly supported functions in €.
The weak solution is called a function u € V' such that

B(u, ) ::/QVU-Vgodx:/Qfgpdx:: (F, o)y for any ¢ € V.

The form B is evidently bilinear and V-bounded, it is enough to verify its V-ellipticity in order to be able to get from
the Lax—Milgram Theorem 3.4.1 existence of exactly one weak solution. Since €2 is bounded, we may find a sufficiently
large ball Br(0) C R? such that Q C Bgr(0). If we define u to be zero outside of Q, we get u € W, > (Bg(0)). (Verify
carefully this step!) Since the ball has Lipschitz boundary (even a C* one), we may use Theorem 2.6.3 to get

B(u,u) = / Vul? de = / IVl do > el s, 0 = EllullFe)-
Q Br(0)

The form B is V-elliptic and the existence of a unique weak solution is a direct consequence of the theory developed
above. 0

This exercise shows that if we prescribe the Dirichlet boundary condition ug on the whole boundary, we are not
obliged to deal with Lipschitz domains, but it is enough to to assume that there exists Uy € W12(Q2) such that the
trace of Uy is equal to ug on 0£2. We then look for our solution w in the form v = Uy + v, where v € V| or rather
(u— Up) € Wy*(Q). Note that if Q is Lipschitz and ug is sufficiently regular, the existence of such Uy is guaranteed,
but even some situation with less regular domain 2 can be considered.

Exercise 3.4.7. Let Q = (—1,1)2. For a given f € L*(Q2) and a € L*>(—1,1) such that [ja|lec < 2, let us show
existence and uniqueness of weak solution to the problem

,&( ),@( )+ af )ﬂ
Ox? v 0z3 Y 101

u(z) =0 on .

Lu(z) := z) = f(x) in Q
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Solution. The expression on the left-hand side is not in the divergence form and thus we cannot use the theory
developed above. However, we aim to rewrite in particular the third term into the divergence form. A big mistake
would be the following

N AR
Ox10x9 O 0z

(9931 8:172 ’

Formally, we achieved the form we need, however, by our assumptions we have no information about any derivative of
a (even not about a weak one) and thus the expression on the right-hand side is not meaningful. On the other hand,
since a is independent of x5, we may proceed as follows:

Pu_ 9 ( ou
aa.’lﬁlaxg N 8332 aal‘1 '

If we define the matrix A(z) as

we have

. 0 ou
—div (A(z)Vu(z)) = _”2231 B, ((A(m))ijaxj> = Lu(x).
The operator L is now rewritten into the correct form and we need to verify the ellipticity of the matrix A, i.e., to
verify condition (3.26). A simple computation shows that it holds for any 7 € R?

2
Z (A(x))ijzizj =242 —alz)nm > — 21 —¢) —

> 2
—€Z1+< i1—-e) )™

where we used the Young inequality. We see that if |||l < 2, choosing ¢ := (2 — ||a||oc)/2 > 0 we ensure

2
1— m > ¢ almost everywhere in €.
41 —¢)

Thus
d

Z (A(a:))ijzizj > |zl
i,j=1
Hence, the operator L is elliptic and we may use the theory developed above to prove existence and uniqueness of a
weak solution to our problem. O
The following exercise deals with equation (3.24). We already know that for |c| < 1 (the smallness depends now
on the ellipticity constant Cy of the matrix A) there exists unique weak solution. We now show how we can generalize
this result for particular vectors ¢ which often appear in applications.

Exercise 3.4.8. Let Q C R? be Lipschitz, f € L?(Q2), p € (2,00] and the vector ¢ = (c1,...,¢cq) be such that
¢ € LP(Q), 1 =1,2,...,d. Let moreover divc < 0 in Q in the sense of distributions in €, i.e., for any non-negative
v € C3° () it holds

d
dp
c-V dx:/ Ci dx > 0. 3.65
/Q 7 Q; Oz (8.65)

For p’s from an interval as large as possible show the existence and uniqueness of a weak solution for equation (3.24)
with homogeneous Dirichlet boundary condition without any restriction on the size of ||c||,.

Solution. First, we have to formulate correctly the problem. The choice of the function space is evident, V' := VVO1 ’2((2),
and u € V is called a weak solution to our problem, provided is satisfies for any ¢ € V

/Q(AVu.th+c-Vu<p> de = B(u,gp):<F,¢>V;:/Qf¢dI.

Since we have no smallness of a norm of ¢, our above proved results cannot be applied. We therefore try to apply
directly the Lax—Milgram Theorem (Theorem 3.4.1) on our problem. Clearly F' € V* and the form B is bilinear. It
remains to verify its V-boundedness and V—ellipticity. We start with the boundedness. The Holder inequality give us
the following estimate

Bl < [ (AIValVel + el Vullel) da
< Aol Tl Vel + el | ulal ] 22
< O ullv (el + 1] 2.
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The last term contains a certain norm; to bound it by the norm in V' we need to apply the continuous embedding
2
W12(Q) < L7-2(€2). Using Theorem 2.4.5 we obtain

p>2 ford=2,

Wh2(Q) < L2 (Q) <=
p>d ford>2.

In what follows we consider only such p’s a and we know that our form B is V-bounded.
Let us now concentrate on the V—ellipticity. Using our assumptions on A (see (3.26)) together with the Poincaré
inequality (see Theorem 2.6.3) we get the estimate

B(u,u) = / (AVU -Vu+c- Vuu) dz > C1||Vul3 +/ c-Vuudx
Q Q
> AC ||ul|f + / c- Vuudz.
Q
Let us now look at the last integral. Using the definition of W, *(€2) we may find a sequence {u"},en € C§°(Q) such

that u — u in VV0 %(Q). Moreover, due to the continuous embedding and our choice of p’s we also have that u™ — u

in L7 (2). The last integral can be rewritten to the following form:

Q
6|u"\2 (3. 65)
- 3.dm | Z do

In the last inequality, we used (3.65) with ¢ := (u")? which is clearly non-negative and due to the properties of u"
also smooth and compactly supported. The form B is thus V—elliptic; the existence and uniqueness of a weak solution
for p > d (or p > 2 for d = 2, respectively) is a direct consequence of Lax—Milgram Theorem 3.4.1. 0

Exercise 3.4.9. Consider for A € L>(Q;R¥*4), f € LP(Q), b € LY(Q) and ¢ € L"($;RY) the following problem: find
u € Wy? () such that

d
a n
/C-Vuudx: lim c-Vu"u"dx = lim/ g C; Y
Q n—o0o n—o0o 0= 0x;

a ou Ov
Qjj— —— ct v—l—buv)dx:/fvdx
/Q (”2_:1 T 0xj Ox; Z Q
for all v € Wy?(€). Assume that the bilinear form on the left-hand side is W, *-elliptic. In dependence on d find

minimal requirements on p,q and r such that there exists a solution to the problem above (i.e., show under which
conditions the bilinear form is bounded and the right-hand side forms a bounded linear functional).

3.5 Existence of a weak solution by means of the Fredholm alternative

The previous section dealt with existence (and uniqueness) of a weak solution for a large class of data and we showed
that the existence of a weak solution can be shown, provided the corresponding operator is coercive; in other words,
provided we are able to show a priori estimates. This was typically possible in the cases, when b or ¢ was sufficiently
good (positive). In this section, we rather concentrate ourselves on the characterization of the data for which a solution
exists (and is possibly unique). For simplicity! we shall not deal with inhomogeneous Dirichlet boundary condition
and in case we prescribe values iy on the boundary, then we always take iy = 0. Recall first the operator L

B} A T AR = I L0 s Y
(L) ==>_ > 5 (aij axj> +2. 2 A g 2D g )+ ) b (3.66)

B=1i,j=1 B=1i=1 B=1i=1 B=1

and its shorter notation
Li = —div (/Kva’) 4T Vi + div (33) + ba

which will be elliptic, i.e., its coefficients satisfy Definition 3.2.6. Recall also that we aim to study solvability (weak)
of the following problem

Li=f in Q,
=0 on I'h
(AVE — ) -7 = § on T’y (3.6
(AVi —0d) -7+ u=4g on Tj.

We now define the adjoint operator L*.

IThe whole theory can be developed also for inhomogeneous Dirichlet conditions which have, however, to be more regular.
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Definition 3.5.1 — Adjoint operator. Let L be an elliptic operator defined by (3.66). The operator L* defined

" Ay N 9 VL 008
w55 g (5 ) L S L e e e

B=114,j=1 B=11i=1 B=11i=1 =

is called the adjoint operator to L.
In the short notation, the adjoint operator is written as
L*@ = —div (Z\*w) — div (@) — - V@ + b* 3,
where we denoted

B =B @)= @F, @) =00, @) =

Jv

Note further that in the scalar case (i.e., for N = 1) we have A* = AT, b* = b, ¢* = c and d* = d. We now define the
adjoint problem.

Definition 3.5.2 — Adjoint problem. We say that the problem

L*¢=f in Q

. =0 on I’y (3.60)
(A'Vg+7T'g)- V=g on Ty
(AVG+T@) -7+ *G=4 on Ty

is adjoint problem to (3.67). In (3.69), we denoted ( *)*? := ()5,

Since this section deals with question for which data the weak solution exists (while in the previous one the main
question was not only existence of weak solution, but also its uniqueness), we introduce the following notation.

Definition 3.5.3 We say that (f,7) € L2, if f = (f*,..., /) and §= (¢,...,¢") and for any o € {1,..., N} it
holds f* € L2() and ¢* € L2(T5 UT).

Remark 3.5.4. The space L? is a Hilbert space endowed with the scalar product
(7.9 @)= [ Foados [ govas
I'oUl's

We can now clarify why we speak about the adjoint operator and the adjoint problem. If we define the following
bilinear forms

7, 3) 0 Oul 0 ap OUP ap 0
(@9) z/z %;@Q:% dwz/zw;)x

a,f=1 i,j=1 i=1 a,f=1
+ Z /b"‘5 B dx + Z / o*Pulp™ds
a,B=1 a,B=1
d N d
OpP 8u ou® OpP
19: 1% 4 w\af 8 A% 4
B @0 Y [ (S S et a3 [ S e
a,f=1 i,j=1 i=1 g a,f=1 i=1 v
s / b P Ao + Z/ )8 g ds,
a,B=1 a,B=1

we see that @ € V' is a weak solution to the problem (3.67), if and only if it holds for any @ € V' (see Definition 3.3.4)
B (@9 = [ Fodos [ gopas (3.70)
Q I';Ul's
Similarly (again from Definition 3.3.4) @ € V is a weak solution to (3.69), if and only if it holds for any @ € V

T'aUl's

Moreover, from the definition of A*, &, 9*, b* and * we get that for any @, gevVv

By, (4,p) = Br-, «(&, ). (3.72)



3.5. Weak solution and Fredholm alternative 55

Relation (3.72) can be also rewritten as

(L, )y = (L*@,d)v,
and therefore we speak about the adjoint operator and the adjoint problem. We should however keep in mind that
the equality above is also related to a certain Newton boundary condition represented by or *, respectively.

In what follows we shall study properties of Problems (3.67) and (3.69). Let us first mention consequence of
Theorems 3.4.3-3.4.4.

Theorem 3.5.5 — Generalized existence theorem I. Let Q C R? be Lipschitz, {I';}?_; be the corresponding
parts of the boundary and L be an elliptic operator. Then there exists 7o > 0 such that for any v > 7o and any
(f,d) € L? there exists unique weak solution to the problem

Lyi:=Li+~yi=f in Q

=0 on I'y

= (3.73)
(AVE —0t) -UV+yd =g on Iy
(AVi —00) -7+ d+rid=g on TI's.

Moreover, there exists C' dependent only on L, and ) such that for any v > =y the solution  satisfies
ldllv < ClI(f, )l (3.74)
Proof. Tf |T'1| > 0, we use Theorem 3.4.3. The sufficient condition (3.57) has in this case the following form
Ci(vy +Z(x)) — &) > — [o(x)]* > —eC}?  almost everywhere in €,
v+ o(x) > —eC; almost everywhere on T's, (3.75)
v > —e(C7 almost everywhere on I's.

If we choose o := C7 1 (||€]1% + 19112 + 116]loo + || |lsc), then for any « > 7o the condition (3.75) is fulfiled, therefore
Theorem 3.4.3 finishes the proof. If |T'y| = 0, we similarly apply Theorem 3.4.4. |

We present without proof a similar result for the adjoint problem. Its proof is, however, identical to the proof of the
previous theorem.

Theorem 3.5.6 — Generalized existence theorem II. Let Q2 C R? be Lipschitz, {I';}?_; be the corresponding
parts of the boundary and L the elliptic operator. Then there exists 79 > 0 such that for any v > 7o and any
(f,3) € L? there exists unique weak solution to the problem

L@ =LG+v@=f in Q
7=0 on I
B 4 ! (3.76)
(A*VG+ @) - T+vF =G on T
(AVG+T@)- T+ *G+18=7 on I's.

Moreover, there exists a constant C' dependent only on L, and 2 such that for any v > ~y the solution ¢ satisfies

—

lellv < CIf, - (3.77)

The following results will be based on the Fredholm alternative and its consequences (see Theorem B.3.6). For the
reader’s convenience, we repeat it here.

Theorem 3.5.7 — Fredholm alternative. Let H be a Hilbert space and let K: H — H be a compact linear
operator. Then it holds:

1. N(I — K) is finite dimensional

2. R(I — K) is closed

3. RI-K)=N({I - K*)*

4. NI-K)={0}  RI-K)=H

5. dim N(I — K) = dim N(I — K*)

6. The spectrum of K is at most countable and contains 0. If the spectrum is infinite, then 0 is its only
accumulation point.
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Let us recall the notation used above: N denotes the kernel of the operator, R is the range of the operator, K* is the
adjoint operator, i.e., the operator satisfying for any w,v € H that (Ku,v)yg = (u, K*v)g. The spectrum is defined
in Appendix, in Definition B.3.1. Finally, quite often, only Property 4. from Theorem 3.5.7 is called the Fredholm
alternative. This claim says that either for any f € H the problem u — Ku = f has (unique) solution or there exists
a nontrivial solution to problem v — Ku = 0.

We can now formulate the most important result of this section.

Theorem 3.5.8 — Fredholm alternative for elliptic operators. Let 2 C R? be Lipschitz, {I';}?_, be the
corresponding parts of the boundary and let L be the elliptic operator.

— -,

1) Either for any (f,7) € L2 problem (3.67) possesses exactly one weak solution or for (f,7) := (0,0) there exists
a nontrivial solution to problem (3.67).

2) Denote

Then Ny, and Ny~ are closed subspaces of V and it holds dim Ny, = dim N« < oo.

3) Problem (3.67) has a weak solution for a given (f, ) € L, if and only if it holds for any @ € Np-

0= ((£.9), @ draur))a = [ F-gdot [ g-gas
Q I'yUls
Proof. For an arbitrary v > 0 we define bilinear forms

B} (ii,§):= By, (il,$) +7/Qﬁ~<ﬁdx+’7/ i 3ds
(3.78)

B (6= B )+ [

These bilinear forms correspond to problems (3.73) and (3.76). In other words, for (f,7) € L2 the function @ € V is
called a weak solution to problem (3.73) if it holds for any g € V

B @)= [ F-gdot [ g5dS= ((F.9(8dror) (3.79)
Q I'oUl's
Similarly, @ € V is a weak solution to problem (3.76) for (f, g) € L2, if it holds for any @ € V

Bl .(#1) = / Fogdet / §-@dS = ((F.9). (i @ryors)) o (3.80)
Q I'aUl's

Recall that due to the trace operator and Lipschitz continuity of the boundary of ) it makes sense to speak about
values of functions from V on the boundary and in this sense we also understand |r,ur, and @|r,urs.

Using Theorems 3.5.5-3.5.6 we fix v > 0 such that problems (3.73) and (3.76) have unique weak solution for any
(f.§) € L2 We define the operator L7':L*> = L by

L;l : (fag) — (ﬁ7 ﬁ|F2UF3)7

it means that we assign to (f, g) unique weak solution to problem (3.73), i.e., the function @ satisfies (3.79). Similarly
we define the operator (L%)~! as

(LX) (f.9) = (@, Blraurs),

where @ € V is the unique weak solution to (3.76), i.e., the function J satisfies (3.80). Both operators are clearly linear
and due to (3.74) and (3.77) also bounded (we apply here the Theorem on trace operator 2.5.11). Furthermore, due
to the compact embedding W12(Q) << L?(Q) (Theorem 2.4.17) and due to the compactness of the trace operator
(Theorem 2.5.14) both operators L7 L and (Li‘{)*1 are linear continuous compact operators from L? to L2.
We now define the operator K: L2 — L? as K := yL5 L. Evidently, also this operator is linear continuous compact.
We now rewrite problem (3.67) using the operator K. Due to the weak formulation of (3.70), weak formulation
for the operator L, (i.e., identity (3.79)), definition of the operator L' and definition and linearity of the operator
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K we subsequently obtain

@ €V solves (3.67)

=Bl (@)= [(a+P-pdos [ (i) pds vEEV. (3.81)
i TaUl's

— (ﬁa ﬁ‘FzUFg) = L_l ((’yﬁ+ )a (’Yﬁ|F2uF3 + §))
)

- . - - 1 -
< (4, U|ryurs) — K (4, @ryurs) = h, where h:= ;K(f,g).

Let us now show Claim 1. from the theorem. Since K is compact, we may use the Fredholm alternative 3.5.7,
where Property 4. claims that either there exists a nontrivial solution (@,b) € L? to problem

(d@,b) — K(d,b) = (0,0) (3.82)
or for any (@,b) € L2 there exists unique solution (7,) € L2 to problem
(0,) — K(v,@) = (d,b). (3.83)

Let us first verify that K(f,g) = (0,0), if and only if (f,§)
evident. Let us therefore show that if K(f,§) = (0,0), then (f,
that @ = 0 solves (3.73). This means that we have for any @ €

/f-@dx+/ G-3dsS =0.
Q I'xUl's

Since [C3°(Q)]Y C V, we immediately see that f = 0. Similarly we also get § = 0. We further show that (3.82) is
equivalent to the existence of a nontrivial solution to (3.67) with f = 0 and § = 0. The definition of K implies that

any nontrivial solution (@, b) of (3.82) can be written as (@, b) = (@, @|r,ur, ), where 4 € V. Thus a nontrivial solution
to (3.82) exists, if and only if there exists a nontrivial @ € V' which satisfies

= (0,0). The definition of the operator K implies

K

—,

(7:[, ﬁ|F2 UF3) - K(ﬁ7 ﬂ‘rzUFs) = (67 0)

—,

K(0,0)

Comparing this equality with (3.81) we see that this property is equivalent with existence of a nontrivial solution to
(3.67).
We thus have that if no nontrivial solution to (3.67) with zero data exists, then there does not exist any nontrivial

(3.84)

solution to (3.82). Hence for any (@,b) € L2 there exists unique solution to problem (3.83) and in particular for any
(f,9) € L? there exists unique solution (¥, ) € L? to problem (we use the fact that K(f,§) € L?)

mm—Kmm=§mﬁm (3.85)

Due to the definition of operator K, there exist @', 42 € V such that

1 - o 1 .z
(u17u1|F2UF3) = K(va)’ (u27u2|F2UF3) = ;K(fmg)
Therefore 1
(67 U_j) = K(ﬁ, ’ID) + ;K( M(j) = (ﬁ17U1|F2UF3) + (172’ 172|F2UF3) = (Uv ﬁ|F2UF3)’

where i := @' + @? € V. Thus we get from (3.85) that for any (f: G) € L? there exists unique @ € V such that
Lo Lo 1 =
(u’u‘rzUTB) - K(U7U|P2UF3) = ;K(fvg)

We may now use (3.81) and we obtain that for any (f,§) there exists a weak solution to problem (3.67).

Let us now assume that there exists a nontrivial solution @ € V for problem (3.67) with (f,7) = (0,0). Then if
arbitrary @ € V solves (3.67), due to the linearity @+ also solves the same problem and we showed the nonuniqueness
of solutions to (3.67).

Let us now show Claim 2. We showed in the preceding part that N(I — K) = {(&, @|r,urs) | @ € Np}. Therefore the
finite dimension of Ny, follows from Property 1. of the Fredholm alternative applied on the operator K. We now need

to speak about the adjoint operator to K; to this aim, we define the operator (but this operator may not be the adjoint
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operator to K') K* :=~(L%)~'. Repeating the previous step we may show that N(I — K*) = {(&, &|r,ur,) | # € Nr-}.
To finish the proof we need to verify that K™* is indeed the adjoint operator to K, i.e., we need to verify that

(K@), (4.0)) > = ((7,0), K*(,0)) ,for any (7,), (¢,0) € L. (3.86)
Formula (3.86) is due to the definitions of both operators and their linearity equivalent to
(L5 (0,40), (4,0)) ., = ((,8), (L3) " (4,6)) , for any (¥, @), (¢,0) € L% (3.87)
The definitions of the operators and Theorems 3.5.5 and 3.5.6 provide us @, § € V satisfying (@, @|r,ur,) = L3 (7, @)
and similarly (F, Flraur,) = (Li‘y)*l(zz7 §). Thus @ a @ are unique solutions to
B} (i, h) =/ﬁ-ﬁdx+/ @ - hdS for any h €V, (3.88)
' Q U)o
Bj. *(Q,Z)Z/J Z’dx—l—/ 0-7dS for any Z € V. (3.89)
Q Ul

Identity (3.87) can thus be rewritten to the form

/ﬁ-qzd:H/ ﬁ-gdS:/ﬁ-cﬁdx+/ @ - FdS. (3.90)
Q ToUl's Q TaUIl's

Choosing 1 := @ € V in equation (3.88) and Z:= @ € V in equation (3.89) we see that (3.90) is the same as
Bj., (1) =B} ().

By virtue of definition (3.78) it is not difficult to see that this equality is equivalent to
Br-, «(@,u) = By, (1,§).

This equality, however, holds always since the problems are adjoint, see (3.72). Thus K* is indeed the adjoint operator
to K and the proof of Claim 2. is finished.

Let us show Claim 3. Due to (3.81) we know that @ € V, solution to problem (3.67), exists, if and only if ¥ € V
satisfies

8

(i, | ryur, ) — K (@, dlryor,) = (f (3.91)

-,

Exactly as in (3.81) we may show that @ € V solves (3.69) with (f,g) := (0,0) (and thus @ € Np-) is equivalent to

-,

. e 1, -
(@790|F2UF3) -K ((p?w‘FzUF:s) = ;K (070) = (070) (392)

Due to Property 3. of the Fredholm alternative (Theorem 3.5.7) a solution to (3.91) exists, if and only if it holds for
any ¢ € N«

0—( K(f.9).(Z S0|F2u1“3)> :( K(f.9), (@,¢|F2UF3))L2
= ((ﬁ g), K*(, Alryurs) ) ( (f,4), (&, @\qurg))LZ (3.93)

:/f@dw/ §-3ds,
Q I'oUl's

where we subsequently used the fact that K* is the adjoint operator to K as well as identity (3.92). The proof of
Claim 3. is finished. |

The Fredholm alternative characterizes equivalently solvability of problem (3.67). We now show that due to the
Fredholm alternative we may characterize the solvability of elliptic problems even more precisely. We show that it is
closely connected with the spectrum of a certain operator. Let us now consider the following generalization of problem
(3.67)

Li=\i+ f in Q
ﬁiﬁ on Fl,

- - (3.94)
(AVZ —0u)V =i+ g on T,

(AVi —d@)7+ @ =Ai+§ on Ds.

The solvability of this problem is connected with \. We have already shown (see Theorems 3.5.5 and 3.5.6), that if

A < 0 is sufficiently small, then the above stated problem has always the unique solution. We shall now study this
problem in more details. Let us first present the following natural definition.
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Definition 3.5.9 — Spectrum of the elliptic operator. Let ) C R? be Lispchitz and {I';}?_; be the corre-
sponding parts of the boundary. Let L be the elliptic operator as above and ¢® € L>(I';) for o, 3 =1,2,..., N.
We say that A € R belongs to the real spectrum of the operator L, if there exists a nontrivial solution to problem
(3.94) with (f,§) = (0,0). The set of such A, called the real spectrum, is denoted by X.
It is important to realize that the definition of the spectrum is connected not only to the operator L, but takes into
account also the boundary conditions. Therefore we have in general different spectrum for, e.g., homogeneous Dirichlet
and homogeneous Neumann boundary conditions.
We finally show, how is the spectrum connected with the solvability of the original problem and we also show that
the spectrum is at most countable.

Theorem 3.5.10 — On properties of the spectrum. Let Q2 C R? be Lipschitz and {T';}3_; be the corresponding
parts of the boundary. Let L be an elliptic operator and {aaﬂ}gﬁ:l € L (T'3). Let ¥ be the real spectrum of the
operator L. Then it holds.

1. ¥ is at most countable. Moreover, if it is infinite, ¥ = {\;}2,, where A\, — oo.

2. The following two claims are equivalent:

e \¢ X

e for any (f, ) € L? there exists a unique weak solution to (3.94).

3. For any A ¢ ¥ there exists C' > 0 such that for any ( f, d) € L? and the corresponding unique weak solutions
@ € V to problem (3.94) it holds

Il < ClI(f, D)Lz (3.95)

Proof. Let us start with the proof of Claim 1. Due to Theorem 3.5.5 we already know that it holds XN (—oc0, —o] = 0.
Moreover, if A < —~p, all claims of the theorem hold. We may therefore assume A > —v,. Using (3.81) with v > g
we may again show that @ € V solves problem (3.94), if and only if

— = = 57 1 £ 0. q 7
(@, tlr,ur,) — K (4, dlr,ury) = ;K(f + A4, g + Alr,ur,) (3.96)

— ’Y(ﬂﬂ ﬁ|F2UF3) - (A/ + )‘)K(ﬁ7 ﬂ‘rzUFs) = K(f; g)

Let (f,) = (0,0) and @ € V be a nontrivial solution to (3.96). Then (recall that v+ A > v — 7o > 0)

2
0< —— =
v+ A K
is the eigenvalue of operator K. Due to Claim 6. of Theorem 3.5.7 the spectrum of K is at most countable. Thus
the set of such X in ¥ must be at most countable. Moreover, it is is infinite, i.e. 3 = {\;}32,, then there must exist
eigenvalues of operator K such that
g V(1 — p)
< =Up = A= ——=.
Y H:

Since the only accumulation point of the spectrum of K is 0, we see that Ay — oo and the proof of Claim 1. is finished.
Claim 2. follows directly from Claim 1. of Theorem 3.5.8.

We show Claim 3. by contradiction. Let A ¢ X be fixed. Assume (3.95) does not hold. Then there exist

{(f_;;?jk)},;“;l C L? and the corresponding {@;}3°, C V (due to Claim 2. solutions i, exist and are unique) such that

||V > k(||fT];||L2(Q) + |Gkl z2(r,ury)) for any k € N. Moreover, due to the linearity we may assume without lost of
generality that |||y = 1; we rescale {( fk, Jk)}, if necessary. These solutions satisfy for any g € V

Br. @9 = [ (it i) dot [ (G Am) - #ds. (397)
Q I'oul's
Since the space V is reflexive and ||@x||v = 1, we may choose a subsequence (we may relabel it) such that
Up — U weakly in V. (3.98)

Theorem on compact embedding, compactness of the trace operator (see Theorem 2.4.17 and Theorem 2.5.14) and

the definition of the sequence {( f;, gx)} imply that there exists a subsequence (we again relabel it) such that for any
ac{l,...,N}

uj — u® strongly in L*(Q), (3.99)
up — u® strongly in L?(Ty UT3), (3.100)
fa—0 strongly in L*(Q), (3.101)
gy =0 strongly in L*(Ty UT3). (3.102)
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We now pass to the limit ¥ — oo in (3.97). It is evident from (3.99)—(3.102) that

lim (/ (ﬁc+>\ﬁk)-<ﬁdx+/ (g’k+Aﬁk)-<ﬁdS>
Q FaUl's

k—o0

(3.103)
/\ﬂ~<ﬁdx+/ i - 3dS.
Q TaUl's

Let us concentrate now on the left-hand side of (3.97). Relation (3.98) implies that it holds for any w € L?*(Q),
ge{l,...,N}and j€{1,...,d}

klirgo %wdx_/ a—x]wdm (3.104)

af Qv

Choosing w := a;; Der

and w = c <p this identity yields

d 8 d
Ouy, 0p® ouP 0p°
li B2k dr = E et d
kggo/ Z i dxj Ox; . 22 %5 gy Ox; “
Qi =1 Q=1 J

ol ouP
lim ?B Uk *dx /C?B Y 0 dz.
k—oo /o ox; Q ox;

Using these convergences and (3.99)—(3.100) we obtain
lim By, (iy,$) = Bz, (4,9).
k—oo

We received, altogether with (3.103) that for any ¢ € V' it holds

B, (U,cﬁ):/)\ﬁ-&dx—&—/ M- @dS. (3.105)
Q T'oul's

It means that @ € V is a weak solution to problem (3.94) with (f, ) = (0,0). Since A ¢ %, it must be @ = 0. If we
show that @]y = 1, we obtain our desired contradiction. However, as |||y = 1 for any k € N, it is enough to show
that i, — @ in V. From (3.99) we already know that @, — @ in L?(2); hence to conclude the proof, it is enough to
verify that ||V — V]| — 0. Using the ellipticity (i.e., (3.26)), definition of By, and identities (3.97) and (3.105)
we easily deduce the estimate

Cy || Vi — Vi3 < / AV (ily — @) - V(i — @) dz
Q
—Bu (- -0~ [ (@) (@ - D)
s
—/ (& Vit — )iy — ) 3 V(i — )5 — ) da
Q
= [ (Gt M = ) e~ ) da
Q
+ [ @M@ D) (@ - dS
TaUl's
—/ (il — @) - (i — @) dS
s
- / (E- V(@ — @) (@ — @) — 3 - V(@ — @) (@ — a‘)) de.
Q
By virtue of Holder’s inequality and strong convergences (3.99) and (3.100) we may pass with & — oo to show
lim ||V — Vi3 = 0.
k—o0
Thus, it holds due to (3.99) and assumptions on the sequence {uy} that
1= lim ||y = ||y
k—o0

which leads to the contradiction. [ |
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3.6 Maximum principle for weak solutions

This section deals only with scalar equations, the situation for systems is quite different. If we know that solution to
our problem is sufficiently regular and thus classical, we may use the maximum principle for classical solutions. We
shall discuss this issue in the following sections and we shall see that this is not always true. The aim of this section
is thus to show that the maximum principle holds also for weak solutions only.

We first recall Corollary 2.2.5 which says that if u € W1P(Q), then also (u — M)™ € W1P(Q) for any M € R.

Let us consider the problem (in the weak setting)

N Z dz; ( i3 B ) =0 i © (3.106)

U = Ug on 0f).

We know that under corresponding assumptions there exists unique weak solution u € W12(Q) of this problem. More

precisely,
uw—Uy € Wy (Q)

d
ou Oy 1,2 (3.107)
ijZZI Aij=— Bz, 9ws dz for any ¢ € W7 (Q2).
Let us now formulate the main result of this section.
Theorem 3.6.1 — Weak maximum principle for elliptic equations. Let u satisfy (3.107). Then
||“HL<>0(Q) < HUOHLw(aQ)- (3.108)

Proof. If |Juol| f.ec (90) = 00, the claim of the theorem holds trivially true. Let us assume that the norm is finite and
denote M := [[ugl| . (9)- We aim to show that

—M <wu(x) <M almost everywhere in . (3.109)

Since (u — M)" is an element of W2(Q2) and the trace of this function is zero, we see that (u — M) € W, *(Q).
This function is therefore an eligible test function in (3.107)2. By virtue of (3.107)2 and Corollary 2.2.5 we get

B ou O(u— M)t O(u— M)t O(u— M)T
0_/9(123(’9:5]-8%(1%_/9@” 81’] axl dz

> Oy ||V(u— M)*||s > o (u— M)

I
where we used the ellipticity of the operator and the equivalence of norms on I/VO1 2(Q) Therefore it holds
(u— M)t =0 almost everywhere in €; or u < M almost everywhere in Q.
Since —u solves the same equation with the boundary condition —ug, repeating the proof above implies
(—u— M)T =0 almost everywhere in ; or v > —M almost everywhere in .
Inequalities in (3.109) are proved. [

Remark 3.6.2. The same results also holds under suitable assumptions for more general elliptic problems. Assuming
be L>*(Q), b >0, the weak maximum principle as in the theorem above also holds for the unique solution to problem

u—Uy e Wy2(Q), (3.110)

d
/ ( Z aij g“ g + bwp) de =0 for any ¢ € Wh2(Q). (3.111)
Q 0 J=

3.7 Regularity of weak solutions

In what follows, we restrict ourselves on the scalar equation

Lu=f in Q

3.112
U = Ug on 0, ( )

where
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Assume that ug € W22(9Q) (the range of the trace operator in W'2(Q); we rather work with Uy € W2(Q) such
that Uy = ug on A9 in the sense of traces) and f € (W, (92))*, A satisfies the ellipticity condition

d
Z ai;(2)&:&; > C1I€? for all £ € R? almost everywhere in Q
Py (3.113)

b(z) >0 almost everywhere in

and for 4,5 = 1,2,...,d we have that a;; € L>®(Q) and b € L>°(Q). Then the Lax-Milgram Theorem 3.4.1 yields
existence of a unique weak solution to the following problem.
We look for u € W2(€2) such that for a given Uy € W2 we have u — Uy € Wy'?(€) and

d
/(Za~~%a—w+buw)dm:<f¢> 1.2
: 9 9 O, Phwi)

ij=1

for all p € W, % (Q).
The regularity theory studies the following problem: Let the data of the problem are smoother (better) than it is
required by the existence theorem. In addition to (3.113) we assume

Vi,j € {1,2,...,d}: a;; € WH(Q), be L™(Q), f € L*(Q), Uy € W?*(Q), Q e CHL. (3.114)

Can we show that the unique weak solution is more regular, i.e., u € W22(Q2)?
Or even more generally, for some k > 2, we assume

Vi, j € {1,2,...,d}: a;; € WFTL°(Q), b € WH22°(Q), f € WF22(Q), Uy € WH2(Q), Q e cF 1L (3.115)

Does it hold that v € W*2(Q)?
In particular, assuming

Vi,j e {1,2,....d}: ai; € C(Q), be Cc=Q), f € C=(Q), Uy € C(Q), Q€ C®. (3.116)

Does it imply that u € C>(Q)?

We first explain in detail the case k = 2 (i.e., extra conditions (3.114)), then in less detail the general case k > 2
(i.e., condition (3.115)). The case (3.116) is then a direct consequence of embedding of Sobolev spaces, provided we
can show the previous result for arbitrary k € N, k > 2.

The proof is based on the following procedure. We first consider the problem in the full R%. This subsequently
implies, using a suitable localization, the regularity of the solution in arbitrary ' C Q' C Q (' cC Q). This result
is independent of the regularity of Uj as well as of Q.

Next we deal with the question of regularity near the boundary. Here, the regularity of Uj as well as of {2 come
into play. The proof is based on the local description of the boundary together with the corresponding partition of
unity which reduces the regularity question to a special situation with our solution having a very particular support
located in V," U A,.. We flatten the boundary (here, the regularity of 2 comes into play) and show first the regularity
in the tangential direction and then, using the weak formulation, also in the normal direction.

Finally, we collect all the results together and obtain the regularity in €, up to the boundary. Let us therefore
consider problem (3.112) with (3.113) and (3.114) (we aim to show that u € W?22()).

However, before doing so, let us consider the problem in the full space. Here the situation is slightly more complex
since the unbounded domain causes small troubles.

We consider

0 ou B . od
- Z 95, (a”axj) +bu=f inR% (3.117)

4,j=1

We have the following result.

Lemma 3.7.1 — Existence of weak solutions in the full space. Let f € L?(R%), a;; € L>(R?) for any

i,j =1,2,...,d, b € L>°(R%), b > 0 almost everywhere in R?, szzl aij(2)€:& > C1]€|? for almost every z € R?

and all £ € R%, C; > 0. Let either b(z) > by > 0 almost everywhere in R? or let f and b have bounded support.
Then there exists a weak solution to the problem

d
/ Z aij%g? dx—|—/ bugpdx:/ feodx (3.118)
Rdi,j:l iEj €T Rd Rd

in the sense specified below. Moreover, the solution is unique provided d > 3 or if b(z) > by > 0 almost everywhere
in a nontrivial subset of R%.
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Remark 3.7.2. In fact, if b = 0, we may always formally add a constant and get the same solution. However, we
fix the constant by requiring that for d > 3 the solution is globally integrable with the power corresponding to the
Gagliardo—Nirenberg inequality. For d = 2 the solution may logarithmically grow at infinity and we have no such
power available.

Proof of Lemma 3.7.1. The main point is to choose correctly the weak formulation. If b(x) > by > 0 almost everywhere
in R, we look for u € W2(R%) such that

d
ou Oy B
Ad ( Z aij%jaixi +bus0) d!E = /Rd f(pd{E (3119)

4,j=1

for all p € W12(R?). The existence and uniqueness of the weak solution is a direct consequence of the Lax-Milgram
Theorem 3.4.1.

Assume now the other situation, i.e., f € L?(R?) with a bounded support and b > 0 almost everywhere in RY,
b € L*(Q) with a bounded support. Let d > 3. Then we set

V = {ue L™= (RY)|Vu € L*(R%;R?)}
with

lully = Nl s, g, + IVl2 s

We look for u € V such that (3.118) holds for any ¢ € V. As
| [ soaa] <| [ foda| < Uflammlielezn < CRISlrms el
R

similarly for the integral fRd bup dx and

d
ou Ou
L2 de 4 bu?) de > G|Vl gy > Cllul.

Qij 5
=1 8xj 8:@

we can again use the Lax—Milgram Theorem 3.4.1 to prove the existence and uniqueness of a solution to our problem.
Assume now d = 2, b(x) > by > 0 in Q*, a nontrivial subset of R? (i.e., the two-dimensional measure of Q* is larger
than zero). Then we define
V ={ue L*Q")|Vu e L*(R4RY)}
with
lullv = llullz2@x) + [[Vull L2 (Rre;Re)-

Since the support of f is bounded, we get

‘/Rd f@dff‘ S llzemllelzzBr) < fll2Bo llellw2 )
S Clfllezsrleliez@s + IVellLzsrre) < ClliflLzmmllellv,
similarly for the integral fRd bup dx and
d Ou Ou 9 9 9 9
/R (x Ao+ bu?) dz > C1|[Vul3a gaga) + bollulFzar) = Cllullf-

aij—
7 Ox; Ox;
i,j=1 J

B

Finally, if d = 2 and b = 0 almost everywhere in R?, then the solution is clearly non-unique. However, we may fix the
additive constant by choosing

V ={u€ Lj,.(R") | Vu € L*(R};R?), / udz = 0},
Br(0)

where supp f C Br(0). Then |lullv = [|Vu||12(re) and we get

‘/Rd f@dl“‘ < fllzzBmllelzz B < ClfllLzra Vel L2 rara

for any ¢ € V. Then we can also use the Lax—Milgram Theorem 3.4.1 to complete the proof. Clearly, adding any
constant to u and changing the space V in this direction we get that the solution is non-unique. |
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Let us now show that under the assumptions
Vi,j=1,2,...,d: a;; € WH°(R?Y), be L®(R?) and f € L*(R%) (3.120)

together with the assumptions of the previous lemma we get that the unique weak solution to the corresponding weak
formulation satisfies that the solution is more regular, i.e., Vu € Wl’Q(Rd; Rd). Recall that the solution from Lemma
3.7.1 fulfils

(i) b(x) > by > 0 almost everywhere in R?

llullwr2rey < CllflL2ray
(ii) f and b have bounded support, d > 3
[Vull g2 (ra;re) + ||U||L%(Rd) < O fllz2(ray
(iii) f and b have bounded support, d = 2, b is nontrivial
IVullL2ra;rey + [ullL2Br) < CllfllL2rey,

where we assume that supp f and suppb lie in Br(0)
. (iv) f has bounded support, d = 2, b = 0 in R?

[Vl p2rasrey < Cllfllp2(ray-

Theorem 3.7.3 — Regularity in the full space. Let assumptions of Lemma 3.7.1 be satisfied. Let more-
over (3.120) hold for {a;;}{;_,, b and f. Then the uniquely defined weak solution u € WL2(RY) (or WH2(RY),

respectively) to problem (3.117) is such that Vu € W2(R%;R?%) and it holds
||VUHW1,2(Rd;Rd) <C ||fHL2(Rd) : (3.121)
Moreover, if b(x) > by > 0 almost everywhere in R%, then also

[ullw2.2rey < CIFllp2(ray s (3.122)

otherwise only
lullz2(Br(0)) < ClIfll;- (3.123)

Proof: formal, incorrect, but fast and clear idea. We fix I € {1,2,...,d} and for a function Z we denote Z’ = g—le. We
differentiate our equation
Lu=f in R?

with respect to x;. It leads to equation

d d
0 ou'\ 0 , Ou PR
-2 (az) =2 o <ax> = (bu) + 1"

i,j=1 i,5=1

We multiply this equation on u’, integrate over R% and perform integration by parts (apply the Green theorem). It

yields
d d
ou' ou’ ou Ou’
y d - _ / _ b / /d / /d .
/Rz_;awm v /Rdi;“”(x)axjaxi | ans [ pudar

We now integrate by part in the last two integrals on the right-hand side to get

d

ou' ou’ d ou ou’
’Liid - _ I o b I/d _/ //d )
/Rd i,jzzl “ J 6Ij 3117,' . /Rd i,jzzl al] (!l?) 8Ij 8zi + /Rd u . Rd fu v

The left-hand side is due to the ellipticity condition bounded from below by Cy ||Vu/ Hiz(Rd Ra)- We now estimate the
right-hand side by means of the Holder inequality

ClHVU/H%Q(Rd;Rd) < Hf||L2(Rd) ||UHHL2(Rd) + ||bHL°°(Rd)Hu||L2(suppb)||u//||L2(Rd)
+ A || oo (Raraxay [ V|| L2 (Rasrey [ V|| L2 (Racray

< Hf||L2(Rd)||VU/HL2(Rd) + C(”bHLOO(Rd)a ”A/HLOC(Rd;RdXd))”f”L?(Rd)”vu,HLz(Rd;Rd)

Cq
< 7||VUIHi2(Rd;Rd) + C([1bll Lo Ry, |A[| Lo (Resrexa)) | F 11 2 (ray-
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Thus we get the desired bound

V' || 2(rasray < C(C1, [|b]] Lo (Ray, A || oo (Resraxa)) || f1| L2 (Re)-
|
This proof is formal (incorrect), because it was based on the classical formulation of the problem. We, however,
do not know whether the weak solution v € W2(R?) satisfies the corresponding equation almost everywhere (or
pointwise) in R?, the less we know that we can differentiate the equation. Moreover, as in intermediate step we also
needed differentiability of b. The correct proof must be based on the weak formulation of our problem.

Proof: rigorous considerations. Theorem 2.3.1 claims that

u(x + hey) — u(x) |2
h

uweWH(R?) «—= u e L*(RY) &

de <C<oo VIh| <hy ke{l,2,...,d}.
Rd

We want to verify that Vu € WH2(R% R9). It is enough to show (since we know that Vu € L2(R%; R?))

h _ 2
/ [Vulz + T,’;ll VU 4o <O bl < hos =12, (3.124)
Rd
where the vector e, = (0,...,1,0...,0) is the k-th vector of the canonical basis in RY.

Estimate (3.121) then follows from Theorem 2.3.1, Claim 2. Recall the notation Afu(z) = w, where k
and h are fixed. Since Vu € L?(R%R?), then also AlVu € L2(R%R?). Moreover, if b(z) > by > 0 almost everywhere
in RY, then even Ahu € WH2(RY), if not, then at least Ay € L2 (R?) and we also have that supp f and suppb are
bounded.

In order to obtain our estimate (3.124), we first use as a test function in the weak formulation ;"¢ := o(z — hey,).
After a standard change of variable the weak formulation transforms into

¢ Ou(z + hey,) dp(x)
/ Z a;;(z + heg) oy i g —dz + b(x + heg)u(x + heg)p(x) da = f(x+ hep)p(x)dx. (3.125)
Rd &€ X Rd Rd

ij=1

Note that all integrals are finite. We now subtract the weak formulation with the function ¢ from (3.125) and we plug
¢ = Aly into the resulted equality.

d d
/Rd Z @:;(®) O8gu(r) DA u(z) do = — /Rd % > (aij(x + hex) — aij(z)) Ou(z + hey) 0A}u(x) da

a$j 8:@ al’j 8xl

i,j=1
1
_ / = (bl + hex)u(w + hey) — b(w)u()) Afu(x) do
Rd
1
+ [ U+ he) = f@) Au(a) da.
The last term is transformed by the change of variables to

F@) AT (Alu(z)) de = _/ f(m)u(x + hey) — 212(230) + u(z — heg) dz.
Rd Rd

Since AZu is bounded in L?(Bg) independently of h (however, the bound may depend on R in case the function f
does not have a bounded support) it follows from Theorem 2.3.1 that (we set g = Alw)

1A Arwlly = A gll, < elIVally = e[ (Aw]], -
The last term in (3.125) is therefore estimated by
CIfll, V(AR -

Similarly we get

1

| /R = (b(@ + hen)u(w + hey) = b(x)u()) Afu(e) da| < CIBl o ol 2 upp | VAl £2me)-

Other terms in (3.125) are estimated similarly as in the formal proof. We therefore get

2

C1 |[V(ARw)]], < CIARAllsolIVull2[[V (AR 2 + [1Bllos [ull2 [V (AW [l2 + [ £l V(Afu)]2)

< C(A]

Ch
1005 [Blloo) (I1F113 + Vull3 + lullz2(Br(0)) + 7||V(A2U)H§~
Above, Br(0) is chosen so that supp f, supp g C Bgr(0). Thus, inequality (3.124) is proved. [ |

We now apply the result from the previous theorem to obtain the interior regularity result.
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Theorem 3.7.4 — Interior regularity in bounded domains. Let 2 be a bounded domain (in particular, we
have no regularity assumptions on ), let {a;;}¢,_,, b and f satisfy (3.113)-(3.114). Let u € W2(£2), unique weak
solution to Problem 3.112, i.e.,

d
/ Z a”aau g@ dx —|—/ bup dxr = / fodr Ve WOI’Q(Q). (3.126)
Q5= T Q

Then for any ' C € C Q we have
||UHW2v2(Q’) <Co(@) Hf||L2(Q)

Proof. Recall that we have [u[|y1.2(q) < C||f]|12(q) and it is enough to show the estimates of the second derivative. We
transfer our problem to the situation of Theorem 3.7.3 as follows. We replace ¢ by ©|¢|? in (3.126), where £ € C5°(9),
€=1in Y, 0<¢ < 1. Werewrite (3.126) for the quantity w = u€. Then we extend w by zero outside of . Thus our
equation can be understood as equation in R. Even though b is not strictly positive in R?, we see that after extension
by zero all functions have compact support in R?. We have

du ( ) = 9(ug) 0(p8) Qu 9 08 O(¢)

i g, O, ox, on e, % om " 0n, o,
Thus we get
d d
O(ug) 8(¢¢) __/ Ouw 08 0 08
/Q(E_:l“” or; O, +b(“5)(m> do= Q<i;1a”axj‘pgaxﬁaxi (“’ﬂ“axj)@f) de

+ / (f€)(0t) da

Defining w := ué, 1 := p¢ and g := f& — Z;i,j:1 (aij gfj ;fl + O%i (aiju%i)) and extending all these functions by zero

outside of 2, we end up with

d
/ ( Z aij 5 Ow 61/’ -+ bu w) dz :/ gde  for all ¥ € WH2(RY), suppeh C Q.
i Rd

Recall that both supp g, suppb C 2. Since we know that

[ullr,2 < C[lfll2,

we may now successfully apply Theorem 3.7.3 which yields

lwllwz2rey < CUlgllL2®ey + 1 fll2ray) < ClfllL2ray-
Whence
[ullwz2y < CllfllL2 @)
and the proof is complete. |
Remark 3.7.5. Note that in the previous theorem we do not need any information about any regularity of the boundary

(we only need the basic estimate for the weak solution which may require the Lipschitz continuity) and we do "not
see" the boundary conditions. The same procedure as above can justify the same result as above for only

FEWTAQNL(Q), iy € L@ MW (), be L) N L%(9)

loc

forp>difd>2andp>2ford=2.

We now consider the boundary regularity. Let us first look at a very particular situation, namely for the domain
C* =(-1,1)%"1 x (0,1) with the main part of the boundary A = (—1,1)?"! x {0} we study the following problem.
Let u — Uy € WH2(Q), suppu C CT U A and

d
/C+ (> ”%g + bug) da _/ fodr  forall p € WE2(CH), (3.127)
i,j=1 J

supp f C CT U A as well.
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Lemma 3.7.6 — Regularity in a cube. Let Uy € W22(CT), a;; € WHo(CT) for all 4,5 € {1,2,...,d},
be L>(CT), f € L2(CT) and let u be a weak solution to (3.127) and both u and f have support in C* U A. Then
u € W22(CT) and it holds

lullwzz2cry < CUI1fllzz2o+) + 1Tollwz2c+y)-

Proof. Since u is the unique solution to (3.127), we have

lullwrzc+y < CUIfllL2e+) + 1Uollwzoy)-

We now repeat the technique from the full space estimates (local regularity results), but this is possible only for the
tangential derivatives (the normal derivatives may require knowledge of u(x + heg) which is for € A, h < 0 outside
of C).
We first use as test function
p(z) = A,:h(A’,;(u —U),1<k<d-1.

This test function is clearly eligible, it belongs to V[/O1 2 (CT). Moreover, it is well defined as the differences are computed
only along the boundary. We can now repeat the computations from the full space situation, the only difference is
that on the right-hand side some extra terms appear which are not controlled by || f||z2(c+), but by [[Uo|lw=22(c+). Let
us first look at the most restrictive term (but also the term giving the main estimate)

8u 8 —h h
aij——=— (A" (A% (u—Up))) dz
/z o e LY UR))
hu OARu Ou(z + hey,) OAru

% 1 h — U

/CZ e o /CZ (0430 ) — iy (@) =5 == 5k
aAﬁu GAZUO ou(z + hey) AR,

/C“r ”2:1 ij &rj Ox; /C+ ijzl CLU +hek)_azg( )) (9:L'j o, dz.

Thus we get

d u u d u\xr hu
/ Z aA;j aani x:_/m Z %(aij<x+hek)_aij<x))a (a—;hek) aani e
b(a)u(z) A" (Al (u(z))) dz + f (@) AL (AL (u())) da
d
>,

bx)u(x) A" (AL (Uo(2))) dz — - F(@) A (AR (Uo(2))) da.

(aij(x + hey) — ai;(z))

8u(:1: + hey,) 8A Uo / Z hu 5‘AhU0

. Qij )
Ox; S 8:[;3 T,

+

+
q\o\q\
=~

+

Using the estimates

OARU
h k0
1A RO e + [T o

A" (A k(u))||L2(C+)§C||V(AZ(U))||L2(C+;R<1)

together with the ellipticity of the differential operator and standard Young’s inequality (similarly as in the case of
the full space estimates) we end up with

< C|IV?Uo|| p2(ra raxa)

V(AR )| 22 (ctrey < CUIAwros (0t Raxay, 1Bl e o+, CL (I Fll 2y + 1Uollwzzcy), k=1,2,...,d—1.

The only second order derivative we do not consider on the left-hand side is g%. The technique of differences does
d

not work in this case. However, we can write for any ¢ € C§°(Q)

ou Oy B ou Oy
/C+ adda—wa—ﬁdx—/c (f(p buyp Z a”@:vj 8xi)dx

4,j=1
z+]<2d

:/C (fgp—bwp—!— Z (“)xz(ijaagj)(p)dx'

1,0=1
i+j<2d
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The ellipticity condition implies agq > 0 (for & = (0,0,...,1) we have agq&3 > C1|€]* = C1£2). The formula above by
Py (C™T), together with the estimate

0%u o
|52 ey S CUlIz0n = 32 I ulizen) < CU Nz + Whllwascn)
al<L2
oz;élo,‘(i.,.z)
The proof is complete. |

We need to deal with the situation when suppu C VT U A. We shall transform this situation to the case in the
previous theorem, i.e., we flatten the boundary. To this aim, consider the following change of variables

x=¥(y), U:Ct VT and (—=1,1)T 1 x {0} = A
y = ®(z), oVt Ot and A — (—1,1)"1 x {0},

where .
yi=—,i=1,2,...,d—1, T, =ay,t=1,2,....d—1
@
1 1 , ,
Yo = 524 — za(r'), Tq = Bya + alay’).
B B
Above, &' = (z1,22,...,24—1), similarly for y’. Moreover, we have for the jacobians

Ju(y) =det V,¥(y) = a? 18

1
Ta(2) = det V,8(x) = =,

Clearly, these changes of variables are inverse to each other and assuming Q € CY1, they are of class W2, Moreover,
we have for (y) = u(¥(y)), b(y) = b)), F() = F((y)) and @ (y) = 30, G (V(y) LD PBEW

x) dp(x) / S Ouy) 0By) 4
a;;( dr = a « d
/v+ 43221 4 (’9% Ox; c+ kél u(y) Oy, Oyy, Py
Therefore we end up with the weak formulation
y) 0p ~ ~
/ Z ar(y 2W) 4y 1 [ Swawmsway= [ Fw)zw) . (3.128)
(Rt aZl/l Oy o+ c+

We need to verify that the differential operator in the weak formulation (3.128) is elliptic. However, it is easy to show
that

d d d

k,l=1 k,l=1 m,n=1 O O
d
2
Z mn 7]m771 Z Cl |"7| )
m n:

where n = (V®)T¢, ie., £ = (VU)Ty. Thus €| < Cln| which yields the desired ellipticity estimate

d
> any)&é = Cilnl* > Cilgl.

k=1

)

Since the mappings * = ¥(y) and y = ®(z) are of class C1'!, thus W2, we finally see that ay; € WhH°(CH),
be L*®(C*) and f € L*(C*). In the last claim we used the form of the jacobians.
We have therefore proved

Theorem 3.7.7 — Regularity near the boundary. Let u € Wy >(V*1), u—Uy € WH2(V) satisty in V't (the
set from the definition of a domain with smooth boundary and u is the unique solution here)

d
ou 0
/‘/+( E aija—;a—f—i—bwp) dgc:/v+ feodz for all o € WH2(VT),
irj=1 o

where Uy € W?2(V1). Assume that the support of all functions belong to V* U A. Let {a;;}{;_, € Wh>(VT),
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be L°(V*) and f € L2(V'). Then u € W22(V*) and we have
lullwz2v+) < CUIfllL2ov+y + [[Uollw22(v+))-

Proof. By the change of the variables specified above we showed that & € W22(C7) together with the estimate (see
also Lemma 3.7.6)

[@llw22cry < CUIf N2y + 10ollwzzcry)-
It is now enough to realize that by the inverse change of variables z = ¥(y) we may return back to V' and since the
mapping is of class W2>°(Q), we get the desired estimate in V+. |
Combining Theorems 3.7.4 and 3.7.7 we get

Theorem 3.7.8 — Regularity in the whole bounded domain. Let u be the unique weak solution to Problem
(3.112) with the data satisfying (3.113)—(3.114). Then u € W*2(Q) and it holds

lullw22) < CIfllz2@) + IUollw22())-

Proof. We use the partition of unity applied on the covering of Q by {V,.}*, and by Vis41 (which lies strictly inside
of ). To simplify, we ignore the possible rotation and shift expressed by the mappings 7T,.. We have

M
U=upp+1 + Zu@, = Uupm+1+ Z%
r=1 r=1
We now apply Theorem 3.7.4 on upry1 and Theorem 3.7.7 on u,, r = 1,2,..., M and sum up the estimates. Recall

that the functions have exactly the same type of support as required in the corresponding theorems and satisfy the
corresponding problems with lower order terms due to the presence of ¢, on the right-hand side; more precisely, we

have
d
Ou,. Jy 0, O
/V,,.* (”z: i 50 8 —I—burgo dx / f<pT<pdx—|—/ Za” o jaTjdx,
r=1,2,..., M; similarly for up;+1. We obtain

lurrtllwzzvar,) < Cllflle@)
lurllwzz2v,y) < CUIfllL2 v,y + 10ollwezv,y), r=1,2,..., M.

Summing up these estimates we end up with

M

||UHW212(Q) < ||UM+1||W2W2(VM+1) + Z ||Ur||W2w2(vr) < C(HfHL?(Q) + HUOHW2~2(Q))-
r=1

Remark 3.7.9. The whole procedure can be applied also in the situation when we have general elliptic operator and
u is a solution which is generally non-unique (obtained, e.g., in the part devoted to the application of Fredholm
alternative). Then, under the same assumptions as above we conclude with the estimate

[ullwz2) < CUIfllL2@) + 10ollwz2) + llullL2(q))- (3.129)
We shall skip details of this proof. If the solution is unique then we know that we can estimate the last term on the
right-hand side by the other two ones.

By induction of the previous process we can show
Theorem 3.7.10 — Higher regularity. Let u be the unique weak solution to Problem (3.112) and let the data
satisfy (3.113) and (3.115) for some k > 2. Then u € W*2(Q) and it holds
llullwe2) < CUIfllwr-220) + 1Uollwr2q))-

Since the previous theorem holds for any & € N, k > 2, we have

Corollary 3.7.11 (Full regularity). Let u be the unique weak solution to Problem (3.112) and let the data satisfy
(3.113) and (3.116). Then u € C*(£2).

Remark 3.7.12. Remark 3.7.9 also applies to Theorem 3.7.10 for any fixed k£ € N, k > 2.
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Proof of Theorem 8.7.10. Step 1: Induction in interior regularity

We proceed by induction. We first consider the interior regularity (corresponding to wps41), where the situation is
easier. Assume that we have for all V C V C Q and some k > 2 (under corresponding assumptions on the data of our
problem, f € Wk=22(Q), a;; € WF1°(Q), 4,7 =1,2,...,d and b € WF=2>2(Q))

[ullwrzvy < Cllfllwe-22),

the constant C' may depend on V. Indeed, Theorem 3.7.4 corresponds to k = 2.

Assume now that f € Wk=12(Q), a;; € Wk(Q), 4,5 =1,2,...,d and b € Wk=1:°(Q). Take any multiindex o
such that |a| = k — 1 and choose v € C§°(V) for some V C V C . Use as a test function in the weak formulation
the function ¢ := (—1)*D*v. Using integration by parts we obtain

( ¢ ou v ~
S aija—o+ buv de = [ fode, (3.130)
Q ig=1 833] 83:1 Q

where © = D € WH2(V) and

702 () g 35 5] - (5o

B<a
BZa

As (3.130) holds for any v € C§°(V), we see that u is a weak solution to

where f € L2(V) with

Il 22y < Cllfllwr-120v) + CUAllwE o @iraxay, [[b]lwr—1.00 ) [ull w2 @) < Cllfllwr—1.20v)-

We now apply Theorem 3.7.4 and get
w220y < Cllfllwr-12v)s

where C' = C([|Allw. (), Ibllwr-1.5(0), C1) and W € W C V. Thus u € VVIIZjl 2(Q).

Step 2: Induction for regularity near the boundary; flat part of the boundary, tangential derivatives
We now proceed with the regularity near the boundary. Let us first consider the case of the flat domain C*. We proceed
by induction. We aim to show that for Uy € W52(C), u — Uy € Wy 2(CH), f € WE22(CH), a;; € Wh—12(CT),

i,7=1,2,...,d and b € WF=2°(CT) we get

[ullwrzcry < CUIflws-22(c+) + 10ollwr2ic)),

where C' = C([|A[lyyr-1.00 (c+;Rax4y, [[Dllwr—2,0 (c+), C1). We know that the inequality is true for k = 2; this is exactly
the claim of Lemma 3.7.6. Let us therefore assume that the claim holds for some k& > 2 and let us show it for k + 1.

Let o be a multiindex such that |a| = k — 1, but oy = 0. Then % := D%u belongs to W12(C*). Similarly as in
Step 1. it solves

where again

d
ODPy «
o a=B, T T\ _ a—PBp b
f Def = Z( )[ afz(,ZD (7] axj )] Z(B)D bD" .

BLa 4,j=1 B<La

B#a
Then f € L2(C*) and

I fllz2cry < CUfllwr-1.2(cy + [[Uollwr2cr))-

Thus, exactly as in the proof of Lemma 3.7.6 we have
IDPul| 2oy < Ul fllwr-r2(c+y + 1Uollwrsrzory)

for any |8| =k + 1, B4 = 0,1 or 2 which we wanted to prove; however we miss the terms with 84 > 2.
Step 3: Induction for regularity near the boundary; flat part of the boundary, normal derivatives
We have to deal with 84 > 3. We proceed by induction. Assume that we have

IDPull 2oy < C(Ifllwr-12(cry + |Uollwrsr2(c+y)
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for f=k+1and 8, =1,2,...,7 for some j € {2,3,...,k}. Let now || =k+1 and B, = j+ 1. We write 8 =+ 9,
§=1(0,0,...,2) and |y| = k — 1. From Step 1. we know that u € W,*7"?(Q) and thus

loc

— Z aiz(au(g;]) +bu=f

ij=1

holds almost everywhere in C*. Then also

!
D’Y( B ,Zl ox
1,]=

- (aijg;é_) + bu) =D"f

almost everywhere in CT. We write

(-3

where ¢g contains terms with at most j derivatives with respect to x4 and at most k& + 1 derivative overall. As
agq > C1 > 0, we get

(aUa ) + bu) = agaD’u + g,

IDPullr2(c+y < CUIfllwr-12c+y + [Uollwrrrzo+)), Bl=k+1, s=7+1.

Thus by induction
lullwrrr2cry < CUfllwr-1.2(c) + [[Uollwrrr2cy)-

Step 4: Regularity near the boundary; curved part of the boundary, special support
To obtain the same result in VT, we proceed exactly as in the proof of Theorem 3.7.7, we flatten the boundary and
apply Step 3. Here we use that Q € Ck~11 for estimates of the W*?2(V*) norm.

Step 5: Regularity in the whole domain
To get the estimates in the whole domain ), we proceed exactly as in the proof of Theorem 3.7.8. We write u =
27]«\11 U + upr4+1 and apply Step 1. for ups41 and Steps 2.-4. for u,.. [ |

Remark 3.7.13. (i) Note that in the Step 1. we in fact show that u € W/2(Q) provided f € W\~ %2(qQ), ai; €

loc loc

Weoho(Q), 4,5 = 1,2,...,d and b € W >*(Q). Similarly, if f, a;;, i,j = 1,2,...,d and b € C*(€), then also

loc loc

u € C>(Q) (but generally u is not in C>°(Q)!).

(ii) If d = 3, then we get from Theorem 2.4.21 (continuous embedding) that v € C%2(Q) (for k = 4). Then u is a
classical solution to our problem.

(iii) A similar result holds also for the Neumann problem. Under the same assumptions on {a;; }¢
in Theorem 3.7.10 we have

b, f and Q as

1,7=1>
geW*22(00) = ue WF(Q), k>2.

(iv) We must be careful for mixed boundary conditions. A singularity may appear between I'y and T's.

3.8 Connection with calculus of variations — solvability for a symmetric
coercive operator

We show in this part how for certain type of elliptic operators solvability of (3.31)—(3.34) is connected with minimization
of quadratic functionals. In the whole section we thus do not consider a general elliptic operator L, but we restrict
ourselves to symmetric (selfadjoint) operators L which are additionally coercive. We consider again the systems of
elliptic equations.

Definition 3.8.1 — Symmmetric linear elliptic operator. Let L be an elliptic operator. We say that the
operator L is symmetric, if it is given as

N d 9 (911, N
(L) == D o ( aif 5— ) +3bff (3.131)
. 7 521

and for any o, f € {1,...,N} and i,j € {1,...,d} it holds

al = aP* P = pfe

ij i o almost everywhere in . (3.132)
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We can write such an operator in the shorten form
Lii == —div (AV@) + b

and condition (3.131) as
A=AT,  p=0p"

We consider instead of (3.27)—(3.30) a simplified problem

Li=f in Q
U= 17:0 on Fl
O - (3.133)
AVi-v=g on Iy
AVi-v+ @=¢g on I,
where we additionally assume the symmetry of | i.e.,
0% = P for any o, 8 € {1,..., N} almost everywhere on 9. (3.134)
Let us further recall the notation from (3.56)
N
b(z) = inf b*P (2)2 27, €Q
(=) {ZeR}VI;llflzl} Z (z)2"2 ;
a,B=1
N
o(x) = inf o ah, er
() {ZeRN; |7|=1} Z (x)2"2 rEis
a,f=1
and in this section we always assume that
b(z) >0, o(xz)>0 almost everywhere in Q2 and on I's, respectively. (3.135)

The space of test functions we consider here is V = {#@ € W1H2(Q;RY)|# = 0 in the sense of traces on I';}. Recall
also that
WE2ORY) = {F = (¢1,...,oN) | pa € WH2(Q) for any a € {1,...,N}}.

The corresponding bilinear form for problem (3.133) is

B (i, &) ;:/ (A’Vﬁ:v¢+bﬁ~<ﬁ)dx+/ - 3ds.
Q T's

The weak solution to problem (3.133) (compare with Definition 3.3.4) is then a function @ such that @ — Uy € V,
Uy € WH2(Q), the trace Uy = iy on I'1, and for any @ € V it holds

Br, (@8) = (F. @V + (5 Dy ny (3.136)

—

Note that due to our assumed symmetries it holds By, (@, F) = Br, (#, %) and our problem is thus selfadjoint. This
will allow us to formulate the problem of existence of a weak solution equivalently as looking for a minimum of a
certain functional. Let us define the functional ®: W12(; RY) — R by the formula

1
@y, (@) = 5By, (). (3.137)

Then the following theorem holds true.

Theorem 3.8.2 — Connection between weak solution and minimum of a functional. Let Q € C%!
with the corresponding parts of the boundary {I';}?_; and let L be a symmetric ellliptic operator in the sense of
Definition 3.8.1. Let further for any o, 8 = 1,..., N, 0% € L>(T'3) satisfy additionally (3.134) and together with
b also (3.135). Finally, let @ € W12(£2;RY) be an arbitrary function satisfying @ — Uy € V, Uy, V as above. Then
the following two claims are equivalent.

1. The function # is a weak solution, i.e., it satisfies (3.136).

2. For any ¢ € V it holds that

@1, (@+3) ~ @1, (@ 2 (5O + Gy, (3.138)
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Before we start with the proof of this theorem, let us present an equivalent form of 2. in the case when f €
(W12(€;RN))*. For this slightly more regular f we may reformulate 2. as minimization on a convex set and we get
(the proof is left for a kind reader as a simple exercise) that to find 4 satisfying 2. is equivalent to finding @ such that
i — Uy € V and it holds for any ¥ satisfying 7 — Uy € V

(I)L7 (ﬁ) - <faﬁ>V - <§7 ﬁ>W%’2(F2UF3;RN) < cI)L, (17) - <f317>V + <§7 17>W%’2(F2UF3;RN).

Problem (3.136) is also called the Fuler—Lagrange equations for the functional ®1 (@) — ( f, W)y — (g, )
and (3.136) can be obtained as

1
W 22(T'Ul3;RN)

d Lo P Lo _
|5 (0r, @+80) = (Fa+ 1)y = @T+10) 100 pomy) ], = O
or t = 0 is the critical point of the function ¥(t) := @, (4 + tg) — (fri +t@)y — (§, 7 + tF)

gev.

for an
W3 2(DUrg:RY) Y

Proof of Theorem 3.8.2. We start with the implication 1. = 2. We get directly from the definition of &y (see
(3.137)), from the fact that @ solves (3.136) and from the fact that By, is due to our assumption a symmetric bilinear
form that 1

P, (@+F) — Py, (4) = B}
1 I R S o
EBL (U,’LL) + BL (U, SD) + 7BL, ((pa SO) -

) )

— (1A + @Bt gm + 5B (2.9

To finish the proof of the first implication it is enough to verify that By, (&, @) > 0 for any ¢ € V. This is evident
due to the assumption on the ellipticity of the matrix A (see (3.14)) and non-negativity of b and & (see (3.135)).
Let us now consider the other implication 2. = 1. Let ¢ € V be arbitrary. Using assumption 2. and the same
computations as above we conclude that
0< @, (@+y) =2, (@)~ (£, —{G¥) 12 0,0m,

:BL, ('J7 )‘i’*BL, (1103 )7< ) >V7<§a¢>

2 W3 2(ToUl's)"

For arbitrary ¢t > 0 and ¢ € V let us choose in the inequality above 2/7 : =t which due to the bilinearity yields

Lo 1 S 7o oo
0<tBy, (4,@)+ 5t*Br, (7,8) =, @)v = (6. B)yh 2 py )

Dividing by ¢ > 0 and passing with ¢ — 0 we thus get

. Lo 1 S - S o
0< jip (Be. (@) + 551, (5.~ F.Av ~ 0.9y hopm,

t—04

= Brs(@,8) = ([, 8 = (5.9 121,00,
This inequality holds for any ¢ € V' and thus also for —¢ which due to the linearity of the inequality in ¢ yields that
equality (3.136) holds and thus Claim 1. is proved. |

We proved above that for certain types of problems (more precisely, for the symmetric ones) finding a weak solution
is equivalent to finding a minimizer of a certain variational problem. We now show that if b = o0 and |I's| = 0, we may
formulate the problem differently, but we anyway get to the same. This new formulation is called dual formulation.
The word "dual" refers here that instead of variational formulation for @ we consider variational formulation for
T = AV4. To this aim we first define a suitable closed subset of L2(; R¥*N)

W = {'f‘ € LX(Q; Rde)| for any ¢ € V it holds / T: V@gdr = <f: v + (g, P) (3.139)
Q

-
w2 (FzUFg)

Note that T : V@ = 2?21 nyvzl T 92" This definition does not mean anything else that T € W solves (in the sense

T Ox;
of distributions) the following problem
—divT=f in Q,
By (3.140)
T-v=g on Is.

Thus if @ is a weak solution to the original problem, then automatically T = AVi € W. Let us further introduce the
dual functional )
*(T) = 5/ AT :Tde— | VUy: Tda, (3.141)
Q Q
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where A~! denotes the inverse matrix to K, i.e., it holds

N d
SN R AT = Gapdis.

y=1k=1

Note that due to the measurability, boundedness and ellipticity of the matrix A (see (3.26)), the inverse matrix A1
exists and is again measurable, bounded and elliptic. We may finally formulate the theorem on the equivalence of the
dual formulation and the existence of the weak solution.

Theorem 3.8.3 — Dual variational formulation. Let Q € C%! and let {I';}7_;, be the corresponding parts
of the boundary, |T's| = 0 and let the operator L be symmetric elliptic in the sense of Definition 3.8.1. Let further
b =0 for any a, 8 € {1,...,N}. Then the following claims are equivalent

1. Function T € W is such that it holds for any Wew

*(T) < O*(W).

0 = KVU, where 4 is a weak solution to the corresponding elliptic problem, i.e., & — (70 € V and it satisfies
(3.136) with b = o.

Proof. Step 1: 2. — 1.
If @ is a weak solution to our original problem, then it follows directly from the definition of V* (see (3.139)) and the

weak formulation of (3.136) that T = AVii € W. Let now W € W be arbitrary. Due to the ellipticity of the matrix
A~! and definition of ®* we get

P*(W) — &*(T) =

where the last equality is based on the facts that @ — Uy € V and T, W € W. We thus see that ®*(W) > &*(T) for
any WeW.
Step 2: 1. = 2.
We first deduce the Fuler—Lagrange equations for problem formulated in claim 1. Therefore, let T € W be a
minimizer of ®* over W. Let further Z € L2 (€; RN be an arbitrary function satisfying for every 3 € V

/ Z:V@dz =0. (3.142)
Q

We set for arbitrary ¢ > 0, W := T + ¢Z. Since T € W and Z satisfies (3.142), it is then evident that W e W and it
can be used in the variational formulation. From Claim 1. we thus have

. 1 L .
0. L(® (W) - @*(T)) = (& (T + 1) - a*(T))
1 [ /1e e (e, .
:7/ (GA7(F +1Z) : (T4 12) — AT T 190, : Z) da
t o \2 2

Since (—Z) satisfies also (3.142), we get the opposite inequality, and thus for any Zc L2(£; RN satisfying (3.142)
it holds

/ (A"'T — VU,) : Zdz = 0. (3.143)
Q
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Equations (3.143) are the Euler-Lagrange equations to the minimization problem for ®*.

We show in the second step of the proof that the validity of (3.143) requires further properties of ’f‘ in particular
existence of @ such that @— Uy € V and T = AV#. If such @ really exists, it must fulfil Vi = A-'T almost everywhere
in Q. Instead of this, at the first glance strong assumption, we look for @ such that o — Up € V and

/ Vi :Vgde = / AT . V@gdx for every g€ V. (3.144)
Q Q

Since A1 is bounded, we may define ( f Py = fQ A-1T. Vg dx and see that we look for a weak solution of an
elliptic problem. Due to Theorem 3.4.2 (venfymg of the assumptions is left as an exercise for a kind reader) we know
that there exists a unique solution to problem (3.144) (in the case of |I';| = 0 we have the Neumann problem and the
solution is unique up to an additive constant). We now show how from (3.143) and (3.144) Claim 2. follows.

It holds due to (3.144) that Z defined by Z := A~'T — V& satisfies (3.142) and thus can be used in (3.143). We
get the identity

/A’*ltﬁ:(A’*T—Vﬁ)dzz/vﬁo . (A7'T — Vi) dz. (3.145)
Q Q

—

Further, the choice ¢ := @ — Uy in (3.144) yields
/Qva' . (Vi — VUp) dz = /Q/K—lf (Vi — VUy) d. (3.146)
From (3.145) and (3.146) we get (we also use the symmetry of A)
0= /ﬂ (A’—1T (AT — Vi) + Vi : (Vi — VUy) + VU : Vi — AT vu) dz
= [ (ATR = 2A T Vit (V) do = [ AT - VP e,

Therefore it holds that T = AV# almost everywhere in €2 and @ — Uy € V. Furthermore, since T € W, then 4 must
fulfil (we use that fact that AVi@ = T € W) the weak formulation (3.136) and thus it is also a weak solution. The
proof is therefore finished. n

Remark 3.8.4. We saw in the text above that the primer variational problem (minimizer for ®) and the dual variational
problem (minimizer for ®*) are in a certain sense equivalent for symmetric operator without absolute terms, i.e., in
the cases when b = = o, and lead to the same solution. The difference lies in the fact that by minimizing <I> we
enforce the validity of the relation Lu = f , while by minimizing ®* we enforce the validity of relation T = AVi. From
the point of view of applications it is more useful to solve the problem for ®, if we are interested in #, and the problem
for ®*, if we are interested in the form of T = AVi.

The first part of this chapter dealt with existence of weak solution to the elliptic problems based on the Lax—
Milgram theorem. We now show that the proof of existence of weak solutions is much easier by looking for minima of
a certain functionals, provided the operators are not only V—elliptic, but also symmetric.

Example 3.8.5 (Existence by means of minimizing certain functionals). Show the existence of a solution to (3.133)
by showing existence of @ satisfying (3.138).

Solution. Let us now consider the elliptic problem with symmetric operator and assume that (3.135) holds and By,

is V-elliptic. We show how it is possible to solve problem (3.133). We look the solution in the form @ = ﬁo + 0, where
w € V. Theorem 3.8.2 claims that « is a weak solution, if and only if

Or, (+3) —u, (@) 2 (. OV + .82 onmn

Let 1; € V be arbitrary and choose @ := 1/7— w € V, where 4 is given by 4 = Uy + @. Then the above given inequality
changes into the form

o, (Up +0) — (fy @)y — (g

- - -

Dby < B Go+8) = (FBv = @9) 20 on v
Since 1; € V is arbitrary, we in fact look for a minimizer of a certain functional. Let us consider

I=idd ((I)L’ (U +10) = {fs )y = <g’w>w%*2(F2uF3;RN))'

It follows from the definition of the infimum that it holds for any J € V that

-, -,

I<®r, (Uo+9) = (Fdv = (00 1emureme
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and choosing 1/7 = 0 we thus have .
1< (I)L’ (Uo) < 00.

The definition of the infimum implies that we can find a sequence {1"},en C V such that

1= lim (9, (To+a") — (F.a")v — (g, @)

1
n— o0 Wf’z(FQUF3;RN))

and furthermore that there exists ng such that for any n > ng

—

&y, (Ug+a") — (f,8")y — (G, @") <T+41<®(0)+1. (3.147)

1
W 22(T'yUls;RN)

Hence we see that the sequence " is bounded in V. The continuity of the trace operator also yields that the sequence
1
is bounded in W2-2(9Q; RY). Due to the reflexivity (we again relabel the subsequence)

- n

W™ = w weakly in V,

. 3.148
@™ — @ weakly in W2:2(90; RY). ( )

Using the definition of ® and the V-ellipticity, symmetry and bilinearity of By, we get the following estimate

:%BL (Ug + 0, *0+w")+%BL (@™ — @, Uy + )
+%BL (G" — @, " — D)

:%BL, (Ts + @, U + @) + Br, (Uy + 10, 6" — @)
+%BL (@" — @, " — D)

Next, due to the V-ellipticity we know that there exists F € V* such that F = Br, (, C_fo + uf). We get, using the
definition of the infimum I and the weak convergences (3.148) that

[ = lim (@L, (T + @) = ([, @™y — (G, d"

1
n—00 >W7’2(F2UF3§RN)>

>0, (Uo+@) + lim ((F,@" = @)~ (70" - 5.5, 4.0

n—oo

=&y, (U +w) — (f, %)y — (§, )

(FzUF3§RN)>
W3 2(IoUTg;RN)’
On the other hand, the definition of the infimum of I implies that

1< q)(UO + ’lﬁ) - <f7w>V - <§a w>W%'2(F2UF3;RN)
and thus necessarily
1= CI)(UO + 117) - <f7U7>V - <§a u_j>W%’2(F2uF3;RN)

< q’([jo + 95) - <f795>V - <§7 ¢>W%*2(FQUF3;RN)

for any ¢ € V. The function 0 is thus a minimizer and further, due to Theorem 3.8.2, 4 = Uy + 1 is a weak solution
to our problem. O



Chapter 4

An easy guide to Lebesgue—Bochner and
Sobolev—Bochner spaces

In this chapter, we briefly introduce the necessary function spaces and tools needed for the correct formulation of the
evolutionary partial differential equations in the weak setting. As in the case of Sobolev spaces, we only introduce the
basic concepts and present more details, including most of the proofs, in Chapter 8.
We aim at studying mappings
ffITCR—=X,

where X is a Banach space. Most of the results in this section remain true even if we replace the one-dimensional
interval by a measurable subset of R?, however, since we do not need this level of generality, we remain in R. Moreover,
instead of the Lebesgue measure on R we may as well consider a more general measure p. The space X is always
a Banach space; sometimes, however, we will require more properties (separability, reflexivity etc.). For simplicity,
we always assume in this chapter that I C R is open and bounded, even though most of the results remain true for
arbitrary interval in R; however, the proofs must be slightly modified in this case. The presentation below follows in
the first part nicely written thesis Kreuter (2015), the second part is then based on Boyer and Fabrie (2006) or more
precisely, on Pokorny (2022).

4.1 Bochner integral

First, we construct a new type of integral, in order to be able to integrate functions with values in general Banach
spaces.

Definition 4.1.1 — Simple function. A function s: I — X is called a simple function, if we can write
n
s(t) =Y xixe, (1), (4.1)
i=1

where z; € X, E; are pairwise disjoint, measurable, and Y1 ; A1 (E;) < +oc.
Remark 4.1.2. Assuming x; # x; for i # j and U}, E; = I (it also means that we define s to be the zero element on
the set of one dimensional Lebesgue measure zero, where the function is possibly not defined), then the representation

of the function s in the form (4.1) is unique.

Definition 4.1.3 — Strong and weak measurability. 1. A function f: I — X is (strongly) measurable, if
there exists a sequence of simple functions {s, },en such that

Tim (Jsa(t) — F(0)]x =0
for almost all t € I.
2. A function f: I — X is weakly measurable, if

<$/v f>X

is measurable for all ' € X*, where X* denotes the dual space to X.

77
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Definition 4.1.4 — Almost separably valued function. A function f: I — X is called almost separably
valued, if there exists a set N C I, A;(N) = 0 such that f(I \ N) is separable. If N is empty, then we say that the
function f is separably valued.

We have the following important result

Theorem 4.1.5 — Pettis. A function f: I — X is measurable, if and only if f is weakly measurable and almost
separably valued.

The theorem has several corollaries.
Corollary 4.1.6. Let f: I — X be continuous. Then f is measurable.

Corollary 4.1.7. Let {f,}nen be a sequence of measurable functions from I to X such that f,(t) = f(¢) in X for
almost every ¢t € I. Then f is measurable.

We are now ready to define the Bochner integral. For a simple function s, we may evidently set

/sd)\l = wmh(E),
I i=1

where s = > | #;xg;(t). It can be easily shown, similarly as for the Lebesgue integral, that this definition is
independent of the representative of s and that

H/sdle g/usuxdt.
I X I

We now extend the definition to measurable functions.

Definition 4.1.8 — Bochner integral. A measurable function f: I — X is Bochner integrable, if there exists
a sequence {s, nen of simple functions converging to f almost everywhere such that

lim / | f = snllx dt = 0.
n—oo I

Then for such a function f we define
/pfdAliz lim SndAL
I

n—0o0 I

Note that the definition is correct in the sense that

H/snd)\l—/smd)\lH §/Hsn—smHthg/Hsn—f”th
I I X I I

+/||sm—f||th—>0 as n,m — oo.
I

Hence [ 7 8n dAy is a Cauchy sequence and due to the completeness of X it is convergent. If {5, },,.en is another sequence
of simple functions approximating f in X almost everywhere together with lim, o [; [|f — Snl/x dt = 0, it is easy to

see that the limits of sequences { f 1 5n d)\l} and { f 7 Sn d)\l} are the same which shows that the definition
neN neN
of the integral is independent of the approximating sequence of the simple functions. The linearity of the Bochner

integral is a consequence of the linearity of the integral for simple functions.
The following fundamental theorem yields the correspondence between the Bochner and Lebesgue integrals.

Theorem 4.1.9 — Bochner. Let f: I — X be a measurable function. Then f is Bochner integrable over I, if
and only if || f||x is Lebesgue integrable over I. Moreover,

| [ran] < [usixar (42)

Corollary 4.1.10 (Dominated convergence Theorem). Let {f,}nen be a sequence of Bochner integrable functions and
let f be such that f,, — f almost everywhere in I. Let g € L'(I;R) be such that ||f,||x < g for all n € N almost
everywhere in I. Then f is Bochner integrable and

/fd/\1: lim /fnd)\l.
I n—oo I

Corollary 4.1.11. Let f be Bochner integrable. Then the sequence s, of simple functions converging to f can be
chosen so that ||s,(¢)||x < 2||f(¢)||x holds for almost every ¢ € I.
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Corollary 4.1.12. Let 2’ € X* and let f be Bochner integrable over I. Then

/I<:z:’,f>X dt = <;z:’,/1fd)\1>x

Corollary 4.1.13. Let f be Bochner integrable over I. Then

lim /fd>\1:OeX.
M (N)=0+,JCT J;

We finish this section by a generalization of the Fubini theorem for the Bochner integral.

Theorem 4.1.14 — Fubini. Let J = I} X I be a product measure space with respect to the measure Ay @ A1 = Ao
and let f: J — X be measurable. Assume that the integral

J ([ 1t i ) an (43)

exists and is finite. Then f is Bochner integrable over I; X I and we have

/11><12 Fdr = /11 < I F(t,t2) dt2> dty = /Iz ( . f(t1,t2) dtl) dts. (4.4)

Conversely, if f is Bochner integrable over I; X I, then the integrals above exist and the equalities hold.

4.2 The spaces LP(I; X) (Lebesgue-Bochner spaces)

We now introduce an analogue of the Lebesgue spaces.

Definition 4.2.1 — Lebesgue—Bochner spaces. A measurable function f € LP(I; X), 1 < p < oo, if for
1<p<x

zWﬂa<m

and for p = oo
esssup || fl|x < oo.
I

Remark 4.2.2. Note that a function from LP(I; X) is (recall that I is bounded) Bochner integrable. In case we would
accept the possibility that I is unbounded, then the function is at least locally Bochner integrable over I. We also
introduce the notation

1
P v £ <
Hf”LP(I;X) = (f[ ”fHth) ?fl,p<oo
esssupy || fllx  if p=oo.

We now present several results which are more or less similar to the standard results for Lebesgue spaces and
which will finally lead to the result that the spaces defined above (often called Lebesgue-Bochner spaces) are complete
normed spaces.

Lemma 4.2.3 Let 1 <p<oo, f€ LP([;X) and g € LPI(I; R), %—i—ﬁ =1. Then f-g € L*(I; X) and

| [ roan] < [15xlal e < 1 Alzncrs ol oy

Lemma 4.2.4 Let 1<p<oo, f€ LP([;X)and g € Lp/(I;X*),
{9, f)x € L*(I;R) and

Il) + 1% =1 and X* is the dual space to X. Then

| [0, 225 08| < Wflzmcrso ol ey

Corollary 4.2.5. We have for 1 < p < ¢ < oo that LI([; X) — LP(I; X) and

1_

1_1
[ fllzerxy < M)~ 7| fllLacrx)-

In general, for I possibly unbounded, we have at least that any f € L9(I; X) is locally integrable over I and belongs
to Li (I; X).

loc
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Lemma 4.2.6 Let 1 < p < oo and let f, — f in LP(I; X). Then there exists a subsequence { fy, }xen which
converges to f almost everywhere in I (in the norm of X).
As in the scalar case we therefore have

Theorem 4.2.7 — Properties of Lebesgue—Bochner spaces. The spaces LP(I; X) are Banach spaces with
respect to the norms || f||z»(r;x) introduced above, where we consider two functions identical, fi = f2, provided
fi(t) = fa(t) for almost every ¢t € I (in the sense of equality in X).

If p=2 and X is a Hilbert space, then L?(I; X) is a Hilbert space with respect to the scalar product

(fag)LQ(I;X) = /I(f,g)x dt.

We now study the question of the density for different classes of functions in the spaces LP(I; X) and the related
question of the separability of these function spaces. We denote (recall, I is a bounded, open interval in R)

C(I; X)={f:I— X| continuous in I with values in X'}

(Z; X)
CPILX)={f:T=>X|f,f,....fPec; X)}
C(I; X)={f: I — X| continuous in I with values in X up to the endpoints}
CHLX)={f: T X|ff,....f® ec; X)}
Co(I; X)={f:IT—= X|feC(;X),[ is compactly supported in I},
(T X) = () C*T; X)

Coo(I; X) = C(I; X) [ Co(1; X).

Theorem 4.2.8 — Dense subsets of Lebesgue—Bochner spaces. Let 1 < p < co. Then
1. simple functions are dense in LP(I; X)
2. functions of the form s(t) = 2?21 w;(t)z;, p; € CC(I;R), z; € X, are dense in LP(I; X)
3. if the set Y is dense in X, then C§°(I;Y) is dense in LP(I; X)

4. let 1 be the regularizing kernel in R and suppose f is extended by zero outside I; then f*n. — f in LP(I; X)
for e — 0.

Corollary 4.2.9. Let X be a separable Banach space, then LP(I; X) is separable for 1 < p < oc.

Theorem 4.2.10 — Lebesgue points. Let f € Ll (I; X). Then

loc

h

57 | 1+ = f@)lxds =0

for h — 04 for almost every t € I. In particular,

almost everywhere in [.

Finally, we have

Lemma 4.2.11 Let f, be a sequence of functions from LP(I; X), 1 < p < oo such that || f,| rrr,x) < C < +o00
for all n € N. Let there exist f: I — X such that for almost every t €

fa) — f(t) in X.
Then f € LP(I; X) and || f||zr(r:x) < C.
We might expect that the dual space to LP(I; X) for p < oo is LPI(I ; X*). However, this is in general not true for

arbitrary Banach space and we have to add some properties of X. On the other hand, using Lemma 4.2.4, we at least
know that for arbitrary Banach space X we have

LP(I; X*) = (LP(I; X))
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Moreover, for any g € Lp,(I; X™*), it also holds:

gl e r;x)) < N9l (1,x)- (4.5)

In fact, we also have:

Proposition 4.2.12. For 1 < p < oo the inclusion mapping I: L?’ (L X*) — (LP(I;X))* is an isometry, i.e., equality
n (4.5) holds.

We can show the following.
Theorem 4.2.13 — Duality for Lebesgue—Bochner spaces. Let either X be a reflexive Banach space or let
X* be separable. Then (LP(I; X))’F is isometrically isomorphic to the space LP (I; X*) for 1 < p < oo.

Corollary 4.2.14. If X is reflexive and 1 < p < oo, then LP(I; X) is reflexive.

4.3 Spaces W'?(I; X) (Sobolev—Bochner spaces)

Definition 4.3.1 — Weak time derivative. Let u € L] (I;X) and g € L] (I; X). We say that g is weak
derivative of u with respect to t, i.e., g = v/, if

/ w(t)! () dAa (r) = — / 9t (t) i (1)
I

I

holds for all ¢ € C5°(I;R).

In what follows, in particular in Chapters 5 and 9, we will often use the notation u’ = d;u.
We have

Lemma 4.3.2 Let g € L}, (I;X), to € I and let I be an open interval. Let

f@t) ::/t g(s) dAi(s).

Then f € C(I; X) and
f'=y9

in the weak sense and almost everywhere in I.

Further

Corollary 4.3.3. Let f € Llloc(I; X) be such that f' = 0 almost everywhere in I. Then there exists xg € X such that
f = zo almost everywhere in I.

Definition 4.3.4 — Sobolev—Bochner spaces. Let 1 < p < oo and u € LP(I; X) be such that v’ € LP(I; X).
Then we say that u belongs to the Sobolev-Bochner space W1 (I; X) and we define

lullwrrerxy = llullpe@x) + 14| orx)-

Proposition 4.3.5. If 1 < p < oo, then W1P(I; X) is with respect to the norm defined above a Banach space. If X is
a Hilbert space, then W12(I; X) is a Hilbert space with respect to the scalar product

(u,v)wl,z(];X) = /(um)x d\; +/(u/7’l}/)x dX\;

I I

for any u, v € WH2(I; X). The associated norm is an equivalent norm on W12(I; X).

Proposition 4.3.6. If X is reflexive, then WP (I; X) is for 1 < p < oo reflexive. If 1 < p < co and X is separable, then
WP(I; X) is separable.

Proposition 4.3.7. Let 1 < p < oo and u € W1P(I; X). Then there exists to € I such that for almost all t € T

u(t) = u(to) +/ u'(s) d)(s).

to

In fact, Proposition 4.3.7 yields existence of N C I, a null set, such that u(t) = u(to) + j;to s)dA1(s) for all ¢,

to € I\N. Let I = (a,b). If g € L*(a,b; X) and f(t) f g(s)d\i(s), then also ||g||x € L*((a,b)) and f € AC([a, b]; X).
Recall that f: [a,b] — X is absolutely continuous on [a,b], if VE > 036 > 0: >, |If(b) — f(ai)]|x < € for all
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{[a;,b;]}™, disjoint collection of subintervals of I with the total length less than §. Therefore, if u € WP (a, b; X),
then there exists a representative of u, a function u € AC([a,b]; X) such that u is differentiable almost everywhere,
@' =’ and @ = u almost everywhere in [a, b]. Unless stated differently, we shall always assume that we work directly
with this representative.

We further have

Proposition 4.3.8. Let 1 < p < oo. Then W'P(I; X) < C(I; X), i.e., working with the representative from above, we
have

lalleoxy < Cllullwragrx)-

The previous results are summarized in the following theorem.

Theorem 4.3.9 — Properties of weak derivative. Let u € LP(I; X), 1 < p < co. Then the following asser-
tions are equivalent:

1. e Who(I: X)
2. u is absolutely continuous on I and u’ € LP(I; X)

3. there exists a function v € LP(I; X) such that for all 2/ € X* the function ¢ (t) := (z/,u(t))x is absolutely
continuous on I and ¢'(t) = (2, v(t))x almost everywhere in I.

Furthermore, we have

Theorem 4.3.10 — Density of smooth functions in time. Let 1 < p < oo. Then C*®(I; X) is dense in
WLe(I; X).

4.4 Gelfand triple and properties of corresponding Bochner spaces
We next consider a more general setting, where the time derivative in general belongs to a different space than the
function itself.
Definition 4.4.1 — Gelfand triple. Let X be a separable reflexive Banach space such that there exists a Hilbert
space H, where X — H densely. Then we call the triple X, H & H* and X* the Gelfand triple.

In what follows we shall prove that
X —>H2H"— X"

where both embeddings are dense. The identification of H and H* is through the Riesz representation Theorem. Let
xr € X and Ix € H, where I: X — H represents the embedding. Let ®: H* — H be the mapping which represents
the Riesz representation Theorem. Then we may define i: X — X* as follows

(ixg, z)x 1= (Izo, [2)g = (<I>_1]x07lx>H,

where z, g € X. The mapping i: X — X* is injective and i(X) is dense in X* (due to the fact that both embeddings
are dense).

Example 4.4.2. Let X = W, ?(Q) and H = L?*(Q). As W, () is densely embedded into L?(Q), the spaces
We2(Q), L2(Q) and W—12(Q) = (WOlZ(Q))* form the Gelfand triple. By the Riesz representation Theorem, for any

f € W12(Q) there exists unique u; € Wy'>() such that

<fv U>W01’2(Q) = ((uf7v))Wol’2(Q) = Avu -Vu df‘Uv
where the scalar product is equivalent to the standard scalar product on W2(Q). Now, if u € C§°(£2) (which is dense
in Wy2(12)), then
((u,v))WOl,z(Q) = /QVU -Voder = — /Q Auv dx

for any v € W, (Q2). Hence for any f € W~12(Q) there exists {un }nen such that u, — us in Wy*(€2). Then

<f7U>W01‘2(Q) = nh_)rréo A —Aupvdr = nli_{lgo(_Aun,U)L2(Q)

= nan;Q(i(fAun), U>W01v2(gz) = nlingo<i(fn)av>wg’2(gz)a
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where f,, € C5°(Q). Clearly, i is injective by definition and i(Wy?(Q)) is dense in L2(Q). Moreover, if f € L2(Q),
then —Au,, — f in L?(2) and we have that

<f,U>W01,2(Q):/QfUdIE

for any v € W, %(Q).
In this setting, we can generalize the definition of the time derivative.

Definition 4.4.3 — Generalized weak time derivative. Let u € LP([; X), where X, H and X* form the
Gelfand triple. Then we say that v € L(I; X*) is the time derivative of u, if

/(v,w>xwdt = —/(u,w)Hw'dt
I I
holds for all w € X, ¢ € C§°(I;R). We denote u' := v.

We have the following important result.

Theorem 4.4.4 — Continuous representative for Gelfand triple. Let X, H, X* form the Gelfand triple,
and let w € LP(I; X) with v/ € LP (I; X*), 1 < p < co. Then u = & almost everywhere in I, where u € C(I; H).
Moreover, t — |[u(t)||% is weakly differentiable, and

@l =20 (), u(t) x

almost everywhere in I. In particular,

@)l = @)l + / 20 (5), u(s)) x ds.

ty
Remark 4.4.5. Similarly as in Theorem 4.4.4 we may also show that if u, v € LP(I; X), v/, v/ € LPI(I; X*), then for
¥ € C°(I;R)
/ (<u/,”U>X + <U/7U>X)¢dt = - /(%U)HW dt
I I

as well as

to

[ (W ohx + @) e = (atta), o)) = (ult). vt roten) — [ (u o)’ de

tl tl
for any ¢ € C°°(I;R) and any t1,t5 € I.
The proof of the theorem requires several auxiliary results which are also important independently.

Lemma 4.4.6 Let u € LP(I;X) and v’ € LY(I;Y), 1 < p,q < oo, where X, Y are Banach spaces, X — Y. Then
there exists a sequence {uy, }nen C C°(I; X) such that {u, },en C C°(I;Y), and

Up —> U in LP(I; X) and ul, — u’ in LY(I;Y).

Lemma 4.4.7 Let X be a reflexive Banach space, Y a Banach space and X — Y densely. Then Y* — X*
densely.

Definition 4.4.8 — Weak continuity. Let X be a Banach space. We say that u: I — X is continuous in the
weak topology of X (weakly continuous in X), u € C(I; X,,), if the mapping

t— (2, u(t))x
is continuous in I for all z’ € X*.

Clearly, if v € C(I;X), then u € C(I; X,), the other implication is generally true only if X is finite dimen-
sional.

Lemma 4.4.9 Let X, Y be two Banach spaces, X reflexive, X < Y densely, I C R be bounded, open. Let
@ e L®°(I;X) and ¢ € C(T;Y,). Then ¢ € C(T; X,).
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4.5 Compact embedding of spaces with time derivative

We close this chapter by presenting a result which will replace for the evolutionary equations the result on compact
embedding of Sobolev spaces and thus will allow to solve certain classes of nonlinear problems. We consider for X
and X; Banach spaces

W = W;g(;{l ={v e L*(I;Xo) |v' € LY (I; X1)},

where I C R is an open bounded interval. We define
lullw = llullLoo (1,x0) + 14 | (1,x,)-

The main result is

Theorem 4.5.1 — Aubin—Lions. Let X, X; and X be Banach spaces such that Xg —<— X — X;. Let Xy,
X1 be reflexive, 1 < ag, a1 < oo and let I be open, bounded. Then W << L ([; X).



Chapter 5

Linear evolutionary equations

We shall now study problems which describe evolution of certain quantities in time. In this chapter we restrict ourselves
to linear problems which are easier to study and we present existence of weak solutions to linear parabolic equation
(as, e.g., the heat equation) and linear hyperbolic problems (as, e.g., the wave equation). We also study regularity
of weak solutions as well as some of their further properties. In the whole chapter, we restrict ourselves to scalar
equations. Another method, based on the theory of semigroups, will be presented in Chapter 9.

5.1 Second order parabolic equations

Let Q C R? be open, bounded and let 7' € (0,00). We set Q7 := (0,T) x  and consider

(9tu + Lu = f in QT
u=0 on (0,T) x 99 (5.1)
u(0,-) = g(*) in €,

where f: Qr — R and g: Q — R are given, and u: (@7 — R is unknown. Moreover, we assume that

Lu::—z:aa(”a )—&-ZQ _ U,

i,j=1 Li
where {a;;}{;_;, {¢;}{_, and b: Qr — R are given functions.

Definition 5.1.1 — Parabolic operator. We say that the operator 0; + L is parabolic if there exists C7 > 0
such that

d
Z t z gzgj 2 Cl‘£|2

for all £ € R? and almost every (t,z) € Q7. Moreover, the functions {a;; }¢ {e;}4_, and b are from L>®(Qr).

3,j=17

Example 5.1.2. Taking a;; = d;;, ¢ = 0 and b = 0 we get that Lu = —Aw and the corresponding equation (5.1);
reduces to the heat equation
Oyu — Au = f.

Keeping ¢ = 0 and b = 0, but considering Lu = *Zijzl a%i(aija‘%) we get a generalized heat equation
(corresponding to an inhomogeneous material with respect to the heat conductivity)
d
0 Ju
Opu — — (a- —) = f.
¢ Z (9561 " al‘j f
i,j=1
5.1.1 Existence of weak solutions to linear parabolic problems
In order to obtain the weak formulation for our problem, we define

d

Blu,v](t) :/Q[Z aijg;aa; ch U—I—buv}( S dx

1,j=1

which is well defined for almost every t € (0,7) if u, v € WH3(Q) and {as;}¢,_,, {ei},, b € L=(Qr). We first
reformulate our problem (5.1) into the setting we introduced in Chapter 4.

85
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We consider the mapping
w: [0,T] = Wy2(Q)

defined by
[u(®)](x) = u(t, x), xeQ, tel0,T],

and similarly
f:00,T] = L*(Q) or W~ 12(Q).

Since we consider u € L2(0,T; W'2(Q2)) and a;;, ¢; and b € L>(Qr), using

d d
0 ou ou
= 3 g () ~ ey b S

we may expect that dyu € L%(0,T7;W~12(Q)). For simplicity, we first consider only the homogeneous Dirichlet
boundary conditions. A more complex choice of boundary conditions will be presented later. We have

Definition 5.1.3 — Weak solution to linear parabolic problem. Let T € (0,00), f € L*(0,T; W~12(Q)),
g € L*(Q) and let the operator d; + L be parabolic in the sense of Definition 5.1.1. Then u € L2(0,T; Wy (Q))
with dyu € L2(0,T; W~12(Q)) is a weak solution to our problem (5.1), provided

<8tu,u>wol,2(m + Blu,v](t) = {f, v)Wol,z(Q)
holds for almost every ¢t € (0,T) and all v € W,"*(Q) and
u(0,-) = g(-).

Remark 5.1.4. If u € L2(0,T; Wy*(Q)) and dyu € L2(0,T; W~12(Q)), then u € C([0,T]; L2(R2)), as W, *(Q), L3(Q)
and W=12(Q) form a Gelfand triple. Therefore the initial condition at ¢ = 0 is satisfied in the sense

Jim u(t, ) = g2 = 0,

where we work with the continuous representative from Theorem 4.4.4.

Before proving existence of the unique weak solution, let us show several important auxiliary results.

Lemma 5.1.5 — Properties of projection to eigenfunctions of Laplace equation I. Let {w;};2, be the
eigenfunctions to Laplace equation with Dirichlet boundary conditions normalized in L?(£2), i.e., for any k¥ € N the

function wy, € Wy %(Q) and
/ Vwyg - Vodx = )\k/ wiv dx
Q Q

holds for any v € W, (), where \; > 0 are the corresponding eigenvalues, |lwy|ls = 1. We set for arbitrary
u € L?(Q) and n €N
n
Up ‘= Z a;Wsj,
j=1

where a; := (u,wy)2 = [ uw; dz. Then it holds.

1. We have for any n € N
l[unllz < Jlull2. (5.2)

2. If further u € W, (), then also for any n € N

IVunlls < [[Vulla. (5-3)

3. Moreover, there exists a positive constant C' such that if Q@ € C1! and v € W22(Q) N Wol’z(Q), for any n € N
it holds
[unll22 < Cllull2,2. (5.4)

Proof. Step 1: Proof of Claim 1.
The proof follows from standard theory on abstract Fourier series, as {wy}3; forms an orthonormal complete system
in L2(Q).

Step 2: Proof of Claim 2.

Recall that {Y/T;\Lf }2° | forms an orthonormal system in W, % () with respect to the equivalent norm in W, *(2) defined
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as \||u|\|W01,2(Q) = [|[Vul|L2(qrey. We then compute (recall that (Vwy, Vw)z = 0 if k # 1)

n

n 2 n 1
IVunllf = | Yo w)o V) = D (w031 Vunld = Y- IVl (Vu, V)3
k=1 k=1 k=1"Fk

n V 2
- Z )\ik(Vu,Vwk)g = Z (VU, %)2 < [[Vull3,
k=1 k=1

where in the last step we used the Bessel inequality.
Step 3: Proof of Claim 3.
Note first that under the assumption on regularity of € there exist positive constants C7 and Cj such that for any
v e W22(Q) N W, ?(Q) we have
Cillvl22 < [[Av]l2 < Callv]2,2- (5.5)

This follows directly from Theorem 3.7.8. Indeed, let f € L?(€2) be such that

Av = f.

Since v € WO1 ’Q(Q), we may view the problem above as a weak solution to the Laplace equation with the homogeneous
Dirichlet boundary condition. Whence by Theorem 3.7.8 we know that

[vll2,2 < C| f]l2-

We thus compute
[oll32 < II£115 = [[Av]3.

The other inequality is trivial. Note further that again due to Theorem 3.7.8 and Remark 3.7.9 we know that for any
ke Nw, e W22(Q)nW,%(Q). As

(Awg, Awy)o = Mg (wi, wi)2 = A Ai0gi,

we have

n 2 n
Cillunllf > < 1Aunl = || 32w wi) A = 7 (w3 Aw 3
k=1 k=1
n

=D (ww)3AE =Y (Vu, V)i = > (Au,wp )i < [Aufl3 < Colful3 .
k=1 k=1 k=1

Above, we used twice inequality (5.5), properties of the eigenfunctions to the Laplace operator as well as Bessel

inequality. |
In case we study more general boundary conditions for the parabolic problem, the following generalization of
Lemma 5.1.5 is useful. Note that we can even have [I'1| =0 (i.e., Ay = 0 and wy = const = ﬁ)
Lemma 5.1.6 — Properties of projection to eigenfunctions of Laplace equation II. Let

V={uecW"(Q)|u=0 onT; C 09},

0N =T1UTUM, |M|4—1 =0 and consider the following problem in the weak setting,

—Awk = )\kwk in
W = 0 on Fl
0
% =0 on I's,

i.e., we look for a nontrivial wy € V, ||wg|2 = 1, such that

/Vkavdx:)\k/wkvdx
Q Q

holds for all v € V. We set as above u, = >, _; (u, wy)wg, where u € L*(Q).

1. We have for any n € N
l[unll2 < [lull2.

2. If additionally u € V, then also
IVun]ls < [[Vulla.
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Proof. The proof is exactly the same as in the case of Lemma 5.1.5, Claims 1. and 2. |

Next we recall

Lemma 5.1.7 — Gronwall lemma. Let n € C([0,T)), g, h € L'(0,T), g nonnegative almost everywhere in
(0,T) be such that

n'(t) <n(t)g(t) + h(t) (5.6)
holds almost everywhere in (0,7"). Then for any ¢t € (0, T]

n(t) < elo 9(s)ds (n(O) + /Ot h(s) ds). (5.7)

Exercise 5.1.8. Prove the Gronwall inequality (5.7).

We now aim at showing the following fundamental result

Theorem 5.1.9 — Existence and uniqueness of weak solutions to linear parabolic problem. Under the
assumptions stated in Definition 5.1.3, for any T' < oo, there exists a unique weak solution to Problem (5.1) in the
sense of Definition 5.1.3.

Proof. Step 1: Galerkin approximation

We assume that {wy}ren is a the orthonormal basis in L?(Q2) and orthogonal in W12(Q2) formed by eigenfunctions
of the Laplace equation with homogeneous Dirichlet boundary condition. We have that w;, € C>(Q) N Wy(Q) for
any k € N. We now look for the approximate solution in the form

Un(t, ) == Zd?(t)wk(a:) (5.8)
k=1

and we have that
n

un (0, ) = Zdﬁ(())wk(x), (5.9)
k=1
where

di(0) := /ngk dz = (g9, wk) 2(0)- (5.10)

Further, we assume that wu,, solves our problem for test functions from a finite dimensional subspace of W, *(Q) only,
i.e., from the linear hull of {wy}7_,. Then we can write our approximate problem as follows

(Brttn(t, ), wi) () + Blutn, wil(1) = ({1, ). w2, (5.11)

k=1,2,...,n, where u,(0) fulfils (5.9)—(5.10). The main point is that we may rewrite (5.11) as a system of ordinary
differential equations for the unknown functions {d}}7_; as follows

a'(6) + B[ D i (0w, we ] (1) = (1) widyaea) (5.12)
=1 |

d(0) = (9, wk) L2 ()

Note that (5.12) is a system of linear ordinary differential equations of the first order, where the right-hand side
belongs to L?(0,T). Therefore we may apply the Carathéodory theory to deduce existence of a unique vector-valued
absolutely continuous function d solving (5.12) a.e. in (0,7). (If the reader prefers to use the classical theory for
ODEs, it is possible to mollify the function f in time which we, however, will not do in these Lecture Notes.)
Step 2: Energy estimates

We intend to pass with n — 0o, so we need to control the sequence of approximate solutions independently of n, i.e.,
we need to prove the so called a priori estimates. To this aim, we multiply the Galerkin approximation tested by wy
by dj(t) and sum up with respect to k, from 1 to n. It is in fact the same as using as a test function the solution
itself. We get

d d
Oou, Ou ou
a n nd 27'”'7” 27" n b n2 d - s Un, s . 513
/Q U U x+/ﬂ<mzlayaxiaxj+;c 9. ¥ + \u\) z = (f, un)yw12() (5.13)

We have
1d

Opuntndz = =— [ |u,|[*dz
/Q " 2dt Jo' "
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and
Blup, un](t) > C1[|Vun||72(qray = CllVunl L2 @ra) lunll 22) = CllunllF2q)-
Therefore d
&”UHH%HQ) + Cl”“n”%vw(sz) < C(”“n”%mz) + ||f||%/vfl,2(sz))- (5.14)

We now employ the Gronwall Lemma 5.1.7. Inequality
1'(t) < Cin(t) + C2F (t)
in (0,7) implies
t
n(t) < et (n(O) + CQ/ F(s) ds)

0

n (0,T). Denoting n(t) := HunH%Q(Q F(t) == | f@Ol2 -1 2(y)» We end up with
[un (8 )72y < CT) (Ilun (0, )72 () + 1F1Z22(0.0w-1.2(02))
for arbitrary ¢ € (0,T). Due to the Bessel inequality (see also Lemma 5.1.5, Case 1.)
[ (0, )| z2() < I9l172(0):

hence we get

tg[léﬁé llun(t, L2 < (||9||L2(Q) + Hf||L2(07T;W—112(Q)))'

We now return back to (5.14) and read from it

T T t
Co [ et < C( [ Ty @t [ 171y 28) + a0
therefore, together with the estimate above
[unllLee 0,7522(0)) + l[tnllL20,mwr2(0) < C(”JCHL?(O,T;W*L?(Q)) + HgHL2(Q))-

We, however, also need an estimate of the time derivative. For arbitrary v € VVO1 2(Q) we can write
v = v}l + v,%,

where v} belongs to the linear hull of {wy}7_,, and v2 is perpendicular to this set in L?(£2). We easily get
/ Orupvde = / Oty (v + vi) dx = / Opun v} dx + 0
Q Q Q

and we may use the Galerkin approximation for u,. It yields (recall that Wy?(2), L2(Q) and W~12(Q) form the
Gelfand triple)

<atunav7lz>W01‘2(Q) = / 8tUnU711 dz = (f, U711>W01’2(Q) - B[U’n7v7lz](t)7
Q

and therefore

|0t ||y —1.2(0) = bup <atun,U>W01,2(Q) = sup Oy v de
vewd2(@) vewg 2@ Y
H””Wl 2(Q)<1 HUHWLQ(Q)Sl
= sup / Orun vl dr = sup ((f, v,ll)wol,z(ﬂ) - B[un,v}l})
vew (Q) Q2 vGW 2(Q)
HU||W1 2(9) HU“WI 2(9)<1
< sup (Iflw-r2@) + Cllunllwrz@) o w2
v€W&‘2(Q)

”'U”WL?(Q)SI

< C([Ifllw-r2(@) + lunllwrz@))

where we used that [|v}lwi20) < [[v]lwr2), see Lemma 5.1.5, Claim 2. Therefore we have

10stun 207w -1202)) < C(I1f Il L2(0,m5w-12(0)) + [[tnllL200, 13w 12(0)))
<

C(”fHL?(O,T;W*l«?(Q)) + HgHL2(Q))'
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Step 3: Limit passage

Next we want to let n — co. As the spaces L2(0,T; W, %(Q)) and L2(0,T; W~ 2(Qg) are Hilbert spaces and the
space L>(0,T; L%())) has a separable predual space, there exists u € L2(0 T; Wy () N L®(0,T; L2(Q)) with
Oy € L?(0,T; W‘l’Q(Q)) such that for a chosen subsequence {ny}ren C {n}nen We have for k — oo

Up, — U in L(0,T; W, *(Q))
Up, =" U in L>(0,T; L*(Q))
Optty,, — Ot in L?(0,T; W~12(Q)).

Passing to the limit in the modified Galerkin approximation
T

T T
(Optny s Wi) 1.2 ¥ dt + Bluy,,, w)ydt = (f,wi) 2t dt,
; 3@ | | 3@

where ¢ € C§°((0,T)), we get

T T T
<8tu,wl>W1,2(Q)¢dt+ Blu,wJyp dt = {f, wl>W1,z(Q)1/) dt
0 © 0 0 0

for all I € N and all 1 € C5°((0,T)). As the linear hull of {w;};en is dense in Wy*(€2), we easily show

T T T
/0 (Oru, U> 1/)dt+/ B[u,v]1/)dt:/0 (f,v>W01,z(Q)wdt (5.15)

for all v € W, *(Q) and all ¢ € C§°((0,T)). Hence
<6tuaU>W01*2(Q) + Blu,v]y = (f, U)W&’Q(Q)

for all v € WH2(Q) almost everywhere in (0, 7). Note that v does not depend on time and the set of times, where the
equality holds, is connected to the set of Lebesgue points of the three terms above. Thus the equality holds on the
same set for all functions v € WO1 2(Q).

Let us now verify that lim; o, |[u(t) — gl/z2(q) = 0. First, we have from (5.15) due to the definition of the time
derivative

T T T
_/O (1, 0) 20y dt+/o B[u,v](t)wdtz/o (f. 0wy dt

for all v € Wy?(Q) and all ¢ € C5°((0,T)). As (u,v)2(0) € C([0,T]) for any v € W, 2(2), we may take a sequence of
¥y, € C3°((0,T)) such that it converges to a function ¢ € C3°([0,T)) locally uniformly in (0,7) (and ¢’ converges in
distributions to ¢’ + 1(0)d). Then we get

T

T T
~ [ o)y dt = (@O0 aypl0) + [ Blusel@wde = [ (F0) o 0b (5.16)
0 0 0

for all v € W, () and ¢ € C5°([0,T)). Similarly, starting now from the Galerkin approximation, we have (we
multiply the k-th equation by ¢ € C§°([0,T)), integrate over the time interval and use the integration by parts with
respect to time)

T

T T
*/ (tny s wi) L2 At — (n, (0, ), wi(-)) £2(0)¥(0) +/ Bl , w](t)y dt :/ (fswi) a2y dt
0 0 0

for any [ € {1,2,...,n4}. Using the fact that (u,, (0),w;)r2) = (9, wi)r2(q) for any I < ny, we may pass to the limit
k — oo to get

T T
—/ (w, wi) p2) ¥’ dt — (g, wi) £2()¥(0) / Blu, w](t) dt = / (fy w2 gy dt
0 0

for any I € N and any ¢ € C§°([0,T)). Next, using the density of the linear hull of {w;};en in Wy'*() we easily get

T

T T
*/ (u,v) 20y’ dt — (g,v) 2(0)¥(0) +/ Blu,v](t)y dt = / (f, U>W01’2(Q)1/} dt
0 0 0
for any v € W, *(Q) and any v € C5°([0,T)). Hence

(u(0,),v() 2 = (9. V)12(0) Yo € Wy (Q) D C°(Q)
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which yields

Since u € C([0,T7]; L?(£2)), we also have

Jim u(®) = gllz2(0) = .

Step 4: Uniqueness
Since the problem is linear, it is enough to verify that unique solution to our problem with f =0 and g =0 is u = 0.
As the solution w is an appropriate test function, we have for almost every ¢ € (0,T)
(u’,u}wé,z(ﬂ) + Blu,u] = 0.

Using now Theorem 4.4.4 and the properties of the bilinear form, we have

1d C

5@”“\\%2(9) + 7”“”%{/12(9) < CHUH%P(Q)'
The Gronwall Lemma 5.1.7 together with the fact that the initial condition is zero yields

[lu(t, -)||%2(Q) =0 for any ¢ € [0, 77,

whence u = 0 almost everywhere in Q. |

We now consider a more general initial-boundary value problem (with the same parabolic operator as above)

Ou+ Lu=f in Qr
u = U on (0,T) xI'y
(AVu)-v=nh on (0,7) x T'y (5.17)
(AVu) -v+ou=nh on (0,T) xI's
u(-,0) =g() in €.

We set
V ={veW"?|v=0onT; in the sense of traces}.

We assume that there exists
Up € L*(0, T; WH2(Q))  with 0,Uy € L*(0,T; (WH%(Q))*), Uolr, = uo (5.18)
and further, we take

feL?0,T;V*),  helL?0,T;(W23T,Ul3)*), oelL>(0,T)xTs) geL*Q). (5.19)

Definition 5.1.10 We say that u € L2(0,T; W12(2)) such that u — Uy € L?(0,T;V), 8;(u — Up) € L*(0,T; V*)
is a weak solution to problem (5.17), if

(O, vy + Blu, 0] (¢) +/ cuvdS = (f,0)y + (h, v)

15
s W2 %(I'aUT's)

for all v € V and almost every ¢t € (0,T'), together with «(0,-) = g(-).

Remark 5.1.11. Note that V — H = L?(Q) = (L*(Q))* < V*, where the embeddings are dense, form the Gelfand
triple. Furthermore u— Uy € C([0,7T7]; L?(2)). Since also Uy € C([0, T]; L*(Q)), we have u € C([0, T]; L*(22)). Therefore
the initial condition is well defined.

Theorem 5.1.12 — Existence and uniqueness of weak solutions to linear parabolic problem with
general boundary conditions. Let Q € C%! and {I';}?_, be as in the elliptic problem. Let the operator d; + L
be parabolic. Then under assumptions (5.18)—(5.19) there exists unique weak solution to (5.17) in the sense of
Definition 5.1.10.

Proof. We take {wy }ren, formed by the eigenfunction to the following problem

—Awk = )\kwk in Q
wi =0 on I'y
0
Yk _ g on Ty UTs.

v
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We now look for u,, in the form
Un(t,2) = Up(t,x) + > dpt(t)wy(z)
k=1

with initial condition
n

(un — Up)(0,2) = Z(un — Up, wi) 12 (0) (t)wi ()

k=1
such that
(Ortn, wi) L2(0) + Blun, wi] + /FS oupwy dS = (f,wy)v + <hawk>W%,2(F2Ur3)
for all k = 1,2,...,n. The existence of a unique solution to this problem can be shown exactly as in Theorem 5.1.9.

For the uniform estimates, we use as a test function w, — Uy (which belongs to the linear hull of {w}}'_,) and get

(Ostin, un, — Uo) 2(q2) + Bltn, upn — Up] + /F3 oUp (un — Ug)dS = (f, un — Ug)v + (h,un — U0>W%'2(F2u1“3)'

This can be rewritten as

(at(un - Uo),un — UO)LZ(Q) + B[un —Up, Uy — U()] +/ o‘(un — U0)2 ds = —<8tU0,un — U0>W01'2(Q)
I's

— B[U(],un — Uo] — / O'Uo(un — U()) ds + <f, Uy — >V + <h Uy — U(]> 2(p,ur
I's 2Ul3)’

As in Theorem 5.1.9, by means of the Gronwall argument, we get

C
e, [ (un — Uo)(t, )l L2(02) + *IHUn = Uollz2(0,7;w12(0))

+ 1(un = Uo)(0, ) z2())

< C(Hf”L"’(O,T;V*) + 0ol 20, m5wr2()) + 19:Uol| 2 0,750w 1.2 ()))+ + ||h||(W%,2(F2UF3))* + ||9||L2(Q))-

< C(If 20,1 + 100l 20,mw12(9)) + 10:Uol| L2 0,73 w1.2 ()« + 1Al gy 32 )=

The difficulty is connected with the surface integral over I's, where we need to estimate

1 1
[ UOHLQ(F?,) < Cllun — U0||22(Q)||Un - U0||5V1,2(Q)

which follows from the properties of the trace operator.
Similarly as in Theorem 5.1.9 we also get

||at(un - UO)”Lz(O,T;V*)
< C(Ifll20.r:v ) + 0ol L20.0:w 12 2y + 10:U0l| L2 0,73 w12 () + ||h||(W; 2(rury))s lgllz2())-

The limit passage n — oo is the same as above in Theorem 5.1.9, similarly also the satisfaction of the initial
condition. Finally, for uniqueness, we again need to verify that for zero data, the only solution is zero. We have

(Opu, v)v + Blu, v](t) —|—/ ouvdS =0

I's

with u(0) = 0. We plug in v := u and get

1d, Cy

5 qpltllizo) + S llellwrie) < CllulZz i) + lulZay)-

We again employ the interpolation inequality

1 1
lullzare) < CllulZaggy il a0

together with the Young inequality and the Gronwall inequality yields due to the zero initial condition that u = 0
almost everywhere in Q7. The proof is complete. |
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5.1.2 Regularity of weak solutions to linear parabolic problems

Let us now look at the problem of the regularity of the solution. We first present formal argument why we may expect
a better regularity than we get from the definition of the weak solution. For the sake of simplicity, we consider only
the heat equation in R?, i.e.,

Ou—Au=f in (0,T) x RY,

u(0,-) = g(") in RY,
and let f € L2((0,T) x R%) = L2(0,T; L*(RY)), g € Wh2(R%) = W, (R?%). Furthermore, we assume that u — 0 when
|z| — oo so that all integrations by parts we use below are allowed. Then we have

fPde = / (Opu — Au)? dx = / ((atu)2 + (Au)? — 2Au8tu) dz
Re R? Re

= / ((atu)2 dz 4+ / (Au)?*dz +2 | 0;Vu-Vudz.
Rd Rd Rd

The second integral can be rewritten as

/Rdmu)zdx:/w(gi;lgj;g)(za:;)dx

2,12
Z Rd aIkaIl 8l‘kazl / |V u| dz

and the third integral

2 [ OVu-Vudx = 4 |Vul? dz.
Rd dt Rd

Therefore .
max |Vu|* dz + / / <|V2u|2 + (8tu)2) dz dt
R 0 Jrd

t€[0,T]

T
\Vu( )\2d3:—|—/ f2 dzdt
0

L/mew/n/ﬁmw

Next we differentiate the equation with respect to time. We get
8t2tu — A@tu = 8tf,
hence testing the equation by 8tu

L - / Vorul? dz — / 0, Oy dz.
Thus, using also the Gronwall lemma 5.1.7 and the fact that d;u(0,-) = Au(0,-) + f(0,-),

tren(?%(" Hatu||L2(Rd)+||vatu||L2 ((0,T)xRd;Rd) = ||3tf||L2 (0,T)xRd) +||V29||L2 Rd;Rdxd) +1.£(0, )||2L2(Rd)~

Since
1£(0, ) r2ray < C(10efl 20,1y xRy + 1f I L2¢0.7) xR )
we get

tg%a}; 10¢ul L2 (rey + [V O3l 2((0,1) xretsre) < O f llwr2 0,22 Ry + V29l L2ResRaxay ) -

Combining all the estimates together, we finish with

tg[lgb%(nat“HL?(Rd ) + IVl L2 meey) + V0wl 20,1y xresrey + 1V 2ull L2 ((0,1) xResRAx )

< C([Iflwrzo,r:z2®e)) + [IVllwrzgraray)-

We shall now show the estimates rigorously, for our general parabolic operator. As in the elliptic part, we consider
only homogeneous Dirichlet boundary conditions. We shall assume the following;:

{ai}¢ ;1 € WH(Qr), {ei}iin b e L®(Qr), 520
Qecht, feL*Qr), g€ Wy (Q)
and, for higher regularity,
{aij}i ;20 € WH2(Qr), {ci}i_y,b € WH(0,T; L>(Q)), (5.21)
Qectt, f e Wh2(0,T; L3 (), g € W22(Q) N W, 2(). '

We have
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Theorem 5.1.13 — Regularity of weak solutions to parabolic equations I. Let u € L?(0,T; WOIQ(Q))
with d;u € L?(0,T; W~12(Q)) be a weak solution to our parabolic problem in the sense of Definition 5.1.3. Let
assumptions (5.20) be fulfilled. Then u € L2(0, T; W>2(Q)) N L>=(0, T; Wy *(2)) with d,u € L2((0,T) x ) and

esssup [Vull ity + 10lz2(@n) + IV%ulz2(@riocs) < OIfli2@n) + 190lzamn)
te

where C' depends on T,  and coefficients of L. If (5.21) is fulfilled, then additionally u € L®(0,T; W22(£2)) with
dyu € L®(0,T; L2(Q)) N L2(0, T; Wy 2()), 02w € L2(0, T; W—12(Q)), and

eSS[Sljl-}}) (HVQUHLz(Q;Rdxd) + ||8tu||L2(Q)) + ||8tu|\Lz(0,T;W1,2(Q)) + ||8t2tu||L2(0,T;W*1~2(Q))
telo,

< C(Ifllwrzo,r;r2) + llgllw22(a))-

Proof. Recall that due to the assumptions of Theorem 5.1.13, there exists unique weak solution to the parabolic
problem in the sense of Definition 5.1.3. Therefore we may work either with the Galerkin approximation or with the
weak formulation.

Step 1: First time derivative estimate

We start with the Galerkin approximation

8un owy,
Opupw dac—|—/ a;; cl w + bupwy ) de = wy, dx,
| Drn (Z I 9, D 12:: k k) Qf k

kE=1,2,...,n. We multiply the k-th equation by 0,d}(t) and sum up for k from 1 to n (i.e., we test by the time
derivative of the approximate solution). We get

0 Ouy, O(huy) < ou
n 2d / i‘in Ln d iin n b n n d :/ nd .
/Q(atu ) dx + ; (i;Iajaxj oz, :ch;c oz, Oy, + bu,Osu ) T Qf@tu T

If A= AT, we could proceed directly, since

d d
Ouy, 8(3tun Oy, Ouy, 1 Ou,, Ou,
/Q ( Z a”ach 0z, T2 dt/ Z i dx; Ox; do = 2 Z Ohaij dz; Ox; v
1,0=1 1,]=
In the general case we write
Oun D(Dpun) ¢ L ﬁun (Byu) 8un A(Oyun)
1 o 1 ) d
/ ”21 J 836] ox; / ( Z: 2 (a5 + a:) 8953 ox; Z: axj ox; ) .
d
_5&/92 i(aij—i_aﬁ)@x‘ 5’:1:z / Z 8t a”—i_a“)&r- ox; dz
i,j=1 J ij= 2 J
d
10 ou
- a 0 ) - (9 mn d .
/S; Z 2axi(a’] a])aérj tU X

Above, we used in the last term integration by parts together with the fact that Q € C1!, the eigenfunctions of the
Laplace equation with homogeneous Dirichlet boundary condition are of the class W22(Q) N Wy*(€2) and the extra

term
52
/ g a” aj;) D0, —— O, dr = 0,

4,j= 1
since the second derivative is symmetric and the term a;; — a;; is skew symmetric. We end up with (note that

d 1 Quy Ouy d Ouy Oun
Zm:l 5(aij + aji) B e = Zi,j:l aij Ga G due to the symmetry)

d
1d ou, Ou ou
2 - n n — _ L _
||8,gun||L2(Q -3 / E : ai; 6xj o dx = /Qfatun dx /Q 12:1 i oz, Osuy, dx /Qbunatun dx

ouy, aun Ou,
/ Z Oraij—— oz, axl / Z 28371 (ai; — ajz) 8tun dz.

lj*

Due to our assumptions we can estimate the right-hand side as

|RHS| < || fllL2@10unllL2@) + C(L) (I V2 @ra) 10¢unll 20y + lunll 2@l 0cunll L2 (@) + I Vunll7z@re)
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and due to the bounds from Theorem 5.1.9 and parabolicity of the operator 9; 4+ L; i.e.,

d Ju au
ClHVU”LZ(Q R9) —/ Z bij o ax

we get
d

esssup/ a;j—— ——— dx + ||Opun || 72 < fllzz +llgllz2c0) + [|Vun 2

saup [ 07 5 Gt o 10k < Ol Man * ok + 1900l

Recall that due to Claim 2. from Lemma 5.1.5 [[Vu, (0, )| 2(ore) < [[Vgll22(qray- Then
||vun||L°°(07T;L2(Q;R")) + HatunHLQ(QT) < C(||fHL2(QT) + HgHle?(Q))a

where the constant C' depends on the coefficients of L, on T" and 2. We may therefore let n — oo to get
IVull L 0,722 rey) + 10ullz2(@ry < C(1f 2@ + lgllwr2(e))-

Step 2: Regularity in spatial variables
We may write now

/Qi wgu 85; /f dx—/@tu dx—/(Zq vfb’wz))( ) dz
Q=1 1

for all v € W12(Q2) and almost every t € (0,T). Therefore, using the elliptic regularity, we get

lult, Ylwz2@) < CUIFE )@ + 10t Lz @) + lult, )lwrz),

hence, integrating over (0, 7)),
ull 20,m5w22(0)) < CUIf L2 @r) + lgllwrz@))-

Above, the constant C' depends again on T, on the smoothness of 2 and on the coefficients of L.

Step 3: Higher order time derivative estimate

We now continue with the second part of the theorem. We return back to the Galerkin approximation and differentiate
the corresponding system of ordinary differential equations with respect to time. This is, due to the regularity theory
for ODEs, possible, and we get

ou,, Ow
z mn B n / _/ ) - k
/Qattu wy, dx 4+ B[O, wi]( Oy fwy dx Zzl Oraij— p 8:101

(5.22)

/ (Z@tcl z, " wy + 8tbunwk> dz.

We multiply the k-th equation by 0,d}(¢) and sum for k from 1 to n (i.e., we test by dyu,). We get

/ O, Oy, Az 4 B[Oy, Oy ] (t) = / 0y fOyuy, da
Q

/ Z oa z]aun g;un /(Z@tCz 8tun+8tbun8tun)

i,j=1

Therefore we have

1d

5 319l T2 + IVl iz ora) < 100f 2@ 10runll 20

+ C||[Vun| 2 (iray [ VOrunl L2 (iray + ClIVunl 2 (@iray [|0un || L2 (0) + Cllun 2@ l|0iun L2 (o)

which after employing the Gronwall and Young inequalities provides the estimate

T
tS[‘(J)P . 18run 120 Jr/ V8|72 0may At < C (10 f 720,712y + 10rn (0, )1 72(c)) -
€

Looking once more at the Galerkin approximation we see that

[[0rur, (0, )||L2 @) < ILF(O, )||L2(Q) + Cllun (0, )3y, 2(0) = CIf 1y, 20r2@) F 19lwe2@),
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where we used that |[u,(0,)|[w22) < C|lgllw22(q), see Lemma 5.1.5, Claim 3. We can therefore let n — oo and get

[0sul| oo 0,712 (02)) + [V Oeull L2 0,7:12(0:r1)) < C(I10:fllwrzorin20)) + llgllwzz2@))-

Step 4: Another time regularity
We look again at the problem

B[u,v}:/fvdxf/atuvdx
Q Q

for any v € W, *(Q) and a.e. ¢ € (0,T), and get, similarly as above
ullw220) < C(I1f 2 + 10sull L2) + lullL20))
due to the elliptic regularity. Therefore

[ull Lo 0, msw22(0)) < C(I1fllLe(oi22()) + 10l o< 0,7522(0)) + [l o 0,7:22(2)))
< C(HfHWlﬂ(O,T;LZ(Q)) + ||9||W2=2(Q) + HU||L°°(0,T;L2(Q)))~
Step 5: Second order time derivative estimate

The last step is to show that 0Z,u € L?(0,T; W=12(2)). Since (5.22) holds, we may proceed exactly as in the proof of
the existence of a solution in Theorem 5.1.9 that d;u,, is bounded in L2(0,T; W ~12(Q)). [ |

Remark 5.1.14. Note that if A is symmetric, it is enough to assume, both in (5.20) and (5.21), that {aij}ﬁjzl €
W00, T; L>=(Q)).

Similarly as in the case of the elliptic regularity, we may improve the smoothness provided all the data are smooth
enough. In order to simplify the presentation, we assume here that the coefficients of the operator L are independent
of time and sufficiently smooth in the spatial variable.

Theorem 5.1.15 — Regularity of weak solutions to parabolic equations II. Let Q be of class C?m+11,
k
Let g € W2m+12(Q) and % € L0, T;W?m=2k2(Q)), k = 0,1,2,...,m. Let the coefficients of L be sufficiently

smooth in the spatial variables and independent of time, and let gy := g € Wy*(€), g1 = £(0,-) — Lgo € Wy*(Q),
oy gm o= T Q) g 1 € WoR(Q). Then 2 € L2(0,T; W™+2-25(2)), k = 0,1,...,m + 1 and

ol rad
k
Pt ot

where the constant C' depends on T', €2, m and on the coefficients of L.

+ llgllwansaz) )

<o(X |5
L2(0,T;W2m+2-2k.2(Q)) = ot L2(0,T;W2m—2k.2(Q))

Remark 5.1.16. Let us indicate, where do the compatibility conditions come from. Formally, O;u =: w solves

atw + Lw = 8tf in QT
w=0 on (0,T) x 92
w(0) = f(0) — Lg in Q2

and recall that we needed above that the initial condition belongs to W, ?(€2). Hence we must require that f(0,-)—Lg €
W, 2(2) which is the second compatibility condition. Similarly for higher order estimates.

Consequently, we have

Theorem 5.1.17 — Regularity of weak solutions to parabolic equations III. Let g € C>=(Q), f € C>®(Qr),
Q € C*, the coefficients of L are time independent and of class C*°(2) and let infinitely many compatibility
conditions from Theorem 5.1.15 above hold. Then the solution to our problem is smooth, i.e.,

u € C®(Qr).

Proof of Theorem 5.1.15. The proof will be based on induction. The case m = 0 corresponds to Theorem 5.1.13, more
precisely to its first part.

Step 1: Estimates for highest time regularity
Assume that Theorem 5.1.15 is valid for some nonnegative integer m and suppose that

k

)
gEWHHR(Q), o € L0, Ts W ER(Q), k=01, m+ 1.

Assume that the (m+ 1)th compatibility condition holds. We differentiate our equation with respect to ¢t and consider
(ﬂ = 3tu) _
ou+Lu=f in Qr
u=0 on (0,7) x 9Q (5.23)

u(0,-) = g(-) in 0,
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where f = 8,f and §(-) = f(-,0) — (Lg)(-). By Theorem 5.1.13 we have that & € L2(0,T; W), i e
L2(0,T;W~12(Q)), where @ is the unique solution to (5.23). Since f and g satisfy the (m + 1)th compatibility
condition, functions f and g satisfy the mth compatibility condition. Thus by induction

k~
%ELQ(OTWW‘“ R2(Q), k=0,1,....,m+1
and " _
sl ok f _
kZ:O HW‘ L2(0,T;W2m+2-2k.2(Q)) (Z H Otk Nl L2(0,1;wem—2k2()) + HgHWzmH’Q(Q))'

Since © = d;u, we can write

o Al o(3 |5
Pt Otk L2 (0,m;wam+a-2k.2(Q)) — otk

m+1l A
(3 |5

/\

10, w12y + HLg||Wzm+1,z(Q))

L2(0,T;W2m+2-2k,2(Q))

IN

L2 w2k aq)) ”gHWz’””’z(Q));

(5.24)
above we used that

10, )lwamsr2(0) < C(Hf”Lz 0.7swm22(@) + H ot ‘ L2(0,T;W2m: 2(9)))

which is a consequence of (Evans, 1998, Theorem 4 Section 5.9.2).
Step 2: Estimates for highest spatial regularity
For 0 <t < T fixed we write Lu = f — Oyu = h. By the corresponding theorem on elliptic regularity (Theorem 3.7.10)
we have that
[ullwam+az) < C(||hllwem+22(0) + [lull2(0)

< C([Ifllwemt22() + [|0cullwem2.2(q) + llullL2())-
Integrating this inequality over ¢ € (0,7) and adding it to estimate (5.24) we end up with

m—+2 8kf
Z H otk ‘ L2(0,T;W2m+4—2k () ( Z H otk

But we already know that |[ul|z2(g,) < C(||fllz2(@r) + 9]l z2(0)) Which finishes the proof of the theorem for m+4-1. M

gl 2oy + ullz2en )

L2(0,T;W2m+2-2k,2(Q))

5.1.3 Maximum principles for parabolic problems

We would like to prove the maximum principle for our parabolic problem and for weak solutions only. Recall that for
the classical solution, this issue is discussed in Pokorny (2025) or in Evans (1998). We restrict ourselves to the case
when b > 0 a.e. in Q7, —divc > 0 in the weak sense and f < 0 in the following sense

Definition 5.1.18 A distribution f € L*(0,7; W~12(Q)) > 0 (or < 0), provided

/<f, >W12 )20 (or SO)

for all ¢ € L2(0,T; Wy'?(€2)) which are almost everywhere in Q7 nonnegative.

We first present the heuristic idea of the proof. Assume that the function x4 = X{(t,2)e(0,7)xQ|u(t,z)>0} 1S an
appropriate test function. Then (recall that u™ := max{0,u})

d
(Oru, X +) Wiz = dt/ﬂu"‘dl‘,
/ d ou Ox+
S 2Lk gy
Q.57 83@ ox;
d
0
/ Zci—uXJr dx = —/ diveu® dz > 0,
aig 0w L

/qu+dm:/bu+dx20
Q Q

<f7X+> < Oa
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therefore we get
d

M utdr <0,

hence u™(t,-) < 0 provided u*(0,-) < 0. However, we need several technical tools to justify the computations above.
Note that for the function z — 2T there exists a sequence of functions z + 1, (z) such that 0 < 1, < 27 in R,
tn /2T in R and ¥/, ¢ > 0 and they are uniformly bounded on R (not necessarily with respect to n).

Exercise 5.1.19. Show that the function v, (z) := z*arctg? (nz)(%)2 satisfies all conditions above.
We may therefore use the following lemma
Lemma 5.1.20 Let ©: R — R be such that ¢ € C}(R), 1(z) = 0 for 2 < 0 and 0 < 1(z) < z for z > 0.
1. If u € Wy (), then ¥ (u) € Wy *(Q) and

Vip(u) = ¢’ (u)Vu
in the weak sense and u + t(u) is continuous from Wy *(Q) — W, *(Q).

2. If u € L*(0,T; Wy (), dyu € L2(0,T; W~12(12)), then

) RO OLER ORIy e

almost everywhere in (0, 7).

Proof. Claim 1. follows from Theorem 2.2.4. We therefore prove Claim 2. Let first u € C([0, T]; Wy (2)). Then for

t1, to € [O,T}
ta
u(ty) —u(ty) = | Byu(s)ds in W) 2(Q),

ty

e, u(ty,x) —u(ty,z) = f:f Oyu(s, z)ds for almost every = € 2. Therefore, for almost every x € 2

8t'(/)(u(t7 l‘)) = W(U(tv x))atu(tv x)’
and "
Y(ute, z)) — Y(u(ty,x)) = ' (u(s,z))0u(s, x) ds for almost every = € Q.

ty

Then, integrating the identity above over €2 and using the Fubini Theorem and properties of the Gelfand triple

/sz(u(tg,x))dx/Qw(u(thx))d:r—/tjzfﬂw’(u(s,x))atu(s,x) dz ds

:/2<8tu(s7x),¢'(u(8a37))>W01=2(Q) ds.

t1

that u, — uin L2(0,T;W,*(Q)) and 0su,, — dpu in L2(0,T; W~12(Q)), see Lemma 4.4.6. Moreover, due to Theorem

Now, if u € L?(0,T; Wol’ (€2)) and dyu € L*(0,T; W~ 2(Q)) there exists a sequence u, € C'([0,T]; W,*()) such
W, L?
4.4.4, we also have u,(t) — u(t) in L*(Q) for all t € [0,T] (where we take u as the continuous representatlve) Then

/menug,m))dw - /Q%nm,x))dx = / (Ortn (5), ¢ (n (5)) Dy 2@ -

Letting n — oo and recalling that v grows at most linearly we end up with the desired formula

[ vttt o= [ vttt de = [ @uls) 0 @) ds

Hence we can differentiate, e.g., with respect to ¢t in the sense of distributions. ]

Theorem 5.1.21 — Weak maximum principle for parabolic problem. Let u € L?(0,T; WOM(Q)) with
Owu € L2(0,T;W~12(Q)) be a weak solution to our parabolic problem, where 0; + L is a parabolic operator,
dive < 0 (in the weak sense on Qr), b > 0 a.e. in Qp, f < 0 in the sense of Definition 5.1.18 and g < 0 a.e. in .
Then

u(t) <0 almost everywhere in (0,7) x Q.



5.2. Second order hyperbolic equation 99

Proof. We consider the sequence v, approximating the function z — 27 as presented above. We use 1/, (u) as a test
function in the weak formulation of our parabolic problem. Whence

ou 0
G vl /Z o e */Z

Now, due to Lemma 5.1.20, our assumptions and properties of the approximation 1,, we have

dx+/bu¢ )dx = (f, 4y, (u))y wh2(Q)"

(O, ¢y, (u )W12(Q) dt/d}"

d
ou oYl ( ou Ou
i a; >0
/Qi;f”a 2 81’1 / Z Jax]&cl Un(u) du
d
ou , O, (u)
/QXl:czaxii/Jn(u) dz /le:cz oz, dz >0
/ bury), (u) de > 0
Q
(f, %(u»wgﬂ(g) <0.
Then
d
i/, Y (u dz <0,
hence

/Q Gnlult, ) dz < /Q Gn(g)dz <0

for all t € (0,T] (provided we consider the continuous representative of u). Letting n — oo and using the Lebesgue
Monotone convergence Theorem we end up with
/ ut(t,)dr <0
Q

for all ¢t € [0,T], hence u(t,z) < 0 almost everywhere in [0,7] x Q. [ |

5.2 Second order hyperbolic equation

We will consider the following problem of the hyperbolic type

Opu+ Lu = f in Qr
) = q(- in Q
Oru(0,-) = h(-) in Q
u=20 on (0,T) x 09,
where
9
Lu = - ijzl o0x; (a” Ox ) + ch ox;

Definition 5.2.1 We say that the operator d;; + L is (uniformly) hyperbolic, if there exists a constant C; > 0

such that }

> ai&i&; = ChlEl for all £ € R? a.e. in Qr.

ij=1

Moreover, we further assume that {a;;}¢,_,, {¢;}, and b € L=(Qr).

Example 5.2.2. Assuming a;; = 6;5, ¢; =0,4i=1,2,...,d and b = 0, we get the classical wave equation

8ttu — Au = f
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As in the parabolic case, we introduce

Blu,v](t /(Za”g;jg; ZCZ v—i—buv)( ) da

i,j=1

for all u, v € W, *(Q).
We expect the weak formulation in the form

(Outt, 0) a2 ) + Blu, 0](8) = (f,0) 120 for all v € Wy(Q),

where the reason why we prefer to have more regular right-hand side than in the parabolic setting will be explained
later. Therefore we expect, by analogy with the parabolic case, that u should belong to L?(0, T’; VVO1 -2 (©)), while Oyu
should belong to L?(0,T; W~=12(Q)).

5.2.1 Existence of a weak solution to linear hyperbolic problem
We assume

aij € Wl’OO<QT), ¢, b€ LOO(QT) foralli,j=1,2,...,d (5 26)
he L3(Q), ge Wy *(Q), feL*Qr). '

Definition 5.2.3 — Weak solution for hyperbolic equation. We say that v € L2(0,T; WOM(Q)) with
Owu € L*(Qr) and dyu € L2(0,T; W—12(2)) is a weak solution to the hyperbolic initial-boundary value problem
problem provided

(Oreu, U>W01‘2(Q) + Blu,v](t) = (f,v)L2(0)

for all v € W, *(Q) and a.e. t € (0,T), and

Remark 5.2.4. Recall that the assumptions above imply that (after a possible change of the function on the time
levels of zero one dimensional Lebesgue measure) u € C([0,7]; L*(Q2)) and dyu € C([0,T]; W—=12(£2)). The fact why we
require higher integrability of g and A will be explained later.

Theorem 5.2.5 — Existence and uniqueness of weak solution to hyperbolic equation. Under assump-
tions (5.26) there exists a weak solution to our hyperbolic problem in the sense of Definition 5.2.3. If furthermore
Ve € L?(Q7;R?™4), the solution is unique.

Remark 5.2.6. If the matrix A is symmetric almost everywhere in @7, it is enough to assume that {aij}f{j:l S
W1o°(0,T; L>=(Q)). The reason is similar to the proof of regularity for parabolic problems.

Proof of Theorem 5.2.5. Step 1: Galerkin approximation
We proceed similarly as in the case of the parabolic problem. We take {wy}72, the orthonormal basis in L?()

and orthogonal basis in WO1 2(Q) formed by eigenfunctions of the Laplace operator with the homogeneous Dirichlet

condition. We write .
z) =Y di(t)wi(x)
k=1
where

(attunvwl)LQ(Q) + B[UHle](t) = (f» wl)LZ(Q); l= 1,2,...,n,

ie.,

d (t) [Zd wkawl} t) = (f,wi)r2q)
k=1 ; (5.27)

di'(0) = (Q,Wl)m(ﬂ)

i’ (0) = (b, wy) 20,

1=1,2,...,n. We obtained a system of the second order linear ODEs (n equations) which can be easily transformed
into a system of 2n ODEs of the first order. We may then apply the Carathéodory theory which yields the existence
of a unique generalized solution on the time interval [0,7] such that d*' € AC([0,7]), I = 1,2,...,n. The fact that
the solution is global follows from the fact that the system is linear.

Step 2: Energy estimate
We now multiply (5.27) by d’, sum for [ = 1,2,...,n and get

(Ot Optin) £2(2) + Blun, Ogun] = (f, Opun)L2(0)-
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First, we have

1d
(attun,atun)L2(Q) 2dt||8tunHL2(Q)
Next
d
Ouy, 00puy,
B " nl = i 1 n n n
[tn, Oyt ] /Q(ig_:laja oz ZC 815“ + bu, 0 )
N Oy (Opun) <= 1 dun 00) <~ Ou
= 5 (aij 2t Lo o \9Un O(0iUn n
= _/Q (i;1 92 (a” + agz) Ox; Ow; + ‘;1 2(alj aj’t) dz; o1, + ; B2s —Osuy, + bunatun) T
d
1d 1 Ou,, 8un 8un O,
a 5&/9 Z 5(%] +aﬂ)3 311 / Z Oi(asj + aji) axj Ox; d
hi=1 i,7=1
~10 un 4 ou
- /szl 2 Ox; (aij — aﬂ) 8tu” dz + /Q (; Ciaixiatun + bunatun) dz.

We used above that the term

/ Z (@ij — ajs) (’98 gn Oup, dz = 0,

Zjl

as (a;; — aj;) is skew symmetric and ad g" is symmetric. We use now the fact that u, can be approximation by
smooth compactly supported functions. We continue

1d Ouy, 8un
B oy n Z > 14 Qa;
[, Oren] 2d / Z J 8:3] axl

ou, Ouy,
A~ @r): 18l @r: el=am) (/’jilau L o+ D ).

where we used the symmetry in the term with highest spatial derivatives. Employing the Gronwall Lemma 5.1.7 and
the hyperbolicity of the operator, we get (this is precisely the reason why we need higher regularity of ¢ and h than
expected by the continuity of the solution)

100 (£ )20y + llun(t M2 ) < CUIG 1520 + IRI1Z2 ) + 111220 7:22(0))

hence
e (9410, + lotn () ) < C gl 2oy + WAl zce) + 1 oz

In order to estlmate the second order time derivative we proceed as in the parabolic problem. We write for
v E W&’Q(Q) that v = v} + v2, where v} belongs to the linear hull of {w;}! , and v2 is perpendicular to it (both in
L?(Q) and Wy?(Q)). Recall that (see Lemma 5.1.5) [|[v} |12y < [|v]lr2(q) and lonllwi2(y < l[vllwr2q)- Then

<8ttunav>W01>2(Q) = (attuny )L2(Q (attuna n)L2(Q) B[un,vi](t) + (f, 'U}L)L?(Q)-

Thus

HattUn”W*“(Q) = SUP <attunav>wlv2(g) < O(Hun||wlv2(9) + HfHL2(Q))7
101l 2.2 ) <1 ’ ’

hence
10uunll 20w -120)) < C(1fllL20.m20)) + l9llwz2 o) + 122 (0))-

Step 3: Limit passage
We now let n — co. As in the parabolic problem, for suitably chosen subsequence

Uny, —* U in L>(0,T; Wy ()
Oy, —* Opu in L°>°(0,T; L*(Q))
attunk — 8ttu in L2(0, T, W71’2(Q))

and we can pass to the limit in the modified weak formulation to get

T T T
|t wipagidtr [ Bluwlvdt= [ (fuma de
0 0 0
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for all [ € N and all ¢ € C§°((0,T)). Hence, exactly as for the parabolic problem

T T T
/(J(attu,ww;,z(mwdw/o B[u,v]z/)dt:/o (o 0) Lyt

for all v € Wy *(Q) and all ¢ € C§°((0,T)), i.e.,
<attuvv>W01’2(Q) + Blu,v] = (f,v)12(0)
for all v € W;%(Q) at almost every ¢ € (0,T).

Next we look at the initial condition. Here, the problem is slightly more complex than for the parabolic problem.
First, using the definition of the first order time derivative of u we have

T T
/ <attu,’l)>wg,2(ﬂ)’(/} dt = — / (8tu, U)Lz(g)¢/ dt
0 0

for all v € Wy ?(Q) and ¥ € C§°((0,T)). Therefore, taking a sequence v, € C5°((0,T)) such that 1, converges
uniformly to ¢ € C5°([0,T)) we end up with (¢, — ¢’ + ¢ (0)d in the sense of distributions)

T T T
- [ @u vt [ Bluslvdt = [ (f0)0wde+ @m0, ), o)y 000)
0 0 0

for all ¢ € C°([0,T)). Now, as u € AC([0,T]; L*(£2)), we finally have

T T T
/ (u,v)z/}" dt+/ B[Uﬂv]d)dt = / (fav)Lz(Q)¢dt+ <atu(07)av()>wol’2(g)w(0) - (u((),)?v())LQ(Q)w/(O)
0 0 0

We now return to the Galerkin approximation and multiply it by ¢ € C3°([0,T)) and integrate over the time

interval. We get
T

T T
/ (Bt wr) gy df + / Bluy, wiltrdt — / (fwr) L2y dt.
0 0 0

We integrate twice by parts in the first term and get (recall that d,u, € AC ([0,T]; Wy2(€2)))

T T T
/0 (Umwl)w//dtJr/o B[Un,wl]l/fdt:/o (fswi) 2 dt + (h,wi) 20 ¥ (0) — (g, wi) 22y ¥' (0).

We let n — oo and then use the density of finite linear combination of {w;};en in Wy 2 () to get

T T T
/ (u,v)y” dt —|—/ Blu,v]y dt = / (fsv) L2y dt + (h,v) L2 (0) — (g,v) L2()¥' (0)
0 0 0
for all v € W,*(Q) and € C3°([0,T)). Therefore

(0ru(0,-),v( ) w2y = (h0)L2(9)
(u(0,-),v())2(0) = (9,v)L2(0)

for all v € W, ?(R2). Due to the density of Wy?(Q) in L(Q) we get the desired equality. Note that in fact, we also
have (8;u(0,-),v(-))r2(2) = (h,v)2(q) as &; € C([0,T]; L2,(R)), see Lemma 4.4.9.

Step 4: Uniqueness
We now show the uniqueness of weak solutions to the hyperbolic equation. As for the parabolic case, it is enough to
show that if f = g = h = 0, then the only solution is u = 0. However, we cannot proceed as in the part devoted to
the a priori estimates, as the function d,u cannot be, due to the lack of regularity, used as test function. Therefore we
use the "minus first" derivative. To this aim, let us define

t
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where u solves our hyperbolic problem with f = g = h = 0. Then v(t,-) € Wy*(2) for almost every t € (0,T) (we
even have 9;v € L%(0,T; W2(Q))) and
(Onu, 'U>W01,2(Q) + Blu,v] =0

almost everywhere in (0,7"), thus

| [t by + Bl at = o,
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As Oy = —u, Ou(0) = v(s) = 0, we get using the definition of the time derivative (and consequently, by approximation,
using as test function in the time variable a constant function i = 1)

/Os [, (Oru, Ov) L2y + B[u,v]} (t)dt =0,

hence

/s {(&tu, u)r2(q) — Blow, U]} (t)dt = 0.
0

Therefore we have (we use again the fact that the product of symmetric and skew-symmetric term cancel out as well
as that the symmetric part of the matrix can be replaced by the matrix itself if the other term is symmetric)

51 d ov 81} v 61)
/0 th |u”L2 / Z ”63:-83: / / Z 5}(1” vt
i 7

i,7=1

3 1o}
_ /0 Aijz_:l %(aij - a]‘z) (9 8tv dxdt + / / bv@tv + Z C;——— 3t8 ) dz dt.

We rewrite the last term as

d Pen 4o d
A;Ciétaxivdxz_/ggax /Qi_zlciuazdx

Then .
s, Wy + 100 Mgy < € [ (ol oy + elacoy)

We denote .

w(t) = / u(7)dr, 0<t<T;

0
then .
s, s oMy < € [ (It ) =t By + ) e )

<C [ (2wl Wi + ot ) nago) + (e s )

Hence

a5 ey + (1= 205 (s, Mgy < € [ (It Bpaey + [ ey .

‘We choose T so small that

1
2CTy = -

Then on [0,T}] we have

s, )32y + (s, )Zy22 ) < C / (o, Y2z g + et N3z )

which yields that u = 0 on the possibly short time interval [0, T1]. We may now use u(T}) as a new initial value. We
proceed as above and prove that v = 0 on the time interval [T3,27T7]. After finite number of steps we reach the time
instant 7. The proof is complete. |

Remark 5.2.7. More complex boundary conditions can be treated similarly as in the case of the parabolic problems.
Some technicalities are different, but the main points are similar modulo changes in the proof above for homogeneous
Dirichlet boundary conditions with respect to the parabolic problem.

5.2.2 Regularity of weak solutions to hyperbolic equations

Next we study the regularity of the solution. As for the parabolic problem, we start with a simple model case: here
it is the wave equation in R?. We consider
O — Au = f in (0,T) x R?
u(0,-) =g() in R?
opu(0,-) = h(") in RY.
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We compute

1d
—— (|8,gu|2 + |Vu|2) dx = / (Oudyu + Vu - ;Vu) do = / Ou(Opu — Au) dz = fo,udx.
2dt Jra Rd Rd Rd
Therefore
d
— (|0wul® + [Vul?) dz < / fAdx —|—/ |Opu|?
dt Jra Rd Rd

which after employing the Gronwall inequality yields

tg%éﬂé] (19cult, ')”iz(Rd) + [[Vu(t, ')H%Z(Rd)) < O(Hf”%?((O,T)de) + ||hH%2(Rd) + ||9||$,V01-,2(R4))-

Next, denote u := Jyu. Then

atﬂ —Au= f in (O,T) X Rd
(0, -) = 9yu(0,-) = h(") in R?
8 (0,-) = 9uu(0,-) = Au(0,-) + £(0,-) = Ag + f(0,-) in R?.
As
%%( £ (¢, ')H%?(Rd) < C(||f||L2((0,T)de) + Hatf”L?((O,T)de))a
we get

e (I0wcu(t, M Z2ray + 10:Vut, N F2wa) < CUFIZ20.0)xre) T 10ef 12207y xray + VRN Z2(Ray + 1A9]172(Ra)-

Finally, we write

A’LL = 3ttu — f
and we have due to the elliptic regularity
IV2ull o< 0,7 p2Ra)) < C(IIf 20, 7:22R)) + 106 f 1l L2(0,7:02(RaY) + 1Al 2 gay + lgllwz2rey)-
We now show these bounds rigorously. We assume

{aij}l ;o1 €WH™(Qr), be L¥(Qr) {ei}isy € L0, T; WH())

(5.28)
heL’(Q), geWy?(Q), feL*Qr)
and for the higher regularity
{aij}ﬁjzl € Wh*(Q), independent of time , b€ W1 (0,T; L>(Q)), {c;}, € Wh>(Qr) (5.20)
FeWwbh(0,T;L2(Q), geW>2(Q), heW?Q), Qech. '
We have
Theorem 5.2.8 — Regularity of weak solutions for hyperbolic problem I. Let conditions (5.28) be

fulfilled. Let u € L2(0,T; Wy*()) with d,u € L2(0,T; L2()) and dyu € L2(0,T; W—12(Q)) be the unique weak
solution to

Opu+ Lu=f in (0,7) x Q,
w0,)=g()  mQ
Opu(0, ) = h(") in Q,
u=0 on (0,7) x 99.

Then u € L>(0,T; Wy"*(Q)) with dyu € L>°(0, T; L*(Q)) and
[ull e 0,mw2 20y 10l oo @z < CIflL2(@r) + N9l 2y + IBllL2())-

Moreover, if (5.29) holds, then u € L>(0,T;W?2(Q)), dyu € L*(0,T; Wol’Q(Q)), Opu € L=®(Qr), Oyu €
L2(0,T; W=12(2)) and

[ll oo o,5w22(2)) + 100t oo 0,752 2(0)) T 10setell Lo 0,7522(02)) + 102l 20, 75w -1.2(02))

< C(Ilfllwr2o,r522 () + Ngllwz20) + HhHng?(Q))-
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Proof. The first estimate was shown in the existence proof, since our assumptions ensure uniqueness of weak solutions.
We therefore concentrate only on the second one. Due to the uniqueness of the weak solution under our assumptions,
we use both the Galerkin approximation and the weak formulation.

Step 1: Second order time derivative estimate
We take the Galerkin approximation wuy,(t,z) = > .., d?(t)w;(z) which satisfies

i=1"
(8ttun,wl)Lz(Q) + Blun, w] = (f, wl)Lz(Q), 1=1,2,...,n,

where {w;}2, is the complete orthonormal system in L?(£2) and complete orthogonal system in VVO1 2(Q) formed by
eigenfunctions of the Laplace operator with homogeneous Dirichlet conditions. We differentiate the equations with
respect to time and get (we use the regularity properties of ODEs)

d
ou,
(Ortetin, W) L2(02) + BlOyun, wi] = (Opf,wi)2(0) — / Zatci%wl dz — / Opbunwy da.
Qi j Q

We may multiply the [-th equation by d*”(¢), sum up for I = 1 to n and integrate over (0,7 (i.e., we test the equation
by Osun,). We get

d
Quy,
(&gttun, 8ttun)L2(Q) + B[@tun, Bttun] = (8tf7 8ttun)L2(Q) — / Z (9&-%8“1% dx — / atbunattun dax.
Q3 J Q

We need to work slightly more with the highest order spatial derivative term. We have (recall that {aij}gjzl are
independent of time)

/Z atun 3ttun /Z a”—i—aﬂ a(gtun) attun d +/ Z a” aﬂ a(gtun) a(gttun)
Lj €Lj i

3,j=1 i,j= 1
8(8tun) 6tun 8(8tun)
2dt/ Z aij +a;0) =5 /Z 2 9w, W T i) =gy Outin AT,

where we used that the other term in the integration by parts disappears due to smoothness of the orthogonal system
and the symmetry /skew symmetry of the corresponding terms. We end up (due to the symmetry, we do not have to
write the symmetric part of A any more)

1d 0(0yuy,) 0(Ou
5@(”8}%“%“%2((2) + /Q aij (8;71) (a;”) da:) < C’(H@tVunHLz(Q;Rd)||6ttun\|L2(Q) + ||6ttun||L2(Q)HatUnHL?(Q)
7 %

+ IVunl L2 ra) |0 unl L2 (@) + [[unll L2 (@) |00 un |l L2 ) + 10: fll L2 (@) 108 un ||l L2 () + Hvatun”LQ(Q;Rd)||attun||L2(Q))
< C(100 22y + 1 320y + IVt ey + 19uctin 32 )
The Gronwall inequality yields

10run Lo 0,;22(2)) + 10:Vun |l Lo 0,152 (2:R4Y)

< C(J19un (0, 2y + 10, Tun (0, )l 2y + I lwrom:20) + Il 20y + IRlzacoy)-

As
[0:Vun (0, )l 22(re)y = [[VOun(0, )l L2(ire) < VAl L2(0Re)
and (vl = P,v)
0r0tn (0, Y2y € sup ((£0,),08)p20) = Blunsof](0))
ol 2 ey <1
Cl|lun (0, ) w22y + 1£(0, )2 < Cllgllwz2(0) + Ifllwr20.1:22(02)))
we get

10eetnl L= (0,7;22()) + 10 Vtnl| L 0,722 (0re)) < C(lgllwz2() + 1flwrzo,ri2200) + 1Al ()

and passing to the limit we obtain the desired estimate.
Step 2: Elliptic regularity

Next, we write
/Q Z ”aau (;9;11 /( O+ f — ch Z_—bu)vda:
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and using the elliptic regularity we have
u(t, )lw22) < C10wult, )2y + 1 L2@) + 1IVult, )l L2 ray + lult, )l L2@))-

Hence
lull oo 0,722 (0)) < C (10wl Lo 0,7522(0)) + 1 f 1L (0,020 + 1wl Lo 0, 7:w12(02)))

< C([Iflwrzo,msrz@)) + lgllwe22@) + hllwiz@))-

Step 3: Third order time derivative estimate
We now return back to the Galerkin approximation and differentiate it with respect to time. We get

(Otteun, wi)L2() + BlOsun, wi] = (O f,wi)r2(0) — /Zatcz = wy daf—/@tbunwz

Similarly as in the existence part we may now compute that
10stetunll 207w -12(0)) < CI10:f1lL20,m522(9)) + 10cunllL20,mwr2(9)) + [[unllL20,mw12(0)))
< C(||fHW1‘2(O,T;L2(Q)) + ||g||W22(Q) + ||h|‘W12(Q))
|

Exactly as in the parabolic problem we may proceed further. We will again not specify the precise assumptions on
the regularity of the coefficients of L.

Theorem 5.2.9 — Regularity of weak solutions for hyperbolic problem II. Let {aij}ijzl, {e;}L, bbe in-

dependent of time and sufficiently smooth in Q. Let g € W™+12(Q), h € W™2(Q) and &L € L2(0,T; W™ *2(Q)),
kE=0,1,...,m. Let Q € C"™!'. Let the following compatibility conditions hold

go =9 € Wo2(Q),hn :=h € Wg(Q), ...,

. 821—2]0 1.2 a .
go1 ‘= W(O’ ) — nglfz S WO ( ) 1rm = 2[,
- 82171‘}0 12 Q ¢ B
h21+1 . W(O, ) - Lthfl 6 WO ( ) I m = 2l + ].
Then
O 00 m+1—Fk,2
akGL 0, T; W (Q)), k=0,1,...,m-+1,
and
0*u N
<o(3|% oy + Il
esssup 2 158 Derccor = OO NG sy * Vel + s

Remark 5.2.10. The role of the compatibility conditions is similar as in the case of parabolic problems and we saw its
use above.

Since Theorem 5.2.9 hold for any n € N, we also have

Theorem 5.2.11 — Regularity of weak solutions for hyperbolic problem III. Let {@ij}fl,j:p {ei}Ll,, b
be C*>(2) (and independent of time), f € C*(Q7), g and h € C>®(Q2), Q € C* and let the compatibility conditions
from Theorem 5.2.9 hold for any m € N. Then the unique solution to the linear hyperbolic problem is such that
u € C>®(Qr).

Proof of Theorem 5.2.9. The proof can be performed similarly as for the parabolic problem, by induction in m. The
case m = 0 follows directly from Theorem 5.2.9.

Step 1: Highest time derivative estimate
Assume the theorem to be satisfied for some m € Ng and suppose g € W2™+2(Q), h € W?™+1(Q) and the right-hand

side %t,{ € L2(0,T; Wm*1=k2(Q)), k =0,1,...,m+ 1. Suppose the (m + 1)th compatibility condition holds true. We

set w = Oyu and differentiate the equation with respect to time. Then we see that u is the unique weak solution to the
following problem

Outi+ L= f in Qr
u= on (0,7T) x 09
u(0,-) =9() in O
0wu(0,-) = h() in Q,

where f = 8,f, § = h, h(-) = f(0,) — Lg(-). For m = 0 we know that @& € L(0,T; Wy2(Q)), i € L*(Qr) and
Opu € L?(0,T; W—12(2)).
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Since f, g and h satisfy the (m + 1)th compatibility condition, fv, g and nh satisfy the mth compatibility condition.
Thus applying the induction assumption we get
akﬂ %) m+1—k,2
WEL 0, T; W “(Q), k=0,1,....,m+1

together with the estimate

(} j 124 +131 il
e m s m,2 .
te(0.7) Lo Ot llwosr iz gy T N2y I 2(©)

As u = Oyu, we can rewrite the estimate above as

m+2

€Ss su
tG(O TI)D Z H 8tk HWm+2 k, Q(Q)

m—+1

<C(2H8tk’
<o(3[15

where we used the estimate Hf(O, -)HWm,z(Q) S C(Hf”Lz(O,T;Wm’z(Q)) + ||atf||LQ(O’T;Wm,z(Q)).
Step 2: Highest spatial derivative estimate
We now write for almost all ¢ € (0,7)

vy T 190w + Dhllwosia@) + 1O wnaw) — (5:30)

prtomapmer w19l + Ihllwsae) ).

Lu=f—0yu=:2z
We have by elliptic regularity
ullwm+z20) < Cllzllwmz@) + llullL2@) < CUIfllwmz@) + 10uullwmz@) + l[ullL2@))-

Taking the essential supremum over (0,7') and combining the resulted inequality with (5.30) we end up with

oFf
esssup H otk me+2 k2(q) (Z H otk

te(0,T)

L2(0,T;Wm+1-k.2(Q)) + ||g||Wm+2’2(Q) + Hh||Wm+12(Q)>

This is the claim of the theorem for m + 1. [ |

5.2.3 Finite speed of propagation for weak solutions to hyperbolic problems

We proved this result for classical solutions in Pokorny (2025), see also Evans (1998). We now try to extend this result
for weak solutions only.

Theorem 5.2.12 — Finite speed of propagation for wave equation. Let the function v € L?(0,T; VV&)C2 ()N
Wh2(0,T; L2 (Q)) N W22(0,T; W, *(Q)) be a weak solution to

loc loc

(8ttu,v>W01,z(Q) + 62/ Vu-Vudz =0 (5.31)
Q

for all v € WH2(Q), v = 0 in the neighbourhood of the 99, for almost every ¢t € (0,7). Let B1(0) C ©Q and u(0,-) =
d;u(0,-) = 0 almost everywhere in By (0). Then u(t,z) = 0 almost everywhere in the set {(¢,z) |t > 0, |z|+ £ < 1}.

Remark 5.2.13. Note that ¢ can be interpreted as the speed of propagation of the signal.

Proof of Theorem 5.2.12. We first assume that ¢ = 1, then we transform the general situation to this special case. We
integrate (5.31) with ¢ = 1 over time, from 0 to t. We get, using also the Fubini Theorem

t
<3tu,v>W01,z(Q) +/Q (/0 Vu(r, ')dT) -Vodz = (0,u(0, -),v}W&,z(Q). (5.32)

Assume that g is a Lipschitz function, zero around 92 such that moreover
(i) g(t,x) = 0 for all = such that |z| > 1
(ii) g(1,z) = 0 for all z € R%.
We set v(z) := (ug)(t,x) in (5.32) and integrate the resulted identity over time, from 0 to 1. We end up with

/0 1<atu,ug>wol,2(9) dt + /0 1 /Q ( /O t Vu(r, )dr) - V(ug) de dt = /0 (0,0, ), ug) oy (5.33)
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First, note that the term on the right-hand side is zero. This follows from the fact that d;u(0,z) = 0 for |z| < 1,
g(t,xz) =0 for |x| > 1, hence also (9u(0,-), ug>W1 2y = 0 for almost every ¢ € (0,7).

Next we consider the first term on the left-hand side. Since dyu € L?(0,T; L2 .(£2)), we may write

1
/(@u ug) 12(Q)dt //@uugdxdt //8,5 )gdadt
0
:—f/ /uzatgdxdt—i—f/ (u2(1,-)g(1,~)—u2(0,-)g(0,-)) dz.
2J)o Ja 2 Jo

Since u?(1,z)g(1,z) = 0 by (ii) and u?(0,2)g(0,z) = 0 by assumptions of the theorem and by (i), we end up with

1 1
1
/<8tuvu9>w(}*2(ﬂ)dt:_§/ /u28tgdxdt.
0 0 Jo

The second term can be computed as

/01/9(/; Vu(T,~)d7‘) -V(ug)dxdt:/l/ /t Vu(T,-)dT) - (Vug + Vgu) dz dt
//at /Vu dr gdxdt+// / )~Vgudxdt
—5/0/9 /Ovu(f,-)dT Byg da dt
1/ /lvu(T,-)de( da:—f/ /Vu )dr) "9(0,) do
/ / / dT)-Vgudzdt
:—5/0 /Q /0Vu(T,-)dT)Qatgdxdt—i-/ol/Q(/OtVu(T,-)dT) Vgudz dt.

Plugging these computations into (5.33) we end up with

;/Ol/ﬂ(uer (/OtVu(T,-)dT)2)3tgdxdt / / / 7,-)dr) - Vgudz dt
5/ /|vg| w? + /Vu dr) ) dedt.

We now suitably choose the function g. We take for ¢ € (0,1)

g(t,x) =max{0,1 —e — (1 —¢&)|z| — t}.

This function is clearly nonnegative, Lipschitz, for € sufficiently close to zero the function g is zero near the boundary
of . We further have g(1,7) = 0 for all x € R? and ¢(0,z) = max{0, (1 — &)(1 — |z|)} = 0 for |x| > 1. Thus our
assumptions are satisfied.
We further have
09 = —X{(t,2)eR+ xQ | t<(1-e)(1—|a|)} = —Xe

Vg = (1 = e)x{(ta)ert x| t<(1-e)1—lal)} = (1 —€)Xe
Altogether, we have

;/Ol/g(uﬂ (/OtVu(T,-)dT)2)X5dxdt§ 1;55/01/9(11“(/OtVU(T’.)dT)Q)Xdedt

which implies

uxe =0 almost everywhere in (0,7) x €,

whence u(t,z) = 0 almost everywhere in the set {(t,z) € Rt x Q|t < (1 —¢)(1 — |z|)}. Passing with ¢ — 04 we get
u(t,z) = 0 almost everywhere in the set {(¢,z) € R" x Q|¢ + || < 1}. The case ¢ = 1 is finished.
Let us assume that ¢ # 0 (but positive). We have

(O, V)2 ) + 02/ Vu-Vodzr =0
0 Q

for all v € Wy?(Q) which is zero near the boundary and almost every t € (0,T). Further, we assume u(0,z) =
Ou(0,z) = 0 in By(0). We define u(t, x) := u(ct, z). Then we have

(O, U>W01,2(Q) —|—/ Vu-Vuvdz =0
Q
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for all v € Wy *(Q) which is zero near the boundary and almost every ¢ € (0,T). Since we did not change the condition
at t = 0, using the procedure above we conclude that @(t, z) = 0 almost everywhere in the set {(t,2) € RT xQ|t+|z| <
1}. Thus also u(ct, ) = 0 almost everywhere in the set {(t,z) € R" x Q|+ |z| < 1} which implies u(t,z) = 0 almost
everywhere in the set {(¢,x) € Rt x Q| L + |z| < 1}. The proof is complete. [



Chapter 6

A more detailed guide to Sobolev spaces

We know from the introductory chapter that the classical solution for different kinds of partial differential equations
may not exist or the classical formulation may not be the appropriate type of solution. On the other hand, we also
know that in many situations it is possible to speak about a generalized solution which we called weak solutions.
For the steady problems, they are based on the Sobolev spaces W*?(Q) which play the main role in the modern
theory of partial differential equations. In Chapter 2 we only introduced them and explained their most important
properties. However, deeper understanding of these spaces in unavoidable as soon as we touch nonlinear problems.
This is precisely the aim of this chapter. For the sake of completeness, we repeat in this chapter also those parts which
were already presented relatively carefully in Chapter 2.

As before, we assume in this chapter that the reader knows the elements of the theory of Lebesgue integral
and Lebesgue spaces and knows the main properties of spaces of continuous, Hélder continuous and continuously
differentiable functions. For completeness and for the reader’s convenience we present a short overview of these results
in Appendix A. We also assume that the reader has sufficient knowledge of functional analysis; a short overview of
the main important results is presented in Appendix B

6.1 Definitions, basic properties

Let us first recall the definition of the multiindex.

Notation 6.1.1 (Multiindex). The ordered d—tuple a = (a1, ..., aq), a; € Ny, is called a multiindex. The length of
the multiindex is denoted || and is defined as || = a3 + -+ - + aq.

In what follows we also use a shorten notation for partial derivatives.

Notation 6.1.2 (Partial derivative written by a multiindex). The symbol D*¢ denotes the partial derivative of a
function ¢
. 91l (x)
D°¢(x) :

= —al g "
ox{" ... Oxy

We can now introduce the basic notion in the modern theory of partial differential equations’.

Definition 6.1.3 — Weak derivative. Let  C R? be an open (possibly also unbounded) set and a =
(a1,...,aq) be a multiindex. Let u,v, € L (£2). We say that v, is a weak derivative of u with respect to

1

ibe(2), we may assign to the

IThe weak derivative is a special case of a more general notion — the distributional derivative. If u € L
function u the regular distribution 73, defined as

Vo € D(Q): (Tu, ) ::/uapdx,
Q

where (-,-) denotes the duality pairing between (D(Q2))* and D(Q2). Every distribution can be differentiated infinitely many times. A
distribution G is the derivative of a distribution 7" with respect to =, if

Ve € D(Q): (T,D%) = (-1)\*1(G, ).
In particular, if G = G, and T' = Ty, are regular distributions, it holds
Vg € D(): / u(x) Dp(z) dz = (Tu, D) = (=1)1*1 (G, @) = (—1)!°] / v(@)p(z) dz;
Q Q
it means that v = D%u in the weak sense. While a derivative of the distribution exists for any order, it may not be the case for weak

derivatives. On the other hand, if the weak derivative of the second (or higher) order exists and Q C R? with d > 2, then the derivative is
independent of the order of differentiation, see also Exercise 2.1.10 below.

110
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2, if it holds for any ¢ € C§°(Q)
/ w(@)D®¢(z) dz = (1)l / va(@)d(z) dz.
Q Q
The following properties of the weak derivative are more or less evident.

Lemma 6.1.4 — Connection between weak and classical derivative I. The following claims hold.

1. Let u € C*(€2). Then for any |a| < k the classical and weak derivatives coincide.

1

2. The weak derivative is (in the sense of equality in L, .

(€2), thus almost everywhere) given uniquely.
Proof. We leave the proof of these claims to a kind reader as a useful exercise. |

Remark 6.1.5. If the classical derivative is continuous, it is necessarily equal to the weak derivative. Therefore, we
shall use the same notation for both; if v, is a weak derivative of u with respect to x®, we shall write D“u = v,.

We are ready to present the most important definition of this chapter.

Definition 6.1.6 — Sobolev spaces. Let Q C R? be an open set, K € N and p € [1,00]. The Sobolev space
WkP(Q) is defined as
WEP(Q) := {u € LP(Q)|V|a| < k| D% € LP(Q)}.

We endow this space with the norm

Z ||DauHip(Q) for p € [1, 00),

lullk.p = llullwrs@) = \jar<k
D% 1 f = 0.
e DUl oo () or p = 00
If it is clear from the context on which set we work, we shall use the shorten notation || - || . If there is a danger
of ambiguity, we shall use the full notation || - ||y x.»(q). Similarly as in the case of the LP(€2) spaces, the elements of

WkP(Q) are in fact classes of functions which differ on a set of measure zero.
Remark 6.1.7. It is possible to define the Sobolev spaces for k € Ny which means that the case k = 0 is included. For
k = 0 we identify the Sobolev space with the Lebesgue space, i.e.,

WOP(Q) := LP(Q).

Remark 6.1.8. We also often shorten the notation for partial derivatives of u. For u € W¥*P(), we define for
m = 1,...,k the vector (the tensor of the m-th order) Vu : Q — R?" as follows
0™u

V7" uliy i, = Oy, Oy,

where 4; = 1,...,d.

If m = 1, we shorten Vu := Viu.

The correctness of Definition 6.1.6 is summarized in the following theorem.

Theorem 6.1.9 — Sobolev norm. The space W¥*?(Q) is a normed linear space.

Proof. The space WP () is clearly a linear space (cf. Exercise 6.1.10). It is therefore enough to verify that || - ||, is
a norm. We consider only the case p € [1,00), the proof for p = oo is left for a reader as a useful exercise. We check
step by step that || - ||, satisfies all the axioms of a norm.
Step 1: Property 1. of the norm
It evidently holds for any u € W*P(Q) that
0 < ||ullkp < oo

Moreover, if [[u|[k,, = 0, then also [lu[|, = 0 and therefore (property of the || ||, q)-norm) we also have u = 0 almost
everywhere in (2, i.e., u is equivalent to a zero function. The opposite implication is straightforward. Whence it holds

u=0 <<= |ullrp=0.

Step 2: Property 2. of the norm
The weak derivative satisfies D* (Au) = AD“u (cf. Exercise 6.1.10), further also ||AD®u||, = |A|||D%ul|,. Altogether,
we have

Il = [ D ID* ) ll5 | = (1A Y 1Dl

lal<k lal<k

= [Alllullp,
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and we verified that the proposed norm is positively 1-homogeneous.

Step 3: Property 3. of the norm
Weak derivative is clearly linear D* (u + v) = D®u + D%v (cf. Exercise 6.1.10) and for the LP-norm, the Minkowski
(triangle) inequality holds (cf. Theorem A.3.10)

l[u+vllp < lullp + [[0]lp-

Moreover, also the "discrete" Minkowski inequality holds, i.e., we have for any non-negative {a,, by},
1 1 1
m P m P m p
(S nr) = (L) + ()
n=0 n=0 n=0
This inequality yields

p p
p
lutvllip=| D ID%u+D%l5 | < [ > (ID%ully + |Dvll,)
lo| <k || <k
1 1
< | DDl |+ D IDullE | = lulles + ol
la|<k la| <k
we thus verified the triangle inequality. It follows from Steps 1-3 that || - ||, is & norm. [ |

The following exercise contains elementary properties of the weak derivative. Their proofs are easy, however, we
recommend the reader to perform them in detail.

Exercise 6.1.10 (Properties of weak derivative). Show that it holds for arbitrary two functions u,v € W*?(Q), where
k € N, and an arbitrary multiindex « satistying |«| < k:

1. Dy € Wk=lelr(Q) and D¥(DPu) = D?(D*u) = D Pu, whenever |a| + |8] < k
2. \u+ pv € WEP(Q) and D¥(\u + pv) = AD%u + pD®v whenever A, i € R
3. if Q C Q is open, then u € WkP(Q)
4. if n € C>(Q), then nu € W*P(Q) and it holds that
a
D*(nu) = < )DﬁnDa_ﬁu,
(u) > 3

{B1Vi=1,....d Bi<a;}

where () := I, (5,)-

Let us now present several typical examples showing which functions belong or do not belong to the spaces W*?(Q).
The first example illustrates that Sobolev functions cannot have a jump across a (d — 1)—dimensional manifold.

u(a) = {x in (0,1)

Example 6.1.11. The function

2 in[1,2)

is not an element of W?((0,2)), because the weak derivative, if it had existed, would have been equal to the classical
one in the intervals (0,1) and (1,2); the classical derivative is the function

1 in(0,1)
vi@) = {0 in (1,2).

This function, however, is not a weak derivative of 2 u, but it is a weak derivative of a function

) z in (0,1)
u<$):{1 in [1,2).

Generally, a function which has a jump discontinuity across a (d — 1)-dimensional manifold in © C R, does not have
a weak derivative in €.

2The function v indeed possesses a distributional derivative. It is equal to the distribution Ty (o.1) T 61, where x; is the characteristic
function of the interval I and ds is the Dirac distribution with the support at the point s. But this distribution is not regular and the
function u does not possess a weak derivative. The function u, however, belongs to the space BV ((0, 2)), i.e., to the space of functions with
bounded variation. The space BV (Q2) is defined as a subspace of the function space L!(§2) for which all distributional partial derivatives
of the first order are Radon measures, cf. (Lukes and Maly, 1995, Section 21).
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The second example shows a typical behaviour near a singularity.

Example 6.1.12. Let Q = B;(0) C R% Then u(z) := -1z € W'P(Q) & a < %. We see that also unbounded

T el
functions belong to some W1?(Q). Note that for v < dp%p the function u € L1(Q) for every q € [1,p*), where p* := ddfpp
(compare with the Embedding Theorem 6.5.1).

Solution. Consider the function
T

Uz(ﬂf) = —OCW
and show that u;(z) = 8‘2, ﬁ (in the weak sense). To this aim, apply the definition of the weak derivative and
consider any ¢ € C5°(Q2) (it is in fact enough to take ¢ € C}(£2))
0 0
—/ u(x) () dz = — lim u(x) p(r) dz
Q Oz; e=0+ Jo\ B, (0) Ox;

and apply the Green formula (integration by parts in higher dimensions) on the second integral; (it can now be applied
as both functions are sufficiently smooth on €\ B.(0)). Then compute the limit & — 0. O

The last example illustrates the fact that the set of points, where the Sobolev function is discontinuous or un-
bounded, can be even dense in ).

Example 6.1.13. Let {r;};—; be a dense countable subset in B;(0). We define for z € B;(0)

oo

1 —«
u(x) = ZE'JC— i T

i=1
If p<dand a € (0, %), then u € W1?(B1(0)), but the function is not bounded on any open subset of B1(0).

The basic important properties of Sobolev spaces as completeness, separability and reflexivity are summarized in
the following theorem.

Theorem 6.1.14 — On properties of Sobolev spaces. For every k € Ng and p € [1, 00| the space W*P(Q) is
a Banach space. For p € [1,00) the space W¥*P(Q) is separable and for p € (1,00) the space is reflexive. For p = 2
the space W*2(Q) is a Hilbert space with the scalar product

(u, V)wrz)y = (U, V)g,2 = Z /D"‘uDo‘v dz. (6.1)
la<k 79

Proof. Step 1: Completeness
The aim is to show that every Cauchy sequence in W*?(Q) has a limit in W*?(Q). Let {u,}—, C W*P(Q) be a
Cauchy sequence, i.e.,

Ve >0, 3ng €N, Vn,m > ng 1 ||up — Umllkp <e.

The definition of || - ||, implies that for any multiindex « such that |a| < k it holds || D%, — D%u, ||, < €. Therefore
all sequences {D%u,},- ; C LP(Q) are Cauchy sequences. The spaces LP(f2) are complete (cf. Theorem A.3.11), and
therefore there exist limits

Up = U in LP(Q)

6.2
D%y, — ug in LP(Q), |o| <k. (62)

Since the limits of sequences D%u,, were constructed separately, it is not clear whether we have D“u = u,. It remains
to verify this claim. First, it holds u, € L () (as uq € LP(£2)); we have verified the first property of the weak

loc
derivative. We take arbitrary « such that |a| < k. By virtue of the definition of the weak derivative it holds for every

¢ €C(Q)
/unDaqsdx:(—U'a‘/Daun(;sdx.
Q Q

We pass to the limit n — oo on both sides of the equality. For the left-hand side we have due to (2.2);

lim unDaqbdx:/uDacédx,

n—oo Q Q

and for the right-hand side we obtain due to (2.2)s

lim (fl)la‘/ﬂD“unqﬁdx:(71)‘a|/§2ua¢dx.

n— oo

Whence it must hold for any ¢ € C3°(Q) that [, uD*¢dx = (—1)“ Jo ta® dz. This implies D*u = uq,.
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Step 2: Reflexivity and separability
To show the reflexivity and separability we use the properties of the LP(Q2) spaces, cf. Theorems A.3.34 and A.3.37.
Denote X = (LP(Q2))", where  is the number of all multiindeces with the length equal or less than k. The space X
is clearly reflexive (for p € (1,00)) and separable (for p € [1,00)).

We further define the mapping I: W*?(Q)) — X as?

ou ou Ok

I = [D* = —_— e, — | .
(’LL) [ u]|a|§k u, amlﬁ 78xd7 )8.%'2

Then I is an isomorphism between W#?(Q) and I(W*?(Q)) C X. Due to the completeness of the space WP (1),
cf. Theorem 2.1.14, the set I(W"P(Q)) is a closed subset of X. Thus due to Theorem B.2.4 the space W*?(Q) is
separable, if p € [1, 00), and reflexive, if p € (1, 00).

Step 3: Case p =2
We leave for a kind reader the verification that (2.1) is a scalar product. Since the associated norm is the standard
norm in W*2(Q), the space W*?2(Q) is a Hilbert space. [ |

On the other hand, for the value p = 1 the Sobolev spaces (similarly as the Lebesgue ones) are not reflexive and
for p = 0o neither reflexive, nor separable.

Theorem 6.1.15 — On non-reflexivity and non-separability. The Sobolev space W% () is not separable
and the Sobolev spaces W*1(Q2) and W*>(Q) are not reflexive.

Proof. The proof of the first claim is left for the reader, cf. the following Exercise 2.1.16. The proof of the second
claim can be found in (Kufner et al., 1977, Theorems 5.2.4 and 5.2.6). |

Exercise 6.1.16 (W%>(Q) is not separable). Let 2 C R? and let § > 0 be such that Bs(zo) C € for a certain x.
Consider for £ = (&1,...,&q4) € Bs(xo) functions ¢ = min(1, |z — &1|). Show that ¢, is an uncountable system of
functions from W1°°(Q) such that ||¢e — Pellwroe(o) = 1 for & # &1

In what follows we introduce certain subspaces of Sobolev spaces whose elements "are zero" on the boundary €.
These subspaces play an important role when we introduce the solution to certain boundary value problems in the
theory of PDEs as well as at the rigorous justification of integration by parts for Sobolev functions.

Definition 6.1.17 — The space W}fp(ﬂ) Let © C R? be an open set, p € [1,00) and k € N. Denote
whe(q) = Gy e
Remark 6.1.18. If we allow p = oo in the definition above, we would get
co@ = fue C*@) |Vla| < k, Va € 99Q: Du(z) = 0}
which follows directly from the definition of the convergence in the norm | - ||5,00-

The following relation between W#?(€) and W, (Q) is left as an exercise for a kind reader.

Exercise 6.1.19. Show that WJ"?(Q) is a subspace of W*?(Q). Show further that WE?(Q) € WP(Q) for an
arbitrary open Q C R%.

The spaces VV(;C P(€)) share almost all properties with W*?(Q) which is formulated in the next theorem.

Theorem 6.1.20 — On properties of spaces W, "*(Q). For any k € N and p € [1,00) the space WP () is a
Banach space. For p € [1,00) the space Wéc’p(Q) is separable and for p € (1,00) the space is reflexive. The space
I/Véc () is not reflexive.

Proof. The proof is, similarly as the proof of Theorem 6.1.14, based on known properties of the Lebesgue spaces LP(€2).
A more detailed proof can be found in (Kufner et al., 1977, Theorems 5.2.2, 5.2.4 and 5.2.6). |

Remark 6.1.21. If we allow for k = 0 in the definition of the space W ?(Q), then W(Q) = LP(Q) for 1 < p < oo
and 2 C R? open, since the smooth compactly supported functions are dense in LP(£2) in this situation.

Finally, as a direct consequence, we deduce the formula for integration by parts for elements of Sobolev spaces
Wy ?(Q) and W' (Q).

3The mapping I forms the vector of all possible (weak) partial derivatives of the order at most k.
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Theorem 6.1.22 — On integration by parts I. Let Q C R? be an open set, k € N and p € [1,00). Then for
any multiindex « such that |a| <k, every u € Wéc’p(ﬂ) and every® v € W' (Q) it holds

/Dauvdx:(fl)la‘/uDo‘vdx. (6.3)
Q Q

9Recall that p’ := p’%l with the convention that for p = 1 we have p’ = oco.
Proof. By virtue of Holder’s inequality A.3.12 it is not difficult to verify that both integrals in (6.3) are finite. Fur-
thermore, from the definition of the space Wéc P () we know that there exists a sequence {u, }5°; C C5°(Q2) such that
for any multiindex «, |a| < k we have

D%u,, — D% in LP(Q).

As also D € L¥' (Q), we immediately obtain

/D“uvdx: lim D%u, vdx
Q

n—o0 O

(6.4)
/ uw D% dzr = lim u, D%vdx.
Finally, directly from the definition of the weak derivative (recall that u, € C3°(f2)) we deduce
/ D%, vdz = (—1)l / uy, D% dz
Q Q
and plugging this identity into (6.4) we get (6.3). |

Inspired by Definition 6.1.17, we introduce at the end of this section yet other function spaces which we obtain as
closure of smooth functions up to the boundary in the corresponding Sobolev norm.

Definition 6.1.23 — Sobolev spaces as closure. Let 2 C R? be an open set, p € [1,00) and k € N. The space
WFP(Q) is defined as

—|- ||k,z7

WHhP(Q) :=C>(Q)

Remark 6.1.24. Analogously as in the case Wéc’p(Q) (cf. Remark 2.1.18) it does not make sense to define W’“"X’(Q),
because we would get due to the properties of || - ||k, that W*>(Q) c C*(Q).

The following lemma summarizes the properties of the space defined as the closure of smooth functions up to the
boundary in the Sobolev norm.

Lemma 6.1.25 — On properties of spaces W*?(Q). Let k € N and p € [1,00). Then W*2(Q) is a closed
subspace of W*P?(Q2) (and thus a Banach space) which is separable and furthermore for p € (1, 00) also reflexive. In
particular, WP (Q) c WkP(Q).

Proof. The fact that the space is closed follows directly from the definition. Other properties can by shown by virtue
of Theorem 6.1.14. Their proof is left as a useful exercise for a kind reader. |

The answer on the question when it holds W’W(Q) = WkP(Q) will be given in the next section. The validity of such
claim will require certain assumptions on the qualitative properties of the set 2. We now only present a counterexample
of this claim for a sufficiently "ugly" open set .

Exercise 6.1.26 (W"?(Q) £ W#?(Q)). We define the set Q C R? as
Q:=B1(0)\ {(z,0): z €[0,1)}, see also Figure 6.2 from Example 6.2.12.

Consider a function u defined as
0 ifz<O,
u(z,y):=<¢0 ifz>0ay>0,
z ifx>0ay<0.

Show that for every p € [1,00] it holds u € WP(), but for p < co we have u ¢ WP (Q).

Let us note that introducing the Sobolev spaces by Definitions 6.1.6 or 6.1.23 is not the only possibility. In the
last subsection of this chapter we present an alternative, but fully equivalent definition based on the so-called Beppo
Levi spaces.
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6.2 Density of smooth functions

Next, we look at results concerning the density of different types of smooth functions. They are important since they
allow the following proof strategy: we first show validity of certain integral identity for smooth functions and in the
next step, based on the density argument, we show by suitable limit passage that the identity also holds for Sobolev
functions. These results will be mostly based on mollification of Sobolev functions.

In what follows the notation 7 will be used exclusively for the mollification kernel, i.e., for smooth radially symmetric
function supported in the unit ball with integral mean value equal to one, see also Definition A.3.28. The function
ne(x) := e~9n(%) stands then for its rescaling and finally for u € L{ (R?) we introduce the mollification of the function
u, denoted u., as (see also Definition A.3.30)

e (&) = e % u(z) = /

ne(z — y)u(y) dy.
Rd

6.2.1 Local approximation of Sobolev functions

The first result concerns a direct application of the mollification of a Sobolev function.

Theorem 6.2.1 — On local approximation by smooth functions. Let & C R? be open, p € [1,00) and
u € WFP(Q) be arbitrary. We define u as zero outside of Q and let u. := 7. *u denote the mollification of u. Then
it holds:

1. D%u, = (D*u). almost everywhere in Q. := {z € Q| dist (x,0Q) > e}
2. u. — u in WEP(Q') for every open €' C O/ C Q.

Proof. Based on the definition, we compute

D%u(x) = D* (/Rd ne(x — y)u(y) dy) = /Rd (Dgne(x —y)) u(y) dy.

The verification of assumptions of Theorem on the derivative of integral with respect to a parameter is here simple,
since 7. is a smooth function with compact support. We also used the symbol D¢ to underline that the derivative is
taken with respect to the variable z. We next use the fact that for any = € . and each y € R4\ Q it holds 7. (z—y) = 0
and thus for z € ), we have

Dule) = [ (D2nta =)t dy = [ (-1 Dnle— ) utw)dy
- / ne(z — y)Dou(y) dy = / ne(a — y)Dou(y) dy = (D*u), (2);
Q R4

we used above the definition of the weak derivative as well as the fact that supp 7. (z—y) C Q. Claim 1. is proved. Claim
2. is then a simple consequence of Claim 1. and properties of mollification; we apply Claim 4. from Theorem A.3.33
subsequently to every D%u with |a| < k. |

This theorem, even though it concerns only local approximation, has several important corollaries. The first one
is a precise characterization of W*?(R9).

Lemma 6.2.2 — Connection of W/?(RY) and W*?(R%). Let k € Nap € [1,00). Then Wk2(R?) = WP (R,

Proof. The inclusion WEP(R%) ¢ Wk2(R?) is evident and follows directly from the definition of the space W, (R%).
Let us now deal with the opposite inclusion W*?(R%) ¢ WP (R?). We have to show that for every u € W*»(R%)
there exists a sequence {u,}r-; C C§°(R?) such that |ju — Un ||y (ra) "0
It is not difficult to see that for every n € N there exists a non-negative &, € C5°(R?) such that &, = 1 in B,(0),
&n =0 in R\ By, (0) and which fulfils ||&, ||cxre) < C(k,d), where the constant C(k,d) is independent of n. Let us
define the function u, := u&,. Due to results of Exercise 6.1.10 we now that u,, € W*P?(R%). Furthermore, using
Claim 4. from the same exercise we immediately get the estimate

1D = Dunl|} 5 gy = /R |D%u — D*(ué,)|P dz
< (C(k,d))p/ > |DPulr da.

RABR(0) |g<|a|

As u € WFP(R?), it follows from the above stated inequality that for arbitrary p > 0 we may find n € N such that

p
v = tnll ey < 5"
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Now, it is enough to mollify the function u,, which unlike the function u already has compact support supp u,, C Ba,(0);
we apply Theorem 6.2.1. In other words, for any p > 0, there exists €9 > 0 such that for any € < ¢ it holds

p
”un - (un)gnwk,p(Rd) < 3

and (uy)e € C8°(Bante,(0)) C C°(RY). The triangle inequality yields
llu — (Un)gnwk,p(Rd) < um — (un)gHwk,p(Rd) + flu— “n”Wk,p(Rd) <p

which is precisely what we wanted to prove. We construct the required sequence by taking pj := % forany ke N. B

Another, "intuitively" straightforward corollary of the Theorem on local approximation by smooth functions 6.2.1
is the following claim dealing with Sobolev functions which have zero first order derivative almost everywhere (and,
as follows from the theorem, the functions are constant).

Lemma 6.2.3 — On constant functions. Let  C R? be an open connected and u € I/Vlicl (€2). Then the
following two assertions are equivalent.

1. The function w is constant almost everywhere in ).

2. For any multiindex « of the length one it holds D%u = 0 almost everywhere in €.

Proof. Implication 1. = 2. follows directly from the definition of the weak derivative. Hence, we concentrate on the
proof 2. = 1. Let zp €  be arbitrary. As € is open, there exists € such that Bac,(z9) C 2. Let us define u by zero
outside of 2 and applying the mollifier we obtain the function u. € C5°(R?). Using Theorem 6.2.1 we get that for any
e € (0,e0) and any = € B.(x¢) it holds

D% (x) = (D%u)c(x) V]a| = 1.

Since D%u = 0 almost everywhere, we see from the definition of (D“u). that for a suitable € it holds for every
x € Bey(zo)

D%u.(z) = (D%u).(x) = 0.

Since u. is a smooth function, whose all first (classical) partial derivatives are zero, it must be constant in B, (o). Since
u € WHP(Q), using Property 2. from the Theorem on properties of the mollifier A.3.33 we get that const = u. — u
almost everywhere in B, (xo), hence u = const in B (z¢). Since zp was arbitrary and € is connected and open,
Claim 1. from our theorem holds true. |

We showed in the previous lemma that a Sobolev function has zero gradient in an open connected set, if and only
if the function is constant there. We now show that if a function is constant on a measurable set, then all derivatives of
the first order are there zero almost everywhere. This will allow us to present a claim about composition of Lipschitz
and Sobolev functions? Recall that y g denotes a characteristic function of a set B.

Theorem 6.2.4 — On the derivative of a composite function. Let Q be open and u € W1P(Q) for some
p € [1,00]. Denote for arbitrary a € R
Q= {z € Q|u(z) =a}.

Then for any ¢ € {1,...,d} it holds that g—; = 0 almost everywhere in ).
Further, let f € C%'(R) (note that f' € L>=°(R)). Then f ou — f(0) € W1P(Q) and it holds
0 0
w = f’(u(w))%){{memu(z)gsf} almost everywhere in €2, (6.5)

where Sy := {s € R| the classical derivative f’(s) does not exist}.

Note that the Rademacher Theorem A.2.16 ensures that the derivative f’ exists almost everywhere in R and thus
the set Sy is of zero measure. If moreover ) has finite measure, then f(0) € W?(Q) and thus f(u) € WhP(Q).
Finally, as an easy corollary of Theorem 6.2.4 which is in fact a part of the proof, we get a claim which is often used
in the theory of partial differential equations.

41t is easier to deduce these formulas, if we work with the equivalent definition of the Sobolev spaces based on so called Beppo Levi
spaces.
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Corollary 6.2.5. Let u € WH1(Q) be arbitrary and denote ut := max{0,u} and u~ := — min{0, u}. Then we have for
all i € {1,...,d} and almost everywhere in  that
dut  Ou
oz, = @X{ZEQ |u(z)>0}
ou~ ou
o, = _%X{zeﬁ|u(az)<0}
Olu] ou
Oz = sign ua “X{z€Q | u(x)#£0}-
In particular, u™, v~ and |u| € WH1(Q).
Proof of Theorem 6.2.4. Let us first denote fri, := ||f'||L~(r). Since f is continuous, f(u) is measurable. Moreover,

as f is globally Lipschitz, we have

[f (u(x)) = FO)] < friplu(x) = O < friplu(z)].

As u € LP(Q), then also f(u) — f(0) € LP(Q). Assume now that f(u) is a Sobolev function and equality (6.5) holds.

Then we also have || agiu) lp < frLipll ]|, and thus (f(u) — f(0)) € WHP(Q). It remains to verify validity of (6.5).
We start with the case when additionally f € C'(R). We want to show that f(u) has a weak derivative and the

derivative is given by formula (6.5). Let ¢ € C5°(2) and u. be the mollification of u by Theorem 6.2.1 such that

dist(supp p, 9Q) > 2¢. We may then apply classical theorem on the derivative of a composed function; Property 1.
from Theorem 6.2.1 implies after integration by parts

/ fue) axl / f(u axl (6.6)

We now let € — 0. Let us first look at the left-hand side. As u. — u in L*(2Nsupp ¢) and f is globally Lipschitz,

. Op
Jin | [ (7(00) = ) 52 o

< fripllelheo lim lue — u|dz = 0.
=04 QNsupp ¢

We estimate the right-hand side of (6.6) as follows.

8 gpd /f axlgoda:

/|f aua —gl lo| dz
# 150 - @i |22 104
< Fripllllc /Q Qe vl
0
T lelloe /2 W) = s g e

The first term goes to zero due to the convergence Vu. — Vu in L(2Nsupp ). To show the convergence to zero
of the second term, it is enough to realize that due to the continuity of f’ and almost everywhere convergence of u.

the whole integrand converges almost everywhere. To pass to the limit it is possible to apply the Lebesgue dominated
convergence Theorem A.3.4, as

[/ (ue(z)) = f'(u(z))

| ‘8“(55) < 2fLip| Vu(z)| € L1 (Q Nsupp p);

this gives us the integrable majorant. We thus have for every ¢ € C3°()

(9<p ou
— dx ! d 6.7
[ rwgEar= [ fugted (67)
which we wanted to show.
Let turn our attention on the proof that Vu = 0 almost everywhere in €)y. Let us consider a special function

0
f(z)::{f) iio
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i.e., f(u):=uT. We approximate the function f by the sequence of functions

fola) = (624—&72)%—6 x>0
7 o z <0,

Clearly f-(u) — u™ almost everywhere in Q and

. / _
81—1>I(I;1+ fs(x> -

1 forz>0
0 forz<0.

This immediately implies that

fi(u) — X{zeQ | u(x)>0) almost everywhere.

However, the previous step implies

0 0
- [ ftwgEar= [ fiw)grpds

Due to the almost everywhere convergence of f/(u) and of f.(u) and applying the Lebesgue dominated convergence

Theorem A.3.4 we get
Op ou
—/Qquaxi dx = /Q %S@X{xeﬂ|u(a’)>0} dz.

We proved not only formula (6.5) for a particular function f, but also the first from the formulas in the second part
of Corollary 6.2.5. Furthermore, as u~ = (—u)" and |u| = u™ + u~, the validity of other formulas from this corollary
immediately follows.

Finally, since v = u™ — u ™, then Vu = Vu™ — Vu~ almost everywhere. However, on {2, the functions Vu™ and
Vu~ are equal to zero almost everywhere. Thus also Vu = 0 almost everywhere on 4. Moreover, after adding an
arbitrary constant, i.e., for % := u + ¢ we have Vi = Vu and thus Vu = 0 almost everywhere on €. for any ¢ € R and
the first part of the theorem is shown.

Let us now show (6.5) for a general f € C%1(R). Due to the properties of the mollifier (recall Theorem A.3.33) we
know that there exist a sequence f. € C!(R) such that for ¢ — 0,5

fe=f R,
fL— f' almost everywhere in R.

Furthermore, we have
[fe@) < |f(@)[+Ce  and |l er) < fLip-

Since f. is a smooth function, we can use (6.7) and get

0 0
- [ rtgE o= [ fiw) grpde (6.9)

We have to perform the limit passage € — 0. The term on the left-hand side is the same as above. To pass to the
limit on the right-hand side we would like to use again the Lebesgue dominated convergence Theorem A.3.4. Due to
the estimate || f/|lco < fLip it is not difficult to find the majorant and it therefore remains to show

fl(u(@))Vu(z) = f(u(@) Vu(T) X {zeq | ula)¢s,)

for almost every x € . This is evident, whenever u(xz) ¢ Sy;. Let now a := u(xz) € Sy. Then clearly the set
{z € Q|u(z) € Sy} N{z € Q| Vu(z) # 0} is a null set, if Sy is at most countable. Since in general this might not be
the case, we apply the argument from Giusti (2003). We use the Theorem on the coarea formula in the form

/ Vu(z)| dz = / Mo 1 (OU, N L) dt,
L R

where L = {z € Q|z € Sy} and Uy = {z € Q|u(z) > t}, see, e.g., Federer (1969) for the proof. Then since
oU; = {x € Qlu(x) = t}, we see that Vu = 0 a.e. in L. Thus Vu(2)X{zeQ|u()cs;} = 0 almost everywhere, which
finishes the proof. |

In general, a composition of two Sobolev functions may give a function which is not Sobolev any more.

Example 6.2.6. Consider the function u(z) = z®sin® (1) € W*°((—1,1)) and further the function f(2) = ¢/z €
Wh4((=1,1)) for ¢ < 3. Then the function (f o u)(x) =z sin (1) does not belong even to W!((—1,1)).

x

5To prove the second convergence, it is necessary to combine the Rademacher Theorem A.2.16 and the Theorem on local approximation
by smooth functions 6.2.1.
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6.2.2 Global approximation of Sobolev functions by functions from C*((2)

We now show that Theorem 6.2.1 can be significantly strengthen in the sense that the approximate sequence belongs
to C>°(Q) N WkP(Q). Note that this stronger form does not require any extra assumptions on the set €2, on the other
hand, it does not say anything about the approximation by functions from C>°(Q). Such type of approximation will
be studied in the next subsection.

To be able to show the desired approximation result, we need the following general version of the Lemma on
partition of unity.

Lemma 6.2.7 — On partition of unity I. Let 2 C R% be open and {V; };c7 its (generally uncountable) covering.
Then there exists a countable system of functions {¢;};c7 such that it holds:

1. ¢; €CP(RY) forall j € J
2. for each j € J there exists ¢ € Z such that supp ¢; C V;
3. 0<p;<1lforalljeJ

4. for all z € Q the sum >, 7 ¢;() = 1 and moreover, for any compact K C Q we have ¢; # 0 only for finite
number of j.

Proof. For the proof see, e.g., Yosida (1980). [
We can now come to the main result of this part.

Theorem 6.2.8 — On approximation by smooth functions in Q. Let O C R? be a bounded open set,
p € [1,00) and u € WH"P(Q2). Then there exists a sequence {u,} -, C C*(Q) N W*P(Q) such that u,, — u in
WkP?(Q).

Proof. Step 1: Definition of the covering
Let us define the sets

1
Q; = {er: dist(x,39)>_}, i€ N.
i

These sets are open, from a certain index ¢ non-empty, satisfying Q) C €2; C ﬁj C Qfor j>kand Q=] Q. We
further define for each ¢ € N open sets

— 1 . 1
‘/7; = Qi+3\Qi+1 = {:CEQ m <dlst<$7aQ) < M}

Finally, we define Vj suitably so that this set is open, Vj C € and so that it holds = U;2, Vi. We evidently also
have V; C Q. Due to Lemma 6.2.7, we construct to the covering {V;};-, the partition of unity {p;}:-.

Step 2: Interior approximation in V;
For a given u € WHP(Q) and i € N we define functions u; := up;. Evidently, u; € W*P(Q) and suppu; C V; C Q
for some j € N (in what follows, for each ¢ we consider such j). Let us now choose arbitrary p > 0. We find to this
number sufficiently small ¢; such that it holds for the mollified function (u;)e, = 7e, * (@su)

p_.
Wk (V;) < 9irl

lui — (wi)e,

this is surely possible, it is enough to apply the Theorem on local approximation by smooth functions 6.2.1. If
necessary, we make ¢; smaller, in order to have supp(u;)s, C Q;4+4 \ ;. It clearly holds that (u;)., € C* ().

Step 3: Definition of the approximate function
We set

oo
V= Z(uz)gl

i=0
This definition makes a good sense, since the sum is always (for fixed x € ) finite; the reason is that the covering
{Vi} we constructed is locally finite (Property 4. from Lemma 6.2.7, i.e., VK C Q, K compact, there is only a finite
number of indeces j for which it holds p; # 0). Indeed,® v € C* (Q).

Step 4: Function v is a good approximation

It clearly holds u = u Z:io ©;. Let us now consider an arbitrary open set €’ C @ C €. Then, due to the compactness
of €V,

oo oo
v — UHWk,p(Q/) = Z(uz)e - UZ‘Pi
=0 =0 Wk.p(Q)
=1
< Z [l (ws)e, — “i”Ww(vj) < PZ it P
Z‘ENo;‘/j(i)ﬂﬂlf(D =0

60n the other hand, it is not difficult to check that in general it is not true that v € C™ (ﬁ)



6.2. Density of smooth functions 121

Due to the continuous dependence of the integral on the domain it is now enough to come to the supremum over all
sets V', i.e.,, Q' 7, and we get

v = ullyrn) < p-
This inequality implies that v € W*?(Q) which was not yet clear. Furthermore, it is now evident that we may
approximate u arbitrarily closely (in dependence on p) by a function v € W*?(2)NC> (Q) and the proof is finished. M

6.2.3 Global approximation of Sobolev functions by functions from C>()

We aim at obtaining global approximation of Sobolev functions by smooth functions up to the boundary. To this aim,
we need to apply Theorem 6.2.1. Since the approximation must be done up to the boundary, it will already depend on
the properties of the boundary. For general domains, this given result is not true (cf. Exercise 6.1.26), thus we must
exclude such situations as in the above mentioned exercise. We will present two results of this type. The first one
is connected with a special type of domains, so-called star-shaped ones for which the proof is rather straightforward.
The other case covers more general class of domains, but the definition of the domain is much more involved. Indeed,
also the proof is more complex.

Definition 6.2.9 — Star-shaped domain. We say that an open set Q C R? is star-shaped (with respect to
a point xp), if there exists a point zg € Q such that for any = € Q, x # xo the half line starting at 2o and going
through x has exactly one common point with the boundary of €2. It means that

{ye RY|3r e Ry, y =7(z — x0) + o} N O contains exactly one point.
An example of a star-shaped domain is a ball or cube in R? or, as indicated by the name of the domain — a symmetric
star in the plane. Recall that a star-shaped set is necessarily connected.

Theorem 6.2.10 — On approximation up to the boundary for star-shaped domains. Let € be a star-
shaped domain and u € W*P(Q) for p € [1,00). Then there exists a sequence {u, }r.; C C>(Q) such that u, — u
in WF?(Q).

Proof. The main idea of the proof consists in the idea that for star-shaped domains we may relatively easily the
function u "slide out" of 2 and then mollify this "slid" function. We may assume without loss of generality that 2 is
star-shaped with respect to the origin, i.e., o = 0 (in the general case we may use the change of variables y = = — z).

Our goal is to show that for any p > 0 there exists u, € C* (Q) such that
= gl < - (6.9)

Step 1: Slid out
We define for 7 € (0, 1) the slid of the function u,(x) := u(rz) and denote the open set

Q, = {zeR?|rzeq}.

Since the set is star-shaped with respect to the origin, we have that for all 7 € (0,1) we have Q C Q.. Evidently also
u, € WEP(Q,) (verify in details!) and it holds for any z € €2,

D (u;)(z) = 711 (D), ().
Thanks to this it is rather easy to show (see Exercise A.3.27) that
ur —u in LP(Q) forT—1_. (6.10)

Using the triangle inequality we then get

1D (= )l oy = || D7 = 712 (D), |

Lr(Q)

= H(D“u — (D%u);) + (1 —71°1) (D%u)

TllLe ()

< (1= ) D) N oy + D0 = (D), gy -

Due to (6.10) we see that for 7 — 1_ the right-hand side converges to zero and thus, for any p > 0 we can find
7 € (0,1) (which will be from now on fixed) such that it holds

P
lw = urllyeso) < 5

Step 2: Mollification -
The function u, belongs to W*P(Q.) and Q C §2,. We may use, for our fixed 7, the Theorem on local approximation
by smooth functions 6.2.1 and we find for p > 0 a number ¢ > 0 such that it holds

P
lur = (UT)EHka(Q) < 9’
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where (u,). € C*(R?) and thus also (u,). € C>®(9Q).
Step 3: Approximation
We finally define u, := (u,). and verify (6.9). Applying the triangle inequality we get

lu — “p”wk,p(g) < lu-— u'r”Wk,p(Q) + fJur — (Uf)sHWk,p(Q) <p

which we wanted to show. [ |

The star-shaped domains are too specific and do not include a big class of otherwise "nice" domains. Another class
for which the approximation of Sobolev function by smooth functions holds true are so-called domains with continuous
boundary. Since it is not more difficult to define domains with Holder continuous (or even more general) boundary,
we present the definition in full generality.

Definition 6.2.11 — Domain with C*#-boundary. Let 2 C R? be a bounded domain, k € Ng and p € [0, 1]
We say that € is a domain with the C¥#-boundary (shortly domain of the type C¥* and denote Q € C¥), if there
exist positive numbers a, 3 and M cartesian coordinate systems, i.e., the coordinates of an arbitrary point « € R% in
the r-th coordinate system are denoted as z = (z,,...,2y,) := (2., 2,), and M continuous functions a,: A, — R
of class C**#, where we define for any r € {1,..., M}

Api={2, eR¥"i=1,....d=1: |z,

<a}

such that the following holds.

1. If we denote by 7). the mapping (rotation and shift) which describes the change of coordinates from the r-th
cartesian coordinate system (7, z,,) to the global coordinate system (z’, 24), then for any x € 9 there exists
a coordinate system (i.e., there exists r € {1,..., M}), such that = T,.(«}, a,(x})) for some z. € A,..

2. If we define

{(2,2,,) € Rzl € Ay, ap(z)) <z, < arp(z)) + 8}
{(CU;JC”) eRi|z! e A, ar(z) - B <, < ar(m;)}
{(a, zr,)

zr,) €R |2l € Ay, ap(2)) =20, ),

VI
A
A, =
then T,.(V;*) ¢ Q, T,.(V,7) € R*\ Q and T}.(A,.) C ON.

Property 1. implies furthermore that 0Q = Ui\; T, (A,). If we denote the open set V,. := V" UV,” UA,, then
o0l C Ufil T.(V;) and {T,.(V;.)}M, is a finite covering of a certain neighbourhood of 9.

r=1

aFor y1 = 0 we speak about domains with C¥-boundary; if further k = 0, then C°-domains are often called domains with continuous
boundary and are also denoted as domains with C-boundary.

Figure 6.1 displays the typical situation how the boundary should look like.

Td

Figure 6.1: Domain Q with the C%!-boundary.

Example 6.2.12. Typical examples of different types of domains are as follows.
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1. Domain defined as (0,a)%, a > 0 (i.e., the d-dimensional cube) is a domain with the C%!-boundary (Lipschitz
boundary).

2. The ball in R? is a domain with the C*°-boundary.

3. The ball in R? without one line (see Figure 6.2) is even not a domain with the C-boundary.

Figure 6.2: Domain which is not of the type C.

Note that the third example is in fact a typical example of the domain assumed in Exercise 6.1.26 for which we do
not have W*P(Q) = W*P(Q). On the other hand, as we shall see below, the equality holds for domains Q € C° and
together with the continuity of the boundary, the key property is that we may speak about a well defined interior of
the domain (represented by T;.(V,*)) and exterior of the domain (represented by T,.(V,”)) which allows us to modify
the proof from the case of star-shaped domains.

Remark 6.2.13. Some of the domains have special names; the domain € C is usually called the domain with
continuous boundary, and 2 € C%! is called the domain with Lipschitz boundary.

Important tool in the proof of the theorem below which will also be very useful at several other situations is the
following lemma.

Lemma 6.2.14 — On partition of unity II. Let {Gi}le be a finite number of open sets in R? such that
Q C UF_,G;. Then there exist non-negative functions ¢; € C§°(G;), @ = 1,...,k such that for any i we have
[¢illc@ < 1 and it holds for any z € €

Proof. We take open sets G}, CC Gy, i = 1,2,...,k (i.e., G} C G} C G;) such that {G]}*_, still cover Q. Then there
exists an open set Gy1 such that UGy = R? and dist(Gjy1,9Q) > 0. We take h > 0 sufficiently small so that
dist(G},G;) > h for all i = 1,2,...,k and dist(Gg41,$2) > h. We set

|z]2
N S

0 prolx| > h.

We cover each @ and Gp41 by balls centred at y;; lying in the given sets (this covering can be chosen finite for each
i=1,2,...,k and locally finite for Giy1) and set

wi(x):Zw(xfyij;h) for t=1,2,...,k+1.
J

Clearly v; € D(G;) for i = 1,2,...,k+ 1 and for each z € Q it is Zle ¥i(z) # 0 and ¥g41(z) = 0. We finally set

¢i(x) == ]:_{ill(x) :

Zj:l (16
Then the system of functions {¢;(z)}%_; forms the required partition of unity in Q. [

The main result of this subsection reads as follows.

Theorem 6.2.15 — On the approximation up to the boundary for () EEO. Let Qe C% pel,0), keN
and u € W*P(Q). Then there exists a sequence {u,} -, of functions from C*°(Q) such that u, — u in W*P(Q).

In other words, for p € [1,00), k € N and Q € C° we have WkP(Q) = Whp(Q).
Proof. Our goal is to show that for any u € W*P() and for arbitrary chosen p > 0 we find u” € C>(Q) such that
lw = ullyp < p-

In what follows, let v and p be fixed.
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Step 1: Partition of unity
We denote for r = 1,..., M the open sets from the definition of the set with continuous boundary O,. := T,.(V;.). Then
we can surely find an open set Ory1 such that Oprp1 C Opry1 C € and, moreover, Q C Ui‘/[:J{lOT. We apply the
above shown Lemma on partition of unity II 6.2.14 on the system of sets {Or}i‘/[:{l and denote u, := u¢p, € W*hP(Q).
For z € R?\ Q we define u,(z) := 0.

Step 2: Approximation inside
The function upry1 € WHP(Q) has compact support lying inside of Q and since upsy is defined to be zero outside of
Q, we have uys41 € WHP(RY). We can directly apply the Lemma on connection of W, *?(R%) and W*?(R%) 6.2.2 and
find for a given p the function uf, , € C5°(R?) such that

P
||UM+1 - u?\4+1||W’”’(Q) < m

Step 3: "Slid out" of the function

For arbitrary ¢ € (0, g) we define u, 5(x) = u, (T (x}, x,, + 6)); the function w, is thus defined also in some neigh-
bourhood of 012, see Figure 6.3. Then main reason for this shift is the fact that the function w, is defined in some
neighbourhood of 99 (here we also use the continuity of the boundary). Thus we shall be able to apply the Theorem
on local approximation 6.2.1.

More precisely, as ¢, has compact support in 7,.(V;. N A,.), we see that by suitable choice of 3, since u, is defined
to be zero outside of 2, we have u,, € W*P(Q,.), where Q,. := R%\ Tr(Vg) is open and
p

Ve o= {(x'r,xrd) eRY: 2l e A, an(2)) - 5 <@ < ar(m;)} cV,.

If we additionally define Q, 5 := {y € RY: 3z e, y= T.(zl,xp, — 0)}, then u, 5 € Wk’p(Qm;). Evidently, for any
multiindex « such that |a| < k and each z € Q, 5 we have D%u,. 5(z) = D*u, (T, (2., z,, +J)), whenever the derivative
exists. Due to the Theorem on the p-mean continuity A.3.26 we can choose § > 0 (§ < g) such that it holds

p

lurs =rllwera.ne. < g1y

Figure 6.3: Shift of a function

Step 4: Mollification
To be able to apply the Theorem on local approximation 6.2.1, we first show that Q C Q,. 5. To the contrary, assume
that there exists y € Q such that y ¢ Q,.5. In other words, for each = T.(2}, z,,) € Q, it holds y # T,.(xL, z,, — J).
Describing y in the r-th local coordinate system, i.e., y = T (y.,yr,), then y # T.(z.,x,, — §) is equivalent with

(Yr,yr, +06) # (2., x,,) which does not mean anything else than (y.,y,, +9) € V.. This relation can be, due to the

continuity of a and definition of Vg, written as

ar(y;) -5 <Yy, +0< ar(y/r)~

™

Since § < g, we see that
ar(yy) = B < yry < ar(y,);

then y € T,.(V,~) and thus y ¢ Q which leads to the contradiction. B
We can now apply the Theorem on local approximation 6.2.1 and for u, s € W*P(Q,. 5) we find u? € C>(Q) (recall

that Q C ,.5) such that

p
[tr,s — ullwes (o) < 2M 1 1)
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Step 5: Construction of the approximate sequence

We set
M+1

p.— § P
u" = Uy
r=1

Evidently u” € C>°(Q) and using Steps 1,2,3 (note that Q C Q,.5 N (2,.) and 4 as well as the triangle inequality we get

M+1 M+1
[[uf — UHWW(Q) < Z (uf — ur) < Z [Juf — UrHWk.p(Q)
r=1 Wk (Q) r=1

M
P p
< M+1 +7;”ur 7“r||wk,p(9)
p M M
< M+1 + ; [[uf — Ur,é“wk,p(g) + ; llurs — u,,HWk,p(Q)
p M P
< oNY P
The proof is finished. .

Remark 6.2.16. Both fundamental properties of the set with continuous boundary appeared in Steps 3 and 4. On one
hand we needed uniquely determined direction inside (outside) of £ (Step 3), continuity of a, was important in the

description of Vg.

6.3 Connection between weak derivative and differences

We saw in the previous subsection that the Sobolev functions can approximated arbitrarily close in the Sobolev norm
by smooth functions. We also know that if a function has continuous classical derivatives, then they coincide with the
weak derivatives. We shall now consider the opposite relation, namely if the weak derivative can be considered as a
certain approximation of the classical derivative.

We denote for arbitrary i = 1,...,d and h € R the difference quotient

x + he;) — u(x)
h i

Alu(z) = U (6.11)

where e; is the unit vector in the direction of the z; axis. It is evident that if u has at the point = (classical) partial
derivative with respect of the x; variable, then

_ Ou

lim Alu(z)
h—0

We aim to clarify that something similar "in the mean" holds also for the weak derivative almost everwhere in 2. The
first result in this direction is the following.

Theorem 6.3.1 — On the connection between difference quotient and weak derivative I. Let € be
open, p € [1,00] and u € LP(2). We denote for arbitrary 6 > 0

Qs = {z € Q| dist(z,00) > §}.
Then we have the following.
1. If u € WHP(Q), then for any i € {1,...,d}, § € (0,1) and || € (0,3) it holds

ou
HA?UHLP(QK;) s Haxl

Lr(Q) .

2. If p € (1,00] and there exist constants {C;}%_, such that for any i € {1,...,d}, 6 € (0,1) and |h| € (0,3) it
holds

< Ci7

1a%ull gy <
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then u € WHP(Q). Moreover, we have for any i € {1,...,d} the estimate

Proof. Step 1: Proof of Claim 1.
Let first p € [1,00) and u € W1P(2) which we extend by zero” outside of 2. From the Theorem on local approximation
6.2.1 we know that

ou
(9:1%

< (.

LP(Q)

UK N =: Ug 2% win Wl’p(Q%) (6.12)
Since u. are smooth functions, we have for each i € {1,...,d} and each = € Qs (Jh| < %)
1 (" ou
A (z) = nl (“)xj (x + te;) dt.

Using Hélder’s inequality we thus get

p p

0
Ue dt.

8£L'i

|Abu(2)]F < hi (z + tey)

1 [k
< —
/8xlx+te2)dt _h/o

We integrate this inequality over {25 and apply Fubini’s theorem. As a result we get

1 " Ou, P
h p
| A ug(:c)HLp(Qé) < E/ (/o oz ~(z + te;) dt) dz
h p
8u5
/ / 0z, (x +te;)| dadt.

Using a suitable change of variables we may estimate the last integral (we increase the domain over which we integrate)

h
dedt < — / /
h/ ~/Q(; Qs

We may now use the (strong) convergence (6.12) and combining the last two inequalities we obtain

8u5
ox;

(“)ug (2)
ox;

Ou ||?
(%i

(z —|—tel)

d;vdt = H

ou

P ou
u“LP(Q(;) =9z,

Lr(Qg) - Haz,

a7

Lr(Q) .

The last inequality is just a simple enlarging of the domain over which we integrate. The proof of the first part for
p € [1,00) is finished.

Let now p = co. Let us denote Q7 := QN Br(0) which is again open and additionally bounded. If u € W1°°(Q),
then it must hold u € WP(Q®) for any R > 0 and p € [1,00). Denoting in a similar manner as above QF, we can
use the previous step and obtain

ou
Al < :
| z”HLp(Qg) = ‘8132» o)
Now, we can let p — 0o (see Theorem A.3.17) and get
ou
I8l o < | -
Le=(95 Ox; Lo (QR)

Finally, the limit passage R — oo finishes the proof of the first part also for p = oc.

Step 2: Proof of Claim 2.
We first start with p € (1,00). We extend as above u by zero outside of Q and take a sequence {h,} -, having zero
limit. We then define functions

no._
vy =

hnp
Ai b UXQQHMH :

We see from the assumptions that it holds for any i that ||v}'[|z» (o) < C;. Since for our p’s the spaces LP are reflexive,
we may choose a subsequence (which we relabel)

vt — v; weakly in LP(Q).

"Note that after this extension the function u may not be a Sobolev function in R%.
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Due to the weak lower semicontinuity of the norm (or also weak lower semicontinuity of convex functions, see Theo-
rem A.3.43) it immediately follows
lvillLe ) < Ci.

It remains to show that v; are weak derivatives of u, i.e.,

0
vi(x) = au () in the weak sense and almost everywhere in Q, i =1,2,...,d
X

which according to the definition means that it holds for any ¢ € C§°(Q2)

Oy
v;podx = —/ U dz. 6.13
/Q 4 o Oz ( )

9u and thus also for any sequence
p

By the uniqueness of the weak derivative we get that for any subsequence v;"* — &
hn — 0. As ¢ has compact support, there exists ng such that for any n > ng, supp¢ C Q3| The properties of ¢

yield

nl*

/ vipdr = lim vi'pdr = lim A?"wp dx
Q n—oo o) n—oo QZ“L |
= lim Ah"ugo dz = lim uA;h’%pdx
n—oo Rd n—o0 Rd
—h 0
= — lim usp( ne:) / i da;
n—oo Jpa —hp, 61‘,

we therefore verified (6.13) and the proof for p € (1,00) is finished. We used in the above weak convergence the
Lebesgue dominated convergence Theorem A.3.4 for the last equality and also the identity

/A?wpdxz/ uAi_hgad:U.
Rd Rd

We leave the proof of this identity for a kind reader as an easy exercise.
The case p = oo can be shown similarly as in the previous step and is also left as an exercise. |

Corollary 6.3.2. Note that (verify that the assumptions of the second part of Theorem 6.3.1 are satisfied) Lipschitz
functions belong to W1>°(Q). We even have the embedding C%!(Q) < W°°(Q). The opposite inclusion requires
certain regularity of the domain and will be discussed later.

Remark 6.3.3. The second part of Theorem 6.3.1 does not hold for p = 1, as a kind reader may verify for the function
u(x) := signzx in the interval (—1,1). Nonetheless, the function fulfilling the assumptions of the second part of the
theorem for p = 1 belongs to the space BV (€2) — functions with bounded variation.

We showed in the previous theorem that the difference quotients converge to the weak derivative provided p €
(1,00). We now strengthen the previous theorem in the sense that we will replace weak convergence by the strong
one.

Theorem 6.3.4 — On the connection between difference quotient and weak derivative II. Let ) be
bounded, p € [1,00) and u € WP(Q). We denote for § > 0

Qs = {z € Q| dist(x,00) > §}.

Then it holds for any § > 0
Ju

Ahqy —

=0. (6.14)

lim
h—0

LP(Qs)

Proof. We shall use the same notation as in Theorem 6.3.1. Let v € WP(€2). Similarly as above, we introduce the
mollification u, for which we obtain

1 (" ou
Al (z) = = c
1UW),103%

(x + te;) dt.

Let now § > 0 be fixed; we also fix hy, hy € (=2 5 2) We get for the difference of the corresponding difference quotients,
using its definition and the standard Theorem on the change of variables

1 (M du, 1 "9y
Ay, () — A, (z) = — i)dt —— -
e () J2ue(x) ol 5%( x + te;) dt ) o

L/ Ou. Ou,
/0 (8:127 (.’L‘ + thlei) — aﬁﬁ(!E + thgei)> dt.

(33 + tei) dt
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We can now estimate the LP-norm of the term on the left-hand side by means of Fubini’s theorem, Holder’s and
triangle inequalities to get

1A} e — Af2uc|lf g,
p
aus I’ + thlei) — Ue (SC + thgei) dtdz
Q 7
5 B 9 ) o ?
é/ ug(- +thie;) — == + H US (ot thoey) — St dt.
0 ox; ox; L () ox; ox; Lr(9)

Due to the properties of the mollifications we may pass with e — 04 (recall that |h1], |h2| < ) and obtain the estimate

HAhlu - Ahz“”LP(Q&
p

0 0 ou 0
< - (- +thie;) — - + (- + thoe;) — Y dt

Ox; ox; o O

0 ZT; €Z; LP(Qs) xX; i LP(Qs)
0 9 p
< 2P sup / Y (x + te;) — Y (z)| da.
0<t<max(|hy |, |ha]) J25 | OTi 0x;

We now verify, based on the inequality stated above, that the sequence of the differences is a Cauchy sequence. Let
£ > 0 be arbitrary. Since 2 6— € LP(Q)), we may apply the Theorem on the p-mean continuity A.3.26 and find h. < 5
such that for it holds for any h € (0, h.)

).

Combining the last two inequalities we get that it holds for any hq, hs € (0, he)

p eb

d$<27

ou ou
oz, (z + he;) — 8—%(@

A} w — Al Loy < €

and the sequence is a Cauchy one. Since the spaces LP are complete, the sequence of the differences APu converges
strongly in LP(Qs) to some v; € LP(Qs). Similarly as in the proof of the previous theorem it is possible to verify that

0
Y almost everywhere in {15
3x,-

v =

and the proof is complete. [ |

Remark 6.3.5. Since the strong convergence implies almost everywhere convergence, at least for a chosen subsequence,
Theorem 6.3.4 guarantees that for any subsequence h,, — 0 there exists a set of zero Lebesgue measure N C 2 such
that (for a chosen subsequence)

lim [APmu(z) - Ou

i ami(x) =0 for all x € Q\ N.

This claim, however, does not imply existence of the classical derivative, since the function v can be changed on a
set of measure zero which can be dense in 2 and thus after this change the function u is not continuous at any point
and cannot have the classical derivative anywhere. A different situation is for p > d, where already a continuous
representative of the function exists. We shall discuss this case later.

On the other hand, we may strengthen Lemma 6.1.4. We relax the assumption on the continuity of the derivatives
as follows.

Lemma 6.3.6 — Connection of weak and classical derivative II. Let 2 be an open set and u € Wh1(Q).
Let D C Q2 be defined as

D := {z € Q| there exists the classical partial derivative of u with respect to z;}.
Then the weak and classical derivatives of u coincide almost everywhere in D.

Proof. The proof of this claim is based on the previous theorem and is left as an exercise for a kind reader. |

Finally we present a small generalization of Theorem 6.3.1.

Lemma 6.3.7 — On the connection between difference quotient and weak derivative III. Let 2 be
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open, p € [1,00] and u € WHP(Q). We denote for § > 0, h € (—g, g) and arbitrary unit vector e € R?

Qs = {z € Q| dist(z,0Q) > 0}
u(z + he) — u(x)
- :

Ahu(z) =

Then it holds
||AZU||L;)(QZW) <|[Vu- eHLP(Q) :

Proof. The proof is also left as an exercise for a kind reader. |

6.4 Extension from W!?(Q) to W*(RY)

In Theorem 6.2.15 we had to solve the mollification of a function from W*?(Q) by "sliding out" the function, since
unlike the Lebesgue spaces there is no simple extension which keeps the regularity of the function. We shall show
in this section how to construct the extension; the prize is a certain smoothness of the boundary and the minimal
requirement is Lipschitz continuity. The main result of this section is the following theorem.

Theorem 6.4.1 — Extension operator. Let Q € C%! and p € [1,00]. Then there exists a continuous linear

operator
E:WhP(Q) — WHP(RY)

such that:
1. Fu=wuin ()
2. Ewu has compact support in R¢

3. there exists C = C(d, Q) > 0 such that
||EUHW1,p(Rd) <C ||“||W1,p(g) :

Remark 6.4.2. In what follows we shall call Eu extension of u € WP(Q) to u € WHP(R?) and the operator E will
be called the extension operator. The extension can be defined so that it preserves the C! regularity. It is possible to
preserve also higher regularity, but more regularity of the boundary of {2 must be required. This is due to the fact
that the construction can be easily done for flat boundaries, while for more general non-flat boundaries we first need
to flatten the boundary.

Let us assume that the boundary is described (for simplicity, we do not consider the change of variables caused by
different coordinate systems)

zg=a(@), 2’ e A={2' eR"|Vie {l,....d -1} |z;| < a}.
Recall the notation from Definition 6.2.11
VT ={(2/,24) eRY|2’ € A, a(z') < zq < a(z)) + B}
V™ ={(2/,2q) eRY|2 € A, a(z') — B <zq<a(z))}
A={(2',zq) ERY|2' € A, a(2)) =24}
V=VTuV- uUA.
We now look at the change of variables which "flattens" the boundary. We define new variables (y’,yq) and the
mapping F: (—1,1)? — V by means of

v =ay (6.15)
zqg=alay') + Bya, (ie., z="F(y)) '
and
y/ _ lx/
@ (6.16)

respectively. Denote further

Ct:=(-1,1)%1x(0,1)

C™:=(-1,1)%1 x (~1,0).
Then F maps C* onto V*, C~ onto V~ and (—1,1)¢"! x {0} onto A. Furthermore, if a is at least Lipschitz, the
following key lemma holds true.
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Lemma 6.4.3 — Flattening of the boundary. Let F and F~! be defined above by (6.15) and (6.16). Let a be
a Lipschitz continuous function in A. Then the change of variables F and its inverse F~! are Lipschitz continuous.

Moreover, there exist constants C; = C(a, @, 3,d) and Cy = Cs(a, o, 3,d) such that for any v € W1P(VT) with
p € [1,00), the function U := uoF € WHP(CT) and it holds

G ||UHW1,,)(V+) < HU||W1,1>(C+) <Gy Hu||W1,p(V+) - (6.17)

Proof. The proof of the Lipschitz continuity of F(y) := (F1(y),..., Fa(y)) and F~(z) = (F; *(z),... 7Fd_l(x)) is left
for a reader as an easy exercise.

Let us prove the remaining claims. First, note that due to the Lipschitz continuity of a we know (see Rademacher
Theorem A.2.16) that a is differentiable almost everywhere in A and there exists a constant ar;, such that we have
foranyi=1,...,d—1

la(z") — a(y')|

< sup — " =! aLip- (6.18)
{z’' .y €A x'H#y'} ‘ml - y/| P

Oa(x’)
8:5,»

o) = |

We may now compute the derivatives (almost everywhere in C* and V', respectively) of the mappings F and F~!
as follows

OF 0l fori=1,...,d—-1
Gi;(y) == 8;@) =qaaj(ay) fori=dandj=1,...,d—1
! Ié; fori=j=d
P 1 Oéil(sij fOI“iZl,...,d—l
F
Gt (x) = éi(x) =¢ —B7laj(a’) fori=dandj=1,...,d—1

-
’ e for i = j = d.

From these formulas, it is not difficult to show that it holds for the Jacobians of the mappings F and F~!
Jr(y) = detG(y) = a?7'5,

Jp-1(z) :=det G~ (z) = of%lﬂ'

Finally, since F is a bi-Lipschitz mapping and u is measurable, then also U is measurable and using the Theorem on
change of variables (see (Lukes and Maly, 1995, Theorem 34.18)) we get

01y = [ WPy = [ )l ay

el (6.19)
= [ @) e (o) de = =2,
Assume now that the weak derivative of U exists and it holds
d
8g;y) = Z %(F(y))Gﬂ(y) almost everywhere in C. (6.20)
i =075

Note that due to measurability D*u and properties of F the expression on the right-hand side is a measurable
function. Furthermore, if u and a had continuous derivatives of the first order, then the identity (6.20) would be
fulfilled everywhere in C* by the chain rule. Repeated application of the Theorem on the change of variables yields

p
Lr(C+) a /C+
d
<grt /
d
<oy lesl [
Jj=1
d
Y Gl [
j=1

V+

d

d= [0 FE G|

p

aU(y)
0y;

oUu
yi

;’x‘;w@))

ou

T%(F(y))

ou(x)
8$j

dx

S Cp(017ﬂ, a, d)Hu”Ip;le(V-%—)

Combining this estimate and (6.19) we get the second inequality from (6.17). Inverting the relation (6.20) (the matrix
G is regular) and repeating the same procedure we also get the first inequality in (6.17).
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It remains to verify that (6.20) holds in the weak sense. The idea of the proof is to approximate u by a smooth
function for which it holds (6.20) and then pass to the limit. Since V' is a domain with Lipschitz boundary (verify
carefully!), we may approximate u by means of {u"}22, C C®(V*) so that u” — u in WHP(VF). We may now
introduce the approximation of U as

U"(y) == u"(F(y)).

Since u™ is a smooth function and F is Lipschitz continuous (as a is Lipschitz continuous), then also U™ is Lipschitz
continuous and by virtue of the Rademacher Theorem A.2.16 has almost everywhere classical derivative, i.e.,

5 —(F(y))Gji(y) almost everywhere in C*. (6.21)
Yi

ou™(y) 4 oun
N ng 8:ck

Furthermore, due to Corollary 6.3.2 we know that U™ € W1°(VT) and therefore also U" € WLP(V+) for any

p € [1,00). Finally, as the classical derivative exists almost everywhere and U™ is a Sobolev function, we may apply

Lemma 6.3.6 to see that the classical derivative in (6.21) is equal to the weak derivative almost everywhere.
Repeating the procedure above we may deduce

[U" = U™ lwic+y < Cla, a, B, d)|[u™ — u™ [[wrev+y;

as u™ is a Cauchy sequence, then also U" is a Cauchy sequence. Due to the completeness of the Sobolev spaces
(Theorem 6.1.14) there exists U € WHP(C™T) such that U™ — U in WHP(CT) and thus also

oum N oU
y; 0yi

almost everywhere in CT.
To conclude, we pass to the limit in (6.21) (on the right-hand side, we use the strong convergence which implies also
the almost everywhere convergence, at least for a subsequence, for Vu™) and get (6.20). |

The following Lemma follows directly from the proof of Lemma 6.4.3 and is therefore left as a useful exercise for
the kind reader.

Lemma 6.4.4 Let F and F~! be defined by (6.15) and (6.16), a be a Lipschitz continuous function in A, p € [1,00)
and functions U: (—1,1)? — R and u: V — R satisfy U := uo F. Then U € W1?(C), if and only if u € WP(V).
Moreover, there exist positive numbers C; = C(a, «, 3,d) and Cy = Cs(a, o, B, d) such that

Ch ||U||W1,p(v) < ||U||W1=P(C) < Cy ||U|‘W1,p(v) d (6.22)

We can now get to the proof of the main theorem from this section.

Proof of Theorem 6.4.1. Let us first assume p € [1,00) only.
Step 1: Smooth function on a cube:
Let U € C}(C™) be such that suppU NdCT C (—1,1)471 x {0}, see Figure 6.4.

(-1,1) (1,1)

C+

supp U
(-1,0) (1,0)

Figure 6.4: Support of the function U

For such a function U we define the extension as

U(x) reCT,
EU(LL‘) = —3U(.’I}1,...7.’17d,17—1]d)+4U($1,...,$d,1,—%) 3’)6?\?,
0 z e R\ C.

Clearly supp EU C C = (—1,1)%. We show that EU € C'(R?). It is enough to study the behaviour of the function EU
at the common boundary of C™ and C~. It means to verify that for arbitrary (xy,...,z4_1) the limits EU (x1,...,2q)
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and of all its partial derivatives are the same if 24 — 0. We immediately get from the definition that (as U is from
cH(ct))
151(1) EU(.’El, e 7.’17,1,17.’17,1) = (—3 + 4)U(.’E1, e ,.’I?dfl,O) =U(xy,... ,.%‘d,l,())
rq —

and thus also EU € C(C'). Similarly we get foralli=1,...d —1
E
i 2EUV)

Llyeooyd—1,T
2g0._ axZ ( 1, s bd—1, d)

. . U Tq
- _3:”(11%7 axl (x17"'axd—1;_xd) +4Idlg%7 axl (xla"'vxd—lv_?)
ou
= axi(mla"'aa:d—lao)'

Finally, for the derivative with respect to x4 we get directly from the definition of EU that (z4 denotes the last variable
of U)

d(EU)

($17--~7$d—17$d)

ou ou
=3 lim 7(331,---,35(1—1,—3%)—2 lim —(ml,...,xd_l,—ﬁ)

Moreover, it evidently holds
HEUHWLP(Rd) = ”EU“WLP(C) <K HUHWLP(C‘*')v (6.23)

where K is a fixed constant, independent of d and p.

Step 2: Functions from a Sobolev space on a cube
Let U € W1P(C*) be such that supp U N 9CT C (—1,1)?"1 x {0}, see Figure 6.4. Then by virtue of the Theorem on
global approximation 6.2.15 there exists a sequence of functions {U,,} ~, C C* (C7F) such that U, — U in WhP(CT).
Moreover, it follows from the proof of Theorem 6.2.15 that dist(supp U,,,supp U) — 0. We then know for sufficiently
large n that supp U,, N9C+ C (—1,1)?! x {0} and for functions U,, the previous step can be used. Hence there exist
EU, € C*(R?) such that supp EU,, € C. Due to the linearity of E, we then get from (6.23) that

|EU, — EUmHWLp(Rd) = EU, - EUm”WLp(C) < KU, - Um”wl,p(cﬂ .

Therefore, if U, is a Cauchy sequence, then also EU, is a Cauchy sequence. We thus define as the constructed
extension the limit of the sequence EU,, (recall that W1P(R?) is complete, see Theorem 6.1.14). The extension has
all required properties and the constant C' from Claim 3. of the theorem is independent of d and p.

Step 3: Function from a Sobolev space on a part of the boundary
In what follows we use the notation from Definition 6.2.11. Let v € WP(V*) be such that suppu N9V C A. The
situation is similar to the situation on the cube, only the boundary is not flat. We use the scheme of the flattening of
the boundary and Lemma 6.4.3. We denote U := u o F and we define for the function U its extension EU as in the
previous step. The extension of the function u can then be defined as Fu := EU o F~!. The extension has all required
properties which follows from Lemma 6.4.4, and the constant ¢ form the third claim of the theorem will now depend
on a,a, 3,d, or in other words, on d a V.

Step 4: Functions from a Sobolev space on {2
Similarly as in the proof of Theorem 6.2.15 we denote for r = 1,..., M the sets O, := T,.(V,.) a O;f := T,.(V,"), where
T, are mappings from the local coordinate system (z..,x,,) to the fixed coordinate system (z’,z4). Then Uf,vil O, is
an open covering of a certain neighbourhood of the boundary nad we apply here the Lemma on partition of unity II
(Lemma 6.2.14).

Let ¢, € C§°(O,) are the functions forming the partition of unity on a certain neighbourhood of 9. Denote
u; = (u¢,) o T,.. The function u, € WP(V 1) satisfies the assumptions of the previous step and thus there exists the
corresponding extension Fu,. We define the final extension operator F as

M
Eu = Z(EUT) oT L.
r=1
It follows from Steps 1-3 that this extension has all required properties from Theorem 6.4.1, where the constant c
from Claim 3. depends only on d and on Q. The theorem is proved for p € [1,00).
Let now p = oo. Since (2 is bounded, we have W1>°(Q) c W1P(Q) and due to the previous construction, there
exists extension Fu of the function u for any p < co. We have

HEUHWl.p(Rd) <c ||u||W1~P(Q) <a HUHWLOO(Q) )

where the constant ¢; can be chosen independently of p. It follows from Theorem A.3.17 that Eu € W1>°(R%) and
Fu satisfy the assumptions for o p = co. The proof is finished. |
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Exercise 6.4.5 (Extension operator W*?(Q) — W¥*P(R%)). Show that for Q € CF~1:! ‘there exists an extension
operator E: WFP(Q) — WHP(R?). Modify Step 1 of the previous proof so that EU € C*(C) if U € C¥(C™). Verify
then that the whole proof remains almost unchanged, only in Step 3 we shall need smoother boundary.

Another important observation, based on the previous construction, is presented in the following exercise.

Exercise 6.4.6. Let Q € C'. Show that the operator E defined in Theorem 6.4.1 is also a continuous linear operator
from C1(Q) to C3(RY).

The extension presented in the first step of the proof of Theorem 6.4.1 (extension on a cube) was constructed as a
C' function. Nevertheless, if we are interested only in Sobolev spaces, we may proceed more directly as given in the
following exercise.

Exercise 6.4.7. Modify the first step of the proof of Theorem 6.4.1 in the following way.

U(x) zeCT,
EU(z) = U(zy,...,24-1,—2q) x€C,
0 z e R\ C.

Show that EU € W (C) N W' (C). Check that the rest of the proof of Theorem 6.4.1 remains unchanged.

Remark 6.4.8. There is also another method of extension of Sobolev functions, so called Calderéon method (the method
from Theorem 6.4.1 is called Nikolskii method) and to construct the extension for any &k and p € (1,00) it is enough
to have Q € C%!, while the Nikolskii method requires, due to the flattening of the boundary, at least C*~1! boundary.
Disadvantage of the Calderén method is that it does not work for p = 1 and p = c0.®

6.5 Theorems on continuous and compact embeddings

We turn now our attention to different embeddings (continuous or compact) of Sobolev spaces. From the definition of
Sobolev spaces it directly follows that u € W¥*P?(2) belongs also to LP(£2). The main goal is to show that the function
u belongs to a "much better" space, provided €2 has a Lipschitz boundary.

Recall Example 6.1.12. We studied for which « € R the function

f(@) = |7

belongs to W1P(B;1(0)) and to L?(B;(0)), respectively. We showed that if o < %, then f € WHP(B;(0)), and,
simultaneously, f € L9(B1(0)) pro any q € [1, ddfpp]. This on one hand indicates that if u € W1P(Q), for p < d, then
u € LY(Q) for g € [1, dd—f;)], too. On the other hand, this examples shows that the best we may expect for p < d is that
WhP(Q) — L4(£2), where ¢ < ddfpp, higher exponent would contradict the above mentioned example.

Finally, for p > d, the assumption v € W?(Q) implies that —a > 1 — % > 0. Note that for such a we already

have f € C%l*l(B(0)).
This simple example leads us to the conjecture that it may hold for "reasonable" domains ) that

_dp_
WhP(Q) — {Ldp (©)  forpefl,d),
Co’l_%(ﬁ) for p € (d, 00).

We show in the following text that this conjecture is correct. We moreover show that the above stated embedding can
be strengthen to compact embeddings, i.e., we show for sufficiently regular (i.e., Lipschitz) domains

LY(Q) forallge L, 72)if p <d,

WhP(Q) e _
COr(Q) forall pe[0,1— %) it p e (d,00).

Let us now summarize the main results of this section. We have for Q € C%! the following results.

1. If p € [1,d), then Vq € [1, ddfpp] it holds W1P(Q) < L4(Q); the embedding is compact for ¢ € [1, ddfpp).

2. If p = d, then Vg € [1,00) it holds W14(Q) < LI(Q) (but W14(Q) & L>(Q)).
3. If p € (d,0), then Vi € [0,1 — %] it holds W1P(Q) < C%#(Q); the embedding is compact for u € [0,1 — %).

4. If p = oo, then W1>°(Q) — C%1(Q) and thus W1 (Q) < C%*(Q) for any u € [0, 1).

8The Calderén method is based on integral representation of functions. More details can be found (pro p = 2) in Nedas (1967) or
Zenisek (2001), the generalization for p # 2 can the reader due himself; it is based on the theory of Fourier multipliers. The restriction
p # 1 and p # oo is connected with the fact that LP — LP estimates of certain types of singular integral operators generally do not hold
true for p =1 and p = oo.
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6.5.1 Theorems on continuous embedding

As was indicated in the introduction of this section, theorem on continuous (and compact) embedding will differ
depending on whether p < d, p = d or p > d. To present all results in a compact form, we first formulate the
corresponding theorem (it will correspond to the conjecture formulated in the introduction of this section). Let us
first consider p < d. We define

d
pr= -2 (6.24)

Then we have

Theorem 6.5.1 — Embedding W1?(Q) < L(Q) for p < d. Let Q € C%! and p € [1,d). Then it holds for any

q € [1,p]
WP(Q) — LYUQ).

More precisely, for any g € [1, p*] there exists C' which depends only on p, d, ¢ and € such that for any u € WHP(Q)
it holds
||U||Lq(Q) <C HU”WLP(Q) 0 (6.25)

The theorem above does not say anything about the case p = d, however, as a direct consequence of Theorem 6.5.1
we easily get the following.

Theorem 6.5.2 — Embedding W%(Q) < L1(Q). Let Q € C%'. Then it holds for any g € [1, o0)
Whd(Q) — LYQ).

Let us now consider the case p > d. Define

d
=1 —, 6.26
I ’ (6.26)

where we set for p = co the value p* := 1. The main result in this situation is the following.

Theorem 6.5.3 — Embedding W1?(Q) — C%*(Q) for p > d. Let Q € C%! and p € (d,o0]. Then it holds for
any a € [0, p*] _
WP (Q) — Q).

More precisely, for any o € [0, 2*] there exists a constant C' which depends only on a, p, d and { such that for any
u € WHP(Q) there exists a representative u* € C%%(Q), i.e., u* € [u], satisfying

”U*”co,a(ﬁ) <C HUHWLp(Q) .

It follows from the above stated theorems that the case p = d is particular and the embedding from Theorem 6.5.2
is not "sharp". Nonetheless, as shown in the following exercise, better result on the scale of Lebesgue spaces cannot
be expected.’

Exercise 6.5.4. Show that the function f(z) := In (1n (1 + |?1\)) belongs for d > 2 to W14(B;(0)), but does not
belong to L>(B1(0)). Whence Wh4(Q) 4 L>(Q).

9We show in Subsection 6.7 that if Q is a bounded set, then

1 P
U— — udy
Ll=m .

Choosing 2 = B1(0) and applying the change of variables z = z + ry, y € B1(0) we get (perform carefully!)

1
P
a2)" < ClIVull oo

1

1 A
u— udy| dz < Cr||Vul ) -
</Br(z) \Br( N 5. > LP(By(x))
Particularly for p = 1 we have
1 1
_ u— udy| dz < Cr—— |[Vu|dz
| Br(z)| By (z) ‘BT( )| By (z) | Br ()| By (x)

1

1 E 1
<o ([ wuta:) 1B <Ol
1B, (@)] < 51 (2) RO

The left-hand side characterizes the space BMO(R?) (bounded mean oscillations). This space is a Banach space and

1

1
su u— udy
Br(z)CRd |B?"( )l Byr(z)

1B ()] /B, (a)

is the seminorm in this space. It plays an important role in the harmonic analysis, where it is often used as a replacement of the space
L*> (), see, e.g., Stein (1993).

dz

[Wprore) =
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Proof of the embedding for p < d

Let us first consider the case p < d. Our aim is thus to prove Theorems 6.5.1-6.5.2, where € is a domain with Lipschitz
boundary (and therefore also bounded). Nonetheless, several results stated below remain true even if €2 is unbounded.
Let us first note if [Q] < oo, then it follows directly from Hélder’s inequality that W1P(Q) < L9(Q) for ¢ € [1,p]. The
aim is to show that ¢ can be larger than p.
Recall the notation (cf. Remark 6.1.8)
Oou ou
Vu := (81‘1""’8:@)'

Then the Euclidean norm of Vu is

and furthermore
||VU||LP(Q;Rd) = |||vu|||LP(Q)~
Then it is not difficult to see that
lullp + IVull Lo (o;re)
is an equivalent norm in W1?(£2). To simplify the notation, if no confusion may arise, we always work with Vu instead
of carefully writing all partial derivatives.

Example 6.5.5. Let us try to find a condition for ¢ to satisfy: let p € [1,d), then there exists C' > 0 such that for
any u € WHP(R?) it holds
Hu”Lq(Rd) <C HVUHLP(Rd;Rd) : (6.27)

We take u € C5°(R?) for which we assume (6.27) to hold and define the functions
ux(z) ;== u(\z), with arbitrary A € R,

Inequality (6.27) should hold for all functions from W1?(R%) with the constant C independent of u. In particular, it
must hold for all functions u). Using the change of variables, we easily get

_d
Jall ey =A% o
_d
||vu>\HLP(Rd;Rd) =\ HVU’HLP(Rd;Rd)
and from inequality (6.27) applied on uy it follows
_d _d
AT H“”Lq(Rd) <CA'Tw ||vu||Lp(Rd;Rd)-

Since the parameter X is arbitrary, for the inequality above to hold it is necessary that

1—&—@—@:0, orq:dip.
qg p d—p

Indeed, we now prove that inequality (6.27) really holds for u € C5°(R?), provided d, p and ¢ satisfy 1+ % — % =0.

Lemma 6.5.6 — Gagliardo. Leti = 1,...,d and @; € L>(R%"!) be arbitrary functions with a compact support.
We define for any i the function u; : R — R by means of

wi(x) := 4;(&;), where & :=(Z1,...,%i—1,Tit1,--.,Td)-

Then it holds for d > 2

d d . ﬁ d
/Rd [T lui()dz <] (/Rdl | (&) dxi) =[] il a1 o1y,
i=1 =il =1

where -
d.ﬁi = dl‘l s d.ﬁi,l d$i+1 cee d.’l?d.

Proof. The proof will be performed by means of the induction on the dimension d.
Step 1: The case d =2
The validity of the lemma for d = 2 is a simple consequence of the Fubini Theorem

/R2 [u1()|ug(z)|dz = /R2 |1 (w2)]|td2(21)] dz1 dog

:/R|a1(m2)|dm2/R|122(331)|d331~
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Step 2: Induction step on the dimension d:
Assume that the claim holds for d — 1; let us show that it also holds for d. Due to the fact that uy is independent of

x4, we get the identity
/ lug] ... |ug|day . .. dxd:/ |Tia] </ ul...|ud1dxd> dzg.
Rd Rd—1 R

We estimate the interior integral over R by virtue of the generalized Holder inequality (see Lemma A.3.13) with all
p; = d — 1 as follows

1

/ i (/ ul...|ud1dxd> E:?dg/ \ud|1‘[ (/ - 1dxd> T
Rd—1 R Rd-

We now apply Hélder’s inequality on the integral over R4~! and get (p=d — 1, p’ = d—;)
et
/Rd |Tq] H (/ |ug| @~ 1dxd> day
—-— — J - —1
__\ d-1 a—2 ___
S (/ |ad|d_1 d:vd) / H (/ |ui|d_1 d.%'d> d(Ed
Rd—1 Ri-1 523 R

d—2

d—1 d—1
= HﬁdHLdfl(Rdfl) (/ Hgi(l'l,...7l‘d,1)d$1... dxd1> 5
Ri-1 5

1
d—2
gi(x1, ..., Ta—1) </ |G ( xl,...,zd)dldxd>

are functions independent of z; and the related §; € L°(R?~2) have compact support. It holds for these g;, due to
the induction assumption

where

_ 1
d—2
/ H gidry...deg_1 < H </ |gZ 2 du; dzd)
Rd—1 e} Rd—2
d—1 S,
SI(f e ®) ™ = s ey
i=1
Altogether we have
d—2
d—1 a1 da—1
/Rd |’LL1| ... |ud| dxq ... dzg < HadHLd—1(Rd—1) (H ”ﬂi|zd21(Rd1)>
i=1
d
= H %] a1 (Ra-1y
i=1
which we wanted to prove. ]

We can now come to the proof of the basic inequality for smooth functions with compact support. Let us recall
the notation p* from (6.24).

Theorem 6.5.7 — Gagliardo—Nirenberg. Let p € [1,d). Then it hold for any u € C}(R?)

p(d—1)
||U’HLP*(Rd) = ﬂ HVU’HLP(Rd) 3 (6.28)
Proof. Step 1: Case p=1
For p = 1, the exponent p* . Further, it clearly holds for sufficiently smooth functions with compact support
u(z) =u(zy,...,zq) = Y (1., Tie1, 8, Tig1,...,2q) ds
— 00 (9ZIJZ

which after increasing the domain of integration yields for any = € R? the estimate

+oo
lu(z)| §/ IVu (z1,...,%i—1,$, Tit1,--.,Tq) | ds.

— 00
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It is easy to deduce from here

1

d 1

_d_ d—1

-1 SH(/ Vu(flwu,wi178,$i+1,-~,$d)d5) .
i=1 R

We integrate this inequality over R? and get

d T
Hu||d ! </ H (/ |VU(1‘13'"7xi—17s7zi+17"'axd)| dS) dz.
L7 (RY) R? ;1 \JR

We apply on the right-hand side the Gagliardo Lemma 6.5.6, where we choose

1

a-1
’&i (QAZ'Z) = |Vu(x1,...,xi,l,s7xi+17...,xd)| ds ;
R

1

d —
d—1
1%, o < T1( wae) ™ = 190l s

i=1

as a result we get

which is the desired inequality for p = 1.
Step 2: Proof for arbitrary p € (1,d)
Let v € C}(R?) and define function u := |v|7. For v > 1, the function u € C}(R?). It follows from Step 1 that

v — v — 8l
Mol gy = Tl gy < IVl sy = 171 sy = [ 19T

We compute the gradient on the right-hand side and apply Hoélder’s inequality (our aim is to have ||Vvl|| Lr(R4;R4) ON
the right-hand side)

p—1

/ ‘v|v|7|dm:/ 7|v|71Vv|dx§~y(/ |U|(7—1)% d:z:) ! Vol e (Re;R4) -
Rd Rd Rd

We therefore have

p—1

d—1
_d_ 4 P v
([reae) ™ = erl, ey gy < ([ 1007975 00) T 1900

Let us now choose 7 so that the powers at |v| are the same on both sides of the inequality. Hence, we require

Ta-1

which implies the choice

-1
d—p

the inequality holds due to the assumption p € (1,d). The final inequality has the form

d—1 p—1
_dp_ KB P (d — 1) _dp_ i
(/Rd |v| 77 dx> < = . |v|7-7 dx ||VU||LP(R4;RUL)
which implies
d—p
ap \ P p(d—-1)
1ol 5, ey = (1175 ) 7 < 2= 90l
The proof is complete. u

We get, based on the density of smooth compactly supported functions.
Corollary 6.5.8 (Embedding of spaces W1P(R%) and Wolp(Q) for p € [1,d)). Let p € [1,d). Then it holds.

1. WhP(RY) — LP"(R?) and every u € WP (R?) satisfies inequality (6.28).

2. Let © C R? be open. Then W, ?(Q) < LP" (Q) and every u € W, (Q) satisfies (after defining to be zero outside
of Q) inequality (6.28).
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Proof. In both cases, smooth compactly supported functions are dense in the given spaces (it is directly definition
of the space Wy*(€) and for a similar claim for W'?(R%) see Lemma 6.2.2). The claim is thus a consequence of
the completeness of the Lebesgue spaces and inequality (6.28), the details are left as a useful exercise for the kind
reader. |

We can now start with the proof of Theorems 6.5.1-6.5.2.

Proof of Theorem 6.5.1 and of Theorem 6.5.2. Let us first consider the case p € [1,d), i.e., we prove Theorem 6.5.1.
As Q € C%1, due to the Extension Theorem 6.4.1 there exists extension operator E: WP (Q) — W1P(RY) such that

||Eu||W1,p(Rd) <c HUHWLp(Q) )

where the constant c¢ is independent of u. Moreover, the support of the extended function Eu is a compact set in R<.
Corollary 6.5.8 then implies

p(d—1)

d—p 1A (EU)”LP(Rd;Rd)

Hu”Lp*(Q) < HEU”Lp*(Rd) <

p(d—1)
< d—p [Eullyrpray < ¢ llullyn) -

The claim of the theorem is then consequence of this inequality, of the trivial embedding LP" (Q) < L9(Q) for Q
bounded and ¢ € [1,p*] (see Lemma A.3.14) and the transitivity of the continuous embedding.

Let us now consider the case p = d. If q € [1,d], the proof is evident as  is bounded; thus L(Q) < L4(€). Let

q > d. Then there exists p, € [1,d) such that ¢ = p; = ddf; (i.e., pg = dd—fq) and due to Theorem 6.5.1 it holds

WhPa(Q) — L1(Q).
Further for Q bounded and p, < d it holds Wh4(Q) — W1Pa(Q). Altogether,
Whd(Q) — WhPe(Q) — LI(Q)
and the proof is complete. ]

Remark 6.5.9. Tt is important to realize that while for R relation (6.28) holds, for a bounded set € with Lipschitz
boundary we only have (6.25). It means that on the right-hand side of (6.25) we have the full norm in W?(Q), not
only the norm of the gradient, as it is the case for (6.28). Inequality of the type (6.28) cannot hold generally, as the
right-hand side does not change if we add a constant to u. On bounded sets, we may expect estimate (6.28) only in
special cases, when adding a constant is exluded, as e.g., in the case of WOI’I’(Q) (see Corollary 6.5.8).

On the other hand, in the full space, we only have W1?(R?) < L4(RY) for q € [p,p*]. We namely cannot expect
in general that u € L9(R?) for q < p.

A natural question arises, whether the assumption Q € C%! is really necessary for the optimal embedding exponent.
The following example contains counterexamples, showing the necessity.

Example 6.5.10. We show that for W1?(Q) < LP" () to hold in the class of sets Q € C* with a € [0,1], the
necessary condition is € C%!'. Assume that  C R? has a part of the boundary in the neighbourhood of the point
(0,0) described by |y| = z#, where p > 1 and z € (0,1), and the rest of the boundary is smooth, cf. Figure 6.5. Check

carefully that then Q € cOu (the description of the boundary z = |y|i, y € [—1, 1], must be considered).

Now, similarly as in Example 6.1.12, we consider functions of the type w(z,y) := =%, where we only deal with
the part of the domain close to the origin, i.e. with the set Q := {(z,y)|z € (0,1), y € (—a*,z*)}, since outside the
origin, the function is smooth. Then

Foad

1 1
||uH%q(Q) = / / x~ dy dx = 2/ oH% qy
0 —xk 0
1 zH 1
IVullZog) = |a|p/ (/ @~ (e dy) o= 2|a|”/ 2t (@ gy
0 —xh 0

From here we immediately get that

1
weLI(Q) e g<
a
ltp—p

ueWhP(Q) <= a< »
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y=—at

Figure 6.5: Domain 2 from Example 6.5.10.

This example confirms that we have for a two-dimensional domain Q € C%# at most WhP(Q) < L% (Q), where

— (+mp (d=14+0)p By
9 = T5u=p- d=1tp—p * 0
more details see (Adams, 1975, Theorem 5.35). It is possible to see that g, is a decreasing function of p, having for

=1, i.e., for a Lipschitz domain, optimal value ¢; = p*, and at infinity (domain with continuous boundary) only the
value go = p.
We show at the end of this subsection that inequality (6.28) allows to prove interpolation inequalities of the type

This example can be easily transformed to d dimensions, where the correct choice is g, =

Hu”Lr(Rd) <C ||Vu||Lp(Rd Re) ‘|u||ng?d) )
for suitably chosen ¢, r, p and «.

Example 6.5.11. The following inequalities hold!°.

1 1
1. We have for d = 2 [[v]| pagay < 2% |V 22 gope 0] 22 ge) -

3
2. We have for d =3 [|v| sy < ( B ||Vv||L2 R3:R%) Hv||L2(R3)

We start with inequality (6.28) for p = 1. We take for d = 2 the function u = |v|? and by virtue of Holder’s
inequality we compute

2 2
2 2
[ettar< ([ vopias) <a ([ 19elllar) < 41900 e ol

Taking the fourth root we obtain the result.
8
For d = 3 we choose u = |v|3, then

/val‘*dxg(/ lV|v3|dx) §(> ( Mw'gdx)z
(3) (L velitinltas)

3
2

8 3 1 2
< (3) 190 Pl I

IN

We now divide by ||v||2L4(R3) and we conclude by taking the square root.

Based on similar considerations, it is possible to show a general claim which is left as a useful exercise for the kind
reader.

Exercise 6.5.12 (General interpolation inequality). Show that for any « € [0,1) and any 7, p, g € [1, 00| satisfying

I 1 1 +a )1
r_ap d aq

there exists a constant C' = C(p, ¢, 7, d) such that it holds for any u € C5°(R?)

<C ||Vu||Lp(Rd R?) HUHLq(Rd : (6.29)

Moreover, if p < d, it is also possible to take « = 1. Due to the density argument, these inequalities can be extended
for functions u € L"(R?) for which Vu € LP(R%;R%).
10The constants obtained above are not optimal and can be improved, see e.g., Temam (2001). These inequalities play an important

role in the proof of existence, uniqueness and regularity of weak solutions to the incompressible Navier—Stokes equations and they are
"responsible" for a significant difference between the results for two and three space dimensions.
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Proof of the embedding theorem for p > d

We now deal with the proof of Theorem 6.5.3. We start with the key claim from which we deduce several corollar-
ies.

Lemma 6.5.13 — Morrey I. Let u € C}(R?). We denote for arbitrary u € (0, 1]

[Vu(z +y)|
[VU]LI ;L(Rd) = ISélé)d i‘i}g ‘/[07’)]{1 W dy (630)
Then it holds for any z1, 25 € R?
2vd
|u(x1) - u(x2)| S 7’u |x1 — $2|H[V’U,}L1,M(Rd). (631)

Proof. We choose 1, x5 € R? arbitrarily, but fixed and denote C), the closed cube with the length of the edge p such
that 1 and x5 lie on the opposite walls of this cube. Then it holds

p < |z — x| < Vdp. (6.32)

Due to the smoothness of u we further get for all z € C,, and ¢ = 1,2 the estimate

u(@) = u(zi)| =

'd
/0 gu(ml + s(x — x;))ds

- /0 Vu(w; + s(x — ;) - (x — ;) ds

) (6.33)
< /0 IVu(z; + s(z — ;)| |z — x| ds

< Vip / Vu(z: + s(x — :))| ds,

where we used in the last inequality estimate (6.32).
We shall now look at the "distance" of the mean value u on the cube C), from the values at the points z;. We get,

using the properties of the Lebesgue integral
[ M) | | [ ) o [ ) e,
c, p? c, p c, P

Due to estimate (6.33) and Fubini’s Theorem we can transform this inequality into the form
/ U(d) do — u(z;)| < f/ / [Vule; +S — 2 4 qs. (6.34)
c, P

We now perform the change of variables

z:=x; + s(x — x;) C’:;S i={z € R|z=u=; + s(z — x;) for some z € C,,}

where C’;S is now a cube with the length of the edge ps. The resulting integral has the form

|Vu(z; + s(z |Vu(z)
// = dxds stdldds
I Vu(z)
g /0 ’ (/c (ps)tto ) 4

We plug in this inequality into (6.34) and get, using the assumptions on u

/C u(z )dx_u(%) < Vdp" /015“1 (/C;Smdz> "

P
1

< \/g[Vu]Ll,u(Rd)p"/ st lds (6.35)
0

Vd
= 7WU]L1»L(Rd)P”-
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The triangle inequality then finishes the whole proof. Indeed,

lu(z1) — u(zs)| = ‘/ @dm—u(a@g)—/ @dx—i—u(ml)

c, P c, P

< / L(ndc) dz —u(x2)| + / L(gdc) dz — u(xq)
c, P c, P

2Vd

< 7[VU}L1M(RUZ)PM

u
and thus (6.31) holds true. |

It is important to realize that for estimate (6.31) it is not necessary to control the seminorm on the right-hand
side on the whole R%, but it is enough to consider a qualitatively same term taking into account only a certain
neighbourhood of z; and z5. We show now this modification.

Lemma 6.5.14 — Morrey II. Let u € C'((—2R,2R)?%). Then it holds for any z1, 72 € (—R, R)?

2vd
u(x1) — u(zo gi:ﬁ—xg“ su su Md. 6.36
[u(z1) — u(z2)] p p P y

p v€(~R,R)4 pe(O,R) J (~p,p)¢ P

Proof. The proof follows easily for the previous proof by a slight modification of estimate (6.34) and is left for a kind
reader as an exercise. [

With the help of the Morrey Lemma I 6.5.13 we can now relatively easily prove the following estimate which shows
relation between the spaces W' (R?) and Co*(R?).

Theorem 6.5.15 — Morrey I. Let p € (d,00) and p:=1— %. Then it holds for any u € C§(RY)

4v/d

ullgon(ray < e lullw.ega) - (6.37)
Proof. Let us recall the definition of the norm in Cg*(R?) (see (A.4))
|u(z) — u(y)]
[ullcos ey = llull oo (ray +  sup ==
Co (RY) (RY) {z,yeER? | z#£y} ‘.’E - y|,u

Step 1: Estimate of differences
In this step, we apply the Morrey Lemma I 6.5.13. By virtue of Holder’s inequality and due to our choice of y we get

the estimate
1
7 .

[ < ( [, vt +y>|pdy) e < IVl
which immediately leads to the inequality (recall (6.30))
[Vulpinray < [[Vull Lo ra;ra)-
Using (6.31) we therefore have
2Vd

d
[u(z1) — u(z2)| < 7|$1 = 22" [|[Vul| o (re,ray

or

u(x1) —u(x 2\/&
Rl 1 ey (6.38)

sup
{z1,22€RY | z1#£z2} ‘xl _x2‘,u

Step 2: Estimate for ||ul|oo
Let us choose arbitrary =,y € R?. Then due to (6.38)

20/d

fu@) —u@)l < == VUl @ags o = yl"

which after applying the triangle inequality yields

2V/d

[ul@)l < @)l + = = Vel gage) |2 = yl"
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We integrate this inequality with respect to y over the set C, := {y € R?|2|y; — a;| < pVi = 1,2,...,d}; it results to

20"V d || Vull 1 raga)

u(@)IC,| < / ()| dy + G|

Cp

We estimate the integral on the right-hand side to get the norm of u in LP(R%)

QPM\/EHVU’HLP Rd:Rd
[u(@)[1Col < Cl "7 ull o, + 1€l . RERY. (6.39)

from where (we choose for example p = 1)

2Vd
SU%) lu(z)| < ”uHLP(Rd) + T ||Vu||Lp(Rd;Rd) : (6.40)
e

It follows from inequalities (6.38) and (6.40) for u € C§°(R?) that

4Vd
||u||c0,u(Rd) < T HU‘HWLP(Rd) (6.41)

and the proof is complete. |
Similarly as in the case of Morrey Lemma, the estimate can be localized.

Theorem 6.5.16 — Morrey II. Let p € (d, 00) and choose p :=1— %. Then it holds for any u € C*((—2R, 2R))

llullLe((—2r,2R 2V/d
Il oy <~ 2D (14 RS oz (6.42)

Proof. The proof is a simple modification of the previous proof, in particular of the choice of p in (6.39), and is left
for the kind reader as an exercise. |

Due to the density of C5°(R?) in W1(R?) inequality (6.37) also holds for v € W'?(R?). However, we must be
slightly careful here, as u € W!P(R%) means in fact that a class of equivalent functions belongs to W1?(R%). We
therefore must work with a suitable representative of this class..

Corollary 6.5.17. Let p € (d,00). Then it holds for p=1— %
WHP(R?) < CO#(RY).

More precisely, for any u € W1P(R?) there exists a representative u* € C%#(R%), u* € [u], such that

4V/d

HU*HCO»H(Rd) = T ||“HW1,p(Rd) .

Proof. We leave the proof as an exercise for a reader. |
The corollary implies that for u € W'P(R?), p > d, all points in R? are Lebesgue points (recall Definition A.3.19)

of the function v* and thus )

uw () = li
@)= 18 B@ Ly

u(y) dy

for any z € R%.

We can now come to the proof of the main theorem of this part.
Proof of Theorem 6.5.3. Since 2 € C%!, due to Theorem 6.4.1 there exists a continuous linear extension operator
E:WhP(Q) — WP (RY)
and there exist C' = C(d, 2) such that for any p € [1, 00] it holds

Eu=wu almost everywhere in €, [Eully0rey < Cllullym )

and the support of Eu is a compact set in R%.
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Let us first consider p € (d, 00). It follows from Corollary 6.5.17 that (p* :=1 — %)

4v/d C(d, )
HU*”co,u*(ﬁ) = ||(EU)*||COTM*(E) < 7 ||EuHW1,,,(Rd) < T ||u||wl,p(9)~

The claim of the theorem for p € (d, 00) is then a consequence of this inequality, of the embedding C%*" (Q) < C%*(Q)
for  bounded and 0 < o < p* (recall Exercise A.2.15) and of the transitivity of continuous embedding,.

We now finish the proof for p = co. Since Q is a bounded domain, evidently W (Q) — WP(Q) for arbitrary
p < oo. It follows from above that

C(d,Q)
0 o gy < 7 Wy
p
Passing to the limit p — oo we then easily obtain the claim of the theorem. |

Corollary 6.5.18 (If Q € C%!, then C%(Q) = WH°(Q)). Let Q € C%1. Then C%1(Q) = WL>(Q).

Proof. We already know (cf. Corollary 6.3.2), that for any open set C%!(Q) < W'>°(€2). On the other hand, we
know for Lipschitz domains that W1°(Q) — C%1(Q) and thus also C%1(Q2) = W1°(Q). [ |

The only "weakness" of this approach is the use of the Rademacher Theorem A.2.16 in the proof of the exten-
sion theorem. However, this can be removed, since it is possible to show a more general result which includes the
Rademacher Theorem as a special case.

As we have already seen in Lemma 6.1.4, the weak derivative of a Sobolev function agrees with the classical one
at almost every points, where the classical derivative exists. Moreover, (see Remark 6.3.5) we know that the weak
derivative is really a good approximation of the classical derivative. We now generalize these two claims and show
existence of the total differential almost everywhere for functions from W1P(Q) with p > d. Then we also show the
Rademacher Theorem A.2.16 as a particular case. Recall that a function u has at the point = total differential if there
exists a € R? such that

L luly) —uw) — o (y— )
y—oe |z -yl

=0.

Recall also that a is equal to the gradient of u at the point  in the classical sense. In the theorem below we deal with
the continuous representative [u], since due to Theorem 6.5.3 it holds W1P(Q) < C°(9Q).

Theorem 6.5.19 Let u € W1P(Q) and p € (d, 0o]. Then the function u (more precisely, its continuous represen-
tative) has total differential almost everywhere in Q and the classical derivative is at almost all points, where the
total differential exists, equal to the weak derivative.

Proof. Step 1: p € (d, )

First, let p € (d,00) and z € Q be arbitrary. Assume further that r» > 0 is so small that By, (z) C 2. We know from
the density of smooth functions that we may approximate w arbitrarily precisely by smooth functions in Ba,.(z). We
may therefore apply Morrey Lemma II (Lemma 6.5.14) and we have for arbitrary y € B,.(z) and v € WP(By,.(z))
the estimate!!

Vo) .,
() — v(y)| < Cd Pz — yl* sup sup/ Volz)l g
2€B,(z) pe(0,r) J B, (2) pd=1tn

We may further estimate the expression on the right-hand side by means of Holder’s inequality

/ Mdz’<0(d)pl_“_% / V()P dz’ "
By(z) PITTTT T B, (2) ’

P

|[Vou(z)|P dz> . (6.43)

hence
o) — v(y)] < C(d, p)r'—* ( /
Bg,«(z)

In what follows, we reduce ourselves on the set of Lebesgue points Vu(x) and |Vu(z)?, i.e., on the set of € Q

for which it holds )

Jim Bo@)l o (IVu(z) — Vu(2)| + |Vu(z) — Vu(2)|") dz = 0.

The Theorem on Lebesgue points A.3.20 and Exercise A.3.24 imply that the above stated relation holds for almost
every x € (). For arbitrary z € Q2 for which the above stated equality holds we set

v(y) = uly) — u(z) = Vu(z) - (y - 2).

HEven though the Morrey Lemma is formulated for cubes, we can easily rewrite it by rescaling for balls.
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Then clearly Vo(y) = Vu(y) — Vu(z) and v € WHP(By,(x)) for sufficiently small » > 0. Moreover, we know that v is
continuous and v(x) = 0. We thus have for each y € B,(x)

lu(y) — u(z) = Vu(z) - (y — 2)| = [v(y)| = v(y) — v(2)].
Let us choose now arbitrary y € dB,.(z) (and thus r = |z — y|). We get from inequality (6.43) that

|uly) = u(z) = Vulz) - (y —2)| _ |v(z) —v(y)]

|z — y r

» 5
ccpa(f )
Ba, () r

= C(p.d) ( /B . [Vulz) ;dv“(z)‘p dz>

< C(p,d) <|3271(x)| o |Vu(z) — Vu(z)P dz)

-

=

We consider now y — x, thus » — 04 in the above stated inequality. Since we consider only such x which are Lebesgue
points of Vu, we see that

|uy) — u(z) = Vu(@) - (y — )|

lim
yoe |z —y|
1 P
<C(p.d) lim | ——— IVu(z) — Vu(z)[Pdz| =0.
r=04 \ [B2r(2)| JB,, (2)

The function u thus has classical total differential at the point . Moreover, the classical gradient is equal to the weak
gradient Vu(x). The remaining claims for p € (d, 00) are evident.

Step 2: p =
If u € Wh*°(Q), then also u € lecp(Q) for all p < oo and we may thus use the first part of the proof. [

6.5.2 Theorems on compact embedding

We now strengthen the results of the previous subsection and state that the corresponding compact embeddings for
Sobolev spaces defined on Lipschitz domains hold true. Furthermore, we also claim that some results remain true even
for less smooth domains, in particular for only domains with continuous boundary. We again consider separately the
cases p < d, p = d and p > d. Recall also the notation p* = ddfp and p* =1— %. The main result for p < d is the

P
following.

Theorem 6.5.20 — On compact embedding of W!?(Q) for p < d. Let Q € C%! and p € [1,d). Then it
holds for any ¢ € [1, p*)
WHP(Q) —— LY(Q).

For p > d we have the following result.

Theorem 6.5.21 — On compact embedding of WP (Q) for p > d. Let Q € C%! and p € [d,0]. Then it
holds for any ¢ € [1, c0)
WhP(Q) s LUQ).

Moreover, if p > d, then it holds for any a € [0, u*)
WhP(Q) —— C"*(Q),
and thus also WHP(Q) << L>=(Q).

As indicated in Example 6.5.10, the assumption on the Lipschitz continuity of the boundary is a key one, otherwise
the embedding (continuous) up to the limit spaces cannot be true. On the other hand, the same example indicates
that for domains with Holder continuous boundary it is possible to expect some improvement in the integrability and
we may hope for some compact embedding. The following theorem gives the claim which will be also fundamental for
the proof of Theorem 6.5.20.

Theorem 6.5.22 — On compact embedding for domains with C’-boundary. Let Q2 € C° and p € [1,00).
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Then it holds
WP (Q) s LP(Q).

As a trivial corollary we also have.
Corollary 6.5.23. Let Q € C° and p € [1,00). Then it holds for any ¢ € [1,p]

WHP(Q) s LY(Q).
We shall now deal with the proofs of the above stated theorems.

Proof of Theorem 6.5.22. 1t follows from the definition that WP(£) is continuously embedded to LP(£2). To prove
the compact embedding, it remains to show that bounded sets in W1?({2) are totally bounded in LP(Q). Let C* > 0
and A C WP(Q) be such that for any u € A it holds ||ul|;, < C*. Our goal is to show that this set is totally bounded
in L? (). To this aim we apply the equivalent characterization by the Kolmogorov Theorem (Theorem A.3.40). We
define u € A to be zero outside of Q2 and verify the assumptions of the Kolmogorov Theorem. Assumption 1., i.e., the
uniform boundedness, is trivially satisfied, as ||u||, < |Ju|l1 . Assumption 3., i.e., the uniform equal decay at infinity,
is again satisfied trivially, as Q is a bounded domain. Let us deal with Assumption 2., i.e., with the uniform equal
p-mean continuity.

Let € > 0 be arbitrary, but fixed. We define dy := 55+ and without loss of generality we assume that dp < 1. We
may find for arbitrary h € R? a unit vector e € R? such that h = |h|e. In what follows we always consider such h. We
now apply the Lemma on the connection between the difference quotient and weak derivative IIT 6.3.7 and if |h| < §g,
we get (recall that |e| =1 and ||ull1,, < C* as well as recall that Q, = {z € Q|dist (z,09Q) > a})

It = o) = IIIAL o) < [0 [90 €] ) < 601Vl oy < (6.44)

€
5
Therefore we have, due to the triangle inequality and properties of the shift (recall that u is equal to zero outside of
)
€
||7"hu — UHLP(Rd) < ||7’hu - UHLP(QZ‘}]‘) + Hrhu - u||Lp(Rd\Q2‘h‘) < 5 + 2||U||L;D(Q\Q4‘h‘). (6.45)
We now concentrate on the estimate of the second term which deals with the behaviour near the boundary. We

keep the notation from Definition 6.2.11. Due to the continuity of the boundary Q we know that there exist M
cartesian coordinate systems and mappings 7). from the local coordinate system (., z,,) to (2’,z4) and sets

Vi ={(al,z,) R 2, € Ay, (7)) < Tpg < ar(a)) + B},

where a, are continuous functions in A,.. Due to the continuity of a, there exists §; > 0 such that whenever |h| < d;,
then Q \ Q) C inzl T,(V;*). Further, let {¢,}2+! be the partition of unity from Theorem 6.2.15, where the
functions ¢, € C°(T-(V;)) for all r = 1,..., M and ¢pr+1 € C§°(2). We set u, := u¢p, (and thus u = SSMELLL).

r=1
Then surely there exists a number d; > 0 such that it holds for all [h| < §; that supp w41 M (Q2\Q4jn|) = 0. Moreover,
there exists a constant C'(€2) such that for all r =1,..., M

llwr [y, TV, < COQ)ullp < CEOQ)C™. (6.46)
( )

It follows from the above stated that the last term on the right-hand side of (6.45) can be estimated by

M
lll o g@emy < D el o, (v )

r=1
Finally, let us denote for arbitrary v < 3 the following sets V,*
VL =), 2,) €RY al € A, ar(2]) < @y, < ap(al) +7}-

We use again the continuity of a,. It is not difficult to show that there exists a continuous increasing function v such
that v(0) = 0 and

M
2\ Qupy < |J TV )
r=1

for each |h| < min(d;,dz). From here and from the Theorem on the change of variables we get

M M
el oy < > el e v ) = ; Il povr 0 (6.47)

—y r,

where @, (z], z,,) = up (T (2., 21,)).
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It is therefore enough to estimate the norms on the right-hand side of the above stated inequality. As € has
continuous boundary, the smooth functions are dense in the given Sobolev space WP(Q)) and we may formally
proceed!?. For arbitrary, but fixed r € {1,..., M}, and arbitrary z,. € V,™ we have (recall that @, (x., a,(z.) +3) = 0)

due to Holder’s inequality
ar(x))+p d
— (2 d
/x o (2,.,8)ds

Td

~ , p 1 a’!‘(rr)"’_ﬁ 5 ,
(o} 20, ) = <ot [ Vi ds,
a

r(z7)

We now integrate this inequality over V:ﬂ{( Alh)) and get

. (2], 2y ) [P Azl d,.
| ”LP(V ~(am)) /V:wmm ol o) '
a(z))+v(4h))  rar(z))+8
< P~ 1/ / / |V, (x),s)? dsdw,, dz!,
a(z}.) ar(x7.)

=prt 4|h|)/+ |V, (z,) P dz,

T

=@y [ Va8 e
where we used in the last inequality (6.46). Plugging into (6.45) and using (6.47) we thus get (recall that v is defined
by zero outside of Q)

ER, 1
[ru — ul| poray < 5 + 287 C*(y(4]h]))7.

Do ™

We finally define
03 1= 17_1 (Ep) > 0.
4 4p Mppr=1(C*)P
Then it holds for any |h| < min(dp, d1, d2, d3)
lrnu — UHLP(Rd) <e
and the proof is complete. ]

Remark 6.5.24. The most difficult part of the proof was the estimate of the term near the boundary. If we strengthen
the assumptions or weaken the claim, the proof would become simpler. If we assumed that  has Lipschitz boundary,
then we knew from the theorem on continuous embedding that ||u|l; < C for some g > p, thus from Hélder’s inequality

e 2
[ullze@\Qunp) < Nullgl\ Qaynyl "o

We see that the term on the right-hand side can be arbitrarily small in dependence on |h|. In a similar way we could
prove "easier" the compact embedding W1P(Q) << L4(Q) for Q € C°, whenever 1 < g < p.

We can finally perform the proofs of the main theorems of this section.
Proof of Theorem 6.5.20. Let p < d. If moreover g < p, the proof is simple, since from Theorem 6.5.22 we know that
WhP(Q) s LP(Q) — LI(Q) = WP(Q) = LI(Q).

Let us consider the case ¢ € (p,p*). Since € C%!, from the Theorem on continuous embedding for p < d 6.5.1 we
known that W'?(Q) < LP"(Q). Using the interpolation Holder inequality (Lemma A.3.15) we get for any u € W1?(Q)

el oy < NullZogey lullza o) < C0.) TullZo o) lullivs o),

where o € (0,1) is taken so that 1 1=5 z;a' Let now A C W1P(Q) be an arbitrary bounded closed set. Due to

Theorem 6.5.22 we know that this set is compact in LP(£2) and thus for any & > 0 there exists an e-net {u;}*_; C A;
it means that for any u € A it holds
min Ju — ], < <.
K3

Due to the above stated interpolation we get that
min u— iy < Cp, Q) min u— g3 [u— il 1% < C(p, 0,2, A)e”

Thus we see that for given A and g < p* we can construct a finite covering by arbitrarily small balls and the proof is
complete. m

Proof of Theorem 6.5.21. The first claim is a direct consequence of Theorems 6.5.2 and 6.5.20. The second claims
then follows from Theorem 6.5.3 and from the compact embedding among the Holder continuous functions (see
Theorem A.2.14). [ |

12More precisely, we may approximate u, by a sequence of smooth functions for which we show rigorously the required estimates; they
remain true after the limit passage to the functions u,, too.
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6.5.3 General Sobolev embeddings

The previous subsections dealt with W1P(Q). By induction, the results above can be generalized.

Theorem 6.5.25 — General Sobolev embeddings. Let 2 € C%!, k € N and p € [1,00]. Let further
j€{0,1,...,k — 1} be arbitrary. Denote
1 k—j 1
mO::f—ij and if mg # 0, mi= —.
p d mo

Then we have the following.

1. If mg > 0, then
(a) WhP(Q) = W7™(Q)
(b) for any m; € [1,m) it holds W*P(Q) < Wim1(Q).

2. If mg = 0, then it holds for any ¢ € [1,00) that WFP(Q) < W54(Q).

3. If mg < 0, we set p:= —dmyp and it holds
(a) if p € (0,1), then W*P(Q) < CI#(Q) and for any « € [0, 1) we have WFP(Q) < CI(Q)
(b) if p =1, then

p#oo: Yae[0,1): WEP(Q) s CI(Q)
p=o00: Wk>(Q)— Cck11(Q)

(c) if 4 > 1, then it holds for any «a € [0,1] that W*P(Q) —— ().

Proof. The proof is based on mathematical induction and embedding theorems for the spaces W1 (Q). It is therefore
left as an easy exercise for the kind reader. |

As already said, the above mentioned theorem is based on mathematical induction and results on embeddings for
WhP(Q). As we showed, these results are in fact optimal and cannot be improved!3. It may therefore seem that
results of Theorem 6.5.25 are optimal. It is generally true, except one case of W%!(Q). By induction we can show that
WaL(Q) < Wh4(Q). Note that this embedding is indeed optimal and cannot be improved on the level of Sobolev
spaces. We know that the space W14(Q) is not embedded into continuous functions; even not to bounded ones. On
the other hand, at each induction step we did an "insignificant" error, "not seen" for Sobolev spaces. We clarify
everything by the last theorem on Sobolev embeddings.

Theorem 6.5.26 — On embedding of W%1(Q). Let Q € C%!. Then W%1(Q) — C%(Q), where
Cp(Q) = {uec(Q)] Slellg?lIU(w)\ = [lulleg () < o0}
Proof. The proof is based on the following lemma, where the embedding is shown for the cubes. Using the fact that a

domain with Lipschitz boundary can be written as an at most countable union of open cubes (up to a set of measure
zero), whose edges have positive length bounded away from zero, the claim follows for Lipschitz domains. |

It remains to prove the above mentioned lemma. Denote the d-dimensional cube as R, i.e.,
R={zeR%a; <z <bj,i=1,2,...,d}
and a d — 1-dimensional cube as R/, i.e.,
R ={zecR¥ g <z <b,i=1,2,...,d—1}.

We can then show the following.

Lemma 6.5.27 It holds o
W4(R) < C(R).

Proof. Since the smooth functions up to the boundary are dense in W%!(R), it remains to show this embedding for
these functions. By virtue of the mean value theorem we have

ba
sy = [ (] Jute’, )l da”) doa = (ba = 0) [ Ju(e',0)|ds’
aq R’ R’

130n the scale of of Lebesgue spaces; for finer scales like Besov spaces is the situation different, see, e.g., Bahouri et al. (2011).




148 Chapter 6. A more detailed guide to Sobolev spaces

for some o € (ag4,bq). Then for arbitrary x4 € (aq, bg)

T4
(e’ z4)] < Jula’,0)] + / DOV (o 1) dt.

o

Integrating over R’ and then over (ag4,bq) we thus have

Ju( za)ll 1 (rry <lNul o) lry + 1DVl pig)
<(ba — ad)71||u||L1(R) + | DO 0’1)UJ||L1(R)~

Therefore we have for any x4 as above

lu(-, za)llwa-11(ry < Cllullwar gy,

where C' depends only on (bg — a4). By induction we thus get

Hu(',l‘g,afg, cee ’xd)”Wl*l((ahfn)) < C”uHWdl(R)

The mean value theorem gives existence of o € (a1, b1) such that

|u(, 22,23, ..., 2a)||L1 ((ar,61)) = (b1 — a1)|u(o, z2,. .., 24)].

Therefore o
|u(x)| < |u(o,xa,...,xq)| + / |DAO Oyt 2y, ... xq)| di

1
< )IIU(',$27$U37 s za) L sy F DI Ou( oy ) | L1 (a6

(bl —ai
< Cllullwan(ry-

The continuity of u follows from the fact that by similar argument as above we may get

lu(z) = u(y)] < llullwerc,,,)

where Cy , is arbitrary cube which contains the points « and y (thus, e.g., the smallest one). The proof is complete. W

6.6 Traces of Sobolev functions

The Sobolev functions are used to formulate the boundary value problems for partial differential equations. It is
therefore necessary to have a possibility to speak about values of Sobolev functions on the boundary of the domain
Q. There are two approaches how to solve this problem. One is based on the notion of "capacity" of a set and can
be found, e.g., in Mazja (1985). The other approach which is more commonly used is based on extension of a certain
linear operator and will be presented here.

If u € WHP(Q), then for p > d there exists a continuous representative (up to the boundary of €, provided the
domain is sufficiently regular) which equals to the given function u almost everywhere in 2. Whence in this case the
boundary value is well defined (and is even Holder continuous). Thus, below we discuss only the case p < d.

In this situation it is not any more clear what does the boundary value mean, since the d-dimensional measure of
the boundary is zero. On the other hand, under suitable assumption on the regularity of the boundary of Q (at least
for Q € C°) we know that smooth functions up to the boundary are dense in WP(Q), the restriction of functions
u € WHP(Q) on 99 is well defined for a dense subset of W1P(). It therefore suffices to study if the restriction
operator for functions u € C>(Q) on 99 is well defined as an operator from WP(Q) into a certain function space
defined on the boundary of 2. Below we explain that it is possible. First, however, we need to define correctly the
corresponding spaces.

6.6.1 Surface integral and spaces L”(0f2)

In the whole subsection we assume that the boundary is of the class C%! and we use the notation from Definition 6.2.11.
Further, let {qbr}iw:l be the partition of unity on a certain small neighbourhood of 92 covered by the local description
of the boundary. We first define sets of zero measure.

Definition 6.6.1 — Set of zero measure on 02. Let A C 9€). We say that A is a set of zero measure, if it
holds for any r € {1,..., M}
Nz, € Ay | T (2], ar(2))) € A}|,_; = 0.

Similarly as in the case of the standard Lebesgue measure, in what follows, we use the terminology almost everywhere
in 0, if the claim holds for all z € 9Q \ A, where A is a set of zero measure.
We continue with the definition of measurable functions.
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Definition 6.6.2 — Measurable functions on 9. Let f: 90 — R. We say that f is measurable, if for any
re{l,..., M}, foT, is measurable on A, with respect to the d — 1-dimensional measure.

We are now ready to define the surface integral.

Definition 6.6.3 — Integral [,,-dS. Let u: 9Q — R be measurable. Denote u,(z) := u(z)¢,(z), where
{¢,}M | is the partition of unity corresponding to the open covering of a certain neighbourhood of the boundary.
Then we define the integral of a function u over 052 as

M
/mudS ;:Z/A (T (' ar (&) VI + Var @) dat., (6.48)

provided all the integrals on the right-hand side exist and are finite.

Remark 6.6.4. Note that in the definition above, each integrand on the right-hand side of (6.48) is a measurable
function. It follows from the fact that u is measurable and thus, due to the smoothness of ¢,., also the function w,. is
measurable. Furthermore, since functions a, are Lipschitz, then the Rademacher Theorem A.2.16 ensures existence of
Va, almost everywhere in A, and the gradient is also measurable.

The above defined surface integral seems to depend on the choice of parametrization (description) of the boundary
0f). The following key theorem justifies that, indeed, it is not the case.

Theorem 6.6.5 — Independence of surface integral of parametrization. Let Q € C%! be arbitrary. Let
{ar1, Arl,Trl}%;l and {a,2, ATQ,TT2}%2:1 be two arbitrary descriptions of the boundary which are in agreement
with Definition 6.2.11. Let further {¢,1},1., and {¢,2}22 , be two partitions of unity corresponding to them. Then
a function u is measurable with respect to the first parametrization, if and only if it is measurable with respect to
the second parametrization. Furthermore, it holds for any measurable u

My
S [ unTalehs o)+ Vo) P sty
Ary

=il

Mo
= [ walTalela aa@) 1+ Vara(aps) 2 da
Ar2

r2=1

(6.49)

whence the surface integral of « does not depend on the choice of parametrization of 2.

Proof. The proof of the first part of the theorem about the measurability is left for the kind reader as an exercise. In
what follows, we concentrate ourselves on the proof of equality (6.49). Since {¢,1} and {¢2} are partition of unity in
the vicinity of the boundary 02, we get the identity

M
S [ T o))y 1+ Var ()P i,
A72

r2=1
Mo
=5 [ bl Tl a1 [Varala )P dat
r2=17Ar2
(6.50)

M2 M1
:ZZ/U%MM%MMMWHWMMWb
ro=1r1=1"Arz2

My M,
=3 3 [ wnn(Balls a1+ Vol P dals.
r2=1r1=1"Ar2

Let us now concentrate on the last integral. We denote
(09)"™"2 := 9Q N supp ¢,1 N supp .

In what follows we consider only cases, when (9€)"*"2 is a set of non-zero measure (otherwise, the corresponding
integral in (6.50) is identically zero). We then define for these sets the corresponding local description of the boundary

AZ% = (Trl)_l(aﬂ)rlﬂav A:% = {x/rl €A x/rl = arl(x/rl)}a
A7y = (Tra) 1 (O)™72, AT o= {a) € Dpa : g = ara(7)4)}.

We now define the mapping @: A’} — A’? by the formula

Bl) = ((Tr) " (T2, ara(2)5)))) -
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It is easy to verify that this mapping is bijective (the proof of this claim is left to the kind reader). Using this mapping
we may rewrite the last integral in (6.50) as

[, wnénaTalars. analaia))y 1+ Vaalal,) day
Ar?

= [ T (@) an(@ @)1+ [Vana(el) ot

We apply for this integral the change of variables. It remains to express the jacobian of @ as well as Va,,. For
notational simplicity we now define two auxiliary mappings

(6.51)

E(zr) = T, am(24)),  Bra(wg) = Tra((2hg, ara(172)))
and two matrices of derivatives

Aoy o D @) O aia(a)y)

rl) ==

Oy, , e 059 ’
i.e.,
6ij i <d, (Sij i <d,
AP (ah) = dari(x,4) . d A (xrs) = darz(x,5) . d
- t=d, — t=d.
a(xrl)j 8(xr2)j
Moreover, since T,.1 and 7,5 are only rotations and shifts, there exists matrices Q,; and Q.o such that
0%, (.
Ve (2h,) = % = QriAni(279),
xrl
0% o(x),
VTZETQ( r2) . y = QT‘QAT2(x’II‘2)'
oz,

We now apply the Sylvester rule for computation of the determinant of a matrix as well as the definition of the matrix
Ao and get (the upper index T' denote the transposed matrix and |; denotes the i-dimensional unit matrix)

1+ [Vyare(275) [ = det (It + Vioara(275)(Vrare(275))")

= det (ld 1 + r2ar2( TQ))TVr2ar2(xlrQ))
= det ((Ar2(z Ara(zs))
= det ( Ar2 Qr2)TQr2A7‘2< ))

where the last equality follows from the fact that Qo is orthogonal. Using now the definitions of ¥,.1, ¥£,5 and J, and
due to the chain rule (it can be applied since a,; and a,o are Lipschitz functions) we obtain the identity

14+ V0,0 (x)0) % = det (Ara (@) T (Qr2)TQroArva(23))
= det ((Qr2Ara(#12)) " QraAra(z; >)
= det ((VTQE 2 (2o)) V2B ( )
= det ((V,251 (B!, )))Tvrzxm(@( 2))
= det (V18,1 (F(2)5)) Vo). ))TVHZH( B(279)) Via@(2)5))
|detVr280(x;2)|2de t(( HEH 20o)) Vi (B(2),)))
= |det V03 ()| det (Qu1An (B, )))TQHAM(@(JJLQ)))
= |det V,2(x),) [ det (A, <¢<xrz>>>TAn<¢<x;2>>>
= |det Vrzw(x;2)|2 (14 |Viar (F(29))%) -

2
T

We now apply this identity in (6.51) and get, due to the Theorem on the change of variables,

/ tr e Ty (g, ara(@ )\ /1 + [Viara (i) 2 dals
ArZ

= [ 0 B @) T [Von G P et Vragla)® dets
Ara

:/A url¢r2( rl( )) 1+|VCLT1( ;1)|2dl’;1

_ / U122 (Tor (&g, arn ()1 + [Vatpa (2y) 2 ey
Ay

(6.52)
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Finally, applying (6.52) in (6.50) and due to the fact that ¢, is a partition of unity, we get

Mo
S [ walTialelo talafa)) 1+ Varlata) et
AT‘Z

r2=1
MQ Ml

-y 3 / Ur e (T (2, s ()AL + [V () daly (6.53)
JAVSY

r2=1rl=1

M,
= Z/ Ut (T (271, ar1 (271)))y/ 1 + [Var (27,) [ dagy
Ar1

rl=1
which is the desired identity (6.49). The proof is finished. [

The surface integral is thus well (and uniquely) defined and we can present the definition of the Lebesgue spaces
on 0. This definition is in fact a straightforward modification of the spaces L”().

Definition 6.6.6 — Spaces LP(992). Let Q € C%! and let u be a function defined almost everywhere in Q. We
say that the function w is an element of LP(99), p € [1, 00), if

/ |ul? dS < cc.
o0

We further say that the function u is an element of L>°(9Q), if (the essential supremum, more precisely, the sets of
measure zero, should be understood in the sense of Definition 6.6.1

esssup |u(x)| < oo.
eI

We consider the following norms in the spaces LP(952)

1
</ |u|P dS> p € [1,00)
[ullzr o0) = o0 (6.54)
esssup |u(x)| P = 0.
€N

Similarly as for the classical Lebesgue spaces we understand elements of LP(0) as classes of equivalent functions,
i.e, we say that u ~ v, if u = v almost everywhere on 9). Based on this convention we have the following re-
sult.

Theorem 6.6.7 — Properties of spaces LP(92). Let Q € C%1. Then the space LP(9Q) with the norm defined
in (6.54) is a Banach space which is separable for p € [1,00) and reflexive for p € (1,0).

Proof. The proof can be performed similarly as for the standard Lebesgue spaces and can be found, e.g., in Kufner
et al. (1977) or Necas (1967). |

Remark 6.6.8. Recall that if Q € C%!, then due to the Rademacher Theorem A.2.16 the functions a, are differentiable

in A, and there exists a constant C' > 0 such that ’ gff

T

‘ < C < oo almost everywhere in A, for any r € {1,2,..., M}.
Thus we may consider, for p € [1,00), instead of norm (6.54) an equivalent one,

1
P

M
N(w)Lro0) = <Z/A ur (T (., ar(27)))I” dwi) (6.55)

which is sometimes easier to work with.
The following lemma claims that yet another equivalent norm can be defined without the functions {¢,}}; from
the partition of unity.
Lemma 6.6.9 Let Q € C%!, a function u defined almost everywhere in 92, be measurable such that it is non-zero
only in T,.(A;) for some r € {1,..., M} fixed. Let it hold [, |u(T(x},ar(x].)))[" dz] < oo for a certain p € [1, 00).
Then u € LP(0N)) and there exists a constant C = C(052) such that

lullzro0) < C ( /A (T, (a2, ar () dx;)

Proof. The proof is a simple consequence of the definitions and can be found, e.g., in the book Kufner et al. (1977) or
Necas (1967). [ |
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6.6.2 Theorems on traces for W'?(Q)

Before we introduce the main result of this subsection which allows to speak about boundary values for Sobolev
functions, let us motivate the optimality of the result.

Example 6.6. 10 Let u(z) := |z|~*. We already know from Example 6.1.12 that this function belongs to W1?(B;(0))
provided a < “=2. The same holds if we replace B;(0) by the half-ball {z € R?||z| < 1,24 > 0}. Since this function is
smooth outside of the origin, we may expect that its trace will coincide with the function outside the origin. Computing
its trace, the only interesting part is the set x4 = 0 (otherwise the function is smooth). We therefore have

1
/ |x|71dS = C(d)/ proatd=2 g4,
{B1(0)CRI~1 | 24=0} 0
This integral is finite provided —ag+d —2 > —1, i.e., for ¢ < =L, This indicates that the best result we may expect

is that if u € W1P(Q), p < d, then u € L1(9Q) for ¢ € [1, jp)p]

We are now ready to formulate the promised main result.

Theorem 6.6.11 — On trace operator for WhP(Q) with p € [1,d). Let Q € C%!. Define the linear continuous
operator T: C*(Q2) — C(0R) by
Tu := u|pq.

Denote for arbitrary p € [1,d)
¢ dp—p . 1 1 p—1
= y 1.e., 7 === ——"<0
d—p p p pd-1)

Then there exists a uniquely defined extension of T" such that the mapping is linear,

p

T: WHP(Q) — L9(09),
and bounded (thus continuous) for all ¢ € [1, p].

Proof. Step 1: Reduction to smooth functions
Assume that we show the following claim

Vo € C2(Q) 1 Tl gy < C0:09) [0y - (6.56)

Note that for smooth functions, the operator T is well defined. By virtue of Theorem 6.2.15 we know that for any
u € WHP(Q) there exists a sequence {uy,},., C C*(Q) such that u, — u in WP(Q). Due to the definition of the
operator 1" and due to (6.56) the sequence {T'u,, } -, is a Cauchy sequence in v (89) The space LP* (09) is complete
(recall Theorem 6.6.7); thus there exists a limit of the sequence {T'u,},, in Lv (092). We can therefore define

Tu := lim Tu,.

n—oo

It clearly holds that the limit is independent of the approximate sequence and depends only on the element u (the
proof of this claim is left an exercise) and thus the operator 7" has all required properties for ¢ = p* including inequality
(6.56) for Sobolev functions only. It remains to deal with the existence of the trace in L4(99) for ¢ < p*. The (d — 1)
dimensional measure of the boundary of (2 is finite, then Holder’s inequality implies that we have for any ¢ € [1, pf]
that [|v]|1q(g0) < C(q, p*, 09) ||v]| s (on)- Hence, from (6.56) we get

Yo e WHP(Q) ||”HLq(aQ) <cC HU”Lpﬁ(aQ) <C HU”WLP(Q) : (6.57)

Step 2: Localisation and partition of unity
We again follow the notation in Definition 6.2.11 and let {¢,} | € C5°(T}.(V;)) be a partition of unity in a vicinity of
0. Denote u, := ug,, then suppu, C T,.(V;). Assume now that it holds for any r € {1,2,..., M}

([ st a)” <c [ A (e T e O EER P

Applying the equivalence of norms (see (6.55)) and the standard change of variables (recall that T, are orthogonal
transformations) we get

M M M
Hu”Lpﬁ(aQ) < CZ HUTHLPﬁ(aQ) < CZ [[ur o Terl,p(vT) = Cz llur [0 (T, (V) = < Cllulfy, 2(Q) )
r=1 r=1 r=1

where we used in the last inequality that ¢, are smooth functions. It remains to verify the validity of (6.58) for smooth
functions.
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Step 3: Proof of inequality (6.58)
Assume without loss of generality that T is the identity (if it is not the case, we just apply the corresponding rotation
and shift of the coordinate system); thus T;.(V,F) = V. Let u € C°°(2). From the definition of u, (¢, has a compact
support in V) it follows that it holds for every z’ € A, that u,(z’,a,.(2') + 8) = 0. Assume first the case p > 1 and

thus also p* > 1. Due to the smoothness of u, we immediately get that |ur|]"ti € CY(V;"). Denoting

dp—p
v(a') = ur (@', ar ()] 47,

we get

dp—p dp*p aT(l 8 dp—p
o(@') = |ur (@', ar (@) FF — Jur (@', an(2) + B)| FF = — / » 8—(|ur<x $)I4) as.

A straightforward computation yields

ar(z")+p d(p—1)
v(x) Spﬁ/ |Vu, (2, 8)| |u-(2', 8)] 47 ds.

r(z/)

We integrate this inequality over A,.. By virtue of Holder’s inequality (Theorem A.3.12) we get

d(p—1)
/ lv(z")| da’ <p/ / |Vu,.x )| lur(z',8)] * 7 dsda’
ar(z’)

( d( 71>

d
=p”/ Ve, (@) [ur ()| 7 da < pf Vel o v+ may Hurl\
v+

a5 (V)

Since V,+ € C%! (we leave the proof of this property to the kind reader), we may use the Theorem on continuous
embedding for p < d (Theorem 6.5.1) ans estimate the last term by the W1 P-norm. Altogether, we get

HUTHLP“ (Ar) <C(d,p) Huerlwp(vj) ) (6.59)

where the constant C(d,p) remains bounded for p — 1;. By the limit passage we obtain the validity of (6.59) also
for p = 1. Inequality (6.58) follows directly from (6.59) and the proof is finished. [ |

Remark 6.6.12. Since C(9Q) — L%(99), the operator T' defined as T'w := u|sq is in fact defined as an operator from
C>®(Q) — L1(09) for any ¢ € [1,00]. However, it is possible to extend it to W?(Q) only for q < p.

The situation is much simpler for p > d and the following claim holds.
Theorem 6.6.13 — On trace operator for W'?(Q) with p > d. Let Q € C%! and T be the trace operator

defined in Theorem 6.6.11. Then the operator is continuous from W14(Q) to L9(99) for each g € [1,00). Moreover,
the operator T is continuous from W1P(Q) to LI(99) for each ¢ € [1, 0] if p € (d, ].

Proof. The situation p = d is similar to the situation in Theorem 6.5.2, the proof is thus left to the kind reader as a
useful exercise.

Due to Theorem 6.5.3 we know for p > d that W1P(Q) is continuously embedded into C°(Q2). The proof of the
theorem is thus trivial and follows directly from Holder’s inequality. |

Next we strengthen the trace theorem. In fact, except for p = 1, the operator is compact as an operator from
WLP(Q) to certain Lebesgue spaces on 9.

Theorem 6.6.14 — On compactness of trace operator. Let 2 € C%! and T be the operator defined in
Theorem 6.6.11. Then it holds.

1. If p € (1,d), then the operator T is compact from W1P(Q) to L(0N) for any q € [1,p¥).

2. If p > d, then the operator T is compact from WP(2) to L4(99) for each ¢ € [1, 00].

3. If p = d, then the operator T is compact from W1?(Q) to LI(99) for each q € [1, 00).
Proof. We have for p > d from Theorem 6.5.3 the compact embedding W (Q) to C°(Q2) and the proof is thus trivial.
In what follows we deal with the case p < d.

We first show a variant of the inequality from the Step 3 of the proof to Theorem 6.6.11. It is the following
interpolation theorem

1 1—1
ooy < (@) [ull ooy Il e, (6.60)
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which holds for any ¢ € [1,00). We use the structure of the proof of Theorem 6.6.11 and only change inequality (6.58).
For notational simplicity we skip the index r and reduce everything to the case when T.. is the identity.

a(z’)+
/qu a(2))[" da’ < // u(a’,5)|* ds da’
(z")
a(z")+p .
Sq// |Vu(a', s)| lu(z’, )| dsda’
A Ja(z')

= q/v+ V()| |u(z)]? " dz < a[[Vull o v+ ra) ||u||Lq W -

We get the required inequality for © by applying Steps 1 and 2 from the proof of the Theorem on traces (Theo-
rem 6.6.11).

Let now A C WP(Q) be an arbitrary bounded set. Our goal is to show that T(A) is a totally bounded set in
suitable spaces L(0€2). Denote C* := sup,,¢ 4 ||u||1,- Due to the Theorem on continuous embedding (Theorem 6.5.1)
we can find C** < oo such that for any v € A and any ¢ € [1,p*] it holds |jull, < C**. We can now come to the
construction of the e-net. Let e > 0 be fixed. Due to the Theorem on compact embedding (Theorem 6.5.20) we know
that for arbitrary § > 0 we can find a 6-net {u;}¥_; C A in the space LP({2) which covers A. Let us choose now

P

§ =7 1(C(p, Q)(2C%)7) 71,

Let u € A be an arbitrary element and let u; be such that ||u — u;||, < d. Applying inequality (6.60) we get

1 1—1
= oy < €0 ) ot = il =1

< O(p, (207365 = ¢

and thus {Tw;}%_, forms the e-net in LP(92); thus the proof is finished for ¢ = p. The validity of the theorem for
q € [1,p) is then a consequence of the continuous embedding L?(92) < L1(99).
Let us now consider the case q € (p,p*). Similarly as inequality (A.3.15) we can show the interpolation inequality
1 o 1-«

||U||Lq(asz) > ||U||Lp(asz) HUHLM(SQ), where 4 P o ;

we leave its proof as an exercise to the kind reader. Combining this inequality and (6.60) we get

1 11 \“
HU_UiHLq(aQ)§ (C(p,Q) ||u_uiH11/)V1,p(Q) ||u_ui|LP(pQ)> flu— “z”Lpn Q)
1oy 1\¢ s*x\1—a
< (cr.)Ecn3a' 3 20!

Clearly, by a suitable choice of ¢ in dependence on £ we may construct the e-net in L?(9€2) which finishes the proof
for p # d. Nonetheless, for p = d we can proceed similarly, only instead of Theorem 6.6.11 we use Theorem 6.6.13. W

We saw in the section devoted to continuous and compact embeddings that we may hope for weakening the
assumptions on the regularity of the boundary of €, from Lipschitz to (Holder) continuous, for the price to get "non-
optimal" results. The following example shows that any weakening of assumptions on the regularity of the boundary
leads to problems with the definition of the traces.

Example 6.6.15. Let us consider a domain Q C R? such that part of its boundary is formed by the curve (cf.
Example 6.5.10)
lyl=2", x€][0,1], p>1.

We showed in Example 6.5.10 that if the rest of the boundary is smooth, then the function u(z,y) = x~* belongs to
WL2(Q) if 0 < Lhe=2 = i1,
If we compute the mtegral over the boundary, we get'4

a<1<:>/ lul dS < oco.
o0

Therefore, for u > 3, there exist functions from W12(Q) which do not belong to any L?(9Q) for arbitrary ¢ > 1. It
illustrates that the condition Q € C%! cannot be weaken.

141f we consider the parametric description of the boundary = =t, y = t#, t € [0, 1], we thus compute

1
/ £/ 1+ (utr—1)2 dt
0

which leads to the result presented above.



6.6. Traces of Sobolev functions 155

A question appears, whether i (09) is the range of the trace operator from W1P(Q) (if p € [1,d)). This question
is important in connection to the boundary value problems for partial differential equations. The answer is negative.
It only holds that the range of the corresponding trace operator is dense in Lpn(aQ). The precise characterization
requires to build the theory for spaces with fractional derivative. In fact, the range of the trace operator is the space
Wlf%’p(aﬂ), 1 < p < co. For p = 1 the range of the trace operator is L!(92), but the situation is rather complex
here. More precise information about these spaces will be given in Subsection 6.8.1.

6.6.3 Characterization of W, ”(Q) and integration by parts

The theorem on traces has many important corollaries. It not only allows us to speak about boundary values for
Sobolev functions at the boundary 02, but it also makes possible to generalize the classical theorem on integration
by parts for Sobolev functions and to characterize precisely the space VVO1 P(Q). Let us start with the integration by
parts. It is usually formulated for smooth Q (piecewise smooth ) and functions with continuous derivatives up to
the boundary. We saw in Theorem 6.1.22 that the assumption on smoothness up to the boundary can be weaken,
provided we consider functions from WO1 P(2). We now generalize this result for Lipschitz domains and Sobolev
functions (generally nonzero on the boundary).

Theorem 6.6.16 — On integration by parts II. Let Q € C%!'. Then the outer normal v exists almost
everywhere on 0f2. Let further p,q € [1,00) be such that one of the possibilities holds:

1. p€[1,d) and g € [1,d) such that 2 +1 < 441

2. p=dand ¢ > 1 (or ¢ =d and p > 1, respectively)
3. p>dand ¢ >1 (or ¢ >dand p > 1, respectively).

Then it holds for any u € WP(Q) and v € W4(Q) (v is the unit outer normal vector to 99)

ov / / ou
u dx = uvv; dS — vdz. 6.61

Proof. The existence of the normal almost everywhere at 9 is left for a kind reader (it can be found, e.g., in Necas
(1967)).

Let us now deal with the second part of the theorem. We perform the proof slightly formally, we skip the partition
of unity. The formula of the Green Theorem (6.61) holds, if 9 is a C! domain and u,v € C*(f). Since every
Lipschitz domain can be approximated from inside by smooth domains (see Necas (1962)), it is possible to verify that
(6.61) holds true also in the case of Q € C%1, u,v € C>(Q).

Let u and v be Sobolev functions, as in the formulation of the theorem. Then there exist sequences of smooth
functions {un}le, {v,}}ff:l G.COO(Q) which approximate functions u and v in the [|[ly1,5(q)- or in the ||« [ly1.4(q)-
norm, respectively. Evidently, it holds

/ Don gy — / uponvidS — [ 2% da (6.62)
S o0

Un
)] 8% Q 8x2

and it suffices to verify that under our assumptions we can pass to the limit n — oo in the given equality. Let us first
look at the first set of conditions, i.e., p € [1,d), ¢ € [1,d), the verification of the remaining two sets is left as a useful
exercise to the kind reader.

We first consider the integral on the left-hand side of equality (6.62). It converges for n — oo to fQ ua‘% dz,
provided

e
dp ¢

which can be easily transformed to % + % < ‘%1 due to the assumptions of the theorem.

Similarly, we can proceed for the volume integral on the right-hand side of (6.62). Let us now consider the surface
integral. Here we require (compare with Theorem 6.6.11)

d—p  d—gq
+ <1
dp—p dq—q

d
condition fulfilled automatically. [ |

which can be transformed to the form d (% + %) < d + 1; due to the previous condition % + % < 41t i5 the other

Another important consequence of the theorem on traces is the following characterization of the space WO1 P(Q).
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Theorem 6.6.17 — Characterization of W,”(Q). Let Q € C%!. Then

WyP(Q) = {ue W"P(Q)|Tu = 0 almost everywhere on 9} .

Proof. We first show the inclusion "C". Let u € Wy?(Q) be arbitrary. The definition of the space W, (1) yields
a sequence {un} -, C C5°(2) such that u,, — u in WHP(Q). Clearly T, = 0 and from the continuity of the trace

operator it also follows Tu = 0 and thus W, ?(Q) C {u e W'P(Q); Tu =0 almost everywhere on 90 }.

In the second part we concentrate on the more difficult inclusion "D", i.e., for a given function v € WO1 P(Q) we
have to find a sequence {u"}>2,; C C§°(2) such that ||u™ — ulj1, — 0 for n — co. We first use the partition of
unity {¢T}ivi+11 and see that it is enough to consider only functions of the type u, := u¢,. For up;11 the situation is
clear and it is enough to apply the standard convolution mollification. Let us deal with the case r = 1,..., M. For
simplicity we skip the indeces r and, moreover, we shall not consider the mapping between the local and the global
coordinate system (we assume, it is just identity). Recall the notation from Definition 6.2.11

Vi={zeRY |z <ai=1,...,d—1, a(z') < z4 < a(z') + B} .
Thus, it is enough to show that if u € W1P(V ) satisfying Tu = 0 on A and suppu N {0V \ A} = (), then there

exists a sequence such that {u,} -, C C°(VT) and u, — u in WP (V).
We first extend the function u by zero outside of VT, i.e., we define

L, uw(x',xg) (2 24) €VT
W, a) = 0 (2/,mq) €V~

We show below that this function belongs to W17 (V) and its weak derivative is

Vu(z',zq) (2/,24) €VT

Vi(z', =
a(x', xq) { 0 (2/,2q) €V™.

To prove this claim we apply the Theorem on integration by parts II (Theorem 6.6.16). We have for arbitrary

p € C§°(V) that
/ﬂ&pdm:/ u&pdx:—/ 8ugpdx—|—/u<pl/id5
v le v+ ail'l v+ axl A

ou o
v+ 81‘1' par A 8331' vz,

where we used the assumption © =0 on OV .

We now mollify this extended function. We proceed as in the proof of Theorem 6.2.15, only instead of sliding this
function u "outside" of €2, we slide it "inside". We define 4" (', 2q) := @(2/,24 — ). The function 4" belongs for
a sufficiently large n to W1?(V*) and, moreover, supp i, C V. Further lim, o |[|a" — ullyrpy+y = 0. It is now
enough to define u™ = ny, * @', where 7, is the mollifier and h,, is a suitably chosen number less than % so that
u™ € Cg°(VT). Due to the properties of the mollifier (Theorem A.3.33) it is not difficult to verify that u” — u in

WLP(V*). The proof is complete. [ |

6.7 Poincaré inequalities and equivalent norms

We show in this section that in some cases it is possible to replace the standard norm on the space WP (Q) by
different functionals which define there equivalent norms. These equivalent norms play an important role in the theory
of partial differential equations, for example if we prescribe the boundary value on the full boundary or its parts, or
if we consider functions with prescribed mean value. We start with one general lemma.

Lemma 6.7.1 Let Q € C° k€ N and p € [1,00). Denote by P, polynomials of the degree at most k. Let {fi}izl
be continuous bounded functionals (not necessarily linear) on W*?(Q) which fulfil for any u € Pj,_;

1
Z |fi(u)] =0 <= wu =0 almost everywhere in .
i=1

Let it further hold for any v € W*P(Q), \€ Rand i =1,...,1

| fi(Au)| < A fi(w)] -
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Then there exist positive constants ¢; and ¢y such that we have for any u € WP (Q)

P

€n Hu”vvk,p(g) < Z 1D ull7, p) T Z | fi(u < c2 ||uHkaP(Q) 3 (6.63)
la=k

Proof. The second inequality in (6.63) is trivial, let us therefore consider only the first one.
For contradiction, let us assume that there exists a sequence of functions {f, }>., C W*P(Q) such that it holds

. it llyyom e
S ID unllip(Q)JrZIfl Gl | < @)

n
o=k

Evidently @, # 0, therefore uy, := tn/ ||Un || yyr.0 () is well defined. Dividing the above stated inequality by [|tn ||y r.s ()
and using the assumptions on f; we get

o 1
Z 1D un 70 p) T Z | fi(un)| < n (6.64)

lel=k

as well as |lup|[yyxp(q) = 1. Since the sequence {u,}32, is bounded in WkP(Q), due to the compact embedding
WEP(Q) ess WE=LP(Q) (Theorem 6.5.22 or 6.5.25) we may choose subsequence (relabeled) and find u € W*~1P(()
such that u,, — u in W*~%P(Q). Furthermore, it follows immediately from (6.64) that for |a| = k we have D%u,, — 0
in LP(€2). This implies that u, — u in W*P(Q), too.

The strong convergence implies for the limit function u that ||u||Wk,p(Q) = 1 and D% = 0 for any |a| = k. Applying
Lemma 6.2.3 and a simple induction it is not difficult to see that © € Px_;1. Since the functionals f; are continuous,
we see that Zlizl |fi(u)|” = 0 and since u € Py_1, we also get u = 0 which contradicts to lull @) = 1. [

Remark 6.7.2. Functionals satisfying assumptions of Lemma 6.7.1 always exist, it is enough to take
falu) = / z%u(z)dz, forall o] <k -1,

or

fa= D%(z)dz, forall o] <k —1,
Q*
where Q* is an arbitrary non-empty subdomain of 2.

Lemma 6.7.1 has a number of applications. Let us present the most important ones.

Theorem 6.7.3 — On equivalent norms in W?(Q). Let Q € C%1. Let Q* C Q be such that [Q2*|; > 0
and I' C 99 such that |T'|4—1 > 0. Let further p € [1,00) and «;, i = 1,...,4, be non-negative numbers such that
Z?Zl a; > 0. Then there exist positive constants ¢; a cp such that it holds for any u € WP (Q)

p
/udS / udx
Iy Qr

Proof. Denote fi(u) = ([p |ul? dS) folu) = Ur“dS| f3(u (fQ* |u|P dx)” and fi(u) = |fQ* udx| All four

functionals are clearly positive homogeneous (in the sense as presented in Lemma 6.7.1), bounded and continuous on
WLP(Q) (here we use the Theorem on traces, i.e., Theorem 6.6.11 or 6.6.13 and the assumption Q € C%1). We finally
use Lemma 6.7.1 and it is enough to verify that if u = const almost everywhere in Q, then for arbitrary i € {1,...,4}

N
> <c ||u||wl,p(Q) .

1l < <||vu||Lp(Q)+a1/r|u|pds+a2 —l—oz3/s lufP dz + o

filuy)=0 <= wu=0.
This equivalence is, however, evident. |

Note that unlike in Lemma 6.7.1, we consider in Theorem 6.7.3 domains with Lipschitz boundary. This is connected
with the fact that we speak about values of u on the boundary and use the Theorem on traces (Theorem 6.6.11). If
we do not consider integral over (a part of) the boundary, it would be enough to consider domains with continuous
boundaries only.

Some inequalities (equivalent norms) have traditional names. Below we present their short list.

Remark 6.7.4 (Important inequalities). Let 2 € C%!. Using Theorem 6.7.3 we can easily obtain the following inequal-
ities.



158 Chapter 6. A more detailed guide to Sobolev spaces

1

1) Inequality 1 [|ullyyin) < (HVuHip(Q) + fp Ju? dS)5 is called Poincaré-Friedrichs inequality. Evidently, we

can replace [..[u[PdS by ([ |u?dS)

P
q

, where ¢ € [1, df%;’] for p € [1,d) and ¢ € [1,00) for p > d.
2) Inequality c1 [Jully1.0) < (HVUHIL'JD(Q) +1/q udx|p) " is called Poincaré inequality. Its generalization for the
space W¥P(Q) can be found below.

P
q

3) It is possible to replace [, |ulP dz by ([, [u|?dz)?, where q € [1, ddfpp] for p € [1,d) and ¢ € [1,00) for p > d.
Let us finally mention several important inequalities for Sobolev spaces of higher order.

Theorem 6.7.5 — On equivalent norms on W*?(Q). Let Q € C°, Q* C Q be such that |Q2*]; > 0, p € [1, 00)
and k£ € N. Let a7 and as be non-negative numbers satisfying a; + ao > 0. Then there exist positive numbers ¢y
and ¢y such that it holds for any u € WP ()

P P
el < | 3 1Dl g + o ( [ dx) var Y | [ Doude| | <eallulsey-
|| =k @ laf<k—1 "<
Proof. The proof is left for a kind reader as a useful exercise. |

We did not consider integrals over boundary in the theorem above. There were two reasons for it. The above presented
result holds for domains with only smooth boundary, since it is based on compact embedding and we do not need
the Theorems on traces and the Lipschitz boundary. Second reason is that unlike Theorem 6.7.3, it is not enough
to consider for Sobolev spaces of higher order only integrals over the boundary; we need also certain qualitative
assumptions on a part of the boundary. We shall illustrate it on the case of W?2P(Q) and leave the general situation
for a kind reader.

Theorem 6.7.6 Let Q € C%! and p € [1,00). Let I' C 99 be such that ' is not a hyperplane and satisfies
IT'|4—1 > 0. Then there exist positive numbers ¢; and ¢y such that it holds for any u € w2p (Q)

1

€1 ||u||w2,p(9) < Z HDO‘uH}zp(Q) JF/F lul” dS < e Hu||W2,p(Q)-
|a|=2

Since 02 cannot be a hyperplane, the above presented inequality holds always for I' = 0.

Proof. Due to Lemma 6.7.1 it is enough to check that if u € Py and [ |u[’dS = 0, then u = 0. Let u be a linear
function and v = 0 almost everywhere on I". This, however, may happen only in the case when I' is a hyperplane. By
our assumptions, this case is excluded. |

We considered up to now only the questions concerning equivalent norms. We have seen that it is important to
exclude the possibility that the function u is a non-zero polynomial of the (k — 1)~th order. These functions cannot
always be excluded, as for example in the weak formulation for the Poisson equation with the Neumann boundary
condition. We therefore introduce subspaces of Sobolev functions which are equivalent up to polynomials of a certain
order.

Definition 6.7.7 — Factor space W*?(Q)/P. Let Q C R% k€ N and p € [1,00]. Let P C P,_; be a subspace
of polynomials of the (k — 1)-th order. Denote by W*P?(Q)/P the factor space, i.e., we say that it holds u; ~ us
for uy,us € WFP(Q), if u; — uz € P. We endow this space by the norm

HUHW’w(Q)/P = aewk-,iprésfz):aw ||71||Wk,p(sz) ;

This space is evidently a Banach space which is for p € [1,00) separable and for p € (1,00) reflexive. The proof, as
well as the proof of the following theorem, is left as an easy exercise for a kind reader.

Theorem 6.7.8 — Poincaré inequality for factor spaces. Let Q € C° and k € N. Then there exist positive
constants ¢; and ¢y such that it holds for any u € WP (Q)

1

crllullwrp )Py < Z ||Dau||1£p(g) < eallullwrr )Py -
|a|=k
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6.8 Several further properties of functions from Sobolev spaces

6.8.1 Spaces with fractional derivative, the range of the trace operator and inverse
trace theorem
As an analogy of Holder continuous functions which lie between the space space of continuous and continuously

differentiable functions we introduce the space of functions with fractional derivative.
We first consider 2 C R%.

Definition 6.8.1 — Sobolev spaces with fractional derivative. Let s € RT, p € [1,00). Let [s] be the integer
part of s. Then W*P(Q) is the space of all functions from Wl2(Q) (WP(Q) = LP(Q)) which satisfy

_14l: o |D*u(z) — Du(y)|”
Va, |a] = [s]: Ia(u) := /Q J P ) dz dy < oo.

Denote further

lallwecy = | Nulfperm + 3 Ia()

lee|=[s]

Then it holds

Theorem 6.8.2 — Sobolev spaces with fractional derivative — basic properties. The space W*P(Q) is a
Banach space with the norm || - ||W5,p(Q). This space is separable for p € [1,00) and reflexive for p € (1, 00).

Proof. The proof can be found, e.g., in Kufner et al. (1977). |
Remark 6.8.3. Let p € [1,00) and 0 < s < B < 1, |4 < 00. Then

COF (@) o WP(9),
since

lu(z) — u(y)[” 1
/sz Qdedy<(ﬂ05 //Mw)dxdy<K(Hoﬁ( u))?.

Another properties of these function spaces can be found in specialized monographs, see also Di Nezza et al. (2012).

Note, however, that
. )l _ »
sl—l>%1+ S/Rd /Rd |lx — y|d+p9 dzdy =C Rd ful? dz
()

for any u € ﬁse(o)l)stp(Rd), where C = C(p, d). Similarly, for u € Wt»

_ P
lim (1 — s)/ (@) = u(y) " dzdy = C/ |Vul? dz,
aJo R¢

s—1_ |z — y|dtps

where again C' = C(d, p).
We are rather interested in the analogous spaces on 0f).

Definition 6.8.4 — Spaces WeP(9Q). Let s € R, p € [1,00), Q € Cl}1. Denote for r = 1,..., M functions
vp(x)) = up o Ty (), ar(x))). Then W*P(9Q) is the subspace of all functions from L?(9€) which satlsfy

Vre{l,...,M}: v, € WHP(A,).
Denote further?®

S
P

M
||“||Ws,p(ag) = (Z Ur”%/s,p(AT))
r=1

4Recall that A, C RI™1,

Similarly as above, it holds (for the proof see, e.g., Kufner et al. (1977))

Theorem 6.8.5 — Sobolev spaces with fractional derivative on the boundary — basic properties. The
space W*P(0R) is a Banach space with the norm || - ||y, 90 This space is separable for p € [1,00) and reflexive

for p € (1,00).

It appears that spaces Wlosp (09), p € (1,00) are exactly the spaces which characterize the range of the trace
operator. It holds
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Theorem 6.8.6 — Inverse trace theorem. Let Q € C%!, p € (1,00). Then there exists uniquely defined
continuous linear operator

T: WhP(Q) —» W5 P(99)

such that -
Yu € C*() : Tu = ulsq.

Let Q € C%', p € (1,00). Then there exists a continuous linear operator
P: W5 P(99) — WhP(Q),
such that for v = Pu it holds u = Tv.

Proof. The proof is rather technical and can be found in all details in Kufner et al. (1977) or in Necas (1967). |

Note that the proof of the first part of the above stated theorem is based on the Hardy inequality which is also
important in applications in partial differential equations. Let us present here its several formulations. More details
can be found in the book Kufner and Opic (1990).

Theorem 6.8.7 — Hardy inequalities. Let a,b € R%, a < b, u € L”((a,b)), p € (1,00). Then it holds

/ b < / 10 dy)p dos (p> fu(@)[? da,
/( /'“ 'dy> dx<< )/|u )P da,

oo p oo
/ ()PP dt < <p> / lu(t) [P dt,
0 le —p+1] 0

where the inequality holds for e > p — 1 for u(oco) = 0 and € < p — 1 for u(0) = 0.
Let u € W, P(Q), p € (1,00) and denote d(x) = dist(z, dQ). Then

and

/ ‘y‘p dz < C/ [Vul|P de. (6.65)
ald Q

The following example due to Hadamard is interesting for the theory of weak solutions to partial differential
equations as it shows that there might be some problems to define a weak solution for an elliptic problem in the
situation when the classical solution exists.

Example 6.8.8 (Hadamard). Let d = 2 and Q = B1(0). We define

u(z,y) =Y 27"p*" cos(22"¢) in B1(0)\ {(0,0)}
u(0,0) = 0,_

where (p, ) are the standard polar coordinates (i.e., p € (0,1], ¢ € [0,27)). Then the series converges uniformly in
B1(0) and thus u € C(B1(0)). Moreover, evidently u € C*°(B1(0)) as the series including all formally taken derivatives
converges locally uniformly in B;(0). In particular v € C(9B1(0)), but by direct computation it can be shown that
u & W12(B;(0)). Moreover, it can be shown that u ¢ W2-2(9B1(0)) and thus there is no u € W2(B;(0)) such that
it trace would be given by u|sp, (o). Therefore there does not exist a weak solution u € W'2(By(0)) of the problem
Av = 0 in B;(0) with the boundary condition v = u|yg, () € C(9B1(0)).

6.8.2 Sobolev spaces and Fourier transform

In this part we look at another possibility how to introduce the Sobolev spaces, via the Fourier transform. This
approach is, however, limited to the case p = 2 (i.e., the Hilbert space case).

Theorem 6.8.9 — Equivalent definition of W*2(R9). Let k € N. Then
1. A function u € L?(R?) belongs to W*2(R4), if and only if
(1 +[€]*) F(u)(€) € L*(RY),

where F(u) denotes the Fourier transform® of the function u € L%(R9).
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2. There exist positive constants c¢; a ¢y such that

Vu € WEARY): er [ullyraqay < [[(1+1EF) F@)]| 2 ay < €2 lullinzqga -

2We use the definition
F(u)(€) = /u(z)eiﬂﬂx’g) dz
Rd
for functions from L(R%); (x,¢) = Z?zl 5.

Proof. Step 1: Proof of the first implication in 1. and the second inequality in 2.
Let u € Wk2(RY), ie., V|a| < k: D € L?(R?). In particular, for u € C§°(R?) it holds F(Du)(€) = (127&)*F (u)(£).
As C°(R?) is dense in WF2(R?), it is not difficult to see that it holds for u € W*2(R9)

F(D%u)(€) = (12m€)*F(u)(€) almost everywhere in RY.
But then (£)*F(u)(€) € L?(R?) and choosing a = (0, ..., k,...,0) (k is on the i-th position) we get

/ |£|2’“|f(u)(€)l2d£§0/ VEul? da;
Rd Rd
this implies

(/Rd (1 + |§|k)2 |f(u)(§)|2 df) ’ <C ||U||Wk,2(Rd)

which is the second inequality in 2.
Step 2: Proof of the second implication in 1. and the first inequality in 2.
On the other hand, let (1 + [£[¥) |F(u)| € L*(R?). Let |a| < k. Evidently

1G27)" F () (€) 22 gy < C | (1 + €1%) F)(©) 32y -
Denote
ua (@) = F~H[(i27€) " F (u) (§)] (x)
where F~1 denotes the inverse Fourier transform. Let ¢ € C5°(R%). Then the Parseval equality implies (we consider
real functions)

D*pudz = /R D uds = /R F(D ) Flu) e = /R (i2m8)" F(o) (O FT)©) de

Rd

— (0l [ Fo) &) R @) () de = (~1)° / S, da,

Rd Rd
i.e., uy = D% (in the weak sense). Moreover D% € L?(R?) and thus u € W*2(R9). Clearly
1Dl gty = Il ety = 1625)° F@)(©)l] gy < (1 + 615 F)E)| pagre, -
|

Using the Fourier transform we may also define Sobolev spaces with fractional derivative (again, only in the Hilbert
case).

Definition 6.8.10 — Definition of H*(RY). Let s € (0,00) and u € L?(R?). We say that the function u € H*(R?)
if
(1+[€]°) Fu)(€) € L*(RY).
For s real positive we define
[l =Ry = 1(1 4 [£]°) F(u) ()l L2 (ray -

It is possible to show that H*(RY) = W*2(R?) for 0 < s < 1, where W*2(R%) denotes the Sobolev—Slobodetskii
space defined in 6.8.1. The norms || - || gs(re) and [ - [|yy..2(ga) are equivalent, see (Di Nezza et al., 2012, Proposition
3.4).

6.9 Dual spaces

Let k € N and p € (1,00). Denote
(wor' @) =w o),

where % + ﬁ =1.
The restriction F € W=kP(Q), k € N onto C§°(Q) clearly defines a distribution. In what follows, we shall

characterize these distributions more precisely.
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Theorem 6.9.1 — Equivalent characterization of dual spaces to W(;C’p/ (Q) I. Let p € (1,00), k € N. Then
F € W=FP(Q), if and only if there exist functions {fo} o)<k C LP(Q2) such that

F=3 (-1)*D*fa,

lal<k

where D f,, denotes the distributional derivatives, i.e., it holds for u € Wéc P /(Q)
(Fyud s ) = D /QfaD“udx. (6.66)
lo| <k
Moreover,
”F”W—km(g) = inf Z Hfa”zzp(g) )
la| <k

where the infimum is taken over all sets of functions { fa}la\é . which fulfil (6.66).
Proof. For the general case, see, e.g., (Kufner et al., 1977, Theorem 5.9.2), the special case k = 1 and p = 2 can be
found, e.g., in (Evans, 1998, Section 5.9 Theorem 1). |

Another possible characterization is as follows.

Theorem 6.9.2 — Equivalent characterization of dual spaces to W(f’p/(Q) II. Let p € (1,00), k € N and
Q € C*0(Q). Then for any g € WF? () the formula

(b0 oy = | D*aD"fdo, €W (@)

|| <K

defines a continuous linear functional on W2 (Q).

On the contrary, for any ¢ € (Wé’”ﬂ)) there exists exactly one g € Wé’p,(Q) such that

Vfe Wé’p(Q) : <¢7f>WS7,p(Q) = Z /QDO‘gDafd:c.

o] <k

Furthermore, there exists a positive constant K = K(d, k, p, 2) such that
KHQHW’%P'(Q) < ||¢||(W§P(Q))* = ||9||Wk,p’(Q)~

Proof. The proof can be found in Simader (1972). [ |

6.10 Equivalent definition of Sobolev spaces. Beppo Levi spaces

Next spaces which are in fact identical with the Sobolev spaces are the Beppo Levi spaces. Their introduction is
slightly more complex, but it is then easier to prove their properties and thus also properties of spaces defined by the
standard Definition 6.1.6.

Let us denote PP := {m =ta+ (1—-¢)b|teR,a,be Rd}. Let Q C R? be a domain. Then there exists a sequence
of open intervals J; (finite or infinite) such that

LVi£j:J;NJ;=0
2. QN PP =J{z=ta+ (1 -t)b| t e J;}.

J

Let u be a function defined almost everywhere in 2. We set for ¢ € U;J;
o(t) = u(ta+ (1 —t)b).
Definition 6.10.1 — Set AC(Q). We say that a function u is absolutely continuous on the line P2 if it is

absolutely continuous on all compact subintervals J;.
Let i € N, i =1,...,d. We denote AC;(Q) the set of all functions defined on  which satisfy the following.
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If M is a set of points (x1,...,2Zi—1,Tit1,-..,2Tq) C R~ such that for all parallel lines with the axes z;, i.e., for

P(Z1,...,$i71,$i+17...,$d) = {(mlﬂ R 7xi—17§7xi+17 ctt 7xd) | 6 6 R}

it holds
Q ﬂP(Ily-u;l‘i—l’miﬁ»la~-~7wd) # @

and v is not absolutely continuous on this line P,, wa), then [M|g_1 = 0.

d
We denote AC(Q2) = [ AC;(2).
i=1

50y Li—15Ti41s.-

Definition 6.10.2 — Beppo Levi space. Let p € [1,00] and  C R? be a domain. Then BL?(Q) — the Beppo
Levi space — is the set of all functions u € LP(Q) for which there exists @ € AC(€) such that it holds

1. @ = u almost everywhere in )

2. Vi=1,...,d: [%} € LP(R2), where [%} denotes the classical® partial derivative of the function .

ou
Ox;

“Due to the absolute continuity of 4 on almost every parallel lines to the axis z;, ¢ = 1,2,...,d the derivative [ ] exists almost

everywhere on almost every parallel line to the axes xz;, 1 =1,2,...,d.

In other words, u € BLP((), if after a change of the function u on a set of measure zero we get a function @ which

is absolutely continuous on almost all parallel lines to all axes and additionally, v and its all classical derivatives [%}

belong to LP(Q).
P
LP(Q)

Theorem 6.10.4 — Equivalence of Beppo Levi and Sobolev spaces. Let p € [1,00]. Then it holds
BLP(Q) = W1P(Q) (i.e., the Beppo Levi spaces are isometrically isomorphic to the corresponding Sobolev spaces).

Exercise 6.10.3. Show that

=

d ~

o1

Jull ey = gy + (Z e
i=1 ¢

defines a norm on the vector space BLP ().

|

The proof follows from the following two lemmata.

loc loc

ou

Lemma 6.10.5 Let u e L ()N AC; (). If [37“} € LL (), then [c’%ﬂ coincides with the weak derivative, i.e.,

almost everywhere in €.

Proof. Take arbitrary ¢ € C§°(€2) and extend u and ¢ by zero outside of Q. Then

Op _ dyp
/Quaxi dz = /RCF1 </P uaxi dxl> dzy ... dzx;—1deiys ... dzg

Tl @i 15T 10000y ”d)

_\/;dfl </PI . P * )
P1o @i — 1T 1 d
ou
_/Q {5‘171'] pde,

where we used twice the Fubini theorem and properties of absolutely continuous functions. |

|: aU:| <,0> dxl A dl‘,‘_l dl‘i+1 A dd?d

Lemma 6.10.6 Let u, D,,u € L _(Q). Then there exists & € AC;(Q) such that u = @ almost everywhere in

loc
and, moreover,
ou
[ =D, u

8:&-

almost everywhere in Q.
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that ¢, =1 in K, and ¢,, = 0 outside of K, 1. We set

n=1
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Proof. Let {K,},., be a sequence of compact sets such that K, C K,41 a |J K, = Q. Let ¢, € C5°(2) be such

Up = UPp, Wy = -Dxlﬂn

Clearly, w,, = D, upn + u%—w’; and %, w, € L*(Q). Further %, = v and w,, = D,,u in K,. We define

1, (x) =, (1,

z;
X1, Ty Tig s Td) 1= / Wy (1,
The function @} is defined for such (7,

s Li—1,Y, Tit1,
—o0

.. ,l‘d) dy
. 7xi717mi+17

—+oo
/ wn(‘rla"

o0
which is the case for almost every (x1,
measure). Evidently, u); € AC;(2).

If we succeed to show that

..,2q) € R¥! that

S Ti1,Y, Tig1, .., xq) dy < 00

<y Li—1,Ti41,

,z4) € R471 (in the sense of the (d — 1)-dimensional Lebesgue
we may set for x € K,

Uy, = U, almost everywhere in ),

(6.67)
w(z) =uy(z), n=1,2,....
Then 4(z) € AC;(R2) and it follows from previous Lemma 6.10.5 that

ot

almost everywhere in ()
which we wanted to show.

lim

Let us return to (6.67). Since @,, has compact support in €, there exists a sequence {uﬁ}zozl C C8°(£2) such that!®
-
e [ u”HLP(Q)

=0

ouk
li 7w, =0.
We therefore have

Lr(Q)
. _ _ . _ k
kll)nolo |t — u’r*7,||L1(Q) < klggo Hun - unHLl(Q)

= lim Huﬁ—
k—o0

+ lim (e H:LHLl(Q)
Tl @)
and

s, -

T
H;HLI(Q) :/Q|UZ_H:L|CLT:,/Q u’];:l_/_ En(‘rly '7$i—17y7$i+17~-~»$d)dy d(E
T o k
:/ / (u” —wn> dy‘ dz
Q /-0 Ox;
<L)
Q Kn+zﬂp(z1

ouk
aIi
everywhere in ) and the proof is complete.

since suppw,, C K, 1 and for a suitable choice of ufl we may achieve that supp ufl C Kp4o. Thus w; = u, almost

< 2diam(K,,12)

— 0,
L1(Q)

Corollary 6.10.7 (Several properties of Sobolev spaces). It holds.

|
Due to Theorem 6.10.4 we easily prove the following properties of the spaces W1 ().

1. Let Q = I = (a,b), a,b € R and u € WHP(Q), p € [1,00]. Then there exists a representative u* = u almost
everywhere in (a, b) such that u* € C([a, b]).

15Here we in fact use Theorem 6.2.1 which was shown independently of the results from this section. It is not difficult to see that we
may take uﬁ =mn1 *up, where n1 is a mollifier, see Definition A.3.28.
k k

2. Let u € WHP(Q), p € [1,00] and let Vu = 0 almost everywhere in Q. Then u = const almost everywhere in .
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3. Denote ut = max(0,u) and u~ = max(0, —u). If u € WIP(Q), p € [1,0] then also u*, u~ and |u| € WLP(Q).

Proof. Claim 1. follows directly from the definition of BLP((2).

Claim 2. follows from the fact that if & € AC(Q) and {%} =0 fori=1,...,d, then necessarily @& = const.

Claim 3. is a consequence of the following. If u is an absolutely continuous function, then also ™, u™ and |u| are
absolutely continuous. We may use the equality of the spaces BLP(2) and WP(£2). Moreover, clearly

Do ot Dz, v almost everywhere in u > 0
u =
i 0 almost everywhere in u <0

Do oo —D,,u almost everywhere in v < 0
u =
i 0 almost everywhere in u > 0

D,,u almost everywhere in u > 0

u| = ¢ —D,,u  almost everywhere in v < 0

0 almost everywhere in u = 0.



Chapter 7

Nonlinear elliptic equations and
introduction to calculus of variations

In this chapter we shall present several techniques which can be used to solve nonlinear problems. First, we show a
slight generalization of the Lax—Milgram Lemma which will allow us to treat a class of nonlinear problems, however,
with only sublinear growth. Next, we extend the class of operators under the assumption of monotonicity of the
operator. Further, we consider problems in which we directly apply the compactness of the embeddings and trace
theorems. Another techniques will be connected with different kinds of fixed-point theorems. Finally, we introduce
the basics techniques connected with calculus of variations and connections of existence of minimizers and solvability
of the corresponding Euler-Lagrange equations, in particular for functionals convex in the gradient of the unknown
function.

7.1 Nonlinear version of the Lax—Milgram theorem

Let us consider a more general second order differential equation with the right-hand side f: 2 — R

d
0 .
=3 = (ai(z, u(x), Vu(x))) + ao(z, u(x), Vu(z)) = f(x) in Q
— Ox; (7.1)
U = ug on 0f2.
Such an equation describes, e.g., the thermal equilibrium, when the velocity of the continuum is zero. We have
—divg+r =0, (7.2)
where q = (g1, - - -, qq) represents the heat flux and r is the source of the heat. We assume a general dependence of ¢;
and r on the position z €  C R?, the temperature u and its gradient, i.e.,
¢i(x) = ai(z,u(x), Vu(z)), i=1,2,....d,
r(z) = ap(z, u(x), Vu(zx)).
Plugging these constitutive relations into (7.2) we get (7.1) with the right-hand side f = 0. Let us assume:
for i =0,1,...,d the functions a; : @ x R x R* = R
are Carathéodory functions, i.e., (A
1
e forall z € R and p € R? the functions a,(-, z, p) are measurable in €, )
e for almost every = € Q the functions a;(z, -, ) are continuous in R x R?
and
there exist C; > 0,9 =0,1,...,d, such that for almost every = € Q) (A2)

and for all z € R,p € R? it holds |a;(z, z,p)| < C;(1 + |2| + |p|).

While the assumption (A1) is quite general, assumption (A2) significantly limited the considered class of nonlinearities:
they all have sublinear growth in u as well as in Vu. Assumption (A2) thus includes nonlinear functions, they have,
however, at most the same growth as operators studied in the chapter devoted to linear elliptic problems. The reader
can easily construct nonlinearities with polynomial, logarithmic or exponential growths.
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Definition 7.1.1 — Weak solution to problem (7.1). We say that u € W12() is a weak solution to problem
(7.1), if

o u—Uye W,?Q)

/(Z%

where Uy € W12(Q) is such that TUy = ug on 9. We assume that (A1) and (A2) hold and f € W—12(Q) =
(W ()"

(7.3)

( U,VU)(,O) dz = <fa ()0>W01'2(Q) VSD € W()Lz(Q)v

Exercise 7.1.2. Show that under the assumptions (A1) and (A2) we have

d

/Q [Z a¢(~,u,Vu)gZ

i=1

(,u, Vu)p| dz < oo for u,p € WH2(Q).

It is now natural to introduce (nonlinear!) 7T : We2(Q) — (Wy?(Q))* by the formula (we assume for a moment
that Uy = 0; the general case of possibly nonzero boundary condition will be considered later)

d
B 0
(T(u),@wol’?(g) ::/Q {Zai(-,u,VU)aZ

i=1

(-, u, Vu)gp} dz. (7.4)

Exercise 7.1.2 yields that T : W) (Q) — (W012(Q) is bounded.

Before we formulate a nonlinear version of the Lax—Milgram theorem, we recall the Banach fixed point Theorem
which is the main tool of the proof below.

Theorem 7.1.3 — Banach fixed point Theorem. Let T: X — X, where X is a Banach space, such that
1T (u1) = T(uz)lx < aflur — uz|x,
where a € [0,1). Then there exists a unique fixed point ug of 7' in X.

Theorem 7.1.4 — Nonlinear version of Lax—Milgram theorem. Let X be a real Hilbert space and 7"
X — X be Lipschitz continuous, i.e.,

(@M > 0)(Yu,v € X)  ||T(w) = T(@)]x < Mlu—v|x, (7.5)
and strongly monotone, i.e.,
(3m > 0)(Vu,v € X) (T(u) —T(v),u—v)x >m|u—ov|5. (7.6)
Then for any F' € X there exists unique u € X such that
T(u) = F. (7.7)
Proof. Let us first note that
mlu— |k < (T(u) = T(v),u—v)x <T(w) = T()|x lu— vy <M u—o|}

and thus m < M. We may assume without loss of generality that m < M, otherwise we can increase M. For € > 0
and F' € X arbitrary we define the operator A: X — X by the formula

A(u) :=u—e(T(u) — F). (7.8)

Let us first show that for a suitable choice of £ the operator A is a contraction in X, then the proof follows by the
Banach fixed point theorem, as u = A(u) = u — (T (u) — F), i.e., T(u) = F. We have for every u,v € X that

| Au — Aol =(u—v — =(T(u) - Tw»u—v—sumn—T@»m
=(u—v,u—v)x —2e(u—v,T(u) —T))x
+eX(T(u) = T(v), T(u) — T(v))x
= llu—olly = 2e(T(u) = T(v),u = v)x +&* |T(w) = T()]% -
Using the Lipschitz continuity and the strong monotonicity of T', we get

1A(w) = A@)IIx < (1= 2em + M) [lu— o5 .
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The function g() := 1 — 2em + e2M? attains its minimum for e = a7z and g (M2) =1- M2 < 1. The mapping A is
hence contractive and the claim of Theorem 7.1.4 is proved. |

Let us return to our problem (7.1). Theorem 7.1.4 is not possible to apply directly on the operator f, since it does
not map Wy () onto itself. We may, however, use the Riesz representation Theorem and assign to T(u) € (Wol 2(Q))
the function T'(u) € W, %(Q) so that

<T(u),gp>W01,2(Q) = (T(u)a<ﬂ)wg=2(g)a (7.9)

and

1T (@)l = 1T )l w12 - (7.10)
(W32 (@)

To verify that T T/VO1 2(Q) — VVO1 2(9) is Lipschitz continuous and strongly monotone, it is enough to show that
T : Wy (Q) — (W, %(Q))* is Lipschitz continuous and strongly monotone, i.e.,

(3M > 0)(Vu, v € Wo2(Q)) Hf(u) ~T(v) < M [fu — vl 120 (7.11)

H( 02 ()”

and

~ _ ~ ~ 2
(3m > 0)(Vu,v € Wy2() (T(u) —T(vu— U>W01,2(Q) > 1 [u— vl q) - (7.12)
The following lemma contains sufficient conditions, when (7.11) and (7.12) hold true.

Lemma 7.1.5 1. If

3ai 8a1
0z an Opj

fori=0,1,...,d,7=1,2,....,d, (A3)
then 7 is Lipschitz continuous.

2. If there exists a > 0 such that for almost every x € Q and all 5: (o, .. .,&) € RTL it holds

d a % 0 =
Z( g g &50) > old2, (A4)

1:

then T is strongly monotone.

Proof. The proof is based on the following identity

( i(4 u, Vu) — a;(-,v, Vv)) a@gp

i

M;

(F(w) — T0), Py = /

:/ﬂ Z/ (v +s(u—v), Vv+sV(u_U))dng

+/ 0 v+$(uv),Vv+SV(uv))d5<P] da

+ (ao(, u, Vu) — a0(~,v,Vv))<p] dx

= 3@1 , U S v S uU—v u—v Sa@
—/Q Z/ + (0= 0), Vo4 5 (u—0))(u—v) ds 57

8(11 a(U7,U) 380
> [t otu= . VooVt Lt as 5 4o
3,j=1
1 8@0
e[ [ 12000 4 st 0,90 ¥ =)
o Jo L0z
d
aao a(u )
j:1apj(,v—|—s(u—v)7vv+5v(u_”)) oz, }dsd:c

The rest of the proof of this lemma is rather straightforward and is thus left to the kind reader as a useful exercise. W
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Theorem 7.1.6 — Existence, uniqueness and continuous dependence on the data. Let f € (WO1 2(Q))*
and let the extension Uy of the boundary value wug fulfil

Uy € Wl’Q(Q) and the trace of Uy at 02 equals to ug.

Let the coefficients a;: Q2 xR xR% — R satisfy (A1)-(A4). Then there exists unique solution u € W2(Q) of problem
(7.1) in the sense of Definition 7.1.1. Moreover, there exists C' > 0 such that

lullys.zqy < € [1Flwe 2@y + 1Wollwaey +1] - (7.13)

Proof. Let us first introduce the operator T: W2() — (Wy?(Q))* by formula (7.4). The aim is to show existence
of u € W2(Q) such that

u—Uy € Wy?(Q)

7.14
<T(U), (p>W1 2 <f7 >W1 2 () VS@ S Wol’2(9) ( )

Let us search u in the form u = Uy + w, where w € W, *(Q). We define an operator S: Wy () — (W2 (Q))* by
the formula

S(w) = T(Uy + w).
We now identify the operator S with the operator S: Wy2(Q) — Wy?(Q) and f € (WH2(Q))* with g € W, 2()

by virtue of the Riesz representation Theorem (see (7.9)—(7.10)) and apply Lemma 7.1.5 and Theorem 7.1.4. We get
existence and uniqueness of the solution to the problem

S(w) =g in WH3(Q)
which gives the existence part of the first claim. To get the uniqueness, assume we have two different solution for the
same data, i.e. u! = w! + U} and u? = w? + UZ, where U} — U € VVOI’2 (©). Due to the monotonicity property of S
which is inherited by the properties of T' we get
0= (T(w'+Uy) - T(w? + U3),w" + Uy — (w' + U(?»WULQ(Q) > |lw! + Uy = (w' + U [f1.2(0
which yields the uniqueness part.

To show (7.13), we first use in (7.14) the function ¢ = u—Up and then add to this equality —(T'(Up), u— U0>W01,2(Q).
We get

<1~—'(U) - T(U()), U()>W1 2 «Q = <f7 U0>W(}’2(Q) — <TV(U()),’LL - U0>W01’2(Q)'

Using the strong monotonicity of T and the linear growth of a;,71 =0,...,d, we get
2
lu = Uollwr2qy < CIlflwr2 )y + 1Uollwrz) + 1| [lu = Uollyrzq, -
Since u = u — Uy + Uy, estimate (7.13) is proved. |

Example 7.1.7. Let us consider the problem

—Au+ (arctgu + m)u = f in Q,

7.15

u=0 on 0f). ( )
We show that for any f € W~12(Q) there exists unique weak solution to problem (7.15).

Solution. The function ag(z,z,p) := (arctgz + )z has clearly linear growth, it is therefore sufficient to verify

assumption of Lemma 7.1.5. Further we have a;(z, z, p) := p;. Then the conditions from the first part of the lemma
are fulfilled and it is enough to verify that % > ag > 0. Let us compute

0 1
w,mgwﬂ 2 o m 1
A

Hence all necessary assumptions are fulfilled and problem (7.15) possesses for arbitrary right-hand side f € (W2(Q))*
a unique weak solution. Easily, we could also consider the inhomogeneous Dirichlet boundary condition. O
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7.2 Application of the theory of monotone operators

We consider a similar problem as in the previous section, hence we look for a function u: € — R solving the problem
9
— —a;(z,u(z), Vu(z)) + ap(z,u(x), Vu(z)) = f(x in €,
;axi( (@), Vu(z)) + ao(z, u(z), Vu(z)) = f(z) (7.16)
U = ug on 012,

where Q C RY, functions a;: Q x R x R — R are Carathéodory, similarly as in the previous section, thus for any z € R
and p € R? are the functions a,(-, z, p) measurable on 2 and for a.e. = € Q the functions a;(z,-,-) are continuous in
RxR? i=0,1,...,d, and

lai(z,z,p)| < Ci(|2]"* + |p|”™") + hi(x), i=0,1,...,d, (7.17)

where h; € L7™1(Q), 1 < r < oco.
Recall that due to Theorem A.3.42 we know that the mappings

u = ai(-,u, Vu), i=0,1,...,d

are continuous from W' (Q) to L7™1(Q), 1 < r < co. We further assume that the following two conditions are
fulfilled. First, let the coercivity condition hold,

d
Zai('xa Z7p)pb + CLO(Z', 2, p)Z > Ol‘p|r + OQ(JE)‘ZV - 03(1')7 (718)
i=1
where C; > 0, Cy(z) > 0 almost everywhere in Q and C3 € L'(Q). Next, let the monotonicity condition hold,

d
Z (&i(l‘, Zl’ pl) _ ai(fE, 2;2’p2)) (pll _ pzz) —+ (ao(l', 217 pl) _ ao(l’, 7;2’ p2))(zl _ 7;2) > 0 (719)
i=1
for arbitrary z', 22 € R and arbitrary p', p> € R% the latter will be in some situations replaced by the strict

monotonicity condition
d

Z (ai(l',zl’pl) _ ai(x,zg,p2)> (pll _p?) + (a0(1'7217p1) _ a0($722’p2))(zl _ 22) >0 (720)
i=1

for all z', 22 € R and all p', p? € R? such that (z',p!) # (22, p?).

The definition of a weak weak solution is similar to the case of the nonlinear version of the Lax—Milgram
lemma

Definition 7.2.1 — Weak solution for problems with a monotone operator. A function u € W17 (Q) is
called a weak solution to (7.16), if u — Uy € Wy (), Uy € W7 (£2), the trace of Uy is ug on 8€2, and the following

identity holds
d

/Q (Z a; (-, u, Vu)g—so +ao(-, u, Vu)go) dz = (f, SO>W01,T'(Q) (7.21)

i=1 g
for any ¢ € Wy ().

Note that all integrals in the weak formulation of (7.21) are due to our assumptions finite. We look for the solution
in the form u = v + Up. We define the operator T: W, " (Q) — (W' (2))* = W17 (Q) as follows:

d
¢
<T(’U)7 (p>WO1,r(Q) = ‘/Q (l_zl ai(-, v+ Uo, Vv + VUo)axZ + ao(', v+ Uvo7 Vo + VUQ)(,D) dx. (7.22)

Then the weak formulation can be rewritten as operator equation
T(w)=f  in W H"(Q). (7.23)
Assumptions formulated on a; ensure the following properties of T'.

Lemma 7.2.2 Let (7.17)—(7.19) or (7.20) hold. Then

1. the operator T is continuous from W, " (Q) to W17 (Q)
2. the operator T is coercive, i.e.,
(T(v), U>W01vr(m

11m =0
lollw1,ry—o0  |Vllwr @)
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3. the operator T is monotone, i.e., for v!,v? € WOI’T(Q)
(T(v) = T(v?),v! — 112>W01,T(Q) >0
or strictly monotone, i.e., for v', v? € VVOLT(Q)7 vl # 02
(T(v') = T(v?), v — v2>W(},r(Q) > 0.

Proof. Step 1: Continuity of T’

The continuity follows from the Theorem on Nemytskii operator (Theorem A.3.42), due to which the mappings
u — a;(-,u, Vu) are continuous from W17 (Q) to L7 (Q).

Step 2: Coercivity of T’

Let us compute

d
<T(1}),’U>W01,r(9):/ (Zai(~,U+U07VU+VU0)

Q=

+ aop(-,v+ Uy, Vv + VUp) (v + Uo)) dzx

(v + Up)
8%1'

d
U,
—/ (Zai(-,v—ka,Vv—FVUo) 0
o\ ox;

+ ao(-v + Uy, Vo + VUO)U0> da
> Cil|V(v+Uo)| 1) — Collv + UO||;V_11,T(Q)HU0||WM(Q) — Oy
> C|V(v+ Vo)1) — Cas

which yields Claim 2.

Step 3: Monotonicity

Finally, due to the fact that v! —v? = (v! 4 Up) — (v% + Up), the monotonicity (the strict monotonicity) follows directly
from property (7.18). |

We will also need one corollary of the Brouwer fixed point Theorem proved later:

Theorem 7.2.3 — Brouwer fixed point Theorem. Let @: Br(0) — Br(0) C RV be a continuous mapping,
N > 1. Then there exists at least one fixed point of the mapping @ in Bg(0), i.e., there exists & € Br(0) such that
u(Z) = 2.

The proof will be given later, in Section 4.5.
We in fact need its corollary

Corollary 7.2.4 (Variant of the Brouwer theorem). Let §: RY — RY be continuous. Assume there exists R > 0 such
that

(§(v), v)ry =0
for all 7 € RN, |#] = R. Then there exists at least one Z € B(0) such that §(Z) = 0.
Proof. Assume that such Z does not exist, hence
g@ #0  vZe Bg(0).

Due to the continuity, min 75 |g(Z)| > 0. Denote

F(i) = ~r I

|9(Z)]

Then F is a continuous mapping which maps Bgr(0) into itself. Due to the Brouwer fixed point theorem (Theorem
7.2.3) there exists &1 € Bgr(0), a fixed point of the mapping F. Then

# = -RID)
|G(Z1)]
Hence |Z1| = R and
Lo o g(#) L
< = — = —
0 < (§(@1), ¥1)rw ( (@1), R|§(fl)|)RN R|g(#1)] <0

which yields a contradiction. |

We can now formulate and prove the main result from this section.
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Theorem 7.2.5 — Existence result for the problem with monotone operator. Assume that the Carathéo-
dory functions {a;}%, fulfil (7.17)-(7.19), where 1 < r < co. Let f € W17 (Q), Uy € W7 (1), where the trace
Uy = ug on 09 Then there exists a weak solution to (7.16) in the sense of Definition 7.2.1. If the condition of strict
monotonicity (7.20) holds, the solution is unique.

Proof. Let the operator T be as above. We look for a solution to the problem
T(w)=f  in W H'(Q).
Let {;}, i € N be a countable dense subset of W, " (Q2) and we denote by V;, the linear hull of the first n such functions.
We define N
A: (a1, az2,...,a,) ER" — Zaihi =:vz €V,.

i=1
We also define g: R® — R™ by
5(5>:{< ( ) Ik >W”Q)}¢:1'

As the operator T is continuous (a weaker notion of continuity would be enough at this moment), the mapping ¢ is
also continuous. Moreover, the mapping T is coercive, therefore

(g(@), drr = (T'(va), va)yy () = (s va)wyr o)
> << ) > Wy ()

||Uai\|wlvr(sz)

Hf”W*lv"/(Q)) lvallw.r ) >0,

if |lvg|w1.r() = R for a sufficiently large R (independent of n!). Therefore due to Corollary 7.2.4 for any n € N there
exists at least one @” € R™ such that

g@a) =0,
hence
(T(AG") = f.B)yary =0, heLin{h},

and moreover, for v™ := 31" | a’h; the estimate ||v" |y 1.ro) < R holds for R independent of n.
Therefore due to Theorem B.2.7 we know that there exists v € VVO1 "(£2) (note in particular that the limit function

has also zero trace) and a subsequence {v"™* }ren C {v™}nen such that
v = in WhH(Q).

Moreover, as T'(v™) is a bounded sequence in W =57 (Q) (recall that T: Wy (2) — W~ (Q) is bounded) and {h; }ien
is a dense subset of W17 (Q), we also have

T(w™) = f
in W=1""(Q) (and due to the reflexivity the sequence converges also weakly). Furthermore,
lergO(T(v”k),v”k>WO1,7-(Q) = khj;ffa Gl >W1 Q) T =(fiv >W01”'(Q)' (7.24)

Using the monotonicity of T', we have for arbitrary ¢ € VVO1 Q)
(T (™) = T(), 0™ = Gy = 0. (7.25)
By virtue of (7.24) and letting k — oo in (7.25) we get

(f =T(p),v = @lwirrg) =0 for any ¢ € W, (). (7.26)

We now perform Minty’s trick. We set ¢ := v — Aw in inequality (7.26), where w € WOM(Q) is arbitrary and A > 0.
This yields
(f —T(v—w), )\'LU>W01,7‘(Q) >0 for any w € W, (Q). (7.27)

Dividing (7.27) by A, we have
(f = T(v—w), w}WJ,T(Q) >0 for any w € W, " (Q). (7.28)
Due to the continuity of 7', letting A — 04, we have
1,r
(f —T(v), w>W01,7‘(Q) >0 for any w € Wy (). (7.29)
Finally, it is enough to recall that (7.29) holds for arbitrary w € W, " (Q) (and thus also for —w). We get equality

(f — T(U),U)>Wol,r(ﬂ) =0 for any w € W,'" () (7.30)
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and thus u := v + Uy is a weak solution to our problem.

Assuming additionally the strict monotonicity condition (7.20) (hence the operator T is strictly monotone, see
Lemma (7.2.2), item (iii)), we can show the uniqueness of solutions. Assume that u' and u? are two distinct solutions
to our problem with the same data. As u! — u® € W, (), we have

1 2y 1 2
0<(T(u") =T(u),u —u)y whr(Q) = (f = fiut —u?) wir) =0
which yields a contradiction. Therefore u! = u2. |

Example 7.2.6. Consider problem (7.16), where

0
a;(z,u, Vu) = |Vu|r72a—;i, i=1,2,...d,
ao(z,u, Vu) = |u|""?u.

The coercivity condition (7.18) and the growth condition (7.17) are indeed fulfilled. Let us verify that the strict
monotonicity condition (7.20) holds. We compute

(IVu! 7290l = [V 290?) - (Val = V) 4 (=2l = o~ (! — ?)
1
B / %('Wﬂ +t(ut =) V(P 4+ Hu! = u?)) dt - V(! — )
0
1 d 2 2/ 2 1 9 1 )
s [ et = A ot =) ! — )
1
= (T — 1)/0 V<u2 + t(ul _ u2))|r—2 dt|V(u1 _ u2)|2
1
+ (7” — 1)/ |u2 + t(ul _ u2)|r72 dt|u1 _ u2|2 >0
0

and even, for u! # u?, the inequality is sharp. Therefore, the strict monotonicity condition (7.20) holds and thus for
any f € W’l’T/(Q) and any ug € Wl’%””(Q) there exists a unique weak solution to

d

0 o OU — )
—Ea@('w' "o )+|| u=1 in € (7.31)

1=

U = Ug on 9
in the sense of Definition 7.2.1.
Note that the previous example is a particular situation of a more general case. Assume that there exists
U:QxRxR*—R
which is Carathéodory and satisfies the following. We assume the growth condition
Uz, z,p| 2 C(lz]" + |p[") = ha(),

where h; € L" (), we have

’i8U:czp‘ )8U(xzp ‘<Cl+|z|r L | + ha(a),

i=1

where hy € L71(Q) and we have the monotonicity condition

9*U(z,z,p) 32 Uz Z,p 0?U(z,2,p) .o 2o
——S& >
i]z'z:l apzap] )6 §J * Z fzfo 822 é.0 - C(JZ‘, 2, p)‘§|

for any £ € R4, C(x, z,p) > 0 with the r — 2th growth. We set
oU(z,2,p)

ai(r,z,p) = oo i=1,2,....d
oU(z, z,
CLO(mazaP):%-

Then all assumptions of Theorem 7.2.5 are satisfied and the corresponding problem possesses at least one weak solution.

Exercise 7.2.7. Show the claim above in more details.
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7.3 Compact perturbations

The aim of this section is to show that some nonlinear problems can be solved using the compact embedding theorems
together with the compactness of the trace operator. We will demonstrate this on the following example. We consider

0 ou
—Zi Qij7— —I—f(u):F in
e ox; ( &vj) ( |
0 7.32
a—nuA +g(u) =G on I'y
u=0 on I'y,

where Q C R4, Q € C91, 87?;\ = Z‘j 1 gz v; is the derivative with respect to the conormal, v is the unit outer

normal vector to 910, and 9Q =T'; U Fg UM, where |M|4—1 = 0 and T'y, 'y are open subsets of €.
We will assume the following

Qi GLOO(Q), ,7=1,2,...,d

d
Z x)&& > Ch €, almost everywhere in Q, C; > 0,£€ € R?, arbitrary

/ fwvdx +/ g(v)vdS >0, YweV={uecW"?Q)|Tu=0onTy}
Q '

(7.33)
: : d+2 :
f: R = R is continuous, lf(0)] <CA+vP),0<p< T3 (p < 0 if d=2)
d
g : R — R is continuous, lgw)| < CA+v]1),0< ¢ < —— F) (¢ < 0 if d=2)

FeV*, GeW #2(Iy) = (W22(T,

~—
~—

We aim at proving the following result.

Theorem 7.3.1 Under the assumptions (7.33) there exists a weak solution to (7.32), i.e., there exists a function
u € V such that

(3 as2i 2 1 suig)aas [ otulpds =By + Gl

i,j=1 1
for all p € V.

Proof. Before starting, note that all terms in the weak formulation in Theorem 7.3.1 are finite. We proceed very
similarly as in the proof of the main result from the previous section, i.e., for the monotone operator case. We only
modify the arguments in order to pass to the limit from the Galerkin approximation to the continuous one.

Step 1: Approximation
We take {w; }52; a dense subset of V. Note that we may take in particular such functions that w; € C°°(Q) and w; = 0
on I'y for all i« € N. Another possibility is to work with the basis formed by eigenfunctions of the Laplace equation
with the homogeneous Neumann condition on I'y and homogeneous Dirichlet condition on I's. Let us fix n € N and

look for
=) duwi(z)
i=1
such that
d
ou™ dwy, " . B
/Q (”zz:l aijaixjiaxi + f(u )wk) dz + /F1 g(u™)wi dS = (F,wi)v + <G’wk>W%v2(r1)’ (7.34)

k=1,2,...,n

Step 2: Existence of a solution for the approximation
We use as before Corollary 7.2.4 (corollary of the Brouwer fixed point theorem). We consider the mapping ®:

{d}™, +—>{/ ( Z aij 0L ;jdlwz 8wk (Zdlwl)wk>

+ /Fl g(Zdlwl)wk ds — <F, wk>v — <G’U}k>W%’2(F1)}k:1'

=1
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Indeed, the mapping ®: R™ — R" is continuous. Moreover (we multiply the k-th equation by dj and sum up, for k =1
to n)

/ ( Z Qij Zla; dlwl) a(zg_xlidlwl) + f(zn:dzwl) i:dmu) dx

1,j=1

-+Ag(§:mwoﬁimmd5—<ﬂﬁimm> @9§:@m> ba
T =1 =1 !
ch/ﬂ‘V(idlwl)rdx<F,idlwl>v< Zdlwl> .

provided || 7% V(diw)||12(0) > E, where R depends on Cy, F, G, 2, but in particular, is independent of n. Due to
the Poincaré—Friedrichs inequality there exists R > 0 such that if

H;dlwluww(n) = (I) d)R" -

Hence using the corollary of the Brouwer fixed point theorem (Corollary 7.2.4) there exists {c¢}'}I; such that
d(é") = 0.

Moreover, for u™ := """ | c?w; we have
[u*lwr2(0) < R,

where R is independent of n.
Step 3: Limit passage
We consider the limit n — co. As W12(Q) is a Hilbert space, there exists {u*}2°, C {u,}22; such that
u't =y in Wh2(Q),

where the limit function u € V. Moreover, for another subsequence (however, we do not relabel it)

. 2d
by in LP(Q?), 1<p< T3 (compact embedding),
. . o 2d-2
u"t = u in L1(0Q), 1<¢< 12 (compactness of the trace operator).

We now easily have for k — oo (the weak convergence suffices here)

8wl ou 8wl
/ Za“ B B, 9 / Za”a (9351

1,7=1 1,7=1

for any [ € N. Next, we want to show that as k — oo,

/ ™ wy da - / F(u)wn de
Q Q

for any [ € N. To this aim, we apply the Vitali’s convergence theorem. Recall that for a suitable subsequence (we do
not relabel it) we have

Nk

u"* — u  almost everywhere in 2,

hence
f(u™) — f(u) almost everywhere in 2

due to the continuity of f. As the functions w; are bounded for any [ € N and the growth of f is subcritical, we know
that due to the Holder inequality
‘/ fu™ )w; dx‘
E

are uniformly small provided the measure of F is sufficiently small. The argument for w; € V only is slightly more
involved, we need to use the approximation of functions from V' by smooth functions.
More or less similarly we may show that for & — oo

/ gu™)w, dS — gw)w; dS
I'y

Iy
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for any [ € N. Hence we have

ou 0
/(Z iy o S f(u)un) dx+/ gl dS = (Funy + (G o (7.35)
Q= ' r '

1

for any I € N and therefore, for any test function ¢ from the linear hull of {w;}3;.

Step 4: General test function
Using that for arbitrary v € V there exists v — v in WH%(Q), where v™ belongs to the linear hull of {w;}$°,, we
easily verify that the weak formulation (7.35) holds for any test function v € V. Theorem 7.3.1 is proved. |

Remark 7.3.2. (i) It is not difficult to see that if we relax condition on the test function in the weak formulation, i.e.
we require that the test functions are continuously differentiable functions in £ which are equal to zero on I's, then
we may relax the conditions on f and ¢ in (7.33). More precisely, we may assume that

2d
f : R —= R is continuous, lf)] <CA+1vP),0<p< T3 (p<ooifd=2)

2
g : R — R is continuous, lg()| < CA+ |%),0< g <

1-3 (¢ < 0 if d =2).

(ii) Assumptions (7.33) for f and g are fulfilled e.g. if f(v) = f(v)v, where fvz 0 satisfies the growth condition above

for p < 74 and g(v) = g(v)v, where g > 0 satisfies the growth condition above for ¢ < —25. As in part (i), this

condition can be further relaxed if we work with smooth test functions only.
(iii) If we assume that

f(w)v > C|v|P = C4, C1 €R
g(v)v > Clvl? — Cy, Cy €R,

then we can get the existence of a solution for arbitrary p, ¢ finite, provided we consider (assume that p, ¢ > 1)
V ={ueW"(Q)NLP(Q)N LY IQ)|Tu =0 on I'y}.

The details are left as an exercise.

7.4 Methods based on fixed point theorems

We list several fixed point theorems used in the analysis of partial differential equations. All Banach spaces are
assumed real. While the Banach fixed point Theorem can be found in most Textbooks on Analysis (see, e.g., (Cerny
and Pokorny, 2021, Theorem 11.8.2)), the other theorems will be proved in the following text.

Theorem 7.4.1 — Banach fixed point Theorem. Let T: X — X, where X is a complete (metric or normed)
space, such that

o(T(u1), T(uz))x < apo(ui,uz)x

for the metric space, or
1T (u1) = T(uz)lx < allur —uz|x

for the Banach space, where « € [0,1). Then there exists a unique fixed point uy of T in X.

Theorem 7.4.2 — Brouwer fixed point Theorem. Let 7: B ¢ RY — B be continuous, where B is a convex,
closed and bounded set. Then there exists a (generally non-unique) fixed point of 7" in B.

Theorem 7.4.3 — Schauder fixed point Theorem. Let T: K C X — K be continuous, where K is compact
and convex and X is a Banach space. Then there exists a fixed point of 7" in K.

The following version of the Schauder fixed point theorem is more suitable for direct applications in the analysis
of PDEs.

Theorem 7.4.4 — Schaeffer or a version of the Schauder fixed point Theorem. Let T: X — X be
continuous and compact, X Banach space and let the set

{u e X|u=AT(u) forsome0<A\<1}
be bounded. Then there exists a fixed point of 7" in X.

We start with an application of Theorem 7.4.1.
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7.4.1 Application of the Banach fixed point Theorem

We have already used this theorem in the proof of the nonlinear version of the Lax—Milgram theorem (see Theorem
7.1.4). Another typical application are local existence theorems for nonlinear problems (local in time existence of
nonlinear problems or global in time existence for small data as well as existence of solutions to nonlinear elliptic
problems for data closed to a known solution, typically a zero one). We will consider the latter.
We consider the following problem
—Au+ f(u,Vu) =g in Q

7.36
u=0 on 012, ( )

where Q@ C R? is a C™! domain and g € L?*(2) is a given function such that ||g||;2(q) < 1. Moreover, we assume that
f is a Lipschitz function in R x R? such that

|f(v,2)] < C([2]7 + o]
|f(01,2) = f(v2,2)] < Clor = wa|(|217 4+ 1) (Jor |7 + |va]"71) (7.37)
[f(v,21) = fv, )| < Cl21 = Zolo]" (122|771 + (2|71,
1<¢<3 1<r<oo,forany v, v; and vo € Rand 2, 7, and 2, € R3.
We aim at showing the following

Theorem 7.4.5 There exists a dp > 0 such that if ||g||z2(q) < do, then there exists a unique solution (weak and
strong) of (7.36) in the ball
Bs = {u € W**(Q) n Wy *(Q) | lullw=2(0) < 8}

for a suitable § > 0.

Proof. Take v € W22(Q) N W,2(Q), lullw=22(0) < 0, where § < 1 will be fixed later. Assume dg > 0 sufficiently small
(will be fixed later) and consider a mapping

T: W2(Q) N W, 2(Q) — W2(Q) N W, (Q)
such that T'(v) = u, where

—Au=g— f(v,Vv) in
u=0 on 0S).

Since due to our assumptions g — f(v, Vv) € L?(Q), there exists unique u € W22(Q) N W, *(2) (cf. Theorem 3.7.8),
a solution to (7.36), and
lullwz2) < Clllgllz@) + 1£(v, Voll29)) < Clllglleze) + [0I5v220))

for some a > 1 (here we used that § < 1). Therefore, in order to justify that 7" maps Bj into itself, we need to verify
that
C(o + %) < 0.

Indeed, taking § sufficiently small so that C'0% < % and then dg small so that Cdg < % we verify our required property
of T. Note that there exists sufficiently small § such that for any 6 < 8, and for §y < % the inequality above holds.
Furthermore, for vy, vo € Bs we have

—A(’U,l — ’ILQ> = f(’UQ,VUg) - f(’Ul,V’Ul)
= f(ve, Vua) — f(va, V1) + f(va, Vu1) — f(v1, Vur) in Q
U —ug =0 on Of).

Using our assumptions we have

l[ur — uallw2z2i0) < Cll(vr — v2)([Vor]? + D) (Jor|" ™" + vl ™)l 22 ()
+ C|[|Vvy = Voaloa|" (V01771 + [Vua |77 || L2 (e
S O5ﬁ||111 - U2||W2,2(Q)

for some 8 > 0. Choosing ¢ sufficiently small (possibly smaller than in the previous considerations) we may conclude
that C6” < 1, hence T is a contraction in Bs. The theorem is proved. |

Example 7.4.6. We may take, e.g., f(u, Vu) := |Vu|?|u|" for some 7 > 1 (even r = 1 is enough) so that assumptions
(7.37) are verified (for r = 1 a slight modification is needed).

Exercise 7.4.7. A following generalization of the Banach fixed point Theorem holds:
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Theorem 7.4.8 Let X, Y be Banach spaces, X is reflexive and X < Y. Let H be a non-empty, closed, convex
and bounded subset of X and let T: H — H be a mapping such that

1T(w) = T()[ly < &llu—olly
for any u, v € H and 0 < k < 1. Then T possesses a unique fixed point in H.

Prove it!

7.4.2 Proof of the Schauder fixed point Theorem. Its applications
First, using the Brouwer fixed point Theorem 7.4.2 we show the Schauder fixed point Theorem 7.4.3.

Proof. (of Theorem 7.4.3.) Step 1: Construction of an operator in a finite dimensional space
Choose £ > 0 and {u;}s, C K such that

Na
U Bs(ui) D K.
i=1

This follows due to the fact that K is compact. Denote by K. the convex hull of points {ui}f\fl, ie.,

2

N e
Ks::{Z)\iuHOg)\igl,i:1,2,...,Ns, Ai:1}.
=1 1

.
I

Since K is convex, we know that K. C K. Define P.: K — K. as
vajl dist (u, K\ Be(ui))ui
SN dist (u, K\ Be(u;))

As K is covered by the union of the balls, the denominator is non zero for any u € K. Clearly, P. is continuous, and
for any u € K

P.(u) :=

SN dist (u, K\ Be(us)) |lus — ul x _
SN dist (u, K\ Be(u;)) B

(Recall that either ||u; — ul|x < ¢ or dist (u, K \ B:(u;)) =0.)

Step 2: Application of the Brouwer fixed point Theorem

Consider T, := P.(T(u)), u € K.. Now K. is finite dimensional and homeomorphic to R, M < N.. Then the
Brouwer fixed point Theorem (Theorem 7.4.2) yields existence of at least one u. € K, such that

1P (u) = ullx <

Te(ue) = ue Ve > 0.

Step 3: Fixed point of T
Since K is compact, there exists a sequence €; — 04 and u € K such that u., — u in X. Let us show that u is a
fixed point of T"in K. We have

llue; = T(uey)lx = 1Tz, (ue;) = T(uey)lx = 1P (T(ue,)) = Tlue,)|x <&

As T is continuous, |u., — T(ue,)||lx — |lu — T(u)|[x which is due to the computation above equal to zero. The
theorem is proved. |

Next, we show Theorem 7.4.4.

Proof. (of Theorem 7.4.4.) Step 1: Candidate for the fixed point
Choose M > 0 such that if u = AT'(u) for some 0 < A <1, then |lu]|x < M. Define

oo d gy TS
Mol IT@lx > M.

Now, T: B(0) — Ba(0). Define K as convex hull of T(Bj;(0)). As T is compact, then also T is compact. Hence,
as K is a convex, compact subset of X and T maps K into K, T possesses a fixed point u € K.

Step 2: Fixed point of T’
Let us now show that w is in fact also a fixed point of T'. If not, then necessarily, ||T(uv)||x > M and u = AT'(u) for

A= % € [0,1). Then |lulx = ||T(u)||x = M which contradicts to the choice of M. [ |

Exercise 7.4.9. Prove the following variant of the Schaeffer fixed point Theorem; the proof follows the same idea as
the proof of the Schaeffer fixed point Theorem.
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Corollary 7.4.10. Let K C X be convex, 0 € K and T: K — K be continuous, compact such that
{ue K|u=AT(u), 0 <A< 1}
is bounded. Then T has a fixed point in K.

Next we consider the following example

—Au+ F(Vu) 4+ pu = f in

7.38
u=0 on 0§, ( )

where Q C R? is of class C™!, F: R? — R is continuous with linear growth
[F(p)| <C(1+|p)) VpeRY C>o0. (7.39)

We aim at proving the following result

Theorem 7.4.11 Let f € L?(Q2) and p > 0 be sufficiently large. Then under the assumptions on €2 and F above,
there exists a strong (and weak) solution to (7.38) such that u € W>2(Q) N W, (Q). If F is additionally globally
Lipschitz continuous, the solution is unique.

Proof. Step 1: Operator T
We recall that for a given u € Wy*(2)
f—F(Vu) € L*(Q).

Next we denote by w € T/Vol’2 (©) the unique weak solution to

—Aw+ pw = f — F(Vu) in Q
w=0 on 0.

Moreover, we know that w € W22(2) and
lwll22 < CIf = F(Vu)lla < C(1+ [ fll2 + [Vull2)-

Hence we define the operator
T : Wy (Q) = Wy (Q)

so that T'(u) = w. We have
[T (u)l[22 < C(L+ [ fll2 + [lu

Step 2: Continuity and compactness of T'
We show that T: Wy?(Q2) — W,?(Q) is continuous and compact. Let ug — u in Wy'>(€2). Then

1,2)-

sup ||wgl2,2 < +0o0,
kEN

where wy, = T'(uy,). Thus there exists a subsequence {wy,; }32; C {wi}32, and w € W22(Q) N Wy?() such that
W, —> W in Wy2(Q)

(and wy, — w in W*2(Q)). As

/ (Vwy, - Vv + pwg,v) da = / (f = F(Vug,))vdx,
Q Q

we get letting j — oo
/(Vw -V 4+ pwv)de = /(f — F(Vu))vde
Q Q

for all v € VVO1 2(9) To pass to the limit in the nonlinear term we use again the continuity of F, its linear growth and
the Vitali convergence theorem. Hence w = T'(u). Due to the uniqueness of the solution in fact the whole sequence
T(ug) — T(u) in WH2(Q) and T is continuous.

The compactness is immediate. As we have that supycy ||ur|l1,2 < 400, it follows that supgen |7 (uk)l2,2 < 400
and the compact embedding W22(Q) << W12(Q) yields that a bounded sequence in W2(Q) provides a strongly
convergent subsequence of T'(uy) in the same space.

Step 3: Bounds for possible fixed points
We have to verify that the set of possible fixed points

{ue Wy (Q)|u=AT(u) for some 0 < \<1}
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is bounded provided p is sufficiently large. Since the case A = 0 is trivial, let
u = \T"(u), 0< A<,
ie.,, ¥ = T(u). Therefore,
—Au+ pu = Nf — F(Vu)).
Multiplying the equality by v and integrating it over 2 we obtain

02

1 %
IV ull3 + ullull3 < AC / (/1 +Vul + Dluldo < S[Vul3 + Sllul3 + CIAB + =)

Jul3.
Assuming C? <y we get
Jull2 <C,

where the constant depends only on the data of the problem.

Step 4: Fixed point

Schaeffer’s fixed point Theorem 7.4.4 implies the existence of a fixed point of T, i.e., existence of a solution to (7.38)
which belongs to W22(Q) N W, (Q).

Step 5: Uniqueness

Let wy and ws be two distinct solutions. We now employ the Lipschitz continuity of F. Denoting W = wy — ws, we

have
—AW + uW = F(Vwz) — F(Vws) in

W=0 on 0f.
Multiplying the equation by W we get using the Lipschitz continuity of F’

VW22 uray + 1lIW [ 72(0) < CIVWV | L2(re) W]l L2 o)
1
< §HVW||i2(Q;Rd) + C1||[W 72 q)-

The uniqueness follows provided C < p. |

7.5 Introduction to the calculus of variations

7.5.1 Basic ideas

We consider the problem
A(u)=0 (7.40)
for a special class of operators A, namely such that A is a "gradient" of a potential, i.e.,

A(u) = I'[u] = 0. (7.41)

It means (at least formally) that a solution to (7.40) is a critical point of the functional I. Under additional assumptions
on I we even show that the critical point is a point of (local) minimum of I. The advantage is that to prove existence
of a minimum for certain class of functionals is easier than to prove existence of a solution to a nonlinear equation.

Definition 7.5.1 Let L: R? x R x Q — R. Then we call L the Lagrangian and we define
I[u] := / L(Vu,u,-)dz.
Q

We also use the following notation:

L(p,Z,ZL’) = L(plap2a ceyDdy 2, X1, T2, . 71'(1)

OL OL oL
Li=(=— —, ..., —
Vp (31?1’3172’ 75'1%1)
oL
L= —
v 0z
oL OL OL
L= (=—, ==, ..., ==).
v (8x1 8352 8xd)

We consider the following problem. We look for

= argmin Tw],
{weX |w=g on 9Q}
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where X is a certain function space (typically a Sobolev space). The fact that we fix possibly an inhomogeneous
boundary condition leads to the problem that the set {w € X |w = ¢g on 9N} does not have a linear structure. We
resolve this problem as usually, we look for the solution in the form u = wg + U, where wy is a fixed function with the
given boundary condition and U has zero boundary condition, i.e., we look for U from a linear space. We show that
if the function L is smooth and w is sufficiently smooth, then u is a (classical) solution to a certain partial differential
equation.

We set i(7) := I[u+ 7v], where 7 € R, u = g on 9Q and v € C§°(2). Then u + 7v = g on 9. Assume that u is a
minimizer of I. Then i(7) has a minimum at 7 = 0. Since the function 7 is according to our assumptions smooth, we
have

(0 = 0.

(This derivative is in the context of the functional analysis called the Gateaux derivative or differential of the functional
I, however, we need to work with u in the form presented above.) Formally, we get

i'(1) = /Q (VpL(V(u +7v),u+70,-) - Vo4 V,L(V(u+ 10),u + 10, )v) dz.

Therefore
0=1i(0) = / (vpL(vu,u, Y- Vo + V. L(Vu, u, -)v) da
Q

for all v € C§°(€2). This equality is in fact a weak formulation of the problem below. We "integrate by parts" and get

Oz/ﬂ(—gai(g;(Vu,u,~)>+(25(Vu,u,~))vdx

for all v € C§°(f2). The Fundamental Lemma of calculus of variations yields finally

d
_Zai<3pl u(z), u(z), )) +gj(Vu( ), u(z),z) =0 in Q,

u=g on 0f).
The equation above is called the Euler—-Lagrange equation corresponding to the functional I.

Example 7.5.2. a) Let
d

Lp,zw) =5 3 ay(wpin; — 21 (@),

4,j=1

where a;; = a;; for ¢, =1,...,d in ©. Then

o= [, 3 o5 g —ut) oo

b) Let

where F'(z) = f(z). Then

and the Euler—Lagrange equation is

c) Let

(minimal surface problem). Then
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and the Euler—Lagrange equation is
d

ou
> o (o) -
— 0z \\/1+ |Vu|]?
in Q. Adding the boundary condition v = g on 02 we get a problem whose solution solves the following problem. Let

Q2 C R? be given. We look for a graph of function u = u(z) defined in Q with fixed value u = g on dQ such that the
area of the surface (z,u(x)), x € £, is minimal.

We next consider the second derivative of our function i(7). Recall that under the smoothness assumption the
necessary condition for having a minimum of ¢ at 7 = 0 is i”(0) > 0. We compute

d

0L ov Ov
-/ _ [ [ —
i (1) —/Q L]Z_l i, (Vu + 7V, u + 7o, )6xi oz,
d 2 2
+2;aii§Z(Vu+TVv,u+Tv,-) av 22(Vu+TVU u+ TV, )V Q}d%
Hence .,
0L 81} ov ov 62
N7 _ 2
i"(0) = /Q [”zzjl i, (Vu,u,-) 5 8% 22 Vu U, ) oz 8 = (Vu,u, v }dx (7.42)

for all v € C§°(€2). By approximation, we can in fact use functions which are only Lipschitz continuous, however, still
compactly supported in . We now aim at proving the necessary condition for the minimum. We fix & € R?, take
e > 0 and a function n € C§°(Q2) and define

z-§

3

v(@) = co( =2 (@),

where the function

IAIA
= N[ =

() = z 0<z
A =11-2 %<z

and extend the function as 1-periodic to R, i.e., o(z) = o(z + 1) for all z € R. Therefore |¢'(z)| =1 a.e. in R, and

ov
ox;

() =0 ( 6)&()()+O(€) for e — 0.

Using this function in (7.42) and passing with ¢ — 04 we get due to the fact that ”(0) > 0

Zd 9L
< RY )
0= /Q . 0 iapj (V’u’u’ )glgjn dx

i,j=1

As this inequality holds for arbitrary n € C§°(2), we get

0 ﬁpj (z),u(x),2)&:€ >0

1,j=1

for all £ € R and all # € Q. This indicates (but does not prove!) that the existence of a minimum for our class of
functionals is connected with the convexity of L in the first variable.

7.5.2 Systems

We now assume that the Lagrangian depends on vector-valued function, i.e., its gradient is a tensor (matrix); hence
L: RV xRYx Q —R.

‘We use the notation

where

and define
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where w: Q@ — RN,

owy dw,

Oxy " Oxg
Vi =

awN 671_)1\{

Oxy "' Oxg

and we fix again the boundary condition @ = §. We now deduce the Euler-Lagrange equations (or rather the system
of Euler-Lagrange equations) for the minimizer of I. We set i(7) = I[@ + 7], where 7 € C§°(£;RY) and compute
i’(0) which we set to be equal to 0. We get

d N N
PR 0 Lo Ok OL &
0=14(0) = /Q ( E E o (Vi, d, )8331 + Bz = (Vi i, v )dx,

=1 k=1
€., )
_ Z ﬁii (%(Vﬁ(m),ﬁ(w),x)) + %(Vﬁ(x), (z),z) =0 (7.43)

inQ, k=1,2,...,N, and ¢ = ¢ on 9.

7.5.3 Null Lagrangians. Proof of Brouwer fixed point Theorem

There exist special Lagrangians such that any smooth function is a solution to the corresponding Euler—Lagrange
equations.

Definition 7.5.3 The function L: RV*¢ x R? x R — R is called a null Lagrangian, if the corresponding Euler—
Lagrange equations

0 (0L ,_ . oL _ . B
=2 5y (g (VHOL 8@, 2)) + 5 (V@) (w),2) =0,
k=1,2,...,d, are fulfilled by any smooth function @: Q — RY.

In the scalar case (N = 1) only the linear functions in P (with constant coefficients) are null Lagrangians. A more
interesting situation is in the vectoriel case, especially if d = N, as we shall see later.

We start with one special property of the null Lagrangians which says that the corresponding energy depends only
on the boundary conditions of the functions.

Theorem 7.5.4 — Properties of null Lagrangians. Let L be a null Lagrangian. Let #; and @y be two
functions from C%(Q; RY) such that
7._1:1 — ’JQ on 0.

Then

Proof. Define

i(r) = I(rth + (1 — 7)tz], 0<7<1
Then P
oL oul ouk
(1) = bl O v 1 — 7)Vids, 1_—»(1_2)
0= [ [0 G+ (= v+ (-0 (5 - 5
4 oL
+ Z @(TVﬁl + (1 = 7)Vily, 7y + (1 — 7)il, ) (ul — ué)} dx
k=1
N d_ 5
=3 [ -2 o (o Vi + (1= 1)V, 7y + (1= 1), )
k=174 im 9t 8p2
oL &
+ 9F (Vi + (1 — 7)Vids, Tty + (1 — 7)da, ) (u] — ug)} dz =0,
where we used in the application of the Gauss theorem that @ — s = 0 on 9 as well as the fact that L is a null
Lagrangian. |

Definition 7.5.5 Let A be a d x d matrix. Then we define cof A as a matrix, whose (k,¢) entries are as follows:

(cof A)f = (—1)**idet (Af)7
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where the matrix (A¥) is a matrix obtained from the matrix A by deleting the k-th row and the i-th column.

Lemma 7.5.6 Let u: R? — R? be a smooth function. Then

> 3?3‘ (Cof(VU))f =0, k=12...,4d

i=1

Proof. Step 1: Derivative of the determinant
We recall the following linear algebra identity

(det P)I = PTcof P

which holds for any P, matrix of the type d x d. We may rewrite the identity above component-wise

(det P)é E:p2 cof P)% )5 (7.44)
1,7 =1,2,...,d. Therefore
J(det P) &
T’]fﬂ = (Cof P)m

for k,m = 1,2,...,d (recall that (cof P)k does not contain the entry pF).
Step 2: Identity for the derivative of the cofactor
Take P = Vu in (7.44), differentiate the identity with respect to z; and sum the identity over j. It yields

d d
9 0*uF O*uk p  Ouk 0 &

Jj= J.k J.k,m=1

Hence, it follows from the last equality

d
Z o (Zai cof (Vu( )))f) = 0. (7.45)

Step 3: Identity for the cofactor
If det(Vu)(xo) # 0, then

d

0

—— (cof k= k=1,2,....d
;61‘j(co vu(zO))] 07 y 4y s &y

where we used that the non-zero determinant implies unique solvability (the trivial one) of (7.45). If the determinant
is zero, we choose € > 0, sufficiently small, such that det(V(u)(zo) + €l) # 0 and repeat Steps 1-3 for u. := u(z) + ez
and finally let € — 0. [ |

The previous result allows us to present a non-trivial example of a null Lagrangian.

Lemma 7.5.7 — Determinant function as null Lagrangian. Let d = N. Then the determinant function is
a null Lagrangian.

Proof. We have to show that

Recall that

Then, due to Lemma 7.5.6

Using this result we may now prove the Brouwer fixed point Theorem
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Theorem 7.5.8 — Brouwer fixed point Theorem. Let @: B;(0) — B;(0) € RY be continuous. Then i@
possesses at least one fixed point in By (0), i.e., there exists at least one F, € B;(0) C RY such that

Proof. Step 1: Non-existence of a smooth function with given boundary values
We first claim that there does not exist a smooth function

w: B:= By1(0) » 0B

such that
w(T) =2 on OB. (7.46)

Suppose that such a function exists. Let I denote the identity mapping, i.e. I (Z) = & for all ¥ € B. Due to our
assumption, W = I on dB. As the determinant is a null Lagrangian, Theorem 7.5.4 implies

/ det (Vi) dz = / det (VI)dz = |B| # 0. (7.47)
B B

On the other hand, as @: B — 0B, we have || = 1. Therefore (52-

wW?=0,i=1,2,...,N)
(V) Tw = 0.

As || = 1, the equality says that 0 is an eigenvalue of (V)T for all ¥ € B, whence det(Vw) = 0 in B which
contradicts to (7.47) and thus the smooth function considered in Step 1 cannot exist.

Step 2: The function from Step 1 does not exist even if it is only continuous

Let us show that even no such merely continuous function may exist. Let @ be such a continuous function. We extend
it by the identity function (@(Z) := &) for Z € RN \ B. Observe that @(Z) # 0 for Z € RN. Fix € > 0 and mollify the
function, i.e., w. := 1. x w. Then also @. # 0 in RY. As . is a radially symmetric function, we also have . () =42
for x € RV \ By(0) if & < 1 (recall that [,y (% — 7)n(7) dj = 7).

Then .
= . 2w,

|

would be a smooth function fulfilling assumptions from Step 1 (with B = By(0)). Hence such a function cannot exist.
Step 3: Fixed point by contradiction

Let @: B — B be continuous such that @ does not possess any fixed point in B. Define w: B — 9B so that @(Z) = g,
where 7 is the point at which the ray starting at @(Z) and going through # hits 9B. Since @(Z) # Z and 4 is continuous,
the mapping  is well defined and continuous on B such that @ maps B to 9B and @W(Z) = & on dB. This contradicts
to Step 2. [ |

7.6 Existence of minimizers for some problems of calculus of variations.
Convexity

Let us start with the following abstract problem. We look for a function u (provided it exists) such that the functional
I[]: X — R, where X is a Banach space and A C X, has its minimum over A at u, i.e.,

u = argmin,, ¢ 4I[w], ie., I[u] = min I[w].

weA

Let u,, € A be a minimizing sequence, i.e., lim, o I[u,] = inf,eq [[w]. We would like to extract at least a weakly
convergent subsequence. To this aim, we assume that
(1) A is non-empty
(2) I is bounded from below on A (inf e 4 I[w] > —00)
(3) I is coercive on A, i.e., lim|| x —oo [[w] = +00.
Then the minimizing sequence {u, }nen is bounded. Further
(4) X is a reflexive Banach space
(5) the set A is closed and convex (hence weakly closed, see Theorem B.2.15).
Then the sequence contains a weakly convergent subsequence whose limit belongs to .A. However, we can hardly expect
that Ifun,] — Iu] for k& — oo, such a condition would restrict the class of functionals considerably. We therefore
assume a weaker condition, namely that
(6) I is weakly lower semicontinuous, i.e., I[u] < liminfg_,o I[ug] whenever up — u in X.
Then we get that

Iu] < liminf Ifu,, ] = lim Ifu,,] = inf Ifw].

k—o0 k—o0 weA

Since u € A, then u is the minimizer. We proved
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Theorem 7.6.1 — Main Theorem of the calculus of variations. Let X be a reflexive Banach space, A C X
non-empty, closed and convex. Let I: A — R be coercive, bounded from below and weakly lower semicontinuous
on X. Then there exists u € A such that I[u] = min,ec 4 I[w].

We restrict ourselves on functionals which can be represented by means of Lagrangians, i.e.,
Iw] == / L(Vu,u,-)dx, ue A (7.48)
Q

and we aim at formulating suitable conditions on L and A so that we will be able to apply Theorem 7.6.1. We deal
separately with the case when wu is a scalar-valued and a vector-valued function.

7.6.1 Scalar case (one Euler-Lagrange equation)

In order to verify that the functional is coercive, we assume that there exist o > 0, ¢ € (1,00) and b € L*(£2) such
that
L(p, z,z) > a|p|? — b(z), (7.49)

for any p € R, z € R, x € Q. Then
Ml = [ E(Vw.w.)do > [ (@l Vul? =) do = 0 Pulf g 00 =
Therefore I[w] — +00 as ||Vwl|pa(q;re) — +00. Additionally, if we assume
A={wew i (@)|w=gonon} withQeC"

and fix g € Wl_%’q((?Q), then even

Iw] = +o0 as |lw]

1,q = 100,

as [|Vwl| a(ayray + 9]l La(e) is a norm equivalent to the Wh%norm on A. Note also that A is weakly closed.
The only condition which remains to verify is the weak lower semicontinuity of I on W4(Q)). We already know
that a necessary condition for a function u to be a minimizer of a smooth Lagrangian is
0L
OpiOp;

ij=1

for all £ € R? and almost every = € €.

We will show that the convexity is indeed the right condition. We will assume (for simplicity) that L(-,-,-) is a
continuous function on R? x R for almost every 2 € Q and measurable on € on R? x R. Further, we also assume that
it is one continuously differentiable with respect to p. We have the following result (for more general situation, see
Theorem A.3.43 from the Appendix)

Lemma 7.6.2 Let L be as above, additionally bounded from below and let the mapping
p— L(p,z,)

be convex Vz € R and = € Q on R?. Let Q € CY. Then
Iw] := / L(Vw,w,-)dx
Q

is weakly lower semicontinuous on W4(Q), 1 < g < oo.

Proof. Step 1: Formulation
Let {ug bren € WH9(Q) be such that up — u (weakly) in Wh4(Q). Let
£ := liminf Iug].
k—o0
We aim at showing that I[u] < ¢.
Note that we may choose a subsequence (we do not relabel it) such ¢ = limy_, oo I[ug] and uy — w in LI(Q).
Moreover, supgey [[uk|lw1.ao) < +o00.

Step 2: Application of Egorov Theorem
We fix e > 0. Then there exists E. C Q, |2\ E:| < e such that up = v in E.. We set

F. = {z € Q| fu(@)| + [Vu(z)| < %}
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Recall that [\ F;| — 0 as € — 0. Finally, we set

Ge=F.()E-
(note that |2\ G.| = 0 as € — 0).
Step 3: Application of convexity

By adding a suitable integrable function we may without loss of generality assume that L(Vug(z),ur(z),z) is non-
negative in 2. Then, by convexity of L

I[uk]:/L(Vuk7uk,-)dx2/ L(Vug,ug,-)dx
Q GE

d
oL ui,  du

> : . Now; 0w/

N /Gg L(Vu, ug, ) dz + /G Z Opi (Vs )(a’fz &Ei) &

< i=1

Now it is easy to verify, due to the definition of G,
/ L(Vu,ug,)dx — / L(Vu,u,-)dx
Gg G;.;

and due to the weak convergence of Vuy — Vu in L(Q;R?)

4. 9L our  Ou
/G me(vu’”k")<%_ a@)dx—)&

€ =1

both for £ — oco. Whence
L> / L(Vu,u,-)dz
G

€

for any € > 0. Passing with ¢ — 0 and using the Lebesgue monotone convergence Theorem A.3.2 we conclude
£> / L(Vu,u,-)de = Iu]
Q

which finishes the proof. |

Therefore we have

Theorem 7.6.3 — Existence of minimizers for convex Lagrangians. Let A = {u € W14(Q)|u = g on 90}
with g € Wl_%’q(ﬁﬁ), Q € C%L. Let L fulfil the coercivity condition (7.49) and let L be convex in the first variable.
Let L be differentiable in the first variable, L and VL be continuous in the second variable for almost every x in
Q and measurable in § for all (p,2) € R? x R.

Then there exists at least one u € A such that

Iu] = glelgf[w]

Proof. As A is non-empty, closed and convex, L is coercive and weakly lower semicontinuous, we may apply Theorem
7.6.1. -

In order to ensure the uniqueness of the minimizer, we have to require more. One possibility is to assume that

L=L(p,x) (L does not depend on z), (7.50)
L 9L
360 > 0: W(p7 z)&&; > 01€]* V€ € R? and almost everywhere in (uniform convexity).  (7.51)
T OPiOp;
i,j=1
Then
Theorem 7.6.4 — Uniqueness of minimizers. Under assumptions (7.50)—(7.51), for L twice differentiable in

the first variable for almost every = € Q and measurable in x for all p € R, Q € C%!, the minimizer of I]-] over A
(defined above) is unique, provided it exists.

Proof. Assume that uq, us are two different minimizers. As A is convex, we have that % € A. We show that
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with strict inequality provided u; # wuy. Note that

d
0
L(p,x) > L(q, > ¢i) + 5P — ql’.
1
Taking p = Vuy, q = %(Vul + Vug) we get
uy + U2 Vul + VUg ouq Ous 0 9
. _ z _ < .
1[ /Z T . )(5‘:52- Gxi) dz + 8/Q|Vu1 Vuo|? da < I[ui] (7.52)
and for p = Vus, q = 1(Vuy + Vus) we get
u + uz Vul + Vusy Ouy Ou 0 9
I . — r + — — < Ius]. 7.53
[ / Z (“)pl 2 ) (8% 8:@) dz + 8 /Q Vir = Vo[ do < Iuy] ( )

Summing up (7.53) with (7.52) and multiplying the resulted inequality by % we obtain

I|:’U,1 + U2

2 2

0
+7/ |V, — Vug|?dz <
8 Ja

Evidently, if I[u1] = I[ug] and u; and us are minimizers, then Vu; = Vug a.e. in . But since u; = ug a.e. on 99,
then u; = us a.e. in Q which finishes the proof. |

Next, under certain growth conditions on L, we verify that the minimizer solves the corresponding Euler-Lagrange
equation. We assume

IL(p,z,z)| < C(lp[" + |27 + 1), (7.54)

and
‘VpL(I),Z,f)‘ + |VZL(p,Z,Jj)| <

Clpl*™" + 21771 + 1) (7.55)
for some 1 < ¢ < oo.

Theorem 7.6.5 — Minimizer solves Euler—Lagrange equation. Assume conditions (7.54)—(7.55), where L
is measurable in z for all (p, z) € R? x R and differentiable in p and z for almost every = € . Let u be a minimizer
of I over A= {u € WH4(Q)|u = g on 90}, Q € C%! with ¢ as in (7.54)—(7.55). Then u is a weak solution to the
corresponding Euler-Lagrange equations, i.e.

0 0
/ (Zapz 37;+87§(VU7U,')U)dx:0

for all v € Wy 9(Q).

Proof. We performed the formal proof at the beginning of Section 7.5. We now present a rigorous proof, based on the
verification that we may differentiate the function (i.e., an integral) with respect to a parameter.
We set i(7) := I[u + 7v], where v € W19(Q). Due to (7.54), i(7) is finite. We study for 7 # 0 the difference

quotients
i(r) —i(0) :/ L(Vu+71Vv,u+1v,-) — L(Vu,u,-) do = / L7() da
T Q T Q

and aim at computing the limit when 7 — 0,.. We see that due to our assumptions

d v OL

ule),2) 5+ 5 (Vul@), ule), 2)oe)

lim L™ (x

T—0

almost everywhere in €. Using the Theorem on integrals dependent on a parameter (consequence of the Lebesgue
dominated convergence Theorem) we get the desired equality since estimate (7.55) provides an integrable majorant.
Since w is a minimizer of I[-], we know that i'(0) = 0. |

Remark 7.6.6. If L is convex in p and z and differentiable in both variables almost everywhere in 2, then each weak
solution is a minimizer. In this case namely

d
oL oL
L(p,z,x) + Z %(pazax)(ql *pz) + g(p,z,fﬂ)('f’ - Z) < L(qv T',IL').

=1
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Taking p = Vu, q = Vw, z = u, r = w, integrating over 2 yields

+/ (Z op; (SZ B §Z> + %(VU,U,-)(U) ~u)) da < Iful. (7.56)
Hence
Iu] < Iw]

for all w € A due to the fact that u — w = 0 on  and u is a weak solution to the corresponding Euler-Lagrange
equation. Then the integral on the left-hand side of (7.56) vanishes.

7.6.2 Vector case (system of equations)

Since the Fundamental Theorem of calculus of variations 7.6.1 holds also in this case, we can modify the previous
conditions to get existence of a minimizer, its uniqueness and connection to the solution of (now system of) the Euler—
Lagrange equations under basically the same assumptions as above. As before, we assume that L is measurable in x
and sufficiently regular in the first two variables (this will be specified for each result separately). Furthermore, let

|L(P, Z,z)| > C1|P|7 — b(x), coercivity, where b € L' () (7.57)
L is convex in the variable P, (7.58)

and
A= {12' e WH(Q;RN) | = G on GQ} is non-empty, Qe C%! (7.59)

(ie, g€ Wlf%’q(aﬁ; R™)). Then

Theorem 7.6.7 — Weak lower semicontinuity for convex Lagrangian. Under assumptions (7.57)—(7.59),
let L be measurable in z for all (P,Z) € R¥*4 x RN differentiable in the first variable for all Z € R and almost
every = € {2 and continuous in the second variable fo r all P € RV*4 and almost every = € §). Then there exists a
minimizer of I[w] = [, L(VW, W, -) dz over the set A, i.e. a function @ € A such that

I[w] < I[w) Y € A.
If we assume further that
ol a2L
L= L(P,x), Z z)Ekel > 0l (7.60)
i,j=1k,l= 1

for all £ € RV*4 and some 6 > 0 (for all P € RV*4 and almost every z € ), then

Theorem 7.6.8 — Uniqueness of minimizers. Under the assumptions (7.60) and (7.59), the minimizer of
I[w] (provided it exists), is unique.

Finally, let

L(P,z,z)| < C(|P|? + |z|? + 1), (7.61)
and . . .
IVsL(P,z,2)| + [V.L(P,2,2)| < C(|P|7" + |z|" " + 1) (7.62)
for some 1 < ¢ < co. Then
Theorem 7.6.9 — Minimizers fulfil the Euler—Lagrange equations. Let L, continuously differentiable in

the first two variables for almost every z € € and measurable in = for all (P, Z) € RVN*? x RN satisfy (7.61) and
(7.62). Let @ be a minimizer of I[] over the set A from (7.59). Then # is a solution to the corresponding system of
the Euler-Lagrange equations, i.e., 7 € A and

N d
oL Lo (%k oL o i
;[2 (; Tﬁ(vlﬁtﬂ)a + @(vu’u,.)v )(i‘r = 0
for any v € W()Lq(Q; RM).

In applications (e.g., in the elasticity theory), the convexity of the Lagrangian in P (here naturally d = N)
contradicts physical principles. However, we may replace the convexity by so-called polyconvexity, namely that for
d = N the Lagrangian is a convex function of P and of the determinant of P, see below. The fact that the theory
works perfectly in this case is based on the following partially counterintuitive result which has close connection to
problems of compensated compactness.
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Lemma 7.6.10 — Weak compactness of the determinant function. Let d < ¢ < oo and let
ux — u (weakly) in Whe(Q; R?),
where Q C R? is at least of class C%'. Then

det Vuy, — det Vu (weakly) in L (1).

Proof. Recall that we have (det P)l = P(cof P)T (see Lemma 7.5.6). Hence

d
detP:ij-(cofP)é», i=1,2,....,d.
j=1
Step 1: First integration by parts
Let w € C>°(2;R?). Then
d 72

det (Vw) Z

Due to Lemma 7.5.6 |
;({gj[(cova)j =0, i=12,....d

Therefore

det (Vw) i(ﬁ(wi(cofVW)é), 1=1,2,...,d.
= 9%

Hence for arbitrary v € C§°(12)

d ,
. i Qv

vdet (Vw da::—g /w’ cof Vw | — duz, 1=1,2,....d.
/Q (Vw) Q ( )ja%'

j=1

Step 2: Induction in the integration by parts
Due to the last inequality

/deet(Vuk Z/uk cofVuk %dx 1=1,2,...,d, ke N.

As WH1(Q) << (), the sequence uy — u in C(€;R?). (In fact, the compact embedding ensures this only for a
subsequence, but as u;, — @ in W1¢(Q;R%), the convergence holds for the whole sequence). Assume for a moment
that we know

/w<cofVuk) dx — w<cofVu)lldx, ,j=1,2,...,d
Q Q J

for any ¢ € C§°(£2). Then we have the desired weak convergence

i Qv
/deet (Vug)d Z/uk cofVuk a—xj dz
- - Z/ cofVu —dx—/vdet (Vu) dz.

Q

However, (cof Vuy) is a matrix whose entries are determinants of matrices of the type (d—1) X (d—1). Therefore they
can be analyzed as above and they can be rewritten as above after integration by parts to a product of a determinant
of order (d — 2) x (d — 2) of derivatives of the function and the function itself. After finitely many steps we end up
with a product of a derivative and the function; the function converges strongly even in the C(Q) and the derivative
converges weakly in L?(().

Step 3: Weak convergence of the determinant

As

/ vdet (Vuy) de — / vdet (Vu) dx
Q Q

for any v € C$°(Q) and the sequence det (Vuy) is bounded in L7(€), by density argument we conclude the weak
convergence in the same space. [ |
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Assume now that N = d and let
L(P,z,z) = F(P,detP,z,z).

Finally, let
vz € R, almost every z € Q the mapping

(P,r)— F(P,r,z, ) (7.63)

be convex. Additionally, the function F is measurable in z for all (P, r,z) € R?¢ x R x R?, continuously differentiable
in the first two variables for all z € R and almost all z € Q and continuous in the third variable for all (P,r) € R¥*4 xR
and almost all z € 2. We call such Lagrangians polyconvex.

Lemma 7.6.11 — Polyconvexity implies weak lower semicontinuity. Let d < ¢ < 0o, L be bounded from
below, smooth as stated above and polyconvex, Q € C%!. Then the functional

Iw] = / L(Vw,w,-)dz = / L(Vw,det (Vw),w,-)dz
Q Q
is weakly lower semicontinuous on W14(; R?).

Proof. We proceed similarly as in the proof of Lemma 7.6.2. Let u; — u in W9(Q;R%). Then due to Lemma
7.6.11 det (Vuy,) — det (Vu) in L (Q). We define the set G, similarly as in Lemma 7.6.2 and assume without loss of
generality that I > 0. Then

I[uk}:/L(Vuk,uk,~)dx2/ L(Vuk,uk,')dx
Q GE

:/ F(Vuk,det(Vuk),uk,-)dxz/ F(Vu,det (Vu),ug, ) dz
Ge

Ge
+/
G

n /GE %—f(Vu, det (Vu), uy, ) (det (Vuy) — det (Vu)) dz.

d

%j (’)mj

871*: ouy,  Ou; ) d

(Vu, det (Vu), ug, )(

e ij=1 P

We finish the proof as in Lemma 7.6.2. [ |

We can therefore prove, exactly as above
Theorem 7.6.12 — Existence of a minimizer for polyconvex Lagrangians. Let d < ¢ < oo, let L be as in
Lemma 7.6.11 and fulfil (7.57) and (7.63). Let A be non-empty. Then there exists u € A such that

I[u] = gvnelg I[w].



Chapter 8

A more detailed guide to Lebesgue—Bochner
and Sobolev—Bochner spaces

In this chapter, we introduce in more details the necessary function spaces and tools needed for the correct formulation
of the evolutionary partial differential equations in the weak setting. We present proofs for almost all results, even
though part of the text will rather remind a textbook in functional analysis or measure theory; therein, however,
such results are not always carefully studied due to the fact that most of the applications of such results are directly
connected with the theory of partial differential equations.
We aim at studying mappings
ffICR—X,

where X is a Banach space. Most of the results in this section remain true even if we replace the one-dimensional
interval by a measurable subset of R?, however, since we do not need this level of generality, we remain in R. Moreover,
instead of the Lebesgue measure on R we may as well consider a more general measure p. The space X is always
a Banach space; sometimes, however, we will require more properties (separability, reflexivity etc.). For simplicity,
we always assume in this chapter that I C R is open and bounded, even though most of the results remain true for
arbitrary interval in R; however, the proofs must be slightly modified in this case. The presentation below follows in
the first part nicely written thesis Kreuter (2015), the second part is then based on Boyer and Fabrie (2006) or more
precisely, on Pokorny (2022).

8.1 Bochner integral

First, we construct a new type of integral, in order to be able to integrate functions with values in general Banach
spaces.

Definition 8.1.1 — Simple function. A function s: I — X is called a simple function, if we can write
n
s(t) = inXEi ), (8.1)
i=1

where z; € X, E; are pairwise disjoint, measurable, and Y ;" | A1 (E;) < +o0.

Remark 8.1.2. Assuming x; # x; for ¢ # j and U]_, E; = I (it also means that we define s to be the zero element on
the set of one dimensional Lebesgue measure zero, where the function is possibly not defined), then the representation
of the function s in the form (8.1) is unique.

Definition 8.1.3 — Strong and weak measurability. 1. A function f: I — X is (strongly) measurable, if
there exists a sequence of simple functions {s, }nen such that

lim {[s,(t) — f(#)[x =0

n— o0
for almost all ¢t € 1.

2. A function f: I — X is weakly measurable, if

<£E/, f>X

is measurable for all ' € X*, where X* denotes the dual space to X.

192
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Definition 8.1.4 — Almost separably valued function. A function f: I — X is called almost separably
valued, if there exists a set N C I, A;(N) = 0 such that f(I \ N) is separable. If N is empty, then we say that the
function f is separably valued.

We have the following important result

Theorem 8.1.5 — Pettis. A function f: I — X is measurable, if and only if f is weakly measurable and almost
separably valued.

Proof. Step 1: "="

If f is measurable, then there exists {s, }nen a sequence of simple functions such that s, — f almost everywhere in
I (in the norm of X). Then (2/,s,)x — (2, f)x pointwise almost everywhere in I which implies that f is weakly
measurable. Moreover, up to a set of measure zero, f takes values in the closure of values taken by {s, }nen, therefore
f is almost separably valued.

Step 2: "<"

Let f be weakly measurable and almost separably valued. Let N C I be a null set such that f(I\ N) is separable.
Let {2, }nen be dense in f(I'\ N). Due to the Hahn—Banach Theorem there exists a sequence {z] },en C X™* such
that ||z} ||x~ = 1 and (z},z,,) = ||zn||x. Let t € I\ N and let z,, — f(¢). Then for every £ > 0 there exists k € N
(sufficiently large) such that

(@ FO)x < fDllx < llon, lIx +& = (@, 20, )x +€
= (@, T = F(O)x + (2,0 f(0) x + & < (afy,, f(1))x + 2¢.

Letting ¢ — 04 and recalling that ||z, [|x- =1 we get

If®)llx = sup (7, f(£)x,
keN

therefore, as || f(¢)||x is a pointwise supremum of countably many measurable functions, it is measurable.
Define

fn(®) = (1) = 2allx,

then as above, f, is measurable. Let € > 0 and E,, = {t € I'| f,(t) < e}. Then F,, is measurable. Define g: I — X as

follows
fw.  itte B \U,,., Bm
g(t) = { 0 otherwise.

Then ||f — g||x < e almost everywhere (as {x, }nen is dense in f(I\ N)). Let £, = 27™, m € N. We thus construct a
sequence ¢,, = 22021 Tn,mXEp m» Where zp ;m € X and UienEn m = 1, of countably valued functions which converge
to f almost everywhere. For each m € N, let F,,, = UZZ1En,m, where k,, is chosen so large that A\ (I \ Fy,,) < 27™.
Let $m = gmXF,. Then {sp}men are simple functions, s,, — f almost everywhere in I. To see this, let
t € N9°_, Fy, for some k € N. Then for all m > k we have $,,(t) = g, (), thus ||f(t) — sm(t)||x < 27 and therefore

sm(t) = f(t) for all t € U, N°_, F,,,. But for each k € N we have

A1\ ﬁ F,) < i M\ Fy) <27k
m=k

m=k
whence I\ U2, N>_, F), is a null set. Thus s, — f outside a null set. n

We have the following corollaries

Corollary 8.1.6. Let f: I — X be continuous. Then f is measurable.

Proof. As f is continuous, then f is separably valued (recall that rational numbers from I are dense in I). Moreover,
for any 2’ € X*, the duality (2/, f)x is continuous and thus measurable. We may therefore use the Pettis Theorem
8.1.5. -

Corollary 8.1.7. Let {f,}nen be a sequence of measurable functions from I to X such that f,(¢) — f(¢) in X for
almost every t € I. Then f is measurable.

Proof. For any ' € X* and ¢ outside a null set N C T we have {2/, f,,(t))x — («/, f(t))x. Thus (2, f) x as a pointwise
almost everywhere limit of measurable functions is measurable. Let us show that f is almost separably valued. For
each n € N choose E,,, a null set such that f, (I \ E,) lies in a separable subspace X,,. Let E = U,enE, U N. Then
A1(E) =0 and f|I\E takes values in the weak closure of the span of U,enX,. As this set is convex, then this set is

also closed by the corollary of the Mazur theorem B.2.15 and thus f|p g is separable. We may therefore use Theorem
8.1.5. -
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We are now ready to define the Bochner integral. For a simple function s, we may evidently set

n
/ S d)\l = Z l’lAl(Ez),
I i=1
where s = Z;;l ZiXE,- It can be easily shown, similarly as for the Lebesgue integral, that this definition is independent

of the representative of s and that
H /sd/\1H < / I x dt.
I X I

We now extend the definition to measurable functions.

Definition 8.1.8 — Bochner integral. A measurable function f: I — X is Bochner integrable, if there exists
a sequence {s, nen of simple functions converging to f almost everywhere such that

lim /Ilf—snnx dt =0.
n—oo I

Then for such a function f we define
/fd)\l = lim [ s, d)\;.
I

n—oo I

Note that the definition is correct in the sense that

H\/Snd)\lf/smd)\lH S/Hgn*'SnL”thS/||5n7f||th
I I X I I

+/||smff||xdt%0 as n,m — oo.
I

Hence [ 1 5n dA1 is a Cauchy sequence and due to the completeness of X it is convergent. If {5, }ren is another sequence

of simple functions approximating f in X almost everywhere together with lim,,_,. [ 7 If =5nllx dt =0, it is easy to

see that the limits of sequences { f 1 5n d)\l} and { f 1 5n d/\1} are the same which shows that the definition
n

neN €N
of the integral is independent of the approximating sequence of the simple functions. The linearity of the Bochner

integral is a consequence of the linearity of the integral for simple functions.
The following fundamental theorem yields the correspondence between the Bochner and Lebesgue integrals.

Theorem 8.1.9 — Bochner. Let f: I — X be a measurable function. Then f is Bochner integrable over I, if
and only if || f||x is Lebesgue integrable over I. Moreover,

| [ran], < [nrisa s2)

Proof. Step 1: "="
Let f be Bochner integrable, {s,},cn be the corresponding sequence of simple functions. As ||| fllx — |lsnllx| <

Ilf — snllx, we see that ||f||x is the almost everywhere limit of {||s,|/x }nen and thus || f]|x is Lebesgue measurable.

Moreover, we have
Jsixae< [ =silxae+ [ fslca
I I I

The second integral on the right-hand side is finite due to the properties of the simple functions, while the first integral
is finite due to the definition of the Bochner integral, at least for n sufficiently large. Therefore ||f||x is Lebesgue
integrable over I. Furthermore,

H/fd)\lH — lim H/snd/\lu gliminf/Hanth,
I X n— 0o I X n—oo Jr

as [;spdA — [} fdXAin X. Since [, ||f — sp||x dt — 0 and
[lsalixar< [0 = sallxae+ [ 17]xa
I I I

limsup/||8n||x dtS/HfHth'
I I

n— 00

we have that

which proves the second claim of the theorem as lim, o [} |sn||x dt = [} || f]x dt.
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Step 2: "<="
Let || f||x be measurable and [, || f||x dt < co. Let {s,}nen be a sequence of simple functions converging to f almost
everywhere. We define new simple functions

Tult) = {Sn<t> if (5 (8) [ x < 21 F(0)]]x

0 otherwise.
Then |5, — f|lx — 0 almost everywhere as well as ||3,, — f||x are measurable for any n € N. Thus

1Gn = HOllx <[5 @®llx + [[F O] x < 3[F (D)l x-

As ||fl|x is integrable, the Lebesgue dominated convergence Theorem A.3.4 yields

/ 150 — fllx dt — 0.
I

Therefore f is Bochner integrable. n

Corollary 8.1.10 (Dominated convergence Theorem). Let {f,}nen be a sequence of Bochner integrable functions and
let f be such that f, — f almost everywhere in I. Let g € L(I;R) be such that ||f,||x < g for all n € N almost
everywhere in I. Then f is Bochner integrable and

/fd/\lz lim /fnd)\l.
I n— oo I

Proof. By the Lebesgue dominated convergence Theorem A.3.4 we know that ||f||x is integrable, by Corollary 8.1.7
f is measurable and thus f is Bochner integrable. Now

If = fallx < [Ifllx + 1 fnllx < 1Fx + 9,

hence we may apply again the Lebesgue dominated convergence Theorem to compute

| [naxi= [ran < [us = sixar—o,

i.e., f[fnd)\lﬁf]fd)\l [ |

Corollary 8.1.11. Let f be Bochner integrable. Then the sequence s, of simple functions converging to f can be
chosen so that ||s,(¢)||x < 2||f(¢)||x holds for almost every ¢ € I.

Proof. We can use the construction from Theorem 8.1.9. [ |

Corollary 8.1.12. Let 2’ € X* and let f be Bochner integrable over I. Then

J@nxae= (' [ rar)

Proof. By definition, for every simple function s and every ' € X*,

/I<33’,3)X dt = <m’,/jsd)\1>x

Let {s,}nen be a sequence of simple function from the definition of the Bochner integral of f, possibly modified by
Corollary 8.1.11, i.e., ||sn(¢)|lx < 2||f(¢)||x almost everywhere in I. Then (z/,s,)x — (2/, f)x almost everywhere in I
and [{(@/,5,(t)) x| < 2||2'||x+||f(¢)||x almost everywhere in I. Thus by the Lebesgue dominated convergence Theorem

A34
/(x',f)X dt = lim [ {(z,s,)xdt = lim <z /s” d)q = /fd/\1 ,
I n—oo I n—oo
where the last equality follows from the continuity of ' and the definition of the Bochner integral. |

Corollary 8.1.13. Let f be Bochner integrable over I. Then

lim /fdx\lzoeX.
A (J)=0t,JCI )

Proof. As || f|lx is Lebesgue integrable by the Bochner Theorem 8.1.9, we have

!![,fdAl\(X §/J||fHth—>0

as J C I, \i(J) — 0, hence [, fdA\; =0 € X. [ |

We finish by a generalization of the Fubini theorem for the Bochner integral.
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Theorem 8.1.14 — Fubini. Let J = 1 x I be a product measure space with respect to the measure Ay @A = Ay
and let f: J — X be measurable. Assume that the integral

/Il ( ) 17 t2)llx ) diy (8.3)

exists and is finite. Then f is Bochner integrable over I; x I and we have

/f ‘“2:/11( | S(t) () () = [ ([ e anim) dne). (8.4)

I I

Conversely, if f is Bochner integrable over I; x I, then the integrals above exist and the equalities in (8.4) hold.

Proof. If integral (8.3) exists, then the Fubini-Tonelli Theorem for the scalar case (real valued functions) implies
that ||f||x is integrable and therefore also f is integrable over J by virtue of the Bochner Theorem 8.1.9. Further,
the integrals fI || f(t1,t2)]|x dts, ¢ = 1,2 also exist almost everywhere on I;, ¢ -j = 2, and the same is true for

fI (t1,t2)dA1(t;), ¢ = 1,2. Since f is almost separably valued, then the functions t; — fI, f(t1,t2) dA(t;) are
almost separably valued as well. For arbitrary 2’ € X* the duality pairing (z’, f) x is measurable and integrable as

(2", £) x| < [+ [ fl]x-
By virtue of the scalar version of the Fubini Theorem the functions

t H/ f(t1,t2)) dt;,

i+ j = 2, are measurable and integrable. By Corollary 8.1.12, these functions are equal to

x/l Flb, ) AN (1))

The Pettis Theorem 8.1.5 yields that t; — f . f (t1,t2) dt;, i - j = 2 are measurable and thus by the Bochner Theorem
8.1.9 integrable. For 2’ € X* the Fubini Theorem for scalar functions yields that

/11 x I (o, Jlt, ta)) x iy dfy = /11 (/12 (@, (b, to))x dtQ) déx = /12 (/11 (@', f(t1,t2))x dt1) dts.

Therefore we may interchange the integration and the duality pairing with z’ in the line above and the claim holds.
Conversely, if f is Bochner integrable, then || f||x is integrable due to the Bochner Theorem. The Fubini-Tonelli
Theorem for the scalar case yields that

[ weelxdnde = [ ([ 1remlxde)d = [ ([ 15emcan) e
IlXIz 11 12 12 Il

exists and we may use the first part of the proof. |

8.2 The spaces LP(I; X) (Lebesgue—Bochner spaces)

We now introduce an analogue of the Lebesgue spaces.

Definition 8.2.1 — Lebesgue—Bochner spaces. A measurable function f € LP(I; X), 1 < p < oo, if for
1<p<x

£W%&<m

and for p = oo
esssup || f]lx < oo.
I

Remark 8.2.2. Note that a function from LP([; X) is (recall that I is bounded) Bochner integrable. In case we would
accept the possibility that I is unbounded, then the function is at least locally Bochner integrable over I. We also
introduce the notation

1
Wl o= 4 (JIcde)” i 1<p <oo
esssup; || fllx  if p=oo.

We now prove several results which are more or less similar to the standard results for Lebesgue spaces and which
will finally lead to the result that the spaces defined above (often called Lebesgue—Bochner spaces) are complete
normed spaces.
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Lemma 8.2.3 Let 1 <p< oo, f e LP(I;X) and g € L? (I;R), i,—l Then f-g € L'(I; X) and

1
p T
| [ foan]], < [1rlxlglt < 1zmro ol

I X I
Proof. Evidently, fg is measurable as both functions are limits of simple functions. Using now the Holder inequality,

lWﬂX&=¢WMM@§WMmmMMwU

By virtue of the Bochner Theorem 8.1.9 we conclude fg € L'(I; X) and the second part of the estimate holds. The
first part is trivial. |

Lemma 8.2.4 Let 1 <p<oo, f e LP(I;X) and g € L¥ (I; X*),
{9, f)x € L'(I;R) and

% ;T =1 and X* is the dual space to X. Then

| [0, 225 0t] < W lzmitiso ol ey

Proof. The proof is similar to Lemma 8.2.3 as (g, f)x is measurable due to the fact that it is a limit of (s}, s,)x
which is a sequence of simple functions with values in R. The estimate follows then by virtue of the standard Holder
inequality. |

Corollary 8.2.5. We have for 1 < p < g < co that LY(I; X) — LP(I; X) and

1_1
[ fllzecrxy < AP~ 9| fllLa(rix)-

In general, for I possibly unbounded, we have at least that any f € L9(I; X) is locally integrable over I and belongs
to Li (I; X).

loc

Proof. The proof is a trivial consequence of the results above. |

Lemma 8.2.6 Let 1 < p < oo and let f, — f in LP(I; X). Then there exists a subsequence {f,, }xen which
converges to f almost everywhere in I (in the norm of X).

Proof. The sequence || f, — f|lx converges to zero in LP(I;R), hence there exists a subsequence { fy, }xen such that
Il fn. — fllx converges to zero pointwise almost everywhere in I. Therefore f,,, — f pointwise almost everywhere in I
(in the norm of X). [ |

As in the scalar case we therefore have

Theorem 8.2.7 — Properties of Lebesgue—Bochner spaces. The spaces LP(I; X) are Banach spaces with
respect to the norms || f||zs(s,x) introduced above, where we consider two functions identical, fi = f2, provided
f1(t) = f2(t) for almost every ¢ € I (in the sense of equality in X).

If p=2 and X is a Hilbert space, then L?(I; X) is a Hilbert space with respect to the scalar product

(f,9)r2;x) = /I(f,g)x dt.

Proof. The proof is similar to the scalar case X = R. |

We now study the question of the density for different classes of functions in the spaces LP(I; X) and the related
question of the separability of these function spaces. We denote (recall, I is a bounded, open interval in R)

C(I; X)={f:I— X| continuous in I with values in X}
CHLX)={fI->XI|f.f,.... ¥ ec; X)}

C(I; X) = {f: I — X | continuous in I with values in X up to the endpoints}
CFOX)={f:T=X|f.f,....f® ecT;X)}

CoI, X)={f:T— X|feC(l;X), f is compactly supported in I},
(T X) = () C*(T; X)

keN
Coo(I; X) = C=(I; X) [ ) Co(T; X).
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Theorem 8.2.8 — Dense subsets of Lebesgue—Bochner spaces. Let 1 < p < co. Then
1. simple functions are dense in LP(I; X)
2. functions of the form s(t) = Z?:1 ;(t)x;, ¢; € C3°(I;R), z; € X, are dense in LP(I; X)
3. if the set Y is dense in X, then C§°(I;Y) is dense in LP(I; X)

4. let 1. be the regularizing kernel in R and suppose f is extended by zero outside I; then f*n. — f in LP(I; X)
for e = 0.

Proof. Step 1: Claim 1.
Let f € LP(I;X) be given. Then there exists a sequence of simple functions {$,}nen such that 5, — f almost
everywhere in I. Define

_ s Hsa@)x <1+ f@
snt) = { 0 otherwise?( *

Then s, (t) — f(t) for almost every t € I, but also ||s,,(t)||x <1+ ||f(¢)||x for all t € I. Hence
lsn = fII% < (1+ 2] fx)P € L'(1).

We may therefore use the Lebesgue dominated convergence Theorem A.3.4 to conclude.
Step 2: Claim 2.
We know that functions of the type

n
ZXE]' (t)zja Zj € X
j=1

are dense in LP(I; X). We may approximate the characteristic functions of a measurable set in R (in the norm of
L?(I;R)) by smooth compactly supported functions in I exactly as for the standard theory of the Lebesgue spaces,
which yields the result.

Step 3: Claim 3.

Functions
n

su(t) = @i, 9 €CC(LR), 7€ X

j=1
can be approximated in LP(I; X) by

n

) =Y ey, 9 €CCIR), y; €Y

Jj=1

which yields the result.
Step 4: Claim 4.
Let 6 > 0. We find v € C§°(/; X) such that ||f —v||zs(7,x) < 0. Then we write

f—ns*fzf—U+U—ﬁs*U+ns*U—ns*f'

Since
Nexv—v=20 inl

by standard argument for the mollification, we have for ¢ sufficiently small using the triangle and Young inequalities
If = nex flleecrxy < If = vlloeax) + v —n0e % vl e x)
+mellzr rryllf — vllzerx) < 38
which finishes the proof. [ |
Corollary 8.2.9. Let X be a separable Banach space, then L?(I; X) is separable for 1 < p < co.

Proof. It is a consequence of Theorem 8.2.8, Claim 3., combined with the standard approach based on density of
polynomials with rational coefficients in C(I). [ |

Theorem 8.2.10 — Lebesgue points. Let f € Ll (I; X). Then

loc

h

5 | W+s) = Ollxds >0
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for h — 04 for almost every t € I. In particular,

(@) —hm—/ Ft+s)dN(s)

h‘)0+ 2h
almost everywhere in I.

Proof. As f is measurable, then f is almost separably valued and therefore we may without loss of generality assume
that X is separable. Let {z,, }nen be a countable dense subset of X and consider functions || f —z,||x. By the Theorem
on Lebesgue points for scalar-valued functions A.3.20 we know that

1 h
I = zullx = lim %/ 1Lf(t+5) — an x ds

for all t € I\Nru where )\I(Nn) =0. Let N = UnENNn- Then )\1(N) =0. Let € > 0’ te I\N and let n € N be such
that ”f(t) - xn”X < % Then

1 [ 1 [
0glimsupﬁ/_h\\f(t—i-s)—f(t)||Xd8Sli’llm%llpﬁ/_h(||f(t+8)—$n||X+||f(t)_$n||X)d5

h—04 —04

<2 f(t) - allx < <.
The second claim follows immediately from (8.2) from the Bochner Theorem 8.1.9. |
Finally, we have

Lemma 8.2.11 Let f,, be a sequence of functions from LP(I; X), 1 < p < oo such that || fp ||z (1,x) < C < 400
for all n € N. Let there exist f: I — X such that for almost every t €

falt) = f(t) in X.
Then f € LP(I;X) and ||f||L;D(I;X) <C.

Proof. By Corollary 8.1.7 the function f is measurable. For ¢ € I we choose z'(t) € X* such that ||z/(¢)||x~ = 1 and
&'(t), f(t))x = || f(t)]|x- By Fatou Lemma for 1 < p < oo

Vi = [ 11t = [ 1o r1xlat = [ tim 160’ £l at
< liminf/ (2!, fo) x| dt < liminf/ | fnll% dt < CP,
hence f € LP(I; X). For p = oo we first proceed for p < oo as above and then pass with p — oo. |

8.2.1 The Radon—Nikodym property and the dual space to LP([; X)

We might expect that the dual space to LP(I; X) for p < oo is )i (I; X*). However, this is in general not true for
arbitrary Banach space and we have to add some properties of X. On the other hand, using Lemma 8.2.4, we at least
know that for arbitrary Banach space X we have

L (I; X*) = (LP(I; X))
Moreover, for any g € LT’/(I; X*) we also have

lgllze(r,x))- < ||9||Lp’(1;X)~ (8.5)

In fact, we can prove:
Proposition 8.2.12. For 1 < p < oo the inclusion mapping I: L?’ (L X*) — (LP(I;X))* is an isometry, i.e., equality
n (8.5) holds.
Proof. First, let g = 0% alx g, (t) € LP (I; X*), where 2, € X*, E;, i € N are pairwise disjoint and U, F; = T.
Then ||g||x~ € L¥ (I;R) and there exists a non-negative function h € L?(I;R) such that lP|le(rr) = 1 and

€
191l Lo 1,54y = Hlgllx= Nl 2o () < /IhHgHX* dt + 5.

Choose z; € X, ||z;||x = 1 such that
€

!/ /
Tillx+ <25 Ti)x + 55—
|| zH < 7 1> 2Hh||L1(I;R)
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and define f:= 3.2, x;hxp, (t). Then

112y = 3 /E ey P dt = / Wt = |2, = 1
i=1Y i

and for this f

o0

/(9 Hxdh = / g, » h(t)zixg,( / i XXE (t)dt

3

> (103 (Ietix- -

i=1

& ) &
C Vypde= / Bllgllx- At — & > (gl rixey — €
2||h||L1(I;R) I 2 Le(r:X)

Therefore, as we may obtain this inequality for arbitrary € > 0,

gl zer,x)) = 119l o (1,50

and the equality holds.
If g € LP (I; X*) is arbitrary, then there exists a sequence {g, }nen such that g, are countably valued, g, — ¢ in
LP(I; X*). As [lgn — gllzer:x))= < 19 = 9ll 1o (1.x+), the convergence holds also in (LT’(I;X))>k and thus

I9llrrix))- = nlggc lgnllrrix))- = nh_)r%o Ngnll Lo 130y = N9l Lo (1,304

Note that we used that [ is bounded. The proof can be extended to unbounded interval by approximation of the
unbounded interval by a sequence of bounded intervals. |

We have the following abstract result the proof of which can be found in (Benyamini and Lindenstrauss, 2000,
Theorem 5.21).

Theorem 8.2.13 — Radon—Nikodym—-Rademacher property. Let X be a Banach space and I C R an
interval. Then the following two assertions are equivalent.

1. For any vector measure v: ¥ — X with bounded variations, where ¥ denotes the o-algebra of measurable
subsets of I with respect to the Lebesgue measure \; that is absolutely continuous with respect to A;, there
exists f € L'(I; X) such that

= / fdx
A

2. Every Lipschitz continuous function f: I — X is differentiable almost everywhere in I.

for any A € X.

The first property is called the Radon—Nikodym property, the second one the Rademacher property.
We will now present one class of spaces that possesses Property 2.

Proposition 8.2.14 (Modified Dunford—Pettis Theorem). Let X be a separable reflexive (real) Banach space. Then X
has the Rademacher property.

Proof. We will show that for X separable reflexive Banach space Claim 2. from Theorem 8.2.13 holds true. Let F":
I — X be a Lipschitz continuous function with Lipschitz constant L. Let a € I. We may assume without loss of
generality that F'(a) = 0 and L = 1 (we may consider G(t) := M) Therefore for any y € X* the function
(y, F(+)) x is Lipschitz continuous with the Lipschitz constant bounded by ||y||x+.

By the scalar version of the Rademacher Theorem A.2.16 there exists g,, unique up to sets of measure zero, such
that [|gyllr=r) < [|y[lx~, and

t
(y, F(t))x = / gy ds almost everywhere in 1.

a

As X is separable and reflexive, then X* is also separable. Let D C X* be a countable dense subset and consider
y=> 1oy for somen €N, y; € D and o; € Q. Then

O = (Lo F0) =3 aln ), =D ai [ a(6)as= [ Yaig ()

hence

n
Gy = Z AiGy; -
=1
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Therefore

| > aigy ()] = 19,9 < llgull e < yllxe = || Y ]| (8.6)

i=1 i=1
for almost every ¢ € I. Thus there exists a null set E C I such that (8.6) holds for every ¢t € I\ E and all choices
{n € N|{a;}7=; € (Q™;{yi}’.; € D}. As Q is dense in R, the estimate holds for all choices {n € N|{a;}}; C
R™;{y;}*_, C D}. Thus y — gy( ) is a linear mapping from the span of D to R with a norm bounded by 1. By density
of D it can be uniquely extended to X*. We obtain an element f(t) € X**, || f(t)||x=- < 1. We identify this element,
via the canonical mapping, with an element from X (we use the same notation) and || f(¢)||x = 1. Therefore we have
for all y € D and almost every s € I that

9y(s) = (y, f(s)) x

which is measurable and bounded. Let y € X* and {y, }nen C D such that y, — y in X*. Then g,, (s) = (yn, f()) x
are measurable and bounded by ||y, | x~. Therefore (y, f(-))x is measurable and

(y, F(t))x = lim (yn, F(t))x = lim [ g, ds

n—00 n—00
t

= lim [ (yn, f(s))xds :/ (y, f(s)) x ds.

n— oo a

Now, as f is measurable due to the Pettis Theorem 8.1.5 (it is weakly measurable and X is separable) and bounded,

it is Bochner integrable and
t t
FO)x = [ (nf6)yds = (o [ 1) ans)

F(t) = / £(s) i (s)

and by the Theorem on Lebesgue points 8.2.10 the function F' is almost everywhere differentiable on I. Whence X
has the Rademacher property and by means of Theorem 8.2.13 also the Radon—Nikodym property. ]

for all y € X*. Hence

Remark 8.2.15. In fact, the previous proposition holds also under less restrictive assumptions. It is enough if either
X is reflexive or X = Y* and X is separable. While X = Y* with X separable follows due to the same proof as the
proposition above, the case X solely reflexive is slightly more complex.

If f: I — X is continuous, then f(I) is separable and we may therefore reduce our considerations to the smallest
closed subset of X containing f(I). But any closed subset of reflexive space is reflexive. Hence we may proceed exactly
as in the proof of the proposition above, replacing X by the smallest closed subset of X containing f(T).

The previous proposition has the following connection to the characterization of the dual space to LP(I;X).

Theorem 8.2.16 — Duality for Lebesgue—Bochner spaces. Let X be a Banach space such that X* has the
Radon—Nikodym property. Then (Lp (I; X ))* is isometrically isomorphic to the space LP (I; X*) for 1 < p < oo.

Proof. We use the Radon—Nikodym characterization. Let ¥ denote all measurable subsets of I. Recall that I is
bounded. We define for [ € (L?(I; X))* a vector measure v: ¥ — X* as

(v(E),z)x = (I, 2XE) Lr (1;x)
for any F € ¥, x € X. Then
(M (E))7.

Therefore v(F) € X* and |[v(E)||x+ < HZH(LP(I;X))*(/\l(E))%. Let {E,,}nen be pairwise disjoint and measurable. Let
z € X. Then

[ axe)reax)| < Wl eeaxn-lexelleex) =

(oo} oo (oo}
V(UL Bn)s )y = (Laxus B, ) Le(rix) = <l, ZZ‘XE7L>LP(I.X) Z (laxe, ) Lox) = Y _(W(En),2)x.
n=1 ’ n=1 n=1

Note that all series converge as (, TXU, E,)Lr(1;x) converge. Finally, let us show that v has bounded variation. We
have for E;

[V(Eillx- = sup (v(Ei),zi)x = sup (I, ZiXE,)Lr(1:x)-

llzill x=1 llzil x=1
Therefore for any partition 7 of I

Z V(B x+ = Z sup <l,13z'XEi>Lp(1;X) sup Z (I, xixE, >LP(I X)-

et o il x=1 sl x =1 f5 e
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As
Z (LziXE) poirxy = <lv Z ZTiXE; < Wl e r;x))- TiXE;
E;en (0 Eem >LP(I;X) Eem Lr(L:X)
1
< Wl (3 IadB(ED)” < Wl (M(D)
E,em
we have

=

() < lilles s (WD) < o,

and v is of bounded variation. Recall X* has the Radon—Nikodym property, hence there exists g € L'(I; X*) such
that

l/(E'):/gd/\l7 EeX.
E

Let s =>""" , #;Xg, (t) be a simple function. Then

n n n

<lv3>LP(1;X) = Z(l TiXE; >LP(I X)) = Z<V(E) ;) Lr(I;X) Z</ Qd)\lal‘z>X

i=1 i=1
_Z/ g, i) x dt = Z/ 9, TixE;)x dt = /<9,8>X dt.
I

We need to extend the formula for an arbitrary LP-function. We define the set E,, := {t € I;||g(t)||x~ < n}. Recall
that U2 E, = I\ E, where A\ (F) = 0. For a fixed n we have gxg, € L>°(I; X*) C L? (I; X*) and thus

f’_> <gaf>th
En

is a bounded functional in (Lp(I; X))* which is equal to (I, f)r»(s,x) if f is a simple function supported in E,,. For
any f € LP(I; X) there exists a sequence {si}ren supported in E,, which converge to fxg, almost everywhere in T
and in the LP(I; X') norm. Thus

(s xe, ey = B (L sg)orx = Hm [ (g, sp)x dt :/ (9, f)x dt,
E,

k—o00

n

where the last equality is a consequence of gxg, € L’ (I; X*) C (Lp(I; X))* Then we can compute

||gXEn LP/(I;X*) = ||gXEn (Lp(I;X))* = sup /<gXEn;f>X dt
I fllopr;x)<1JI
= sup / (9, f)x dt = sup (I, fxe,) raix) < e x))=-
e i) <1/ E LIz rix) <1

We have that ||gxn|lx+ = ||gl|x+ for n — oo for almost every ¢ € I and the convergence is monotonically increasing.
By virtue of the Lebesgue monotone convergence Theorem A.3.4 then g € LP (I3 X*), [lgll 1o (1.x+) < [lUl(zr(z:x))--
We now have

(I, Hreixy = lim ({, fXE,)Lr;x) = lim / (9, f)x dt = lim /<9XEn>f>th:/<g7f>th
n—o00 n—oo Jp n—oo Jr I

for all f € LP(I; X). Thus (L*(I; X))* = L”'(I; X*) in the sense that the identity mapping conserves the norm and is
bijective. For unbounded intervals we may proceed by means of an approximation of the interval by bounded ones. W

Remark 8.2.17. Using the remark before this theorem we see that for 1 < p < oo we can identify (LP(I;X))" with
LP'(I; X*) if either X is reflexive or if X* is separable.
Corollary 8.2.18. If X is reflexive and 1 < p < oo, then LP(I; X) is reflexive.

Proof. We know that (LP(I; X))** >~ [P(I; X**) = LP(I; X). To show the reflexivity, we proceed similarly as in the
case of the standard LP-spaces. |
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8.3 Spaces W!P(I; X) (Sobolev—Bochner spaces)

Definition 8.3.1 — Weak time derivative. Let u € L{ (I; X) and g € L] .(I; X). We say that g is the weak
derivative of u with respect to t, i.e., g =/, if

‘/wﬂdwdhﬁkz—/g@@wdhﬁ)
I I
holds for all ¢ € C§°(I;R).

We have (we extend f by zero outside of I if f is defined only in I).
Proposition 8.3.2. Let 1 < p < oo, f € LP(R; X). Define for any h > 0
1 t+h
M= [ fs)d(s) (87)
t

Then My (f) € LP(R; X) NC(R; X)) and
lim Myp(f)=f

h—0t

in LP(R; X)) and almost everywhere in R (in the sense of convergence in X).

Proof. Let t,, — t1. Then

J3)0) 100l < 5] [ srans hH/+h (s =0

as f € L (R; X). Similarly we proceed for ¢, — ¢_. Thus

M (f)(tn) = Mi(f)(?),

and My (f) is continuous. By Hélder’s inequality

1 t+h e t+h %
IMA(H@)x < h/ \Uhds<hplpl 115 ds)

thus )
1
IO < 5 [ I8 as

By the standard Fubini—Tonelli Theorem

Oy < 3 [ ([ IBas)ar=1 [ ([ uresopseas)a
[ B ) = 15 By

thus My (f) € LP(R; X) and My, € L(LP(R; X)) with |[Mp| z(zrrix)) < 1.
We already know (see the Theorem on Lebesgue points 8.2.10) that for h — 0, we have M (f) — f almost
everywhere. To show the convergence in the LP(R; X)) norm, we compute

If = Mu(F)llrrx) < If = enllrrx) + IMu(f = en)llor®x) + 9n — MuenllLerix)
where {pn, }nen C C§°(R; X) is such that ¢, — f in LP(R; X). Then
If = Mu(F)llrrix)y < 2f = enlleerix) + lon — Magn|l Lo r;x)
and as ||¢n — Mponl||x converges to zero uniformly in R and both functions have bounded support, we proved that
1f = Mp(f)llLr(rix) — 0
for h — 0. [ |

The previous proposition yields
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Corollary 8.3.3. Let g € Ll (I;X), to € I and let I be an open interval. Let

ﬂw:/ﬂ@ww»

to
Then f € C(I; X) and

=g
in the weak sense and almost everywhere in 1.

Proof. In what follows we consider sufficiently small h so that for ¢t € I we have t + h and t € I. We know that
My(g) = w, hence the continuity of f and differentiability almost everywhere follows from Proposition 8.3.2.
We prove the weak differentiability. Let ¢ € C§°(I;R). Then

/MdM /fgg&—ﬁ%§£@¢m>=3g& ﬂwﬁi%iﬂﬁww>
-ty [EE a0 = i 20000 00

By a direct modification of Proposition 8.3.2 we know that M_,g — g almost everywhere and in L{ (I; X) which
implies that the last limit equals to fI g dAs(t). [ |

We further have

Corollary 8.3.4. Let f € L _(I; X) be such that f' = 0 almost everywhere in I. Then there exists zo € X such that
f = zo almost everywhere in I.

Proof. Let 9 € Cg°(I;R) be such that [, 9 ds = 1. Define

) Z/f’ﬂd)\l
I

Let supp ¥ C [a,b], to < a. Then for any ¢ € C§°(I;R) we set

Hence ¢ € C§°(I;R), and

o:LMMM=Zﬂw@w—Mﬂﬂ<>wcw /fm&—m/@w / —ro)pdh.

Therefore f = xy almost everywhere in I. |

Definition 8.3.5 — Sobolev—Bochner spaces. Let 1 < p < oo and u € LP(I; X) be such that v’ € LP(I; X).
Then we say that u belongs to the Sobolev—Bochner space W1 (I; X) and we define

||U||W1vp(1;x) = ||UHLP(I;X) + HUIHLP(I;X)~

Proposition 8.3.6. If 1 < p < oo, then WP (I; X) is with respect to the norm above a Banach space. If X is a Hilbert
space, then W12(I; X) is a Hilbert space with respect to the scalar product

(’LL,’U)WI,Q(I;X) = /(U,U)X d\ +/(u’,v’)x d\;
I

1

for any u, v € W12(I; X). The associated norm is an equivalent norm on W12(I; X).

Proof. Let u, be a Cauchy sequence in WP(I; X). Then there exist u, v € LP(I; X) such that u, — u in LP(I; X)

and u), — v in LP(I; X). Since evidently
/ungal d\; — /ugp’ dAq,
I I

/U%@d)\l — /’U(pd)\l
I I

(in X), we have that u/ = v. Hence W1P(I; X) is complete. The fact that the above defined functional is a norm
follows from properties of the norm in L?(I; X). The claim for the Hilbert spaces is trivial. |

Proposition 8.3.7. If X is reflexive, then WP (I; X) is for 1 < p < oo reflexive. If 1 < p < co and X is separable, then
WLP(I; X) is separable.
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Proof. We know that under the assumptions of the proposition, the space LP(I; X) is separable or reflexive, respectively,
and so is LP(I; X) x LP(I; X). As WHP(I; X) is a closed subset of LP(I; X) x LP(I; X), the claim follows. [

Proposition 8.3.8. Let 1 < p < co and u € WHP(I; X). Then there exists to € I such that for almost all ¢ € T

u(t) = u(to) +/ u'(s) d1(s).

to

Proof. Let t; € I and let g(t ft s)dA1(s). Let w(t) := u(t) — g(t). By virtue of Corollary 8.3.3 we see that
w'(t) =0 almost everywhere in I hence Corollary 8.3.4 yields that w(t) = z9 € X almost everywhere in I. Thus
u(t) = xo+ ft s) dA1(s) almost everywhere in I. We choose ¢y € I such that the previous equality holds, therefore

uw—umﬂ=[}N@Mﬂ®—lTMSMMGFiZUQMMG)
|

In fact, Proposition 8.3.8 yields existence of N C I, a null set, such that u(t) = u(to) + fto s)dA1(s) for all ¢,

to € I\N. Let I = (a,b). If g € L'(a,b; X) and f(t) f g(s) dA1(s), then also ||g||x € L'((a,b)) and f € AC([a, b]; X).
Recall that f: [a,b] — X is absolutely contlnuous on [a, b] if Ve > 038 > 0: > [[f(bi) — fai)||x < e for all
{[a;,b;]}™, disjoint collection of subintervals of I with the total length less than §. Therefore, if u € WP (a,b; X),
then there exists a representative of u, a function @ € AC([a,b]; X) such that @ is differentiable almost everywhere,
' = u' and w = u almost everywhere in [a, b]. Unless stated differently, we shall always assume that we work directly
with this representative.

We further have

Proposition 8.3.9. Let 1 < p < oo. Then WP(I; X) < C(I; X), i.e., working with the representative from above, we
have

lulleqx) < Cllullwrrzx)-
Proof. Due to Proposition 8.3.8
t
u(t) = ulty) + / W(5) A ()

to

holds for the continuous representative for any ¢y, ¢t € I. Therefore
max [|u(t)||x < [luto)]|x + / I/l x dt.
tel I

Furthermore,
MDlutolx < [ Jullx dt+ (D) [ af]1x
1 1

Combining the last two inequalities we get the claim of the proposition. |

The previous results are summarized in the following theorem.

Theorem 8.3.10 — Properties of weak derivative. Let v € LP(I;X), 1 < p < oo. Then the following
assertions are equivalent:

1. u € WP (I; X)
2. u is absolutely continuous on I and u’ € LP(I; X)

3. there exists a function v € LP(I; X) such that for all ' € X* the function ¥(¢t) := (2',u)x is absolutely
continuous on I and ¢'(t) = (2’,v(t)) x almost everywhere in I.

Proof. Step 1: "(i) = (ii)"

It follows from Proposition 8.3.8 and the remark below it, and from Corollary 8.3.3.
Step 2: "(ii) = (iii)"

It follows from the linearity of ' and from Corollary 8.1.12.

Step 3: "(iii) = ()"

This part is more demanding. We define
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Then g € WP(I; X) by Corollary 8.3.3. For any 2’ € X* the function v defined above is absolutely continuous on I,
therefore by the standard properties of absolutely continuous functions

(@' u(t))x =¥(t) =1(to) + t ¥'(s)ds = (2, u(to)) x +/ (@', v)x ds.

to

Thus by Corollary 8.1.12
(@',9(t)x = (2" u(t)) x
which yields that

u(t) = ulty) + / o(s) A (s),

to

hence v’ = v and u € WHP(I; X). [ |
Furthermore, we have

Theorem 8.3.11 — Density of smooth functions in time. Let 1 < p < co. Then C*>(I; X) is dense in
Whr(I; X).

Proof. Let u € WYP(I; X). Then v’ € LP(I; X) and thus there exists a sequence {¢,, }nen of functions from C§°(I; X)
such that ¢, — u' in LP(I; X). By Proposition 8.3.8 there exists to such that u(t) = u(ty) + ftto u'(s) dA1(s) almost
everywhere in I. Define

Un (t) 1= u(ty) +/ on(s)dAi(s).

to
Then u, € C®(I;X), ul, = ¢, in I. It remains to show that u,, — u in LP(I; X). We have (recall that 1% = 0 for
p=1)
t Lot 1
Jun = ulls = | [ (e =) ans)| <l = 0l ([ liow — i ds)”
to X to
Therefore

t
£ £41
=l gy < / jt — tol” / i — w5 dsdt < (A (D)7 gn — /|12, x) = 0
to

as n — oo. [ |

8.4 Gelfand triple and properties of corresponding Bochner spaces
We next consider a more general setting, where the time derivative in general belongs to a different space than the
function itself.
Definition 8.4.1 — Gelfand triple. Let X be a separable reflexive Banach space such that there exists a Hilbert
space H, where X — H densely. Then we call the triple X, H &2 H* and X* the Gelfand triple.
In what follows we shall prove that
X —>HYH"— X"

where both embeddings are dense. The identification of H and H* is through the Riesz representation Theorem. Let
x € X and Iz € H, where I: X — H represents the embedding. Let ®: H* — H be the mapping which represents
the Riesz representation Theorem. Then we may define i: X — X* as follows

(izg, 2y x := Tz, [2) g = <(I>_1Ix0,lx>H,

where x, g € X. The mapping i: X — X* is injective and i(X) is dense in X* (due to the fact that both embeddings
are dense).

Example 8.4.2. Let X = W,?(Q) and H = L2(Q). As W,%(Q) is densely embedded into L2(£2), the spaces
Wy 2(2), L2(Q) and W—12(Q) = (W&’Q(Q))* form the Gelfand triple. By the Riesz representation Theorem, for any

f € W=12(Q) there exists unique uy € W, *() such that

(fivdwae ) = ((ug,0))yrq) = /QVU'VUdl“,

where the scalar product is equivalent to the standard scalar product on W2(Q). Now, if u € C§°(£2) (which is dense
in 1/1/01’2(9))7 then

(w0, 0) 12 () = / Vu-Vuvdz = —/ Auv dzx
0 Q Q
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for any v € W)2(Q). Hence for any f € W~12(Q) there exists {u, }nen such that u, — uy in W 2(€2), thus

<f,U>W01,2(Q) = nhﬁrr;() A —Auy,vdx = nl;rr;o(—Aun,v)L2(Q)
= nlgﬂgo<i(*Au7z), V)wiz(q) = nlgﬂgo<i(fn),v>wg,2(g),

where f, € C5°(Q). Clearly, 7 is injective by definition and i(W,"*()) is dense in L?(Q). Moreover, if f € L?(Q),
then —Auw,, — f in L?*(Q) and we have that

<f7U>W01’2(Q):/QfUd$

for any v € W, %(Q).
In this setting, we can generalize the definition of the time derivative. From now on, we use dt instead of
dA;.

Definition 8.4.3 — Generalized weak time derivative. Let u € LP(I; X), where X, H and X* form the
Gelfand triple. Then we say that v € LI(I; X*) is the time derivative of w, if

Jiwwrsvdt == [ w)ua

I I

holds for all w € X, ¢ € C5°(I;R). We denote v’ := v.

We have the following important result.
Theorem 8.4.4 — Continuous representative for Gelfand triple. Let X, H, X* form the Gelfand triple,
and let u € LP(I; X) with v/ € LP (I; X*), 1 < p < co. Then u = @& almost everywhere in I, where u € C(I; H).
Moreover, t — |[u(t)||% is weakly differentiable, and

@l =20 (), u(t) x

almost everywhere in I. In particular,

el = (el + [ 20, u(s)x ds

ty

Remark 8.4.5. Similarly as in Theorem 8.4.4 we may also show that if u, v € LP(I; X), v/, v/ € L? (I; X*), then for
¥ € C5°(I;R)
/ ((u',v)X + <v',u>X)1ZJdt =— /(U7U)H’l/)l dt
I I
as well as

to

[ (o) + ) e = (ulta), ot = (uler), v(ea)(e) = [ a0y

t1 ty
for any ¢ € C°°(I;R) and any t;,t € I.
Before proving the theorem we need several auxiliary results.
Lemma 8.4.6 Let u € LP(I;X) and v’ € LY(I;Y), 1 < p,q < oo, where X, Y are Banach spaces, X < Y. Then
there exists a sequence {un }nen C C*°(I; X) such that {u),}nen C C*(1;Y), and
Up —> U in LP(I; X) and ul, — u’ in LY(L;Y).
Proof. Let without loss of generality I = (0,7"). We define

u(—t) te (-T,0)
v(t) := u(t) te(0,7)
w(2T —t) t e (T,27),

and s
1 te(—5,37)
u(t) = 0 t<—-Tort>3T
€ [0,1] otherwise
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such that p € C§°((=T,2T)). Denote Z = (—Z,3T). Then vp € LP(Z;X) and (uw) € LY(Z;Y) (recall that
v e C(Z;Y)). Define
Up = (vp) * N1,

where 71 is the standard mollifier. Using Theorem 8.2.8, Claim 4. we finish the proof, as u}, = (vp) *n2 inZ. N

Lemma 8.4.7 Let X be a reflexive Banach space, Y a Banach space and X — Y densely. Then Y* — X*
densely.

Proof. Denote I: X — Y the continuous injective mapping (the identity) which represents the embedding of X to Y.
We know that I(X) is dense in Y. We define I*: Y* — X* as

(I"(y),z)x = (', I(x))y-

We show that I* is the (identity) mapping from Y* to X* which is injective, continuous and I*(Y*) is dense in X*.
Let I*(y') = 0, i.e., (I*(y'),x)x =0 for all z € X. Then (y/,I(z))y =0 for all z € X, i.e., ¥ =0 as I(z) is dense
in Y. Thus I* is injective. Clearly, from the definition it follows that I'* is bounded. Let us show the density of the
embedding.
Recall that X is reflexive and assume that Y* # X*. Then there exists 2’/ € X** such that for all ¢/ € Y* we have
(", I*(y'))x+ = 0, but &’ # 0. Hence there exists x € X, « # 0, such that 2’/ = J(z) (canonical mapping) such that
(I'(y),z)x =0 VY €eY* = (y,I(z))y =0 Vy eY",

thus I(z) = 0, i.e., z = 0 which leads to the contradiction. Hence Y* = X*. [ |

Definition 8.4.8 — Weak continuity. Let X be a Banach space. We say that u: I — X is continuous in the
weak topology of X (weakly continuous in X), u € C(I; X,,), if the mapping

t— (2, u(t))x
is continuous in [ for all 2’ € X*.

Clearly, if v € C(I;X), then u € C(I; X,), the other implication is generally true only if X is finite dimen-
sional.
Lemma 8.4.9 Let X, Y be two Banach spaces, X reflexive, X < Y densely, I C R be bounded, open. Let
pe L>®(I; X) and v € C(I;Y,). Then ¢ € C(I; Xy).
Proof. Due to Lemma 8.4.7 we know that Y* < X* densely. Further, the mapping

t= (0, 1(p) 1))y

is continuous in I for all n € Y*, where I: X — Y represents the embedding of X to Y. We aim at showing that

t— <,[L, @(t»X

is continuous for all p € X*. We first show that ((t) € X is well defined for all values t € I. We extend the function
to the whole R (by reflection so that we keep the weak continuity in V') and fix ¢y € I. We set (5 is the standard
regularization kernel)

pnlt) = (12 @) (1) € X.
We have
len(to)llx = l(m2 % @)(to)llx < el ).

Since X is reflexive, there exists a subsequence ¢, (t9) which converges weakly to an element of z € X. Since for any
1 € Y* we have

(ks (N1 @)(to) — #(to))y = (1 (p, ©)v)(to) — (1, )y (to) = 0

n

n
for n — oo by continuity of (i, @)y, by uniqueness of the weak limit it follows that = ¢(ty) and
le@lx < llellze(rx) for all t € 1.
Now, as Y* is dense in X*, for any p € X* and arbitrary € > 0, there exists u. € Y* such that
117 (pe) — pllx- <e.
Let us fix € > 0. Then we write

(1, p(t) — @(to)) x = (1 — I pe, (t) — @(to))x + (I pe, p(t) — @(to)) x-
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By the choice of p. it holds

{1 = 17 (pe), o () = @(to)) x| < llpe = I (pe) [ x- o (®) = @ (to)llx < 2ellpl o (1),

and
(I (pe)s p(t) — (o)) x| = [(pe, I()(t) — L()(t0))v |-

Taking ¢ sufficiently close to tg, for fixed pe, we can, due to the continuity of {u., I(v)(t)), also the second term make
smaller than €. The lemma is proved. |

We are now prepared to prove Theorem 8.4.4.

Proof. (of Theorem 8.4.4). Using Lemma 8.4.6 we know that there exists {um }men C C*°(I; X) such that u,, — u
in LP(I; X) and u,, — ' in LP (I; X*) as m — oo. Since X — H and H* — X*, both embeddings being dense, we
have d
allumll?q = 2(Upys Um) 1 = 2(Upys U ) X
(see Example 8.4.2) and integrating the identity we also see that |||l g is bounded in I. Moreover, we easily get that
the sequence ||um||§1 is a Cauchy sequence in C(I;R) and as {u;, }men converges in LP(I; H) to u, the limit is ||u||§1
Therefore we have .
2
JuCt2lFy = luten)l =2 [t
t1

as well as

- / lull2 dt = 2 / () b
I I

for arbitrary i € Cg°(I;R). B B
Asu € C(I; X*), due to Theorem 8.3.10, we have u € C(I; X)) and hence by Lemma 8.4.9 u € C(I; H,); note that
computations above imply the required property that u € L™ (I; H).
Let to € I be arbitrary. As limy—ys, (u(t), ©)n = (u(to), p) g and limy_s, ||u(t)]|% = ||u(to)||%, we see that
lim [u(t) — u(to)[|7 =0

t—to

which yields u € C(I; H). [

*

In what follows, if no confusion may arise, we stop using the notation I, ¢, I*, ¢* or ® for the corresponding

operators.

8.5 Compact embedding of spaces with time derivative

We close this chapter by showing a result which will replace for the evolutionary equations the result on compact
embedding of Sobolev spaces and thus will allow to solve certain class of nonlinear problems. We consider for X, and
X1 Banach spaces

W =Wk, = {v e L™ Xo) [0 € L™ (I; X1)},

where I C R is an open bounded interval. We define

lullw = llull Lo (1;x0) + 10 | Lor (2:x1)-
First we have

Lemma 8.5.1 — Ehrling. Let Xy, X; and X be Banach spaces such that Xy << X < X;. Then for any
1 > 0 there exists C,, > 0 such that for all v € X

[vllx < mllvllx, + Chllvllx, - (8.8)

Proof. We proceed by contradiction. Let (8.8) be not true, i.e., there exists 7 > 0 such that for any m € N there exists
Wy, € Xg, for which
Jwmllx > nllwmllx, +mflwmllx, -

We set vy, :

— W 1
= ”meXO, 1.e.,

[omllx >0+ ml[om|x,.

As ||um|lx, = 1, then v, is bounded in X and thus ||v;,||x, — 0. Furthermore, since Xy << X, there exists
{Vm,, }ken such that v,,, — v in X. However, necessarily, v = 0, but on the other hand,

[V [ x >
which leads to the contradiction. [ |

The main result is



210 Chapter 8. A more detailed guide to Lebesgue—Bochner and Sobolev—Bochner spaces

Theorem 8.5.2 — Aubin—Lions. Let Xy, X; and X be Banach spaces such that Xy <—<— X <— X;. Let X,
X1 be reflexive, 1 < ag, @1 < oo and let I be open, bounded. Then W < L ([; X).

Proof. Step 1: Weak convergences
Let {tm }men be a bounded sequence in W. We aim at showing that there exists {um, }ren @ subsequence such that
U, — win L¥([; X) as k — co. As Xy, X; are reflexive, there exists u € W such that u,,, — v in W, i.e.

Um

L U in L (I; Xo),
u, = in L (I; Xy).

mek

We need to show that vy, := tm, —u — 0 (strongly) in L (I; X).
Step 2: Replacing X by X;
In fact, it is enough to verify that v,,, — 0 in L*°(I; X;). Under this assumption, by virtue of Lemma 8.5.1, we have

[V [l Lo (1:x) < Nllvmy oo (r;:x0) + Cnllvmy, | Loo (1:x,)-

As [[vm, || oo (1;x,) is bounded, we have

|V ||L“0(I;X) <Cn+ CnHUmk ||L°‘0(I;X1)'

Let us fix ¢ > 0. Then there exists n > 0 such that Cn < § and to this 7 there exists ko € N such that for & > ko,
Collvmy |l Leo (1;x,) < 5. Hence vy, — 0 in L*°(I; X).

Step 3: Continuous embedding
Repeating the proof from Proposition 8.3.9 we get that

ie.,
max [[u(t)||x, < Cllullw.
tel

Step 4: Pointwise convergence

As [[m, (t)||lx, < C for all t € T, it is enough to show that vy, (t) — 0 (strongly) in X; for arbitrary t € I. Let us
assume, without loss of generality, that 0 € I and let us show that vy, (0) — 0 in X;. We have

t
0 (0) = v () = [ 00, (7 ).
0
We integrate this inequality, from 0 to s. Then

Vs (0) = %{ /0 " () A () — /0 ) ( /0 o () (@) dx(n))

1 [° 1 [° , L
L /O O (D) AN (1) — /0 (s — 7)ol (7) A1 (7) = @y + b,

s
where we used the Fubini Theorem 8.1.14. We choose € > 0. Then

S
9
ol < [ il e < §

provided s is sufficiently small (recall, a; > 1). As we know that v,,, — 0 in L*(I; Xy), then ||am,, ||x, is bounded
and hence ||am,||x, — 0 strongly for a fixed s > 0. Therefore, for s fixed from the estimate of b,,,, we choose kg
sufficiently large so that for any k > ko, [|am,||x, < 5. The theorem is proved. [ |

Remark 8.5.3. The theorem above also holds for a; = 1 (time derivative bounded only in L' over time) which might
be in some situations important. However, this requires some changes in the proof and since we shall not use this
result, we do not present the proof in this situation.



Chapter 9

Semigroup theory. Nonlinear parabolic
equations

We first return to linear evolutionary partial differential equations and present another method how to construct
solutions. The method will be based on the semigroup theory. Next we consider two examples of nonlinear parabolic
equations and show two methods of construction of weak solutions.

9.1 Semigroup theory

We will now present another point of view to linear evolutionary PDEs: instead of studying a PDE in R4 we
consider an ODE in a Banach space. This approach is closer to functional analysis. We restrict ourselves only on the
homogeneous equation, the situation with a nontrivial right-hand side will be only briefly mentioned at the end of the

section.
Recall that the ODE

du 0) = u

— = au, u(0) =

dt 0
has a unique solution

u(t) = uge™.
By analogy, considering
Ou— Au =0, u(0) = ug

(together with some boundary conditions) we expect the solution in the form

u(t) = uge™

for suitably defined exponential of the Laplace operator. More generally, let A: X — X, where X is a Banach space.
(Note that in the energy method we considered the Laplace operator as an operator from VVOI’2 to W12, ie., this
approach is not the same.) We consider the problem

d
ditL = Au, u(0) = ug
and hope to get the solution in the form

u(t) = uge™.

However, as A is generally an unbounded operator, it is not always true that the series

> A"
Z n!

n=0

converges, at least, not for arbitrary ¢t € R.

Before solving this problem, we slightly change our point of view. We consider the solution to our ODE in a Banach
space u: [0,00) — X. We assume that X is a Banach space, A: X — X a linear operator with D(A4) C X, a linear
subspace of X. The operator A is usually unbounded. We will consider such A that
(a) the ODE has a unique solution for arbitrary u(0) = ug € X
(b) the theory covers as many as possible interesting PDEs.

Assume for a moment that (a) and (b) hold true and we write

u(t) = S(t)uo, t>0.

We expect the following properties:

211
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1. S(t): X — X is linear

2. S(0)u = u for all w € X in the sense of the limit in X, i.e., limy_,o, S(t)u=1u
3. S+ s)u=5t)S(s)u=5(s)S(t)u Vt,s >0u € X.

Definition 9.1.1 — Semigroup. A family {S(¢)}:>0 of bounded linear operators mapping X to X is called a
semigroup (a co-semigroup) if 1.-3. hold. Moreover, if ||S(t)||z(x) < 1 holds, we call the semigroup a contraction
semigroup.

Remark 9.1.2. A contraction semigroup satisfies ||S(¢)u||x < ||u||x for all £ > 0 and v € X.

Lemma 9.1.3 Let S(¢) be a cyp-semigroup in X. Then the following holds.

1. There exist M > 1, w > 0 such that

IS@lcxy < Me* vt > 0.

2. The mapping t — S(¢)y is continuous from [0, 00) — X, for all u € X.

Proof. Step 1: Claim 1.
We proceed by contradiction. We claim that there exists M > 1 and ¢ > 0 such that |[S(¢)|z(x) < M for all ¢ € [0, 7].
If not, then there exists t,, — 04 such that ||S(t,)|zx) — oo, but S(t,)u — u for all u € X. Therefore ||S(t,)ulx
is bounded. This contradicts to the principle of uniform boundedness, as [|S(t,)||z(x) are bounded if and only if
IS (tn)ul|x are bounded for all u € X.

Now, let w := %ln M, i.e., M =e*®. Then for t > 0 arbitrary, t = nd +¢, € € [0,4), we have

SOl ey =150+ +---++e)llex) = [15(0)S(6) ... S(6)S(e)llcx)
<ISO)EolI1SE)lexy < M™ - M < Me*".

Step 2: Claim 2.
The continuity at 04 is Property 2. from the definition of the semigroup. Continuity from the right at ¢ > 0 is a
consequence of the following property

S+ h)u=S)S(h)u — S(t)u

for h — 04+ due to the continuity of S(¢) in X and the fact that S(h)u — u in X for h — 04. Similarly, we consider
the continuity from the left. Let 0 < h < t. Then

S(t —h)yu— S(t)yu=S(t—h)(u—S(h)u).
As u— S(h)u — 0in X for h — 04 and [|S(t — h)||z(x) < Me*" independently of h, we have
1St = h)u = S(t)ulx <[IS(E = h)|cx)llu — S(h)ullx < Me'|lu— S(h)ullx — 0
for h — 04. [ |

Definition 9.1.4 — Generator of a semigroup. An unbounded operator A: X — X with the domain D(A)
is called a generator of the semigroup {S(t)}i>0, if

Ay = lig SPu—u
h—0,4 h

7

where

D(A) = {u € X| lim %(S(h)u —u) exists in X}.

h—04
Remark 9.1.5. Note that the above defined operator is linear and D(A) C X is a linear subspace.

Theorem 9.1.6 — Properties of a cy-semigroup. Let A with its domain D(A) be the generator of a co-
semigroup {S(t)}+>0. Then

1. if w € D(A), then S(t)u € D(A) Vt > 0
2. if u € D(A), then AS(t)u = S(t)Au = & (S(t)u) for all t >0 (at t = 0, the derivative is only from the right)

3. ifu € X, t>0, then [j S(s)udXi(s) € D(A) and A( [7 S(s)udAi(s)) = S(t)u — u.
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Proof. Step 1: Claim 1.
Let u € D(A) and ¢ > 0 be given. We ask whether +(S(h)S(t)u — S(t)u) — y in X for h — 04, where y € X. Then
S(t)u € D(A) and A(S(t)u) = y. However,

%(S(h)S(t)u = S(t)u) = S(0) (5 (S —u)) = 5(1)Au

in X as h — 04, since S(t) is linear and bounded.

Step 2: Claim 2.

Let u € D(A). Above in 1. we also proved that A(S(t)u) = S(t)(Au) and & (S(t)u) = S(t)(Au) from the right for
t > 0. We need to compute the derivative from the left, for ¢ > 0. We have

St —h)u—S(t)u u—S(h)u
s =s(-m(—27),
therefore
St - h)j‘h_ S _ gty (Au) = St — ) (%) St — h)S(h)(Au)
— S(t — h) [% - S(h)(Au)] =0

for h — 04, as S(t — h) is bounded uniformly with respect to h and both terms in the bracket converge to Au.
Step 3: Claim 3.
Denote

¢
y:/ S(s)udAi(s), veX, t>0

(as S(s) is bounded, the Bochner integral exists). Then due to the continuity of ¢ — S(t)u

%(S(h)y y) /S Yud (s /S JudA (s :;L(/OtS(h—&—s)ud)\l(s)—;L/OtS(s)ud)\l(s))
h

1 t+h 1
- f(/ s)ud (s / S(s)udi(s)) = f/ S(s)udhi(s) — — [ S(s)ud(s)
h\ Jh t h Jo
- St)u—S0)u=St)u—u.
Therefore y € D(A) and Ay = S(t)u — u. [
Remark 9.1.7. 1. Note that for u € D(A)

S(t)u—u:S(t)u—S(O)uz/O %S( JudA (s /S )(Au) dAq(s).

2. We proved that D(A) is invariant with respect to S(¢), and S(¢) and A commute in D(A). Moreover, ¢t — S(t)ug
is a classical solution to 9% = Au, u(0) = ug, if up € D(A). Thus also S(t)u € C*((0,00); X).
Recall that an (unbounded) operator A with its domain D(A) is closed, if for u,, € D(A), u, = v in X, Au,, — v
in X we have u € D(A) and Au = v. It follows that
A with its domain D(A) is closed <= D(A) is a Banach space (complete) with respect to the norm |ul|x + || Au| x

(the graph norm).

Theorem 9.1.8 — Density of the domain and closedness of the generator. Let A with D(A) be a
generator of a co-semigroup {S(¢)}¢>0 in X. Then D(A) is dense in X and A with its domain D(A) is closed.

Proof. Step 1: Density
Let z € X be given. Then z = limj,_,o+ " fo (s)x dA1(s), due to the continuity of S( ) and standard properties

of the Bochner integral. But due to Theorem 9.1.6 Claim 3. we know that fo (s)xdA1)s) € D(A) and so is

¥ fo s)xdAy)s) € D(A) for any h > 0.

Step 2 Closedness

Let up € D(A) and suppose ur — u, Aug — v in X. We have to verify that w € D(A) and v = Au. According to
Remark 9.1.7

S(O)us — up = /0 " 5(s)(Aup) i (s).

Letting k — oo (recall that [|S(s)(Aux) — S(s)v|x < [|S(s)|lz(x)l|Aur — v]|x — 0 uniformly with respect to s from a
bounded interval, see Lemma 9.1.3)

S(t)u—u = /0 S(s)vdAs(s).
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Therefore .
t)u — 1
Su=u 7/ S(s)vdAy(s) = v.
0

t*)0+ t B t*>0+ t

Then u € D(A) and v = Au. [ |

We also need the following uniqueness result.

Lemma 9.1.9 Let {S(t)}:>0, {S(t)}:>0 be two co-semigroups with the same generator. Then S(t) = S(t) for all
t>0.

Proof. Let uw € D(A). Define y(t) = S(T — t)S(t)u. We have

%y(t) — AS(T — )8(tyu + AS(T — 1)S(t)u = 0,

hence Ly(t) = 0 in (0,7) and since y € C([0,T]; X), we have S(T)u = y(0) = y(T) = S(T)u for any u € D(A) and
any T > 0. Finally, due to the density of D(A) in X and boundedness of S(t) and S(t) as operators from X to X we

get that S(t)u = S(t)u for any u € X and ¢ > 0. [ |

Definition 9.1.10 — Resolvent of unbounded operator. Let A with its domain D(A) be an unbounded
operator. We define

1. the resolvent set p(A) := {A € R|AI — A: X — X is one to one} (can also be considered as a subset of C)
2. the resolvent Ry(= Rx(A)) = (M — A)~t: X — D(A), ) € o(A)
3. The spectrum o(A4) = {A € C|AI — A is not invertible} (generally, o(A4) = C\ o(A)).

Remark 9.1.11. The operator A: D(A) — X is continuous, therefore the same holds for A\I — A. Hence R, is by the
Open mappings Theorem continuous as an operator from X to D(A), see, e.g., (Edwards, 1995, Theorem 6.4.5).

Lemma 9.1.12 1. Let A € p(A). Then ARyx = AR)z — z for all z € X and RyAxz = ARz — « for all
x € D(A).

2. Let A\, pp € o(A). Then Ryz — R,z = (u— A)R\R,x for all z € X; whence R\R, = R, R\.

3. Let A with its domain D(A) be a generator of a co-semigroup. Let further ||S(t)||z(x) < Me“!. Then X € o(A)
for all A > w and

Raz — / e~ MS()z s (1)
0

for all z € X; thus [|Rallz(x) < 2%

w

Proof. Step 1: Claim 1.
We have for any x € X, due to the definition of R)

ARyz = (A — M + M)Ryz = —x + AR)z.

Similarly for € D(A)
RyAz = R\(A— M+ M)z = —x + Ry \x = ARz — x.

Step 2: Claim 2.
We can directly compute

Ry = Ra(ul — A)R, = Ra((n — NI + M — A)R, = (u— \)RAR,, + R,

which gives directly the first formula.
As R, — Ry = (A — p)R, Ry, we easily see that

Ry— R,

RuRy = RaRy = ——

Step 3: Claim 3.

First note that we may assume, without loss of generality, that w = 0. Indeed, if A with its domain D(A) generates
the co-semigroup {S(t)}i>0, then A= A— wl with D(E) = D(A) generates the semigroup §(t) = e “'S(t). Indeed,
we have

St)yr —x _ e vt -1

e “t—&—im) = Az — wlx.

- —wt _
Are lim oS-z (
t t

t—04 t t—04
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Moreover, Ry(A) = Rx;,(A). To see it, we compute
Ra(A) = (A = )7 = (A + )T = A) 7 = Ryy,(A).

Assume therefore that [[S(t)||z(x) < M and A > 0. We show that A € o(A). Denote
Ro = / e MS(B)z dN (1),
0

the Laplace transform of the semigroup {S(¢)}+>0. As
le™S(t)zllx < e M]zllx € L'((0,00)),
we have
_ © M
[Rz|lx < o Mljz]lx dt = —=llzllx-
Thus R € £(X) and ||]§HE(X) < AL Tet us show that Rx € D(A). We compute for z € X

%(S(h) . % /O T (MRSt — e MS(B)2) dr(8)

= 1/ e*)‘tS(t—l—h)xd)\l(t)—l/ e MS(t)x d (1)
h 0 h 0

— % / e MR Sz A () — % / e MS(t)x d ()
h 0
M1 e M rh
= / e MS () d (t) — —/ e MS(t)x d (1)
hJo hJo
— ARz — as h — 07,

It means that Rz € D(A), ARz = ARz — z for all z € X, i.e., (N[ — A)Rz = 2. Then A — A: D(A) — X is onto.
We now show that it is also injective. Let z € D(A) be fixed. Then

ARz = A( /0 b e MS(t)z dAl(t)) = / h A(e™™S(t)x) dAi(t)

0

= / e MS(t) Az dr (t) = RAx due to Theorem 9.1.6.
0

Thus AR = RA in D(A) and therefore R(AM — A)z = ARz — RAz = ARz — (ARz — ) = 2. Hence (Al — A)z =0 =
x = R0 =0, A\ — A is injective, A € g(A) and R = (A — A)~! = R, (A). |

We are now prepared to prove the main result of this subsection.

Theorem 9.1.13 — Hille-Yosida. Let A with its domain D(A) C X be an unbounded operator. Then A with
its domain D(A) is a generator of a contraction semigroup {S(¢)}:>0, if and only if A with its domain D(A) is
closed, D(A) is dense in X, (0,00) C o(A) and [|[Rx||z(x) < 3 for A > 0.

Proof. "=" Density and closedness follow from Theorem 9.1.8. The fact that (0,00) C p(A) together with the
estimate of the resolvent follow from Lemma 9.1.12.

"<—" We use the Yosida approximation. We set A4,, := nAR,(A) and aim at showing that lim, etdn = S(t).
We also recall that if F5,: X — X is linear, ||Fy||zx) < C and Fpy — y for all y € S, S is dense in X, then F,z — x
for all z € X.

Step 1: Yosida approximation
We show that A, = n?R,(A) —nl. Then A, € L(X), nR,(A)x — x for all x € X, A,z — Ax for all z € D(A).

We have AR, (A) = A(nl — A)~' = (A—nl)(nl — A)~L +nl(nl — A)~! = —I + nR,(A). Therefore nAR, (A) =
n?R,(A) — nl € L(X), as Ry, (A) € L(X). Define F,, := nR,(A). Then ||F,|z(x) < 1 as |[Ry(A)|lzx) < + for all
n €N, S := D(A) is dense in X. Thus we have for all y € D(A) that

nR,(A)y=y+ AR,(A)y = (due to Lemma 9.1.12) y + R, (A)(4y) — y

for n — oo as |R,(A)Ay|lx < || Ayllx — 0 for n — oco. Therefore nR,(A)z — x for all 2 € X and A,z =

- n

nAR,(A)z = nR,(A)Ax — Az as n — oo for all x € D(A).
Step 2: Approximation of the semigroup

We set Sy, (t) :=etAn =377 t’%’; € L(X), as A, € L(X) due to Step 1. It also holds A,, = n?R,,(A) — nl, hence

2 2
etAn — etn Ry, (A)—tnl _ e—nten tRT,,(A).
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Now

0 k k 0 k
ey || () (R (4)) (nt) o
e ||L<X>—Hk§_oj - roo S 2 I Ra (Al <

Thus
1S () llzx) <1

for all n € N and S,,(t) are contractions.
Step 3: Limit of the approximative semigroups
We now study lim, o Sy, (t)x for € X. First, let & € D(A). Let ¢ be fixed for a moment. We have

Sp(t)x — S () = —[Sp(t — 8)Sm(s)x]i_g = — [e(t_s)A"eSA""x]t

s s=0

t
d
- _ (t—s)Apn SAm
/0 T [e e 1:] dAi(s)

t
= / [Ane(t_s)A" esAm gy — ot=5)An AmeSAmx] dAq(s).
0
Recall that A, A,, = A, A, (as R,(A) and R,,(A) commute, see Lemma 9.1.12). Then
t
S, (t)z — Sy (t)z = / et AnesAm (A o — A, x) dA;(s)
0

= /0 Sp(t = 8)Sm(s)(Anz — Apx) dA1 ().

Hence
I1Sn(t)x — Sp(t)z]|x < t||Amx — Apz|x.

As both A,z and A,z — Az, then A,z — A,z — 0 as m, n — oo and {S,(t)x};>0 satisfies the Bolzano—Cauchy
condition uniformly with respect to t € [0,T], T < o0, i.e., S, (t)x = S(t)x as n — oo, for all x € D(A). Thus, due to
the convergence principle above

Sp(t)x = St)r  Vxe X,

where S(t) is a ¢g-semigroup of contractions.

Step 4: Generator of the semigroup B B

Let us show that S(t) is generated by A with the domain D(A). Let A with the domain D(A) be the generator of
S(t). Let x € D(A). Then

Sp()x —x = /0 %Sn(s)x dAi(s) = /0 A Sy (s)x dAi(s)
= /t Sn(8)ApzdAi(s) — /t S(s)Ax d(s) as n — 0o,
0 0

due to the fact that S, (t) = S(¢) in £(X) and A,z — Az in X. Therefore

Sit)x —z = /0 S(s) Az dAq(s).

It implies

h
L(Sth)e —z) = % /O S(s) Az di(s) — Ag,

as h — 0. Hence z € D(A), Az = Az, ie., D(A) C D(A), Az = Az for all z € D(A). Now, let A > 0. As
SE)llzx) <1, A € o(A) (due to our assumptions) and A € 0(A) (due to Lemma 9.1.12), we have Al — A = A\I — A in
D(A). Hence A\I — E|D(A) is onto, injective. Then D(A) = D(ﬁ), A = A and A with its domain D(A) is the generator
of the semigroup {S(¢)}i>0. |

Remark 9.1.14. A semigroup {S(t)};>0 is called w-contractive, if [|S(t)[|z(x) < e**.

Corollary 9.1.15. Let A with the domain D(A) C X be an unbounded operator. Then A with the domain D(A) is
a generator of an w-contractive semigroup {S(t)}+>o if and only if A with its domain D(A) C X is closed, D(A) is
dense in X, (w,00) C o(A) and ||Ry||z(x) £ 125 for A > w.

Proof. As S (t) := e~“!S(t) is a contraction semigroup, we may proceed as in Theorem 9.1.13. Note that even the case
M > 1 can be treated similarly, however, we do not need it here. |
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Remark 9.1.16. If ug € D(A), then S(t)uo is a classical solution to

% = Au, u(0) = uo,
where S(t) is a co-semigroup generated by A with its domain D(A). If up € X merely, then we may take S(t)ug :=
limy, 00 S(t)tn, where {u,}nen € D(A) and u,, — ug in X.
Example 9.1.17. Consider the second order parabolic problem
Ou+ Lu=0 in (0,7) x Q
u=0 on (0,7) x 9Q
u(0) =g in €,

where

L9 Buy K u
with smooth coefficients {a;;}¢ j=1> {e;}L, and b in the x-variable, independent of the time variable t. Moreover, let
Qe Ch geWy?(R). We take X = L2(Q2), D(A) = W>2(Q) n W, *(Q) and Au = —Lu. Then A is an unbounded
linear operator. Recall that C1||U||§V1,2(Q) < Blu,u] + ’yHu||2L2(Q) holds for C; > 0, v > 0 and B[, ] is defined via Lu
as in Section 5.1. ’

Theorem 9.1.18 — Semigroup for parabolic problem. The operator A from Example 9.1.17 generates a
co-semigroup {S(¢)}+>0 on L?(2) which is y-contractive.

Proof. We need to verify assumptions of Corollary 9.1.15 with w := .
Step 1: Deunsity of D(A)
Clearly, D(A) = W22(Q) N W, *(Q) is dense in L2(1).
Step 2: Closedness of A
The operator A is closed. To this aim, let {ux}ren C D(A) be such that
up — w in L*(Q)
Aup — f in L*(Q).
Let uy solve
Aup, = Gy, in Q
u =0 on 0f).
Then, as Aug + yur = G + yug, we have due to the result on the elliptic regularity

llukllw22) < CUIGRL2(0) + urllz2@)) = C(|Auk |2 () + llurllz2@)),
hence due to the linearity of the operator A we have
luk — wllw22) < C([Aur — Awll2(0) + lluk — wllz2())-

Whence uy, — u in W22(Q), which implies Au = f (as Auy, — Au in L*(Q)).
Step 3: Spectrum
We know that for each A > + the boundary value problem

Lu+ X =f in 0
u=20 on 0f?

has unique solution u € W,?(2) and due to the elliptic regularity, further, u € W22(Q). Thus u € D(A). Therefore
we may write
Au — Au = f.
Thus A\ — A: D(A) — X is one to one, onto, for A > ~. Hence o(A) C (v, 00).
Step 4: Spectral estimate
Therefore, using as test function u in the weak formulation,

(A— 7)||U||2L2(Q) <z llull 2 )

As u = Ry f, we have
1
| Rxfllz20) < EHJCHL?(Q)
for any f € L?(Q). Whence

1
Rillgxy £ ~——-
IRallece) < =
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To summarize the difference between the energy method and the semigroup approach for the parabolic problems,
by the semigroup theory we immediately get regular solution and the method is elegant, however, it requires more
restrictive assumptions on the coefficients of the problem and the regularity can anyway be proved by other methods.

Example 9.1.19. We now consider the hyperbolic problem

Opu+ Lu=0 in (0,7) x Q
u=0 on (0,7) x 99
u(0) =g in Q
Ou(0) =h in Q.
We first rewrite the system as a system of first order equations
Oru = v in (0,7) x Q
v+ Lu=0 in (0,T) x Q
u=0 on (0,T) x 00
u(0) =g in Q
v(0)=h in Q.

We assume that

0 ou
7,7=1
where b > 0 and a;; = a;;, ,j = 1,2,...,d are sufficiently smooth in « (and independent of time).

We denote X = W, () x L*(Q) with the norm

[N

vl = (Bluul + o))

where 4
ou Ou
B[u,u]:/g_z Qij 5~ &vjd —|—/bu dz.
1,7=1
We define
D(A) := (W*2(Q)nWy(Q)) x W, *(Q)
and set

A(u,v) = (v, —Lu), u,v € D(A).
We show that A with its domain D(A) fulfills the assumptions of the Hille-Yosida Theorem 9.1.13.

Theorem 9.1.20 — Semigroup for the hyperbolic problem. The operator A from Example 9.1.19 generates
a co-contraction semigroup {S(t)};>0 on Wy () x L2(Q).

Proof. We have to verify the assumptions of the Hille—Yosida Theorem 9.1.13.
Step 1: Densmy of D( Ag
Clearly, (W?22(Q) N Wy*(Q)) x Wy'?(Q) is dense in Wy*(Q) x L2(9).
Step 2: Closedness of A
Let (ug,vr) C D(A) be such that (ug,vg) = (u,v) and A(ug,vg) = (F,G) in X. As A(ug,vi) = (vg, —Lug), we have
F = v and Luy — —G in L*(Q). Using the same argument as in the previous theorem (here the situation is even
easier) we get
[k — willwz2(0) < [[Llwr — w20,

and we see that uy, is a Cauchy sequence in W22(Q2). Whence uy, — u in W22(Q) and Lu = —G. Since vy € WOI’Q(Q)
and vy, — v in Wy?(R2), we have that (u,v) € D(A), A(u,v) = (v, —Lu) = (F,G).

Step 3: Spectrum

Let A >0, (F,G) € X = W, *(Q) x L*(Q) and consider

AMu,v) — A(u,v) = (F,G). (9.1)

This is equivalent to
A—v=F uwe W2(Q) n W 3(Q),

9.2
MW+ Lu=G v e Wy (). 62

Then A2u+ Lu = AF +G. As A% > 0, there exists unique solution u € W22(Q2) "Wy *(€2) (due to the regularity of the
elliptic problem). Then v = \u— F € Wy'*(€2), hence (9.1) has a unique solution (u,v). Consequently, o(4) C (0, 00).
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Step 4: Resolvent estimate
We write the solution to (9.1) as
(u,v) = RA(F, G).

From (9.2)2 we see that
NolEzo) + Bluo) = [ Guda.
Q

Since v = Au — F, we have (here we need the symmetry of {a;; }?,jzl)

Ml + Blusd) = Blu Fl+ [ Guda

N

< (IG 1172y + BIF, FI) 2 (vl L2() + Blu,u]) *.

Whence

I, v)llx < {I(FO)lx

and )
[Rxllzex) < % A>0.

|
Remark 9.1.21. For the problem
du
—=A t
ap ~ Avt ) (9.3)
u(0) = up € X.

we can under suitable assumptions on f write

t
u(t) = S{tug + [ St —)f(s)dA(s) Yt € [0, 7],
0
where {S(t)}:>0 is the semigroup generated by A with its domain D(A) and f is Bochner integrable. The obtained
solution depends significantly on the regularity of f.

9.2 Linear parabolic equation with a nonlinear compact perturbation

We now consider two examples of nonlinear equations of parabolic type which can be studied using combination of
methods presented above. First, we look at a nonlinear parabolic problem, where the nonlinearity can be overcome
by the application of the Aubin—Lions Theorem 8.5.2.

We consider a system of parabolic equations

1
8tu+u-Vu+§udivu—Au:f in (0,T) x Q,
u(0,-) = ug in Q, (9-4)
u=0 on (0,T) x 09,

where 0 C R? is bounded, open, u = (uy, us, u3) is the unknown (vector-valued) function and f = (f1, fo, f3) is the
given right-hand side. The system above can be viewed as a simplified model for the three-dimensional incompressible
Navier—Stokes equations.

Definition 9.2.1 The function u € L2(0,T;W,*(Q;R3)) N L>(0,T; L*(€;R3)) such that its time derivative
Opu € L0, T; W—12(Q; R3)) for some g > 1 is called a weak solution to (9.4), if

1
(Opu, V>W5,2(Q;R3) + /Q ((u -Vu) - v+ Fu vdivu+ Vu: Vv) dz = <f’V>W01'2(Q;R3) (9.5)

holds for all v € Wy?(Q;R?) and a.e. t € (0,T), as well as
u(0, ) = uo.
Remark 9.2.2. 1. Note that for ¢ < 2 (which will be our case), we cannot expect that u € C([0,T7]; L*(Q;R?))

(recall that W,*(Q;R3), L*(Q;R?) and W~12(Q;R?) form the Gelfand triple), since ¢ and 2 are not Holder
conjugate exponents. Therefore we only have u € C([0,77]; L2,(€;R?)) (see Lemma 8.4.9) and thus

lim u(t,-)-vdxz/uo-vda:
Q Q

t—0+
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for all v € L?(2;R?). We will, however, construct a solution with slightly better properties.

2. Using formally as test function in (9.5) v := u (the solution) and assuming that we may perform all necessary
operations below, we end up with

1d

1 .
5 3+ 1Vl + [ (- Vo) ot SulPdiva) de = (8 )

For u sufficiently smooth we can further compute

1 1 1
/ ((u -Vu) - u+ -|ul?div u) dr = 7/ (u-|u]® +divulu?) dz = f/ (—divulul® + divulul?) dz = 0.
0 2 2 Jo 2 Ja
Thus
1 2 ' 2 ' 1 2
§||11(L‘, ')HLz(Q;RS) +/O ||Vu||L2(Q;R9) ds = /0 <f7u>W(}'2(Q;R3) + §HUOHL2(Q;R3)~ (9.6)

We call this identity energy equality. In fact, we will be able to prove a weaker relation, so called energy inequality

1 K ¢ 1
5”“@7')”%2(933) +/o ”vu”%2(ﬂ;R9) ds §/0 <f7u>wolv2(n;R3)dS+ §||u0||%2(Q;R3)~ (9.7)

We show the following result

Theorem 9.2.3 Let ug € L2(;R3), £ € L2(0,T; W—12(Q;R3)), T € (0,00). Then there exists a weak solution
to (9.4) in the sense of Definition 9.2.1. Moreover, the weak solution fulfills the energy inequality (9.7) for every
t € (0,7] and the initial condition is satisfied in the sense

Jim [u(e) — ol 2airn) = 0.

Remark 9.2.4. Note, however, that u is generally not a continuous function with values in L?(£2;R?), the continuity
holds only from the right at ¢ = 0, otherwise the function is only continuous in the weak topology in L?(£;R3).
Moreover, no uniqueness is claimed.

Proof of Theorem 9.2.3. Step 1: Galerkin approximation

We follow the strategy developed in the proof of existence of a solution for the parabolic problems. We consider a
basis {wF}2° | such that —Awf = \ywk, i = 1,2,3, k € N with homogeneous Dirichlet boundary conditions. Then we
look for a solution in the form

u"(t,x) = ZcZ(t)wk(a?), neN
k=1
such that

1
/Qatu" -wlda —&—/Q (u” -Vu" + idivu"u”) -w! dx—|—/ﬂVu" :Vwlde = <f,wl>W01,z(Q;R3), 1=1,2,...,n
n

u (O)ZP»,LUOZZ(/UO'WkdI)Wk, n € N.

k=1 79
(9.8)
We may rewrite the problem above as a system of first order ordinary differential equations
n n 1 n n
() + / [(ZcZ(t)wk) : V( Z c’,ﬁl(t)wm) -wl 5(2 c’,;(t)wk)div ( Z cfn(t)wm> . wl} dz
Q" =1 m=1 k=1 m=1
+ /Q V(Zcﬁ(t)wk) :Vw!dz = (f,wl>W01,z(Q;R3), 1=12,...,n (9.9)
k=1

c'(0) = /Quo -wlda.

Step 2: Existence of a solution for Galerkin approximation

We may use again the Carathéodory theory (even the classical one if we regularize the right-hand side in time) and get,
now only locally in time, existence of a unique solution to the Galerkin approximation such that ¢ € ACio.([0,7%)),
l=1,2,...,n for some 0 < T* <T. The question is whether 7% = T. If T* < T, then due to the theory of ordinary
differential equations it holds lim sup, ,7«- >~ |¢]'(¢)| = co. We exclude this possibility by proving suitable a priori
estimates below.

Step 3: A priori estimates
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We multiply each equation in (9.9) by ¢f'(¢) and sum from 1 to n (i.e., we use as test function the solution @™). We
get

1
(O™, u") 12 (Rs) +/Q (U” -Vu” + o div u”u"> ‘u"dz + /Q (Va2 da = (£,u") 12 qp0)-
We now repeat the computations from the formal proof of the energy inequality

/( . Vut) u"dx—/ Zu ‘u”dx— /Z

i,j=1 i,j=1

n 1 n|2q: n
:_7/281‘1 :—§/Q|u|dlvu dx

2

Hence )
/ (u" -Vu" + =div u"u") -u"dx =0.
Q 2
Therefore we have
3 10 s + [ 967 de = (.0 e

This yields

1 2 ‘ 2 ’ 1 2

™ )z urey + /0 /Q [Vu"|"dzds = /0 (£, 0") 12 (qpey ds + 51 Pato]|z2(oirs) (9.10)

and consequently

T 1
2 n|2 n 2
tren[(?x] 9 Hu (t 7')||L2(Q;R3) +/0 /Q [Vu"["dzdt < [[f||L2(0,7,w-12(Rs))lln ||L2(077—;W01‘2(Q;R3)) + §||Pnu0||L2(Q;R3)

1 /7 T 1
< */ / |Vun|2dxdt+0/ €117 -1.2 sy A + 51| Patto]| 72 (qrs)-
2 Jo Ja 0 2

However
[ Pauo|r2(oire) < [luollr2(o:re)

T T
/0 €152 (e dt < /O €112 (o, At
and we have

max_[[u"(t,)[|72(0.r9) +/ / |Vu"?dzdt < C,
o Jo

te[0,7]
where C is independent of 7 < T* (and also of n), depends linearly on Hu0|\%2(Q:R3) and on ||f||2L2(0 TW 12 (Q:RS))-
Thus the solution remains bounded when 7 — T and hence T' = T*. We proved

0"z (0,722 (2iR%)) + HunHLZ(O,T;WUl’Q(Q;Rff)) <G,

where C' depends on the data of the problem, but is independent of n. Above, we use [[v|[y1.2q.ps) = [VVI|L2(@ir9)

which is on W, *(Q; R?) an equivalent norm with the standard W2(€; R®)-norm.

Next we need to estimate the time derivative of the approximate solutions. We have, exactly as in the linear
problem, that arbitrary v € L?(2;R3) can be written as vi +v%, where v{ belongs to the linear hull of {w*}7_, and
v is perpendicular to it in L?(Q2; R3). Moreover,

HV?HLQ(Q;F&) < ||VHL2(Q;R3) and HV?”WOW(Q R3) = ||V||W1 2(Q;R3)"

Furthermore,
<5‘tu",v>W01,2(Q;R3) = (atun,V)LQ(Q;Rs) = (8tu",v?)L2(Q;Rs)

and we may for v € W, *(Q) use the Galerkin approximation to deduce

sup <8tun7v>W01’2(Q;R3) = Sup (atunav?)Lz(Q;R3)
vew0 2(a;R3) vew 2(Q;R3)
1Vl 12 8y < IVl 102 g3y <1
= sup - / [(u" -Vu" + §div u"u”) v} 4+ Vu": Vv’f} dzx + <f,v?)Wo1,2(Q,R3)>
Q ;

1,2
vewy S (2R3)

v 1,2 4
V22 sy <

< C(”un”LS(Q;RS)||vun||L2(Q;R9) —+ HVU””LQ(Q;RQ) —+ ||f||W*1«2(Q;R3))'
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Hence

|0 ”Ls (0,T;W —1.2(Q;R3))

< HHU 2@ VU™ | L2(0ro) + [[VU*([L2(0ir0) + [IEllw-1.2(0;R%) fom

< C’(Hu"HN(O TWE 2 (9 R%))||un||z°°(0,T;L2(Q;R3)) + Hun”L?(O,T;W(}'Z(Q;RB)) + ”f”L2(07T;W‘1>2(Q;R3)))'

Above, we used that

1
||unHL3(Q;R3) < Cllunlliz(Q;Rs)llunle 2(QR3)"

Therefore we proved
0™ | 8 112 (0msy) S CUN0llz2(@ire), 1Ell 200,757 -1.205m3))
(C depends on the data nonlinearly).

Step 4: Limit passage in Galerkin approximation
We know that there exists a subsequence {u"* }ren such that it holds

u™ —u in L2(0,T; W, % (Q; R%))
u"t —~*u in L°°(0,T; L*(Q; R?)) (9.11)
dpu™ — dyu in L5(0,T; W 12(Q;R%))

as k — oo. This is not enough to pass to the limit in the nonlinear terms. We therefore apply the Aubin—Lions
Theorem 8.5.2, where we take Xo = W, ?(Q;R?), X; = W~ 12(Q;R%) and X = L2(Q;R?), ap = 2, a; = 4. Then we
have, in addition to (9.11) (taking, if necessary, another subsequence which we relabel)

u™ —u in L2(0,T; L?($; R?)). (9.12)
It further yields, when combined with the a priori estimates

u™ —»u  in LY0,T; L2(Q4R%), 1<g< oo

u™ —u in L2(0,T; L"(; R?)), 1<r<6 (9.13)
1
u™ —u in L*((0,T) x ;R3), 1<s< 30

The last convergence follows from the interpolation inequality
(o™, 1

TG 1o "1 RPN L) Sp—

We may now start to deal with the limit passage in the Galerkin approximation. As in the linear problem, we multiply
the Galerkin approximation by ¢ € C§°((0,7")) and integrate the resulted identities over (0,7'). We have

T T
1
/ <8tu7L’“7wl>W1.2(Q_R3)w dt —|—/ / (u”" -Vu™t 4+ —div u”’“u”’“) -wlday dt
0 C 0 Jao 2 (9.14)

T T
+/0 /QVu”’“ :ledxz/)dt:/o (f,wl>W3,2(Q;R3)¢dt Vi=1,2,...,n.

We consider each term separately. First

T T
/0<8tu"k,wl>wo1,fz(9)¢dt—>/0 <8tu,wl)W01,2(Q)wdt.

/ / SVu™) - whda dt = / / SVu™) - wl dap dt
+ /0 /Q(u SV(u™ —u)) - whdap dt + /0 /Q(u -Vu) - w! dzy dt.

The first term on the right-hand side can be estimated by

Next

T
[ [ = vy i < [ = s 90 e 3 oo

< Cllu™ =l 20,132 ) VU™ || L2 (0,7,22(R9)) — 0
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for k — oo, while the second term goes to zero as Vu™ — Vu in L2((0,T) x ;R?) and

||11Wl||L2((o,T)xsz;R9) < ||U—HL2(O,T;L6(Q;R3))||WlHL3(Q;R3) < +o0.

Exactly in the same way we may treat the third term in (9.14) and get that for &k — oo

1 /T 1 (T
f/ /divu”’“u"’“ -wlday dt — f/ /divuu-wl dxep dt.
2)o Ja 2)o Ja
T T
/ / Vu™ - Vw! dz dt — / / Vu- Vw! dzi dt
0 Q 0 Q

due to the weak convergence of Vu™ in L?((0,7T) x €;R?) and we end up with

Finally

T T T
1.
/0 (Opu, WZ>W01,2(Q;R3)¢ de +/O /Q [(u -Vu+ §d1V uu) w4+ Vu: le} dzypdt = /0 (f,w >W1 2(q.re) Y dt
for all [ € N and all ¢ € C§°((0,T)). Now, as for the linear parabolic problem, it is an easy matter to verify that
1.
<8tu’v>W01’2(Q;R3) +/Q [(u -Vu+ §d1v uu) v+ Vu: Vv} dz = {f, V>W01,2(Q;R3)

for all v € W,"?(Q) and almost every ¢ € (0,T).
Step 5: Initial condition
As in the linear parabolic problem we may show that u(0,-) = ug in the sense that

lim (u(t,), V)L2(Q;R3) = (uo,V)Lz(Q;RS) Vv € Wol’z(Q; R?’).

t—04

Moreover, since u € C([0,77]; L2 (€;R?)) (recall that u € L°°(0,T; L*(Q;R3)) N C([0, T); W—12(Q;R3))) we easily see
that the limit above holds even for all v € L?(Q;R3) as well as

lim (u(t ) V)LZ(Q;RS) = (u(to, '>7V)L2(Q;R3) Vv € LQ(Q; RS) and to € (O,T}

t—>t0+

Step 6: Energy inequality
We return back to (9.10), multiply it by a non-negative ¢» € C§°((0,T)) and integrate over (0,7). We get

Tl T t
| sl omde+ [ ([ ] wupasds)u
0 0 0 JQ

T t T 1
:/O (/0 (f, u”>WO1,z(Q;R3)ds)1/Jdt+/O bt | Pt 22 -
We now pass with k& — oo. Since
hmmf/ / |Vu™ > dz ds >/ / |Vul? dz ds,
due to the Fatou lemma we have

hmlnf/ / /|Vu”’“|2dzds>1/1dt>/ hmlnf/ /|Vu"’“\2dxd$ d)dt>/ //\Vu|2dxds P dt.

The limit passage in the other terms is trivial and we end up with

Tl T t T t T 1
| shisampaes [ ([ wupaas)oar< [©( [y ds)ode+ [ ol

hence . .
1 1
St )2y + [ [ IVuPdzds < [ (8 ) g0 ds + 5 [[uoll22 om0 (9.15)
2 5 0 Q 0 0 ( 5 ) 2 5

almost everywhere in (0,7). Due to the weak lower semicontinuity of the norm, as u(t,,-) — u(t,-) in L*(Q;R3) for
t, — t (one-sided for t =0 or t = T), we get

liminf {lu(ty, ) L2@rs) = ([t )] 2(@rs)-

Moreover, as fot Jogdrds — fotgdx ds for any g € L1((0,T) x ), we see that (9.15) holds in fact for any ¢ € (0,7].
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In particular, we have

htlg(i)frlf la(t, )72 irey > 00ll72(0.r0)-
On the other hand, the energy inequality yields

limsup [[u(t, -)[|72(rs) < [W0l172(qrs)-
t—04

Hence

. 2 2
t1_1>%1+ [u(t, ) 72re) = [wollz2(0;r%)

which together with the weak continuity implies

. 2 _
t1_1>%1+ [u(t,-) — uO||L2(Q;R3) =0.

Here we used that if v,, — v in a Hilbert space H and ||v,||g = (v, vn) g — ||v]|g for n — oo, then u,, »uwin H. N

9.3 Rothe’s method for parabolic monotone operator problem

Let us consider the following problem

Owu — diva(z, u(x), Vu(z)) = f in (0,7) x Q
u(0,+) = ug in Q (9.16)
u=0 n (0,7) x 09,

where a: Q x R x R? — R? is a given function.
We assume that for some p € (1,00), almost every z € Q and all v € R, V € R? it holds

(w0, V)| < CA+ [~ + [V (0.17)
up € L3(Q), € LP(0,T;W7(2), '
where W17 (Q) = (W (€))*. Then

Definition 9.3.1 We say that u € L>(0,T; L*()) N LP(0, T; W, *(Q)) with dyu € LP (0, T; W17 (2)) is a weak

solution to (9.16), provided

<8tu,v)wol‘p(9) +/ a(,u, Vu) - Vodz = (f,v>W01,p(Q)
Q
for all v € W, ?(Q) and almost every ¢ € (0,T). Futhermore, u(0,-) = ug.

Remark 9.3.2. Note that u € C([0,T]; L2()) (as WP (Q) N L2(Q), L2(Q), (W, P(Q)NL3(Q))* form a Gelfand triple).
Note also that the intersection with L?(Q) is important only for small p’s, more precisely, for p < d2—f2; for larger p's,
WLP(Q) — L%(Q).

In order to prove existence of a solution, we will need additional assumptions

{ai(-,-,-)}%_; are Carathéodory functions
(@(xz,v, V) —d(xz,v,W)) - (V—-W) >0 almost everywhere in , Vv € R and V,W ¢ R? (9.18)
a(xz,v,V)-V>a|VIP —C, for some o > 0, almost every z € Q, allv € R,V € R%

Theorem 9.3.3 Under assumptions (9.17) and (9.18), there exists a weak solution to (9.16) in the sense of
Definition 9.3.1. Moreover, if a is independent of the second variable (i.e., a = a(xz, Vu)), then the solution is
unique.

Proof. Step I: Uniqueness
Let u, w be two (possibly) different solutions corresponding to the same data. Then we have

<8tu7 U>W01’p(Q) + /Q a(', Vu) . V'U dx = <f, U>W01’p(ﬂ)

<8tw7U>W01-,P(Q) + /Q a(', VUJ) - Vv dx = <f, U>W01-,I7(Q)
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for all v € WOI’Z’(Q). Denote U = u — w, subtract the equalities above and use as test function v := v —w = U. Then
(00, )10y +/ (a(, V) — a(, Vo)) - V(u — w) dz = 0.

Due to property (9.18)2 we have

<8tU7 U>W01,p(Q) S 0,
ie. d

&HUH%F(Q <0.

As U(0,-) =0, we have U(t,-) =0 for all ¢ > 0, i.e. u = w almost everywhere in (0,7) x Q.
Step II: Existence of a solution
We present here another method how to construct solutions to evolutionary problems. The method uses as approximate
solution a variant of the corresponding steady problem and therefore we may take advantage that we already know
how to construct such solutions. On the other hand, the limit passage is slightly more difficult.

We divide the time interval (0,7) into a finite number of subintervals of the length %, m € N and on each
subinterval we consider a steady problem based on the fact that we replace the time derivative by the corresponding
differences. We may use Theorem 7.2.5 to construct approximate solutions on all subintervals. Then we pass with
m — oo and show that the corresponding limit of the approximate solutions is our weak solution to the evolutionary
problem.

Step 1: Approximate solution u,,
Let us fix m € N, denote 7 = %, tr =k7,k=0,1,...,m — 1 and define

1 tr41 ,
fr = 7/ fdt € W=HP(Q)  (Bochner integral mean).
e
We define u,,(to) := up and look for functions constant on each interval (¢x,try1]. We define ng = wun,(tx) €

Wol’p(Q) N L%(Q2) and look for 7,41 as weak solution to

/Mgpdx+/a(~,nk+1,Vnk+1).Vng£L':<fk7<p>W1,p(Q)
Q T Q 0

for all o € W, P(Q) N L2(Q). Using the method from Theorem 7.2.5 together with Theorem 7.3.1 (for the lower order
part) we can prove existence of a solution 7,11 (). Note that, using ¢ := 141, we get the following a priori estimate

1 1
= [ kP dz+ o [ g [P dz < Ol + (fro i) ywioy + = [ Ml da. (9.19)
T Jo a AR C2) R o

Since the right-hand side can be easily bounded by the left-hand side and the data fi, ng, we see that ni41 €
Wolp(Q) N L%(9). Repeating the construction for k = 0,1,...,m — 1 we obtain u,,. Note that generally, u,, may be
non-unique.

Step 2: A priori estimates

We take (9.19) for £k =0,1,..., M < m with ¢ := ng41 and sum it up. We get

M M M

/ {Z(%H = Nk) k41 +TZ M1y Vkt1) - Vﬁk+1} - TZ Fios Tl )y e @)
2 "o P 2
We use that 2 2 2
k k i — M
(M1 — M) M1 = (1) () 4 (M1 — Mk) 7

2 2 2
which yields

M 2 M
M (1k k)? U
/(; ( +1 + Z +1 —+ 7 Z S Mk+1, V77k+1) . V7)k+1> dx = / ( ;) dz + Tz<fk,’l]k+1>wol,p(9)~
k=0 k=0

Q k=0

Note that 7 are constant on (¢, txr1], um is defined as ng on (tx, tx+1] and 7 = ¢4 — tx. We have

M tet1
/TZa Mt 15 Vilket1) - Vjegr do = Z/ /a('ank—i-lvvnk-i-l) - V41 do di
k=0 Q

trt1 (M+1)T
:Z/ /a(~,um,Vum)-Vumd:rdt:/ /a(~,um,Vum)~Vumdxdt
Q 0 Q
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and
M M trt1
<.fk777k+1 Lp / fdt, neg1 .
2 =24, s
Mt (M+1)7
= Z/ (s tim) o o) A :/ (s tm) oo o -
k=0"tk 0

Therefore we have

2 M 2 M+1)T
Um (Epra1 Um tk 1 U (Ek (
/Q ((7+ + Z * ( )) ) dx + oz/o HvumHiP(Q;Rd) dt
k=0

) (M+1)T
<Ctghuolam+ [ Iflwsrlnlugne dt
The Young inequality yields
, M ) (M+1)7
/Q ((um(tM+1)) + 3 (i (tir) — um(tr) )dx +a/0 IVt |12, ey It
k=0

< 01+ oo +/ LB, s ) 4E) < C(DATA).

Since M was arbitrary, we have

,_.

m—

[t (b 41) = U (81) |72 () dE < C
k=0

1t | oo 0, 7522(0)) < C
el oo w0y < C-
Moreover, we also have
”a(’vum’vum)||LP’(0,T;LP/(Q;Rd)) <C.
Thus we can extract subsequences such that
L —u i LP(0,T; Wy P (Q))
U, =" U in L>(0,T; L*(Q))
a(, Um,, Vi, ) = A in L” (0,T; L* (€ RY)).

Um

In what follows, we write without loss of generality u,, instead of u,,, (we relabel the sequence).
Step 3: Another sequence and its limit
We now modify u,, by redefining it on (¢, tx+1) to be linear. Hence

=1y t—tg

U (1) = um () + (um(tk+1) - Um(tk)) =Mk + 7(77k+1 M)
for t € (t,trr1). We easily see that
HamHLOC(O,T;H(Q)) <C, ||am||LP(O7T;W01>p(Q)) <C

and )
gy, = ;(um(tk+1) — U (tr)), t€ (tr,try1)

We now compute an estimate of the time derivative. For ¢ € (¢, tx+1) it holds
/ Optimp dz = —/ a(, M1, Viegr) - Vo da + (fr, @)yie
Q Q
< C((L+ 1o @IVl Lo iray + il -1 0y 2 llww ) -

Thus on the same time interval

||at17m||wfl,p’(n) = sup <5tﬂma¢>wg~f’(n) = / Optimp dz
el Lp(ﬂ)gl lleell 1p<n><1

< 0(1 + ||nk+1||wl P(Q) + ||kaW*1»P/(Q))
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which yields

T
/0||atamu€v,l,m)dts0(1+/ 19t 2 g dt+Z/ Ll s 1) < €.

tht1 p’
/ F dsH o at
WL ()

— trt1 tit1
2/ TG W s

tk+11 T ,
/t / 1 sy st = [ A iy < €,
k tr

where we used the Holder inequahty. Thus

since
m

Z/t“nfknwlp at = Z/

I/\
,_.o

| /\

Up — 0 in LP(0,T; W, P(Q))
Oyl — Oyt in L7 (0,T; W17 (Q))
and due to the Aubin-Lions Theorem 8.5.2 applied on spaces W, * () << LP(Q) — W17 (Q) also
U — U in LP(0,T; LP(2)).

Let us show that @ = u. We have

tr41
[ Vi~ = Z / [ = 30y dt = Z /
m— trt1 ) m- Lo+t 9
Z/ 17541 _77kHL2(Q)( ) Z/ 741 = M2 o

te41

cT
Z 41 = M1 F 20y < 7 0

t— 1t
Nk4+1 — 77k + T(mﬂ - Uk)) ’

L2(Q)

for m — oo. Therefore Uy, — Uy — 0 in L2(0,T;L*(Q)). Since u,, — u in LP(0,T; Wy *(Q)) and %, — ¥ in
LP(0,T; W, P(£2)), we easily see that u = . Moreover, we also have w,, — u and U, — u in LI((0,T) x Q) for any

g < max{2, p}.
Step 4: Initial condition

First, since u € LP(0, T; Wy *(Q)NL2()) and d;u € LP' (0, T; (Wy P (2)NL3(Q))*) (the former follows from the a priori
estimates, the latter from the fact that (W,"*(€))* < (VVO1 P(Q) N L?(Q))*), we may use properties of the Gelfand
triple to verify that u € C([0,T]; L*(Q)). Let us show that u(0,-) = ug in this sense. We fix § and h > 0 and define

1 te]0,d]
P(t)y=R 1—1(t—06) te(5,6+h]
0 t>d6+h

and multiply the weak formulation for u,, by ®(¢) and integrate over (0,7). It yields

m—1 tht1
Z/ (fis Py dt = //ﬁtumcp@dxdtJr// Uy Vi) - V@ da dt

=0
/ /umgoatq)dxdt— ®(0 )/um(O,-)cpdx—i—/ /a(-,um7Vum)-Vgo<I>dxdt.
o Jo

We now pass with m — co

1 [o+h 5+h 5+h
—f/ /utp@tq)d;vdt—q)(())/umpd:c—k/ /A V@ drdt = / (f, o) 1pQ)<I)dt
h Jo Q Q 0

(9.20)

(recall that G, — u in L2((0,T) x Q), um(0,-) = uo, a(-,tm, Vi) — A in L' (0,T; LP (;R%)), the function

Vp® € LP(0,T; LP(2;R?)) and finally

mz—l /tk+1 <% /ttk+1 f(S) ds, (p>WJ’p(Q)(I)(t) dt = mz_l /tk+1 (/tk+l <f(s), @)Wol,p(g) dS) %Cb(t) dt

k k=0 7tk tr

1 tei1 1 tri1 T
= Z (7/ (f(s),cp)wg,p(m ds;/ O(t) dt(tr41 —tk)) %/0 (f(t),<p>W01,p(Q)¢(t) dt as m — oo.

T Jts te
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The last limit passage above uses the fact that ® is uniformly continuous on [0, T]. Passing with h — 04

5
/u(&,-)gpdx—/uoapdx—i—/ /A-Vgodxdt:/ (f, >W1P o) dt.
Q Q 0o Jo

Finally, passing with 6 — 04 (recall, u € C([0,T]; L*(£2)))

/u(0,~)<pda::/u0g0dx
Q Q

for all ¢ € Wy P(Q) N L?(Q); in particular for all ¢ € C§°(Q) which due to the fact that u € C([0,T]; L*()) implies
the equality also for all ¢ € L?(Q).

Step 5: Weak formulation

Let us multiply the weak formulation for u,, (m € N) by ¢ € C§°(0,T). We get

tht1
//8tum<p1/1dmdt+// Uy Vi) - Vioh da dt = Z/ (fir Phwaw ¥ dt.

As above (the first term, which is different, can be treated easily) we get

T T T
/ /Q<5tu7<p>wgp(mz/} d.’IJ dt =+ / /Q A . VQD¢ d.’E dt = / <f7 (p>W&p(Q)’(/J dt
0 0 0

It remains to show that A = a(-,u, Vu). Let us first show that

U (2, ) — ult, ) in L*(Q) (9.21)
for almost every t € (0,7). Recall that @, — u in LP((0,T) x Q) and @, — t;, — 0 in L?((0,T) x ). Thus

Uy —> U in L9((0,T) x Q)

with ¢ = max{2, p}. Therefore also
Um (E, ) = u(t, ) in L9() (9.22)

for almost every t € (0,T") (possibly for a subsequence which we relabel). However, for almost every ¢t € (0,T") the
sequence {un, (t)}e(o,r) is bounded in L?(2) and thus it contains a weakly convergent subsequence in this space. If ¢
is such that (9.22) holds, then wu,,(t) — u(t) in L?(Q). Since all this can be repeated for arbitrary subsequence, (9.21)
holds for all #’s such that (9.22) is valid, for the whole sequence.

Let us show that
t t
limsup/ /a(-,um,Vum)-Vumdxdsg/ /A~Vudxds
m—oo Jo Jo o Ja

for almost every ¢ € (0,T). Let us take ¢ such that (9.21) holds. For fixed m € N take k = k(m) such that
ti <t <t . Since 7', | — ;" — 0 for m — oo, we have

t tihy
/ /a(-,um,Vum) -V, drds = / / (a(-,um,Vum) — a(~,um,0)) - (Vi —0)dads
o Ja 0 Q
o t
- / / (al, wm, Vum) — als, tm, 0)) - (Viy, — 0)dzds +/ / a(s, U, 0) - Vu,, de ds
t Q 0 Ja
24 L2
< / / a(~7um,Vum)~Vumdxds—/ / a(, um,0) - Vu,, deds
0 Q t Q
t;cn:{»l
< / / a(e, Um, V) - Vi, dzds + o(1) as m — 0o,
Q

where we used the monotonicity of a in the last variable and

o o
‘/ /a(~,um,0) - Vi, dmds‘ < C/ /(1 + [ [P |Vt | de ds.
t Q t Q

Note that Vu,, is bounded in LP((0,7T) x Q;R?) while for u,, we can combine the Sobolev embedding of W1?(f) to
the corresponding Lebesgue space with the L°>°(0,T; L?(Q2)) estimate which yields the convergence to zero due to the
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fact that the time interval degenerates to zero. We now have (recall that u,,(t) is constant in (¢}, ;" ,])

Ly 1 k
\/0 Aa(~7um, Vum) . V’U,m dxds = 5 A Ug dzx + Tz<fj’um>wol”’(ﬂ)

=0

k
1 2 n 1/ 2
I 7 dr — = E mtm ;) — mtm7. d
2‘/Qum( k:+17) x 2 Qj:O (’LL (]Jrl ) u (] )) Y

k+1
mua&ag>—uum<zzh»n%am>+lﬁ st e ds

IN

INA
N~ N~

¢
(o) = I Men) + | Uty ds + (1)
(as m — 00). Hence, using the weak lower semicontinuity of the norm in L?(£2) and our choice of ¢, we have
t 1 t
limsup/ /Qa(~7um,Vum) -V, dzds < §(||U0||2L2(Q) — JJu(t, -)||%2(Q)) +/ (f, u>w§*P(Q) ds
0 0

m—0o0
1 t t t
§(||u0|\%2(9)—\|u(t,-)|\%2(9))+/0 <3tu,u>W01.,p(Q) ds—&—A /QA-VuddeZ/O /QA-Vudxds,

where we used the properties of the Gelfand triple, in particular, that the function u € C([0, T]; L?(Q2)).
We now finish the proof by employing Minty’s trick. We fix B € LP(0,T; LP(Q;R%)) and get

(9.23)

¢
0< limsup/ / (a(-,um,Vum) — a(-,um,B)) - (Vuy, —B)dzds
Q

m—0o0

t
< limsup/ /a(~,um,Vum)~Vumdxds
Q

m—00

t
- liminf/ / (a(, um, V) - B+a(, uy, B) - (Vu, — B)) dzds

m—o0

//A Vud:rdsf// (A B +a(,u,B) (Vu—B))drds
// ~a(,u,B))(Vu - B)drds,

Note that we used (9.23) as well as a(-, up,, B) — a(-,u, B) in L? ((0,T') x ©; R?) due to the continuity of the Nemytskii
operator, as u,, — u in LP((0,T) x Q) and |a(-,u,B)| < C(1 + |[v[P~1 + B|P~1).
We now set B := Vu — AH, A > 0 and H € LP(0,T; LP(;R?)), arbitrary. Then we have

t
0< / / (A —a(,u,Vu—AH)) - Hdz ds.
o Ja
We let A — 04 and use the properties of Carathéodory functions (continuity of the Nemytskii operator) to conclude

0< /0 /Q (A —a(-,u,Vu)) - Hdzds (9.24)

for all H € LP(0,T; LP(2;R%)). Therefore, equality in (9.24) holds and, moreover, A = a(-,u, Vu). The proof is
finished. .



Appendix A

Function spaces

A.1 Introduction and notation

The basic function spaces for solving the linear and nonlinear partial differential equations and their systems of elliptic
type are the Sobolev spaces W*?(Q), and for the evolutionary equations the Sobolev-Bochner spaces W*? (0, T; X)
or the Lebesgue—Bochner spaces LP(0,7T; X ), where X stands usually for the Lebesgue space L4(f2) or the Sobolev
space WH4(2). The Sobolev, Lebesgue-Bochner and Sobolev—Bochner spaces are introduced in detail in Chapters 6
and 8, respectively. The starting point for their study are the continuous and continuously differentiable functions
studied in Section A.2 and the Lebesgue spaces studied in Section A.3. The reader should have met these spaces in the
basic courses on mathematical analysis and measure theory, however, for the sake of completeness and for the reader’s
comfort, we recall in this appendix the basic properties of these function spaces. They will be mostly presented without
proofs which can be found, e.g., in Kufner et al. (1977), Pick et al. (2013), Lukes and Maly (1995) or also in Czech in
éerny and Pokorny (2023). More special results needed in these Lecture Notes are presented including their proofs.

Before we start to deal with the corresponding function spaces, we recall the standard notation of multiindeces
and a shorten description of partial derivatives.

Notation A.1.1 (Multiindex). The ordered d-tuple o = (a1, ..., aq), @; € Np, is called a multiindex. The length of
the multiindex is denoted by |a| and is defined as |a| = a3 + - - + aq4.

Notation A.1.2 (Partial derivative written by a multiindex). The symbol D*¢ denotes the partial derivative of a
function ¢
dllg(x)

= 1 g
ox(™* ... Ozy

Dp(x) :

A.2 Spaces of continuous, Holder continuous and continuously differen-
tiable functions

We recall in this sections basic properties of spaces of continuous, Holder continuous and continuously differentiable
functions. The theorems are mostly presented without proofs, the interested reader can find them, e.g., in mono-
graphs Kufner et al. (1977) or Pick et al. (2013).

Definition A.2.1 — Continuous and continuously differentiable functions. Let Q C R? be open.
1. The set of all continuous functions in € is denoted as C(Q2) or C%(£2), respectively.

2. Let k € N, then C*(Q) denotes the set of all functions u which have all (classical) partial derivatives up to the
order k in the set Q and for any multiindex « such that |a| < k it holds that D*u € C(2).

3. The space C*(Q2) denotes the set of all infinitely times differentiable functions in , i.e., C*°(Q) = N,y CF(Q).

4. Denote suppu := {x € Q| u(z) # 0} the support of u. Then for any k£ € Ng U {oo} we define the space
CckQ) = {u € C*(Q)| suppu C Q,suppu is compact}.

5. The space C(Q) or C°(€2), respectively, contains all functions from C(2) which are bounded and uniformly
continuous in Q.

6. Let k € N, then we define the space C*(Q) := {u € C¥(Q) | Va, |a| < k : D*u € C(Q)}.

230
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7. The space C*(Q2) = () C*(Q) contains all infinitely times differentiable functions in © such that all the
keN
derivatives including the function itself belong to C(€2).

Remark A.2.2. If () is a bounded set, then Point 5. in the definition above is equivalent with the fact that there exists
a (uniquely defined) continuous extension of the corresponding function to the set 2. In what follows we therefore
assume that the function has already been extended.

Exercise A.2.3. Prove the claim of Remark A.2.2.
The basic properties of these function spaces are summarized in the following theorem.

Theorem A.2.4 — Properties of the space C*(Q2). Let k € Ny. Denote for u € C¥(Q)

lullesy == > sup |Du(a)l. (A1)

{allal<k} *€Q
Then the following holds.

1. The functional || - ||Ck(ﬁ) is a norm on C*(€).

2. The space C*(Q) is with respect to the above defined norm a Banach space.
3. If additionally 2 is bounded, then the space C*(€2) is separable.

4. The space C*(€2) is not reflexive.

Proof. The proof can be found in (Kufner et al., 1977, Sections 1.3—-1.7) or (Pick et al., 2013, Sections 2.3-2.6). W

Exercise A.2.5. Prove that the space C°(Q) is with respect to the norm introduced in (A.1) for kK = 0 a Banach
space which is separable if €2 is bounded.

Exercise A.2.6. Prove that the space Cp(R) := {u € C(R) | u is bounded on R} with the norm (A.1) for £ = 0 is not
separable.

Let us now present the characterization of the dual space to C(Q2). This characterization will be useful to describe
properties of certain special Sobolev spaces.

Theorem A.2.7 — Representation of the dual space to C(R). Let Q C R? be an open set. Let ¢ be a
continuous linear functional on C(2). Then there exists exactly one finite regular Radon measure p on 2 such that
it holds

Yu e CD): b(u) = (6,u) = L wdp. (A.2)
Q
Moreover, H¢||(C(ﬁ))* = |u|(Q), where |u|(2) is the total variation of the measure y on Q.
Proof. The proof can be found in (Dunford and Schwartz, 1988, Section 4.6.3, Theorem 2) or (Luke$ and Maly, 1995,
Theorem 16.5). |
The following theorem gives an equivalent characterization of precompact sets in C(£).

Theorem A.2.8 — Arzela—Ascoli. Let Q C R? be an open bounded set. Let A C C(Q). The set A is totally
bounded, if and only if it is

1. uniformly bounded, i.e.,

3C € R™: sup I flle@) = sup max|f(z)| < C
fea fEA zeQd

2. equally uniformly continuous, i.e.,
Ve>036>0 Vf cA Vxl,mg S Q: |(£1 — .’£2| <d — |f(£L’1) — f(l‘g)| < E.

Proof. See (Kufner et al., 1977, Theorem 1.5.3) or (Pick et al., 2013, Theorem 2.5.3). [ |

We now introduce the spaces of Holder continuous functions which can be understood as intermediate spaces between
the continuous and continuously differentiable functions.

Definition A.2.9 — Hélder continuous functions. Let Q C R? be an open set, k € Ng and u € C*(Q). Let
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us denote for arbitrary A € (0,1] and arbitrary multiindex « such that |o| < k

[D%u(z) — D*u(y)|

Hoa(u):=  sup (A.3)
: z,y€Q, xH#y |l‘ - y|A
We then define C**(Q) := {u € C*(Q) | Vo, |a| = k, Ha,x(u) < oo}

The basic properties of the Holder continuous functions are summarized in the following theorem.

Theorem A.2.10 — Properties of the space C**(€). Let © C R? be an open set, k € Ng and X € (0,1]. We
denote for u € CH*(Q)

||UHc1M Q) = Hu”ck Q Ha)\(u)- (A~4)
{a||a|=k}

Then the following holds.

1. The functional | - [|cr.xg) is @ norm on the space CFA Q).

2. The vector space C**(€) is with respect to the above defined norm a Banach space.

3. The space C**(Q) is not separable.
Proof. The proof can be found in (Kufner et al., 1977, Sections 1.3—-1.5) or (Pick et al., 2013, Sections 2.3-2.5). [ |

Exercise A.2.11. Show that the space of Holder continuous functions C%*(Q), 0 < A < 1 introduced above is not
separable.

The space C%* () has special properties. We therefore introduce

Notation A.2.12 (Lipschitz continuous functions). If o = (0,...,0), we shall use instead of H the notation

A(u

o)
Hy x(u). Furthermore, if A = 1, we call C%!(Q) the space of Llpschltz continuous functlons TF A 0, we identify

cO0(Q) = C(9).

Similarly as in the case of continuous functions we may study subsets of Holder continuous functions which are
precompact in the space of continuous functions. The following theorem claims that any bounded subset has already
this property.

Theorem A.2.13 — Compact embedding of C%*(Q) into C(Q). Let © be an open bounded set. Then it
holds for any A € (0, 1] B -
CO'MQ) == C(Q).

Proof. The claim is a direct consequence of Arzela—Ascoli Theorem A.2.8. |

We have even a stronger result.

Theorem A.2.14 — Compact embedding of C%#(Q) into C%*(Q2). Let Q be an open bounded set. Then it
holds for any «, 8 € [0,1] such that 0 < aa < f < 1

COP(Q) —— CO*(Q).

Proof. The claim is an easy corollary of the interpolation inequality from the following exercise applied on the difference
Up — U, Where {u, }2° ; is a Cauchy sequence in C(£2). [ |

Exercise A.2.15. Show that for any 0 < A\; < Ay < 1 it holds

A2 =1 A

Xo 21
Hoxy () < (2lulemy) ™ (Ho ()

Theorem A.2.16 — Rademacher. Any function from C%!(Q) is differentiable (in the classical sense) almost
everywhere in Q and |D%u(z)| < Ho 1(u) holds for |a| =1 almost everywhere in Q.

Proof. The proof can be found in (Luke$ and Maly, 1995, Theorem 30.3). |

Remark A.2.17. The notation "almost everywhere" corresponds to the d-dimensional Lebesgue measure.
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A.3 Lebesgue spaces

We expect that the reader is well acquainted with the basics of the Lebesgue measure and Lebesgue integral theory.
More detailed information can be found in the Lecture Notes Lukes and Maly (1995) or also in Czech in Cerny and
Pokorny (2023). Therein, most of the results given in this sections are proved. Another possible source of information
are the monographs Kufner et al. (1977) or Pick et al. (2013).

If not stated otherwise, {2 denotes in this section an arbitrary non-empty Lebesgue measurable set in R?. Under
an integral we understand the Lebesgue integral and under a measure the Lebesgue measure.

A.3.1 Basic properties of measurable functions and Lebesgue integral

Let us first recall characterization of measurable functions.

Theorem A.3.1 — Luzin. Let f: Q@ — R, f be almost everywhere finite. Then the following assertions are
equivalent.

1. The function f is measurable.

2. For any € > 0 there exists an open set G C € such that |G| < € and f|g\¢ is continuous.

Proof. The proof can be found in (Lukes and Maly, 1995, Theorem 18.1) or (éerny and Pokorny, 2023, Theorem
15.5.9). |

Next we formulate the basic results connected with properties of integral of a sequence (series) of measurable
functions and the limit passage through the integral.

Theorem A.3.2 — Lebesgue monotone convergence. Let {f,}5°; be a sequence of measurable functions
such that for any n and almost every x € Q it holds f,,(x) < fn4+1(z). Moreover, let
/ f1 dz > —oc.
Q

Then there exists a measurable function f such that

lim f,(z) = f(x) for almost every = € 2 and
n—oo

lim fodz = / fdax.
Q Q

n—r oo

Proof. The proof can be found in (Lukes and Maly, 1995, Theorem 8.11) or (éerny and Pokorny, 2023, Theorem
15.8.19). m

Remark A.3.3. The theorem is also known under the name Levi Theorem.

Theorem A.3.4 — Lebesgue dominated convergence. Let {f,}°2; be a sequence of measurable functions
and the function f be such that for almost every x € Q) it holds

Furthermore, assume that there exists a measurable function g such that for all n € N and almost every z € it
holds

|fn(2)] < g(2) and /dia: < 0.

Then
lim fndz = / fdx.
Q Q

n—oo

Proof. The proof can be found in (Lukes and Maly, 1995, Theorem 8.13) or (Cerny and Pokorny, 2023, Theorem
15.8.21). n

Theorem A.3.5 — Vitali. Let Q be a measurable set with finite measure, {f,}52; be a sequence of measurable
functions and the function f be such that for almost every x € € it holds

lim fo(a) = £(x).

n—oo
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Furthermore, let the sequence be equally uniformly integrable, i.e.,

Ve>036>0Vn e NVH C Q: |[H| <6 = / |fnldz < e.
H

Then
lim fndx = / fdx.
Proof. The proof can be found in (Cerny and Pokorny, 2023, Theorem 15.14.4). |
Theorem A.3.6 — Fatou Lemma. Let {f,}52; be a sequence of measurable non-negative functions. Then

/ liminf f, de < lim inf/ frndx.
Q Q

n—oo n—oo

Proof. The proof can be found in (Lukes and Maly, 1995, Theorem 8.15) or (Cerny and Pokorny, 2023, Lemma
15.7.10). N

Theorem A.3.7 — Egorov. Let Q be a measurable set with finite measure. Let f and {f,}52; be measurable
functions which are finite almost everywhere in 2. Then the following assertions are equivalent.

1. For almost every x € 2

lim f,(x) = f(x).
2. For any € > 0 there exists an open set G C  such that |G| < € and

fn = f uniformly in Q\ G.

Proof. The proof can be found in (Luke$ and Maly, 1995, Theorem 12.5) or (Cerny and Pokorny, 2023, Theorem
15.5.8). n

A.3.2 Basic properties of Lebesgue spaces. Holder’s inequality and its consequences
We now define the basic functionals in the theory of Lebesgue spaces.

Definition A.3.8 — £? classes. Let p € [1,00). We denote
() &= {f measurable in € | / [fIP dx < oo}
Q

Iles =15l = ( [ 1P az)" (A5)
For p = co we denote
L£°(€) := {f measurable in Q| 3C € RT, |f(z)| < C ae. in Q}

o = 0o 1= €sssu z)| = inf su z)| = inf {« )| < aae inQ}. A.6
I~ = Il s= esssup|F@) = |, nf sup 1) = inf (o] 1/(2) b

The change of a function f on a set of zero measure does not change either whether f € LP(Q), p € [1,00] or
the value of the functional || - ||z». For functions f € £P() the functional || - ||z» is therefore not a norm. Hence we
consider instead of individual functions f the classes of equivalence [f] defined as

fielfl< fi=/fae inQ.

Definition A.3.9 — Lebesgue spaces. Let p € [1,00]. Denote

LP(Q) == A{[f]| f € L2V}
Then we call LP(2) the Lebesgue space. For  open we further introduce

LY (Q) :={[f]| f is measurable in Q| VK C Q, K compact, f € LP(K)}.



A.3. Lebesgue spaces 235

In what follows, we will speak about functions f instead of the classes of equivalence [f]. Even though it is not
precise, in most cases it is sufficient. When it will be important to specify the representative f from the class of
equivalence, we will do so.

The functionals defined in (A.5) and (A.6) have the following important property.

Theorem A.3.10 — Minkowski inequality. Let p € [1,00] and let f,g € LP(Q2). Then it holds:
1. f4+ge€LP()
2. If + 9oy £ Wfllzeo) + 119l Lo (q)-
M.) The proof can be found in (Luke$ and Maly, 1995, Theorem 10.4) or in (Cerny and Pokorny, 2023, Theorem
16.2.6). |

This inequality (in fact, the triangle inequality for the Lebesgue spaces) is one of the main tools to prove the following
basic result.

Theorem A.3.11 — Completeness of Lebesgue spaces. Let p € [1,00]. Then the functional || - || z» defined
in (A.5) and (A.6) is a norm in the space L”(2) and the space LP(2) is with respect to this norm a Banach space.
Moreover, for p = 2, the space L?(Q2) is a Hilbert space with the scalar product defined as®

(u,v)12(q) ::/uvdx.
Q

“We consider only real-valued function in these Lecture Notes. For complex-valued function we have to replace the function v in the
integral by its complex conjugate.

Proof. The proof can be found in (Luke§ and Maly, 1995, Theorem 10.6) or (Cerny and Pokorny, 2023, Theorem
16.3.3). |

The inequality below plays a fundamental role in the theory of partial differential equations. It in fact also implies
the Minkowski inequality.

Theorem A.3.12 — Holder’s inequality. Let p € [1,00] and let f € LP(Q), g € ¥’ (Q), where % + i =1
(with the convention that p = 1 = p’ = co and vice versa). Then it holds:

1. fge L'(Q)

2. 19l iy < N fllLooy N9l o (g)-

Proof. The proof can be found in (Lukes and Maly, 1995, Theorem 10.3) or in (éerny and Pokorny, 2023, Theorem
16.2.3). |
Holder’s inequality has several direct consequences.

Lemma A.3.13 — Holder’s inequality for several functions. Let ¢ = 1,...,k and let p; € [1,00] be such

that Zle i =1 (with the convention that p; = co = i = 0). Further, let f; € LP:(Q2). Then it holds:

115, fi € LM(Q)

k k
2 | i, g < Tt Uil
Proof. Compare with (C‘erny and Pokorny, 2023, Exercise 16.2.18). |

Lemma A.3.14 — Trivial embeddings of L?(Q2) spaces. Let® || < oo, then it holds for all p,ps € [1, o0],
D2 2 Pi:
1. LP2(Q) — LP1(Q)

p

2" P1
2. |l fll por gy < 1€ 7172 Hf”LPz(Q)'

2The symbol |Q| denotes the d-dimensional Lebesgue measure of the set Q C R

Proof. Tt can be found in (éerny and Pokorny, 2023, Proposition 16.2.9). |
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Lemma A.3.15 — Interpolation inequality in Lebesgue spaces. Let pi,ps € [1,00], po > p1 and f €
LPr(Q2) N LP2(Q). Then it holds for all r € [p1, pa]:

1. felL ()

o -«
2 1F gy < 1A 0n e Nl sty

where a € [0, 1] fulfils % — LT 1;;_

Proof. The proof can be found in (Cerny and Pokorny, 2023, Proposition 16.2.12). |
Exercise A.3.16. Applying Theorem A.3.12 prove Lemmata A.3.13-A.3.15.
Last we present a characterisation of the space L>(£).
Theorem A.3.17 — Connection of norms in L>(Q2) and LP(Q). Let |Q| < co. If f € L>°(R), then it holds:
1. Vpe[l,00): f € LP(Q)
2. 1imysoo (£l oy = 1l

If there exists a sequence {p;}:2; such that lim; ,., p; = co and a constant C' € R™ such that sup,cy ||f||Lpi(Q) <C,
then it holds:

1. feL>*()

2. £l oo () < C-

Proof. The proof is a simple exercise; it can also be found in (Kufner et al., 1977, Theorem 2.11.4-2.11.5) or in (Cerny
and Pokorny, 2023, Proposition 16.2.11). [ |

A.3.3 Density of continuous functions in the Lebesgue spaces

The construction of the Lebesgue integral provides us the density of simple functions in LP(Q2), p € [1,00) (for more
details, see, e.g., (éerny and Pokorny, 2023, Theorem 16.4.4)). In the section devoted to mollifying of Lebesgue
functions we show the density of smooth functions in these spaces. The main tool is Theorem on Lebesgue points
A.3.20 proved below. Its proof, however, needs the density of continuous functions in L!(£2). We first show this result.

Theorem A.3.18 — Density of continuous functions in LY(Q). Let © C R? be open. Then functions from
C(9) are dense in L(Q).

Proof. Choose u € L*(2) and fix € > 0. Using the Lebesgue dominated convergence Theorem A.3.4 it is easy to see
that there exists R > 0 sufficiently large such that ||u — uxp,)ll1 < . It is therefore enough to approximate the
function u; = uXxp, o) which is defined as 0 outside the domain of u. Due to the properties of the Lebesgue integral
there exists a simple function us € L*(R?) such that ||us —u1|[1 < . We may clearly assume that us = 0 in RY\ Bg(0).
This function has only finite number of nonzero values and their counterimages are measurable subsets of Br(0). Due
to the interior regularity of the Lebesgue measure we may approximate any such set arbitrarily precisely by a compact
set.
We can therefore find a simple function ug such that ||uz — ul]; < 3¢ and

n
usz = § i XK;»
=1

where n € N, a; are real numbers and K; C Br(0) are disjoint compact sets. Then

d:= min dist(K;, K;) > 0.
1<i<j<n

It is now enough to choose § € (0, 2) and set

ug(x) = En:ai max{l - %dist(x, KZ-),O}.
i=1

We constructed a continuous function which for ¢ sufficiently small fulfills ||us — u4]l; < €. Indeed, the value of the
function us was changed only on sets, where 0 < dist(z, K;) < ¢ for some i. The measure of these sets goes to zero if
0 — 04 (continuity of the measure) and the value of the function was changed at most by max;—1 ., |a;|. Whence
|lug — u1]j1 < 4e and the proof is finished. [ ]
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A.3.4 Lebesgue points

Let us recall the Luzin Theorem A.3.1 which implies that for  bounded we may choose a set G such that 2\ G
is compact and u is continuous on Q2 \ G (and thus also uniformly continuous). The measure of Q2 \ G can be taken
arbitrarily small. For functions continuous in the whole €2 it is not difficult to verify that

Ve e Q: Tli)%l+|B |/ y)dy = u(x).

Since the above mentioned property is fundamental to build the theory of weak solutions to partial differential equa-

tions, we want to know how big is the set for which the equality above holds true if u is only locally integrable. First,
we define the following notion.

Definition A.3.19 — Lebesgue point. Let u: R? — R be a locally integrable function. We say that the point
x € R? is a Lebesgue point of the function w, if

1

The following theorem answers the question how big the set of Lebesgue points is.

Theorem A.3.20 — On Lebesgue points. Let u: R? — R be a locally integrable function. Then almost every
points € R% are Lebesgue points of the function w.

The proof of this claim is usually a part of the basic course on the Lebesgue integral. Even though it can be found in
(Lukes and Maly, 1995, Theorem 23.9) or in (éerny and Pokorny, 2023, Theorem 16.5.14), for completeness, we also
include the proof here.

We first show two auxiliary results.

Theorem A.3.21 — Vitali covering Lemma. Let {B,,(z;)}?, C R? be a finite system of balls. Then there
exists its pairwise disjoint subsystem {B,, (x;)}jcs, J C {1,...,n} such that

U 7‘1 xz U B?)T‘J x] (AS)

i=1,...,n jeJ

Proof. We may assume, without loss of generality, that the balls are ordered descending according to its size. The
subsystem {B,,(7;)}jcs, J C {1,...,n} is constructed as follows. We first set j; = 1 and remove all the balls which
have nonempty intersection with the largest ball B,., (x1). Let jo > j1 be the order of the second largest remaining ball.
We now remove all the balls which have a nonempty intersection with the ball B, (z;,) and in the next step we use the
third largest ball of the remaining ones. We continue by induction until we obtain a disjoint system. Property (A.8)
follows from the fact that if we remove a ball B, (z;), there exists j € {1,...,i — 1} such that the ball B, (z;) is
among the chosen balls and B, (z;) N B, (x;) # 0. However, we also have 7; > r;, therefore B, (z;) C B3, (z;). W

Next we introduce an operator which plays an important role in the harmonic analysis.

Definition A.3.22 — Hardy-Littlewood maximal operator. Hardy—Littlewood maximal operator assigns
to a locally integrable function u: R¢ — R the function Mu defined by

1
Mu(z) := sup lu(y)| dy.
(B,(2) | 2€B, (z}\B( 2)| JB, )

Theorem A.3.23 — Hardy-Littlewood. Let u € L*(R%). Then for any ¢ > 0 it holds®

d
[{z € RY| (Mu)(x) > t}] < %IIUIIL

%This estimate is called "weak (1, 1)-estimate".

Proof. The set Gy := {x € R?| (Mu)(z) > t} is open, as follows from the continuous dependence of the integral on the
domain of integration (verify carefully!). We choose a compact set K C G;. By virtue of the definition of the set K,
for any z € K there exist x, € R? and 7, > 0 such that

/ ()| dy > 1|B,._(22)]-
Brz(wz)

The system {B,._(z.)}.cx covers the set K C R and by virtue of the Lindelof covering Theorem (see (Cerny and Poko-
rny, 2021, Theorem 11.7.2)) there exists its countable subcovering. Since K is additionally compact, this subcovering
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contains due to the Borel covering Theorem (see (Cerny and Pokorny, 2021, Theorem 11.7.3)) a finite subcovering.
By virtue of the Vitalli covering Lemma A.3.21 there exists a disjoint system {B,, (x;)}i=1,...n such that {Bs,, (z;)},

covers K. Thus . .
HE] <Y |Ba (2)] = 3% 3 [Br, (22)] < 3d2 / y)| dy < 3%Jul,.
=1 =1

Due to the regularity from inside of the Lebesgue measure we may svvltch to the supremum over K C G on the
left-hand side of the previous inequality. The theorem is proved. |

We are now ready to proof the Theorem on Lebesgue points.

Proof of Theorem A.3.20. For arbitrary, but fixed € > 0 we define

NE:{xERdHimsup B |/ )|dy>3€}

r—04

Our goal is to show that |[N.| = 0 whenever ¢ > 0. We fix ¢ € (0,1) and further also § € (0,1). Since the continuous
functions are dense in L'(R?), we may find such a continuous v € L'(R?) that ||u — v||; < §. We further define

N.s={z € R | M(u—v)(z) >e}U{zr € R||u(z) —v(z)| > ¢}
We now take z ¢ N, 5. Due to the continuity of v we may find ¢ > 0 such that
lu(y) —v(z)] <e  proly—zf <o

For any r € (0, o) we have (recall that = ¢ N, 5)

|/ >|dy_‘B |/ () @)+ ) = )] + o)~ ) dy
<e+Mu—v)(z)+e < 3,

and therefore N, C N, 5.
By virtue of the Tschebyshev inequality (see (Cerny and Pokorny, 2023, Remark 15.7.4)) and the Hardy-Littlewood
Theorem A.3.23 we have

3d 1 cs
INeo| < Hz € R M(u—v)(z) > e}|+ {z € R||u—v|(z) > e}| < ;IIu—th + gllu—vlll =

Altogether, [N.| < |N. | < € and since § > 0 was arbitrary, it must hold |N.| = 0. |

Exercise A.3.24. Show the following nontrivial extension of the Theorem on Lebesgue points. Let u € LP()) and
p € [1,00). Then it holds for almost every = € Q

lim y) —u(x)P dy = 0.
R TN Bml u(y) —u(z)|

A.3.5 Mollifier, p-mean continuity, separability of the L?({2) spaces

Definition A.3.25 — p-mean continuity. Let f € LP(Q) and p € [1,00). We define f(z) = 0 for z ¢ Q. We
say that the function f is p-mean continuous if

Ve>035>0VheR: || <6 — /\f(m+h)—f(x)|pdm<e”. (A.9)
Q

Theorem A.3.26 — On p-mean continuity. Let p € [1,00). Then any function from LP(Q)) is p-mean
continuous.

Proof. For x € R4\ Q we have f(x) = 0. We fix arbitrary ¢ > 0. It is possible to choose R > 0 such that for the given

e>01itis
EN\P
fl@)Pde < (=
/Rd\BR(ml o (6)

NP
[fz+h)Pde < (=),
Ad\BR+1(O) (6)

where we assumed without loss of generality that for ¢ from (A.9) we have § < 1. Due to the above presented
inequalities we may work in the ball Br,1(0).
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Since any integrable function is uniformly integrable, we can choose 1 > 0 such that VE C Bgr42(0), |E| < 27, it
holds

p
/ @< (5)". (A.10)
E 6
The function f is measurable in Br42(0) and by virtue of the Luzin Theorem A.3.1 there exists a compact set
F} C Bry2(0) such that f € C(FF) and |Br42(0) \ FFf| < 7. Furthermore, there exists § € (0,1) such that
€

Va,y € Bt e —yl <6 = [f(x) = fy)l < ——— .
! 3|Br1(0)[

(A.11)

Denote F/"? := {z € Br12(0)|z+h € Ff'} and F, := FF N FF" N Br11(0). The set F,, is compact and it holds

[Br11(0) \ Fy| = | (Br41(0) \ F)') U (Br11(0) \ Ey¥) | < 25
this follows due to the choice of 7, since
|Br1(0) \ FF| < |Bre2(0) \ Ef| <
1Br1(0) \ Fy"P| = [Bra1(=h) \ Ef| < [Bry2(0) \ F| <,

where we used in the second estimate that |h| < 1. Altogether, from (A.10) it follows

2 /BR-H(O)\Fn (1@ + )P +1f@)") do < (g)”

Next, from (A.11) we have for any h € B;s(0)

/F If(z +h) — f(z)]Pda < (%)p

n

Finally, for |h| < § it holds

/Rd |f(x+h) — f(x)[Pdo < 2p_1/

RI\BRr+1(0)

(If@+ )P +|f(@)) do
pot [ (Mm@ b

+/F |f(z+h)— f(z)|Pde <P

n

which we wanted to prove. |

Exercise A.3.27. Modify the proof of the previous theorem and show the following. Let p € [1,00) and u € L?(Q2)
be arbitrary. Define for 7 € (0, 1] the function u,(z) = u(rx). Then for any € > 0 there exists 0 < § < 7 < 1 such
that [|u — u||Lr0) <e.

The following mollifying operator defined as convolution with a suitable mollifying kernel plays an important role
in the theory of partial differential equations.

Definition A.3.28 — Mollifier. We say that the function 7: R? — R is a mollifier (a mollifying kernel), if the
following holds:

. n€CF(RY)

—_

B

supp7 C By (0)
. Yz € R%: p(z) >0

-~ W

. Va,y € RY: x| = |y| = n(z) = n(y)
Jran(x)dz = 1.

Example A.3.29. A possible choice of the mollifying kernel is the function

1
Cel=I>-1 for |z| < 1
xTr) =
() { 0 for|z| > 1,

X

where the constant C'is chosen so that the condition [, n(x)dz = 1 is satisfied.

In what follows, for a fixed € > 0 we denote 7. the function defined as

Ne(x) = gidn (g)
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Definition A.3.30 — Mollification of a function. Let Q C R? be open and u € L{ (€2). The function w.:
Q. — R defined in Q, := {z € Q] dist (x,0Q) > €} as

Ue 1= Ne * U (i.e.7 us(x) = / ne(z — y)u(y) dy)

R

. Ne(z — y)u(y) dy = /

Be(z)

is called mollification of the function u.

Theorem A.3.31 — On convolution. Let p,q € [1,00] be such that % + % > 1. Then for any f € LP(R?) and
g € L1(R%) it holds:

1. fxge€ L"(RY), where % = % +1_1

1
q

2. ”f*g”LT(Rd) < ||fHLp(Rd) ||9||Lq(Rd)~

Proof. The proof can be found in (Luke$ and Maly, 1995, Theorem 26.20). |

Exercise A.3.32. By virtue of Holder’s inequality prove Estimate 2. from the theorem above.

Theorem A.3.33 — On mollification. Let Q C R? be open and u € L (). Let u. be mollification of w.
Then it holds.

1. The function u. € C* (£2.).

2. For almost every z € 2 we have lim u.(z) = u(x).
e—04

3. If u € C(£2), then u. =% u on every compact subset K C €.

4. fu e L?

loc

() for p € [1,00), then v — w in LY (Q).
5. If u € LP(RY), then [well o ray < lullppray for p € [1,00] and ue — u in LP(R?) for p € [1, 00).

Proof. Step 1: Proof of Claim 1.
We have from the definition of the convolution

we) = [ e =y

where 7. € C>°(R?). Tt therefore suffices to apply the theorems on continuity of integral with respect to a parameter

and on derivative of integral with respect to a parameter and we immediately obtain the required u. € C* ().
Step 2: Proof of Claim 2.

We apply the Definition of mollification of a function A.3.30, use properties of the mollifier from the Definition of

mollifier A.3.28 and compute for arbitrary x € ).

|u(e) — ue(2)| =

u(z) /Rd ne(z —y)dy — /Rd Ne(z = y)u(y) dy‘

/ ne( — ) (u(z) — u(y)) dy
B.(x)

1

-

/. o (“22) (o) = o) ay
|

<G [, e - uwldy

Using the Theorem on Lebesgue points A.3.20 it holds for a.e. z that — fBg(z) |u(z) — u(y)|dy — 0 for € — 04, and

the claim is proved.
Step 3: Proof of Claim 3.
We proceed as in the proof of Claim 2., only when estimating

C

— u(x) —u(y)| dy
= NG RO

we apply the uniform continuity of v on a compact set.
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Step 4: Proof of Claim 4.
The claim is a consequence of the Theorem on p-mean continuity A.3.26 and properties of the mollifier (dist(X, 9§2) >
¢). Indeed, using a suitable change of variables, Holder’s inequality and Fubini’s Theorem

e =l = [ () = (@) da

-,
-,
< C/K (/BI(O) |u(xez)u(z)|pdz> da

e oo ( /K u(z — £2) — u(z)|? dx) dz.

The inner integral over K converges for € — 04 to zero due to Theorem on p-mean continuity A.3.26 (uniformly with
respect to z € B1(0)) and the claim is proved.

Step 5: Proof of Claim 5.
Due to the Theorem on convolution A.3.31 we have for arbitrary p € [1, o]

p
dx

/B()ngu—y)u(y)—u@)dy

p

dx

/ n(2)lu(z - £2) — u()| dz
B;(0)

”uaHp < ||u||p||775||1 = ”qu

Now let p € [1,00) and u € LP(R?). Choose an arbitrary number g > 0. Then there exists R > 0 such that

p
/ lul? do < (Q>
RI\B 1 (0) 4

By virtue of the Theorem on convolution A.3.31 applied on u. extended by zero to Bry1(0) we get for e < 1

p
/ |uel? dz < (Q)
R\ Br.1(0) 4

Finally, as in Claim 4., it is possible to show that there exists 9 > 0 such that for any ¢ € (0, &g it holds

P
/ lu — ue|P do < (E)
Br+1(0) 2

Combining the inequalities above we achieve

lu —uellp < [lu— el Le R\ Brys (0)) T | — vellr(Bris(0)

< lull Lo R\ Br(0)) F NUell Lo (Ra\ Brsr (0)) + I|U = Uell Lo (Brar (0)) < O
[ ]

The previous Theorem on mollification A.3.33 implies the following. If u € LP(Q2), p € [1,00), then u. — w in
LP(Q). It is enough to extend u by zero outside of © and apply Claim 5. from the theorem above.

Note that Claim 5. from Theorem A.3.33 cannot hold for p = co, since the convergence in the L>°(2)-norm is for
smooth functions the uniform convergence. A weaker claim holds true, namely that

ue = win L(Q)

(e, Yo € LY(Q): [yucpdz — [,updz, see Subsections A.3.6 and A.3.7 below devoted to representation of
continuous functionals and to different kinds of convergences).

By virtue of the Bernstein Theorem on approximations of continuous functions by polynomials in the C°(£2)-norm
(and therefore by polynomials with rational coefficients in the LP(2)-norm, p € [1,00)) we get as a consequence the
first part of the following theorem.

Theorem A.3.34 — Separability of LP(£2). The space LP(Q) is for p € [1,00) separable. The space L (Q) is
not separable.

Proof. See also (Kufner et al., 1977, Theorem 2.6.1) or (Pick et al., 2013, Theorem 3.6.1 and 3.10.4). [

Exercise A.3.35. Show, using the characteristic functions of intervals, that the space L>°(£2) cannot be separable.
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A.3.6 Continuous linear functionals on L?({2)

Theorem A.3.36 — Representation of continuous bounded functionals on LP(Q2). Let © be a bounded
open set. Let ¢ be a continuous bounded functional on LP(f2), p € [1,00). Then there exists a unique function

g € L (), >+ 5 =1 (p = oo for p = 1) such that it holds

VF € ) (1) = (6. Duwiey = [ Foda: (A.12)
Furthermore [|¢|(z»q))* = ||g||Lp/(Q).

Proof. The proof can be found in (Kufner et al., 1977, Theorems 2.9.5 and 2.11.8) or (Pick et al., 2013, Theorems
3.8.3 and 3.10.11). ]

The following result is based on the previous theorem.

Theorem A.3.37 — Reflexivity of LP(€2). Let 2 be a bounded open set. Let p € (1,00). Then the space
LP(Q) is reflexive. The spaces L>(£2) and L!(£2) are not reflexive.

Proof. The proofs can be found in (Kufner et al., 1977, Theorems 2.10.1, 2.11.10 and 2.11.11) or (Pick et al., 2013,
Theorems 3.9.1, 3.10.13 and 3.10.14). [ |

A.3.7 Different types of convergences, relatively compact sets in L?()

First, let us have a look at different possibilities in which sense a sequence of functions {f,}52; can converge to a
limit function f and what are the relations among the different types of convergences.

Definition A.3.38 — Types of convergences. Let {f,}5°; be a sequence of measurable functions and f be
measurable in €. Let € be open.

1. We say that {f,,}>2; converges to f pointwisely in €, if for any = € Q we have lim,, o fn(z) = f(2), i.e.,

VYo € QVe > 03ng € NVn > ng: |fu(z) — f(z)] < e.

2. We say that {f,}52, converges to f uniformly in , if

Ve > 03ng € NVz € QVn > ng: |fn(z) — f(z)| <e.

3. We say that {f,}22, converges to f locally uniformly in Q, if VK C €, where K is compact, the sequence
{fn}52, converges uniformly to f in K.

4. We say that {f,}°2, converges to f uniformly up to small sets in Q, if

Ve >03M C QM| <e: {fn}o2, converges to f uniformly in Q\ M.
5. We say that {f,}52, converges to f almost everywhere in €, if
IM C Q, |[M|=0: {fn};2, converges to f pointwisely in 2\ M.
6. We say that {f,}52; converges to f in measure in €2, if
Ve>0: lim [{z € Q[|fn(z) - f(2)] = e} = 0.
7. We say that {f,}52, converges to f in LP(Q2), p € [1, 0], if
T o = fll oy = O

8. Let p € [1,00) and p’' = p’%l, ie, = + = =1 (with the standard convention p’ = co for p = 1). We say that

1
’ E 7
{fn}22, converges to f weakly in LP(Q2), we write f, — f, if

Vge L (Q): lim fngdx:/fgdx.
Q Q

n—o0



A.3. Lebesgue spaces 243

9. We say that {f,}5%, converges to f weakly star (weakly*) in L>(Q), we write f, — f, if
Vge L'Q): lim [ f.gdz= [ fgdx.
" Q

Some of the relations among the convergences are depicted in Figure A.1. These relations can be easily shown from
the definitions, using also the theorems on limit passages presented at the beginning of this appendix.

uniform convergence
1] < o0

=]

locally uniform convergence .
convergence in LP

pointwise convergence \‘
convergence in measure

convergence almost everywhere
chosen subsequence

converges almost everywhere
convergence in measure

Figure A.1: Some relations among the convergences.

Remark A.3.39. For p € [1,00) the above stated weak convergences coincide with the standard Definition of weak
convergence B.2.5 due to Theorem A.3.36. For p = oo Theorem A.3.36 says that (L'(Q))* = L>°(Q) and therefore
the weak star convergence defined above corresponds to Definition B.2.5. Even though it is also possible to introduce
the weak convergence in L>(Q2), we do not present it, as Theorem A.3.36 does not say anything about the space!
(L>°(Q))*. On the other hand, we do not introduce the weak star convergence on L'(Q), since there is no Banach
space X such that it holds X* = L(€).

Furthermore, in LP(Q), p € (1, 00), we have at our disposal both weak and weak star convergences, but for reflexive
spaces (which is the case for LP(2) with p € (1,00) according to Theorem A.3.37) both convergences coincide, and
there is no reason to introduce the weak star convergence in this situation.

Let us finally have a look at the characterization of totally bounded sets in LP(Q2), p € [1,00). It is an analogy
of the Arzela—Ascoli Theorem A.2.8, the role of uniform continuity will be played by the p-mean continuity. Due to
Theorem B.2.10 the total boundedness for the LP(Q) spaces is equivalent with the relative compactness; therefore the
following theorem gives us a characterization of subsets of the L? () spaces which have the property that any sequence
from these subsets contains a subsequence which converges in the LP({2)-norm.

Theorem A.3.40 — Kolmogorov. Let p € [1,00). Denote ry, f(x) := f(z + h) (we extend f by zero outside of
the set ). The set A C LP(f2) is totally bounded if and only if:

1. it is bounded, i.e.,
Sup || £l o) < C < o0
feA

2. it is equally p-mean continuous, i.e.,

Ve>036>0Vf€A: |h<d = [rnf— fllio <&

3. it equally uniformly decays at infinity, i.e.,
Ve >0dR > 0Vf € A: ||f||Lp(Q\BR(O)) <e.

Proof. Step 1: Proof of implication "=-"
Step la: boundedness
This property directly follows from the total boundedness (perform the proof in more details!).
Step 1b: equal p-mean continuity
Let { fz}fil be the £-—net in A. Clearly, as the net contains finite number of functions, the set { fl}fv=1 is equally p-mean
continuous (each function is p-mean continuous due to Theorem A.3.26). Then

Irnf = flle) < llf = mafill o) + Irafi = fill oy + i = fllpo) <€
for suitably chosen ¢ € {1,..., N} from the property of the net (recall that we have ||f; — f||Lp(Q) <

£
3
as ||rnfi — rhf||Lp(Q) < £) and for a suitably chosen ¢, |h| < ¢ (the equal p-mean continuity of the net implies
Irnfi = fill ooy < 3)-

IThe space (L>(Q2))* is well defined, however, its characterization goes far beyond the scope of these Lecture Notes.

as well
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Step 1lc: equal uniform decay at infinity
Again, let { fz}fil denote the §-net in A . Since for each i we have f; C LP(Q2) and the net contains finite number of

functions, it holds

. €
this is a direct consequence of the Lebesgue dominated convergence Theorem A.3.4. Then for arbitrary ¢ > 0 there
exists ¢ € {1,..., N} and R > 0 such that

1A 2o\ Broy < If = fillLo@Brioy + I1fill Lo\ Brioy) <&

Step 2: Proof of implication "<"

The proof is slightly longer, so we summarize the main ideas. We first show that it is enough to construct the net on
any open bounded set M C R? (recall that outside of €2, the functions are extended by zero). In particular, the set M
is compact.

We next mollify the functions from the subset A and obtain the set A of continuous functions in M. We verify that
this set satisfies the equivalent characterization of total boundedness in C(M) from the Arzela—Ascoli Theorem A.2.8
and therefore there exists a finite e-net of Ay, in C(M).

The last step then contains the proof of the fact that the functions from A which after mollification form the finite
e-net of Ay, in C(M), form in fact the finite net of A in LP(2). Since the functions can be extended by zero outside
of ), we can always assume that €2 is open.

Step 2a: 1t suffices to consider bounded sets
Indeed, let {fl} 1 be an $-net in LP(Q2 N Bgr(0)) for R chosen so that

3
Vi€ A N flle@nsro) < 7

This is indeed possible, since we assume the equal uniform decay at infinity. Now it is easy to verify that { fi}f\il form
an e-net in LP(Q)), as we have for any f € A

If = fill oy < I = fill Loonsrioy) T 1@ ro) + 1fill Lo\ Brio) <€

for suitably chosen ¢ € {1,...,N}.

Therefore, in what follows, we can assume that €2 is a bounded open set.

Step 2b: mollification, application of the Arzela—Ascoli Theorem A.2.8
Denote Ay, = {f1, | f € A}, where f), = ny % f is the mollification of f in R?. Then we have that A;, C C(Q). Moreover,
Ay, is totally bounded in C(£2), since the assumptions of Theorem A.2.8 are satisfied; in particular, the uniform
boundedness

e <|/w— dy'<c<>||pr<m<C<h>

and the equal uniform continuity
1 T+zZ—
— —_— | = d
e ((57) =0 (57) ) ]

ifmm,jd</9'(n(ﬁz) (7))

P >
dy)
Cal £l < CUDI.

—-net of the set Ay, in C(Q). Denote (fi)n, i =1,..., N, the elements of this

[fn(z+2) = falz)] <

To any € > 0 there exists a finite
2|m
net. Hence, for arbitrary f, € Ay there exists j € {1,..., N} such that

1fh = (fidnlle@ < —= (A.13)
e = s
Step 2c: e-net of the set A in LP(Q)
We show that { fi}f\;l, where f; are the original functions corresponding to (f;); from the net A, in C(Q2), form the
e-net of A in LP(2).
Choose § > 0 so that

el

iE (A.14)

Vf € AVz € RY|z| < §: (/Q|f(:c+z)—f(x)|p d:c)p

where C is a constant specified below. The existence of § > 0 ensuring that the inequality above holds true is evident
from the assumption on the equal uniform p-mean continuity of the set A.
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Then
||fa - f”LIJ(Q) < ||f] - (fj)h”LP(Q) + H(fj)h - thLp(Q) +1fn = f“Lp(Q) :

The first term on the right-hand side is smaller than £, as by virtue of Holder’s inequality, Fubini Theorem and

properties of n we get
P
dx)

1= (0l oy = (
; 13
( Bl(o)/ ‘f] x+hz) f]( )|pd£dz> < 1;

this follows from (A.14) with the choice C' = C(n)|B; (0)|% Similarly we also estimate the last term on the right-hand

€

side. Finally, the second term on the right-hand side is smaller than § which follows from (A.13). Altogether,

=

fi(w) nn(z —y) dy

fi(z + hz))n(z)dz

| /\

15 = Flpoey <

and {fz} _, is therefore the e-net of A in LP(2). [

A.3.8 Nemytskii operator and weak lower semicontinuity

This last subsection recalls two fundamental results which form basis to build the theory for nonlinear partial differental
equations. We presents these results with their proofs since they are not included in the standard courses on measure
theory and on theory of integral. We will be interested in behaviour of the composite function f(z,u(z)). If f and
u are only measurable functions of its variables, the composite function f(z,u(x)) may not be measurable. The next
definition contains a sufficient condition to ensure the measurability for such a mapping.

Definition A.3.41 — Carathéodory function. Let Q C R? be measurable and N € N. We say that the
function f: Q x RN — R is a Carathéodory function, if:

1. the function f(z,-): RV — R is continuous for almost every = €

2. the function f(-,7) : Q — R is measurable for all 7 € RV,

We are now ready to introduce the basic tool needed in the theory of nonlinear partial differential equations.

Theorem A.3.42 — Nemytskii operator. Let Q C R? be measurable and f: Q x RV — R be a Carathéodory
function. For @ = (uy,...,uy): Q@ — RY we define the Nemytskii operator

W (@)](x) := f(z, d()).

Then the function N(@) is measurable provided the function @ is measurable.
Moreover, let for any ¢ = 1,..., N there exist p; € [1,00) and let there exist p € [1,00), g € LP(Q2) and a constant
C > 0 such that for almost every x € Q and all 7 := (vy,...,vy) € RV it holds

|f(z,7)| < g(= +CZ|% : (A.15)

Then NV: @ — N (@) is a continuous operator from LP!(Q2) X --- x LPN(Q) to LP(Q).

Proof. Step 1: Measurability
Since @ is measurable, there exists a sequence of simple functions {@"}>2; such that @™ — @ almost everywhere
in Q. We define functions f,(x) := f(z,4™(z)). Then f, — N (@) almost everywhere in €, due to Property 1. for
the Carathéodory function f. Moreover, f,, are measurable which can be easily checked applying Property 2. from
Definition A.3.41 on the level set of the functions @™. Consequently, the function N (%) is measurable.

Step 2: Boundedness
If @ € LP(Q) x --- x LPN(Q), then |N(@)||Lr(q) is finite due to the Minkowski inequality A.3.10 and the growth
assumption (A.15), since

N

< llgllze(o) + CZ ||ui||gw,(g) < 0o. (A.16)
LP(Q) i=1

N p
9+CZ|U2‘|FL

i=1

[N (@)l ey <
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We also see that A" maps bounded sets in LP!(2) x --- x LPN () to bounded sets in L?(f2).

Step 3: Continuity
It remains to show the continuity of N. Let @™ — @ in LP*(Q) X --- x LP¥ (). Switching to subsequences we may
ensure that ¥™ — @ almost everywhere in 2 and

i = willppi ) <277 forallneNand i€ {1,...,N}.

Then the functions -
vii=lu + > e —wi|  ie{l,...,N}

control the members of the sequence {@"} in LPi(€2). Assumption (A.15) and estimate (A.16) yield that
N N
g+C ) _lul 7 € LM(Q)
i=1
controls the sequence {f(-,4™)} from above. Further due to (A.16)
|f (@, @™ (@) — f (@, @(x)[” < 27| f (2, a" ()" + 27| f (w, ()P

N P
v (g(:c) +C0Y |vi(x)|?> + 2P| f(a, @(x))|P € L' (9);
i=1

in other words we constructed an integrable maJorant Since f(z,ud"(x)) — f(x,ud(x)) for almost every = € Q (it
follows due to the almost everywhere convergence ¥™ — 4 and the continuity of f in the second variable), we can use
the Lebesgue dominated convergence Theorem A.3.4 and get

It is easy to see (by contradiction argument) that the result holds for the whole sequence. [ |

We finally formulate the key property of the Carathéodory functions which are additionally convex in the last vari-
able.

Theorem A.3.43 — Weak lower semicontinuity. Let  C R? be measurable, f: Q x (RY xRM) - R a
Carathéodory function. Moreover, assume that:

1. f is bounded from below by an integrable minorant, i.e., there exists g € L'(f) such that for all (@, %) €
RY x RM and almost every z € € it holds

f($7ﬂ76) Z -9

2. f is convex in the last variables, i.e, for each @ € RY each @, 7, € RM, each a € [0,1] and almost every = €

it holds
f(@, i, ath + (1 - a)th) < af(z,d,0) + (1 - a) f(z, @, U2).
Then for every sequence {@"}2; = {uy,...,u}} 2, which fulfils for each i =1,..., N
ul — u; strongly in L'(9) (A.17)
and every sequence {07}, = {v],..., v}, }52, which fulfils for each i =1,..., M
o' = v; weakly in L'(Q) (A.18)
it holds

/ (@, i(z), 5(z)) dz < liminf / o 7" (z)) da. (A.19)

n—oo

Proof. Let (A.17)—(A.18) hold. We denote

L:=liminf | f(z,d"(z),v"(x))dz.

n— oo Q

Switching to a subsequence if necessary, we may achieve that

/ flz,@™(x), 0" (z))de — L,
Q

ul = u; in LY(Q) Vi=1,...,N,
ul >u; ae inQ Vi=1,...,N.
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In what follows we consider only this subsequence. Moreover, since g € L'(Q), switching to f(z,#, ¥) + g(z) we may
achieve that f is a non-negative Carathéodory function which is convex in the last variable. In what follows, we
additionally assume that f is non-negative.

Step 1: Main idea of the proof
Assume for a moment that f does not depend on the second variable, i.e., f(x,u,7) = f(x,7). The main idea is
connected with application of the Mazur Theorem B.2.14. Due to it and due to (A.18) we can find subsequences
{wn}yee, c LY(Q), {k"}:2,, and numbers a} € [0, 1] such that

ke

k™ > n, Za"ﬁk Zaﬁ:l,
k=n

and
Vi=1,...,M: wl — v; strongly in L*(Q).

Finally, by virtue of the convexity of f in the last variable we obtain

/Qf(xﬂi x<2ak/f x<222/f

Passing to the limit n — oo, where on the left-hand side we use the pointwise convergence (for a suitable subsequence),
non-negativity of f and the Fatou Lemma A.3.6 we get

/f x, U( dx<hm1nf/ f(z dx<hm1nfsup/ f(x, 7% (2)) da

n—oo n— o0 k>n

<limsup | f(z,v"(x))dz =1L

n—oo Q

which is precisely inequality (A.19). It remains to explore the case when [ also depends on 4.
Step 2: "e-perturbation due to the dependence on "
Let 2 C Q be an arbitrary bounded measurable set and € > 0 be arbitrary. We define

Qe = {z € Q| f(x,@"(2),5"(x)) — f(a,i(x),T"(z))| > e}.
We show that _
Q] "7 0. (A.20)

For contradiction, assume that (A.20) does not hold. Switching to a subsequence and making ¢ > 0 smaller, if

necessary, we get B
Q| > 4e for all n € N. (A.21)

Due to (A.18) there exists C; > 0 such that ||7"||11 () < C1. If we set C. := < and define

Q) = {z € Q5" (@) = C.},

we have for all n € N the estimate

|Q|<—/| \dm<—:5. (A.22)

8

By virtue of the Egorov Theorem A.3.7 we can find Q7 such that @ € C(Q\ Q%) and
Q7 <e

SO (A.23)

@™ — @ uniformly in Q\ Q.

Therefore there exists Cy > 0 such that for all n € N, ||11'”||L,¥,C(§\§~2 a < (5. Finally, using the Luzin Theorem A.3.1
and the fact that f is a Carathéodory function, we can find O/ such that

1Qf| <e, fis uniformly continuous in (2 \ Q) x Be,(0) x Be, (0). (A.24)
Combining (A.21)—(A.24) it is not difficult to see that
Qe \(QFUQTNQY) > forany n e N. (A.25)
Finally, applying the uniform convergence (A.23) and the uniform continuity (A.24) we have

n—r oo

108" = £ ooy " 0



248 Appendix A. Function spaces

By virtue of the definition of ﬁs,n we get a contradiction with (A.21). Hence, claim (A.20) is shown.
Step 3: Conclusion of the proof

Due to (A.20) we can choose a subsequence which we relabel and thus we may again assume that |QE nl <27"e. We
set Q. 1= Uo— 1an Then |Q.| < ¢ and for any z € 2\ €. and any n € N it holds
|f(z, u™(x), 0" (2)) — f(z,d(z), 7" (2))] <e. (A.26)

We now proceed as in Step 1. We first repeat the procedure to find the sequence {w "} ; and applying the convexity
of f in the last variable we get the estimate

L
f(aii(z), @ (@) <Y aj flz,id(x), 0" (2))
k=n

o
<> aplf (i), 7 () — fz, @ (2), 7% (2))]
k=n
o

+ ) ap f(x ik (z), 75 ().
k=n

Integrating over © \ Q. and using (A.26) together with Zﬁin ap =1 we get

q —k
/@\Q fla, @(z), @™ () dz < |\ Q. \+/ Za 7% (2)) dz

Qe f—n

sdm+mm/fmﬂ%mﬂW@Mm
k>nJQ

We may now, exactly as in Step 1, pass to the limit on the right-hand side and apply the Fatou Lemma A.3.6 on the
left-hand side to conclude

/~ fla,i(z),5(x)) dz < e]Q| + L.
a\Q

We now pass with ¢ — 0,. We use the boundedness of Q on the right-hand side and the Lebesgue monotone
convergence Theorem A.3.2 on the right-hand side to show (recall that |Q.| < ¢)

/fwu v(z))de < L.

Finally, let Q" C Q be a sequence of bounded sets such that Qn ' Q. Then passing to the limit in the inequality
above (by virtue of the Lebesgue monotone convergence Theorem A.3.2) we get (A.19). |



Appendix B

Several basic results from functional analysis

The results presented below summarize only several most important results needed in these Lecture Notes. Further
details can be found e.g. in Edwards (1995), Yosida (1980), Dunford and Schwartz (1988) or in Czech in Lukes (1998).

B.1 Banach and Hilbert spaces

Definition B.1.1 — Norm, normed space. A mapping = — ||z||y, where x belongs to a certain real (or
complex) vector space V, is called a norm, if:

1. |lz]lv > 0 for all x € V, where ||z|ly =0, if and only if z =0
2. || Az|lv = [M||z||v foral A\ e R (A€ C)and all x € V
3. lz+yllv < ||lzllv + ||y|lv for all z and y € V.

A vector space V on which we define a norm is called a normed vector space.

Definition B.1.2 — Scalar product, unitary space. A mapping (z,y) — (z,y)n, where z, y belong to a
certain real (or complex) vector space H, is called a scalar product, if:

1. (z,2)g >0 for all x € H, where (z,z)g = 0, if and only if z =0
2. (‘T7y)H = (yam)H (OI’ (xvy)H = (y7x)H) for all T,y € H
3. Az, y)g = ANz,y)g forall z, y e H, AR (X € C).

A vector space with a scalar product is called a unitary space.

Remark B.1.3. Recall that the unitary space is also normed and the norm can be taken as |ullg := v/(u,u) . We
call this norm the associated norm to the scalar product.

Definition B.1.4 — Strong convergence (or convergence in norm). We say that a sequence {vy, }nen of
elements of a normed vector space V' converges strongly (i.e., converges in norm) to an element v € V, if

lim |lv, — |y =0.
n—oo

Definition B.1.5 — Cauchy sequence. We say that a sequence {v, },en of elements of a normed vector space
V' is a Cauchy sequence, if for any ¢ > 0 there exists ng € N such that for any m, n > ng it holds

lvn, — vmllv <e.
While any strongly convergent sequence is a Cauchy sequence (which a kind reader can surely verify himself or
herself), the opposite implication is in general not true.

Definition B.1.6 — Complete spaces, Banach and Hilbert spaces. A normed vector space V which fulfils
that any Cauchy sequence of its elements has a strong limit in V is called complete. Complete normed spaces are
called Banach spaces, complete unitary spaces (with respect to the norm associated to the scalar product) are called
Hilbert spaces.

249
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Definition B.1.7 — Separable space. A normed vector space V is called separable, if it contains a countable
dense subset, i.e., a set M = {v, }nen C V such that for any € > 0 and any v € V there exists an element v, € M
such that ||vg — vy <e.

B.2 Dual spaces, weak convergence

Definition B.2.1 — Dual space. The set of all continuous linear functionals on the Banach space X is called
a dual space and it is denoted as X*.

The dual space is again a Banach space with respect to the norm

[Lllx- = sup (L,v)x,
vEX|lv]lx <1
see, e.g., (Lukes, 1998, Theorem 2.4) or (Yosida, 1980, Section II1.6). The dual space to LP(f2), 1 < p < oo, can be
identified with the space L¥ (), % + i = 1, the dual space to C(£2) with the space of Radon measures 2. For the
case of the complete normed space endowed with a scalar product it holds the following characterization of the dual
space.

Theorem B.2.2 — Riesz representation. Let L be a continuous linear functional on the Hilbert space H.
Then there exists a unique element v € H such that

(Lyuyy = (v,u) .

Moreover, ||L|| g = ||v||#-
Proof. The proof can be found, e.g., in (Lukes, 1998, Theorem 2.9) or (Yosida, 1980, Section IIL.6). |

For a Banach space X it is possible to define a dual space X** to the space X* (the second dual space to X). We
can define the canonical mapping E: X — X** as

Eu=u"*, where (u"*,L)x- = (L,u)x forall L € X*.

Definition B.2.3 — Reflexive space. A Banach space X is called reflexive, if the canonical mapping satisfies
E(X)=X"**.

While any Hilbert space is reflexive, for example on the scale of the Lebesgue space it holds only for p € (1, 00).
The following result is trivial.

Theorem B.2.4 — Properties of closed subspaces. Let X be a Banach space and Y its closed subspace.
Then it holds.

1. If X is separable, then Y is separable.

2. If X is reflexive, then Y is reflexive.

Definition B.2.5 — Weak and weak star convergence. We say that a sequence {v,, },en in the Banach space
X converges weakly to an element v € X, we denote it v,, — v, if

HIL}II;O<L3 U7L>X = <L7 U>X
for any L € X*. We say that a sequence {L, }nen C X* converges weakly * (weakly star) to an element L € X*,
we denote it L, — L, if

lim (L,,v)x = (L,v)x

n— oo

for any v € X.

Theorem B.2.6 — Alaoglu—Bourbaki—Banach. Let X be a Banach space. If there exists a separable Y such
that Y* = X, then from any bounded sequence in X it is possible to extract a weakly star convergent subsequence.

Proof. The proof can be found, e.g., in (Lukes, 1998, Theorem 16.6). |
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Theorem B.2.7 — Eberlein—Smulyan. Let X be a Banach space. Then the following two claims are equivalent.
1. From any bounded sequence {v, }nen C X it is possible to extract a weakly convergent subsequence.

2. The space X is reflexive.

Proof. The proof can found, e.g., in (Lukes, 1998, Theorem 16.9) or in (Yosida, 1980, Section V.4). |

Definition B.2.8 — e-net. Let X be a Banach space. We say that a nonempty set A C X is an e-net in X, if
the system of open balls {B.(z)| x € A} covers X.

Definition B.2.9 — Totally bounded set. We say that a non-empty set M C X, X Banach space, is totally
bounded, if for any € > 0 there exists a finite e-net, i.e.,

N
Ve > 03N € N3 {m7}f\;1 C M so that U m,; forms an e-net.
i=1

Theorem B.2.10 — Relation between relatively compact and totally bounded sets. Let X be a Banach
space. Then its subset Y is relatively compact (i.e., its closure is a compact set), if and only if the set Y is totally
bounded.

Proof. The proof can be found, e.g., in (Lukes, 1998, Paragraph 24.4). |
Definition B.2.11 — Continuous embedding. Let X,Y be Banach spaces. We say that X is continuously

embedded into Y (we denote it as X — Y), if:
1.XCY

2. the identity I, as a mapping I: X — Y, is a continuous mapping, i.e.,
AC > 0Vz € X: |lz|ly < C|lz| -

Definition B.2.12 — Compact operator. Let X,Y be Banach spaces. Let A: X — Y be an operator. This
operator is called compact, if it maps bounded sets to relatively compact sets.

Therefore a compact operator maps bounded sequences in X to relatively compact ones in Y. It is therefore
possible to choose from them in Y a convergent subsequence.

Definition B.2.13 — Compact embedding. Let X,Y be Banach spaces. We say that X is compactly embedded
into Y (we denote it as X << Y), if:

1. XY

2. the identity I, as a mapping I: X — Y, is compact (each bounded subset B C X is relatively compact in V).

Theorem B.2.14 — Mazur. Let X be a Banach space and u,, — v in X. Then there exists a sequence {k,} C N,
k, > n for all n € N, and numbers a® >0, n € N, k € {n,..., k,} such that for all n € N

kn k

Z aP =1 and Wp = Z a®uy, — u strongly in X.
k=n k=n
Proof. The proof can be found, e.g., in (Yosida, 1980, Section V.1) or in Brezis (1993). [

The theorem directly implies the following characterization of weakly closed sets.

Theorem B.2.15 — Characterization of weakly closed sets. A convex set in a Banach space is weakly
closed, if and only if it is (strongly) closed.
B.3 Spectrum of operators in Hilbert spaces, Fredholm alternative

Let us consider a linear mapping (operator) A: H — H, where H is a real Hilbert space; so

A(Qu + pv) = MA(u) + pA(v)
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for any u, v € D(A) (the domain of A) and arbitrary A\, u € R. Let us further assume that A is bounded (and thus
continuous), it means that there exists C' > 0 such that

AWl < Cllulla

for all u € D(A).

Definition B.3.1 — Resolvent, spectrum. Let A: H — H be a bounded linear operator. Then the resolvent
of A, denoted by p(A), is the set of all € R such that A—nl, where I: H — H is the identity mapping, is injective
and surjective. The spectrum of the operator A is the set o(A) =R\ p(A4).

Definition B.3.2 — Eigenvalue, eigenfunction, point spectrum. Let A: H — H be a bounded linear
operator. The number A € o(A) is called an eigenvalue of the operator A, if the kernel of the operator A — A is not
trivial (it means that there exists a nontrivial x) € H such that A(z)) = Azy). Such z is called an eigenfunction
of the operator A. The union of all eigenvalues of A is called the point spectrum of the operator A and we denote
it op(A).

Definition B.3.3 — Adjoint operator. Let A: H — H be a linear operator. The adjoint operator A*: H — H
is the operator which for all u, v € H fulfils
(Au, v)ir = (u, A*0)

Note that if the compact operator is additionally linear, it is also bounded (and thus continuous).

Theorem B.3.4 — Compactness of adjoint operator. Let the operator A: H — H be compact. Then also
its adjoint operator A*: H — H is compact.

Proof. The proof can be found, e.g., in (Evans, 1998, Appendix D Theorem 4). |

Definition B.3.5 — Selfadjoint operator. The operator A: H — H is called selfadjoint, if A = A* (including
the domains).

Theorem B.3.6 — Fredholm alternative. Let H be a Hilbert space and let K: H — H be a compact operator.
Then it holds:

1. N(I — K) is finite dimensional
2. R(I — K) is closed
3. RI-K)=N(I - K*)*

4 NI-K)={0} = RI-K)=H
5. dimN(I — K) =dim N(I — K*)

6. The spectrum of K is at most countable and contains 0. If the spectrum is infinite, then 0 is the only
accumulation point.

Proof. The proof can be found, e.g., in (Evans, 1998, Appendix D Theorem 5). |
Theorem B.3.7 — Spectrum of a compact operator. Let dim H = oo, A: H — H be a linear compact

operator. Then:

1. 0€o(A)
2. o(A)\ {0} = o,(A) \ {0}

3. Either o(A) \ {0} is a finite set or o(A) \ {0} is a sequence with the limit 0.

Proof. The proof can be found, e.g., in (Evans, 1998, Appendix D Theorem 6). |

Theorem B.3.8 — Estimate of the spectrum. Let A: H — H be a linear, bounded, selfadjoint operator.
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Denote

= inf Au,u) g, M = su Au,u)g.
{ueH | HuHH=1}( i {ueH | \|5|\H=1}( i

Then o(A) C [m, M] and m, M € o(A).

Proof. The proof can be found, e.g., in (Evans, 1998, Appendix D Lemma in D6). |

Theorem B.3.9 — Spectrum of a compact selfadjoint operator. Let A: H — H be a linear, compact,
selfadjoint operator and let H be a separable Hilbert space. Then there exists a countable orthonormal basis of H
formed by eigenfunctions of the operator A.

Proof. The proof can be found, e.g., in (Evans, 1998, Appendix D Theorem 7). |



Bibliography

Robert A. Adams. Sobolev spaces. Academic Press New York, San Francisco, London, 1975.

Hajer Bahouri, Jean-Yves Chemin, and Raphéel Danchin. Fourier Analysis and Nonlinear Partial Differential Equa-
tions. Grundlehren der mathematischen Wissenschaften. Oxford University Press, Heidelberg, 2011.

Yoav Benyamini and Joram Lindenstrauss. Geometric Nonlinear Functional Analysis. AMS Colloquium Publications.
AMS, 2000. Volume 48.

Franck Boyer and Pierre Fabrie. Eléments d’analyse pour ’étude de quelques modéles découlements de fluides visqueux
incompressibles. Mathématiques & Applications 52, Springer Verlag, 2006.

Haim Brezis. Analyse fonctionelle. Masson, Paris, 1993.
Robert éerny and Milan Pokorny. Zdklady matematické analyzy pro studenty fyziky 2. Matfyzpress, Praha, 2021.
Robert Cerny and Milan Pokorny. Zdklady matematické analyjzy pro studenty fyziky 3. Matfyzpress, Praha, 2023.

Eleonora Di Nezza, Giamperro Palatuzzi and Enrico Valdinocci. Hitchhiker’s guide to the fractional Sobolev spaces.
Bull. Sci. Math. 136 (2012) no. 5, 512-573.

Nelson Dunford and Jacob T. Schwartz. Linear operators. Part I. Wiley Classics Library. John Wiley & Sons, Inc.,
New York, 1988. ISBN 0-471-60848-3. General theory, With the assistance of William G. Bade and Robert G.
Bartle, Reprint of the 1958 original, A Wiley-Interscience Publication.

Robert E. Edwards. Functional Analysis: Theory and Applications. Dover, New York, 1995.

Lawrence C. Evans. Partial differential equations, volume 19 of Graduate Studies in Mathematics. American Mathe-
matical Society, Providence, 1998.

Lawrence C. Evans and Ronald F. Gariepy. Measure Theory and Fine Properties of Functions. Studies in Advanced
Mathematics. CRC Press LLC, Boca Raton, 1992.

Herbert Federer. Geometric measure theory. Springer Verlag, Heidelberg and New York, 1969.

Eduard Feireisl. Dynamics of Viscous Compressible Fluids. Oxford Lecture Series in Mathematics and Its Applications.
Springer Verlag, New York, 2004.

Enrico Giusti. Direct methods in the calculus of variations. Worlds Scientific Pblishing, Singapore, 2003.
Marcel Kreuter. Sobolev Spaces of Vector-Valued Functions. Master degree thesis, University of Ulm, 2015.

Alois Kufner and Bohumir Opic. Hardy-Type Inequalities. Pitman Research Notes in Mathematics Series. Longman
Scientific & Technical, Harlow, 1990.

Alois Kufner, Oldfich John, and Svatopluk Fudik. Function spaces. Academia, Praha, 1977.

Jaroslav LukeS. Zdpisky z funkciondlni analyzy. Karolinum, Praha, 1998.

Jaroslav Luke$ and Jan Maly. Measure and Integral. Matfyzpress, Praha, 1995.

Vladimir G. Mazja. Sobolev spaces. Springer Verlag, Berlin, 1985.

Jindfich Necas. O oblastech typu n. Czech Mathematical Journal, 12(87):274-287, 1962.

Jind¥ich Necas. Les méthodes directes en théorie des équations elliptiques. Academia, Prague, 1967.

Lubos Pick, Alois Kufner, Oldfich John, and Svatopluk Fuéik. Function spaces. De Gruyter, Berlin-Boston, 2013.

Milan Pokorny. Navier—Stokes Equations. Online lecture notes.
https://www2.karlin.mff.cuni.cz/ pokorny/LectureNotes/NavierandStokes eng.pdf.

254



Bibliography 255

Milan Pokorny. Uvod do klasické teorie PDR. Online lecture notes.
https://www2.karlin.mff.cuni.cz/ " pokorny/PDR_Uvod/PDR_klasickemetody.pdf.

Christian G. Simader. On Dirichlet’s boundary value problems. Lecture Notes in Mathematics No. 268, Springer-Verlag,
1972.

Elias M. Stein. Harmonic analysis: real-variable methods, orthogonality, and oscillatory integrals, volume 43 of
Princeton Mathematical Series. Princeton University Press, Princeton, NJ, 1993. ISBN 0-691-03216-5. With the
assistance of Timothy S. Murphy, Monographs in Harmonic Analysis, III.

Roger Temam. Navier-Stokes equations: theory and numerical analysis. American Mathematical Society, Providence,
2001.

Kosaku Yosida. Functional Analysis. Springer Verlag, Berlin, 6th edition, 1980.
Alexander Zenfsek. Sobolevovy prostory. VUTIUM, Brno, 2001.



Index

WEP(Q), 17, 114
Wl’p(Q)7 33, 156
C(I; X), 80, 197
C(9), 230

CO (I X), 80, 197
, 230

Q)
LP(09Q), 31, 151
Wkp(Q)/P, 35, 158
Wkr(Q), 14, 111
W#P(99), 159
e-net, 251
Wkr(Q), 18, 115
a priori estimates, 88, 100
approximation of Lebesgue functions
by smooth functions, 240
approximation of Lebesgue-Bochner spaces
by smooth functions, 80, 198
approximation of Sobolev functions
by smooth functions in €2, 20, 120
by smooth functions in Q
C domain, 22
CY domain, 123
star-shaped domain, 20, 121
local by smooth functions, 19, 116
approximation of Sobolev—Bochner spaces
by smooth functions, 83, 206

balance law
classical formulation, 11
linear momentum, 11
mass, 11
total energy, 11
weak formulation, 12
boundary
continuous, 20, 122
flattening, 24, 130
Lipschitz, 20, 22, 122, 123
boundary condition
elliptic problem
Dirichlet, 40
Neumann, 40
Newton, 40

256

hyperbolic problem
Dirichlet, 99

parabolic problem
Dirichlet, 85
Neumann, 91
Newton, 91

calculus of variations, 8

Carathéodory theory for ODEs, 88, 100
coarea formula, 11, 119

cofactor of a matrix, 183

compatibility conditions, 96, 106
consistency of weak solutions, 39

continuity
p-mean, 238
weak, 83, 208

convergence

almost everywhere, 242
in LP(92), 242
in measure, 242
in norm, 249
in the mean, 242
pointwise, 242
uniform, 242

locally, 242
uniform up to small sets, 242
weak, 242, 250
weak star, 242, 250

convolution

properties, 240

derivative
fractional, 159
Gateaux, 8, 181
partial, 13, 110, 230
weak, 13, 110
time, 81, 203
time generalized, 83, 207
time properties, 82, 205
difference quotient, 22, 23, 125, 127, 128
domain
Chr, 20, 122
Lipschitz, 20, 22, 122, 123
star-shaped, 20, 121

embedding
WLP(Q) — L1(Q), 25, 134
WP (Q) «— C*(Q), 25, 134
W(Q), 29, 147
WkP(Q), 29, 147
COB(Q) = CO(Q), 232



Index

257

COMNQ) = C(Q), 232
compact, 251
continuous, 251

energy equality, 220

Energy inequality, 223

equation
convection—diffusion, 41
diffusion—reaction, 42
elliptic, 40

Euler-Lagrange, 9, 181, 183, 188, 189

heat, 40

hyperbolic, 99

parabolic, 85

Poisson, 6
extension of Sobolev functions, 24, 129
extension operator, 24, 129

factor space, 35, 158
Fredholm alternative, 56, 252
function

absolutely continuous on a line, 162

almost separably valued, 78, 193
Carathéodory, 245
continuous, 230
continuously differentiable, 230
Holder continuous, 231
Lipschitz continuous, 232
measurable
strongly, 77, 192
weakly, 77, 192
simple, 77, 192
functional
dual, 73
quadratic, 72
weakly lower semicontinuous, 185

Galerkin approximation, 88, 100
Gelfand triple, 82, 206
continuous representative, 83, 207

hyperbolic equation
weak solution
finite speed of propagation, 107
regularity, 104, 106
hyperbolic problem
weak solution, 100
existence, 100
regularity, 103
uniqueness, 100

inequality
Gagliardo—Nirenberg, 26
Gronwall, 88
Hardy, 160
Holder, 235
interpolation
Lebesgue spaces, 236

Lebesgue—Sobolev spaces, 28, 139

Minkowski, 235
integral

Bochner, 78, 194

surface, 30, 149

kernel

mollifying, 19, 116, 239

Lagrangian, 180
Lemma
Ehrling, 209
Fatou, 234
Gagliardo, 135
Morrey, 140, 141
lemma
Fatou, 223

maximum
local, 8
maximum principle
elliptic equation
weak solution, 61
parabolic equation
weak solution, 98
minimum
local, 8
Minty’s trick, 172, 229
mollification, 240
mollifier, 239
multiindex, 13, 110, 230

net, 251

norm, 249
Ck(Q), 231
equivalent in WP (Q), 34, 158
equivalent in WP(Q), 34, 157
Holder continuous functions, 232
Lebesgue space, 235
Lebesgue-Bochner space, 79, 196
Sobolev space, 14, 111
Sobolev—Bochner space, 81, 204

null Lagrangian, 183
determinant function, 184

Operator
monotone, 170
strictly monotone, 170

operator
adjoint, 54, 252
closed, 213

compact, 251
elliptic, 40, 41
symmetric, 71
Hardy-Littlewood maximal, 237
hyperbolic, 99
monotone, 224
Nemytskii, 245, 246
parabolic, 85
selfadjoint, 252
unbounded
resolvent, 214
spectrum, 214
outer normal, 33, 155

parabolic problem
maximum principle, 98
weak solution
existence, 88, 91
regularity, 93, 94, 96
uniqueness, 88, 91



258

Index

partition of unity, 22, 120, 123
point
Lebesgue, 237
Lebesgue-Bochner space, 198
polyconvexity, 189, 191
problem
adjoint, 54
boundary value, 41
brachistochrone, 8
Dirichlet, 6
elliptic
boundary value, 40
variational, 72
variational dual formulation, 74
fastest descent curve, 8
hyperbolic, 99
minimal length of curve, 9
minimal surface, 9
parabolic, 91
projection
eigenfunctions of Laplace equation, 86, 87
property
Rademacher, 200
Radon—Nikodym, 200

relation
relatively compact and totally bounded set, 251
Rothe’s method, 225

scalar product, 249
segment property, 20, 122
semigroup, 212
w-contractive, 216
closedness of generator, 213
contraction, 212
density of domain of generator, 213
generator, 212
hyperbolic problem, 218
parabolic problem, 217
set
totally bounded, 251
solution
strong, 39
elliptic problem, 44
system of elliptic equations, 45
weak, 8
elliptic problem, 43
hyperbolic problem, 100
parabolic problem, 86, 91
system of elliptic equations, 45

space
WeP(Q), 17, 114
Banach, 249

Beppo Levi, 163
complete, 249
continuous functions, 230
continuously differentiable functions, 230
dual, 250
LP(Q), 242
space of continuous functions on a compact, 231
Hilbert, 249
Holder continuous functions, 231
Lebesgue, 234

completeness, 235
reflexivity, 242
separability, 241
Lebesgue—-Bochner, 79, 196
dense subsets, 80, 198
properties, 80, 197
sufficient condition for dual space, 81, 201
reflexive, 250
separable, 250
Sobolev, 14, 111
alternative definition, 18, 115
completeness, 16, 113
fractional derivative, 159
reflexivity, 16, 113
scalar product, 16, 113
separability, 16, 113
Sobolev-Bochner, 81, 204
density of smooth functions, 82, 206
spectrum
elliptic operator, 59
properties, 59

Theorem
Alaoglu-Bourbaki-Banach, 250
Arzela—Ascoli, 231
Aubin—Lions, 84, 209, 222, 227
Banach fixed point, 167, 176
Bochner, 78, 194
Brouwer fixed point, 171, 176, 185
variant, 171
characterization of weakly closed sets, 251
compact embedding, 29, 144
p<d, 29, 144
p=d, 29, 144
p>d, 29, 144
compactness of trace operator, 32, 153
continuous embedding
p<d, 25,134
p=d, 25, 134
dominated convergence, 78, 195
Dunford—Pettis, 200
Eberlein—Smulyan, 251
Egorov, 234
Fredholm alternative, 252
Fubini, 79, 195
Gagliardo—Nirenberg, 136
Hardy, 160
Hardy-Littlewood, 237
Hille-Yosida, 215
integration by parts, 18, 33, 115, 155
inverse trace, 160
Kolmogorov, 243
Lax—Milgram, 46
nonlinear, 167
Lebesgue dominated convergence, 233
Lebesgue monotone convergence, 233
Levi, 233
Luzin, 233
main of the calculus of variations, 186
Magzur, 251
Morrey, 141, 142
Nemytskii, 245



Index

259

on approximation by smooth functions in 2, 20,
120
on continuous embedding
p<d, 136
p>d, 25, 134
on convex Lagrangians, 187, 189
on global approximation up to the boundary
Qeld, 22
Qe 123
Q star-shaped, 20, 121
on Lebesgue points, 80, 198, 237
on local approximation, 19, 116
on monotone operator, 172
on polyconvex Lagrangians, 191
on the derivative of a composite function, 19, 117
on traces, 32, 152, 153
on weak compactness of determinant, 190
Pettis, 78, 193
Rademacher, 232
Riesz, 250
Schaeffer fixed point, 176, 178
Schauder fixed point, 176, 178
Vitali, 233

weak lower semicontinuity, 246

uniqueness

minimizers, 187, 189

weak solution to hyperbolic problem, 102

weak solution to parabolic problem, 91

weak solutions to a nonlinear elliptic problem, 180

Uniqueness of semigroups, 214

uniqueness of weak solutions, 224

Weak solution
nonlinear parabolic system, 219
weak solution
elliptic problem
existence, 49, 56
full regularity in €, 69
full space, 62
higher regularity in €2, 69
interior regularity, 66
maximum principle, 61
nonlinear, 170
regularity full space, 64
regularity in €2, 69
regularity near the boundary, 68
uniqueness, 49, 56
hyperbolic problem, 100
existence, 100
finite speed of propagation, 107
regularity, 103
uniqueness, 100
nonlinear elliptic problem, 167
nonlinear parabolic equation, 224
parabolic problem, 86
existence, 88, 91
general boundary condition, 91
maximum principle, 98
regularity, 93
uniqueness, 88, 91

Yosida approximation, 215



	Introduction
	Why we introduce the weak solution
	Several examples
	Homogeneous Dirichlet problem for the Poisson equation
	Problems of calculus of variation — necessary conditions
	Balance laws of continuum mechanics


	An easy guide to Sobolev spaces
	Definitions, basic properties
	Density of smooth functions
	Local approximation of Sobolev functions
	Global approximation of Sobolev functions by functions from C()
	Global approximation of Sobolev functions by functions from C()

	Weak derivative and differences
	Theorems on continuous and compact embeddings
	Theorems on continuous embedding
	Theorems on compact embedding
	General Sobolev embeddings

	Traces of Sobolev functions
	Surface integral and spaces p
	Theorems on traces for W1,p(  )
	Characterization of W1,p0() and integration by parts

	Poincaré inequalities and equivalent norms
	Dual spaces

	Linear elliptic PDE's 
	A few simple problems
	Linear elliptic partial differential equations of the second order
	Definition of weak solution
	Weak solutions for coercive operators
	Weak solution and Fredholm alternative
	Maximum principle for weak solutions
	Regularity of weak solutions
	Calculus of variations and symmetric operator

	An easy guide to Lebesgue–Bochner and Sobolev–Bochner spaces
	Bochner integral
	The spaces Lp(I;X) (Lebesgue–Bochner spaces)
	Spaces W1,p(I;X) (Sobolev–Bochner spaces)
	Gelfand triple and properties of corresponding Bochner spaces
	Compact embedding of spaces with time derivative

	Linear evolutionary equations
	Second order parabolic equations
	Existence of weak solutions to linear parabolic problems
	Regularity of weak solutions to linear parabolic problems
	Maximum principles for parabolic problems

	Second order hyperbolic equation
	Existence of a weak solution to linear hyperbolic problem
	Regularity of weak solutions to hyperbolic equations
	Finite speed of propagation for weak solutions to hyperbolic problems


	A more detailed guide to Sobolev spaces
	Definitions, basic properties
	Density of smooth functions
	Local approximation of Sobolev functions
	Global approximation of Sobolev functions by functions from C()
	Global approximation of Sobolev functions by functions from C()

	Connection between weak derivative and differences
	Extension from W1,p() to W1,p(Rd)
	Theorems on continuous and compact embeddings
	Theorems on continuous embedding
	Theorems on compact embedding
	General Sobolev embeddings

	Traces of Sobolev functions
	Surface integral and spaces p
	Theorems on traces for W1,p(  )
	Characterization of W1,p0() and integration by parts

	Poincaré inequalities and equivalent norms
	Several further properties of functions from Sobolev spaces
	Spaces with fractional derivative, the range of the trace operator and inverse trace theorem
	Sobolev spaces and Fourier transform

	Dual spaces
	Equivalent definition of Sobolev spaces. Beppo Levi spaces

	Nonlinear elliptic equations and introduction to calculus of variations
	Nonlinear version of the Lax–Milgram theorem
	Application of the theory of monotone operators
	Compact perturbations
	Methods based on fixed point theorems
	Application of the Banach fixed point Theorem
	Proof of the Schauder fixed point Theorem. Its applications

	Introduction to the calculus of variations
	Basic ideas
	Systems
	Null Lagrangians. Proof of Brouwer fixed point Theorem

	Existence of minimizers and convexity
	Scalar case (one Euler–Lagrange equation)
	Vector case (system of equations)


	A more detailed guide to Lebesgue–Bochner and Sobolev–Bochner spaces
	Bochner integral
	The spaces Lp(I;X) (Lebesgue–Bochner spaces)
	The Radon–Nikodym property and the dual space to Lp(I;X)

	Spaces W1,p(I;X) (Sobolev–Bochner spaces)
	Gelfand triple and properties of corresponding Bochner spaces
	Compact embedding of spaces with time derivative

	Semigroup theory. Nonlinear parabolic equations
	Semigroup theory
	Parabolic problem with a compact perturbation
	Rothe's method for monotone operator

	Function spaces
	Introduction and notation
	Continuous and continuously differentiable functions
	Lebesgue spaces
	Basic properties of measurable functions and Lebesgue integral
	Basic properties of Lebesgue spaces. Hölder's inequality and its consequences
	Density of continuous functions in the Lebesgue spaces
	Lebesgue points
	Mollifier, p-mean continuity, separability of the  spaces
	Continuous linear functionals on 
	Different types of convergences, relatively compact sets in 
	Nemytskii operator and weak lower semicontinuity


	Several basic results from functional analysis
	Banach and Hilbert spaces
	Dual spaces, weak convergence
	Spectrum of operators in Hilbert spaces, Fredholm alternative


