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Chapter 1

Lipschitz Analysis

Let (X,dx) and (Y,dy) be two metric spaces and L > 0. A function f :
X — Y is said to be L-Lipschitz if

for every pair of points z,y € X.
For a function f : X — Y the Lipschitz constant is defined by

dy (f(z) — f(¥))

dX (x ) y)
Indeed, f is Lipschitz if || ||z, < oo.

Let us notice that Condition (1.1) is purely metric and appears nearly
everywhere in mathematics. Throughout these notes will shall use the fol-
lowing notation: n-dimensional Euclidean space stands for /3; i.e., the space
R™ with the usual distance

111245 = sup myeX, atyh  (12)

1

n 2
lz —ylla = | Dl — yi|2] ~
i=1

For a general metric space, B(x,r) will stand for open ball centered at
v € X with radius r > 0 while B(x,r) for closed balls. Usually, we use
By instead of B(fx,1), as unit ball, in case we distinguish a point fx as
origin, and by Sx we consider the related unite sphere associate with. In
case X = R" we simply use S"!.

1.1 Extension

For every X C Y we denote by e(X,Y, Z) the infimuum over all constants K
such that every Lipschitz function f : X — Z can be extended to a function

3



4 Lipschitz Analysis

f:Y — Z satisfying HfHLZ-p < K|\ fllLip- We also define
oY, Z) = supfe(X,Y, Z) : X CV}

and
e(X) =sup{e(X,Y,Z): X CY, Z a Banach space}.

In this section, we would like to review the question whether or not, given
a L-Lipschitz f : Z — Y, Z C X, it can be extended by a Lipschitz function
on the whole space X.

Remark 1.1. In [9], Lindenstrauss provided an example in which Banach-
space valued Lipschitz functions do not admit extension.

1.1.1 Euclidian case

In case X = R"™ and Y = R™ this can be done always. Let us first start to
recall an easy exercise.

Lemma 1.2. Let {f; : i € I} be a collection of L-Lipschitz functions, f; :
A— R, ACR". Then the functions

v inf fi(x), v € A,
1€

and
x+—>sup fi(x), © € A,
iel

are L-Lipschitz on A (if finite at one point).

Note that a L-Lipschitz function f: A — R™ can be trivially extended
on A, simply by uniformly continuity.

Theorem 1.3 (McShane-Whitney extension theorem). Let f : A — R,
A C R"™, be a L-Lipschitz function. Then there exist a largest and smallest
L-Lipschitz functions

fmm R" — R
and

Jmaz : R" — R,

respectively, which extend f; i.e. for any L-Lipschitz function G : R" — R
such that G|a = f then

Tmin < G < fmaz.
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Proof. 1t is enough to use the previous lemma and define
Fmin (%) = sup{f(a) + Lz = af2}
and
fmax(x) = inf {f(a) ~ Lljz — all2)
O

If we apply McShane-Whitney extension theorem on each coordinate, we
obtain

Corollary 1.4. Let f : A — R™, A CR", be a L-Lipschitz function. Then
there exists \/mL-Lipschiz function f: R™ — R such that f|s = f.

A natural question is whenever we can find a better Lipschitz extension,
with constant independent of the dimension of the target arrive space. The
answer came out in 1934 by M.D. Kirszbraun [7].

Theorem 1.5. Let f: A— R™, A CR", be a L-Lipschitz function. Then
there exists L-Lipschiz function f:R™ — R such that f|a = f.

Lemma 1.6. Let H be a Hilbert space, C' C H be a non empty closed convex
set and b € H. Then there is by € C such that

(z —b,by —b) > ||by — b||*, for every z € C.

Proof. Set aw = inf{||z —b|| : z € C}. For each n € N, let C,, = {z € C :
|z = b|| < a+47"}. It easy to show that

|21 — 22|l < 27"V8a + 4, for all z1, 2, € C,,.
Indeed, since 1(z1 + 22) € C then [|3(21 + 22) — b]| > a. Now

1
da® < 12(5(2:1 + 22)) — 20

= [[(z1 = b) + (=2 = )"
(parallelogram law) = 2|z; — b||* + 2||z2 — b||* — ||(21 — b) — (22 — b)||?
<4(a+47")?% — ||z — 2|

Therefore,

21 — 2l < 4((a+47")% — a?) < 47"(8a +4).



6 Lipschitz Analysis

For each n € N, let z, € C,. For what we said before, ||z, — z,| <
27™y/8a + 4, n > m. Therefore the sequence (z,), is Cauchy and then ad-
mits limit point b; € C' (C' is closed!). Of course,

a < [|by = 0ff = lim ||z, — b]| <«
thus ||b; — b|| = a.

Now, let z € C, since C'is convex then \z+ (1 — )by € C for all A €]0, 1[.
But then,

by = B]I* < [I(Az + (1 = A)br) — b]]*
= A%|z = b2 + 2A(1 = A){(z = b, by — b + (1 — M) ||y — b]|;

subtracting ||b; — b]|? from both sides,
0 < A2|lz = b|| + 2X(1 — A)(z — b, by — b) — 2X||by — b||*> + A?[|by — b||%;

dividing by 2\ > 0, we get
1 1
0.< A2 = Bl + (1= Az = b by = b) — o = bl + A0y — b

letting A — 0 we get the thesis. O

Lemma 1.7. Let Hy, Hy two Hilbert spaces and J C H; be a non empty
finite set. Let g : J — Hy be a 1-Lipschitz function such that ||g(x)|| > |||
for all x € J. Then 0 & co(g(J)).

Proof. Note first that

(z.9) = 5l + Il ~ 1z — o)
%(Ilg( WZ + Ng@)II* = llg(e) = 9)II*)
= {g(x), 9(0))

Now, if w =3 _; Ag(x), with A\, € [0,1] and Y A, =1,

lw]* = (w, w)

Z /\a:g Z >‘yg

zeJ yeJ
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> 3 Ay

z,yeJ
= QA > )
zed yeJ
= 1> Aeal?
xeJ
> 0.
Therefore, w cannot be the origin. O

Lemma 1.8. Let Hy, Hy be two Hilbert spaces, I C Hy finite, f : I — Hy
a 1-Lipschitz function and a € Hy. Then there exists b € Hy such that
16— f(z)|| < la—z| for every x € 1.

Proof. Trivial cases: I = () choose b = 0 and a € I choose b = f(a). In the
other cases, let C' = co(f(I)) € Hs which is nonempty convex set. Let us
define G : C' — [0, +o0] as

Since [ is finite, G is continuous on C' (see C' as bounded convex set of a finite
dimensional space, then compactness holds) then G attains its minimum at
a point b € C. Set

h—
v=G(b)and J={z e I: M:’Y}-
la — =]
Of course J is non empty. First, let us prove that b € co(f(J)).

Suppose that b ¢ co(f(J)), by Lemma 1.6 there is b € co(f(J)) such
that
(z—b,by —b) > ||by — b||*, for every z € co(f(J)).

In particular, (f(z) — b,b; — b) > ||by — b||?, for every x € J. For a small
d > 0, let us consider bs = (1 — )b+ by € C. If € J, then

(f(x) = b,b5 = b) = 6(f(x) —b,br —b) > 6]|by — b|?
thus

1f () = bsI* = [1(f (z) — ) — (b5 — b)I*
= [lf(z) = blI* = 2{f () — b,bs — b) + [|bs — b]|*
< |[f(x) = blI* — 20]|by — b]I* + 6%[[by — b]*

T

~— ~—

T
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(since 0 <6 < 1) < || f(z) —b|?
On the other hand, if x € I'\ J,
@) bl ) bl

50 o —all  [lz—all

I

so there is a 0, > 0 such that W < 7y whenever 0 < § < §,. Since I\ J

is finite, it is evidente that we can choose 0 < §, for all z € I\ J. For this

6 > 0 we have

-
W@ —bill e
e—al

This would implies G(bs) < v = G(b), against the fact that b was minimum
for G. Thus b € co(f(J)) and then it can be written as b = > _; A\, f(x)
with A, € [0,1] and >~ ;A\, = 1.
Set J={x—a: € J}and h:J; — Hs be h(z) = f(x +a) —b. One
has,
[7(z) = h(y)ll = 1 f(z +a) = fy + )]
< Itz +a) = (y + o)
= [lz =y,

and (since x +a € J)
[P(2)]l = 11 (z + a) = bll = vl

Therefore,

> Marah(z) = Aeralf(z+a) =)

zeJq T€Jq

zeJ

reJ zeJ
=b—b
= 0.
Of course, A\yiq € [0,1] with > ;) Apyq = 1. Thus, 0 € co(h(J1)). By Lemma

1.7 there must exists « € J; such that ||z|| > ||h(z)] = v||z||. Since a & I we
have that z = 2’ — a # 0. Thus 7 < 1. Finally

G) < 1= |f(2) ~b| <lle —al, Vael.
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Lemma 1.9. Let {z1,...,x} be a finite collection of points in R™, and let
{y1,.-.,yx} be a finite collection of points in R™ such that

lyi —yjlle < llzi — x5ll2, Vi, 5 € {1,... k}.

If r, ..., 1 are positive numbers such that

k
DE(%H) # 0,

then i
ﬂE<yz7TZ) 7é @7 .

=1

Proof. Tt is enough to define f(x;) = y;, choose a € ﬂle B(x;, ;) and apply
the previous Lemma. O

Remark 1.10. M. Gromov in [6] has proved a stronger version of the pre-
vious Lemma. Under the same assumption, actually the following holds

A (ﬂﬂm,n)) <A (ﬂﬂ%,n)) ;

i=1
where A\ denotes the Lebesgue measure on the Euclidean spaces.

Proposition 1.11. Let f : F — R™ a 1-Lipschitz function, with I C R"
a finite set. If x € R", then there exists an extension of f to F'U {z} as
1-Lipschitz function.

Proof. Suppose F' = {x1,...,xx}. Set r; = ||z — ;|2 and y; = f(x;). By the
previous Lemma, there is a point y € R™ such that

ly — f(xi)||2 < ||z — xi]|2, forallie{l,... k}.
The desired extension is accomplished by setting f(z) = y. O

We are ready to prove the main theorem.

Proof. (of Theorem 1.5)

By dividing the function f by L, we may assume that f : A — R™
is 1-Lipschitz. We use a standard Ascoli-Arzeld type argument. Choose a
countable dense {a,, n € N} of A and {b,, n € N} dense of R" \ A. By
Proposition 1.11, for each k& € N there exists a 1-Lipschitz function

fk:{al,...,ak}u{bl,...,bk} —>Rm,
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such that fi(a;) = f(a;) for every i = 1,... k. Since the sequence (fx(b1))x
is bounded in R™, it has a convergent subsequence, say ( fk; (b1));. Similarly,
from the mappings corresponding to this subsequence, we can subtract an-
other subsequence, say ( f,c;z)] such that ( fk]z(bg))j converges. Continuing this
way and passing to the diagonal sequence g; = fk:j we find that the limit

7(©) = lim g(c) € R

J—00

exists for every ¢ € {ay,as,...} U{by,ba,...}. Moreover,

fﬁ {CLl,CLQ,...}U{bl,bQ,...} — R™

is 1-Lipschitz and f(a;) = f(a;) for all ¢ € N. Since {a1, aq,... }U{b1,bo,...}
is dense in R™ we can extend easily f on the whole space R". O

1.1.2 Doubling metric space case

Recall that the doubling constant of a metric space (X, d), denoted by A(X),
is the infimuum over all natural numbers A such that every ball in X can be
covered by A balls of half the radius. When A(X) < oo one says that (X, d) is
doubling. A measure p on a metric space (X, d) is said doubling, in such case
one says that the metric measure space (X, d, ) is doubling, if there exists a
constant C' > 1 such that whenever we pick a ball B(z,r) in X

n(B(z,2r)) < Cu(B(z,r)).

Let us note that every Euclidean space is doubling. In [3], it is proved that
if (X,d) is a doubling metric, then for any 0 < o < 1, (X, d*) embeds into
¢% with distortion D, where k and D depend only on the doubling constant
of X. That means, there exists a injective Lipschitz function,

fo(X,dY) — 05,

with inverse also Lipschitz f~' : f(X) — X, such that D = ||f]lLip -
|/~ | Lip < oo. The infimum of such constants D is usually called Lipschitz
distortion.

Here, (X, d®) is the metric with all distances raised to the power « (this
is called a snowflaked version of X). Unfortunately, the dependence of k£ and
D on the doubling contant is exponential. Assouad also conjectured that the
above result holds even when o = 1. This question was solved by Semmes
[12] which disproved this conjecture.

It is still unknown the following
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Question 1.12. Does every doubling subset of /5 admit a bi-Lipschitz em-
bedding into some Euclidean space?

Throughout this section, we would like to extend in a much stronger
version the theorem we have seen in the last subsection.

Before to go on the main result of this section, we would like to treat a
particular case where in spirit will help to understand the idea behind.

A metric space (X, d) is called uniformly discrete if d(x,y) > ¢ > 0, for
all © # y, x,y € X. The following observation is due by W.B. Johnson, J.
Lindenstrauss and G. Schechtman (1986).

Proposition 1.13. Let (X,d) be a metric space, Y C X be a uniformly e-
discrete subspace with finite diameter D and Z be a Banach space. Then every
Lipschitz function f Y — Z admats a Lipschitz extension f Y — Z

such that
2D

I lzip < =l f L ip-
Proof. Fix any xg € Y and define

2 [d(z,t) f(wo) + (§ — d(z, ) f(t)] , if » € B(t,5), some t € Y
fx) =
f(x0)7 if z 9—1 UteY B(ta %)

Of course fextends f. Let us suppose r € B(t,,5) and y € B(t,, 5), some
te,ty € Y. If t, # t, then (5 —d(z,t.)) + (5 — d(y,t,)) < d(z,y). Then

1F(@) = F)l

= 2 1) (o) + (& — (o, £) £ (1)) — (Al ) () + (5 — (w,1,)) £ (2)]

< 2 — o, t)(F(82) — F(a0)) + 57 w) = (5 — dly, ,)(F(0) ~ F(x0)) — 5/ o)
< 215 — et DD + = dly 6,112y D)

2D
< ?||f||Lz‘pd(l’»y)

On the other hand, if ¢, = t, then

1F) = Fl)ll = 2t t2) o) + (5 =, 1)) f(02) =y, 22) o) = (§ =y, £2)) £ 2]
2

= ld(z,t) —d(y, ta)|llf (o) = f(ta)|
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D
< 2l )

All the other cases are easer. O
We shall focus on the following

Theorem 1.14 (Lee-Naor [8]). Let (X, d) be a doubling metric space, Y C X
and Z be a Banach space. Then every L-Lipschitz function f : X — Z
can be extended to a function f : X — Z such that ||f|lLip < K| fllLip-
Furthermore, the extension depends linearly and continuously on f.

Before to go on, let us make some comment. For any pointed metric
space (X,d,z) and Banach space Z, we denote by Lipg(X, Z) (omitting for
notational simplicity the dependence on d and Z) the Banach space of all
Z-valued Lipschitz functions on X which vanish at Z, equipped with the
natural norm

{||f( z) = FW)

1y s r#yin X}

£l Lipo(x,2) = sup

The Theorem of Lee and Noar precisely states that there exists a bounded
linear operator

T : Lipy(Y, Z) — Lipy(X, Z)
such that T'(f)|ly = f for every f € Lipy(Y, Z). Such an operator is called
extension operator.

For simplicity, we shall treat the case Z = R, real valued Lipschitz func-
tions.

For all x € X, the Dirac measure d, defines a continuous linear functional
on Lipo(X), defined by (f,d,) = f(x), with [|5,]] < d(z, )

Proposition 1.15. Let (X,d, Z) be any pointed metric space and let M be a
closed subset with x € M. Then the following properties are equivalent:

(a) there exists a bounded linear extension operator

(b) there exists a Lipschitz map 6 : X — Lipy(M)* such that the following
diagram commutes

M < Lipy(M)*

| 7
X
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In addition, for any 6 as in (b) one has | E| = ||6]|.
Proof. (a) = (b) It is enough to define § : X — Lip,(M)* by

~

d(x) = E*(6;) VxeX.

Let us first observe that 0 (z) € Lipy(M)* for every x € X. Linearity follows
directly by the definition of §. Moreover,

A

16(@)|zipoary = sup {g,6(x))

191l Lipg(ary <1

= sup  (E(9),0)

l9ll Lipg(ary <1

< [[Elld(z, 7).

Of course, §(x) = 6, for every z € M. Finally, since N Eg|| Lipox) < 1 E|19| Lipo(an)
for all g € Lipy,(M), we get

~ ~

16(2) = d@)llzipan = sup  [(g,d(x) = d(y))|

l9ll Lipg (ary <1

= sup  |E(g)(x) — E(9)(y)|

l9ll Lipg(ar) <1

< [[Elld(z,y).

It follows that R
[o]] < [IE]]- (1.3)

(b) = (a) Let us define E : Lipy(M) — Lipy(X) by
E(g)(x) = (0(z),9) Vz € X, ¥g € Lipy(M).

Of course E is a bounded linear operator. Let us estimate its norm: for
g € Lipy(M) with ||g|Lip, < 1 we have

< 10(z) = 6l zipo(ar)
< |[o]|d(z, y)
Thus R
IE] < [|19]. (1.4)

Finally, E(g)(z) = (6(x),g) = (0(x),g) = g(x) for all = € M. Therefore, £
is an extension operator and (1.3) and (1.4) give || E| = ||d]|. O
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An immediate consequence of the previous Proposition is the finite ex-
tension property for Lipschitz maps.

Theorem 1.16. Let (X, d, ) be a pointed metric space and let M C X be a
closed subspace with T € M and with the following finite extension Lipschitz

property:

(F) For every F' C M finite with T € F there exists a linear extension

operator
Ep : Lipy(F) — Lipy(X)

with ||[Er|| < C, for some constant independent of F.
Then, there exists a linear extension operator
E : Lipy(M) — Lipy(X)
with ||E|| < C.

Proof. Firstly, let us notice that if Rp : Lip,(M) — Lipy(F’) denotes the
restriction operator, since Rp is continuous and surjective the dual operator

R} : Lipy(F)* — Lipy(M)*

is continuous and injective, hence its range is a closed subspace of Lipy(M)*.

By the previous proposition, we can translate the hypothesis by the fol-
lowing: for every F© C M finite with & € F' there exists a Lipschitz map
fr: X — Lipy(F)* such that the following diagram commutes

F <2 Lipy(F)*

| 7~

X
This tells us that
(1) fr(z) =9, for every x € F;

(@) [Ifr(@) = FrWlipory < Cd(z,y) for every @, y € F.

Still by the previous proposition, we need to build a Lipschitz map f : X —
Lipy(M)* such that the diagram

M <25 Lipy(M)*
f

|7

X
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commutes.

Let us denote by Bp(r) = {o* € Lipy(F)* : ||o*||Lipyr) < 7} be the
closed ball in Lipy(F)* centered at 0 with radius » > 0. Since Lip,(F)* is
finite dimensional, each ball Br(r) is a compact set, and then, by the natural

embeddings R}, Br(r) can be seen as a compact subset of Lip, (M )*.
In particular, (iz) implies that

fr € [ Br(Cd(z,7)) = B C (Lipy(M)*, weak")*.

zeX

When we partially order the collection F of finite subsets of M by inclusion
we have a net; hence, by the compactness of B in (Lip,(M)*, weak*)X, there
exist a cofinal subnet G and f : X — Lip,(M)* such that

. _ - . * *\ X
11?12(1; fr=1f in (Lipy(M)*, weak™)*.

Now, by cofinality, for each * € M there exists ' € G such that x € F.
Since the convergence is in weak* topology, in particular we have pointwise
convergence. Thus (i) implies that

5, = lim fr(x) = f(z).

Feg

Similarly, for every x, y € X, by (i),

17 () = F @) Lipoary = lim || fo(x) = Fr(y)l| Lipo(ar)-
< Cd(z,y).

Thus, f is Lipschitz and || f|z;, < C. O

The previous theorem permit us to assume that Y in Theorem 1.14 is fi-
nite; i.e., Y = {Z,xq,...x,}. For each R > r > 0, let us denote by C'(X, R, r)
the largest cardinality of a set N C X such that for every distinct x,y € N,
r < d(z,y) < R. Let us note that if A denotes the doubling constant of X,
then for every A > 0

C(X,2A, %) <\

Indeed, let N such that % < d(z,y) < 2A, for every distinct z,y € N. Then
N is contained in a ball of radius 2A which can be covered by A\* balls of
radius %. Since every such ball contains at most one point of N, we see that
IN| < AL

Let us recall that N C Y is said to be a A-net if for every x,y € N,
d(z,y) > A and Y C UyenB(y, A).
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Lemma 1.17. Let A > 0 and M be a A-net of Y. Then for each o random
permutation on M there exists a partition {Cy(c) : y € M} of Y and a
probability measure p over the set of all random permutation on M, such
that

(i) diamC, (o) < 4A;

(i) 1 (UyeM{a L d(@, Y\ Cy0) > 5A}) >1L foralzey,

_ 1
where € = FRTROVE

Proof. Let ¢ be a random permutation on M and choose R €|A,2A] uni-
formly at random. For each y € M

Cylo) ={xeY: xeB(y,R)ando(y) < o(z) for all z € M with x € B(z, R)}.

Clearly, diam(Cy(0)) < 4A. Finally, P = {Cy(0)}yenm is a partition of
Y because M is a A-net and R > A. Now, fix a value t € [0, A] and some
x €Y. Let W = B(z,2A +t) N M, and note that m = |W| < C(Y,6A, A).
Arrange the points wy, ..., w, € W in order of decreasing distance from «x,
and let I, be the interval

[d(z,wy) — t, d(z, wy) + t].

We say that B(z,t) is cut by a cluster C,,, if Cy,, N B(z,t) # ( but
B(z,t) € Cy,. Finally, write & for the event that wy is the minimal ele-
ment (according to o) in W for which C,,, cuts B(z,t). Observe that for every
1<k<m,Prl&|Re ] < %, since we require that in the uniformly random
permutation induced by o on {ws, ..., w,}, wy appears before wy, ..., wy_1.
Recall that Pr[&|R € Ii] is the probability of event &, given that event
R € I; has already taken place.

Now

NE

Pr[B(z,t) is cut] < Pr[&]

=
Il
—

[
NE

PI"[R € [k‘] . Pl"[gklR € ]k’]

IA
ol
iM=T
| ¥
| =

IA
IR T

(1+1Inm)
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< %m(co/, 6A, A)).

Setting
A

t pu—
641n(C(Y, 64, A))

yields the required result; i.e,

Pr[B(z,t) is cut] <

ol —

Finally, note that when B(x,t) is not cut, we have B(x,t) C C for some
C € P. Therefore,

Pr||J{o: d@Y\Cy0) >eA}| >Pr || J{o: Blx,t) CCylo)}
> Pr[B(z,t) is not cut]
>1- 1
8
1
> =
-2

]

For each y € M let v,(0) be the minimal element of M (with respect to
o) in Cy(o).

Now we would like to extend those partition C,(o)’s to the whole space
X. For each z € X let us denote by ¢, € Y the minimum distance element
with respect to Y i.e., d(x,t,) = d(z,Y). Let us denote by €2 the set of all
permutation on M. Now, for each ¢ € Q and y € M we define

18 (o) = Cylo) Uz € Xt d(t,, Y\ Cylo)) > % and d(z,t,) < %}, itye M
T W iy @ Uen Ce(0)

and J,(o) : @ — Y by

5 (o) = Yy(o), ify € ]\i[
Y ty7 Yy ¢ UzEM CZ<J)'

Let us note that {C, ()}, is a partition of whole space X and 4, is measurable
(in a trivial way!). Let us note that, whenever z, z € Cy (o) we have

d(z,z) < d(z,t;) + d(z,t.) +d(ts, t.)
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A A
< T+ +diam(C, (o))

< (4+ g)A.

Let us also observe that, if d(z,Y) < 2 then

- 1
M(U{Ui dz, X\ Cy(0)) = 7¢ ) z 5

yeM

Since d(t,,Y \ Cy(o)) > €A, for some y € M, our goal will be to show that
in this case d(z, X \ Cy(0)) > £2. Assume to the contrary that there is some
ze X\ Cylo) with d(z, 2) < 2. Observe that

d(ts,t.) < d(x,t;) +d(z,t,) +d(z, 2)

<d(x,Y)+ (d(z,z) + d(z,Y)) + %
N

16 16 16

eA
S

Hence,

d(t., Y \ Cy(0) > d(ts, Y \ Cy(0)) — d(ta,t.) > %.

Since we also have that
eA
d(z,t,) =d(z,Y) <d(z,Y) +d(z,z) < e

which would implies that z € éy(a), against the choice of z.

Since all the construction above depends on A, we can reformulate it for
A=2" néeZ.

Proposition 1.18. For every n € Z there exists (2, it,) a probability mea-
sure space, a set of index I,

v Q, — Y
a measurable function, and for all w € Q,, a partition {T° (w)}ics such that

diam(T (w)) < 2" and if v € X with d(z,Y) < &2" then

| —

p <U{w tod(e, X\ T (w) > 52“}> >

el
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Now, we are in position to prove the main result of this section

Proof. (of Theorem 1.14).
Let ¢ : R — [0, 400 be 2-Lipschitz function with suppy C [%,4} and
¢ =1 on [1,2] and define

d(z,Y)
Pn(T) = (W) .
If on I we consider the counting measure, let (2, 1) be the disjoint union of

(I X Qp,)nez. Let us define
v:Q—Y

by
v(i,w) =~ (w), ifi € I and w € Q,,.

Let g : [0, 400[— [0, 00| given by
1, ifz>2
glz)y=<ao—1,if1<x<2
0, if0<x< 1.
Finally, let

0,(x) =g <€2}L1 -Zmin{d (2, X\ I} (w)), 2”}) = g(nl(x)).

il

Observe that since {T" (w)}ics is a partition of X, the above sum consist of
only one element.

We are ready to define the main tool of the construction: let
D:0Qx X —[0,4+00]

B(i10,7) = s ()2 Xy (o)

where

5@ =3 [ @) vy @) dialw)

nez i€l

=Y enle) [ O

ne” Qn
Important: observe that suppp, C {z € X : €2"* < d(z,Y) < e2"*} so0
the sum above consists of at most 5 terms.

Of course @ has the following properties



20 Lipschitz Analysis

(1) ®(-,-,z)=0ifzx €Y,
(13) ||®(-, ‘,.T)HLI(Q’N) =lifzre X\Y.
Key: for all z,y € X,
. ) . 2C
ZZ d(’Y(l,W),l’) |(D(Z,w,$) - (I)(Zawayﬂ dlun(w) S - d($7y> (15)
nez icl 7 n <

Fixw € Q, and assume that ®(i,w, z) # ®(i,w, y). Then either ®(i, w, z) >
0or ®(i,w,y) > 0. In the first case # € T (w). Notice that either d(y(i,w), ' (w)) =
0 or I (w) = {z} and then v(i,w) = t,. In any case,
d(y(i,w), z) < d(v(i,w),T,(w)) + diam(I, (w))
< dY, T ) + 2"
=d(z,Y) +2*- 20

<d(x,y) + ? max{d(z,Y), d(y,Y)}.

In the second case, ®(i,w,y) > 0, so

d(v(i,w), z) < d(y(i,w),y) + d(z,y)
<d(y,Y) + diam(I" (w)) +d(x,y)
<d(y,Y)+2"+d(z,y)
< d(z,y) + ? max{d(z,Y), d(y,Y)}.
Therefore,
SN[ i), a) ) = D) dienle)

<dley) LY [ 1900.00) + 0(iw.)] din)

nezZ i€l

+§max{d<x,y>, d(y,Y)}~ZZ/Q 1B (i, w, ) — D(i,w,y)| dn(w)

neZ iel

= 2d(x,y) + 16—8 max{d(z,Y), d(y,Y)} - Z Z/ﬂ |D (i, w, z) — (i, w, y)| dpn(w)

neZ i€l
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Thus, to reach (1.5), it is enough to show that

, d(z,y)
ZZ/ (@G w, @) = @ w,y)] dun(w) < - oSS )T

neZ i€l
(1.6)
Notice that, if d(z,y) > d({z,y},Y) then it is enough to choose any C’ > 4.
Indeed, d(z,Y) < d(z,y) + d(y,Y) < 2d(z,y) and analogously d(y,Y) <
2d(z,y). Hence the right-hand side of (1.6) is greater than 2 while the left-
hand side of (1.6) is at most 2.

Then we can assume that d(x,y) < d({z,y},Y). Moreover, we assume as
well that d(z,Y) > d(y,Y). Now,

ZZ ](ID hyw,x) — P>, w,y)| duy(w)

)X () (2)S(y) —
S

dpin(w)

00 (y)on () X1 () (1) S (2)
(

nen T el (2)S(y)

< %/ ; 105 (%) pn (@) Xri ) (& ?5*@;)9 5 (1) en(¥)xri ) (v)] dn)
(%/ Oo)n(y) dpnle )) W

< REZZ/ ; 162 (2)pn () Xy, ) (& L)g(;”( enhw®l 4o
(3 [ e >>

0" (z T)Xri (r i (r
pp3 S Ape(7)
N S(Qx) > / D102 (@)en (@)X ) (@) = 02 (1) n (W) X1 ) )| ditn ().

Let ny € Z such that 22X ¢ [1,2]. Let us denote by 7 () = 3, min{d (z, X \ T, (w)), 2"}.

()
S(z) > Z ‘pn(x)/ g (52“—1) dpin(w)
n: d(x,Y)<e2n {w:Qn: 73 (z) 22"}

> o (L) (U{wenno. <x,Y\r:;0<w>>262“0})

el
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= Hng (U{w €yt d(z, Y\ Fiu)(w)) = 82%})

el

IV
DN | —

Fixn € Zand w € §2,. Assume @, (z)+¢,(y) > 0. In this case {d(z,Y), d(y,Y)}IN
[e2n7, 2771 #£ (), so in particular d(y,Y) < £2"~!. Since we are assuming
d(z,y) < d(y, V), then

d(z,Y) < d(z,y) +d(y,Y) < 2d(y,Y) < 2.

If 2,y € TV (w) for soem j € I, since g is 1-Lipschitz,

D 108 (@)pn () Xy ) (%) — O5()en (W) X8 ) (V)]

el

e (d;;:?) g (ggn )

§<P(d€(;};)) 167 () — 0" (y)| + 00 (y (dg( ) @(d;g;i))‘
<o (5 o) -l + ) o (L5 ) — o ()
gﬂmw+ﬂﬂw5%§ﬁz

< d(z,y) + 2000)

< 6d(z,y) )

- e2n

On the other hand, if there exist distinct i, j € I such that z € T (w) and
y € IV (w), then using the fact that 7" (z), 7"(y) < d(z,y), we get

Z 105(@)pn () X3, () () — O5(Y) o (Y) Xrs, () ()]

sz>+g<€5T<yz>

<o (%)
)

(@
- gn— g2n—1
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<

Putting all together,

SX [ 1otin) - 0000 dio)

ne’l ’LGI

—5 Z/ Z‘en ) (2)Xrs, () (£) = 05 (Y)en () XTi @) (¥ \dﬂn

nogel

<Z/ D 160 (@)n (@) xrs ) () = 62 (1)on W) XTs ) (0)| ditn(w)

nel n 4el

< Z /6d93y

n: {Z‘ y}ﬂsuppcpn7é®

10-6-d(z,y)
d(z,Y)

where we have used the fact that, for every z € X, [{n: z € suppy,}| <5,
which concludes (1.6).

Now, we are ready to define the extension operator. Let
T : Lipy(Y) — Lipy(X)
defined by

Jo f(v(w)P(w, z) dp(w), if 2 € X\ Y
T(f)(zx) = (1.7)
flz), ifzeY

Let us collect some information. For every y € Y,
| raiet. o) du)
< /Q[If(v(W)) — @)+ [f(@)]]®(w, z) du(w)

(by (i) and (ii) above) < Hf||up/Qd(v(w)yx)\@(w,x) — ®(w, y)| dp(w) +[f(y)|
(by (1.5) above) < |[fl[LipCd(z,y) + |f(y)| < oo.

Therefore T is well defined. Of course T'(f) extends f. Let us show that T'(f)
is Lipschitz. Let us consider x,y € X such that al least one of them not in
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Yiie,ye X\Y. Take z € Y such that d(z,z) = d(z,Y) in case x € X \ 'Y
otherwise z = x, and observe that

T(f)y) = T(f)(x) = /Q[f(v(W)) —f(R)] - [@(w,y) — B(w, 2)] du(w)
Thus
T()y) = T())] < ||fHup/Qd(v(w)ﬂ)\@(w,y) — &(w,z)| dp(w)
< ||f||up/9[d(7(w),ﬂf) +d(z,2)]|[®(w,y) — P(w, z)| dp(w)
(Vw)eY) < HfHLip/Q[d('Y(w)a@ +d(z,7(w))]|®(w,y) — P(w, z)| dyu(w)

= 2||fHLz'p/Qd(7(w),Jf)l@(%y) — ®(w, )| dp(w)
(by (1.5)) < 20| fllLipd(z, y)-



Chapter 2

Differentiability

Recall that a function f : 2 — R™, where (2 C R" is open, is differentiable
at a € € if there exists a linear map L : R® — R™ such that

@) = f@) - Le—a) o)

w—a [z = all

If such a linear map L exists, it is unique, called the derivative of f at a, and
denoted by Df(a). We also note that f = (f1,..., fin) is differentiable at a
if and only if each of the coordinate functions f; are differentiable at a.

To analyze (2.3) more carefully, suppose f : @ — R is a real-valued
function, differentiable at a point a € Q. For t € R, t # 0, consider the

functions .
ey = Ho )= Sl0)

which are defined for ¢ small enough. Then

lim | f,(x) — L(z)| = 0

uniformly in « € B". This procedure can be reversed and we conclude that
a function f is differentiable at a point a if and only if the functions (f;);
converges uniformly in B"” to a linear map as t — 0.

Assume now that f : Q@ — R is L-Lipschitz, and that a € Q. Then
the family (f;); consists of uniformly bounded L-Lipschitz functions on B"
(for small enough t). The Arzela-Ascoli theorem guarantees that there is a
subsequence of the sequence (f;); that converges uniformly to an L-Lipschitz
function on B"”. What Rademacher’s theorem claims, in effect, is that for
almost all points a in € this limit is independent of the subsequence, and
that the limit function is linear.

Before to go on, we need to recall some classical covering theorem.

25



26 Differentiability

Theorem 2.1. Every family F of balls of uniformly bounded diameter in a
metric space X contains a disjointed subfamily G such that

UBc|JsB

BeF Beg

Proof. Let ) denote the set consisting of all disjointed subfamilies Fof F ,
partially ordered by inclusion, with the following property: if a ball B from
F meets some ball from F, then it meets one whose radius is at least half the
radius of B. Note that €2 is nonempty because the one ball family F = {B}
is in €2 whenever B € F has radius close to the supremum one.

Then, if C C () is a chain, it is easy to see that .7?0 = Uzece F belongs to
), so there is a maximal element G in 2. By construction, G is disjointed. If
there is a ball B € F that does not meet any ball from G, then pick a ball
By from F such that the radius of B is larger than half of the radius of any
other ball that does not meet the balls from G. Then, if a ball B from F
meets a ball from the collection G’ = G U { By}, by construction it meets one
whose radius is at least half that of B, showing that G’ belongs to 2. But
this contradicts the maximality of G. Thus, every ball B = B(z,r) from F
meets a ball B = B(z/,r’) from G so that < 2/, and the triangle inequality
shows that B C 5B’. O

Theorem 2.2 (Vitali covering). Let A be a subset in a doubling metric
measure space (X,d,p) and let F be a collection of closed balls centered at
A such that

(a) AC UBe]-' B,

(b) For each point x € A and € > 0 there is B € F that contains x and
radiusB < €.

Then for each € > 0 there is a finite disjoint subcollection {By}p_, of F for

which
/“L* (A\ UBk’> <g,
k=1

where p* denotes the outer measure associate to fu.

Proof. Assume first that A is bounded. Next, we may assume that the balls
in F have uniformly bounded radii; in particular, by the Theorem 2.1, we find
a disjointed subcollection G of F such that A is contained in Ug 5B. Since
Ug B is contained in some fixed ball and p is finite and strictly positive on
balls, the collection G is necessarily countable; i.e., G = {B,, n € N}.
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We claim,
(x) A\ JBiC | 5Bx, for each n € N.
=1 k=n+1

Indeed, let a € A\ UY, B;. Since the balls in F are closed we can find
B € F such that a € B and BN (UY, B;) = (). Therefore, by property of G

a € B - U 5Bk
k=N+1

Since B;’s are disjoints, by o-additivity of the measure and (%), it is enough
to choose N € N such that

N o0
w (A\ U Bk> <u( |J 5B
k=1 k=N+1
= Z 1(By,)
k=N-+1
<e.
The case A is unbounded is easy. m

Theorem 2.3 (Lebesgue). Let f : (a,b) — R be a monotone function.
Then f is differentiable at almost every point in (a,b).

Proof. Of course, we can assume that the interval (a, b) is bounded and f is
increasing. Let

h=01o<|t|<h h

D* f(x) := lim [ sup flett) - f(a:)]

and

>=

h—0 | 0<|t|<h

D™ f(x) := lim { inf flett) = f(:z:)} :
First, let us note that, for each a > 0
N({r € (,0): DY f(x) > a}) < ~[F(0) ~ f(a)]

Indeed, let E, = {z € (a,b) : D f(x) > a}) and 0 < o < . Let F be the
collection of all closed, bounded intervals [c, d] contained in (a,b) such that
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f(d) = f(c) > a/(d — ¢). Since DT f(x) > o on E,, we get that F satisfies
the hypothesis of Vitaly’s covering theorem above. Then there exists a finite
disjoint subcollection {[cg, di]}&_, of F for which

N(Eq \ Uken(cr, di]) < e.

Since Ea Q (UkeN[Clm dk]) U (Ea \ UkeN[Ck; dk]), by the finite subadditivity of
outer measure, we have

< =3~ flen)) + =

However, the function f is increasing on (a,b) and {[cx, dy]}_, are disjoint
intervals. Therefore, for each ¢ > 0 and 0 < o/ < «, we have

A (Ea)

IN

()~ fa) +e

Hence,
N{x € (a,b): DT f(x) =o00}) =0.

For what we said before, it is enough to show that
N({z € (a,b): D f(x) > D™ f(x)}) =0,
or
N({z € (a,b): D f(z)>a>p>D f(x)})=0, forala,feQr.

Let us call the above set E, g. Fix ¢ > 0 and consider O C (a,b) open
such that A(O) < X*(E, ) + €. Let Z the collection of all closed intervals

Z=A{le,d] €O, f(d)— fle) <B(d—c)}.
Since D™ f(z) <  on E,g, it is easy to see that Z verifies the hypothesis

of Vitaly’s covering theorem above. Then there exists a finite collection of
mutually disjoint closed intervals [c1, dq], ..., [cn, d,] € Z, such that

2* (Ea,ﬁ \ U[Ci,di]> <e.
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Now,

n

D () = fle)] < 52[612' — i

: < BX0)
< BN (Eap) + €.

Moreover, E, gN[ci,d;] € {z € [¢;,d;] : DT f(x) > a}, fori=1,...,n. Thus,
N (Fag N ery @) < X({2 € (e, ds) - D*f(x) > )
1
< a[f(di) — f(c)]

Finally, write Ey 3 = (Ea s \ Ui, [ci, di]) U (U, Eap N lci,di]), to have

Since f < a, we get \*(E, 3) = 0. The proof is completed. O]

Corollary 2.4. Let f : (a,b) — R be a Lipschitz function. Then f is
differentiable at almost every point in (a,b).

Proof. 1t is enough to observe that f can be written as

f(x) = P(x) = (Ny(x) = f(a))

where N
Py(x) = sup Z[f(%ﬂ) — f(:)]",
27\[1
Ny(z) = sup Z[f(miﬂ) — fz)]”,
i=1
and both supremum are taken over all finite sequences a = 1 < --- <

rny1 = x. Moreover the functions Py and Ny — f(a) are both increasing.
Then one concludes by the previous theorem. O
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2.0.1 Rademacher’s theorem

Now we are in position to state the main result of this section.

Theorem 2.5 (Rademacher). Let Q@ C R™ be open, and let f : Q@ — R™ be
Lipschitz. Then f is differentiable at almost every point in Q.

Proof. By using the extension theorem of the previous chapter, we may as-
sume for simplicity and without loss of generality that f : R" — R is
Lipschitz; m = 1 and 2 = R™.

The proof splits into three parts. First the one-dimensional result is used
to conclude that the partial derivatives (g—i_) of f exists almost everywhere.
This gives us a candidate for the total derivative, namely the (almost every-

where defined) formal gradient

af af

Vf(‘”):%_:cl’”"a_%) (2.2)

Next, it is shown that all directional derivatives exist almost everywhere, and
can be given in terms of the gradient. Finally, by using the fact that there
are only ”countably many directions” in R", the total derivative is shown to
exist; it is only in this last step that the Lipschitz condition is seriously used.

We will now carry out these steps. For every x,v € R", with ||v|| = 1, the
function
fop(t) = flx+tv), teR

is Lipschitz as a one variable function, then by Lebesgue theorem it is differ-
entiable at almost every t € R. Let

Do) — ting 12 1) = 1)

t—0 t

(2.3)

of course when the limit exists. Let A, = {z : D, f(x) exists}. Since f is
continuous, it can be seen easily that A, is measurable. Indeed,

DY f(x) = lim sup flottv) — fz)
h—=0T" o<|t|<h t
t rational

is Borel measurable, similarly for D~ f.

For each y € vt, let us decompose R” = Rv ® v*. The intersection of A¢
with the line parallel to R-v and passing through y has one dimensional mea-
sure zero for what we said before (Theorem 2.4). Then, by Fubini’s theorem
the set AS has measure zero. In other words, each directional derivative (2.3)
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exists almost everywhere. In particular, when v = ¢;, the i-th vector of the
basis of R", % exists almost everywhere and then V f(z) exists at almost
every x € R"™.

Claim: for every v € R" we have
D,f(x) =v-Vf(x), for almost every x € R". (2.4)

Let us fix v = (v1,...,v,) € R" and let g € C°(R™) be a fixed test
function. Then

[ Dup@g@are) = [ i =T g0
(dominate convergence) =limy | Jl+ “’2 — @) )
(change of variables) = lim | —f(a i )_g;x_t“)cu(x)
(dominate convergence) = — | f(x) lim 9(x) = g (=) (@)
f(ﬂf)Dvg(rv)dA(w)

_ Z v, ggi( )dA ()

(integration by parts) = Zvl/n 81’@ Jg(z)dA(x)

~ [ v Vi@

Notice that the integration by part step is used on almost every line parallel
to the coordinate axes, which is possible by the fact that f is Lipschitz and
Fubini theorem.

Now, let (vg)x be a dense in the unite sphere of R™ and define
Ay ={xz € R", D,, f(z) exists, Vf(z) exists, and D,, f(z) = vx - Vf(x)}

For what we have proved, we already know that Aj has measure zero and
so does A€, where A = N, A,. We claim that f is differentiable at all z € A.
More precisely, we claim that for all x € A we have

[l +w) = f(x) = w- Vf(x)+o(wl]).
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Indeed, for w # 0, let

u = m,
so that
w = |lwllu
Hence,
flz+w) - f@)]—w- V)| _ ' [f(z + [wllu) — f(z)] = [[w[lu- Vf(z)
[[w| [Jwll
< ‘ [f (2 + [[wllvi) — f(2)] = [Jwllvi - V()
- [[w|
N ‘ [z 4 |lwllu) = [z + [Jw]v)
[Jwll

1
(since z € A for ||w| small) < 3
(by Lipschitz condition) 4+ L||u — v;]]
(by linearity) + Cllu — v;|
<e.

In the last inequality, since u lives in the unite sphere, we have used the
density to pick ¢ € N.

This completes the proof of Rademacher’s. [

There is a generalization of Rademacher’s theorem. Let us recall the point-
wise Lipschitz constant of a function f: A — R™, A C R™

Lipf(z) := lim sup I/ (z) = F W)l

voryea |z —yll

Theorem 2.6 (Stepanov). Let Q@ C R™ be open, and let f: Q2 — R™ be a
function. Then f is differentiable almost everywhere in the set

L(f)={z€Q: Lipf(z) < co}.

Proof. We may assume that m = 1. Let {By, Ba, ...} be the countable col-
lection of all balls contained in €2 such that each B, has rational center and
radius, and that f|p, is bounded. In particular, this collection covers L(f).
Define

w;i(z) := inf{u(z) : w is i-Lipschitz with u > f on B;}
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and
vi(z) := sup{v(x) : v is i-Lipschitz with v < f on B;}.

By Lemma 1.2, u; and v; are i-Lipschitz and v; < f|g, < w;. It is clear
that f is differentiable at every point a, where for some i both u; and v; are
differentiable with v;(a) = w;(a). We claim that almost every point in L(f)
is such a point. By Rademacher’s theorem, the set

(0. ]
7 = U{x € B; : either u; or v; is not differentiable at z}
i=1

has measure zero. If a € L(f) \ Z, then there is a radius r > 0 such that
[f(a) = f(2)] < M|z —al, Vze Bla,r),

for some M independent of z. Clearly there is an index ¢ > M such that
a € B; C B(a,r). Since f(a)—1i||z—al| is ¢-Lipschitz on B; with f(a)—i||z —
al| < f(x) and v; is the supremum of such functions, then we have

fla) —illa —z| S wi(x) < ui(x) < fla) +illa — |
for x € B;, which gives the claim. ]

A more abstract version of Rademacher’s theorem has been done by
Cheeger [5], where Lipschitz functions in certain measure metric spaces are
considered.

As a consequence of Rademacher’s theorem we have that, given a Lips-
chitz function f : Q — R™, Q C R"” open, the set of all points at which f is
not differentiable has measure zero. For many years it was open the following

Question 2.7. Let A C () be a Lebesgue zero-measure. It is always possible
to find f : @ — R™ such that the set of all points at which f is not
differentiable is contained in A?

The question was solved negatively by D. Preiss [10], given a counterex-
ample in case n = 2 and m = 1. Recently it has been realized that this
phenomena is strictly connected by the dimensions m,n. In [2] is has been
shown that any Lebesgue zero-measure A in R™ it is contained in the set
of all points at which f is not differentiable, for some Lipschitz function
f : R" — R™. On the other hand, D. Preiss, G. Speight [11] have proved
that for any m < n the exists a Lebegue zero-measure A C R" such that
every Lipschitz function f : R® — R™ is differentiable at some point of A.
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Chapter 3

An intermission: ['-convergence

The I'-convergence was introduced by De Giorgi in the early 1970s, it has
gained an undiscussed role as the most flexible and natural notion of conver-
gence for variational problems, and is now been widely used also outside the
field of the Calculus of Variations and of Partial Differential Equations. We
report just a quick glance, recommending the book [4].

Definition 3.1. Let (X, d) be a metric space and let F}, : X — [—o00, +00].
We say that Fj, I'-converge to F': X — [—o0, +00] if:

(1) For every sequence (up), C X convergent to u € X we have

F(u) < liminf Fj,(up);
h—o00

(77) For all u € X there exists a sequence (uy), € X converging to u such
that
F(u) > limsup Fj,(up).

h—o00
Of course, sequence in (i7) satisfies limy, oo Fp(up) = F(u).

Proposition 3.2. If (X,d) is separable, any sequence of functionals F}, :
X — [—00, +00] admits a I'-convergent subsequence.

Proof. The proof use the compactness of [—oo, +00], the Aleksandrov com-
pactification of R. Let (Uy)ren be a countable basis for the topology of X.
By compactness of [—o00, +00], there exists an increasing sequence of integers
(09); such that

lim inf F_o(y)

Jj—ooyelo Y

35
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exists, and for all k > 1 we define (0¥); as any subsequence of (aé-“_l)j along
which the limit
lim inf F x(y)

k—o0 yeUy 7

exists. By diagonal argument, j, = oF, we have that the limit

lim inf Fj, (y)

k—oo yel;

exists for all [ € N. For each x € X let

F(z) := lim inf F; )
(w) = sup Jimn Jof, )
zelU;

Then Fj, I'-converges to F'. [

Let V be a normed and let w : [0 4 co[— [0 + oo[ be a continuous, non-
decreasing and positive with w > 0 on |0+ oco[. We say that a 1-homogeneous
function N : V. — [0 + oo[ is uniformly convex modulus w if

U+ v

Nw) =N@w) =1 = N( ) <1—wMN(u—1))

for all u,v € V.

Proposition 3.3. Let N}, be a sequence of 1-homogeneous uniformly convex
functionals with uniformly modulus w. If N, T'-converges to some functional
N, then N is 1-homogeneous uniformly conver modulus w.

Proof. That A is 1-homogeneous is easy. Let u,v € V such that N(u) =
N(v) = 1. By (it), let (up)n and (vs)n, convergint to u and v respectively,
such that limy, oo My (up) = 1 and limy, o Np(vy,) = 1. Therefore, if we
denote by

uy, = up /Ny (up) and vy, = v, /Ny (vp),
we get N, (u),) = Ny(vy) = 1 (use 1-homogenuity). By assumption,

N, (“h ; “h) +wNG (i, — v))) < 1.

Since still (u},), and (v},) converges to u and v respectively, we get

! /
Uy, + vy,

N <u—|—v) +wN(u—v)) < li}ILninf./\/'h <

5 ) +w (h}{r_l)iogf./\/'h(u’h — vé))

!/ /
< lim inf (Nh (uh i Uh) + W(Np (uf, — UZ))
h—00 2
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<1

Where we have used (i), the monotonicity and continuity of w and the su-
peradditivity of liminf.
0
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Chapter 4

Sobolev Spaces

Letl < p < 0o, 2 C R" and let u € LP(2). Then w is said to belong to the
Sobolev space WHP(Q) if there exists, for each i = 1,...,n, a function v; €
LP(£2) such that the distributional ith partial derivative of u is determined
by v; via integration; that is,

/vigo de = — / u@gp dz, for each p € C5°(Q).
Q o Oz

It is easy to see that such a function v;, if it exists, is unique as an LP-function,
and we set
ou = ;.

The functions 0;u a priori have has nothing to do with the partial derivative
of u, they are usually called distributional partial derivatives of u. The space
W1P(Q) became a Banach space equipped with the norm

[ullwie = [Jullze + [Vl 2,

where Vu = (Oyu, . .., 0,u) is the distributional gradient of w.
We recall the standard approximation procedure. If n € C§°(R") is a

function with
[ @y ar=1.

the one defines the mollifier function,

wlo)i=usnte) = [ ulwnoy) dy

where
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is C*-smooth function, and u. — w in LP(92), if u € LP(Q) and 1 < p < oo.
Notice that to integrate over R™ in the definition of u., we set u to be zero
outside €.

We also have that u. — u locally uniformly, if u is continuous. Moreover,
Oius = u* Om. = Oyu * 1,

is u € WHP(Q). Tt follows that smooth functions are dense in the Sobolev
space WHP(Q) for 1 < p < oo.

Essentially, W1°°(Q) consists of Lipschitz functions.

Theorem 4.1. The space WH>(Q) consists of those bounded functions on
Q that are locally L-Lipschitz (for some L depending on the function). In
particular, if Q is convex, then Wh*°(Q) consists of all bounded Lipschitz
functions on ).

Proof. Note that the second claim follows from the first and the fact that a
locally L-Lipschitz in a convex set is globally L-Lipschitz.

Assume that u : Q@ — R is locally L-Lipschitz, for some L. Thus u is
Lipschitz on each line that is parallel to a coordinate axis. By using integra-

tion by parts on such a line, and then Fubini’s theorem (see proof of Theorem
2.5), we find that

g axin(oc) dr = —/Qu(x)@xi (x) dz, for each n € C3°(2),and i =1,...,n.

This proves that the almost everywhere existing classical gradient of u is the
distributional gradient as well. Moreover, ||Vul||s < L.

Next, assume that u € W1°°(Q). Fix a ball B with compact closure in
Q. The convolutions u. converge to u pointwise almost everywhere in B.
Moreover, we have that

Vel oo,8 < || Vul|oo < 00, for € small enough.

On the other hand, the function u. are smooth, so that

1
ue(a) — ua(b) = / V(b +ta—1b)) - (a—b) dt,
0
and consequently,

|ue(a) = ue(D)] < [[Vullla —bll,
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whenever a,b € B. By letting ¢ — 0 we find
u(a) — u(b)] < |Vullslla —bf],

for a, b outside a set of measure zero in B. It can be proved that the above
inequality holds everywhere in B. O]

Although Sobolev functions can exhibit rather singular behavior, there is
some regularity beneath the rough surface.

Theorem 4.2. Let u € WHP(Q), 1 < p < oo. Then
a=|JEuz
i—1

where E; are measurable sets such that u|g; is i-Lipschitz, and Z has measure
zero.

4.0.1 Cheeger-Sobolev space

The fundamental theorem of calculus gives global information about a func-
tion after integrating its derivative. There are important several variable
versions of this phenomenon; these are the various Sobolev-Poincaré inequal-
ities.

Let u be a smooth real-valued function on R". Fix two points x,y € R".
We can apply the fundamental theorem of calculus on the line segment [z, y]
connecting = and y, and obtain from the chain rule that (as in the previous
proof)

uly) — ulz) = / Vulty + (1 - t)z) - (y — ) dt,

Inserting absolute value, it yields the estimate

uly) ~u() < [ |Vul ds (41)
[z,9]

for the oscillation of the function at the end points in terms of a scalar line

integral. The above reasoning holds not only for the straight line segment

from x to y but for every rectifiable path v joining the two points; we have

the estimate

u(y) — u(z)| < / IVl ds (4.2)

for each such 7.
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Let I' = {7} be a family of rectifiable curves in R™, where a curve in
R™ is a continuous map 7 : [a,b] — R™, and a curve is rectifiable if it
is (componentwise) of bounded variation. A Borel measurable function p :
R™ — [0, +00] is said to be an admissible function, or density, for I" if

/pdle, for all v € T'.
”
The p-modulus of I' is defined as
mod,(I") =inf [ p" dx (4.3)
R’ﬂ

where the infimum is taken over all admissible functions p. A family I" is said
to be p-exceptional if mod,(I') = 0. If a property of curves holds outside a
p-exceptional family, then it is said to hold on p-almost every curve.

Proposition 4.3. A family I' of curves in R™ is p-exceptional if and only if
there exists a Borel function p : R" — [0, 00| such that p € LP(R") and

/p ds = oo, for each locally rectifiable v € T'.

~

Proof. Easy. O]

Lemma 4.4 (Fuglede’s lemma). If a sequence of Borel functions (gx), con-
verges in LP(R™) to a Borel function g, then there is a subsequence (gx;);

such that
/gk], ds—>/gds,
v v

for p-almost every curve v in R™.

Proof. We may assume that g = 0 and pick a subsequence (gi,); such that
gk, |» < 27PH13. Let T be the family of locally rectifiable curves v in R"
for which the statement

lim [ g, ds =0

_)
]OO’Y

fails to hold, and let I'; be the family of all locally rectifiable curves vy for

which
/|gkj| ds > 277,
.

I C Grj
j=k

Then on the one hand
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for all £ > 1. On the other hand, 27|gj,| is admissible for T';, for each j, so
that

Mod, (1) <27 [ g, P do

<27/

Consequently, we have that
Mod,(T') <> Mod,(T;) < 27%+!
j=k

for each k£ > 1, whence Mod,(I') = 0 and the lemma is proved. O

The following gives an alternative description of Sobolev functions in R™.

Theorem 4.5. A function u € LP(R™) has a representative in WP(R") if
and only if there exists a Borel function p € LP(R™) such that the inequality

mww»—wwwns/ﬁds (4.4)

N
holds for p-almost every curve 7 : [a,b] — R™.
Actually, one can realize that distributional gradient |Vu| is the (almost

everywhere) smallest function p that satisfies (4.4) for p-almost every curve
7. Tt follows that the norm in W?(R") can be defined as

[ullwrr = llullze +inf [[p]|ze
where the infimum is taken over all Borel functions p satisfying (4.4) for

p-almost every curve 7.

This characterization of Sobolev functions requires no smooth structure
of the underlying space. One uses the metric structure for the line integration
and measure for the modulus. This lead is followed when Sobolev spaces in
arbitrary metric measure spaces.

Let (X,d) be a metric space. Every rectifiable curve v : [a,b] — X has
an arc length parametrization

Yo : [0, length(y)] — X

and we define, for any Borel function p : X — [0, +0o0],

length(7y)
[oasi= [ ploott) .
0 0

In particular, the definition and basic properties of modulus as before can be
transferred over to general metric measure spaces (X, d).
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Definition 4.6. A Borel function p : X — [0, +0o0] is said to be an upper
gradient of a function v : X — R if

ju(a) — u(d)| < / p ds (4.5)

v

whenever a,b € X and 7 is a rectifiable curve in X with end points a and b.

As trivial examples, we note that p = oo is an upper gradient of every
function.

Definition 4.7. Let X = (X, d, 1) be a metric measure space and let 1 < p <
00. A Borel function p : X — [0, 00] is said to be a p-weak upper gradient
of a function u : X — R if the inequality in (4.5) holds for p-almost every
curve vy in X.

Let us observe that despite that upper gradient can be define on every
metric space, for the p-weak upper gradient we need a Borel measure p on
X such that the definition (4.3) makes sense on (X, d). However, it turns
out that that every p-integrable p-weak upper gradient of a function can be
approximated in LP(X, p) by upper gradients.

Proposition 4.8. Suppose that a function u : X — R has a p-integrable p-
weak upper gradient. Then there exists ¢ minimal p-weak upper gradient
pu characterized by the following two properties:

(i) pu is a p-integrable p-weak upper gradient of u;

(it) if p is another p-integrable p-weak upper gradient of u, then p, < p
almost everywhere.

In particular, ||pyl|r = inf ||p||Lr where the infimum is taken over all p-weak
upper gradient p of w in LP(X, ).

Proof. First one proves (we omit the details) that p-integrable p-weak upper
gradients form a lattice in the sense that if 7 and o are two p-integrable p-
weak upper gradients of a given function, then so is min{r, o}. Consequently,
any sequence (p;); of p-weak upper gradients of a given function u satisfying

lim [|pif| > = inf [|p]|»

where the infimum is taken over all p-weak upper gradients p of u, can be
chosen to be pointwise decreasing:

plZpZZ
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Clearly, then, (p;); converges in LP(X, u) to a Borel function p, whose LP-
norm assumes the above infimum. By Fuglede’s Lemma 4.4, p, is a p-weak
upper gradient of u. It is also clear from the lattice property of upper gradi-
ents that p, is minimal as asserted. O]

Definition 4.9. Consider the vector space Wihe (X) consisting of all func-
tions u : X — R such that w is in LP(X) and there exists an upper gradientp
of w in LP(X). Then we can define a seminorm in W?(X) by

lullwrr = llulle + llpull o

where p, is the minimal p-weak upper gradient of u. The Cheeger-Sobolev
space W'P(X) is the space

WP (X) = WP (X)/ ~

where
u ~ v if and only if ||[u — v||y1., = 0.

Theorem 4.10. W'?(X) is a Banach space.
Proof. See [13, Theorem 3.7]. O

For a function u € LP(X, u1) let us define the extended real valued Borel
function,

. : |u(y) — u(z)]
Lip(u)(x) :=lim sup ———F7=,
( >( ) r—0 yEB(z,r) d<$7 y)

where we put Lip(u)(z) := 0 if x is isolated point.

Proposition 4.11. If u : X — R is Lipschitz, then Lip(u) is an upper
gradient for u.

Proof. Since the restriction of u to any rectifiable curve, v, is Lipschitz, by
Rademacher’s theorem 2.5, it follows that u(~y(s)) is differentiable for almost
every s. Thus |u/(7(s))| is an upper gradient (see the argument in (4.2)).
Therefore, it is enough to show that

| ((s))] < Lip(u)(y(s))

for those s such that |u/(v(s))| exists.

Fix a value 5. We can assume that d(7(s),v(5)) > 0 for s sufficiently close
to §; since otherwise, u/(7(5)) = 0. Then, by continuity, for all sufficiently



46 Sobolev Spaces

small r, there exists some smallest s(r), with d(y(s(r)),v(5)) = r < |s(r)—3§|.
In addition, s(r) — s as r — 0. We have

u(y(s(r)) —u(x(3))] _ [uly) —u(v(5))|

— < sup
|s(r) — 3| y€dB((3),r) r

Since u'(7y(5)) exists, we get

1 (7(3))] = lim inf L2 () = w(G))
r—0 |

s(r) — 5|
<lminf  sup MW TUOG)
"0 yeaB((5)r) r

= Lip(u)(7(5)).

]

Definition 4.12. We say that g € LP(X,u)" is a p-relaxed slope of u €
LP(X, u) if there exists g € LP(X, u)* and a sequence of Lipschitz functions
(uyp)n such that

(1) w, — win LP(X, p) and Lip(u,) weakly converges to g in LP(X, u);
(17) g < g prae. in X.

It is easy to see that the set of all p-relaxed slope of u is a closed convex set
in LP(X, ). By uniformly convexity of LP(X, ), among all p-relaxed slope
of u there is one with minimal L”-norm. Such an element will be denoted by
|Vl p.

By Proposition 4.11, since Lip(u,) are in particular p-weak upper gradi-
ent, and weak convergence is stable under p-weak upper gradient, it follows
that

pu < |Vul,p, prae in X,

for all uw € LP(X, p).

It is an exercise to prove that the vector space WP (X, 1) endowed with
the new norm |[u||r» + |||Vul«p||zr became a Banach space, and the identity
operator

id s (W) 0 e + 1V - bepllze) — (WX ), |- Hlze + o]l 2e)

is a surjective bounded linear operator. As a consequence of the open mapping
theorem, it follows that the two norms above in WP(X, 1) are equivalents.

Remark 4.13. Actually, in [1, Theorem 6.1] the authors proved that the
two norms above are equals.
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4.0.2 Reflexivity of Cheeger-Sobolev space

Though the Cheeger-Sobolev space is always a Banach space, the deep dif-
ference with the classical one is that the space is not in general reflexive as
the following shows.

Example 4.14. Let (a,), be a sequence in ]0, 1] which converges to zero,

and let
X =], a,

neN

endowed with the norm ||(z,)n||cc = max, z,. There is a natural product
(probability) measure p on X, that is the product of normalized Lebesgue
measures on each factor [0, a,]. Now consider a sequence (f,), of functions
fn : X — R that are the projections on the factors; i.e., f,(z) = z, for
r = (z,), € X. Because each function f,, is 1-Lipschitz on X, and bounded
by 1, the sequence (f,), is a bounded sequence in W'?(X). Assuming that
the Cheeger-Sobolev space in question is reflexive, a weakly convergent sub-
sequence could be found with weak limit f. By passing to Mazur’s lemma
we would further find a sequence (g,),, consisting of convex combinations of
the functions f,,

9m = )\m,lfml +---+ )\m,kmfmkm

where 0 < A\, ; < 1and Ayg + -+ Ak, = 1, with my,, — 00 as m — oo,
such that g,, — f strongly in WbP(X). It follows that f = 0. Moreover, from
the norm structure it is easy to check that the minimal upper gradient of
each g, is identically A, 1 + - 4+ Ay, = 1, which contradicts the fact that
Gm — 0 in WHP(X).

Now, we would like to prove the marvelous result of Ambrosio, Colombo,
Di Marino [1], regarding the reflexivity of the Cheeger-Sobolev space W1P(X)
in case X is a doubling separable metric and p is a Borel measure on X finite
on bounded sets. To do so, we take advance on the doubling property to create
nice partition on X.

Lemma 4.15. For every 6 > 0 there exist {5 € NU{oo} and pairs set-point
(A2,29), 0 <i < U5, where A C X are Borel sets and 20 € X, satisfying:

(i) the sets {A%: 0 <i<{s} forms a partition of X;
(it) d(2},2]) > 0, fori# j;

(iii) B(z!,3) C A C B(z!,20);
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(iv) for each 0 < i < {5 then the cardinality of
s(i) ={j € N: d(A}, A%) < ¢}
is less than X3 (doubling condition);

() x € A% if and only if k = min IS where
P={ieN: da ) <d)+2, vje Nk
x—{ZE : (x72i>— (xazj)+§7 J € }7
we are minimizing the quantity d(z, 2{) and among those indeces i who
are minimizing up to g we take the least one i,.

Proof. Let {xi}ren be a dense in X. Let us choose zg = x9. Recursively
consider B; = X \ Uj<iB(z§,(5) and choose k; = min{k € N : xz, € B;}.
Then choose 20 = x,. Using density and by construction, it easily follows
that

X = UBzé+

Then define
Abi={r e X: d(z, zo)<d(:vz)+g, Vi >0}
Al ={recX: dx, )<d(:vz)+g Vi > i}

It is easy to see that A and the points 20 satisfy all the properties required.
Let us note that (iv) follows form the fact that we can cover B(2?,44) with
A3 balls with radius g but each of them can contain only one of the z;-;’s (by

(i)). O

In order to define our discrete gradients we give more terminology. We
say that A? is a neighbor of A‘S , and we denote by A% ~ A?, if their distance
1s less than 6. In particular A5 ~ A implies that d( 57) < 46: indeed, if
Z € AY and 20 € A satisty d(Z, J) < ¢', we have

d(2],29) <d(zz,zz)+d(z 2)+d(3, 29)

<—6 &
_4+

(letting 0" — §) < %6
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< 49.

Now we fix § €]0, 1[ and we consider a partition {42 : 0 <i < {5} of X on
scale 0. For every u € LP(X, ) we define the average us; of u in each cell
of the partition by f 1o w dpr. We denote by PCs(X), which depends on the

chosen decomposition as well, the set of functions u € LP(X, ) constant on
each cell of the partition at scale 4, namely

u(r) = constant, for p-a.e. v € A9,
Then we can define the linear projection
P - Lp(X,,U,) — PCg(X)

by
Ps(u) = ug,, for every x € A2

Lemma 4.16. Ps are contractions in LP(X, u) and Ps(u) 29w in LP(X, )
for alluw e LP(X, ).

Proof. The contractivity of Pj is a simple consequence of Jensen’s inequality.

To show that Ps(u) 28 win LP(X, ), it is enough to get that convergence
in a dense subset of LP(X, i), in the set of bounded continuous functions with
bounded support. Since X is doubling, if w is any of such a function, then

w is uniformly continuous and then Pjs(u) Y pointwise. The conclusion
follows by the dominated convergence theorem. O

For each § €]0, 1] and i € N, let

1
[Dsul(x) := > uss —usylP, Ve A

.. 5 )
VE AiNAj

Let us also define Fs,, : LP(X, u) — [0, 00| by

Fsp(u) = /X |DsulP(x) du(z).

Lemma 4.17. For each curve 7 : [a,b] — X, with length(vy) > 0/2, we
have

IPs(u)(7(b)) — Pr(u) (v(a))] < 4 / Dsul(t) dt.

o
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Proof. WLOG we can assume that 6/2 < length(v) < 0; otherwise slice [a, b]
in subintervals in which we have that estimates and then use the triangle
inequality. Since, for each t € [a,b], d(y(t),v(a)) < § and d(v(t),~(b)) < 0,
so that the cell relative to y(a) and ~y(b) are both neighbors of the one relative
to v(t). So, by definition

DsulP(7(t)) = 5—11,[|P5(U) (v(b)) = Ps(u) (v ()" + | Ps(u)(v(t)) — Fs(u)(v(a))l]

> i P (D) — B G@)P
Then
| Pale) e > P03 (8) = Piu)3 ()] - length()
> 1P 8) - Pr(w)(3(0))

]

Lemma 4.18. Assume (g,), be a null sequence of positive reals, (fn)n C
LP(X,p) and (gn)n € LP(X, )™ such that

|mw—mwg/%@

o

for all a,b € X and for all p-almost every curve v in X with end points a
and b such that length(vy) > &,.

Assume furthermore that f,(x) — f(x) for p-a.e. x € X and (gn)n con-
verges weakly in LP(X, ) to some g € LP(X,u). Then g is a p-weak upper
gradient of f.

Proof. Combine Mazur’s theorem and the argument seen in Fuglede’s Lemma
4.4. [

Since LP(X, u) is separable, by Proposition 3.2, unless to pass through a
subsequence, we can assume that F;, have I'-limit points as 6 — 0; i.e., let

Fp = khm Fsp
— 00

for some infinitesimal sequence (J)x, where the limit is computed with re-
spect to LP distance.

Theorem 4.19. (a) There exists n = n(p,\) (keep in mind A denotes the
doubling constant), such that

1
leulr < Fylw) < flpullee.
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(b) The norm on WHP(X, 1)

S =

ullze + Fp(w)]
18 uniformly convex.

Proof. For what we said in the paragraph preceding Remark 4.13, it is enough
to prove the inequality involving |Vul, .

Let u : X — R be a Lipschitz function with bounded support. Let
i,j7 € {1,..., s} such that A? and A? are neighbors. For every x € A? and
y € A% we have d(z, y) < (10/4+10/4+1)6 = 66 and that y € B(z),19/46) C
B(22,56). Hence

|u6,z’ - U57j| 1
S A /Afo§ (@) = uly)l du(@)du(y)

< 6Lip(ulp(.5 59))

Thanks to the fact that the number of neighbors of A does not exceed \?,
we obtain

. p
Dsul?(x) < 6°X° (Lib(ulpeg 50)) -
Integrating on X we obtain that

F,(u) < liminf F, 5 (u) < 67X / [Vul?, du.
k—o0 X 7

Hence we have the right hand side of (a). For the left hand side, we can
assume that F,(u) is finite. Therefore, the sequence (|Ds, uk|)x is bounded in
LP(X, ). By weak compactness, unless to pass through a subsequence,

| Dy, | 2% 4 weakly in LP(X, ).

By the lower semicontinuity of the p-norm with respect to the weak conver-
gence, we have that

/ g du < liminf/ |Ds, uk|? dp = lim Fs, ,(uy).
X k—oo  [x k—o0

Now, apply Lemma 4.18 to Ps, (ux) which converges to u in LP(X, ) thanks
Lemma 4.16, and to the functions 4|Dg, uj| which are p-weak upper gradient
of Ps, (ux) (up to scale 05/2) thanks Lemma 4.17.

We obtain that 4¢ is a p-weak upper gradient of u, hence g > p, /4 p-a.e.

in X. Therefore,
1
—/ Pﬁdﬂﬁ/gpdﬂﬁfp(u)-
4v Jx X

We leave (b) as esercize. O
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As consequence of the previous Theorem and Proposition 3.3, we get the
main result of this section.

Corollary 4.20. Let (X,d) be a separable doubling metric space supporting
a Borel measure p finite on bounded sets. Then the Cheeger-Sobolev space
WhP(X, 1) is reflexive.
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