Sobolev spaces, theory and applications

Piotr Hajtasz!

Introduction

These are the notes that I prepared for the participants of the Summer School in
Mathematics in Jyvaskyla, August, 1998. I thank Pekka Koskela for his kind invitation.

This is the second summer course that I delivere in Finland. Last August I delivered
a similar course entitled Sobolev spaces and calculus of variations in Helsinki. The
subject was similar, so it was not posible to avoid overlapping. However, the overlapping
is little. T estimate it as 25%. While preparing the notes I used partially the notes that
I prepared for the previous course. Moreover Lectures 9 and 10 are based on the text
of my joint work with Pekka Koskela [33].

The notes probably will not cover all the material presented during the course and
at the some time not all the material written here will be presented during the School.
This is however, not so bad: if some of the results presented on lectures will go beyond
the notes, then there will be some reasons to listen the course and at the same time if
some of the results will be explained in more details in notes, then it might be worth
to look at them.

The notes were prepared in hurry and so there are many bugs and they are not
complete. Some of the sections and theorems are unfinished.

At the end of the notes I enclosed some references together with comments. This
section was also prepared in hurry and so probably many of the authors who contributed
to the subject were not mentioned. I would like to to appologise for that. Actually the
number of relared papers is so huge that it would be not possible to mention all the
names.

I kindly welcome all the comments concerning the notes. I think the best way is to
send comments by e-mail: hajlasz@mimuw.edu.pl

Lecture 1

Dirichlet problem. The classical Dirichlet problem reads as follows. Given an open
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domain 2 C IR™ and g € C°(99). Find u € C?*(2) N C°(Q) such that
Au = 0 in Q,
ulpo = g.

This problem arose in XIX’th century physics. We will explain the physical context of
the equation, but we will not be very rigorous. It is just to give an intuition for the
principles of the calculus of variations that will be developed in the sequel.

Let Q C IR? be a vacuum region and let E : Q — IR® be an electric field. Given two
points z,y € €1, the integral

/:E-ds (1)

does not depend on the choice of the curve that joins z with y inside € (provided €2 is
simply connected). By the definition (1) equals to

[ BG) - a,

where v is a parametrization of the given curve that joins x with y. Here and in the
sequel A - B denotes the scalar product. We will also denote the scalar product by
(A, B).

Fix g € ) and define the potential u as follows
u(x):—/ E - ds.
Zo

Potential u is a scalar function defined up to a constant (since we can change the base
point zg). We have
E=—-Vu.

It is well known that the electric field is divergence free div £ = 0 and hence
Au =divVu = —divE = 0.

Thus potential u is a harmonic function inside €2. Assume that the vacuum (2 is bounded
by a surface 0€2. Moreover assume that the surface contains an electrical charge that
induces potential g on 0f). Electrical charge on the boundary induces an electric field
in €2 and hence the induced potential v in 2 has the following properties: Au = 0 in
Q, u|lpg = ¢g. Thus u is a solution to the Dirichlet problem stated at the begining.

The energy of the electric field (up to a constant factor) is given by the formula

Energy:/ |E|2:/ |Vul?.
0 0

It is a general principle in physics that all the sistems approach the configuration with
the minimal energy. Thus given potential g on the boundary 02 one may expect that
induced potential u in € has the property that it minimizes the Dirichlet integral

I(u) = /Q Va2
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among all the functions u € C?*(2) such that u|gn = g. As we will see it is true. Now
we put all the physics aside and till the end of lectures we will be concerned with the
rigorous mathematics.

Theorem 1 (Dirichlet principle) Let Q C IR" be an arbitrary open and bounded set
and let u € C*(QY). Then the following statements are equivalent:

1. Au=0 1,

2. w18 a critical point of the functional I in the sense that

d
%I(u +tp)limo =0 for all ¢ € C3°(R).

If in addition v € C*(Q), and ulsq = g, then we have one more equivalent condition:

3. u minimizes I in the sense that I(u) < I(w) for all w € C?*(Q) with w|an = g.

Remark. The assumption u € C?(Q) is certainly to strong, but we do not care about
the minimal conditions.

Proof of Theorem 1. To prove the equivalence between 1. and 2. observe that for any
u € C?*(Q) and ¢ € C5°(Q) we have

d — B
= [ 19+ 1) Ploo =2 [ (V0. Vi) = =2 [ Aug.

The last equality follows from integration by parts. Now the implication 1. = 2. is
obvious. The implication 2. = 1. follows from the following important lemma.

Lemma 2 If f € L .(Q) satisfies [ fo =0 for any p € C(Q), then f =0 a.e.

loc

Proof. Suppose that f £ 0. We can assume f is positive on a set of positive measure
(otherwise we replace f by —f). Then there is a compact set K C Q, |K| > 0 and
€ > 0 such that f > ¢ on K.

Let G; be a sequence of open sets such that K C G; CC Q, |G;\ K| — 0 ad i — oc.
Now take ¢; € C5°(G;) with 0 < ¢ <1, p;|x = 1. Then

0= [ feizelkl= [ 1fl—elKl,
Q G\K

as ¢ — oo, which is a contradiction. The proof is complete. a



We are left with the proof of the equivalence with 3. under the given additional
regularity assumptions. For v = w on 0f) we have

/Q|Vw|2 - /Q|V(w—u)+u|2
_ /Q|V(w—u)|2—|—/Q|Vu]2—i—2/ﬂ<V(w—u),VU>
. /Q|V(w—u)|2—|—/Q|Vu]2 —2/Q(w—u)Au. (2)

The last equality follows from the integration by parts and the fact that w —u =0 on
o0f).

1. = 3. Au = 0 and hence the last summand in (2) equals zero, so [, |[Vw|* > [, |[Vul?
unless w = u.

3. = 2. Take w = u + tp. Then [, |V(u+ tp)]* > [, |Vul? for all t. Hence I attains
the minimum at ¢ = 0. This implies 2.

Direct method in the calculus of variations. Riemann concluded that the Dirich-
let problem was solvable, reasoning that I is nonnegative and so must attain a minimum
value. Choosing a function v with I(u) = min I solves the problem.

Of course this “proof” of the existence of the solution is not correct. The function
I is defined on an infinite dimensional object: the space of functions and there is no
reason why the minimum of I should be attained.

The first rigorous proof of the existence of the solution of the Dirichlet problem was
obtained by a different method. Later, however, Hilbert showed that it was possible
to solve Dirichlet problem using Riemann’s strategy. This was the begining of the so
called direct method in the calculus of variations. We describe the method in a very
general setting.

Till the end of the lecture we assume that I : X — IR is a function (called functional)
defined on a Banach space X equipped with a norm || - ||. We want to emphasize
that despite the name “functional” we do not assume [ is linear. Actually, in all the
interesting instances I will not be linear. We look for a condition which will guarantee
the existence of u such that

I(u) = inf I(u). (3)

ucX
Function @ as in (3) is called a minimizer of I and the problem of finding a minimizer
is called a wvariational problem.

We say that I is sequentially weakly lower semicontinuous (swlsc) if for every se-
quence u,, — u weakly convergent in X, I(u) < liminf, . (u,).

Recall that the weak convergence u,, — u in X means that for every linear contin-
uous functional e € X* there is (e, u,) — (e, u).



We say that the functional I is coercive if ||u,|| — oo implies I(u,) — oo.

Reflexive spaces play a special role, particularly because of the following result.

Theorem 3 Fuvery bounded sequence in a reflexive space contains a weakly convergent
subsequence. O

The following result is a basic result for the direct method in the calculus of variations.

Theorem 4 If X is a reflexive Banach space and I : X — IR is swlsc and coercive
then there exists u € X such that I(u) = inf,ex I(u).

Proof. Let u, be a sequence such that I(u,) — infx /. Such a sequence will always be
called minimizing sequence.

Because of the coercivity, the sequence u, is bounded in X. Since the space is
reflexive, we can substract a subsequence w,, — @ weakly convergent to some u € X.
Then

I(u) < liminf I(u,,) = inf I(u),

k—oo ueX

and hence the theorem follows. O

In general, the most difficult condition to deal with is the swlsc condition. Note
that it does not follow from the continuity of I, which would be much easier to check.

An important class of functionals for which it is relatively easy to verify the swlsc
condition is the class of convex functionals. Recall that the functional 7 : X — IR is
convex if I(tu + (1 — t)v) < tI(u) + (1 — t)I(v) whenever t € [0,1] and u,v € X. We
say that [ is strictly convex if I(tu+ (1 —t)v) < tI(u)+ (1 —t)I(v) whenever ¢ € (0,1)
and u # v.

We say that [ is lower semicontinuous if the convergence in norm wu, — u implies
I(u) <liminf,_ o I(uy).

Theorem 5 If X is a Banach space and I : X — IR is conver and lower semicontin-
uous, then I is swlsc.

Proof. In the proof we need Mazur’s lemma which states that for a weakly convergent
sequence u, — u in X a sequence of convex combinations of u, converges to u in the

norm (we do not assume that the space is reflexive). Let us state the lemma precisely.

Lemma 6 (Mazur’s lemma) Let X be a Banach space and let u,, — u be a sequence
weakly convergent in X. Then v, — u in the norm for some sequence v, of the form

N(n)
n
Vp = Z A Up
k=n
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where a > 0, Zgz(z) ap = 1. O

To prove the theorem we have to prove that u,, — wimplies I(u) < liminf,, o I(u,).
We can assume that I(u,) has a limit lim, . I(u,) = g. Let v, be a sequence as in
Mazur’s lemma. Then by lower semicontinuity and convexity we have

N(n)
I(u) < liminf I(v,) <lminf > afl(u) = g.
k=n
This completes the proof of the theorem. a

Corollary 7 If I : X — IR s a convez, lower semicontinuous and coercive functional
defined an a reflexive Banach space, then I attains minimum on X i.e. there exists
u € X such that I(u) = infx I(u). If in addition the functional is strictly convex, then
the minimum is unique. O

As we will see, in many cases it is very easy to verify assumptions of the above corollary.
Such an abstract approach to the existence of minimizers of variational problems was
proposed by Mazur and Schauder in 1936 on the International Congress of Mathematics
in Oslo.

Origin of the Sobolev spaces. Now we show how to apply the above direct method to
the Dirichlet problem stated at the begining of the lecture. As we know, the equivalent
problem is to find a minimizer of the functional I(u) = [, [Vu|? in the class of functions
with given restriction to the boundary.

Let us try to apply Corollary 7. Forst of all the functional I is defined on the space
Cg(ﬂ) =w+CiQ) ={w+u:uecCiH)}

where w € C*(Q) is any functionn such that wlsq = g and C7(Q) is a subspace of
C?(Q) consisting of functions vanishing at the boundary.

The space CZ(2) is not even a linear! To overcome this difficulty we make the
following trick. Define J : CZ(2) — IR by the formula J(u) = I(u + w). Now the
equivalent problem is to find a minimizer of .J in the Banach space CZ().

The functional J is convex and continuous. Unfortunatelly neither the space CZ(Q)
is reflexive nor the functional J is coercive. If n > 2, then one can construct a sequence
of CZ(Q) functions with the supremum norm (and hence the C? norm) tending to
infinity, but with the L? norm of the gradient tending to zero. This proves that the
functional is not coercive. It is also easy to construct a relevant example when n = 1.
We leave details to the reader.



The problem is caused by the fact that there is no way yo bound the C? norm of a
function by the L? norm of its gradient? Hence we should change the norm in the space
in a way that everything will be governed by ||u/|s.

Observefirst that u +— ||[Vul|; is not a norm on C? as it anihilates alll the constant
functions, so we shall add a term to prevent this phenomenon. This suggents the norm
|ull12 = ||ull2 + [[Vulla. Then however the space C? equipped with the norm || - ||1.2
is not complete. Hence we have to take a completion of the C? (or C') functions with
respect to this norm. All that motivates the following definition.

Let 2 C IR™ be an open set and 1 < p < co. Sobolev space W'P(Q) is defined as a
closure of the set of C''(Q) functions in the norm

[l = llully + Vel

Of course we take into account only those C! functions for which the norm is finite.
Now we extend I by continuity to W2(£).
Wh2(Q) is a Hilbert space with the scalar product

(u,v>:/§2uv—|—/QVu-Vv.

It is still not a correct setting for the Dirichlet problem since we seek a minimizer among
the functions with fixed restriction (called trace) to the boundary. Thus we need more
definitions.

Let Wy ?(Q) € WHP(Q) be defined as the closure of the subset CS°(€2) in the Sobolev
norm. Rougly speaking W, () is a subspace of W'?(2) consisting of functions which
vanish on the boundary.

Fix w € W'(Q) and define W1?(Q) = w 4+ Wy (Q). Thus W:?(Q) consints of all
those functions in the Sobolev space that, in some sense, have the same trace at the
boundary as w. Note that W1P(€2) is not linear but an affine subspace of W1?(Q). The
elements of the Sobolev space need not be continuous, so it does not make sense to take
a restriction to the boundary. Thus we should understand that elements of W ?(Q)
have the same trace on the boundary as w only in a very rough sense.

Now we can formulate the variational problem of finding minimizer of I(u) =
Jo |Vul|* with given trace on the boundary in the setting of Sobolev spaces.

Let Q C IR™ be open and bounded and let w € WH2(Q). Find u € W,12(Q) such that

/|Vﬂ|2: inf /|Vu|2. (4)
Q ueWs2(Q) /2

2This suggests the question of finding norms which can be estimated by the L? or, more generally,
by the LP norm of the gradient. This will lead us to so called Sobolev inequalities.




In a moment we will see that it easily follows from Corollary 7 that the above problem
has a solution. Does the minimizer of (4) solve the Laplace equation in any reasonable
sense as it was in the case of the classical Dirichlet principle? If yes, then does it have
anything to do with the classical solution to the Dirichlet problem as stated at the
begining?

The method of solving variational problems (more general than the one described
above) consists very often of two main steps. First we prove the existence of the solution
in a Sobolev space. This space is very large. To large. Then using the theory of Sobolev
spaces one can prove that this solution is in fact more regular. For example later we
will prove that the Sobolev minimizer of (4) is C*° smooth, which will imply that @ is
actually the classical harmonic function.

Theorem 8 Let Q C IR" be open and bounded and let w € W12(Q). Then there erists
unique u € W2(Q) which minimizes the Dirichlet integral in the sense of (4).

Proof. In order to have functional defined on a Banach space set J(u) = I(u + w)
for u € Wy*(Q). Now the equivalent problem is to prove the existence of the unique
minimizer of the functional J on W, *(Q).

The functional J is strictly convex and continuous. It remains to prove that J is
coercive. We need the following lemma for p = 2.

Lemma 9 (Poincaré) Let Q C IR™ be open and bounded. Foru e WyP(Q), 1 <p <

o0, we have
1/p 1/p
</ﬂ |u|pdx) < C(p,Q) (/Q|Vu|pdas)

Proof. Assume first that u € C3°(€2). The general case follows by the approximation
argument. Let M > 0 be such that Q C [-M, M]". Then for every z € [-M, M]"

€z M
U(./L') = / 1 DIU/(ta Loy ... 71;71) dt S / |D1u| dt
-M M

By Holder inequality,
M
()P < 2=t Mt / |\ Dyul? dt,
M

and the assertion follows by integration with respect to x. The proof is complete. O

The space W, () is equipped with a norm |lul|1» = ||ul|2 4 |Vu|l2. The Poincaré
inequality for p = 2 states that || Vul|, is an equivalent norm on the space Wy?(Q).
Hence for a sequence u, € W,(Q), |Jug|l1.2 — oo if and only if ||V, — oo.

Now the inequality |V(u + w)|l2 > ||Vull2 — ||Vw||2 implies that if |Julj12 — oo

in W, *(Q), then J(u) — oo which means the functional .J is coercive. The proof of
Theorem 8 is complete. O



Remark. Observe that I(u) = [, |Vu|? is strictly convex and continuous on any of the
spaces WHP(Q) for p > 2. As we will see all the spaces WP, 1 < p < oo are reflexive.
However I is not coercive when p > 2.

Lecture 2

Sobolev spaces. For the sake of further applications (including the proof that the
minimizer obtained in Theorem 8 is C*° smooth), we need develope the theory of
Sobolev spaces. We will see that the scope of applications of Sobolev spaces is very
wide and it goes far beyond the calculus of variations and differential equations.

Let 2 C IR" be an open set, u,v € LL (Q) and let a be a multiindex. We say that
D®u = v in the weak sense if for every ¢ € C5°(Q)

/Qw: (—1)'“‘/QUDO‘<,0.

If u € C*, then the weak and classical derivatives are equal to each other due to the
integration by parts. More generally, if P = 37 ;< aaD* is a differential operator with
sufficently regular coefficients, and u,v € L{, then

Pu=wv in

in the weak sense if

/vso / > (=1)ID*(anp),

|a|<m

for all ¢ € C°(2). The coefficients have to be sufficently regular, in order to know
that ngm(—l)‘a'Da(aa(p) is a bounded function with the compact support, so we can
integrate it against u € L] .

In particular Au = 0 is the weak sense means [, u Ay = 0 for all p € C§°(92).

It follows from Lemma 2 that Pwu is unique when understood in the weak sense
(provided it exists).

During the lectures all the derivatives and the differential operators will be under-
stood in the weak sense.

Let 1 < p < oo and let m be an integer. Sobolev space W™P(€)) is the set of all
functions u € LP(2) such that the partial derivatives of order less than or equal to m
exist in the weak sense and belong to LP(Q2). The space is equipped with a norm

|U||mp Z ”Daqu

la|<m

The definition is of a different nature than the definition of the Sobolev space given in
the previous lecture. We will see later that the two definitions are equivalent.

Theorem 10 W™?(Q) is a Banach space.
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Proof. 1f {uy} is a Cauchy sequence in WP (), then for every |a| < m, D®uy converges
in LP(Q) to some u, € LP(Q) (we will write u instead of ug). Since

/ uD%p «— / uDp = (—1)l° / D%upp — (—1)'“'/ Ua P,
Q Q Q Q
we conclude that u, = D%u and that u; converges to u in the norm of WP, O

Exercise. Prove that if u € W™P(Q2) and ¢ € C*(2) has bounded derivatives D¢ for
la| < m, then up € W™P(Q) and D*(up) can be computed from the Leibniz formula.

If ue Wm™P(IR"), 1 < p < oo and ¢, is a standard mollifier kernel, then it follows
readily from the properties of the convolution and from the definition of weak derivative
that C® 3 u % @. =% u in W™P(IR"). If g is a cutoff function, i.e. ng(z) = n(z/R),
n € C3°(B(0,2)), nlpoa) =1, 0 < n < 1, then one easily checks that nzru 2% 4 in
Wm™P(IR"™). As we have just noticed, ngu can be approximated, via convolution, by
smooth functions. Since (ngru) * ¢, has a compact support we arrive to the following
result.

Proposition 11 C{°(IR") is dense in W™P(IR"™) for all1 < p < oo and m =0,1,2,...
O

For 1 < p < 0o, by Wi™?(Q) we denote the closure of C§°(£2) in the W™?()) norm, so
Proposition 11 can be reformulated now as follows: W™?(IR") = Wy"*(IR").

Very often, we will write LP, W™P ... in place of LP(IR™), W™P(IR"),... If in the
definition of WP(Q) the space LP(2) is replaced by L (€), then we obtain the space
WP (Q). In the following result we prove that smooth functions form a dense subset
of the Sobolev space. This implies that equivalently one can define Sobolev space as
a closure of the set of smooth functions in the Sobolev norm. This establishes the

equivalence with the definition employed in the previous lecture.

Theorem 12 (Meyers—Serrin) If u € W2P(Q), where 1 < p < oo, then to every
e > 0 there exists v € C*°(Q2) such that

1. u—veW(Q),

2. Ju—vllmp < €.
Proof. Let { B }32 be a locally finite covering of Q2 by balls with subordinated partition

of unity {¢g}32; such that the family {2B)}7°, also forms a locally finite covering of
Q2 (by 2By, we denote a ball with the same center as By and twice the radius).

Let ¢ > 0 be taken arbitrarily. FEach of the functions wyy (which belongs to
WP(€2)) can be approximated by a smooth function with compact support contained

10



in 2By (standard approximation by convolution). Hence there exists vy, € C§°(2By)
such that

[upr — Vi |lmp < /2%,

Now the series > (upy — vg) converges in Wi"P(2), but we also have the pointwise
convergence Y (upy — vg) = u — v, where v = Y v, € C*(Q2) and hence

[e.e]
I = Vllmp < D llugr = villmp < .
k=1

O

Remark. In the previous lecture we have defined the Sobolev space as the closure of
C1(Q) functions in the norm of WP(Q). It was however not obvious whether given
function in W'P(Q)) has the unique gradient. Namely if we could find a sequence
up € CY(Q) such that u, — 0in L? and Vuy — v in LP, v # 0, then (0, v) would belong
to W1?(Q) and so v would be the gradient of 0! Fortunately this will not happend:
since the Sobolev space can be defined in terms of weak derivatives we see that any
function from the Sobolev space has the unique gradient — the weak gradinent.

One can ask whetcher C*°(Q2) is a dense subset of W™?(Q). In general it is not.

For example if 2 is a two dimensional disc with a radius removed, then C*°(€2) is not
dense in W'?(Q) for any p (Why?). However one can prove the following

Theorem 13 If () is a bounded domain whose boundary is locally a graph of a contin-

uous function, then C*(2) is dense in W™P(Q) for any 1 < p < 0o and any m,

We will not prove it. O
The following result is a counterpart of the Dirichlet principle in the setting of

Sobolev spaces.

Theorem 14 wu is a minimizer of the Dirichlet integral (4) if and only if u is a weak
solution to the Dirichlet problem: Au =0, u € W12(Q).

Proof. =. Let u be a minimizer of (4). Then u + tp € WL2(Q) for any ¢ € C5°(Q)
and hence

d
Attt =2 [ (050 =2 [ e
0= —l=ol(u+1t) L (Vu, Vo) | uly
which means Au = 0 in the weak sense.

<. Since by Theorem 8 the minimizer exists we get that one of the weak solutions
is the minimizer. Now it remains to prove that the solution is unique. Assume that
uy, ug € W2(Q) are weak solutions to Au = 0. Then

/Vul'Vgozo, /Vu2~V<p:0,
Q Q
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for all ¢ € C§°(£2), and so
/Q(vu1 V) -V =0 Ve ().

By the approximation argument it is true also for all ¢ € W, 2(Q) Taking ¢ = u; — us

w conclude
/Q IV (ur — us)|2 = 0.

Hence by Poincaré inequality (Lemma 9), u; = us. O

For the sake of simplicity we will be concerned with Sobolev spaces W™P(Q2) for
m = 1 only. However, we want to point out that most of the results have their
counterparts for higher order derivatives.

It was essential for the direct method that the functional was defined on a reflexive
space. In this regard, the following result is very important.

Theorem 15 If 1 < p < oo, then the space WP (Q) is reflezive.

Proof. Closed subspace of a reflexive space is reflexive. Thus it suffices to find an
isomorphism between W1?(Q) and a closed subspace of L?(Q2, IR"*!). The isomorphism
is given by the mapping ®(u) = (u, Vu). The proof is complete. O

ACL characterization. The definition of the Sobolev space is quite abstract and it is
not obvious how to verify whether given function v € LP(£2) belongs to W'?(Q). Below
we provide a characterization of the Sobolev spaces which goes back to Nikodym. The
characterization is very convenient when checking whether given function belongs to
the Sobolev space.

First we need recall the definition of the absolutely continuous function.

We say that a continuous function u defined on an interval [a, b] is absolutely con-
tinuous if to every € > 0 there is 0 > 0 such that the following implication holds:
If I,,..., I are pairwise disjoint segments contained in [a,b] with 3% | |;| < 6, then
i Ju()] < e

We will denote the class of absolutely continuous functions on [a, b] by AC|a, b].

It is easy to see that the function u(z) = ¢ + [ h(t) dt, where h € L'(a,b) and c is
a constant is absolutely continuous. As it follows from the following lemma these are
the only absolutely continuous functions.

Lemma 16 If u € AC|a,b], then u' exists a.e., v € L'(a,b) and u(z) = u(a) +
[/ (t)dt for all x € [a,b]. O

a

We skip the proof. Also we will not prove the following integration by parts formula.

12



Lemma 17 Ifu,v € AC|a,b], then the formula for integration by parts holds

b

/ab w(z)v' (z) de = uv\z — / v/ (z)v(x) d.

a

O

If U € IR is an open set, then we say that v € AC(U) if v € AC]a,b], whenever
la,b] C U.

Let 2 C IR" be an open set. We say that u € ACL(Q2) (absolutely continuous on
lines) if the function u is Borel measurable and absolutely continuous on almost all
lines paralell to coordinate axes. Since absolutely continous functions are differentiable
a.e., u € ACL() has partial derivatives a.e. and hence the classical gradient Vu is
defined a.e. Now we say that u € ACLP(Q) if u € LP(Q2) N ACL(Q2) and |Vu| € LP(Q).
The following result goes back to Nikodym.

Theorem 18 (ACL characterization) W'P(Q) = ACL*(Q), 1 < p < cc. O

Since maybe it is not evident how to understand the theorem we shall comment it
now. The theorem asserts that each ACLP(2) function belongs to W?(£2) and that
the classical partial derivatives (which exist a.e. for elements of ACLP(Q2)) are equal
to weak partial derivatives. On the other hand every element u € W'P(Q) can be
alternated on a set of measure zero in a way that the resulting function belongs to
ACLP(Q2).

The proof of the inclusion ACLF(Q2) € WHP(Q) is easy. It follows from the fact
that integration by parts holds for the absolutely continuous functions, from the Fubini
theorem, and from the definition of the weak derivative. The opposite implication is
more involved and we will not prove it.

Example. The radial projection mapping

x
up(z) = Tl : B"(0,1) — S"71(0,1) c R",
x
is discontinuous at x = 0. The coordinate functions x;/|z| of ug are absolutely contin-
uous on almost all lines. Moreover

9y \ || o

for all 1 < p < n. Hence by the ACL characterization vy € W'(B" R") for all
1 < p < n. Here ¢;; is the Kronecker symbol i.e., ;; = 1if i = j and ¢;; = 0if i # j. O

The following four results are direct consequences on the AC'L characterization.
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Corollary 19 Functions in the space W1>(Q) are locally Lipschitz continuous. If in
addition ) is a bounded Lipschitz domain (i.e. 02 is locally a graph of a Lipschitz
function), then W1>°(Q) = Lip (Q2). O

Corollary 20 If v € W'P(Q), where Q is connected and Vu = 0 a.e., then u is
constant. O

Corollary 21 If u € WY(Q) is constant in a measurable set E C Q, then Vu = 0
a.e. in E. a

Corollary 22 Let u € W'P(Q), 1 < p < co. Then uy € WH(Q), where uy =
max{u,0}, u_ = min{u, 0} and

Vu(z) if wu(z) >0,
Vui(z) = { 0 if u(x) <0,

almost everywhere. Sitmilar formula holds for Vu_. O

Another characterization of the Sobolev space. In the sequel we will need the
following elegant characterization of the Sobolev space.

Theorem 23 Let 1 < p < oo and suppose that Q C IR"™ is an open set. Then u €
WLP(Q) if and only if u € L2 (Q) and for every Q' CC Q there is a constant Coy such
that

lu(- + 1) = u()l[ o) < Corlh]

provided |h| < min{3dist (', 9Q),1}.
Proof. 1. = 2. Assume first that u € C*°(£2). Then we have

w(z + h) — u(z /w ( h) h
Vulz+t— | - —dt.
Al ~nf \hl) IR

Hence applying Holder’s inequality and integrating over €2’ we get

p
Vulz+ t)
( Al

for some V with ¥ cC V cC Q that does not depend on h. Now by Meyers—Serrin’s
theorem the inequality holds for any u € W27 ().

|- /\ux+h)—u( )]pdx<‘h‘ 'h'/,

dx dt g/ |Vu(z)P de,
v

2. = 1. Dentote by e, one of the coordinate directions. Let h; — 0. Then the
sequence (u(x + h;ex) —u(x))/h; is bounded in LP(€)'). By the reflexivity of LP(') we
can substract a weakly convergent subsequence to some u, € LP(2). It remais to prove

14



that uy coincides with the distributional derivative du/0x. To this end note that for
every ¢ € C§°()

heey) —
/ukgoda: = lim (u(x—l— i) u<x)><p(:c)dx
0% i—oo Jor h;
. p(x — hiey) — ()
= 1 d
b e (P,
dg
= — —dx. a
/Q’ual’k o

As we have seen, the difference quotient is weakly convergent in L? to the distributional
partial deriative. In fact one can prove the strong convergence in LP. Namely we have.

Proposition 24 If u € WiL?(Q), 1 < p < oo, then

u(z + hex) —u(x) o Ou
h 8Ik

in LP(SY) for every Q' CC Q.

We leave the proof as an exercise. O

Poincaré inequality and Riesz potentials. The lemma below provides a very
powerful integral estimate for Sobolev functions.

Lemma 25 Let B C IR" be a ball. Then for every u € W'?(B), 1 < p < oo,

[Vu(2)|

[u(x) —up| < C(n) sl — 2t

dz a.e. (5)

Proof. First we prove the inequality for u € C*°(B). Fix x € B. For y € B, y # x set

y:x+ty T =x+tz, ze St
ly — x|

and let 6(z) = max{t > 0: z +tz € B}. We have

Yy—x
ly — |

lu(z) — u(y)] < /Oly—rl Vu(x + s )’ ds < /06(2) |Vu(z + sz)| ds.

Denoting by dz the surface measure on S"! we get
u(@) —usl < B [ Ju(x) - u(y)|dy
(polar coordinates)
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6(2)
= |B|_1/Sn—1/o " MNu(z) — w(x 4+ t2)| dt dz
1 6(z) 1 4(2)
|B| /Si/o ! /0 Vu(z + s2)| ds dt dz
2r 0(2)
|B[’1/ 1/ t”’ldt/ \Vu(z + sz)|dsdz
STL

_ / / ) | Vu( x—tsz)| 1 gy g,
gn—1 s™

(polar coordinates)

~ o) [Vu(y)]

B |x —y[*!

IA

IA

The case of general u € W1P(B) follows by approximating it by C'* smooth functions.
to this end we have to know that if u; — w in WP, then after substracting a subse-
quence, IB|Vuy| — IZ|Vu| a.e. where IPg(z) = [5g(2)|z — 2|'"" dz. This will follow
from Lemma 27 below.

To get further estimates we introduce Riesz potentials. The Riesz potential is an
integral operator I,, 0 < a < n, defined by the formula

I.g(x) = /Rn L)_dz.

x — z|nme

x):/(sz(;)n_adz

We start with an elementary, but very useful observation which will be frequently
employed in the sequel.

If  C IR", then we set

Lemma 26 If E C IR" is a measurable set of finite measure, then
E l/n
[ < cim
for all x € R".
Proof. Let B = B(z,r) be a ball with |B| = |E|. Then it easily followins that
dz dz
— < —=C = C'(n)|E|Y™.

/E |z — z|»=1 — /B |z — 21 (n)r ()| B

The proof is complete. O

Lemma 27 If || < oo, then for 1 < p < oo we have
179l 2oy < C(n,p) Q" gl Loey-
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Proof. Tt followins from the provious lemma that

dz
—— < C(n)|Q".
Jy e S cmiel
Now if p > 1, then Holder’s inequality with respect to the measure |z — z|'~"dz implies
1-1/p
/ 9G4 < / /
oz — 2zt |x—z|” rd |x—z|” rd
1/p
ek / .
< o ([ 25 )

If p = 1, then the above inequality is obvious. Now we can conclude the proof using
Fubini’s theorem.

p—1 p
/|I PP de < O|Q|n//’g(z)|dzdx
alJa |z —z|nt
< ORI [ lg()l d-.

This completes the proof of Lemma 27 and hence that for Lemma 25. a

Remark. The proof of Lemma 25 easily extends to the case of an arbitrary bounded,
convex domain.

As a direct consequence of Lemma 25 and Lemma 27 we obtain

Corollary 28 If u € WYP(B), where B is a ball of radius v, and 1 < p < oo, then

1/p 1/p
(7[ lu —upl? dx) < C(n,p)r ( |Vul? dm)
B B

Lecture 3
Bi-Lipschitz change of variables. We say that the mapping T': 2 — R", Q C IR"
is bi-Lipschitz if there is a constant C' > 1 such that
Clo —y| < |T(2) = T(y)| < Clz —yl,
for all z,y € Q. Obviously bi-Lipschitz mapping is a homeomorphism.

An important property of Lipschitz functions is that they are differentiable a.e. In
particular bi-Lipschitz mappings are differentiable a.e. Namely we have

Theorem 29 (Rademacher) If u is a Lipschitz function defined in an open subset
of R", then u is differentiable a.e.

17



The following result is a generalization of the classical change of variables formula to
the case of bi-Lipschitz transformations.

Theorem 30 Let T : Q — R", Q C R", be a bi-Lipschitz homeomorphism and let
f:T(Q) — IR be measurable. Then

Lremmi= [ .

in the sense that if one of the integrals exists then the second one exists and the integrals
are equal one to another.

We will not prove it. O

As a consequence we obtain that the Sobolev space WP is invariant under the
bi-Lipschitz change of variables. Namely we have

Theorem 31 Let T : Q; — 9, be a bi-Lipschitz homeomorphism between domains
0,0y CIR". Then u € WHP(Qy), 1 < p < oo if and only if v =uoT € W'P(Q,), and

Du(z) = Du(T(z)) - DT(z) (6)

for almost all x € Q1. Moreover the transformation T* : W1P(Qy) — WHP(Qy) given
by T*u = wuoT is an isomorphism of Sobolev spaces.

Proof. Assume first that u is locally Lipschitz. Then (6) is obvious.

Since T' is Lipschitz, we have |DT'| < C, so the chain rule (6) implies
|Do(a)P < ClDu(T (2))[".
The fact that 7" is bi-Lipschitz implies |J7| > C and hence
|Do(a)|P < CLDu(T (2)) | Jr ()]

Now applying the change of variables formula we conclude

/Ql |Dol? < O/Q1 | Du(T'(2))|P|Jr(x)| = /92 |Dul?.

By a similar argument [, |[v[? < C [q, |u|?, and hence ||[T*u|lw1r,) < Cllullwiry)-
We proved the inequality when w is locally Lipschitz. By the density argument (Theo-
rem 12 and Corollary 19) it is true for any u € W'?(Qy).

Applying the above argument to T~ we conclude that T* is an isomorphism of
Sobolev spaces. Finally the density argument proves (6) for any u € W'P(Qy). O
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The change of variables transformation shows that one can define Sobolev spaces
on manifolds. We will come back to this question later on.

Sobolev embedding theorem. By the definition the function u € WH?(Q) is only
LP integrable. However as we will see, we can say much more about the regularity of .
We start with the case 1 < p < n. Later we will see that in the case p > n the function
is Holder continuous.

Theorem 32 (Sobolev embedding theorem) Let 1 < p < n and p* = np/(n — p).
Then for u € W'P(IR") we have

([, uta)

Proof. Step 1. p = 1. This is the crucial step in the proof. As we will see later, the
general case in which 1 < p < n easily follows from the case in which p = 1.

1/p

3 dx)l/p* < C(n,p) ( /Rn Vu(z)P dx) . (1)

By the density argument we can assume that u € C°(IR"). We have
x1 [e'e)
u(@)| < [ IDwlts, @, w)ldb < [ Dl aa, ) db.

Here by D; we denote the partial derivative with respect to i-th coordinate. Analogous
inequalities hold with x; replaced by zs, ..., z,. Hence

) < I1( [ 1Dl i)

1

n—1

Now we integrate both sides with respect to z; € IR. Note that exactly one integral in
the product on the right hand side does not depend on x;. Applying Holder’s inequality
to the remaining n — 1 integrals yields

—00 —00 i—9 —o0 J—00

Next, we integrate both sides with respect to zo € IR and apply Holder’s inequality
in a similar way as above. This leads to an inequality which we then integrate with
respect to 3 € IR etc. In the end, we obtain the inequality

n _1
[ @l de <1 (/ | Dyl dx) al

which readily implies (7) when p = 1.

Step 2. General case. Let u € Cg°(IR"). Define a nonnegative function f of class C*
by

FamT = |ulnr,
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Applying (7) with p =1 to f yields

()™ = (=) < fron

(TL — 1) n(p—1)
- D

Since

P n(p=1)
IVl = Ju = [Vl

n

the theorem easily follows by Hélder’s inequality (with suitable exponents) applied to
[ IV f|. The proof is complete. O

Extension operator. Any bounded linear operator £ : W?(Q) — W!?(IR") such
that Fu|g = u for u € WP(Q) is called an extension operator.

We say that Q C R" is a Lipschitz domain if §2 is bounded and the boundary of €2
is localy a graph of a Lipschitz function.

Theorem 33 Let 2 C IR" be a bounded Lipschitz domain and 1 < p < oo. Then there
exists an extension operator E : W1P(Q) — WHP(IR"™).

Proof. Let R = {(z1,2') : 21 > 0} be a halfspace. Then we define an exten-
sion operator E : W'P(IR) — W(IR") be reflection i.e. Fu = w on IR’ and
Eu(zy,2") = u(—z1,2") for 21 < 0. By the ACL characterization of the Sobolev space
||Eu||W1,p([Rn) < CHUHWLP(]Ri) for all u € Wl’p(]RZ_).

Now if € is a bounded Lipschitz domain then we use a partition of unity to local-
ize u near the boundary, next we flat small parts of the boundary using bi-Lipschitz
homeomorphisms and we extend the localizied pieces of function across the flat bound-
aries using the reflection described above. Finally we come back using the inverse
bi-Lipschitz homeomorphisms. This is only a sketch of the proof. We leave details to
the reader. O

We will use the above extension operator to prove a general Sobolev inequality.

Let Q C R" be a bounded Lipschitz domain and let £ : W'?(Q) — WH(IR") be
an extension operator. Then invoking Theorem 32 we get for 1 <p <n

(/QW* dx)l/p* < (/]R | Bl dx)l/p* < C(/R |V(Eu)|pd:c)1/p
< C ((/Q \Vu|pda:)l/p + </Q ]u\pdaz)l/p> :

Hence we proved the following result

Proposition 34 If Q C IR" is a bounded Lipschitz domain and 1 < p < n, then
Whr(Q) c LP" (Q). Moreover

1wl Lo () < Cllullzr@) + [[VullLe@)) -
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Compactness. One of the most important results in the theory of Sobolev spaces is
the following theorem.

Theorem 35 (Rellich-Kondrachov) Let Q2 be a bounded Lipschitz domain. The the
embedding
WP(Q) C LYQ)

1s compact, if g <p*and1 <p<norqg<ooandn <p< oo.

We will not prove the theorem. O
We remark that the embedding W1P(Q) C LP"(2), 1 < p < n is not compact.

As an application of the theorem we prove the following

Theorem 36 (Sobolev—Poincaré inequality) Let Q C IR" be a bounded Lipschitz
domain and 1 < p < n. Then for every u € WP (Q)

. 1/p* 1/p
(/ lu — ug|? dx) < C(Qp) (/ |Vu|pdx) :
Q Q

where p* = np/(n — p).

Proof. Applying Proposition 34 to u — ug we see that it remains to prove that
[ullri@) < ClIVull e,
for all u € Wh?(Q) with fu = 0.

Suppose this is not true. Then there is a sequence u, € W'P(Q), such that

Jo ux dx =0 and
/ lug|? d > k/ Vug|? da. 8)

Q Q

Multiplying u; by a suitable constant we may assume in addition that [, |ug|? = 1.
Since the embedding W'?(Q) C LP(Q) is compact we may substract a subsequence uy,
such that ug, — v in LP(2). Hence [, |ul’ =1 ad [, v = 0. Inequality (8) implies that
Vug, — 0in LP(2). Hence uy, is a Cauchy sequence in WH?(2) and thus u € Wir(Q),

Vu = 0 a.e. which means « is constant. This is a contradiction because [, u = 0 and
ullp = 1. O

Almost the same argument implies the following result.

Proposition 37 Let Q C IR" be a bounded Lipschitz domain and let E C Q, |E| > 0,

1 <p<mn. Then
. 1/p* 1/p
(/ uf? dx) < C(Q,E,p) (/ Vul? dm)
Q Q

for all u € WP (Q) with u|g = 0.
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The argument employed in the proof of Theorem 36 establishes also the following

Theorem 38 Let Q) C IR" be a bounded Lipschitz domain and 1 < p < co. Then

Pd 1/p<C VulP d o
</Q|U—UQ| :E) < (n,p)(/ﬂ| ul $)

for all u € W1P(Q).
Later we will need the following special case.

Corollary 39 Let 1 < p < oo, and n > 2. Then for any u € W'?(B(2r) \ B(r)) we
have
1/p

1/p
- T r pd <C ) / V pd
([ = mwnsol ) < G ([ vupas)

Proof. The assumption n > 2 is to guarantee that the annulus B(2r)\ B(r) is connected.
It remains to prove that the constant in the inequality is proportional to the radius of
the ball. This easily follows from the scaling argument: If the radius of the ball is one,
then the inequality holds with some constant C' = C'(n,p). If the radius is arbitrary,
then by a linear change of variables we can reduce it to the case in which r = 1. a

Holder continuity. If p > n and €2 is a bounded domain with the Lipschitz boundary,
then u € WH(Q) belongs to Sobolev spaces for all exponents less than n. Hence the
Sobolev embedding theorem implies that u is integrable with aby exponent less than
00. As we will see a much better result holds. Namely we will prove that if p > n, then
the Sobolev functions are Holder continuous.

Theorem 40 Ifu € W'?(B), n < p < oo, then u € C*'~/?(B). Moreover
1/p
ju(a) — uly)| < Clup)fe =y ([ [Vu()? dz)

Proof. Let E : W'?(B) — W?(2B) be an extension operator such that [,z |V (Eu)|P <
C [ |VulP (show that such an operator exists). Denote 4 = Eu for the simplicity of
notation. Then for any ball B C 2B of radius r we have

fiw) 75 < C) [ @V_“ZW ;
C(n) (/E Vau(z !pdz) (/ = z| e 1p/(p 1 >11/p
< Cln,pyr's ( /§|Vﬂ(z)|pdz> "

1/p
< oy ([ Va2l dz)
B

IA
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Now let 2,y € B and let B C 2B be a ball such that =,y € B, diam B ~ |z — y|. The
inequality

u(z) —u(y)| < Ju(z) —ugl + u(y) — upl
together with the previous inequlity yields the result. a

This result and the extension theorem imply the folowing corollary.

Corollary 41 Let QQ C IR" be a bounded domain with the Lipschitz boundary. Then
forn < p< oo WHP(Q) C CO1—/P(Q).

Corollary 42 Let 1 < p < oco. Ifue WFP(Q) for all k =1,2,..., then u € C>®(Q).

Proof. If p > n, then W C C%%, so Wk? C C*¥~1 and the claim follows. Let p < n.
Take k such that kp < n, but (k + 1)p > n. Then W? C L™/("=p) g0 by induction

Wk+1,p C Wk,np/(nfp) C kal,np/(anp) cC...C Wl,np/(nfkp) C CO,a’

because np/(n — kp) > n. Hence W™P C C™~F=12 and then the claim follows. O

What does happen if u € W™ (Q), where Q C IR" is bounded Lipschiz domain?
As we have already mentioned u is integrable with any exponent strictly less than oo.
However u need not be bounded. Moreover one can construct « € WH"(IR") which is
essentially discontinuous everywhere.

Exercise. Show that log|log |z|| belongs to the Sobolev space W™ in a neighborhood
of 0. Use this function to constract u € WH"(IR™) such that its essential supremum on
every ball is +00 and its essential infimum on every ball is —oc.

More information about the integrability of u € W1 (Q) is provided by the following
result.

Theorem 43 (Trudinger) Let Q C IR" be a bounded Lipschitz domain. Then there
exist constants Cy, Cy depending on n, p and ) only such that

v~ | )
exp | =——=—7—" < (Cs.
o <01Hw||mm -
for any u € WhH"(Q).

We will not provide a proof. a

Traces. Let {2 C IR" be a bounded Lipschitz domain. We want to restrict the function
u € WHP(Q) to the boundary of Q. If p > n, then the function u is Holder continuous
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and such a restriction makes sense. However if p < n, then the function can be essen-
tially discontinuous everywhere and the restriction makes no sense when understood in
the usual way.

Thus in the case p < n we want to describe the trace in the following way. Find
a function space defined on the boundary X (09) with a norm || - ||x such that the
operator of restriction Tu = u|sq defined for u € C*°(Q) is continuous in the sense that
it satisfies the estimate ||Tu|x < C|lullwir). We will assume that € is a bounded
Lipschitz domain. Observe that in this case the space C*(€) is dense in WP(Q)
(Theorem 13) and hence T extends in a unique way to an operator defined on W1?(2).

Theorem 44 Let Q) be a bounded Lipschitz domain, and 1 < p < n. Then there ezists
a unique bounded operator

Tr: WH(Q) — Lp(n—l)/(n—p)(aQ%

such that Tr(u) = ulgq, for all u € C=(Q).

Proof. Using the partition of unity and flatting the boundary argument, it suffices to
assume that Q = Q" = Q"' x [0,1], u € C*(Q), suppu C Q™! x [0,1/2), and prove
the estimate

1/p
T SC(/Q|VU|de> ,

where ¢ = p(n — 1)/(n — p), and Q"' = Q" x {0}.
In Q™ we use coordinates (z',t), where 2/ € Q" ', t € [0,1]. Let w = |u|?. We have

, L Jw
w(:)s,O):—/O St

and hence . 5
ul@, 01" < q [ fula, O 1) de.
0

Now we integrate both sides with respect to 2’ € Q" . If p = 1, then ¢ = 1 and the
theorem follows. If p > 1, we use Holder’s inequality which yields

(n -1 1 o 1-1/p
/ Ju(a’, 0)] - 5 da < pln—1) (/ / |u(x',t)|nv,dtdx’>
n—1 n — p n—1
1/p
( (o t‘ dtdm’) )

Now we use Sobolev embedding theorem (Proposition 37) to estimate the first integral
on the right-hand side and the theorem follows. O

n—1

Lecture 4
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This lecture will be devoted to study of the pointwise and geometric properties of
Sobolev functions. In the second part of the lecture we will show some applications to
conformal mappings.

Lebesgue points. One of the most important results of the theory of the Lebesgue
integral is the following Lebesgue differentiation theorem.

Theorem 45 (Lebesgue) If u € L _(IR"), then

=li dz a.e. 9
u(z) lim B(m)u(z) z a.e 9)

Before we proceed to the proof we have to recall some properties of the maximal
function. The Hardy-Littlewood mazimal function of g € L (IR") is defined by the
formula.

Mg(z) = sup |9(2) dz.

r>0J B(z,r)

The following theorem is due to Hardy and Littlewood.

Theorem 46 (Hardy—Littlewood) If g € L'(IR"), then
{xr € R": Mg(x) >t} < C(n)t! /IR" lg(2)| d=. (10)
If g€ LP(IR"), 1 < p < o0, then

Mgl o@rmy < Cn,p)llgllLre) - (11)
If u € L'(IR™), then Chebyschev’s inequality implies

ul > e < [ ful

Hence (10) is weaker than (11) when p = 1. Actually inequality (11) fails for p = 1.
Inequality (10) is called weak type estimate for the maximal function.

Sketch of the proof of Theorem /6. We will prove inequality (10) only. The main
new idea employed in the proof is an application of the following version of the Vitali
covering lemma.

Theorem 47 (5r-covering lemma.) Let B be a family of balls in a metric space (X, d)
with sup{diam B : B € B} < co. Then there is a pairwise disjoint subcollection B C B

such that
UBc U 5B

BeB Bep’
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If (X,d) is separable, then B’ is countable and we can represent B' as a sequence
B ={B;},, and so

U Bc 5B
BeB i=1

We will not prove it. O
Let g € L'(IR™). Fix t > 0. Then for every x € {Mg > t} there is r, > 0 such that

L gl > Bl
B(z,rg)

The family of balls { B(x,7,) }ze{mg>1 forms a covering of the set {Mg > t}. Since the

radii of the balls are uniformly bounded we can apply the 5r-covering lemma. Thus

we find a sequence {B(x;,r,,)}2, of pairwise disjoint balls such that {Mg > t} C
<, B(x;,5ry,). Hence

{Mg >t} < > |B(xibry)l
=1

= C’Z |B(x;,rs,)

=1
O o0
< Y[ g
< S 1
= w9
The proof of (10) is complete. O
Proof of Theorem 45. Define
®(u,xr) = limsu u(z) dz — lim inf u(z) dz.
(u, ) = lim sup o) (2) it (2)

Then ®(u,x) < 2Mu(z). Moreover ®(u — h,x) = ®(u, z), whenever h is continuous.
Choosing h with ||u — h||z1 < e yields

{8, 2) > 1)) = (@ — h,2) > 1}] < |{Mu—h,2) > t/2}] <

Since € > 0 was choosen arbitrarily we conclude that ®(u,z) = 0 a.e. which means,
the limit on the right hand side of (9) exists a.e. Now using similar arguments as above
it is not difficult to prove that the limit equals u a.e. We leave details to the reader. O

Elements of the space L], are equivalence classes of functions which are equal except

a set of measure zero. It will be however convenient to choose a particular representative
in each class.
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It follows from the Lebesgue theorem that the function u defined everywhere by the
formula

u(z) = limsup u(z) dz (12)
r—0 B(z,r)

satisfies © = u a.e. and hence @ is a Borel measurable representative of u € L. ..

1 .
loc if

We say that x € ) is a p-Lebesgue point of u € L

1/p
(7[( : lu(x) — a(z)P dz) —0 as r — 0.
B(x,r

We will also say Lebesgue point instead of 1-Lebesgue point.
Roughly speaking the p-Lebesgue points of the function are those points where the

function behaves nicely.

Theorem 48 Given v € LV | 1 < p < oo, then almost all points are the p-Lebesgue
points of u.

Proof. By the Lebesgue theorem and the fact that the set of rational numbers is
countable we conclude that for almost all z and all ¢ € Q the averages (5, ) |u—c[P)'/P
converge to |u(z) — c| as € — 0. Then by the density it is true for aby ¢ € R and in
particular it is true for ¢ = u(x). The proof is complete. a

As an application of the above result we will prove the following result.

Theorem 49 (Calderén) If u € WHP(Q), where 2 C R", n < p < oo, then u is
differentiable a.e.

Proof. We can assume that p < co. Fix xy € Q and set v(z) = u(x) — Vu(zg)(x — xp).
Obviously v € WHP(Q). If z is sufficiently close to zg, then B = B(xo, 2|z — x0|) C Q2
and hence Theorem 40 yields

() —u(wo)— Vu(wo)(—0)| = [v(z)—v(@o)| < Clz—a0| (]g Vu(z) — Vau(zo)|” dz)l/p |

This implies that u is differentiable at xy whenever xg is a p-Lebesgue point of u. The
proof is compliete. O

Observe that by the AC'L characterization Lipschitz functions locally belong to
W1 and hence as a corollary we get the classical Rademacher theorem.

Corollary 50 (Rademacher) Lipschitz functions are differentiable a.e. a

There is also another neat generalization of Rademacher’s theorem due to Stepanov.
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Theorem 51 (Stepanov) Let u be a function defined in an open set Q@ C R"™. Then
u is differentiable a.e. if and only if
limsupM <00 a.e.
Yy—x ’y — .Z"
O

Actually Stepanov’s theorem can be rather easily deduced form the Rademacher theo-
rem.

Now we turn our attantion to study of the Lebesgue pointes of Sobolev functions.

As we will see in the case in which u belongs to the Sobolev space not only the
measure of the set of points which are not Lebesgue points is zero but also its Hausdorff
dimension is small. Actually it is not very surprising: we can take a trace of a Sobolev
function on a (n — 1)-dimensional set. This suggests that the dimension of the set of
points which are not Lebesgue points should be at most (n — 1). Moreover if p > n,
then the Sobolev function is continuous and hence all points are the Lebesgue points.
This also suggests that as p < n approaches n the Hausdorff dimension of the set of
non-Lebesgue points should go to zero. The above two facts suggest n — p as a natural
candidate for the Hausdorff dimension.

First we need recall the definition of the Hausdorfl measure and the Hausdorff
dimension.

The volume of the unit ball in IR" equal w,, = 272 /(nI'(n/2)). This formula allows
one to define w,, for any real number n > 0. For n = 0 we set w,, = 1.

Let s > 0. For any E C IR" and 0 < § < oo we put
Hi(E) = inf% S (diam E;)*

1

where the infimum is taken over all coverings £/ C ;2 E; such that sup; diam E; < 6.
Now we define the Haudorff meaure as

H*(F) =lim H{(E) = sup H; (F) .
6—0 §5>0

The existence of the limit follows from the fact that the function 6 — H(E) is nonde-
creasing.

H* is a Borel measure and H° is a counting measure. One can prove that for any
E Cc R", H"(E) = |E|, where |E| is the outher Lebegue measure. Thus the Haudorff
measure is a natural generalization of the Lebesgue measure to the case in which the
dimension of the measure is different than the dimension of the space.

Given a set ¥ C IR" it is easy to see that there is a real number 0 < s < n such
that H*(E) =0 for all t > s and H(E) = oo for all 0 <t < s. The number s is called
the Hausdorff dimension of the set E.
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There is another slightly more convenient — but equivalent — way to define the
Hausdorff dimension.

For aset £ C R" and s > 0 we define the Hausdorff content as H3_(A) = inf >; r?,
where infimum is taken over all coverings of E by balls B; with radii r;.

The definition of HZ differs from the above definition of Hj with § = oo by a
constant factor and by a fact that coverings by arbitrary sets are replaced by coverings
by balls.

Given a set £ C IR", it is easy to see that there is a real number 0 < s < n such
that H! (E) =0 for t > s and H. (E) > 0 for 0 <t < s. It is easy to see that s equals
the Haudorff dimension of the set E.

The last statement follows from an elementary observation that H*(E) = 0 if and
only if H! (E) = 0. Observe however that the properties of the content H are very
different from the properties of the Hausdorff measure H'. Indeed, H’ is not a Borel
measure and it is finite on all bounded sets while H' is not.

All the above definitions of the Haudorff measure, Hausdorff content and the Haus-
dorff dimension extend without any modification to the setting of metric spaces.

If u € WH(Q), p > n, then the function is locally Holder continuous and hence all
the points are the Lebesgue points. Thus we may assume that p < n.

The choice of the representative (12) is particularly convenient when we deal with
Sobolev functions. Till the end of the lecture we will always assume that u € WP(Q)
coincides everywhere with the representative u and we will omit the tilde sign. However
one has to be very careful since, for example, it may happen that for some x, u(x) #

—(—u)(z).
Theorem 52 Let u € WHP(Q), where Q C R" and 1 < p < n. Then the Hausdorff

dimension of the set of points which are not Lebesgque points of the function u is less
than or equal to n — p.

Before we prove the theorem we need some auxiliary results. As we know the function
u € WHP(B) satisfies inequality (5) a.e. If we however choose the representative (12)
then the inequality holds everywhere! More precisely we have.

Theorem 53 If u € WYP(B) coincides everywhere with the representative (12) then
there is a constant C' = C(n,p) such that

Vu(z
Ju(x) —u|<c/” Z|n1 (13)
for all x € B.
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Remark. 1t does not follow from the proof that the constant C' in inequality (13) equals
the constant in inequalty (5).

Proof. Let u.(x) = fp(, . u(z) dz. Then by Lemma 25 we have
luc(z) — up| < 7[ () —us|dz
< ][ / Vutw)] dwdz
B(z,e) ‘ w\" 1

dz
_ O/B<7§9<x,e> ’Z_w‘n1>|Vu(w)|dw

|Vu(w)|

B |z —w|"!

< dw. (14)

The last inequality follows form the following elementary lemma whose proof is left to
the reder.

Lemma 54 There is a constant C = C(n) such that for any € > 0 and any z,y € R"

there is
][ dz < C
B(we) |z —w["t T |z —w|r 1

O

Now the claim follows by passing to the limit in inequality (14) as e — 0. The proof
is complete. O

2 /
lg |x_2’n 1

Corollary 55 Let u € WHP(Q). Then the set of points which are not Lebesque points
for w is contained in the set

Recall the notation

{z € Q: I Vu|(z) = oo} .
Proof. Since

£ ) = u@ldz <4 Ju(=) = upgeol dz + Ju(e) = upeo],
B(xz,e) B(z,e)
it suffices to prove that the right hand side converges to zero as ¢ — 0 when

13| Vu|(z) < oo. (15)
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Observe that (15) implies that [, ) [Vu(2)||lz — 2" dz — 0 as ¢ — 0. Hence

lu(z) — uB(r,e)| < C/ 7|Vu(z)| dz — 0

B(z,e) |LE - Z‘n_l

as € — 0. Moreover applying Lemma 54 we get

Vau(w)|
w(z) —upaldz < 7[ / dw dz
ﬁ(m,s) ’ ( ) B( ’€)| B (z,e) J B(z,e) ’Z — w\” 1

S L
B

- (z,€) |.l’ — w|"‘1
as € — 0. The above estimates easily imply the claim. The proof is complete. O

Proof of Theorem 52. Observe that the case of Theorem 52 in which p = n follows
from the case in which 1 < p < n. Thus in what follows we may assume that 1 < p < n.

Since the question of the estimate of the Hausdorff dimension is local in its nature
we may assume that the domain € is a ball. Thus it suffices to prove that for any
g€ LP(B),1<p<nandany ¢ > 0 there is

H 7 ({Ig = o0}) = 0.
We need the following modification of the Hardy—Littlewood maximal function.

Let R > 0, A > 0. The fractional maximal function is defined as

Mig() = swp f Jg(2)]d

0<r<R
Obviously M2 g = Mg is the classical Hardy-Littlewood maximal function.
The next lemma provides an estimate of the Riesz potential in terms of the fractional
maximal function.

Lemma 56 If0 < A < 1 then there exists a constant C such that

l9(2)]
Bmdz < Cr' A M p9 ()

for all g € LY(B) and all x € B. Here B is a ball of radius .

Proof. We break the integral on the left hand side into the sum of the integrals over
‘rings’ B N (B(x,diam B/2%) \ B(z,diam B/2k+1)). In each ‘ring’ we have |z — z|'™" ~
(diam B/2%)'=". Now we estimate the integral over the ‘ring’ by the integral over the
ball B(x,r/2*) and the lemma follows easily. O

The following result is a variant of weak type estimate (10). Actually the proof
follows the same argument and we leave details to the reader.
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Lemma 57 Let g € LP(IR"), 1 <p < oo, R>0 and A > 0. Then
HY ({Mpg > t}) < C’t‘p/ P
(]
In particular H*({Mpg = oco}) = 0. Hence Lemma 56 yields that for g € LP(B)
and 0 < A < 1 we have
H P ({Ifg = 00}) < HE P ({Mgiam g = 0}) = 0.

Since n — p+ ¢ =n — Ap for some 0 < A < 1 the claim follows. The proof is complete.
O

Pointwise inequality. As a by product of the above results we obtain the following
powerful inequality.

Theorem 58 Ifu e W'P(R"), 1<p<ooand 0 <\ <1 then

lu(z) — u(y)] < Clo =y (M), |Vul(@) + M3, | Vul(y))
forall x,y € R", x #y.

The above inequality will be often called pointwise inequality.

The inequality requires some explanations. It may happen that the left hand side
of the inequality is of the indefinite form like |00 — oo|, then we adopt the convention
|oo — oo| = 00. In such a case the inequality is still valid since u(z) = +oo implies
M3|Vu|(z) = oo for any R > 0. We assume that z # y as it could lead to ambiguity
when u(z) = co. Indeed, in such a case we would have oo on the left hand side while
the right hand side would be of the form 0-co. Anyway the inequality is not interesting
when x = y.

Proof of Theorem 58. For x, y € B, diam B = |z — y| we have

Vu(z)] Vu(z)|
_ < — — < dz /
uw) ~ul)] < [ule) — s + uly) — us] < 0( e R
< Clo—y"™ (M3, |Vul(@) + M3, | Vul () -
The last inequality follows from Lemma 56. The proof is complete. O

Now we will provide some applications of Theorem 58.

Obviously Theorem 58 generalizes also to u € W'P(Q), where 2 is a bounded
domain with the extension propoerty which means there is a bounded linear extension
operator E : W'P(Q) — WHP(IR"). Namely we have

[u(z) = u(y)] < Clo = yI"™ (Mol V(EW| () + Mol V(EW)|(y)) , ac. (16)

Theorem 58 immediately implies the folloinwg important Morrey’s lemma.
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Corollary 59 (Morrey’s lemma) Let u € WH(Q), where Q C R" is open and
1 < p < o0o. Suppose that for some constants 0 < u <1, M >0,

/ |vu|p S MpRn—ZH-pM’
B(z,R)

holds whenever B(x, R) C Q. Then u € CY*(Q), and in each ball B such that 5B C Q
the inequality
u(z) = uly)] < CM|z — y|*

holds for all x,y € B with a constant C depending on n, p and j only.

Proof. Indeed, the hypothesis of the corollary implies that the suitable fractional max-
imal function with A = 1 — p is finite. Since the Morrey lemma is local in its nature
we do not need any regularity upon the boundary of 2. O

Assume for a moment that v € W'?(IR™) has compact support with diameter less
than 1/2. Than it easily follows from Theorem 58 that

lu(x) — u(y)| < Cla —y|' > (M} Vul(z) + M| Vul(y)) (17)

for all z,y € R", v # y. Let E\;, = {z € R"| M{|Vul|(z) < t}. Obviously ulg,, is
C%1=A_Hélder continuous with the constant 2¢tC. Note, that we employed (17) every-
where.

Lemma 60 Any Lipschitz function defined on an arbitrary subset of an arbitrary met-
ric space can be extended to the entire space with the same Lipschitz constant.

Proof. Let X be a metric space and u : F — IR, F C X a Lipschitz function with the
Lipschitz constant L. Then we extend u to the entire space X by the formula

(e) = inf {u(@) + Lp(a,2)}.

where p denotes the metric. It is easy to see that @ is Lipschitz with the same Lipschitz
constant L. O

The result holds also for the extensions of C%#-Hélder continuous functions, because
CY% function is Lipschitz with respect to a new metric d'(x,y) = d(x,y)*. This implies
that there exists a C%'~* function uy, defined on the entire R" such that wuy,|g,, =

u|EA,t'

As it follows from Lemma 57 HZ AP(IR™ \ Ey ;) < Ct7? [gn

VulP.

If A\ - 1 and t — oo, then IR" \ E); is a decreasing sequence of open sets and it
follows from the estimate that the intersection of these sets has the Hausdorfl dimension
less than or equal to n — p.

Using the partition of unity the above argument applies to u € W,5P(Q), where
Q2 C R" is an arbitrary open set. This leads to the following theorem.
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Theorem 61 If u € WLP(Q) coincides everywhere with the representative (12), then
there exists a sequence of compact sets X1 C Xo C ... C X C ... C ) and a sequence
of Hélder continuous functions uy on  such that ug|x, = u|x, and Q\ U, X has the
Hausdorff dimension less than or equal to n — p.

Both of Theorems 52 and 61 show that it is reasonable to talk about values of u €
W1P(Q) except the set of dimension n —p. Hence if p > 1, we can define a trace of the
Sobolev function on a (n — 1)-dimensional submanifold of €2 just as a restriction. If we
want to define the trace on the boundary of Q (provided it is sufficiently regular), we
first extend the Sobolev function to W'P(IR") and then we take a restriction. As we
have seen earlier, in the case in which p = 1 one can also define a trace, however the
above approach does not cover that case.

In general, the Holder exponent of the functions u; in Theorem 61 has to go to
0 as £k — oo. If we want to have an additional condition that all the functions wuy
have a fixed Holder exponent 1 — A, then by the same argument as above we get
H™?(Q\ U, X) = 0, which is slightly more than to say that the Hausdorff dimension
is less than or equal to n — Ap. In particular we get the classical Sobolev imbedding into
the Hélder continuous functions when p > n. Indeed, take A = n/p. Then n — A\p =0

and hence u € C2"7(Q).

loc

On the other hand if A =0 and 1 < p < 0o, we get that the Sobolev function coin-
cides with a Lipschitz continuous function outside a set of an arbitrary small measure.
Lipschitz functions belong also to the Sobolev spaces WP for all p. Careful estimates
of the W1 norm of these Lipschitz functions shows that they approximate our Sobolev
function in the Sobolev norm. Hence we obtain

Theorem 62 Let 2 C IR" be a bounded domain with the Lipschitz boundary and u €
Whr(Q), 1 < p < oo. Then to every e > 0 there is a Lipschitz function w € Lip (Q)
such that

1. Hz e Q: u(z) #w(z)} <e,

2. ||lu—wlwir) <e.

As a next application of the pointwise inequality we give a characterization the
Sobolev space that does not involve the notion of the derivative.

If 1 < p < oo, then by the Hardy—Littlewood theorem the maximal operator is
bounded in LP. This in connection with (16) for A = 0, implies that to every u €
WhP(Q), where Q C IR" is a bounded domain with sufficiently regular boundary, there
exists g € LP(Q)), g > 0, such that

u(z) —u(y)| < |z —yl(g(x) + g(y)) ae. (18)
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On the other hand if u € L? 1 < p < oo satisfies (18) with 0 < g € LP(Q2), then it
follows from Theorem 23 that v € W?(2). Hence we have proved the following result.

Theorem 63 Let Q) be a bounded domain with the extension property and 1 < p < oco.
Then w € W'P(Q) if and only if there exists 0 < g € LP(Q), such that (18) holds.

Moreover
IVullzr) = nf llg]zr@),

where the infimum is taken over all functions g which satisfy (18).

In the case p = oo we recover a classical result which states that W'?(Q) = Lip (Q2).
Hence it is natural to call the above theorem a Lipschitz type characterization of Sobolev
functions.

We will see later that the above characterization is very usefull when trying to
generalize the notion of the Sobolev space to the setting of metric spaces. Indeed, if
(X,d, p) is a metric space equipped with a Borel measure, then we can define Sobolev
space for 1 < p < oo as the set of all L? functions for which there exists 0 < g € LP(X)
such that |u(x)—u(y)| < d(z,y)(g(x)+g(y)) a.e. We will come back to this construction
in the last lecture.

Conformal mappings and Sobolev spaces. Theory of Sobolev spaces has many
applications in the areas different than calculus of variations or PDE. In this last section
we describe some of the basic applications to the theory of conformal mappings.

Let © C € be bounded and simply connected domain. Let ¢ : D — ) be a Riemann
mapping, where D is the unit disc D = B?(1).

It follows from the Cauchy-Riemann equations that |¢/|* = Jy, where J,, denotes
the Jacobian. Hence

N2 __ _ —
L= [ g =) =9 <.

Thus ¢ € Wh2(D). As we will see this simply observation has many important conse-
quences. At the first glance it is surprising. We know that ¢ is smooth, but Sobolev
functions are measurable only, so how does the information that the Riemann mapping
belongs to the Sobolev space can be employed?

Let u : IR" — IR" be Borel mapping. We say that u has Lusin’s property (N) if it
maps sets of Lebesgue measure zero into sets of measure zero. |E| =0 = |f(E)| = 0.
Here |E| as usual denotes the Lebesgue measure.

Theorem 64 Any mapping u € WHP(IR",IR™), where p > n has the Lusin property.

Here u € WHP(IR",IR") means that the coordinate functions of u belong to the Sobolev
space WHP(IR™).
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Before we prove the theorem we show that the theorem fails for p = n.

Let €2 be a bounded Jordan domain whose boundary has positive two dimensional
Lebesgue measure and let 1 : D — Q be a Riemann mapping. Since ¢ € W12 we
can extend it to a mapping Ei € WH2(IR* IR?). Note that 1 is continuous up to
the boundary of D, so E1 is continuous on the entire IR?. Now E(dD) = 09 and
0f) has positive measure, so F does not satisfy Lusin’s property. It is possible to
extend the example to any dimension n > 2. However in dimensions greater than 2 the
construction has to be different: we cannot use the Riemann mapping.

Proof of Theorem 6. Let |E| = 0. Given € > 0 take an open set €2 such that £ C Q
and || < € Let Q = |J; Q; be a decomposition of 2 into a family of cubes with pairwise
disjoint interiors.

By the Sobolev inequality

1/p
u(w) = ulw) < Cle =y~ ([ [vul)

for all x,y € Q); and hence

diam u(Q;) < C(diam Q;) /7 (/Q ’Vu’p) Lp

Since the set u(E) is covered by UU; u(Q;) we obtain
p—n n/
W(E)| < Y (diamw(Qy)" < C Y (diam Q)" () (/Q yvuyp) ’
(p—n)/p n/p _— n/p
: A\ P = P _
C (Z(dlam@) ) <Z/Q IVl ) < Ce (/}R IVl ) 0

IN

(2

as € — 0. We employed here the Holder inequality. This completes the proof. a

Corollary 65 Let 2 C C be a bounded Jordan domain whose boundary has positive
two dimensional Lebesque measure and let ¢ : D — Q be a Riemann mapping. Then

Sl =oc.

for any p > 2.

Remark. The problem of finding the best exponent of the integrability of the gradient
of the inverse Riemann mapping is very difficult and very deep. Brenann’s conjecture
states that for any simply connected domain €2 C C and a Riemann mapping ¢ : Q@ — D
there is [, |¢'|P < oo for every p < 4.
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Proof of the corollary. Suppose that [, [)'|P < oo for some p > 2. Then we can extend
Y to By € WHP(IR? IR?) and we arrive to a contradiction between the Lusin property
for Ev and the fact that [(0D)| = |092| > 0.

The next application will concern the estimates for a harmonic measure. Let 2 C C
be a bounded Jordan domain. Then for every ¢ € C(02) one can solve the following
classical Dirichlet problem:

Find u € C?(Q) N C(Q) such that

Au = 0 in Q
u|aQ = @.

Given a boundary condition ¢, denote the solution to the above problem by u,. Fix
z € ). The mapping ¢ +— u,(z) is a continuous linear functional on the Banach space
C(02). This functional is also nonnegative in a sense that u,(z) > 0 when ¢ > 0. This
is a direct consequence of the maximum principle. Thus there exists a nonnegative
Radon measure w, supported on 9f2 such that for every ¢ € C'(99)

u,(2) = /E)Qgpdwz.

The measure w, is called harmonic measure. It does not essentially depend on the
choice of z in the sense that for any 21, 2o € {2 the measures w,, and w,, are mutually
absolutely continuous. For example the measure €),, is supported by a set E (i.e.,
w,, (C\ E) =0) if and only if the measure w,, is supported by the set FE.

For that reason very often when we talk about harmonic measures, we simply forget
about the dependence on the point z.

Theorem 66 (Dksendal) Harmonic measure is singular with respect to the two di-
mensional Lebesque measure i.e. it is supported by a set of two dimensional measure
zero.

Nowdays there are much more sophisticated results saying that the harmonic measure
is supported by a set of Hausdorff dimension 1. However we will not touch those deep
results and we simply show how the theory of Sobolev spaces can be employed to
provide a rather simple proof of the ksendal theorem.

Before we prceed to the proof, we need know more about harmonic measures and
Sobolev spaces.

Given a Jordan domain €2 one can solve the Dirichlet problem employing Riemann’s
mapping. Fix z € Q and let ¢ : D — 2 be a Riemann mapping such that ¢ (0) = z.
If p € C(09), then the function ¢ o is contnuous on dD and hence we can find the
harmonic function v in D which coincides with ¢ o1 on 0D. Since harmonic functions
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are invariant under conformal mappings and ¢ is continuous up to the boundary we
conclude that u = v o ~! is harmonic in 2 such that u|sq = ¢. Now

1
/mcpdwzzu(z):v(O):% 8D<po@/)dH1 (19)

for every ¢ € C(0€2). The last equality follows from the mean value property for
harmonic functions. Identity (19) implies that w, is the image of the measure (27) ' H*
under the mapping v i.e.

w(A) = 2m) T H (¥71(4)), (20)
for every Borel set A C 0f).

We want to prove that there exists F' C 92 such that H?(F) = 0 and w,(0Q\F) = 0.
Because of (20) the equivalent problem is to find E C dD such that H'(E) = 0 and
H?((0D \ E)) = 0. Indeed, then the set F = (0D \ E) will have desired properties.

Thus Oksendal’s theorem follows from the following more general result.

Theorem 67 Let G C IR" be a bounded domain with the smooth boundary and let
u € WH(G,R") be continuous up to the boundary. Then there exists E C G such
that H""Y(E) =0 and H"(uw(0G \ E)) = 0.

In the last theorem the condition H"'(E) = 0 can be replaced by a much stronger
condition that the Hausdorff dimension of the set F is zero. However we will not go
into details.

We will need the following lemma which is yet another variant of weak type estimates
for fractional maximal functions. Its proof is almost the same as that for Lemma 57.
We leave details to the reader.

Lemma 68 Let G be as above and 1 < p < oo. Then there exsts a constant C' > 0
such that

H (e 06 Mg > i) < o [ o)z

tp

for all g € LP(IR™).
We will also need the following

Lemma 69 Let G be as above, 1 < p < oo and g € LP(IR"™). Then to every e > 0
there exists E C 0G with H" ' (E) < € such that

sup MYPg(x) — 0 asr — 0.
z€0G\FE
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Proof. Let k € C§°(IR™) be such that ||k — g|[f, < e’™'. Let h = k — g. Obviously
there exists R < 1 with sup,cp» M}%/pk < & (because k € C§°). Now since ]\/[Il%/pg <
M}Ph + MY?k, then

H* '({MY?g > 2e}) < H" \({M{""h > ¢}) < SJ/]R" |h|P < Ce.

Let R;, be such that H”_l({]\/[}%pg > ¢/(C271)}) < g/2. Now it suffices to put
B =U{Mg >¢/(C27)}.

Proof of Theorem 67. Applying an extension operator we may assume that u €
Whn(IR",R"). We prove that theorem holds with £ = (), E;, where E; is as in
Lemma 69 with ¢ = |Vul|, p = n and ¢ = 1/i. It suffices to prove that for every 4,
H”(u(@G\El)) = 0. Let 8G\EZ C Uj B(.Tj,’f’j), IS 8G\EZ, Z’l“?_l < CH"_I(GG\E,),
sup, r; < /4 < 1/4. Tt follows from Theorem 58 that u is (1 — 1/n)-Holder continuous
on 0G \ E;, so u(B(xj,r;) N (0G \ E;) C B(u(z;),s;) where

s; < C( sup Msl/"|Vu|)rJ1-_1/n.
9G\E;

Hence H"(u(0G \ E;)) = 0, because according to Lemma 69
> sy < C(
j

sup M;/”|Vu|)” ZT;‘_I — 0,

as € — 0. The proof is complete. O

Lecture 5

Quasiconformal mappings. Today we will present an application of the theory of
Sobolev spaces to some geometric problems of homeomorphisms in IR". Namely we
will discuss the theory of quasiconformal mappings.

Given a linear mapping A : IR" — IR" we will use two different norms of A. Namely
the Hilbert-Smith norm |A| = (3, ; a?;)*/? and the operator norm ||A| = sup,_, |A¢].

For a given continuous mapping f : R" — IR" we will use the notation L(z,r) =
supj, o= |f(y) — f(z)] and l¢(z,r) = infjy o= [ (y) — f(2)].

We say that a homeomorphism f : IR" — IR" is quasiconformal if there is a constant
H > 1 such that

. Ly(x,r)
H =1
(2, ) Hilj(%lp Le(x,r)

<H for all x € IR". (21)

If in addition to (21) H(x, f) < K a.e. we say that f is K-quasiconformal.

We also define another class of homeomorphisms.
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We say that a homeomorphism f : IR" — IR" is quasisymmetric if there is a constant

H > 1 such that
Ly(x,r)

e S H (22)

for all z € IR™ and all r > 0.

Homeomorphisms which are quasiconformal of quasisymmetric will be called qua-
siconformal or eqasisymmetric mappings.

Obviously the class of quasiconformal mappings contains that of quasisymetric map-
pings. Although condition (21) seems much weaker than (22) we will show that both
classes of quasiconformal and quasisymmetric mappings coincide. The an tool in the
proof is the theory of Sobolev spaces.

First we prove some regularity results for uasiconformal mappings.

If f is differentiable at a point x, then the condition H(z, f) < K is equivalent to

max | Df (#)¢] < K wmin [ Df (2)¢]. (23)

The first deep result that we will prove is the following
Theorem 70 If f: Q) — IR" is K-quasiconformal, then

1. f is differentiable a.e.,

2. f € WhM(Q,R"),

ocC

3. maxje— |Df(x)¢] < Kming— |Df(x)¢] a.e.

First we need recall some facts form the measure theory.

A measure p on R" is called Radon measure if it is a Borel measure and p(K) < oo
for all compact sets K C IR".

The following theorem due to Besicovitch generalizes the theorem of Lebesgue.

Theorem 71 (Besicovitch) If p and v are two Radon measures on IR", then the
limat q B
dv r—0 v(B(x,r))

exists v a.e. and du/dv € L .(R",v).
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We will not prove it. O

Later we will need the theorem in the special case when v = H™ is the Lebesgue
measure in IR".

If f:Q — IR" is a homeomorphism, then f maps Borel sets onto Borel sets and
hence we can define a Radon measure as follows

py(A) = |f(A)].

Lemma 72 If a homeomorphism [ :Q — IR", Q C IR" is differentiable a.e., then the
Jacobian does not change the sign i.e. Jy > 0 a.e. or Jy <0 a.e. Moreover in all the
points where f is differentiable we have

()] = tim L BE )]

™ B, ) 2

and hence |Jy| = duy/dH™ € L.

Proof. The proof that J; does not change the sign follows form an argument based on
the topological degree and we skip it. The equality (24) is simpler: If f is differentiable
at x € Q, then for small r, f(B(z,r)) almost coincides with the ellipsoid D f(z)(B(z, 1))
and hence |f(B(z,r)| = |Df(z)(B(z,r))| + o(r™) = |J¢(x)||B(z,r)| + o(r™). Actually
the proof of this estimate for the volume of f(B(zx,r)) follows form the definition of
the differential and from the Brouwer theorem. O

Lemma 73 Let f: Q) — IR" be a homeomorphism such that

L
H(z, f) = limsupM <00 a.e.
r—0 Lp(x,r)

Then f is differentiable a.e.

The assumption about f is weaker than that for the quasiconformal mapping: we do
not assume neither that H(z, f) is finite everywhere, nor that H(z, f) is bounded.

Proof. According to the Stepanov theorem (Theorem 51) it suffices to prove that

|Dt fl(x) = limsupM < oo ae.
U ly — ]
We have
) 1
DT fl(x) = llms(?p ;Lf(x,r)
l L
= im0 L)
r—0 T le(z,7)

1
< H(x, f)limsup ;lf(ﬂf, T).
r—0
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Observe that the ball centered at f(x) with the radius l;(x,r) is contained in f(B(z, 7))

and hence
e _ J(Bla,r)
T [Blar)]
This yields
: B(z,r))| dpiy
D+ n < H n] |.f( ) —H n
DT f|"(x) < H(x, f) s ] (@, f)" (@) <0,
almost everywhere. The proof is complete. a

Proof of Theorem 70. The differentiability a.e. follows form Lemma 73. The
observation (23) yields condition 3. Thus we are left with the proof that f € W,

We will prove that f is absolutely continuous on almost all lines paralell to coordi-
nate axex. Then the theorem will follow from the AC'L characterization of the Sobolev
space.

Let Q" C Q be an open cube with faces paralell to coordinates. Let 7 : R" — IR"!
be the orthogonal projection in one of the coordinate directions. We define a Radon
measure v on the (n — 1)-dimensional cube 7(Q™) as follows

v(A) = [f(x 1 (A)NQ")|.
It follows form Theorem 71 that

. v(B(y.r) dv
71}_1)% Tl Ynl g (y) < oo,

for a.e. y € T(Q"). Here w,_; is the volume of the unit ball in IR"~". Next we prove
that for every compact set F' C 7= 1(y) N Q"

dv

(H' (p(F)" < CUHY(F)" = ().

(25)

Before we prove it observe that this impies absolute continuity of f along the segment
7 (y) N Q™, whenever dv/dH" ' (y) < oo and hence te ACL property follows. Then
the linear D f(x) maps the unit ball onto an ellipsoid with axes \; < A < ... < A,
The condition (23) means A, < K\;. Hence

n "/2 n
Dyl = (ZA?) SO N S O A = | € L
=1 =1

We conclude that Df € Lj. which together with the ACL characterization of the
Sobolev space implies f € WL

Thus we are left with the proof of (25).
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Since f is quasiconformal there exists a constant H > 1 such that (21) holds for all
r e R"™

For all sufficiently large integers k define
Fe{r e F: Lg(x,r) <2Hls(z,r), whenever 0 <r < 1/k} . (26)

Obviously F}, are compact sets with Fy C Fyy1, Uy F=F. We will estimate H'(f(Fy)).

Fix ¢ > 0 and k. Then for all sufficiently small 0 < r < 1/k there exists an integer
p such that £}, can be cobered by segments I3, ..., I, with the following properties: all
the segments have the same length |I;| = 2r, all the segments are centered at Fy, each
point of F'k belongs to no more than two segments I; and pr < H'(F},) + €.

To see that there is such a covering we first cover F}, by an open set U with H*(U \
F}) < g, then choose r < dist (Fy, OU), cover Fy by all segments of diameter 2r centered
at FJ, choose a finite subcovering and then remove all redundant segments.

Observe that p depends on r and in general p bigger as r smaller.

Let a; be the center of I;. set B; = B"(a;,r). Inequality of (26) gives
diam f(B;) < 4w, "H"(f(By))

Hence the definition of H1 and the Holder inequality yields

H'(f(F) < ;g%iz_pjldiamf(Bi)

IN

lim (p”‘l zp:(diam f (Bi))”> .

r— ‘
=1

—1/n : n—1 ]
oy (5 321782 )

IN

1/n
< CHU )+ iy (r 3] @

The last inequality follows form the estimate pr < H'(F;) = . now observe that all
the balls B; are contained in A = 7= }(B" (y,r)) N Q™ and hence (27) gives

V 1/n
H(R) < COR )+ (05 0)

Now inequality (25) follows by assing to the limits as ¢ — 0 and then k — oco. The
proof is complete. O

Now we can prove that the classes of quasiconformal and quasisymmetric mappings
coincide. namely we will prove.
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Theorem 74 Let F' : IR" — IR" be a homeomorphism. Then the following conditions
are equaivalent

1. f is quasiconformal,
2. f is quasisymmetric,

3. r € WLM(IR",IR"), J; des not change sign i.c. J; >0 a.e. or J; <0 a.e. and
there i1s a constant K > 1 such that

max|DJ(2)¢] < K min| Df(2)¢] a.c. (28)

Remark. The assumption that J; does not change sign is superflous as one can prove
that any W'" homeomorphism is differentiable a.e. and hence J; does not change sign
by Lemma 72.

Proof of Theorem 74. The implication 2. = 1. is obvious and the implication 1. = 3.
follows from Theorem 70. Throough the proof C,C’, C" will denote general constants
depending on n only. Observe that (28) implies that

IDf(x)" < K" Jy| ace.

Define
1 if |2] <1,
Y(z) = (log L/1)~ log(L/|z2|) if I <[z] <L,
0 if |z| > L.

and define ¢(z) = ¥(z — x). The function ¢ is Lipschitz and
[ vel = [ Ve =(og L/ [ 27" = nwn(log L/1)'".
R" R" B(0,L)\B(0,])

Let E = f~1(B(0,1)) and F' = f~'(R™\ B(0,L)) N B(z,2r). Then E is a continuum
that connects  to the boundary 0B(x,r) and F’ contains a continuum F' that connects
OB(x,r) to dB(x,2r). Hence H (E) >r, H. (F) > r and dist (E, F) <.

The function v = @ o f is continuous and belongs to W\ (because ¢ is Lipschitz).
Moreover v =1 on F and v = 0 on F. Now we estimate the L™ norm of the gradient
of v empying the change of variables formula.

| Ive@)r

IN

| IVe@)IDs@Ir
< K[ Vel @) @)

= K" [ |9l
]Rn
= nw, K" (log L/1)*™.
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We want to show that the ratio L/l is bounded. To this end it suffices t show that the
integral [|Vo|™ is bounded from below by an universal constant.

Recall that by Theorem 58 the pointwise inequality holds
[v(z) = v(y)| < Cla =y (M| Vol () + M7V (y)) -
Taking x € E and y € F' yields
1< Crt/m (MY 0| (2) + M V0| (y))

This implies that there is another constant C' such that either M1~/ Vv|(x) > Cr=1/»
for all z € E or M~V Vu|(y) > Cr='/" for all y € F. Assume the first case. The
proof for the second case is analogous. By Lemma 57 we obtain

r < HL (MY W > Crm V) < C”'r/ |Vo* < C"rK™ Y(log L)1),
Rn
and hence
L <lexp(CK).
The proof is complete. O

Mostov rigidity theorem. One of the most celebrated applications of the theory
of quasiconformal mappings is so called Mostow ridigidity theorem. Unfortunately the
theorem goes far beyond the scope of the material presented in the lectures, so we will
only sketch the main ideas giveing a fravour of the beauty and deepness of the result.

Let us first state the theorem. Then we will explain the statement and the main

idea of the proof.

Theorem 75 (Mostow) Let Y and Y’ be compact Reimannian maniflds of dimmen-
sion n > 3 and of the constant sectional curvature —1. If Y and Y' are diffeomorphic,
then they are isometric.

The theorem is false if n = 2.

Quasiregular mappings.

Lecture 6

Gromov and the isoperimetric inequality. The aim of this section is to prove the
following result of Federer, Fleming and Maz’ya.

Theorem 76 For any u € WH(IR") there is

n—1

(/ |u|# dx) "< n_lwgl/n/ |Vul, (29)
n R”L
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—1/n

n cannot be

where w, is the volume of the unit ball. Moreover the constant n™‘w
replaced by a smaller one.

We have already proved the inequality, but with a worse constant. The exact value of
the conatsnt has a deep geometric meaning: we will see that Theorem 76 implies the
classical isoperimatric inequality.

Let K C IR" be a compact set. We define the Minkowski content as follows

{z e R": 0 < dist (z, K) < e}

E (30)

pt(K) =lim iglf

If K is a closure of an open, bounded set with the C? boundary, then it easily follows
that ™ (K) = H" }(0K). Thus the Minkowski content is a generalization of the surface
area.

The isoperimetric theorem states that among all the sets with the given volume,
the ball has the smallest area of the boundary. It can be expressed in the following
inequality.

Theorem 77 (Isoperimetric Inequality) Let K C R" be a compact set. Then

K| <n~ gVt (K,

n

—1/n

o™ cannot be replaced by any smaller constant.

and the constant n~'w

Proof. First observe that if K = B", then we have the equality, so the constant cannot
be smaller. For any compact set K C IR" define

(2) = 1 — e Udist (z, K) if dist (2, K) <e¢
i) = 0 otherwise

Then the function ¢ is Lipschitz. Since the Lipschitz constant of the function x +—
dist (z, K) is 1, we conclude that [Vp| < 7! a.e. Moreover |[Vp(z)| = 0 a.e. outside
the strip {0 < dist (z, K) < €}. Hence applying Theorem 76 to u = ¢ yields

n—1
K5 < (el
Rn
< n’lwgl/"/ V| dx
IR/TL

1y {r € R0 < dist (z, K) < e}
Wy, )
£

< n

and the theorem follows. O

Observe that the argument above implies that the constant in (29) cannot be smaller
(otherwise we would prove the isoperimetric inequality with a smaller constrant). Thus
we are left with the proof of (29).
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The proof that we present below is due to Gromov and it is one of the most beautiful
and the most unexpected proofs I have ever seen.

Proof of Theorem 76. Since |Vu| = |V]u|| a.e. we may assume u > 0 a.e. Moreover
by a standard approximation argument we may assume that v € C§°(IR"). Finally we
may require that the support of u is a ball and that w is strictly positive in that ball.
Indeed, otherwise we take 0 < ¢ € C§°(IR") whose support is a ball containing the
support of u and pass to the limit as € — 0. We will need the following lemma.

Lemma 78 Let 0 < f € CY(Q), where Q C R" is an open, bounded and convex set.
Then there exits a diffeomorphism ® : Q — B(0,w; /") such that

1. ® s a triangular mappping i.e.
q)(l’l, To, ... ,iL‘n) = (@1(331), @2(1’1, xg), ooy q>n($17$27 Ce 7$n>) .

2. Derivatives 0P;/0x; are strictly positive and

“ 0P,
det D®(x) = 1:[ g J}é&}) 7

(31)
for all x € Q).

The radius of the ball B(0,w; /") was choosen in order to have a ball with the unit
volume.

The lemma is intereteng on it own: it shows that there is a diffeomorphism between
a ball and an arbitrary open, bounded and convex set, with a priori prescribed Jacobian.
In particular there exits a diffeomorphism between a unit cube and a ball of volume
one whose Jacobian equals one.

The denominator on the right hand side of (31) is a constant choosen for a normal-
ization. This is just to make a volume of the image of ® equal to one. Indeed,

_ _Jof _
\(I)(Q)|_/Q|detD<I>|—fzf—1.

Proof of Lemma 78. The proof is not much longer than a statement. We define the
diffeomorphism & explicite.

In the first step we prove a slightly modified verion of the lemma that we will
denote by Lemma 78’. Namely we replace B(0,w; /") by a unit cube @ = [0, 1]" in the

n
statement. All the oter words in the statement remain the same.

The desired diffeomorphim between €2 and (), denoted by W is defined by an explicite

formula.
 Jaw [z dzy
fBz(x) del Ce dZn
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where the sets A;(z), B;(x) are defined as follows
Ai(z)={2=(21,...,2) 1 zj =x; for j <iand z <z},

Bi(z) ={z=(z1,...,20) : 2j = x; for j <i}.

The best way to see the geometric interpretation of the sets is to make a three dimen-
sional picture.

By (x) is the the whole domain €.

Aq(z) is a “left” part of Q cut by a n — 1 dimensional hyperplane perpendicular to the
axis r; passing through a point z.

Bsy(z) is the interection of Q and the n — 1 dimensional hyperplane.

As(z) is a part of By(x) cut by a n— 2 dimensional hyperplane given by fixing the first
tow coordinates.

etc.

Observe that ¥, depends on variables z1,..., x; only, ¥; is strictly increasing with
respect to z; and hence W is a one to one mapping with 0¥, /dx; > 0. It is easy to see
that ¥(Q) = Q. Thus ¥ is a C' homeomorphism. Since the matrix DV is triangular
we conclude that the Jacobi determinant is a product of the diagonal elements and
hence it is strictly positive. Thus ¥ is a diffeomorphism.

It follow from the definition of W; that

OV ot
Ox; I, [ ’

and hence

det pw = [ 2%~ Jon_ J@)

i=1 al‘z B fBlf fo .
This completes the proof of Lemma 78’.

In particular we may apply the above contruction to Q= B(0,w, 1/ ") and f = 1.
Thus we get a triagular diffeomorphism

U B(0,w,"") = Q

with Jacobian equal to one. Hence U~!: Q — B(0,w;, /") is a triangular diffeomor-
phism with the Jacobian equal to one a well. Now the diffeomorphsim ® = U= o U :
Q — B(0,w; /™) verifies all the condition of lemma 78. The proof is complete. a

Now we can complete the proof of Theorem 76.
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Let Q be a support of u (€2 is a ball) and let f = |u|V. By Lemma 78 there
exits a diffeomorphism
d:Q— B0,w; Y™
such that

o 0P,

det DO = H =l 1//yu|"/” b,

The arithmetic—geometric mean mequahty yields

div® q> " 00;

n 0d;\ "
3 2 (22 <

Since the vector field u® € C*(Q) vanishes at the boundary of €2, integration by parts
gives

O:/div(utb) :/ udiv@—i—/ Vu-o.
Q Q Q
Invoking that v > 0 in {2 we obtain
n [ fullul =Tl = < [ fulaive < [ Valle] < w9l
Q n—1 (9] Q Q
and hence inequality (29) follows. The proof is complete. O

Lecture 7

Caccioppoli estimates. In the previous lectures we proved the existence of a weak
solution to the Dirichlet problem. Now we prove that this solution is in fact the classical
harmonic function. This important result is known as the Weyl lemma.

Theorem 79 (Weyl lemma) If u € W,2*(Q) is a weak solution to the Laplace equa-
tion Au = 0, then u € C*(2) and hence u is a classical harmonic function.

Proof. By the definition u is a weak solution to Au = 0 if and only if
/vu-w:o Vo € C2(Q). (32)
Q
Note that (32) holds also for ¢ € W12?(Q) with compact support — simply by approx-

imating such ¢ by compactly supported smooth functions.

In the first step of the proof we will derive the so called Caccioppoli type inequality.
The idea is very simple and it easily generalizes to more complicated elliptic equations
or systems, where it is frequently employed.

Fix concentric balls B(r) CC B(R) CcC Q and let n € C(B(R)), 0 < n < 1,
nlse =1, V| <2/(R —r) be a cutoff function.
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Applying ¢ = (u — ¢)n? to (32) we obtain

/QVu . (Vun2 +2(u — c)nVn) =0,

1/2 1/2
vl <2 [ = clalval 9o < 2( [ ju=cP[vaP) ([ 19ufs?)
Q Q Q Q

Hence

SO

[ Ivu? <4 [ fu— o wnf,
Q Q
which yields the following Caccioppoli inequality

16
Vul? < ——— / u—cl?, 33
/B<r> Vel (R —7)* JBR)\B() | | (33)
for any ¢ € R. In particular we get
Vu2§C’R,r/ ul?. 34
J Vil < C@R ) [ (34)

Assume for a moment that we already know that « € C*°. Then also the derivatives
of u are harmonic and hence (34) applies to derivatives of u, so for r < r’ < R we get

/ IV2uf? < 01/ IVul? < 02/ 2.
B(r) B(r") B(R)

Repeating the argument with higher order derivatives we obtain
/ IVFuf? de < C(R, k)/ ul?,
B(R/2) B(R)
for k=1,2,3,... In other words

ullwezprm) < CR,E)|lullr2r)- (35)

The inequality was proved under the asumption that u € C*°. We shall prove now that
(35) holds also for any weakly harmonic function u € W,2(€2).

Let u.(x) = [u(x —y)o-(y) dy be a standard molifier approximation where ¢.(y) =
e"o(y/e), € C3°, 020, [¢=1.

Then u. € C*®(.), where Q. consists of points in  with the distance to the
boundary bigger than . Note that u. is harmonic in Q.. Indeed, for any ¢ € C§°(£2.)
we have

| Vu@)Velwyde = [ ([ u)V.oula—y)dy) Vo) do
= / ( / Veu(r —y)o:(y) dy) V(z) dx
= [ (] Vaulo = 9)Velw) do ) 6.0) dy = 0.
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Hence u. is a weakly harmonic function and since u. is C* smooth we conclude that
ue is a classical harmonic function. Thus (35) holds for each u.. Since u. — wu in
L*(B(R)), we obtain that u. is a Cauchy sequence in W"?(B(R/2)) and passing to the
limit yields (35) for v and all £ = 1,2,3,... Hence by the Sobolev embedding theorem
(Corollary 42) u € C*°. The proof is complete. O

We will show now some typical applications of the Caccioppoli inequaity. However
for the clarity of presentation we will concentrate on very simple examples only.

Taking R = 2r in (33) and applying Poincaré inequality (Corollary 39) we get

16
Vullde < = U — upn g | de
/B(r) [Vl r2 JB2r\B(r) | B

< C(n) / Vul? d.
B(2r)\B(r)

We have obtained the estimate of the integral over B(r) by an integral over an annulus.
Now we add C'(n) [5,, |Vu|? to both sides of the inequality to fill the hole in the annulus.
We get

O

2y < ”)/ 2 4. 36
/B(T)NU| x_C(n)+1 B(2r) [Vl de (36)

—_—
<1

For obvious reasons the argument is called hole—filling.

It is crucial that the coefficient in (36) is strictly less than 1. We will show some
applications of this fact.

Theorem 80 If u is a harmonic function on R™ with |Vu| € L*(IR"), then u is
constant.

Proof. Passing to the limit as 7 — oo in inequality (36) yields
/ ]Vu|2d:v§6/ Va2,  f<1.
R R"
Hence |Vu| = 0 a.e. and thus u is constant. O
Corollary 81 Any bounded harmonic function on IR? is constant.
Proof. By Caccioppoli inequality (33) we get

C
/ Vul? < 7/ ul? < .
B(r) T B(2r)

Since u is bounded, the constant C’ does not depend on r. Passing to the limit as
r — oo we conclude that [re|Vul|?>dr < oo and hence u is constant by the previous
result. a
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Remark. The corollary holds in IR" for any n > 1, but the proof is different. We will
prove this and more general results in Lecture 8.

More generally we say that u = (ug,...,uy,) € I/Vll’p(Q,IRm), QCR",1<p<x

is a weak solution to the p-harmonic system, (u is a p-harmonic mapping) if

div (|Vul|P~2Vu;) = 0, i=1,2,....m,

1.e.

/\Vu\p’2(Vui,Vg0> —0  VeelC Q) andi=1,2,...,m. (37)

Here |Vu| = (3;;(0u;/0x;)*)"/?. Taking ¢; = (u;—¢;)n? in (37) and adding up resulting
identities for all i leads to the following generalization of (33)

C
R ——
/B(r) [Vul” < (R—

/ ‘U’ - C|p )
)P JB(R\B()

for any ¢ = (¢q,¢9, ..., ¢p). By the holefilling argument

/ |vuypg9/ VuP,  g<1. (38)
B(r) B(2r)

Fix @ cC Q and let R = dist (,09). Let z € Q" and r < R. Take the integer k
such that R/2 < 2%r < R. Then B(x,2Fr) C Q and 6% ~ r~1°%29  Hence iterating (38)
yields

/ |VulP < C’rilogﬁ/ |Vul?.
B(z,r) Q

Since @ is slightly less than 1 we get o = —log, 6 € (0,1) and hence
/ |VulP < Cre,
B(z,r)

for all x € ' and r < R. If p = n, then by Morrey’s lemma (Corollary 59) we obtain
that u is Holder continuous in €2'. Thus we have proved

Corollary 82 n-harmonic mappings in 2 C IR™ are locally Hélder continuous.

In general, in contrast to the case p = 2, the p-harmonic mappings need not be C'*°
smooth. The optimal smoothness result (even for m = 1) is the following very difficult
theorem

Theorem 83 If u € W,.P(Q,IR™), 1 < p < oo, Q C R", is p-harmonic, then u €
CLY(Q,R™) for some a € (0,1).

loc
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In Lecture 8 we will sketch the proof of Hélder continuity of p-harmonic functions (i.e.
when m = 1) for any 1 < p < 0.

As we will see the p-harmonic equations also appear as the equations for the mini-
mizers of some variational functionals.

Euler Lagrange Equations. The Dirichlet principle says that it is the same to seek
for the minimizer of the Dirichlet integral or for the solution to the Laplace equation.
The Laplace equation was derived by taking directional derivatives of the functional I in
all the directions ¢ € C§°. We took directional derivatives in the infinite dimensional
space of functions. Thus roughly speaking we can say that u is a minimizer of the
functional I if the “derivative” of I in point u is zero. We will generalize this observation
to the abstract setting of functionals on Banach spaces.

Let X be a Banach space and let 7 : X — IR. The directional derivative of I at
u € X in the direction h € X, h # 0 is defined as

I(u+th) —I(u)
; :

Dyl(u) = %l—{%

We say that [ is differentiable in the sense of Gateaux at a point u € X if for every
h € X, h # 0 the directional derivative DjI(u) exists and the function h — DyI(u) is
linear and continuous. This defines functional DI(u) € X* by the formula (DI(u), h) =
DypI(u). We call DI(u) the Gateaux differential.

Proposition 84 If I : X — R is Gateauz differentiable and I(u) = inf,cx I(u), then
DI(q) = 0. O

Later we will see that this is an abstract statement of the so called Euler-Lagrange
equations. For example we will see that when we differentiate the functional I(u) =
[ |Vul?, we obtain the equation Au = 0. This looks like the Dirichlet principle.

Theorem 85 Let [ : X — IR be Gateauz differentiable. Then the following conditions
are equivalent.

1. I s conver,
2. I(v) — I(u) > (DI(u),v —u) for allu,v € X,

3. (DI(v) — DI(u),v —u) >0 for all u,v € X.

Proof. 1. = 2. Convexity implies that

Iu+tv—u))—I(u)
t

< I(v) = I(u)
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for t € (0,1) and hence the claim follows by passing to the limit as t — 0. 2. = 3. It
follows directly from the assumption that (—DI(u),v—u) > I(u)—1(v) and (DI (v),v—
u) > I(v) — I(u). Adding both inequalities we obtain the desired inequality. 3. = 1.
We have to prove that for any two points u,v € X, the function f(t) = I(u+t(v —u))
is convex. To this end it suffices to prove that f’(¢) is increasing. This follows easily
from the assumed inequality and the formula for f’. O

In the case of convex functionals the necesary condition given in Proposition 84 is

also sufficient.

Proposition 86 If [ : X — R is convex and Gateaux differentiable, then I(u) =
inf,ex I(u) if and only if DI(u) = 0.

Proof. Tt remains to prove the implication <. By the convexity and the above theorem
I(u) — I(w) > (DI(u),u —uy = 0, hence I(u) > I(u). O

Note that we have similar situation in the case of the Dirichlet principle. The
condition Au = 0 is necessary and sufficient for u to be the minimizer.

Below we give some important examples of functionals differentiable in the Gateaux
sense.

Lemma 87 Let f: Q x IR — IR be measurable in x € Q (for every u € R) and C' in
u € R (for almost every x € ). Moreover assume the following growth conditions

[f(@u)] < a(z) +Clul,  |fi(z,w)] <b(x) + Cluf™

where a € L'(Q), b € LP/®D(Q) and 1 < p < oo. Then the functional I(u) =
Jo f(z,u(z)) de is Gateaux differentiable as defined on LP(Q2) and

(DI(w.v) = | fiw e

Proof. The growth condition implies that [ is defined and finite on L?(€2). We have

I(u+tv) — I(u) :/ flz,u+tv) — f(

v,u) 1t
; ; _/Qt/o filz,u+ sv)vdsdx.  (39)

Observe that -
;/ oz, u+ sv)vds — f,(z,u)v ae.,
0

and that by the growth condition

1 st
‘/ folz, u+ sv)vds
tJo

< C (b + ulP + [o])
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where C' does not depend on ¢t. Hence we may pass to the limit in (39) and we get

lim I(u+tv) —
t—0 t

I
(W) _ / fi(z,u)vdx.
Q
The proof is complete. O

It is also easy to prove the following

Lemma 88 For 1 < p < oo the functional I, = [, |Vul? is Gateaux differentiable on
Whr(Q,IR™) and

(DIy(u),v) :p/Q |VulP~2(Vu, Vo).

Since the functionl I, is convex we get that

I,(w) = inf I,(u), (40)
weEWLP(QLIR™)

if and only if DI,(u) = 0 i.e. if and only if @ is a weak solution to the following system
diV(|Vu\p*2Vui) =0 U; — W; € W[)l’p<Q), 1= 1,2,...,m. (41)

Here w = (w1, wa, ..., w,) € WHP(Q,IR™). Moreover the strict convexity guarantess
the uniqueness of the minimizer or equivalently the uniqueness of the solution to the
system.

This is a version of the Dirichlet principle. Thus the problem of solving (41) reduces
to finding the minimizer of (40), which is easy, see Corollary 7. Equations (41) are
called Euler-Lagrange system for the minimizer of /,. The variational approach easily
generalizes to more complicated elliptic equations or systems.

Now for the simplicity of the notation we will be cencerned with the case m = 1.

Theorem 89 Let Q2 C IR" be a bounded domain with Lischitz boundary and 1 < p <
0o. Assume that the function f : Q x IR — IR is measurable in v € Q, C* inu € R
and satisfies

[f(z,u)] < a(z) +Clul”  |fi(z,u)] < b(z) + Clul*™
where ¢ = np/(n—p) if p < n and g < oo is any exponent if p > n. Then the functional
1
Iw) = [ [Vl + f(z,0) (42)
Qp
is Gateauz differentiable as defined on the space W'P(Q) and
(DI(u),v) = /Q IVulP~2(Vu, Vo) + /Q 1 (, u) (43)
for every v € WhP(Q).

95



Proof. Tt easily follows from Lemma 87, Lemma 88 and the Sobolev embedding
WhP(Q) C LI(RQ). O

Remark. If we define I on VVO1 P(Q2) only, Q can be an arbitrary open and bounded set,
because then we still have W, ?(Q) C L4(Q). In this case (43) holds for v € W, ?(Q).
Fix w € WP(Q). If v is a minimizer of (42) in W2P(Q), then u solves the equation
div (|Vul|P~2Vu) = f!(z,u), u—we WyP(Q). (44)
Indeed, if J(v) = I(v + w), then v = u — w is a minimizer of J on W, ?(Q) and hence
DJ(v) =0i.e.,
— — Lp

i.e. (44) holds. Equation (44) is called Euler-Lagrange equation for (42). Conversly
one can prove the existence of a solution to (44) by proving the existexce of a minimizer
to (42). This is our next aim.

Recall that if 1 < p < n, then p* = np/(n—p) is the Sobolev exponent. Let 2 C IR"
be a bounded Lipschitz domain. Assume that a function g : 2 x IR — IR is measurable
in z € () and continuous in u € IR. If the following growth condition holds

lg(z,u)| < C(1+ [ul?) (45)
where ¢ < p* — 1 when 1 < p <n and ¢ < oo when n < p < oo, then the equation
div (|Vu|P~2Vu) = g(z,u), u—w e WP (Q) (46)

is the Euler-Lagrange equation for the minimizer of the functional
1
I(u) = / IVl + Gl w), (47)
Q

where G(z,u) = [;' g(z,t)dt, defined on WP(Q). This follows from the estimate
|G(x,u)] < C(1+ |u|*™) and from Theorem 89.

In order to prove the existence of a minimizer of I we need find assumptions that
would guarantee that [ is coercive and swlc.

Oberve that if g(z,u)u > 0 for all u, then G(x,u) > 0 and hence I is coercive. This
condition for g is too strong. We will relax it now.

Asume that u
> e (49)

g(w,u) ]

for all |u| > M and a.e. x € Q. Here M and v are constants such that M > 0 and
v < pyt, where py is the best (the least) constant in the Poincaré inequality

P L p oo .
Ll <m [1vul vue CE@)
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We claim that under conditions (45) and (48) the functional I is coercive on W.?(Q).
Indeed, both the conditions imply that

Gla,u) > —C — Ljuf?
p
for all © € IR. Hence
1 0 1
1)z~ [Vap =2 [ =€ = 21 =) [ [Vul’ = € = oo
pJQ p JQ p Q

as |lull1p, — oo and u € WP(Q).

Condition (48) is optimal. Namely at the end of the lecture we will show that the
functional constructed for g(z,u) = —puy 'ulu[P=2 is not coercive on Wy (Q).

Now in order to have the swlc condition we need slightly relax condition (45).
Theorem 90 Let g satifies (45) and (48) and let the functional I be defined on WiP(Q)
a above. Then the functional is coercive. If in addition ¢ < p* —1 when 1 < p < n
(in the case p > n we do not change the assumption) then the functional I is swlisc

and hence it assumes the minimum which solves the Dirichlet problem (46) with the
boundary condition u € WP ().

Proof. We have already proved that the functional is coercive. Now assume that
qg<p*—1when1l<p<mnandq<oowhenp>n.

Let v, — v weakly in W,7(Q). We have to prove that

Iv+w) < lilgn inf I (v + w). (49)

Under the additional assumption about ¢, the embedding Wy*() C Lit1(Q) is com-
pact and hence vy +w — v+ w in LI, Since |G(z,u)| < C(1 + |u|?™) we conclude

that
/QG(:zz,vk—l—w)H/QG(:c,v—l—w). (50)

This follows easily form the following version of the dominated convergence theorem.
Lemma 91 Let |fi| < g, gr — g in L' and fr — f a.e. Then [ fr — [ f. O

Observe that
/Q V(v +w)P < lim mf/Q IV (v + w)P. (51)

This is a direct consequence of Theorem 5. Now (50) and (51) impliy the swlsc property
(49) and then the theorem follows directly form Theorem 4. O

We leave as an exercise the proof of the following variant of the above result.
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Theorem 92 Let Q C IR" be a bounded domain, 1 < p < oo. Then for every f €
(Wo(Q,R™))* there exists the unique solution to the following system

div (|VulP?Vu,) = f w, € WoP(Q),  i=1,2,...,m.

Are the solutions Hoélder continuous when p = n?

At the begining of the lecture we have proved that weak solutions to the Laplace
equation are C'*° smooth. Now we show a tricky and powerful method of proving the
regularity results for weak solutions to the nonlinear equations of the form

Au=g(z,u),  ueWl(Q). (52)

The method is called bootstrap. First we need the following result due to Calderén and
Zygmund.

Theorem 93 (Calderén-Zygmund) If u € W2 (Q) solves Au = f, where f €
WoP(Q), m=0,1,2,..., 1 <p< oo, then u € Wm+2»P(Q)'

loc loc

This is a very deep result and we will not prove it. O

Assume now that g € C=(Q x R). Let u be a solution to (52). Then g(z,u) € W,.?
and hecne by Theorem 93 u € W22, This implies in turn that g(z,u) € W;>? and then

u € I/Vlif .. Itetating this argument yields u € VVIIZ’C2 for any k. Hence by the Sobolev
embedding theorem u € C'"*°. Thus we have proved

Theorem 94 If u is a solutioin to (52) with g € C*°(2 x IR), then u € C*(Q).

Remark. We employed here the special case of Therem 93 in which p = 2. The proof
in this case is much easier than in the general one.

Assume now that g is measurable in z, continuous in u and that it satisfies the
following growth condition
n+ 2

oo SO+, 1<g<o =20 (53)

Theorem 95 If u is a solution to (52) with the growth condition (53), then u € CL%
forany 0 < a < 1.

2n/(n—2 P1

Proof. Since u € W,%, Sobolev embedding yields u € L; ) and hence g(z, u) € iAo

where p; = (ni’;)q > 1. Now by Theorem 93 u € W' and again by Sobolev embedding
2n

g(x,u) € L2 py = i de—mg > P1- The inequality ps > p; follows from the fact that

q < (n+2)/(n — 1). Iterating this argument finitely many times yields u € W for
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any r < oo. Hence by the Sobolev embedding theorem u € CL® for all @ < 1. The
proof is complete. O

Eigenvalue problem. We start with considering the following two problems.
1. The best constant in the Poincaré inequality.

Let 2 C IR" be a bounded domain and 1 < p < oco. Find the smallest constant pu
such that the inequality

P < / VulP 54
holds for every u € Wy ().

Of course such a constant exists and is positive. This follows from the Poincaré
inequality. The smallest constant is called the best constant in the Poincaré inequality
and it will be denoted by p; throhought the lecture.

The second problem looks much different.
2. The first eigenvalue of the p-Laplace operator.

We say that \ is an eigenvalue of the p-Laplace operator —div (|Vu[P=2Vu) on
Wy (), where 1 < p < oo, if there exists 0 # u € W, ?(Q) such that

—div (|[VulP?Vu) = u|ulP~2. (55)

Such a function w is called eigenfunction. If p = 2, then we have the classical eigenvalue
problem for the Laplace operator.

Observe that every eigenvalue is positive. Indeed, by the definition of the weak
solution, (55) means that

/ |VulP~2(Vu, Vv) = )\/ |ulP~?uw
Q Q
for every v € C°(Q) and hence for every v € W, ?(Q). Taking v = u we obtain

/Q|Vu|p _ )\/Q|u|p. (56)

Thus A > 0. Note that inequality (56) implies that A > p;'. This gives the lower
bound for the eigenvalues. The following theorem says much more.

Theorem 96 There exists the smallest eigenvalue Ay of the problem (55) and it satis-
fies \\ = pit, where py is the best constant in the Poincaré inequality (54).

The eigenvalue \; is called the first eigenvalue.
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Note that (55) is the Euler-Lagrange equation of the functional

) =5 [ (uP = Alul?) 657)

The similar situation was in Theorem 90, there are however two esential differences.
First of all Theorem 90 guarantees the existence of a solution but it does not say
anything about the properties of the solution. We already know that a solution of
(55) exits — a function constant equal to zero. However we are not interested in that
solution, we are looking for another one. In such a situation Theorem 90 cannot help.
The second difference is that that functional defined by (57) need not be coercive and
in fact in the most interesting case it is not.

Proof of Theorem 96. We know that A > u;'. It remains to prove that there exists
0 # ug € WyP(Q) such that

—div (|VuP2Vu) = py tufulP~2. (58)

First note that uy € Wy ?(Q) satisfies (58) if and only it satisfies

[l = [ 19l (59)

Assume that ug satisfies (58). Integrating both sides of (58) against the test function
uo we obtain (59). In the oposite direction, if ug satisfies (59), then ug is a minimizer
of the functional

B = [ (190 = " ul’).

Indeed, E(ug) = 0 and always E(u) > 0 because of the Poincaré inequality. Hence vy
satisfies Euler-Lagrange equations (58).

Thus it remains to prove that there exists a nontrivial minimizer 0 # uy € W, ?(Q)
of the functinal E.

Let M consint of all u € Wy (Q) such that [, |u[’? = 1. Minimize the functional
L(u) = [o|VulP over M. Let u, € M, I,(u,) — infy I, = py'. By reflexivity of
the space W, () we can select a weakly convergent subsequence u, — ug € Wy?(Q).
Then [, [Vuo|? < p7t. Since the imbedding W, ?(Q) C LP(f) is compact we conclude
that up € M. Hence E(ug) = 0 and thus wug is the desired minimizer. This completes
the proof. O

Observe that the functional E(u) is not coercive. Indeed, if ug is as in the above
proof then E(tug) = 0, while ||tug||1, — oo. This also shows that condition (48)
in Theorem 90 are optimal: here g(x,u) = —u; 'u|u[P~2 satisfies (45) and (48) with
v = —p7" which is not allowed.

Observe also that the functional F has infinitely many minimizers — each of the
functions tug.
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There are many open problems concerning the eigenvalues of the problem (55). In
the linear case p = 2 the eigenvalues form an infinite discrete set 0 < A\ < Ay < ...,
A; — o00. No such result is known for p # 2. It is easy to show that the set of
eigenvalues of (55) is closed. Moreover one can prove that the set of eigenvalues is
infinite, unbounded and that the first eigenvalue is isolated.

We conclude the discussion about the eigenfunctions with the following theorem
that will be used in the next lecture.

Theorem 97 Let 2 C IR" be a bounded domain and let 1 < p < oo. Then each
eigenfunction is continuous and bounded. Moreover the eigenfunction corresponding to
the first eigenvalue is either positive or negative everywhere is ).

We will not prove it. O

Lecture 8

General variational integrals. Consider the functional of the form

I(u) :/QF(x,Vu),

where €2 C IR" is an open set, and F : 2 x IR"™ — IR is measurable in = for all £ € IR"
and C! and strictly conves in & € IR" for almost all z € Q. Assume in addition that F'
satisfies the following growth condition

alg]P < F(z, &) < B,
for almost all z € Q and all £ € IR", where o, > 0, 1 < p < oo are fixed.

Under the above assumptions I is defined and finite on W'?(Q). Moreover I is
strictly conves. Hence for every w € W'P(Q) there is the unique u € WLP(Q2) such
that

I(w)= inf I(u). (60)
ueWLP(Q)
Functional I is Gateaux differentiable on W1P(Q2). We compute its differential

d
(DI(u), ) = aftzo/QF(x, Vu + V) do = /Qng(x,Vu)-Vgpdx.

Of course taking the differentiation under the sigen of the integral requires a proof, but
it is not very difficule and we leave it to the reader. Since [ is strictly convex, we get
that u is a minimizer of I if and only if DI(u) = 0 i.e. if and only if @ is a solution to
the following problem

VeF(x,Vu) =0, u—w e Wy(Q).
Denote A(x,&) = Ve F(x,€). It is not difficult to prove that
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1. A(z,€) is a Carathéodory function i.e. it is measurable in x and continuous in &,
2. |A2,€)] < blglPt, A(2,€) - € > alé], for some a,b > 0,
3. (A(z,&) — A(x,n))(§ —n) >0 for all £ #n ae.

Thus we have proved the following result.

Theorem 98 Let F': Q x IR" — IR be a function satisfying the conditions as above.
Given arbitrary w € W(Q), the functional

I(u) = /Q F(r,Vu),  ue W™ (Q) (61)

has the unique minimizer in the class WLP(Q) Moreover u is a minimizer of (61) in
WLP(Q) is and only if u is a solution to the following problem

div A(z,Vu) =0,  u—w e WyP(Q),
where A(x, &) = VeF(x,€) satisfiers the above conditions 1., 2., 3.
The result easily generalizes to the case of functionals defined on u € WH?(Q, IR™) i.e.,
when F': Q x R™*" — IR. We leave details to the reader.

We give not two important examples where similar functionals appear in the appli-
cations of the calculus of variations.

Conformal mappings. Let (2 C IR" be an open set. A diffeomorphism ¢ : Q — IR"
of the class C' is called conformal if it preserves the angles in € i.e. if the linear
transformation Dp(x) : IR™ — IR" preserves the angles for all z € Q2 i.e., if the columns
of the matrix Dg(z) (as images of the orthonormal basis of IR") are arthogonal and of
equal length, say A(z) > 0, for all x € Q i.e. if

(

Do(2))' Do(z) = Mx)*I for all x € Q.

It is easy to see that A(z) = |J,(z)|"/" and hence we get

Lemma 99 A C' diffeomorphism ¢ : Q — IR" is conformal if and only if
(De())" Dyp(x) = | J(2) "1,

for all x € Q.

In what follows we will assume that conformal mappings preserve the orientation i.e.
J, > 0in Q.

The following result is a celebrated theorem of Liouville (1850).
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Theorem 100 (Liouville) If n > 3, then every conformal mapping ¢ : Q@ — R" of
the class C® is a composition of a finite number of reflections in planes and in spheres.
By the reflection in the sphere S™ '(a,r) we mean the mapping

W(x) = M +a.

|z —af?
The theorem does not hold when n = 2. Indeed, any holomorphic diffeomorphism is
conformal.
It was very essential in the Liouville’s proof that ¢ is at least of the class C3. It
took then about 100 years until Hartman has proved

Theorem 101 (Hartman) Liouville theorem is still true if we assume that p € C*.

Then Gehring and Reshetnyak replaced the requirement ¢ € C! by a weaker one: ¢ is
1-quasiconformal. The notion of the quasiconformality will be explained in one of the
further lectures.

We will sketch the proof of Hartman’s theorem using heavily the methods of calculus
of variations, nonlinear elliptic P.D.E. and Sobolev spaces.

Now we show a connection between conformal mappings and calculus of variations.

For f € Wh™(Q,IR") we set
L) = [ V"

As we have already seen, if f is a minimizer of [,, in the class W2"(Q2,IR"), where
w € WEn(Q,IR"), then f solves the following n-harmonic system

div (|Vf|" 2V f;) =0, i=1,2,...,n.

Proposition 102 Let Q C IR" be bounded and let ¢ € C*(Q,IR"™) be conformal. Then

YEWL " (Q,IR™)

and hence components of, ¢ are solutions to the n-harmonic system.

We do not prove the theorem. O

Minimal surfaces. Another interesting example of the variational functional arise in
he theory of minimal surfaces. Assume that

Lecture 9
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The aim of this lecture is to develope the theory of Sobolev spaces on domains with
the irregular boundary.

Sobolev spaces on John domains. We say that a bounded domain 2 C IR" is a
John domain if there is a constant C'; > 1 and a distinguished point xg € €2 so that each
point & € € can be joined to z( (inside §2) by a curve (called John curve) ~ : [0, 1] — €
such that v(0) = z, y(1) = zy and

dist ((t), 0) > C; 'tz — y(1)],

for every t € [0, 1].
Lemma 103 FEvery bounded Lipschitz domain is John. O

One can easily construct John domains with the fractal boundary of the Hausdorff
dimension strictly greater than n—1 (for example two-dimensional von Koch snowflake
domain). Thus the class of John domains is much larger than the class of Lipschitz
domains.

The bove definition is slightly different than the usual definition of the John domain,
but it is equivalent.

The following lemma follows from the results of Lecture 2. Since we present different
approach to Sobolev inequalities we prove it one more time using different argument.

Lemma 104 Let u € C'(B), where B C R™ is a ball of radius r. Then for 1 < p < oo

1/p 1/p
(7[ lu — upglP dm) < C(n,p)r (7[ |VulP dx)
B B

Proof. We can assume that B is centred at the origin. For x,y € B we have

Ld
; Cltu(x+t(y—a;))dt’ =

< 27“/01 Vu(z + Hy — 2))| dt.

uly) ~ u(a)| = [ (Fute+ by - ),y — ) de

Hence integrating with respect to y and then applying Holder’s inequality yield
1
u(z) — ug| < C’r/ ][ Vu(z + t(y — x))| dy dt
0 /B

< Cr (/Olyg V(e +ty — x))]pdydt>l/p.

Now
/r-p

1
_unlP < 01— — )P '
/B|u up| _C|B|/o /B/B|Vu(x+t(y x))|P dy dx dt
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Changing variables (z,y) € B x B to (§,n) € B x 2B by the formula

{=z+tly—z), n=y-uz,
we easily see that the Jacobian of the transformation is one and hence

/,np

1
J sl <O [ ] [ IVu@F dedndr = Or [ 1Vu(©)lr e

The following is a generalizetion of Lemma 25.

Theorem 105 Let Q C R" be a John domain. Then for every u € C*(Q) and all
el Vu(2)

u(z
Proof. Let xy € € be a central point. Let By = B(xq, dist (z9,02)/4). We will prove
that there is a constant M = M (Cjy,n) > 0 such that to every x € Q) there is a sequence
of balls (chain) B; = B(xz;,7;) C Q,i=1,2,... such that

1. |B,L UBi+1| S M‘BlmBerl’, Z = 071,2,...
2. dist (z, B;)) < Mry, r; — 0, z; — = as i — 00,

3. No point of €2 belongs to more than M balls B;.

To prove it assume first that z is far enough from xg, say x € Q0 \ 2By. let v be a John
curve that joins x with zy. We construct a chain of balls as follows.

All balls in the chain are centred on 7. Ball By is already defined. Assume that
balls By, ..., B; are defined. Starting from the center x; of B; we trace along + toward
x untill we leave B; for the last time. Denote by x;,; the point on « when it happends
and define B; 1 = B(z41, | — z441|/4C)).

The property 1. and the inequality dist (x, B;) < Cr; in 2. follows form the fact
that consecutive balls have comparable radii and that the radii are comparable to the
distance of centers to x.

To prove 3. suppose that y € B;; N...NB;,. Observe that the radii of the balls B;_,
j=1,2,...,k are comparable to |z — y|. Hence it follows from the construction that
distances between centers of the balls B;, are comparable to |z — y|. The number of
the points in IR" with pairwise comparable distances is bounded i.e. if zq,...,zy € R"
satisfy ¢~ !r < dist (z;,2;) < cr for i # j, then N < C(c,n). Hence k is bounded by a
constant depending on n and Cj, so 3. follows.
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Now 3. easily implies that r; — 0 and hence x; — = as ¢ — oo, which completes
the proof of 2.

The case x € 2B, is easy and we leave it to the reader.

Since up, = f5u — u(x) as i — oo we get

e}

|U(ZL’) - uBo| < Z |uBi - uBi+1|
=0

< Z |U’Bi - uBiﬁBH-l’ + |uBi+1 - uBiﬂBi+1|

> Bl Bl

B |B QBHI‘ ’B mBz+1| Bit1 o
(propery 1.)

<

(Le;nma 104)
< CZ/ |Vu

Observe that 2. implies that for € B; there is |z — 2| < Cr; and hence 1/r]" " <
C/lz — z|"'. Thus

)~ < €3 [

The last inequality follows form 3. Now it is easy to complete the proof. Since

\Vu |Vu

|u(z) — ug| < |u(x) = up,| + |up, — uql, (63)

it remainds to prove the estimate for |ug, — UQ| We have
|vu (n—1)/n
(g, —ua) <7[ lu—up,| <c/7[ o gt G de < CIOI / Vu(z)|dz. (64)

The last inequality follows form the following standard argument

ot <o [ = e, (65
where B is a ball centred at z with |B| = |2|. By the John condition we have
Cl1QY™ > dist (xg,0Q) > C7 'z — xol.
Taking the supremum over x € €2 yields
diam Q < C(n, Cy)|Q*",
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and hence

o e-nm < ¢
=z — 2V
for all z € Q. This and (64) gives
Vu(z

Now the theorem follows form the estimates (63), (62) and (66). The proof is complete.
O

Observe that te above result easily implies the Poincaré inequality

Theorem 106 (Poincaré inequality) Let @ C IR"™ be a John domain and u €
CH(Q). Then for 1 <p < o

1/p 1/p
(f lu=ual’) " < Cup.cole” (f 1var)

Proof. 1t is a direct consequence of the above theorem and Lemma 27. O

Sobolev embedding theorem. The aim of this section is the proof of the following
theorem.

Theorem 107 If Q) C IR" is a John domain, and 1 < p < n, then
A\ /Pt 1/p
(£ lu=ual”) " < c@rnpiors (£ 19ur) "
for uw € WP(Q), where p* = np/(n —p).

In the proof we will need the following lemma whose proof goes back to Santalo. I
learned to form Jan Maly.

Lemma 108 Let Q C IR"™ be open and g € L*()). Then

n Q n/(n—1) n/(n=1)
sup [{z € R : 129(2) > 1}t gc(/ \g\> |
Q

t>0

Proof. Replacing g by g/t we may assume that t = 1. let £ = {I{!g > 1}. Then

dz
Pi< (o= [ [ gea<cmpn [l

The last inequality follows from a standard trick as in (65). The proof is complete. O

Lemma 108 and Lemma 105 imply
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Lemma 109 If Q C R" is a John domain and u € WH1(Q), then

n/(n-1)
sup [{z € Q: |u(z) — ug| >t} < C(Cy,n) (/Q |Vu|) :

t>0

Inequalities stated in the above two lemmas might seem strange, so we explain their
meaning now.

Since our comments will be of a general nature, we assume for a while that we deal
with functions defined on a space equipped with a o-finite measure pu.

If ue LP(X), 1 <p < oo, then it follows from Chebyschev’s inequality that
sup p({z € X : Ju(z)] > t})* < / lul? du.
>0 X

This suggests the following definition.

We say that a measurable function u belongs to the Marcinkiewicz space LE/(X)
(weak LP) if there is m > 0 such that

suppu({z € X : |u(x)| > t})tr < m. (67)

t>0

hence LP(X) C LP(X). In general, the space LP is larger that LP. Indeed, 27! €
LI (R)\ L*(IR). However we have the following

Lemma 110 If u(X) < oo then LE(X) C LI(X) for all 0 < g < p. Moreover if u
satisfies (67) then

1/p
lJul o x <<2”q<pj?q> (X)), (68)

Proof. In the proof we need the following

Lemma 111 (Cavalieri pronciple) If ¢ > 0 and u is measurable, then
[l =g [Tl > 1) e
X 0

Proof. Apply Fubini’s theorem to X X [0, 00). O

Now fix ty > 0. We use estimates p(|u| > t) < u(X) fort < tgand u(|u] > t) < mt=?
for t > t5. We get

/ yu|qdu<q</ t (X)) dt +m e 1dt) :tgu(X)erqmtg‘p.

to

Now the inequality (68) follows by substitution to = (gm/(p — q))"/Pu(X)~4/7. 0
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Hence Lemma 109 implies only that for every ¢ < n/(n — 1)
1/q .
(7[ |u—uQ|qu) < Cl0f [val. (69)
Q Q

Thus it is surprising that one can actually take ¢ = n/(n—1) in (69) as Theorem 107
says.

First we will prove the following modified version of the theorem

Lemma 112 Let Q C IR™ be a John domain and let u € WH(Q), 1 < p < n. If
{u =0} = 9]/2, then

(/Q s p*>1/p* < C(Crinp) </Q |vu|p)l/p

em Proof. For a function v and 0 < t; < t3 < 0o we define the truncation between
levels t; and ty as

v;? = min{max{0,v — ¢, },t> — t1}}.
Then obviously v;> € WP if v € WP and

ta _
Vg2 = Vux (s <v<ty) a-e.

Assume first that p = 1. We have

/’u|n/(n71) < Z an/(nfl)‘{zkfl < |u| §2k}|
Q

k=—00
%

> 20D Julgeq2" Y|

k=—o00

> 2O fJufpe > 2% (70)

k=—o00

= <

IN

IN

Lemma 113 Let u(X) < co. If w is a measurable function such that p({w = 0}) >
w(X)/2, then for everyt >0

p({lw] = t}) < 2u({lw —wx| = 1/2}).

We leave the proof as an exercise. O
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In our situation w* = |u]§::; is nonnegative and vanishes on at least on half of €.
Hence applying the lemma to (70) and then applying Lemma 109 we get

¢ < i gkn/(n=1) (2k—3)*”/ =1 ’ {|wk —wh| > 2HH <2k_3)n/<n71>

k=—o00

cy ([ v )"/(”_”

k=—00

9 n/(n—1)
- C / v
k:z:m ( {2F—2<ul<2k—1} | U|>

n/(n—1)
< 0< / |Vu|> .
Q

Hence Lemma 112 follows when p = 1. Now assume that 1 < p < n. Let v =

IA

|u|P(=1/(=P) " Then |v|™=1) = |u’" and hence applying the case p = 1 of the lemma
yields
. L n/(n—1)
[l = [ oy <c (/ |wy) . (71)
0 0 Q
Observe that .
wo| = 2= 1 -/ gy
n—p

Placing it in (71) and applying Holder’s inequality yields the desired inequality. O
Proof of Theorem 107. Choose b € IR such that

{u=b} = |Q/2 and  [{u<b}| > |Q/2.

Then functions v, = max{u — b,0} and v_ = min{u — b, 0} satisfy the assumptions of

Lemma 112 and hence
A\ /P 1/p
()" <o)
Q Q

Now the theorem follows from the following obsevation

Lemma 114 If u(X) < oo and g > 1, then

1/q 1/q 1/q
inf (/ ]u—c|qdu> < (/ |u—uX|qd,u) §2/ (/ |u—c|qd,u)
ceR \Jx X ceR \JX

Proof. Apply Holder’s inequality. O
The proof of the theorem is complete O

Generalized Rellich—-Kondrachov theorem. Our next aim is a generalization of
the Rellich-Kondrachov theorem to almost arbitrary domain.
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General extension theorem.

Lecture 10

Beyond classical Sobolev spaces. As we have seen, the classical theory of Sobolev
spaces has numerous applications to calculus of variations, linear and nonlinear partial
differential equations and geometry. There are still another applications like those to
algebraic topology that we did not discuss here because of the lack of the time.

Although the language of classical Sobolev spaces is quite universal it is sometimes
not general enough. We will show now few examples that will motivate generalization
of the Sobolev space to the setting of metric spaces that will be given later on.

Graphs. Let I' = (V, E) be a graph, where V' is the vertex set and E the set of
edges. We say that x,y € V are neighbours if they are joined by an edge; we denote this
by x ~ y. Assume that the graph is connected in the sense that any two vertices can
be connected by a sequence of neighbours. We let the distance between two neighbours
to be 1. This induces a geodesic metric on V denoted by p. The graph is endowed
with the counting measure. The measure of a set £ C V is simply the number V(E) of
elements of £. For a ball B = B(z,r) we use also the notation V(B) = V(z,r). The
length of the gradient of a function u on V' at a point x is defined by

Vrul(z) = > [u(y) — u(@)].

y~z

Many graphs have the following two properties

1. The counting measure is doubling i.e., there is a cnstant C; > 1 such that
V(:Ev QT) S CdV($, ’l“), (72)
for every x € V and r > 0.

2. The following inequality holds

1/p
‘/SB) Z lu(z) —up| < Cr (V(iB) Z \Vpumx)) , (73)

reB r€EoB
where C' > 0, 0 > 1 are fixed constants and B is any ball.

Observe that inequality (73) is similar to the Poincaré inequality. Although one might
think the more natural counterpart of the Poincaré inequality is

(V(lB) ™ Ju(x) - uB|p> "o (wlm 3 |vpu|f’) " (74)

zeB reB

71



inequality (73) seems weaker and hence it is more convenient to require (73). Actually
one can prove that inequalities (73) and (74) are equivalent. We will cone back to this
question later, in a more general setting.

We may ask whether a Sobolev—Poincaré inequality holds as well. This would be
an inquality of the form

(V(lB) S Jul) - w) "o (V . |vGu,p(x)>””, )

z€EB r€oB

with some ¢ > p > 1. If such inequality is true, then how to determine the best
possible exponent ¢? Can we replace 0B on the right hand side by B? What would be
a counterpart of the Rellich-Kondrachov theorem?

One can define the notion of the harmonic function on the graph. There are two
possible approaches. The first one is based on the so called mean value property:

We say that u : V' — IR is harmonic if for every x € V,
= — 76
) = 225 3 uly) (76)

where d(x) is a number of neighbours of z.

The other approach is based on a version of the Dirichlet principle: u : V' — IR is
harmonic if it locally minimizes the Dirichlet sum

E(u) =} [Vrul*(z). (77)

zeV

This is to say that if v : V' — IR is a function which coincides with u outside a finite

set Y C X, then

STVl > > | Vrul?

zeY zeY
Observe that according to this definition, if u locally minimizes the Dirichlet sum,
then the series (77) need not converge. It is not difficult to prove that the above two
definitions of a harmonic function are equivalent. The mean value property is then a
version of the Euler-Lagrange equation for the energy functional (77). We leave it as
an exercise.

There are many questions that arise right away. Can the above mentioned Poincaré
or Sobolev-Poincaré type inequalties — if true — be used to prove some properties of
harmonic functions on graphs like for example Harnack inequality?

A sample of such result is the following theorem due to Holopainen and Soardi.
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Theorem 115 (Harnack inequality) Suppose that the graph T' satisfies both, the
doubling property (72) and the Poincaré inequality (73) with p = 2. Then there is a
constant C' > 1 such that

< .
max u(z) < Canelél u(z),

whenever u is a positive harmonic function in 12B.

The doubling property along with the Poincaré inequality are really crucial for the
proof of the Harnack inequality.

Corollary 116 (Liouville Theorem) Under the above assumptions about the graph
any bounded harmonic function is constant.

Proof. Replacing u by supy, u — v we may assume that infy v = 0. Hence Harnack
inequality implies that sup, v = 0, and thus u is constant. O

The proof of the Harnack inequality involves a Sobolev—Poincaré inequality (75)
with ¢ > p = 2. Thus in particular one has to show that Poincaré inequality (73) for
p = 2 together with (72) implies such Sobolev—Poincaré inequality. We will come back
to the question later.

Although there is an obvious analogy between inequalities (73), (74), (75) and the
classical Poincaré and Sobolev—Poincaré inequalities, they cannot be deduced form the
classical results.

A very important class of graphs is given by finite generated groups. Let G be a
group with generators {gi, ..., g,}. This is to say every element of G can be represented
as gilgil x -gil. We associate a graph with G as follows. We identify the vertex set
V' with the set of all elements of the group GG. Then we connect two vertices x1, x5 € V
by an edge if and only if y = g'a for some generator g;. Inequalities of Sobolev and
Poincaré type play the essential role in the analysis and geometry of finite generated

groups.

Upper gradient. Now we turn to another class of examples The gradinet of a Lipschitz
function u € Lip () satisfies the inequality

uy ) ~ ur(@)] < [ [Futr(®) e

whenever v : [a,b] — € is 1-Lipschitz curve i.e. |y(t) —y(s)| < |t — s| for all a < s <
t < b, or equivalently ~ is absolutely continuous with || < 1 a.e.

Moreover |Vul is the smallest among all locally integrable functions such that

lu(y(D)) — u(y(a))| < /abg(v(t)) dt, for all 1-Lipschtz curves . (78)

Namely we have
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Lemma 117 If u is a Lipschitz function defined on an open set 2 C IR", then any
measurable function g such that g > |Vu| everywhere satisfies (78). On the other hand
if g € LP(Q) and u € LP(Q) satisfy (78), then u € W'P(Q) and g > |Vul a.e.

Proof. The first part is obvious. The second part follows from the AC'L characterization
of the Sobolev space that was discussed during the second lecture. O

The above lemma motivates the following generalization of the notion of gradient
to the setting of metric spaces.

Let (X,d, ) be a metric space (X,d) equipped with a Borel measure p. Till the
end of the lectures we will assume that the measure p of any ball is strictly positive
and finite.

Following Heinonen and Koskela we say that a Borel function g : X — [0,00] is
an upper gradinet of another Borel function v : X — IR if for every 1-Lipschitz curve
v : la,b] — X there is

u((0) ~ ur(a)| < [ glr(B) . (79)

Note that g = oo is an upper gradient of any Borel function u. A more clever example
is provided by the following result.

Lemma 118 If u is a locally Lipschitz function on X, then |VTul(z) =
limsup, ., [u(y) — u(z)|/d(z,y) is an upper gradient of u.

Proof. Let 7 : [a,b] — € be 1-Lipschitz. The function u o v is Lipschitz and hence
differentiable a.e. It easily follows that |(u o v)'(t)| < |VTu(y(t))| whenever u oy is
differentiable at ¢. Hence

uy8) —ulrla)| < [ NworY O] dt < [ 1V ur(1))]dr
The proof is complete. g

We may ask then whether on a given space (X,d, ) a Poincaré type inequality
holds between u and its upper gradient.

We say that the space (X, d, 1) supports p-Poincaré inequality, 1 < p < oo if there
exists C' > 0 and o > 1 such that every pair (u, g), of a continuous function u and its
upper gradient g satisfies the following Poincaré type inequality

1/p
][ lu —up|du < Cr <][ q° d,u) for all balls B C X. (80)
B oB

If the space supports 1-Poincaré inequality, then it supports p-Poincaré inequality for
all 1 < p < oo simply by the Holder inequality. Obviously IR" supports 1-Poincaré
inequality.
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As we will see, sometimes it is easier to prove inequality like (80) with ¢ > 1, than
that with ¢ = 1. For this reason we allow o > 1 in the above definition.

If the space supports the p-Poincaré inequality, then it provides a lot of information
about the geometry of the space. It says in a quantitative way that there are a lot of
rectifiable curves. Indeed, assume that there are no rectifiable curves at all in the space
(X, d, p) (this is for example the case when we deal with a metric space associated with
a graph). Then the function g = 0 is an upper gradient of any continuous function,
because all the 1-Lipschitz curves v : [a,b] — X are constant. This, however, means
(80) cannot be true! Thus, in particular, no graph supports p-Poincaré inequality.

We say that the space (X, d, u) is @Q-regular Q > 0 if it is a complete metric space
and 179 < p(B(z,r)) < Cor®, whenever x € X and r < diam X.

Heinonen and Koskela developped the theory of quasiconformal mappings between
metric spaces that are Q-regular for some ) > 1, support the ()-Poincaré inequality
and that every two points x,y € X can be connected by a curve whose length is less
than or equal to Cd(z,y).

It is usually a very difficult problem to prove that a metric space supports the
p-Poincaré inequality (if it does). We state one such result due to Semmes.

Let X be a connected (-regular metric space, () > 2 integer, that is also Q-
dimensional orientable topological manifold. Assume that X is locally linearly con-
tractible in the following sense: there is C' > 1 such that for every z € X and every
r < C~'diam X, the ball B(x,r) can be contracted to a point inside B(z, Cr).

Theorem 119 Under the above assumptions the space supports 1-Poincaré inequality.

The proof of the theorem is more than 100 pages long! a

Vector fields. Classical Sobolev spaces were very usefull in studing existence and
regularity properties of solutions to elliptic equations of the form

"0 ( ou )
7 ()5 —] =0, (81)
i;l 8131 J ox j
provided the uniform ellipticity condition is satisfied

n

> ay(x)&& > ClEP. (82)

1,j=1

Weak solutions to (81) belong to W,2*(€). This class of equations include for example
the Laplace equation. Now loot at

0%u 0%u
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This equation can be written in the form (81), but the condition (82) is not satisfied.
For this reason the methods developped to deal with equation (81) do not work. It
is possible, however, to adopt them, but this requires a generalization of the Sobolev
space. Roughly speaking one has to deal with the Sobolev space on a metric space
where the metric reflects the structure of the operator (83).

Equation (83) is a special case of a large class of sub-Laplace operators that we next
describe.

Let X1, X5, ..., X} be vector fields defined on € C IR"™ with real, Lipschitz contin-
uous coeficients. Each such vector field can be identified with a first order differential
operator
We will write Xu = (Xju,..., Xpu), | Xu| = (3; | Xu[?)/2. By X; we will denote a
formal adjoint of X; that is X is defined by the identity

/ uXv = / (X[ u)v, Vu,v € C5°(9).
Q Q
If X; = 3;cij(x)0/0x;, then the integration by parts yields X = —X; + f;, where

fi = — Zj 8Cij/833j.

Now the generalized sub-Laplace operator is defined as

Lxu=— ZX;Xiu.

Observe that equation (83) is of the form Lyxu = 0, where X; = 0/0z, Xy = x0/0y.

A class of generalized sub-Laplace operators is to large and one cannot prove any-
thing about the regularity of the sloutions to the equation Lxu = 0. Indeed, if all the
coefficients of X;’s are equal to zero, than any function is a solution to the equation
L xXu = 0'

What do we have to assume about X;’s to have a resonable regularity theory for
the solutions to Lxu = 07 Trying to answer the question we will have to deal with
Poincaré and Sobolev inequalities on metric spaces, where the metric will be induced
by the geometry of the vector fields.

Carnot—Carathéodory metric. Now we will show how to associate a metric with a
given family of vector fields. Let, as before, X = (Xj,..., X}) be a family of Lipschitz
continuous vector fields in Q2 C IR".

Willing to prove estimates for solutions to Lxu = 0 we would like to use as a
technical tool Sobolev—Poincaré inequalities of the form

(/G lu — ug|? dx)l/q <C (/G | Xul? dx) v (84)
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with ¢ > p > 1 for a sufficently large class of domains G, or at, least a weaker, Poincaré
inequality (i.e. p > ¢ = 1). How does one prove Poincaré inequality for the pair u,
| Xu|? The natural approach is to bound u by integrals of | Xu| along curves and then
average resulting one-dimensional integrals to obtain desired Poincaré inequality.

In order to have such bounds for u in terms of integrals of |Xu| one would like to
know that | Xwu| is an upper gradient of u. Unfortunately it is seldom the case.

For example if we have only one vector field in IR?, X; = 0/0z; and ~(t) = (0,1),
u(xy, z9) = x9, then |u(vy(1)) — u(~(0))| = 1, while | Xu| = 0, so |Xu| is not an upper
gradient of w. It is not an upper gradient even up to a constant factor. Roughly
speaking the problem is caused by the fact that 7 is not spanned by Xj’s.

There is a brilliant idea that allows one to avoid the problem by introducing a new
metric (that is described below) in €2 that makes | Xu| an upper gradient of u on a new
metric space. The metric is such that it restricts the class of 1-Lipschitz curves to those
for which ¥ is a linear combinatin of X;’s. To be more precise it is not always a metric
as it allows the distance to be equal to infinity.

We say that an absolutely continuous curve « : [a,b] — Q is admissible if there
exist measurable functions ¢;(t), a < ¢ < b satisfying >5_; ¢;(¢)* < 1 and §(t) =

i1 6 ()X (4(1))-

Note that if the vector fields are not linearly idependent at a point, then the coef-
ficients ¢; are not unique.

Lemma 120 Fvery curve 1-Lipschitz with respect to p is Lipschitz with respect to the
FEuclidean metric.

Proof. 1t follows from the Schwartz inequality. a

Then we define the distance p(x,y) between x,y € Q as the infimum of those T > 0
such that there exists an admissible curve « : [0,7] — Q with v(0) = 2 and y(T') = v.
If there is no admissible curve that joins = and y, then we set p(x,y) = co.

Note that the space (2, p) splits into a (possibly infinite) family of metric spaces
Q = Ujer Ai, where x,y € A, if and only if x and y can be connected by an admissible
curve. Obviously (A;, p) is a metric space and the distance between distinct A;’s equals
infinity.

The distance function p is given many names in the literature. We will use the name
Carnot—Carathéodory distance. The space equipped with the Carnot—Carathéodory
distance is called Carnot—Carathéodory space.

Proposition 121 The mapping v : [0,T] — Q is admissible if and only if it is 1-
Lipschitz with respect to the distance p i.e. p(vy(s),v(t)) < |s —t|.

77



The implication = follows directly form the definition of p. The opposite implication
is more difficult and we do not prove it. O

The following two results generalize Lemma 117.
Proposition 122 |Xu| is an upper gradient of u € C*(2) on the space (S, p).

The space (€2, p) is not necessarely a metric space since the distance p can be euqal
to infinity. However the definition of upper gradient can be generalized (without any
changes) to such degenerate metric spaces.

Proof. Let v : [a,b] — (€, p) be 1-Lipschitz. Then ~ is admissible and hence by
Lemma 120 v is Lipschitz. Now u o« is Lipschitz and thus
lu(y(b)) — u(y(a))| =

/a b<Vu(’Y(t)), Y(t)) dt| < / b | Xu(y(t))]dt.

The inequality follows from the fact that  is admissible and from the Schwartz in-
equality. The proof is complete. a

The following result is much more difficult.

Theorem 123 Let 0 < g € LL () be an upper gradient of a continuous function u
on (2, p). Then the distributional derivatives Xju, j =1,2,...,k are locally integrable
and | Xu| < g a.e.

Now we come back to the question posed before: How does one prove Poincaré inequal-
ity of the type (84) with ¢ = 17 The idea is the following: We estimate oscillations of
u over admissible curves by integrals of | Xu| and then the Poincaré inequality follows
by averaging resulting line integrals. Thus the above idea — if it works — leads to
inequalities of the type

1/p
][~ lu — u§| dr < Cr <][~ | Xu|? dx) , (85)
B ocB

where B is a ball with respect ot the distance B.

The idea seems simple but in general it is very difficult to handle it. In the next
lecture we will show some examples of vector fields for which the Poincaré inequality
(85) holds.

Lecture 11

The Hormander condition. During the last lecture we defined so called Carnot—
Carathéodory distance associated with a given system of vector fields. In general this
need not be a metric as the distance between two points can be equal to infinity.
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We describe now a large class of examples where both, the C.-C. distance is a
genuine metric and inequlaities like (85) are true. This is the class of vector fields
satisfying so called Hormander’s condition.

Let Q C IR"™ be a domain and let X = (X3, X5..., X)) be vector fields defined
in Q with real, C° smooth coefficients. We say that the vector fields X satisfy
the Hormander condition if there is a positive integer d such that commutators of
X1,..., X, up to the length d span the tangent space IR" at every point = € Q.

The commutator of two vector fields X,Y is the differential operator defined by
[X,Y] = XY =Y X. One can easily prove that the second order differentiations cancel
and [X, Y] is a homogeneous first order differential operator i.e. it is a vector field.

The condition that commutators span IR" means that for every x € €2 the vectors
Xl(ZL‘), Ce ,Xk(l')7 [Xil, i2](l‘), e [XZ'N [Xzé, [ .. 7Xid]7 - ]](ZL‘)
span IR"

Example. The vector fields X, = 9/0x, X, = 290/0y, d-positive integer, span IR
everywhere except the line x = 0. Now compute

_ 9 (a0 a9 (9 _ e @
X1, X = ox (x 8y> ’ y <6x> = dv dy’

Hence by induction we see that taking a commutator of length d 4+ 1 (d fields X; and
one field X3) we get d!d/0y. Thus commutators of length d+ 1 span IR? at every point
of IR%. O

Let Xi,...X, satisfy the Hormander condition. Then the operator Ly =
— Y% | X7X; is called sub-Laplace operator.

Solutions to sub-Laplace operator posseses many properties similar to those of the
solutions to Laplace operator: they are C'*° smooth and they satisfy a version of the
Harnack inequliaty.

In the case of vecotr fields satisfying Hormander’s condition, the Carnot—
Carathéodory distance is a genuine metric. The following result is a combination of
efforts of many people including Carathéodory, Chow, Rashevsky, Fefferman, Phong,
Lanconelli, Nagel, Stein, Wainger and many others.

In what follows by B we will denote a ball with respect to the C. — C. distance. We
will call B metric ball.

Theorem 124 Given a domain 2 C IR"™ and a system of vector fields satisfying
Hormander’s condition in ). Then any two points in ) can be connected by a piecewise
smooth admissible curve and hence the C.-C. distance is a genuine metric. Moreover
for every compact set K C () there exist constants Cy and Cy such that

Chlx —y| < p(x,y) < Colz — y[/4,
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for every x,y € K. There also exist ro > 0 and C > 1 such that
|B(z,2r)| < C|B(z,7)|,

whenever & € K, r < ry and B is the ball in the metric p.

The second inequality states that the Lebesgue measure is locally doubling with respect
to the C.-C. metric.

The Hormander condition is so good that the Poincaré inequality holds. This is a
result due to Jerison.

Theorem 125 (Jerison) Let X = (Xi,...,Xx) be wvector fields satisfying
Hormander’s condition in €. Then for every compact set K C € there are constants
C >0 and ro > 0 such that for all w € C*(2B)

—usldz < C / Xul dy, 86
[ lu—uglde < Cr [ |Xuldp (36)
whenever B is a metric ball centred at K and of radius r < 1.

Then Jerison proved that 2B on the right hand side can be replaced by B. Actually
we will prove later a stronger result: inequality (86) has the self improving property in
a sense that if the Poincaré inequalities (86) hold on every metric ball, then the family
of Sobolev—Poincaré inequalities

(fg o — e d:v) <cCr (][,é X uf? dx)l/p, (87)

for any p > 1 and some ¢ > p hold on any metric ball as well. Similar phenomenon has
been mentioned in the context of inequalities on graphs. In the next lecture we will
prove the self improving property in a very general setting of metric spaces. This will
cover the cases of graphs, vector fields, and many others.

As we have already mentioned in the setting of graphs, the crucial technical tools
employed in the proof of the Harnack inequality were the doubling property and the
Poincaré inequality. Then it was also essential that both the doubling and the Poincaré
imply the Sobolev—Poincaré inequality. We meet the same phenomenon in the context
of Hormander’s vctor fields. Thus mimiking the usual proof of the Harnack inequality
we obtain

Theorem 126 (Harnack inequality) There is C > 0 such that if u is a positive
solution to Lx = 0 in 2B CC {2, then

supu < C'inf u.
3 B
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Actually one can prove the Harnack inequality for generalized sub-Laplace equations
(i.e. when the vector fields do not necessarely satisfy Hérmander’s condition), provided
the doubling condition and the Poincaré inequality holds.

Carnot groups. Now we will discuss a special case of vecotr fields satisfying
Hormander’s condition that have a simple structure but still provide a lot of non-
trivial examples. Those vector fields are left invariant vector fields on the so called
Carnot group (stratified Lie group.

Recall that Lie G group is a smooth manifold with such a group structure that
the multiplication and taking an inverse element are smooth mappings. The neutral
element is usually denoted by e and the group law by a multiplicative notation gh.

If g € G, then [,(h) = gh, the left multiplication by g is a diffeomorphism. We say
that a vector field X on G is left invariant is for every g € G, X(g) = Dl,(e)X(e).
Thus all the left invariant vector fields can be identified with the tangent space to G at
e. We use notation g = T.G and writting g we mean the identification of the tangent
space with all the left invariant vector fields.

The comutator of two vector fields X and Y is defined by [X,Y] = XY —Y X. One
can prove that again this is a vecotr field and that if the vecor fields X and Y were left
invariant then [X, Y] is left invariant as well. Thus the comutator induces Lie algebra
structure in g: [-,+] : g X g — g with the following properties:

[va] = _[Y7X]7 [X7 [Yv Z]] + [Y, [Z7X]] + [Zv [X7 Y“ =0.

We say that a measure p on G is a left invariant Haar measure if the left multiplication
by g is a measure preserving transformation for all g. The left invariant Haar measure
is unique up to a constant factor.

The exponential mapping exp : g — G is defined as follows: Let X € g. Take
an integral curve (t) of the vector field X passing through e at ¢ = 0. Then define
exp(X) = ~v(1). Tt is easy to see that D exp(e) is an isomorphism and hence exp is a
diffeomorphism in a neighborhood of e.

The right rultiplication by g € G is also a diffeomorphism on G. By analogy we
define the right invariant Haar measure. It is unique up to a constant factor. However
the left and the right invariant measures may be different. If they are equal (up to a
constant factor), then we say the group is unimodal.

A Carnot group is a connected and simply connected Lie group G whose Lie algebra
g admits a stratification g =V1 @ -+ - ® Vi, [V1, Vi] = Visq. V; = {0}, for ¢ > m. Carnot
groups are also known as stratified groups.

Note that the basis of V; generates the whole Lie algebra g and hence the left
invariant vector fields generated by the basis of V; satisfy Hormander’s condition.

The structure of the Carnot group is particularly simple. One can prove that the
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exponential map is a global diffeomrphism from g to G. Hence G is diffeomorphic to
the Euclidean space IR".

This diffeomorphism allows us to identify elements of G with elements of g. Denote
the group law by “o”. Let X,Y € g be identified (via exp) with elements of G. Then
one can prove that

Xo¥ = X4V 4+ o[X, Y]+ oo (X, [X, V] - [, [X, Y]) + ..

where on the right hand side we have a finite linear combination of commutators of
higher orders. The dots denote commutators of order at least 4.

Let

Lecture 12

Sobolev inequalities on metric spaces. Today we will show how to develop a
theory of Sobolev spaces on metric spaces equipped with a measure. The generality of
our approach is motivated by examples given during previous twe lectures: we want to
develope a theory that will cover all those examples.

Now we fix a setting in which we will work. Let (X,d, ) be a complete metric
space equipped with a Borel measure. We will assume that 0 < p(B) < oo, for any ball
B. Moreover we assume that p satisfies a doubling condition i.e. there is a constant
Cy > 1 such that

p(2B) < u(B)
for every ball B C X.

We state now some results form the measure theory on metric spaces with doubling
measure.

The doubling measure implies a lower bound for the growth of a measure of a ball.
Lemma 127 IfY C X s a bounded set, then
p(B(x,r)) = (2diamY) = pu(Y)r?, (83)

for s =log, Cy, x €Y and r < diamY.

If we take pu to be the Lebesgue measure in R", then Cy; = 2" and hence s = n. This
shows that the exponent in (88) is sharp.

Proof. Let x € Y. Then
w(B(z, 28 r) < Cau(B(x, 25 'r) < ... < Chu(B(z,7)).
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Now we take the least k such that Y C B(w,2Fr). Hence u(Y) < p(B(x,2%r). We
estimate k£ comparing diameter of G with r and then the lemma follows. a

We will also need a generalization of the Hardy—Littlewood theorem. Let g €

L. (X, u). Then

loc

Mg(x) = su ][ d
g(z) Ly A |g] dp

is called Hardy—Littlewood mazimal function.

Lemma 128 The maximal function is bounded in LP when 1 < p < oo i.e.

1Myl < Cllgllp- (89)

We do not prove the lemma here. Inequality (89) is not true for p = 1. The fact that
the measure is doubling plays essential role in the proof. It also plays essential role in
the proof of the following generalization of the Lebesgue theorem.

Lemma 129 Letu € L} (X, u). Fiz c > 1. Then for a.e. v € X
lim][ udp = u(x),
i JE,
whenever E; C B(x,r;) and w(B(x,r;)) < cu(E;) for some r; — 0.
We do not prove the lemma.

Now we are ready to deal with Sobolev spaces on metric spaces.
We say that uw € M'P(X,d, ) if u € LP and there is 0 < g € L? such that
u(z) = uly) < d(z,y)(g(z) + 9(y)) ae. (90)
The space is equipped with a norm
lullarre = [lull, +mf{lgllp.

This definition has been mentioned in Lecture 3 and employed in the study of exten-
sion domains in Lecture 8. The definition is based on Theorem 63 which provedes a
characterization of Sobolev spaces.

Another definition of the Sobolev space on a metric space is based on another
characterization of the Sobolev space without using derivatives.

Theorem 130 Let u € LP(IR"), 1 < p < co. Then u € WYP(IR") is and only if there
are constants C' >0, o > 1 and a function 0 < g € LP(IR") such that

][ |u —up|dr < Cr][ gdx (91)
B B
for every ball B. Moreover (91) imlies that |Vu| < g a.e. for some conatnt C.
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We skip the proof of the theorem. O

Observe that Theorem 130 includes the case p = 1, while the case was excluded
from Theorem 63.

It follows form the theorem that for u € W'P(IR") there is ||[Vul|, = inf, | gll,,
where the infimum is obiously taken over the set of all g as in (91). This result suggests
one could define a Sobolev space on a metric space.

Fix C > 0,0 > 1and 1 <p < oo. By P (X,d, ) we will denote the class of
functions u € LP(X, p) such that there is 0 < g € LP(X, ) for which the inequality

][ |lu —ug|dx < Cr][ gdzx,
B B

holds on evey ball B of radius r. We endowe the space with a norm

lullp,, = llull, +inf gl

Now we will show that when p > 1 one can provide some other equivalent definitions.

We say that v € CP(X,d, u) if uw € LP and ul € LP, where

u (z) = sup r’ly[ lu — ug|du.
r>0 B(z,r)
The space is endowed with the norm

luller = [lully + [luf -
Theorem 131 Let p > 1, then Pf, = MYP = CP and the norms are equivalent.

Proof. Let u € M'?. Then integrating inequality (90) with respect to y € B and then
with respect to x € B we get te inequality

][ \u—quusCr][ gdp
B B

which easily implies that v € Pg, for all C'> 0 and o.

Now let u € PZ,. Then

r 7 fu—uldp < Cfgdp < CMyg, (92)
B oB
where Mg is the Hardy—Littlewood maximal function. Taking the supremum on the
left hand side of (92) yields

uf <CMyg (93)
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Now Lemma 128 together with (93) implies that u} € L? and hence u € CP.

Assume that v € CP.

Reference comments

We do not provide here a complete list of references of the topics discussed during the
lectures. It is simply impossible. The list would be to large. For the topincs which are
standard we provide references to books. For the other topics which are not so standard
we refer to the original papers, where the reader may find details and further references.
We want to emphasize and appologise that the list of references is not complete. It was
prepared in hurry.

The direct method described in Chapter I is standard, see e.g. Evans [9], Dacorogna
8], De Figeiredo [12], Giaquinta [22], Struwe [65].

There are many excelent sources for the theory of Sobolev spaces described in Chap-
ters II and III. Our approach is close to that in Evans and Gariepy [10], Gilbarg and
Trudinger [23], Maly and Ziemer [56], Ziemer [71].

The approach to pointwise inequalities is rather new. It has recently been discovered
by many authors. However some ideas go back to old papers of Calderén and Zygmund,
[4], [5]. Theorem62 is due to Liu, [51]. The characterization of the Sobolev space,
Theorem 63, and the definition of the Sobolev space on a metric space is due to Hajtasz
[28].

The theory of elliptic equation developped in Chapters IV and V is standard, see e.g.
De Figueiredo [12], Giaquinta [22], Gilbarg and Trudinger [23], Giusti [24, Appendix],
Heinonen Kilpeldinen and Martio [39], Maly and Ziemer [56], Struwe [65].

John domains are named after F. John, [46]. The theory of Sobolev spaces in
John domains was originated in particular in Bojarski [2], Goldshtein and Reshetn’yak
[25], Hurri [42], Martio [57], and Smith and Stegenga [64]. There are several papers
devoted to the study of Sobolev spaces in domains with the irregular boundary that
we do not mention here. Theorem 105 is taken form Martio [57] and Theorem 107
from Bojarski [2]. Proofs of both of the theorems are different and simpler than the
original ones. They are taken from Hajtasz and Koskela [32] and [33]. The truncation
argument employed in the proof of Theorem 107 is based on some ideas of Maz’ya [58]
and Long and Nie [52]. Similar truncation method has recently beed rediscovered by
many authors dealing with various generalizations of Sobolev inequalities.

For further applications of the Sobolev spaces to the boundar behaviour of conformal
and quasiconformal mappings, see Hajlasz [27], Koskela, Manfredi and Villamor [49],
Koskela and Rhode [50], Maly and Martio [55] and references therein.

There are several monographs devoted to the theory of quasiconformal mappings,
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see Heinonen Kilpeldinen and Martio [39], Iwaniec [43], Reshetn’yak [60], Rickman
[61], Viisala [67], Vuorinen [70]. The approach to quasiconformal mappings through
the Sobolev spaces is the standard one.

The general Rellich-Kondrachov theorem as in Lecture 7 is taken from Hajtasz and
Koskela [32]. The statement seems new, but the method of the proof employes standard
arguments only.

The characterization of domains with the extension property is due to Hajlasz and
Martio [34]. Extension theorem for uniform domains is due to Jones [45].

Theorem 115 is due to Holopainen and Soardi [40]. The reader will find there further
references to a wide area of analysis on graphs.

Upper gradients and quasiconformal mappings between metric spaces were intro-
duced and investigated in Heinonen and Koskela [38]. Theorem 119 is due to Semmes
[63].

There is a huge number of papers devoted to the analysis of vector fields satisfying
Hormander’s condition. The theory of sub-Laplace equations originates from a cele-
brated paper of Hormander [41]. Theorem 124 is due to Nagel, Stein and Wainger [59]
and Theorem 124 is due to Jerison [44]. For further results see a book of Varopoulos,
Saloff-Coste and Coulhon [69]. See also Buckley, Koskela and Lu [3], Capogna Danielli
Garofalo [6], Chernikov and Vodopyanov [7], Franchi, Lu and Wheeden [?], Hajtasz and
Strzelecki [35], and references therein for the generalizations to nonlinear equations.

A vary nice introduction to Carnot groups is provided in Folland and Stein [13] and
in Heinonen [37].

The case of general vector fields which do not necessarely satisfy Hormander’s con-
dition is developped in particular in Franchi, Guttiérez and Wheeden, [14], Garofalo
and Nhieu, [20], [21], Hajtasz and Koskela, [33] and references therein.

The role of the Poincaré inequality, Sobolev inequality and the doubling property
in the proof of the Harnack inequality has been emphasized by Fabes, Kenig and
Serapioni, [11] and in a more general setting by Heinonen, Kilpeldinen and Martio, [39].
It was Franchi and Lanconelli who suggested the approach to Harnack inequalities for
generalized sub-Lapalce equations by the way of Sobolev-Poincaré inequalities and the
doubling property for on metric balls, After their work a large developement has been
undergone.

As explained above was clear that the crucial role in the proof of the Harnack
inequality in various situations is played by the Sobolev—Poincaré inequality and the
doubling property. It seems that Grigor’yan [26] and independently Saloff-Coste, [62]
have discovered that in some situations the Sobolev inequality follows from the Poincaré
inequality and the doubling property. Hence in order to prove Harnack inequality it
is enough to prove doubling inequality and Poincaré inequality. Later, the fact that
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Poincaré and doubling implies Sobolev—Poincaré also has been established in a very
general setting by many other authors, Biroli and Mosco [1], Franchi, Lu and Wheeden
[18], Franchi, Pérez and Wheeden, [19], Garofalo and Nhieu [21], Hajlasz and Koskela
[31], [33], Maheux and Saloff-Coste [54], Sturm [66] and the others. In Lecture 11 we
presented a general theorem of this type following Hajtasz and Koskela, [31], [33].

Theory of Sobolev spaces on metric space has been originated in Hajtasz [28]. The
space defined there was our M. Then several other equivalent approaches has been
developped. The space PP has been introduced in Hajtasz and Koskela [31], [33] and
the space C? in Hajlasz and Kinnunen [30].

The characterization Theorem 130 and its further generalizations has been obtained
in Franchi, Hajlasz and Koskela [15], Hajlasz and Koskela [33], Koskela and MacManus
48].

The references to Sobolev spaces on metric spaces include also Hajtasz [29],
Heinonen and Koskela [38], Katlamajska [36], Kilpeldinen, Kinnunen and Martio, [?],
Franchi Lu and Wheeden [18], Koskela and MacManus [48], MacManus and Pérez, [53],
Semmes [63].
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