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Introduction

During the spring semesters of four consecutive years (2023-2026) I have been teaching at University
Complutense of Madrid a Master Course called Técnicas de Andlisis Geométrico. Part of this course
considers advanced analysis tools and explores geometric and measure related properties of the Euclidean
space R™. Fundamental results in the area are considered, like, for instance, the Whitney extension
theorem, Rademacher’s theorem, the Morse-Sard theorem , or the Alexandrov theorem among others.
As an effort of making all this content available and enyoable to undergraduate students, and trying to
provide all needed details in the proofs, I have developed the following notes. One big premise that I
tried to keep is that these notes are as self-contained as possible and that no big results could be used
without being proved before. Moreover, at the end of each chapter, the reader will find a set of didactic
exercises designed to explore some of the key ideas and subtle aspects underlying this theory.

It must be mentioned that there exist similar works considering this very same topic, or close ones.
Indeed, Hajtasz, and Kinunen’s notes were extremely useful during the development of this course. Still,
I wanted to add my own flavor in some of the main results.

Lastly, but not least, I thank my students for important suggestions and comments that helped clar-
ifying technical steps. In particular, I thank Pablo Mateo Torrején, whose final degree project helped a
lot to develop the chapter about Alexandrov theorem.
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Chapter 1

Extension theorems: McShane and
Whitney

Let X be asetand A C X a subset. The problem of extending functions f : A - Rto FF: X — R
preserving some kind of regularity of the function f has been widely studied in the mathematical history.
Sometimes the function f is not assumed to have any regularity property a priori, but one aims for the
extension F' to satisfy one.

The most basic setting could be the case of X = T being a topological space, A C T any subset
and f : A — R a continuous function. Question: When is it possible to find a continuous function
F:T — Rsothat F|y = f.?

Theorem 1.1 (Tietze, 1925). Let T be a normal topological space (that is, every two disjoint closed sets
can be included within two disjoint open sets) and let A C T be closed subset. Then if f : A — R is
a continuous function, there exists F : T — R continuous as well with F|4 = f. Moreover one can
choose F so that sup{F(z) : x € T} =sup{f(a): a € A}.

Just to mention, originally Lebesgue and Brouwer proved the case 7' = R", then Tietze in 1925
proved the case when T' = X is a metric space and thereafter Uryshon proved the case 7" is a topological
space the very same year 1925. The result is also called the Uryshon-Brouwer-Tietze lemma. The proof
of Theorem requires another result due to Uryshon that states that a topological space is normal if
and only if for any two disjoint closed sets A; and A, there exists a continuous function taking the value
0 on A; and the value 1 on As.

Note as well that A C 7" must be a closed set, since otherwise there could be no continuous extension.
Think for instance about A = (0, 4o00) and f : A — R defined as f(z) = 1/z.

For us, the interest relies on the extension problem for Lipschitz functions and for C! functions. To
define Lipschitzianity or differentiability we need the notion of distance, so it is natural to work with
metric spaces X rather than topological spaces T'. In any case, the reader may have in mind that the
metric space X we are dealing with is just R” endowed with the euclidean distance that we write as

d(x,y) = |z —yl.

Definition 1.2. A set X is said to be a metric space if there exists a function d : X x X — [0, 00), called
distanc so that

1. d(z,z)=0.
2. d(z,y) > 0 forall x # y. (Positivity)

3. d(z,y) = d(y,x) forall z,y € X. (Symmetry)

'Some mathematicians allow distances to take infinity values d : X x X — [0, 0o]. This is just a matter of taste, but most
of the mathematics coming thereafter are basically the same.
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4. d(z,z) < d(z,y) +d(y, z) forall x,y, z € X. (Triangle inequality).

If only (1), (3),4) hold we say that d is a pseudometric and X a pseudometric space. A metric space X
can be indistinctly denoted by X = (X, d) = (X, dx).

We want to give an answer to the following two simple questions:

1. Let A C R" be an arbitrary subset and an L-Lipschitz function f : A — R. Is there an L-Lipschitz
function F' : R” — R with F|4 = f?

2. Given a closed set C' C R™ and a function f : C' — R. When can we find a function F': R" — R
of class O so that F|¢ = f?

1.1 Extension of Lipschitz functions

Definition 1.3. Let (X,dx) and (Y, dy ) be metric spaces and L > 0. A function f : X — Y is said to
be L-Lipschitz if

dy (f(x1), f(z2)) < Ldx(71,22), V1,22 € X. (1.1)
The least constant L > 0 satisfying (1.1)) is denoted by Lip( f). Namely,
dy (f(z1), f(x2))

dx(x1,2)

LiP(f)ZSUP{ D xy, e € X, 96175@}-

The set of Lipschitz functions f : X — R is denoted by Lip(X). The set of bounded Lipschitz functions
f: X — Riswritten Lip (X ) and when endowed with the norm

1/ l2ipo, x) = Lip(f) + [|.f]loo-

becomes a Banach space.

Remark 1.4. The space (Lip,,(X), | - ||c) is not, in general, a Banach space. It is a normed space, but
completeness may fail. In other words, if we call B(X) = {f : X — R bounded} the space of bounded
functions, we are saying that Lip,(X) C (B(X),| - ||) is not a closed subspace. For example, take
the sequence of Lischitz functions (fy,)n>1 C Lip, ([0, 1]) defined as

fo(z) = /x +1/n.

It is clear that this sequence converges uniformly to the function f(x) = +/z. That is, f,
However, f is not a Lipschitz function.

Mo 7.

Theorem 1.5 (McShane, 1934). Let A C R™ be an arbitrary set and L. > 0. Then for every
L-Lipschitz function f : A — R there exists F' : R™ — R with F|4 = f and so that F is
L-Lipschitz.

Proof. Let x € R™ and define the extension as
F(z) = inf {f(y) + Ld(z,y)} = inf {f(y) + L|z — y|}.
yeA yeA

Let us check that F' : R” — R is well-defined, that is L-Lipschitz and that F'|4 = f.
1. F'is well-defined: Let a € A fixed. Then for every y € A, € R™ we have that
)+ Lly—=| = f(y) + Lly —al = Llz — a| = f(a) — LIz — al.

We have proved that for any = € R", the set { f(y) + L|x — y| : y € R"} C R is bounded from
below. Therefore by the supremum property of the real numbers there must exist an infimum of
such set, that is, there exists F'(z) > —oo.



2. Fla= f:Letx,y € A. Then f(z) < f(y) + L|x — y|, so
@) < b {f(y) + Llw = yl} < f(z) + Ljz — 2] = f(2).
We get that f(z) = F(x).
3. Fis L-Lipschitz: Let y € A. We define the function g, : R — R by
g9y(z) = f(y) + Lly — z|.
We now easily verify that g, is L-Lipschitz because
l9y(2) — gy(2)| = Llly — 2| = |y — 2| < L|z — 2, Va,zeR"

It follows that for every z, 2 € R"

{gy<z> > gy(z) — L]z — 2|
gy(@) > gy(2) — L|z — 2|

The previous estimates, valid for every , z € R™ and y € A yield

9y(2) 2 9y(w) = Llz — 2 = inf {gy (@) = Llz = 2[} = F(z) = Ll — 2|.

Furthermore for every z, z € R"

inf{g,(:)} = F(:) 2 F@) Ll —2| = F(@)=F() < Lo — 2|

One can analogously prove that F'(z) — F(z) < L|x — z|, so we conclude that

|F(z) — F(2)| < Llx — 2|, Vz,z€R"

Some final comments:

* McShane theorem works the same way for extensions of Lipschitz functions f : A — R where
A C X is an arbitrary subset of a metric space X.

* McShane theorem provides an extension operator 7" : Lip(A) — Lip(R"™) that is in general not
linear. Even when a Lipschitz function f : A — R is bounded, the McShane Lipschitz extension
does not provide bounded Lipschitz extensions. Although for doubling metric spaces X and for
any Banach space V, there alwaysd exists a bounded linear extension operator

T :Lip,(A; V) — Lip(V),
being A any subset of X. We refer to [18| Chapter 4] for a proof of this last result.

* For functions f : A C X — R™ where m > 1 we can apply McShane theorem componentwise
and we obtain a \/m L-Lipschitz extension.

» There are examples of 1-Lipschitz functions f : A C X — R? where A C X is a closed subset of
a metric space that do not admit 1-Lipschitz extensions to the whole R2.
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Example 1.6. Take A = {(1,—1),(—1,1),(1,1)} C R? and let f : A — R? be defined as

f(1,=1) = (1,0)
f(=1,1) = (=1,0)
f(1, ):(0\[)

The reader may verify that f : (A, ||+ ||e) — (R2,]| - |]2) is 1-Lipschitz but there is not 1-Lipschitz
function F' : (R?, ]| - |leo) — (R2, ]| - ||2) with F|4 = f

* If one is interested in preserving the Lipschitz constant on the extensions one has the following

important result which we shall not prove here.

Theorem 1.7 (Kirszbraun 1934, Valentine 1945). Let H, Hy be Hilbert spaces and A C Hy an
arbitrary set. Then for every L-Lipschitz function f : A — Hj there exists an L-Lipschitz function
F:H1—>H2WithF|A:f

1.2 Extension of C'! functions

Let C' C R™ be a closed set and let f : C' — R. We look for necessary and sufficient conditions for the
existence of a function F' : R” — R with F|¢ = f so that I’ € C¥(R™).

Theorem 1.8 (Whitney (case C), 1934). Let f : C — Rand L : C — R™ continuous functions
with C C R™ a closed set. Then there exists F' : R™ — R of class C' with F|c = f and with

Df|c = L if and only if

i @) = f(@) — L(2) - (y — )

=0, uniformly on compact sets of C. 1.2)
y—e ly — |

Let us begin with some previous comments:

1. The following conditions are equivalent to (1.2), which can be written as well with the notation

fly) = fl@) - Lz) - (y — x)

lim =0.
|lz—y|—0 ly —
z,yeK zy
* For all compact sets K C C' we have
_ —L(z) - (y —
lim ) = J(@) (z)-(y =) =0, uniformly on K.

y—a ly — x|

* For all compact sets K C C' and every ¢ > 0 there exists 6 = d(e, K) > 0 so that if
0<|z—y| <d, z,y € K then

fly) = f(z) — L(z) - (y — z)
ly — |

<e.

* For every compact set K C C' we have

lim (sup{f(y)_f(x)_L(x)'(y_x) 0 < |z —y| <, x,yeK}) =0.

50+ ly — 2

2. If C is formed by isolated points (I.2)) gives no information.



3. Consider now the case when C' C R" is not necessarily closed. Given f : C' - Rand L : C — R"
a sufficient condition for the existence of a continuous extension of f and L to C is that f and L
are uniformly continuous. Then we would still need the assumption to hold in order to apply
the theorem.

4. From (L.2) it is deduced that f is uniformly continuous on compact subsets of C'. The reason is
that (I.2)) implies that

lim [f(y) — f(z)] =0

Yy—x

uniformly on compact subsets of C.

5. If on we do not ask for uniform convergence we would only get the existence of Taylor
polynomials of degree one on C', or what is the same, we would get an extension F' that would be
differentiable everywhere on R, but with a noncontinuous derivative DF' : R® — R". That is, F’
would not be a C'! extension. We next give a precise example highlighting this possibility.

Example 1.9. Let z; = 1/4/3 and define a decreasing sequence (2, )n>1 C (0, +00) in such a way that

3 3

zZy +z
n T ntl g (1.3)
Zn T Zn+1

We have that lim z, = 0. Now let C' = {2, }»>1 U {0}, which is a closed subset of R. Let f : C' — R
n—oo -

given by
0, z=0
x) = .
/@) {(—1)”*122, T =2zp, n€N

And finally let L : C — Rtobe L(x) = 0 forevery z € C.

We want to show that for every x € C', even though we have

1) = @)

ve ly—al

=0 pointwise, (1.4)

there is not C'! function ' : R — R so that F'(z) = f(x), F'(z) = 0 for every € C. The point is that
we do not have uniform converge on compact sets in the limit (T.4).

(i) We assure that (1.4) holds pointwise for every « € C. If x = 0, it is clear that

-0 -1 n+1,3
NI R (G Va1
y—0 ‘y — 0| n—00 Zn

In the case = € C'\ {0}, z would be a singleton on C' and (1.4) holds trivially.

0.

(ii) We now check that there is no C! function F' : R — R so that F'(z) = f(z) and F’(z) = 0 for
every x € C. Arguing by contradiction, if such extension exists by the mean value theorem and
for every n € N there would exist u,, € (2,41, 2,) S0 that

f(zn) = f(zny1) (_1)7"“22 - (—1)n+222+1 _ {1, if n odd

F'(uy) = =

Zn — Zn+1 Zn T Zn+1 —1, ifneven

Therefore lim F’(uy) # 0 = F'(0) = L(0), contradicting the continuity of F” at zero.
n—oo

(iii) There is not uniform convergence on compact sets in the limit (I1.4). Indeed C itself is a compact
set. Take 0 > 0 and observe that there exists ng € N so that z, < § for every n > ng (because
lim z, = 0). Then
n—oo

aup (OGN )y sy )z mp (LDl )y

ly — x| |20 — Zn+1]
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and hence

lim (sup{‘f(y)_f(‘r)‘: 0<|y—z <(5x,y€C}) #0.

§—07t |y - x|

We next state the general version of the Whitney’s extension theorem for C* regularity, & > 1. Let
us recall what is the notion of multiindex.

Definition 1.10. A multiindex « is any vector & = (v, ..., ay) € (NU{0})". We also define

la| = a1 + ag + -+ + ap, (this is the order of «)

al = (o) - (ag!) - - (a!)

Forany x = (z1,...,x,) € R" define 2 = 2" - 252 - - - 24"
Theorem 1.11 (Whitney (case C*)). Given a closed set C C R™ and some k > 1, a necessary and
sufficient condition for a function f : C' — R together with a family of functions f, : C — R, where o
is a multiindex with |a| < k, to admit an extension F : C — R" (that is F|c = f) of class C* and so
that D|c = fo for every |a| < k is that for each |a| < k,

fo+s()
folw) = Ciptnoial =5~ =)’
lim . =0, uniformly on compact sets of C. (1.5)
Yy—T |y—gj|k*|a‘

Observe that the conditions (I.5) imply in particular that f and all functions f, are continuous on C'.
Proof. We refer to [16, Theorem 5.4 and 5.14]. L]

In these notes we only give the full proof of the C'! version of Whitney’s theorem. that is Theorem
[1.8] Before we begin with the proof we need to introduce smooth partitions of unity that are used to build
up the extension.

Definition 1.12. Given an open set U C R", a partition of unity on U is a family a functions {(;}32,,
@; : U — [0, 1] so that

1. Forevery z € U, {j € N : p;(z) # 0} is a finite set. (This means that the supports of the
functions ¢; form a point-finite covering of U).

2. 32 pj(z) =Lforeveryz € U.

Whenever the ¢; are continuous we refer to {¢;};>1 as a continuous partition of unity, and whenever
the ; are of class C*, for some k > 1, we we say {pjtj>1isa C* partition of unity.

Given an open covering {U; };>1 C U of U, a given partition of unity {¢;};>1 is said to be subordinated
to the covering {U, } j>1 if for every j € N,

supp(p;) == {z € R" : p;(x) # 0} C U;.

We state in Lemma [I.T4] a useful result about the existence of Whitney-type smooth partitions of
unity on open subsets of R™. For that, a necessary tool is the next lemma.

Lemma 1.13 (Vitali’s covering lemma / 5r-covering lemma). Let F be a collection of open balls
(or closed) in R™ with sup{diam(B) : B € F} < oco. Then there exists a countable family G of
disjoint balls from F in such a way that

) Bc | 5B,
BeF Beg

where 5B denotes the ball with same center as B and radius five times bigger than that of B.




Proof. This is proven for instance in [[12]. OJ

Notation: Given a closed set C C R™ and U = R" \ C, for each = € U we define

r(x): = min{l, dist(z, C)} - % where dist(z,C) = inf{|ly — 2| : y € C}.

Lemma 1.14 (Whitney type partition of unity). Ler C' € R" be a closed set and U = R"™ \ C.
Then

1. There exists an open covering of U = U?’;l B(zj,5r(xz;)) so that {B(xj,r(x;))} are
pairwise disjoint. (Denote from now on r; = r(x;)).

2. There exists a partition of unity {¢;}j>1 on U of class C* that is subordinated to the
covering {B(z;,10r;)}32, so that

|Dpj(x)] < Cyl), Vz € B(zj, 10r;). (1.6)
j

where C'(n) denotes a positive constant only depending on n, the dimension of the spaceﬂ

“We warn the reader that the appearance of C'(n) in some estimates may vary from line to line.

Proof. Take the following open cover of U,
U= |]JB(r().
zeU

By Vitali’s covering Lemma|l.13|there exists {z; } ;>1 C UsothatU = {J;5; B(x;,5r;) and { B(z;,75)}j>1
are pairwise disjoint. For a given € U define the set

Ay :={j e N: B(z,10r(z)) N B(x;,10r;) # 0}.
We have the following properties.

(a) Forevery j € A, we have 1/3 < r(x)/r; < 3.
Indeed if j € A,

Ir(x) —rj| = 21—0] min{1, dist(z, C)} — min{1, dist(x;,C)}

1 1 1
< %]x —xzj| < %(107“(35) +10r) = ir(a:) +7;.

Then () < 3rj and r; < 3r(x).

(b) #(A;) =card(A;) < C(n) = 129" for every x € U.

From the previous property (a), given some j € A,,
|z — x| +r; <10(r(z) +75) + 15 = 107r(x) + 11r; < 10r(z) + 33r(x) = 43r(z).  (1.7)

Take x € U. For every j € A, since r(z) < 3r;, we get that

c | |J B <azjr(§”)> <L | | Blxj,ry) | < L£"(B(z,43r(x))) (1.8)

JEAL JEA,

The last inequality follows from the fact that if j € A, and we take y € B(xj,7;) then, using
(L7), we have |y — x| < |y — x|+ |z; — x| < rj+|z; — x| < 43r(x). Next, since {B(z;,7;)}52,
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are pairwise disjoint and r(z) < 3r; for every j € A, then {B(z;,r(x)/3)}jca, are pairwise
disjoint too and from (I.8)) we conclude that for every x € U (call w,, = L"(B(0,1)))

card(Ag) - wp - (r(;)>" <wp - (43r(z))" = card(4,) < 129"

Let us begin to build our partition of unity. Start by taking a C*° smooth function » : R — [0, 1]
so that h(t) = 1 for every |t| < 1 and h(t) = O for every |t| > 2. Let M = maxycg |h/(t)|. For every

7 € N define
hj(xz) =h <|x5_7j]’) , xe€R"
We now enumerate some properties:
* hj e C>®(U).
* hj =1on B(xj,5r;) and h; = 0on R™ \ B(z;,107;).

* Givenz € U, hj(x) = 0 for every j ¢ A,. In particular {supp(h;)};>1 is a locally finite open
covering of U.

* We have the following growth control on the bumps & ;. For every x € B(x;,10r;),

v (M) ol e )| <

(x —xj) M
5Tj 57‘]' - 57’]'

o —ajl | Bry

[Vhj(z)| =

Note at this point that the family {A;};>1 does not yet form a partition of unity. The reason is that in
general, for a given x € U we have

o
H(z): =Y hj(x) > 1,
j=1
To solve this situation we need to define our final partition of unity {¢;};>1 as

pj(x) = }gég

Itis easy to check now that {(; } ;>1 forms a partitions of unity subordinated to the covering { B(x;, 107;) } j>1
and so that

* pj € C2(U).
. Z;’il hj(x) =1 for every z € U.
* pj=1on B(xj,5’rj) and ¢; = 0 on Rn\B(l‘j, 10Tj).

* Given z € U, p;j(x) = 0 for every j ¢ A,. In particular {supp(h;)};>1 is a locally finite open
covering of U.

e Given x € U we have

, M 3M 3M  C(n)
VH@) < > W@ < ) 5y < ) 5le) = A5 = T
JEAL JEAL JEAL

Consequently for every « € supp(¢y;) (in particular j € A;)

| Tu) @)V

V()

< [Vhy(z)| + [VH(z)] <



O

Proof of Whitney’s theorem|[[.8] Let U = R™ \ C be the complement of C, which is an open set of R".
Let {¢;};>1 the C partition of unity of U subordinated to { B(x;, 10r;)};>1 given by Lemma|l.14]
For each j € Nlet z; € C such that dist(z;, C) = |z; — Z;| (note that ; may not be unique).

We define the extension F' : R™ — R as

Flz) = {f(fg, ) ) ) %fa; eC (1.9)
> i (@) (f(z) + L(z;) - (x — ), ifzelU

The first thing to note is that ' € C'°°(U) because U is open and every x € U has a neighborhood
U, = B(x,10r(z)) whose points satisfy

Z i) (f(x5) + L(z5) - (y — 73)), y € Us.
JEAL

This means that locally we have a finite sum of C°°(U) functions. Moreover we have that for every
rel,

= Z Vi(x)(f(z;) + L(zj) - (x — 5)) + p;(2) L(75).
jEA

We now divide the proof into two steps.
(Step 1) F' is differentiable at every x € C with VF(z) = L(z). (Together with the fact that

F € C*°(U) we get that F is differentiable everywhere on R").
We need to check that for a given = € C,

Fly) = F(z) = L(z) - (y —x) _

lim = 0.
e |y — |
Since (I.2)) implies
i W) = F@) —L@) - (y—=2) _ . fly) = fle)=L(@)-(y—2) _,
gzé: ly — z| ZZ&” ly — |
we only need to prove that
g PO = F @)~ L) =) w0
e |y — x|
Let y ¢ C with |y — x| < 1. We have
|F(y) — F(z) — L(x) - =D eily) (@) + L) - (y — 75) — f(a) = L(z) - (y — x))
JEAy
< > ei) (1f(@) = fla) = L(x) - (& — 2)| + [(L(2) = L(75) - (& — y)])

JEAy
We note that for every j € A,, recalling that |z; — z;| = d(z;,C),

|75 — 2| < |z —xj| + |v; — 75| < 2lz — 25 < 2(Jx — y| + [y — x5])
< 2(Jz — y| +10(r(y) +74)) < 2|z — y| + 20r(y) + 20r; < 2|z — y| + 80r(y)
<2z —y| + 4]z — y| < 6|z —y| (1.11)

and

|z —y| < |7y — 2]+ |r —y[ < 7|z -yl (1.12)
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By joining everything we get that

|F(y) = F(x) = L(z) - (y — 2)|

<y (p‘(y)’f(fj) — f(z) - L(z) - (¢ — 2)|

v—a 2.9 /67 —
@)~ L@ |F —
P T

JEAy

Therefore for any € > 0 by the continuity of L and by (1.2), there exists § € (0, 1] so thatif 0 < |[z—z| <
0 with z € C then

[f(2) = f(x) = L(z) - (z — @)

|2 — ]

£
13’

<1’i3 and |L(z) — L(2)| <

Now if we take 0 < |y — z| < %Withy ¢ C we have that forevery j € Ay, |z; —z| < 6lz —y| < ¢
and hence

Fly) = Flo) = Le) = o)) o 5~ (655)+ X e (153) == X wilw) = <.

U jeAy jeA, jEA,
We have proved (1.10).

(Step 2) VF(x) is continuous at every x € C. For that we need to take x € C and check that
lim VF(y) = L(x). Observe that this finishes the proof because V F' was already continuous on U.
y—x

Note that by the continuity of L on C' we have

lim [VF(y) — L()| = lim |L(y) — L(x)| = 0

Yy—x Yy—x
yeC yeC
so we only need to prove
lin [VF(y) — L(z)| = 0 (113)
y¢C

Lety ¢ C with |y — x| < 1/2andlety € C a point so that d(y,C) = |y — y|. We write
IVE(y) = L(x)| < [VF(y) — L) + [L(y) — L(=)|.
Since we have that |y — z| < |y — y| + |y — x| < 2|y — 2| it is clear that by the continuity of L on C'

lim [L(7) — L(z)| = 0.
y¢C

We focus our attention on the term [V F(y) — L(y)|. By using that forevery y € U, 3,5, V;(y) =0
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we have

IVF(y) — L@)| = | Y Ve;(v) (F(&) + L(T5) - (y — 53)) + 25 () (L(E) — L(D))
JEA,

=1 Vi) (&) — F@ + L&) - (5 — 25) + (L(5) — L&) - ([§ —y))

JEAy
+ Y ) (LE) - LH)
JEAy
< el 1FG) — (@) — BE) - (- 75)
JEAy
+ 3 Vo)l L@ - L@ -l + Y eaILE) ~ L)
JEAy JEAy
g}jcgﬂﬂm—f@»—L@n«@—@»
JEAy

+Z L) — L@ - [7— )l + Y vi@)|L(&) — L@)|

JEAy T JEAy
To estimate these three summands, note that since j € Ay,
=5l <y —yl+ly — x| + [2; — 73] = 20r(y) + ly — =] + 207

120r;

< 20r(y) + 10r(y) + 10r; + 20r; < ~

Moreover, we have |y — y| = 20r(y) < 60r;. All of this information allows us to write
— f(&)) = L(z) - (y — ;)]
|y — ;|

+ 2 Cn) - |L@) — L(El+ Y #5(0)IL) - L)

JEAy JEAy

IVF(y @< D Cn)

JEAy

Using that (I.2)) holds uniformly on compact sets of C' and since L is uniformly continuous on compact
sets of C' we have that for any given € > 0 and given the compact set K, = B(x,1/2) N C, there is
5 €(0,1/2) sothatif 0 < |a — b| < § with a,b € K, N C, then

fla) = f(b) = L(b) - (a — b)|
|a — 0|
|L(a) — L(b)| < e

Soifwelet 0 < |y — x| < §/6 withy ¢ C, then for every j € A, we have |z; — y| < 6y — 7| <
6|y — x| < ¢ and hence

<e€

IVE(y) =L@ < Y C(n)(2e) + > 9j(y)e = card(4,)C(n)2e + £ < C(n)e.

JEA, JEA,

We have now proved (1.13). O
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Exercises

1. Prove that the space of real-valued bounded Lipschitz functions Lip,(X), where X is a metric
space, must be a Banach space.

2. Consider the set A = {(1,—1),(—1,1),(1,1)} € R? and define f : (A, || [|oo) — (R?, ]| - [|2) by

f<_1> 1) = (_170)
f(la 1) = (07 \/3)

Prove that f is 1—Lipschitz but there does not exist a function F' : (R? || - ||so) — (R?, ]| - ||2) so
that F'| 4 = f and being 1—Lipschitz.

3. We take R? endowed with the norm ||(x, %) ||1 = |x|+|y|. Consider the function f(z,y) = |z|—|y
defined only on S' = {(x,y) € R?: 2% + 42 = 1}.

B

(a) Prove that f : S' — R is 1-Lipschitz.

(b) Prove that any extension F' : B(0,1) — R, which is 1-Lipschitz satisfies F'(0,0) < 0 and
that F'(z,0) = |z| forall x € [-1,1].

(c) Conclude that any extension F' : B(0,1) — R, that is 1-Lipschitz cannot be differentible at
(0,0).

4. Prove that McShane theorem also works by defining the extension of f : A — R as

G(z) =sup{f(y) — Llz —y[}, xeR"™
yeA

Moreover, prove that (G is the ”smallest” Lipschitz possible extension of f (that is, for any other
L-Lipschitz extension h : R” — R we have G(z) < h(z) for all z € R™).

Analogously, prove that the extension F'(x) = infyea{f(y) + L]z — y|} defines the “biggest”
L-Lipschitz extension of f.

5. Let ' C R™ be a closed set and define its distance to a point z € R as
d(z,F) =inf{|x —y| : y € F}.

(a) Prove that z — d(x, F') defines a 1-Lipschitz function.
(b) Prove that there exists y € F' so that d(z, F') = |x — y|, or what is the same

d(z, F) =min{|z —y|: y € F}.

(c) Given two closed sets F'1, F» C R"™ we define their distance as d(Fy, Fa) = inf{|z — y| :
x € Fy, y € Fy}. Provide an example of two closed sets F'1, F» C R so that d(Fy, F») =0
but [y N Fy = (.

6. Find good examples as required in the following items.

(a) A Banach space V so that there exist points z,y € V such that
in{z € V: ||z —zf| = ||z —yl[} # 0.
(b) A metric space (X, d), such that for every x € X we have

NHyeX:dzy) <1} #{ye X : d(z,y) =1}.
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10.

11.

. Let A C R” be an arbitrary set. We say that f : A — R is Holder continuous with constants

C>0,ae(0,1)if|f(z)— f(y)| < Clx —y|*forall z,y € A.

Prove that a “’slight modification” of McShane’s proof allows to extend Holder continuous func-
tions f : A — R to the whole R” (having the extension the same Holder constants), being A an
arbitray set.

. Let f : R™ — R be a continuous function and let ¢ : R™ — (0, 00) be a positive continuous

function. By using the technique of partitions of unity give an explicit example of a function
F:R"™ — Rsothat FF € C*°(R") and |F(z) — f(z)| < e(x) forall z € R™.

Let C' C R" be a closed set. Given a L—Lipschitz function f : C' — R, use the Whitney partitions
of unity from the proof of Whitney’s extension theorem to show that

F(x):{f(a:), :gec~
ng%(fﬂ)f(xj)v z¢C

defines a cL-Lipschitz extension of f with ¢ > 0 a constant. (Here we use the same notation as in
the proof of the Whiteny’s extension theorem for ¢; and ;).

By a dyadic cube we understand a set of the form @ = [0,27%]" 4+ j C R" for some k € Z
and j € 27FZ". Given an open set U C R"™ we say that the family of cubes W = {Q;}icn is a
Whitney decomposition of U if the following properties hold.
(W1) Each @); is a dyadic cube inside U.
(W2) U =, Q; and for all i # j we have int(Q;) Nint(Q;) = 0.
(W3) For every i we have /nl(Q;) < dist(Q;, 0U) < 4y/nl(Q;).

(The existence of such decompositions appears in [25]).

Prove that

(a) If Qi N Q; # 0, then 1£(Q;) < £(Qy) < 4£(Qy).
(b) Foreveryi € N
Cal‘d{j eN: Qj NQ; # (/)} < C(n).

Find, if possible, the best constant C'(n) for which the above inequality holds.

Prove that if f : R® — R is a C' function, then for every compact set K C R",

1) = f@) = DI ()

y—x,ye K ]y — x|

=0 uniformly on K.

This means that given a compact set K C R™ y £ > 0 there exists 6 > 0 so thatif 0 < |[x —y| < J

with z,y € K then
fly) = f(@) —Df(x) (y — )

< €.
ly — x|




14

Extension theorems: McShane and Whitney




15

Chapter 2

Rademacher and Stepanov theorem

In this chapter, we will give the proof of the classical Rademacher theorem about differentiability almost
everywhere of Lipschitz functions. Thereafter, we will present one generalization: the Stepanov theorem.
In Chapter 3 we further show another generalization of the Rademacher theorem for Sobolev functions
WLP(R™), p > n.

2.1 Classical result

We aim to prove the following result.

Theorem 2.1 (Rademacher, 1919). Let U C R" be an open set. If f : U — R is Lipschitz then f
is differentiable L™-almost everywhere on U.

Remark 2.2. Observe that for locally Lipschitz functions the result still holds because one can always
cover the set U by a countable number of balls where the function will be Lipschitz, then apply Theorem
and conclude by using that a countable number of negligible sets is negligible.

We first give the proof of the case n = 1 and then we consider n > 2. For the case n = 1 we need to
introduce absolutely continuous functions.

Definition 2.3. A function f : [a,b] C R — R is absolutely continuous function if for every £ > 0 there
exists 0 > 0 so that if (x1, 21 + h1), (x2, 22 + h2) ..., (zk, Tk + hy) are disjoint subintervals of [a, b]
such that Z;“:l hi < ¢ then Zle |f(zi + hi) — fa)] <e.

Theorem 2.4. If f : [a,b] — R is absolutely continuous, then f is differentiable at L'-almost
every point x € [a, b] with f' € L*([a,b]) and so that

xT
f(z) = f(a) —i—/ f'(t)dt forevery x € [a,b].
a
Indeed f is absolutely continuous if and only if there is some g € L*(|a, b)) so that

f(z) = f(a)+ /w g(t)dt forevery z € [a,b.

\.

Proof. A very instructive proof can be found in Rudin’s book [23, Chapter 7]. O

In general almost everywhere differentiability does not imply absolutely continuity. For instance
Cantor staircase function is continuous and almost everywhere differentiable but it is not absolutely
continuous.
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Corollary 2.5. If f : [a,b] C R — R is Lipschitz then f is differentiable L'-almost everywhere.

Proof. Just observe that Lipschitz functions are absolutely continuous and apply Theorem [2.4] O

Note that there are absolutely continuous functions, like f(x) = v/z, = € [0, 1] that are absolutely
continuous but not Lipschitz. Before we give the proof of Rademacher’s theorem for higher dimensions
n > 2 we need the following lemma.

Lemma 2.6. Let f € L} (U) with U C R" open so that

loc

/Uf(:v)go(:v) dx =0 forevery p € C5°(U)

where Cg°(U) = {¢ € C®(U) : supp(f) = {x €U : f(z) #0} C U is compact}. Then
f(z) = 0 for L™-almost every x € U.

Proof. We argue by contradiction. Assume that £L"({x € U : f(z) # 0}) > 0. Without loss of
generality, we suppose that L ({x € U : f(x) > 0}) > 0 (otherwise take — f).
By the interior regularity of the Lebesgue measure L there exists € > 0 and a compact set K C U

so that
LMK) >0
Kc{zeU: f(x) >¢}

Note that, whenever U # R", and due to the compactness of K we have D: = dist(K,0U) > 0. In the
case U = R" let D = 1. We define the open sets

D
G;: = {x e U : dist(z, K) < 2,}, 1€ N.
i
We have {G;};>1 C U forming a decreasing sequence of open sets
KcGi1cG,cGic---CcG,cCU,

where G; is a compact set (in particular £(G;) < oo for every i € N). Let us take functions ¢; €
C5°(Gi) with 0 < p;(z) < 1forall z € G; and p; = 1 on K. Then for every i € N,

0= /U f (@) i) de = /K S [ o) e
_ / f(x) di + / f (@) i) de
K Gi\K

> LK) - / ()] d.

Gi\K
Now, since £!(G1) < oo and Ni>1 Gi \ K = 0 we get

lim £ (G; \ K) =L" | (Gi\ K | =0.

1—00
i>1
This fact, together with the absolute continuity of the integraﬂ, and the assumption that |f| € L'(G),
implies that

lim |f(z)|dx = 0.
1— 00 Gi\K

'For a (Lebesgue) measurable set ' C R™ let f : F' — [0, 00) be such that f € L*(F). Then for every ¢ > 0 there exists
6 > 0so that if A C F is measurable with £"(A) < 6 then [, f(z)dz < e.
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Hence
0>eL™(K)+ lim |f(z)|dz =eL™(K) > 0.
1—00 Gi\K
This is a contradiction, so the lemma is proved. O

Let us now prove the main result of this chapter.

Proof of Rademacher theorem (Theorem[2.1). For each v € S" ! = {v € R" : |v| = 1} and each
x € U, we define directional derivative of f at x in the direction v, whenever it exists, by

Dusie) =t 1010 =S

d
= %\tzof(ac + tv).

Our first objective is to prove that once v € S"~! is fixed, then D, f(x) exists for £™-almost every
x € U. Fixv € S ! and let

A, ={x € U: D,f(z) does not exist}.
We have the following properties:

e The set A, is measurable. To prove this, consider

flz+tv) — f(z)

D, f(x) = limsup, ,q

f($+tv)—f($)>

= limy 00 <SUP0<|t<1/k

t t rational t
. z+tv) — f(z . . z+tv) — f(z
D, f(z) = liminf;_o 1 )~ f@) = limy 00 (1nf0<t|<1/k A )~ /( )>
t t rational t

We observe that, since the supremum (respectively, infimum) over a countable family of measur-
able functions is measurable, and since the pointwise limit of a sequence of measurable functions
is measurable, both D, f, D, f : U — [—00, +-00] are measurable functions. Finally, note that

Ay = {2 € U: Dof() > Duf(2)} = (Duf — Duf) ™ (0, +00])
and is therefore a measurable set.

* For every line L parallel to the vector v, we have H!(A, N L) = 0. Indeed, any such line can be
writtenas L = L, = {z+tv : t € R} for some z € R™. Then we define the function f, : R — R
as fr(t) = f(x + tv). Since f is Lipschitz we have that f, is Lipschitz and hence absolutely
continuousﬂ We then apply Corollary and it is clear that f, is differentiable at 7!-almost
every t € R. This means that D,, f(z + tv) exists for 7!-almost every ¢ € R. Call N C R the null
set such that D, f(z + tv) exists forall t € R\ N.

Define the function i : R — R"™ given by h(t) = x + tv. We have that h(R) = L, and

D, f(y) exists forall y € h(R\ N).
Since h is bijective, h(R \ N) = h(R) \ h(N) = L, \ h(N). Also, using the fact that h is

Lipschitz and the properties of the Hausdorff measure, we have that H!(N) = 0 implies that
H!(h(N)) = 0. Therefore we conclude that

D, f(y) exists forall y € Ly \ h(N),

so D, f exists at H'-almost every point of L . That is Hl(AU N L,) = 0, and we are done.

"Depending on the shape of U, the function f, does not need to be defined on an interval or on R, but it is for sure defined
on at most a countable union of open intervals. So we can proceed analogously to reach the conclusion that D, f(y) exists at
H* almost every y € L, N U.
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We now apply Fubini’s theorem to conclude that £(A,) = 0. Namely, for a given v € S~ call W, its
normal hyperplane. We have R" = W, @ span{v} and we know that L™ = H" 1|, x Hllspan{v}. For
x € W, the intersection of A,, with the line L, passing through = with direction v produces a section in
A, that we call

B, =A,NL,

Since A, C R™ is measurable, we have, by Fubini’s Theorem
L'(A,) = ’Hl(Bx) d?—[”_l(a:)
Wy
so, recalling that H!(B,) = 0 for every z € W,,, we get L*(A,) = 0.

In particular, for every i = 1, ..., n and for the canonical vectors v; = (0, ...,0, 1i), 0,...,0), there
exists the directional derivatives at almost every x € U,

V@) = (G @) g @b g @) = (D f @) D).

We next prove the following facts:

(i) For every v € S™! there exists a null set N, C R” so that Vf(z) - v = D,f(z) for every
z € R"\ N,.

(ii) f is differentiable at almost every x € U.

(i): Letv € S"~! be fixed. Let also ¢ € C§°(U). Then take to > 0 be sufficiently small so that
whenever ¢(x) # 0 then x +tv € U forall 0 < || < 2. In this way f(z + tv)e(x) is well defined for
every z € U and every 0 < |t| < 2t;. We can write

/fx+w /fm+w (o) dz + —%@Mﬂw-

U

Making a change of variables x + tv — y in the first term of the sum we get

/f@+“?ﬂ@¢@ym= ﬂw( my+/—ff%uww
U U
__‘/f (x—w)@: 2.1)

In order to take limits ¢ — 0, we will apply the Dominated Convergence Theorem, which requires to
check the integrability of the above functions. Indeed, this is true because for every 0 < t < tg
fz +tv) — f(z)

. . o(z)| < L|p(x)|, where the last term is integrable because it is continuous

with compact support in U.

plr —tv) — p(z)
Jl) =
U because it is a Lipschitz function (in particular continuous) on a compact se

< C|f(x)|, where the last term is integrable on (supp(y)+toB(0,1)) C

As previously announced, we apply now the Dominated Convergence Theorem in both sides of (2.1)) and

we get
. f x + tv)
lim x)dx = D of (x de = — [ f(z)Dyp(z)dz
t—0 U

*Given any two sets A, B C R™ we write itssumas A+ B ={a+b: a € A, b€ B}.
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And this holds for every |v| = 1. By choosing v = ¢; forevery i = 1,...,n we have

of
e == [ fe52 @2

Therefore for every v € S" 1, and every ¢ € C5°(U),

| Pos@ptayds =~ [ s e R CORT S Z/f 2 (@i do
-3 gf (@)oo de = [ (V1) -o)p(o)da

Applying Lemma[2.6) we conclude that D, f(z) = V f(z) - v for almost every z € U and we are done.

(ii): Let us finally check that f is differentiable at almost every = € U to conclude the proof.

Take {v;}52, C S™~! a dense subset and for every k € N let
Ay ={x € U: Vf(z)exists, D,, f(x) exists and D,, f(z) = Vf(z) - vg}

It is clear that by the subadditivity of the Lebesgue measure for each k& € N we have £™(U \ Ax) = 0
and then £" (U \ (3—; Ax) = 0. Denote A = (2, Ax. We now aim to show that f is differentiable at
every point x € A. Observe that if x € A then

Dy, f(z) =V f(x)- vy, foreveryk e N. (2.3)

Warning: Even if for a point z € U there exists D, f(x) for all directions v € S"~! with D, f(x) =
Vf(z) - v, we do not necessarily have the differentiability of f at x. Indeed, there are examples of
Gateaux differentiable functions at a point x (i.e. there exists all directional derivatives at ) whose
Gateaux derivative is linear (hence continuous), but nonetheless f is not (Fréchet) differentiable at x.
Such examples cannot be Lipschitz in any neighborhood of .

Continuing with the proof, for a given z € A, v € S ! and t > 0 define

flz+tv) — f(z)

Q(x,v,t) = ;

—Vf(z)-v

We assert that it is enough to prove that for every x € A and for every € > 0 there exists § > 0 so that
|Q(z,v,t)| < eforall0 < t < §and all v € S"L. Indeed, if this is the case, we readily obtain the
differentiability of f at every x € A: For a given x € A and ¢ > 0 take § > 0 as mentioned above. Then
for every 0 < |y — x| < § we can write y =  + t, v, for some 0 < t,, < § and some v, € S" !, and we
obtain that

fy) = flx) =V f(z) (y — )
ly — z|

_ ‘f(l’ + ) = f(@) = Vf(z) - (tyvy)
[tyvy]
_|fe )~ f@)
ty

= V(@) vy =[Q(z,vy,t,)| <e,

which yields to
i W) — (@) V(@) (y —2)

y—a ly —

=0.

So, to finish the proof let us fix x € A and € > 0, and let us try to find § > 0 so that |Q(x,v,t)| < ¢
forall0 < ¢t < 6 and all v € S™~!. We need to quote some properties:
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(a) Forevery x € Aandi = 1,...,n using that f is L-Lipschitz we have

of . lim f(z+te;) — f(x)

< L.
ox; ( t—0 t

(b) Forevery v,w € S"~!,¢t > 0and z € A, by using (a) and again the L-Lipschitzianity of f,
Q(z,v,t) — Qz, w, )| < (vVn+1)Lv —wl.

(c) Given € > 0, since {vg}r>1 C S™~1 is dense and S™~! is compact, we can choose p € N
sufficiently large so that for any v € S™~! there exists j € {1,...,p} so that

g
oyl <

2(v/n+1)L°
(d) For any x € A we have that for all k£ € N,

lim Q(x,vg,t) = Dy, f(x) = Vf(z)- v =0.

t—0t

Let us finish the argument. Take x € A and € > 0. Next, choose p € N as in (c) and observe that by (d)
we have

lim Q(z,vg,t) =0 forallk=1,...,p.
t—0+

By definition of limit there exists § > 0 so thatif 0 < ¢ < J we have
|Q(z,vg, )] < % forallk=1,...,p. 2.4)

Hence, given any 0 < ¢ < § and v € S"~!, by choosing j € {1,...,p} as in (c), and by using (b) and

(o)

Q. 0,0] < Qv D] +1Q(w, 03, 6) = Q0. ) < 5 + (Vi + DLjo— vl < 5+ 5 =

B E.

2.2 Stepanov theorem

The main goal of this section is to prove the following generalization of Rademacher’s theorem due to
Stepanov.

Theorem 2.7 (Stepanov, 1923). Ler U C R"™ be open. Then a given measurable function f :
U — R is differentiable L™-almost everywhere if and only if for almost every x € U,

[f(y) = f(2)]

lim sup ———+— < +o0.
y—a ly — =

It is clear that all L-Lipschtiz functions satisfy that

limsupM <L <400
y—e |y —al
for all z € U. So Stepanov’s theorem is indeed a generalization of Rademacher’s theorem.

Before proceeding with the proof, we recall some preliminary notions and fundamental results. The
first is the celebrated Lebesgue differentiation theorem.
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Theorem 2.8 (Lebesgue differentiation). If f € L} (R™) then

loc

}ig(l) L”(Bl(x,r)) /B(x, r)f(y)dy = f(x) for almost every x € R".

And if f € LF (R™) for some 1 < p < oo then

loc

. 1 /
lim —— fly)— f(x)Pdy =0 foralmostevery x € R". (2.5)
r—0 En(B(lC,T)) B(z,r) | ( ) ( )|

We say that z € R™ is a Lebesgue L? point of f whenever (2.5)) holds.

Definition 2.9. Let £ C R" be a measurable set and x € R™. We say that F has density 1 at = (or that
x is of density 1 on E) if
n
lim LM B(z,r)NE)
r—0  L"(B(z,r))

And we say that F has density 0 at = (or that x is of density 0 on F) if

=1.

lim LM B(z,r)NE)

LBy

Example 2.10. The set £ = {(z,y) € R?: 0 < 2 < 1, —2% < y < 22} satisfies that 0 = (0, 0) is of
density O on E. Indeed
. L"(B(0,r)NE)
lim

r—0 2 r—=0 7

Lemma 2.11. Let £ C R"” be a measurable set. Then
1. Almost every point x € I is of density 1 on E.

2. Almost every point x € R™ \ E is of density 0 on E.

Proof. Let f = x g be the characteristic function of the set F, that is
(@) 1, ifxekl
x) = .
XE 0, ife¢E

We have that x g is a measurable function and yg € Llloc (R™). By using the Lebesgue differentiation

theorem (Theorem 2.8) we get that for almost every = € R”,

1
lim ————— = .
Tl_I}(l) L£r(B(z,r)) /B(x,r) xe(y)dy = xe(z)

In particular

1. For almost every x € FE, since xg(z) = 1,

| . LYB(z,r)NE)
e R L

2. For almost every = € R™ \ E, since xyg(z) =0,

=0.

. 1 _ i £B@ 1) N E)
8 BB D0 = 5 S50
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Proof of Stepanov theorem (Theorem[2.7). We need to prove two implications:

=>): This one is easy. If f is differentiable at almost every point x € U, then for almost every z € U
there exists V f(z) € R” so that

[f(y) = f(x) =V f(z)-(y — )|

lim =0.
y=e |y — |
Therefore
tmsup EO =F@1 oo @) = f@) = V@) - (y—2) + V(@) - (y — 2)]
y—z ly — 2| y—z ly — |
< limsup L@ = @) = V@) =) V@) (- )
y—z ly — | y—z ly — x|
= 0+ lim sup Vi) (y — )]
Y—T \y — x]
< limsup |V f(2)| = |V f(2)| < +oc.
Yy—T
<): Let
A= {:L‘E U:limsupM < +oo}.
y—o |y —al

We have by assumptions that £™"(U \ A) = 0 so our goal is to prove that f is differentiable at almost
every z € A. We split A as follows. For every k& € N define

_ @)~ 1)

1
Ek:{xEA:]f(xﬂ_ , §kif!ym|<}

|z =yl k
Let us check that A = |, oy £k Take x € A. Then
lim sup M =k < 0.
y—a ly — |

Then there exists k2 > 0 so that whenever 0 < |y — x| < é then % < k1 + 1. Lastly, let
ks = |f(z)|. By letting k be the closest upper integer to max{k; + 1, ko, k3 } we have x € Ej}.

It is enough to prove that f is differentiable at almost every point z € E}, for every k € N. Let us
then fix k € N.

Observe that f|g, is Lipschitz because:
* Ifz,y € Ej, with |z — y| <  then | f(y) — f(z)| < klz — y].
e Ifz,y € Ej, with |z — y| > § then |f(z) — f(y)| < 2k < 2k*|z — y].

We now apply the McShane extension theorem (Theorem|[I.5)) to the Lipschitz function f : Ej, — R and
find F}, : R" — R Lipschitz with F|g, = f. By Rademacher theorem (Theorem [2.1), we have that F},
is differentiable £™ almost everywhere on R™.

For the rest of the proof we want to show that f is differentiable at every differentiable point of
F}, that belongs to £} and that moreover is a point of density 1 on Ej. Note that, since the set Ej, is
measurable (we leave this fact as an exercise for the reader), £™-almost every x € E}, is of density 1 in
FE}.. Therefore, let us call

A ={x € Ei : xisof density 1 on Ey} N {x € E}, : F} is differentiable at z }.

and let us verify that f is differentiable at every x € Ay with V f(z) = VF(x). With this, the proof will
be complete.



23

Take x € Aj. On the one hand

i @) = @) = VR@) - -o)| _ | [Fly) ~ Fle) - VF(@) - (y — 2)

o v = v -
yEEy yor yEEy yor

by the differentiability of F}, at x. Consequently, one only needs to prove that

o W) = f@) = VE@) -y -2) _
e ==

To deal with that limit it is crucial to use the next key fact, that allow us to change points y ¢ F}, for
points y € Ej, that converge to x faster than y converges to . This will be possible to do because x has
density 1 on Ej and, intuitively, this means that ”most” of the surrounding of = are points of Ej.

Key fact: For every y ¢ Ej, there exists ¥ = y(z,y) € Ej, so that lim ||y — y|| =0
y—zly —x

Proof of the Key Fact: For every r > 0 define
L"(B(x,4r) N Ey) L/n
h(r)y={(1- 4
0= (- Sraam) v
* If there exists 79 > 0 so that h(rg) = 0, then L"(B(z,4r9) N E) = L"(B(x,4ro)). Then, if

y € B(z,4ry) we take § € B(y, |y — z|?) N Ex # 0. And if y ¢ B(x,4rq) we take any § € Ej,.
In this way,

_ 2
i 1Y Yl < lim ly—=z®
vy —xf Ty [y —
 If h(r) > 0 for every r > 0 then one can check that by the density 1 of = on Ej,
h(r)

lim —= =0, (2.6)
r—0 7r
and moreover
L"(B(0,h(r))) = L*(B(x,4r)) — L"(B(z,4r) N Ey) = L"(B(z,4r) \ Ek). 2.7

Hence, for every y ¢ Ey, if we call r = |y — x|, and assuming that » > 0 is sufficiently small for
h(r) < r to hold (this is possible due to (2.6)) we have

B(y,2h(r)) N Ej # 0.
Otherwise, since h(r) < r, then B(y, 2h(r)) C B(x,4r) \ Ej and therefore
(B, 4r)\ By) > L2(B(y, 2h(r)) > L(B(0, h(r)).

which contradicts (2.7). This means that for every given y ¢ E}, whenever r > 0 is small enough
so that h(r) < r we have B(y, 2h(r)) N Ej, # () and we may take y € B(y,2h(r)) N Eg. If r > 0
is big we take any y € Ej. We conclude the proof of the Key fact by writing

_ 2) —
lim ly — 7| < lim h(ly — )
y=z |y —x| Tyoe |y — o

=0.

We can now finish the proof of Stepanov’s theorem. Take = € Ay, y ¢ Ej and choose y € F, as in
the Key fact. We have

f(y) = f2) = VEFp(z) (y—2)| _ |f(y) = Fr(z) = VF(2) - (y = 2)|

ly — x| B ly — x|
< |f(y) —Fk(ﬂf)|—VF|k(x) (Y — )| . !VFk(|90) : (?7|—y)!
y—x y—x
M0 =10 10D =Rle) = V) G=2) 8=



24 Rademacher and Stepanov theorem

We analyse each of these three summands separately. For the first one, by the definition of Ej, we know
that for every y € Ej, with |y — y| < 1/k we have |f(y) — f(¥)| < k|y — 9|, so the Key fact gives

o W) — 1@

<klim Y g
y=r |y — zf

T ualy—af
For the second term note that f(y) = Fj(y) so we can write

f(§) — Fi(@) = VE(z) - —2)| _ |Fe(§) — Fi(x) — VE(2) - (7 — 2)| |§ — 2]
ly — x| |y — | ly — x|

Since y — x implies ¥ — x, by the differentiability of F}, at z and since

limsup|y — 7| < limsup|y_y| +1=1

yoz Y= T yoe |y — 7|

(again using the Key fact), yields to

o @) = Fil@) = VF(@) - G = 2)

= 0.
y— ly — x|

Lastly, for the third term, by a direct application of the Key fact we get

-yl _
ly — zf

;EI;:WFIC(HT)

The proof of Stepanov’s theorem is finished.
O

Last comment: For a point x of density 1 in a measurable set E C R™ we know that we can define
for every y ¢ E some y so that
tim =9 _
v |y — |

(2.8)

It is interesting to note that for a given o > 1, and some fixed z € R", one can build examples of
measurable sets 2 C R” so that  has density 1 on E but with the property that for some sequence
Yn — x we have that
. dist(yn, E)
lim ———————=

n—oo |y, — x|

£0

In other words, the convergence in (2.8)) can not be improved to have a bigger exponent o > 1 in the
denominator.
For an specific example think simply about the real line, where we remove small intervals

I, = (yn - ygayn +y${)

with (yn)n>1 C (0, +00) converging to zero and with 1 < o’ < a. We do this in such a way that 0 will
have density one on E':= R\ |J,,>; I, but so that
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Exercises

1. Prove the following statements:

(a) If f : [a,b] — R is absolutely continuous then f is continuous.
(b) f(x) = +/x,z € [0,1] is absolutely continuous but not Lipschitz.

(c) Given an example of a Holder continuous function of exponent « for all & € (0, 1) but not
Lipschitz.

2. Prove the existence of functions f : R? — R with £(0,0) = 0, so that are Lispchitz on the unit
ball, Gateaux differentiable (in every direction) at (0, 0), but are not diffeentiable at (0, 0). Recall
that f is said to be Gateaux differentiable at a point 2y € R? if for every unit vector v € S"~! all
directional derivatives exist

flz+tv) — f(z)

; .

va(ﬂﬁo) = }g%

3. Do there exist Lipschitz functions f : R — R which are not differentiable at the rationals Q C R?
If the answer is yes, provide an example.

4. Given two open sets U,V C R™ with U C U C V, define explicitly a function & : R" — [0, 1] of
class C®° withh =0onR"\ V and h = 1 nn U.

5. (Absolutely continuity of the integral) Let ' C R"™ be a (Lebesgue) measurable set. Let also
f: F — [0,00) a (Lebesgue) measurable set so that f € L*(F). Prove that for all ¢ > 0 there
exists § > 0 so that if A C F' is measurable with £L"(A) < 6 then [, f(z)dx < e.

6. Prove that there exist functions f : R — R that are differentiable almost everywhere for which
there do not exist weak derivatives. That is, there does not exist any integrable function g €
L} (R) so that

loc
/ 9(0)p(a) dr = / f@)d (@) de Vo € CF(R).
R R

Do there exist such kind of examples for continuous functions? Do there exist such kind of exam-
ples for Lipschitz functions?

7. Let f : R™ — R. Prove that
o If f is measurable and k£ € N, then the set
Ep ={z eR": [f(2)| <k, |f(y) — f(2)] < kly — z[V]y — x| <1/k}

1s measurable.

o If f is differentiable almost everywhere then f is measurable. Moreover, prove that the
differential V f (extended by 0 where it does not exist) is a measurable function too.

8. Let f : R — R be a function so that for all z € R,

limsup 2 = F@
yoo |y =7
Prove that f is a continuous function (in particular measurable) and that, if £(N) = 0, then

L(f(N)) =0.
9. Let Q be a domain of R"™ so that there exists ¢ > 0 so that for all » € (0,1] and all zz € Q,
LN B(z,r)) > cL(B(z,71)).

(Domains with this property are called Alhfors n-regular or domains with the measure density
condition). Prove that £"(9€2) = 0. (Hint: Use the Lebesgue differentiation theorem).
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Chapter 3

Rademacher theorem for Sobolev
functions

Let €2 C R™ be an open set and let £™ denote the Lebesgue measure. The goal of this chapter is to prove
the next result.

Theorem 3.1. Let f € WP(R") for some n < p < co. Then there exists a representative of
f that is Holder continuous with exponent a(p) = 1 — % which moreover is differentiable at L™
almost every point v € R™.

Before going into the details of the proof, we need to make a quick introduction to Sobolev spaces
and some of their properties. Finally, we aim to state the important Morrey’s inequality, which will be
the essential tool for the proof of Theorem 3.1}

3.1 Introduction to Sobolev spaces

Sobolev spaces are subspaces of LP spaces where there exists weak derivatives up to some order belong-
ing as well to LP. These spaces arise naturally in the theory of Partial Differential Equations. Namely, it
is the correct setting to consider solutions of boundary value problems of differential equations, because
strong tools from Functional Analysis may be used. Another idea behind Sobolev spaces is that they
provide a space where there is an equilibrium between smooth and rough functions.

Recall that for us C3°(€2) denotes the space of test functions given by

{p e C®(Q) : supp(p) :={x € Q: ¢(z) # 0} C Q is compact}.

Weak derivatives arise naturally after the following observation: For every f € C!(Q) if we take
© € C°(2), by integration by parts we get

/Qfgzdx:—/ggigodfc 3.
for each i = 1,...,n (the integral over 0f) does not appear since ¢ has compact support on €2). More
generally if k € N, f € C*(R"), a = (a1,. .., ) is a multiindex of order |a| = a1 + --- + oy, = k,
then if D* = 52

/QfD%da: = (—1)l /QDafcpdx. (3.2)

We obtain this by applying (3.1) & = |« times. Regarding these expressions, in (3.2]), we note the that
left-hand side term is well defined whenever f € Li (). The expression at the right-hand side yields

loc
to the definition of weak derivative of functions in Lj, ().
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Definition 3.2. Let f, g € Lllo () and o a multiindex. We say that g is the at" —weak partial derivative
of f, written D f = g, if

/fD%dw—(—l)'a/gwdw, Vo € C2(Q).
Q Q

If the a® —weak partial derivative of f exists then, by Lemma it is unique up to a measure zero
set. And, in the case that f € C'((2), the derivative in the usual sense coincides with the derivative up to
a measure zero set.

Definition 3.3. Let 1 < p < co and k € N. We define the Sobolev space W*P?(Q) = WkP(Q;R) to
be the set if functions f : 2 — R in L], (€2) such that for every multiindex o with || < k, D f exists
in the weak sense and belongs to LP(€2). The space W/ZIZCP(Q) consists of those functions that belong to

WFP (V) for every V' C Q open with V' C Q compact.

Notation: We write WP (Q) = LP(9). And for the special case p = 2 we usually write H*(Q) =
WH2(Q), k € NU{0}. The letter H comes from Hilbert, because these spaces, with an appropriate
norm, are Hilbert.

As in LP, we identify functions in W*P () that are equal almost everywhere. We endow these
spaces with the norm

1/p
I lwes@y = | > /D“fl”dm L 1<p<o
0<a]<k /¥
Iflwroeq) == D esssup|Df].
0<[al<k Q@

where the essential supremum is defined as ess sup f :=inf {\ e R: L"({x: f(z) > A\}) =0}.
Q
We highlight the following important result.

Theorem 3.4. For each k > 0, 1 < p < 0o, the Sobolev space WFP(Q) = (Wk’p(Q), | - ||Wk,p(9)) is
Banach. Moreover, W’“’p(Q) is reflexive for 1 < p < oo and separable for 1 < p < oo. Additionally,
Wk2(Q) = H¥(Q) is a Hilbert space.

Proof. One may find a proof in classical books like [11]]. O

We also note that the Sobolev spaces W1P(R"), 1 < p < oo, are isomorphic to LP(R") (see [21],
Theorem 11]).

Now we move to the question whether these functions admit approximations by smooth ones, and if
so, in which sense. We need to talk about convolution and mollifiers.

Definition 3.5. Let § : R™ — R be the next C°° function

1
Cel=P-1 i |z| <1
§(z) =

0 si |z >1

where C' > is chosen so that [5,, d(z) dz = 1. We define now for every ¢ > 0 the mollifier

bu(w) = ~5

= (2)

Note that . is of class C*° satisfying de(z) = 1 and supp(d:) = B(0,¢).
R”
!The given norm for W*?(Q) with 1 < p < oo is equivalent to I fllwee ) = 2Zo<iai<k 1P fllLr@)-
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Definition 3.6. If f € L} (Q) we define f€:= 6.+ f: Q.: = {2 € Q: dist (x,00) > ¢} as

fo(@) = /Q 5oz — y)f(y) dy = /B o By = /B o S e

Mollifiers are very useful to prove the next result, about approximating Sobolev functions by smooth
ones in different ways.

Theorem 3.7. Let f € L}, (). Then the following is satisfied:
1. Foreache > 0, f¢ € C*(,).
2. If f € C(Q) then f* — f uniformly on compact subsets of §Q.

3. Iff € L} (Q) for some 1 < p < oo then f¢ — fin LY

10c(82), and moreover f*(x) — f(x)
for every Lebesgue point x of f.
4. Iff € W/IIZ’CP(Q)for some 1l <p < ooandk > 1then f¢ — fin VV;ZCP(Q)

5. If f € WFP(R™) then f¢ — f in WFP(R™). In this case f¢ € C°(R™).

\. J

Proof. (1) Fix z € Q,, 1 <1 < n and h sufficiently small so that x + he; € €. (e; denotes i-th vector
of the canonical basis of R™). Then

fg(x-i-f;Lei)—fE:/Q[(se(x"i'hei_ y) = O=(z )] fly)dy =
$+hez zthe;—y
- gin ) ( Z f(y) dy
othei
_ § ; ( 2 I (y) dy (33)

form some open set V' CC € with V' C € compact. Being able to restrict the integral to certain V is due
to the fact of how the supports of the functions § act on the integrals. Now, by the regularity properties

of 9,
1 r—vy he; r—y\| _ 100 (z—y\ 00
}lllg(l)h[6< € + 5>_5( € )]_5axi( € _Eaxi(ﬂ” v)

uniformly ony € V.
Moreover, aiming to use the Dominated Convergence Theorem, we observe that the absolute value of
the integrand is bounded

1‘6<x+h6i—y>_5<x
h €

N

T+ he; —y
€

s < yipsce)

- y] )] <
heZ

IN

1 1
2 1Ddllpe || [f W) < 2 Ddllz<| f(w)] € LH(V)

where ¢ is some point in the segment joining “—¥ and % We can use the Dominated Convergence
Theorem in (3.3) to conclude that

ofs .. f(w+he)— f(x) [ 06

(z —y)f(y) dy.

A similar argument proves that all partial derivatives of f° exist and are continuous everywhere on {2..
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(2) Let V.C W C Q be open sets with V. C W and W C ) compact sets. For each y € V/,

fo(x) = 6% /B(m) 5 (”3 ; y) Fy) dy = /B(O,l) 5(2)f(z — 2) dz.

Since / d(z)dz = 1, we have
B(0,1)

@) - f@I< [ 8 - e2) - fa)] e
B(0,1)
Moreover, f is uniformly continuous on W (f € C(2)) and because £ > 0 is sufficiently small, f(x —
ez) e W(xeV,ze B(0,1)) we get that f¢ — f uniformly on V.
(3) Take open sets V C W C Q with V. C W and W C  being compact. We assert that for & > 0
sufficiently small
1 N zevy < N llzeowy- (3.4)

Firstly, if 1 < p < oo and z € V, we have

()] = /B o SN ez | < /B o NG el =

1717 1/p
= z 1_% Z% xr —EZ z z z z Xr —EZ p z .
—/12(071)5<> 8()7 | f(w — e2)| d= < (/3(071)5< >d> (/B(m)a( (@ —e2) d)

Next, taking 1 < p < oo, we have

/V!fa(x)\”dx < /V </B<o,1> 5(z)]f(:r—sz)]pdz> dz =
[ o (e epa) i< [ s ([ wpa) a= [ s

for ¢ > 0 sufficiently small. We get hence (3.4).

Letnow 6 > 0. Since f € LP(W), we can choose g € C(W) so that || f — g|| »(w) < 0 (for the density
of continuous functions on the spaces P, 1 < p < oo we refer to [23, Page 69]). We can write the
following.

1£5 = fllev) <= g lleevy + 1195 — glloqvy + 119 = Fllzevy <
<|\f = glleeowy + l6° = gllzeevy + g = fllrvy <
<26+ (|9 = gllr(v)-

Thanks to the fact that g € C (W), by (2), we have that g° — ¢ uniformly on V' CC W, and then
g° — gin LP(V). Therefore, lim sup,_,q || /¢ — fl[zr(v) < 20 and being § > 0 arbitrary we conclude
that f¢ — fen LY (Q).

loc
Let us show that lim._,o f¢(z) = f(x) for every Lebesgue point = of f. Hence, let z € R™ be a
Lebesgue point of f. Recalling that | Blre) 0c(z — y) dy = 1, we have

(@) - f(@)] = /B L)~ 1) dy| < /B i) el dy
=L S(@— )/l W) — @) dy < |6 ey — / ) — F()) dy
€ B(z,e) € B(z,e)

1
= Il enn gy, O~ @y
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Taking limits € — 0, and using that z is a Lebesgue point of f, we conclude the argument.

(4) Let us first check that
(D¥f)* =0-%«D*f in Q. if 0<|a| <E. (3.5)

Indeed, if we take = € Q., using that . (x — y) € C°(Q) for every y € € and integrating by parts

(D) / b5:(x — ) f(y) dy = /Q DS (x — ) f(y) dy =
= 'a/Jwax— )fy)dy = (—1)l°l(— k{/ax— )D° f(y) dy =
=(0xDf)(

Take now V' C Q open with V' C © compact. Since D®f € LP(V') (note that f € L} (£)), using (3),
(DYf)* =0« D*f —— Df en LP(V)
e—0

forall 0 < || < k. Subsequently

152 = flny = D IDF* = DSl —2 0.

—0
0<||<Ek

(5) This is left as an exercise for the reader. The proof uses similar techniques as those in (4).
O

A stronger result about smooth approximations in WW*?(£2), not only in VVZIZCP(Q), for an arbitrary
open set {2 C R" is the next one, due to Meyers and Serrin.

Theorem 3.8 (Meyers-Serrin,). Let f € W*P(Q) for some 1 < p < oc. Then, there exists a
sequence { f;}52, C WEP(Q) N C>(R) so that

fi —— f en WFP(Q).
71— 00

Proof. We follow [12|, Page 125] and [11} Page 251].

We define
={z € Q: dist(z,00) > 1} N B(0,k), k=1,2,...

Qozfl)

and we write Vi, = Qp11\ Qk—1, k = 1,2..., whose closure is compact in . Fix ¢ > 0 and let {&, }72 ,
a smooth partition of unity subordinated to the open covering {V}},—,, that is,

£, €CP®(Vy), k=1,2...
0<& <1, k=1,2,...
Z}iozlszl in Q

Foreach k = 1,2..., we have f&, € W"P(Q). Indeed, one can check this fact directly by definition,
first for the case of multiindexes of order || = 1 and then applying induction (see [[11, Page 261]).
Moreover sop(f&x) C Vi, so using the previous result about convergence in WIIZC”(Q) (Theorem
there exists € > 0 so that

{ sop(de, * (f&k)) C Vi
10, (f&c) fekllwrro) < o

Define f. = > 72 e, * (f&k)-
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o fe € C™(Q) because for every point = € § there is only a finite number of terms in the infinite
sum that are not zero.

e Since f = > 72 f&, we have

o0

1£: = Fllweoco —||Z o+ (f6) = FEllwny S Y o5 =<

k=1
We get the result from here. This is, we have proved that WP (Q) N C>(12) is dense in WP(Q).
O

3.2 Sobolev embeddings. Morrey’s inequality
We now turn to talk about the well-known Sobolev embeddings. We distinguish different cases:

1. Case 1 < p < n: We have the Gagliardo-Niremberg-Sobolev inequality, which states that for
every f € WLP(R"),

| fll o= @ny < C(n, p) | Dfl o gr),

where px = P particular, the embedding W1P(R") C LP*(R™) is continuous.
n—p

2. Case p = n: In this case, we only mention that W1"(R") C Ly (R™) for every 1 < p < oo, and
that there exists functions in W™ that do not belong to L>°. For counterexamples, we refer to the

exercise sheet at the end of this chapter, or to Example 6.38 of [9], or to [17, Pages 123-125].

3. Case p < n < oo: In this situation we have Morrey’s inequality, stated below in Theorem [3.9]
and to which we dedicate more time. But, as a consequence, we get

WEP(R™) ¢ CO/P(R™) N L®°(R™).

Theorem 3.9 (Morrey inequality). Let Q2 C R™ be open and suppose n < p < co. Let B(x,r) C
Q be any open ball. Then, for L™-almost every y, z € B(x,r), there exists a constant C' > 0,
depending on n and p, so that

fy) - f2)| < Cri™s (/B( )\Df(w)l” dw) Vf e Wh(Q). (3.6)

For the proof we follow [12}[19]. We need first a simple preliminary lemma.

Lemma 3.10. Let f : R® — R with f € CY(B(x,7)). For each 1 < p < oo there exists
C(n,p) > 0 so that

/ @) = )P dy < Crmiv? / DF )Pl — =" dy
B(z,r) B(z,r)

forall B(x,r) C R" and z € B(x,r).

Proof. Name B = B(x,r). Fory, z € B, using that f € C*(B), we have

1 1 1
F)=1) = [ Gt vt dt = [ Dfrtly=2) =)t = [ Dferity=2) dtr—2).
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Hence, .
@) — FEP < |y — 2P /0 Df(= + tly — )P dt,

and for every s > 0,

[ = sepan < [ s ([Ni0se ity - ppar) ane
‘Sfémm@ﬁ<A”Df@+t@—z»Wﬁ)d%ﬂ1@»

Performing the change of variables w = z+t(y—z) (jw—z| = ts), we have dH" " (y) = i dH" ! (w),
and we obtain

L |
_ p n—1 D P n—1
/BmaB(%S) @) - &) d# )< /0 tn—t </BQ8B(z,tS) DI dH v >> a

1
Sy (/ Df ()Pl — 2| cm"-l(w)> .
0 BNOB(z,ts)

Passing to polar coordinates (see Evans-Gariepy [12], pp. 118) it follows that

/, ) = S ) =2 [ D =
BNOB(z,s)

BNB(z,s)

Integrating again in polar coordinates and using that s > 0 was arbitrary, we get that

/|f P dy < Cln, p)r P / DF (w)Plw — 2" duw.
]

Proof of Morrey’s inequality (Theorem[3.9). Suppose first that f € C1(£2). The general case will follow
by an approximation argument.
Lety, z € B(x,r). Since f € C'(Q), by applying Lemma for the case p = 1 we have

[f(y) = f(2)| = ]{9( | [f(y) = f(2)[dw < ][ 1f () = fw)] + [f(w) = ()] dw

T

cr® . Y
S GG gy IO (= ™ =)

\T
n/2,n

Recall that L™(B(x,r)) = Vol(B(x,r)) = % = C(n,p)r™, where I is the well-known gamma
2
function. Then,

1) = FEISC [ DS (= 7 2017 d

p—1 1

» P P
< cff (ry—wrl-ww—z\l-”)p-ldw) (/ D >|Pdw)
~~ ( B(z,r) B(z,r)

Holder

Observe now that since y, z € B(z,r), we have |y — w| < 2r, |z — w| < 2r. A direct computation
shows that

Joo el )P s [t )
B(z,r) B(z,r)

— (2(27“)1_”)’7’171/ dw
B(z,r)
ot 1 ()

= C(n,p)rni(n*l)%,
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Going back to our previous expression, we can write

) - F(2)] < om0 35) 55 ( /B ( )IDf(w)!”dw> —or' 3 ( /B ( )IDf(w)Ipdw> ,

finishing the proof for the case f € C1(1Q).

S =
S =

Consider now the case when f € W'P(Q). By Theorem [3.8] we can approximate f ( because
p < 00) by functions of class C* converging in the norm of W1, That is, there exists { f; }io, C C(2)

so that f; miccN fin WHP(Q). These functions f; do satisfy Morrey’s inequality, as we already proved.

n

fily) — filz)| < Cr' 7w ( /B - \Dﬁ(w)\pdw) = Cr' 2 | Dill o (Beny)

Moreover, recalling the expression of the functions f;, and applying the basic properties of convolution
together with (3.3), we have

Df; =D (6, * f) =0z, * Df donde ¢; — 0

and
IDfill e By < 0]t @) 1D fllr By = 1D fllLrBr)):-
Therefore, .
fi(y) = fi@)] < Cr' 7P [Df | o(Ban)-

On the other hand, { f;} is an equicontinuous family of functions, so we can apply Ascoli-Arzela Theorem
to find the existence of a subsequence { fi } that converges uniformly to some f. Uniform convergence

implies convergence in Lj = and by the uniqueness of limits in L] = we conclude that f = f almost
everywhere.
We then get the validity of the result for the space W1P(€2). O

Let us state some consequences:

(1) The next result is a slight modification of Theorem [3.9]

Corollary 3.11. Let Q2 C R"™ be open, n < p < oo and some R > 0. Then for every ball
B(z,r) C B(0, R) we have that for L"-almost every y, z € B(x, ) there exists a constant
C > 0, only depending on n and p, so that
1—
[f(y) = f(2) < Cly — 2|

n

PIDfllto(B@ry V€ WHP(B(O,R). (3.7

Proof. Take a countable dense set {, } m>1 over B(0, R). Forevery m € N, letr,,  := {g € @ :
B(&m, ') C B(0, R)}. By using Theorem 3.9} each ball B(y,, 7' k) has an associated null set
Ny 1 sothat forall y, 2 € B(zm, Tm.k) \ Nm 1 We have holding. By letting N = ,,, 1. Vo k>
we have £"(N) = 0 and for every z,y ¢ N so that y,z € B(xp, 7 ) for some k,m € N we
have

() = £ < C0u0) i) PID (om0

Fix an arbitrary B(z,r) C B(0, R) and take y,z € B(z,r) \ N. Choose = € B(0, R) so that
B(z,|ly — #|) € B(x,r) and y,z € B(z, |y — z|). Next, define a sequence of points (&, )m>1
and a sequence of radii (7, j(m))m>1 s0 that z,,, — T and 7y, () — |y — 2| and so that y, 2 €
B(Zy, T k(m))- Therefore, we have

1£(W) = £ < C0p) Panim) ™" P ID I LBt o)
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2

and by taking limits m — oo we conclude that

1f(y) — f(2)| < C,p)ly — 2" "PIDfl o y—2n < Cp)|y — 2 PIDf | o8

O]

If we have f € W1P(R™), then for every j € N we have f € WP(B(0,4)). Call N; C R
the negligible exceptional sets where (3.7) does not hold. In particular, N = J i>1 IV satisfies
L"(N) = 0. We can say that for all z,y € R™ \ N we have

1f(y) = F(2)| < Cly — 2"~ 7 | Df | Logn), (3.8)

because x,y € B(0, j) for some j € N big enough. This means that f is Holder continuous of
exponent « = 1 —n/ponR™\ N. Since f is Holder continuous on a dense subset of R", it has a
unique extension to a Holder continuous function with same exponent defined everywhere on R".
This extension is a Holder continuous representative of exponent 1 — n/p of the function f and
satisfies (3.8). Call f (abusing of notation) this Holder representative. We have

[fllgoa=nrogny < C(n, Pl fllwe@ny-

Moreover, we also have that f € L>(R") with || f||pocgny < C(n, p)||fllw1rwn). Indeed, for
every z € R™ \ N, the inequality (3.8)) and the Holder inequality leads to

1
Lr(B(x,1)) /B(m) flw)dy

1
< G (e 0 100 01

; _ o |1-n/p
LBz, 1) /Bu,l) =y TIPS oy dy + C ) oy

< C(n, p)|l fllwre@ny-

| (@)] =

< C(n,p)

We then conclude that

WhP(R™) ¢ ¢O1"/P(R™) N L®(R™) continuously.

3.3 Proofs of Rademacher theorem for Sobolev functions

With the help of Morrey’s inequality, we can now prove the main theorem of this chapter, which is the

Rademacher theorem for W1 functions where n < p < co. Let us recall its statement.

Theorem 3.1. Let f € W1P(R™) for some n < p < co. Then there exists a representative of
f that is Holder continuous with exponent a(p) = 1 — % which moreover is differentiable at L'
almost every point ¢ € R™.

Proof. By the last comments (1) and (2) from the previous section, we can assume without loss of
generality that f is a bounded Holder continuous function with exponent « = 1 — n/p. Let us consider

the weak derivative of f,
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By the Lebesgue differentiation theorem (see Theorem[2.§), we have that

}ig(l) L’”(Bl(:n,r)) /B(IJ |Df(z) — Df(z)|Pdz =0 for almost every x € R". (3.9)

We will show that f is differentiable at every Lebesgue point of D f (that is, exactly at the points where
(3.9) holds), and the differential will be exactly D f(x). Observe that D f(z) € R™ is well defined

because we have )

D) = lim s / L DSy

Fix € R™ to be one of those points. Let also g : R™ — R be defined by

9(W): = fly) = fx) = Df(x)-(y —x), yeR"
Observe that g € WLP(B(0, R)) for every R > 0 (however, g ¢ LP(R")). Fix R = |x| + 2 and let
y € B(z,1) andr = |z—y|. By using the Morrey’s inequality (3.7) with the function g € W1P(B(0, R))
and since z,y € B(z,2r) C B(0, R),

9(y) — 9(x)| = |g(y)| < C(n,p)|z — yI""""|| Dyl Lo(B .20

1 1/p
=C(n,p)lr -yl (DL(B(%QT)) /B(MT) |Df(z) — Df(z)P dz> :

Therefore, if y € B(x,1) we have

1/p
) ~ f(z) = Df(@) - (y — o) 1 N D ds
! < C(n.p) (mm,m /| o IPFE =D >|Pd> -

By letting y — x, and hence r — 0, and using (3.9)), we conclude that at every Lebesgue point x of D f

o W) = J(@) = Df (@) - (v~ @)

y—a ly —

=0.

Corollary 3.11.  [. Let f € Wli’f(R") withn < p < co. Then f has a representative that is
differentiable L™-almost everywhere.

2. Let f € VVllofo(]R”) Then f has a representative which is differentiable L"-almost every-
where.

Proof. 1. We have f € WHP(B(0, 7)) forevery j € N. Let ; € C§°(R™) with ¢; = 1 on B(0, j).
Then it is an easy exercise to verify that f - ¢; € WLP(R™). Now apply Theorem to get
that f - ¢, is differentiable £"-almost everywhere. Therefore, since f = f - ¢; on B(0, j), f is
differentiable £"-almost everywhere on B(0, j). By covering R" = (J;-, B(0, j) and doing the
same argument for every j € N, and by the subadditivity of the Lebesgue measure, we conclude
that f is differentiable £™-almost everywhere on R".

2. It is enough to observe that W, (R™) € WL (R") for every 1 < p < oo and apply item (1).

oc loc

O]

We have just seen that Rademacher theorem for W1 functions relies heavily on the case W!?,
n < p < oo, where we did the hard work. But an interesting consequence of having the Rademacher
theorem for T/ 1> functions is that it gives an alternative proof of the classical Rademacher theorem for
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Lipschitz functions (Theorem [2.T)) once we prove that locally Lipschitz functions are functions belonging
to W1,

loc

Theorem 3.12. Every locally Lipschitz function f : R™" — R satisfies that [ € WZ}J’COO(R”).
Moreover, the same is true if we replace R™ with an open set () C R™.

Remark 3.13. The converse is also true, in the sense that every f € VVi)fo (R™) has a locally Lipschitz
representative. Moreover one can prove that Lip(R™) N L (R"™) = W1>°(R"). It is important to stress
out that the previous fact is not necessarily true for other domains €2 C R". Indeed, for a bounded
domain  C R™ we have Lip(Q2) N L>=(2) = W1°(Q) if and only if € is quasiconvexE] (This was

proven by Hajtasz, Koskela and Tuominen in 2008).

Proof. We mainly follow the proof given in [12]]. The case {2 C R" is an open set is left for the reader.
Let f : R® — R be locally Lipschitz. That is, for every open set V' C R" with V compact we have
that f|;- is Lipschitz. Let us take then an open subset V' with V compact and the theorem will be proved
if we check that f € W1H>°(V).
Firstly, using that f is continuous and V' compact we have

1 fllzee vy = sup | f(z)| < sup | f(2)] < oo.
zeV zeV

Secondly we aim to show that f has weak partial derivatives

of o
Oxy’ " Oy,
and each of them belong to the space L°°. For that take ¢ > 0 and fix 7 = 1, ..., n. Define now
t ) —
PP (L B

We have
sup |g} || e vy < Lip(flw) < oo,
0<t<1

where W = V + B(0,1) and Lip(f|w) is the least Lipschitz constant of f on W (note that W is
compact).
Take next a decreasing sequence (¢;);>1 C (0,1) with lim ¢; = 0. We have that
- J—0

(97 )21 C L=(V)

is a uniformly bounded sequence. Therefore, since every closed ball of L (V') is weak* sequentially
compact, there exists a subsequence (gfj )j>1, which we denote the same way, that weak™* converges to
some function g; € L>°(V). Let us explain briefly why every closed ball of L>° (V) is weak* sequentially
compact.

* By the Banach-Alaouglu theorem we have that the every closed ball of L>°(V') is compact in the
weak* topology, just because it is the dual of a Banach space.

« Since L' (V') is separable, we have that the unit ball of the dual endowed with the weak* topology
is metrizable. Indeed, for a Banach space X, we have that ( Bx~, w*) is metrizable as a topological
space if and only if X is separable.

* In a metric space, a subset A C X is compact if and only if it is sequentially compact.

%A domain Q C R" is said to be quasiconvex if and only if there exists a constant C' > 1 so that for every ,y € (2 there
exists a rectifiable curve +y joining x with y such that £(y) < Clz — y|.
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A proof of the Banach-Alouglu theorem can be found in [14, Theorem 3.37]. And, a proof of the
second fact follows from [14, Propositions 3.103 and 3.101].

In summary, we find that for every ¢ = 1,...,n the sequence (g? )j>1 is weak* convergent to some
gi € L>®(V). In particular, for every ¢ € C§°(V) C L*(V) we have that

tim | b (@)p(a)do = [ @)oo do (3.10)
1% 1%

J—00

On the other hand,

b Vo(z) dp — flz+tje;) — f(2) ) dp — xcp(x)—go(a;—tjei) N
| db@etar iz = | L dr,

so taking j — oo and using the Dominated Convergence Theorem together with (3.10) we get

/gz( /f 8%

The latter equality holds for every ¢ = 1, ..., n and for every ¢ € C§°(V). It follows that the functions
gi € L*°(V) are the weak partial derivatives of f on V. So we are done.

O]

Before finishing this chapter let us give a final version of Rademacher theorem for W' functions
f : R — R. This is the simplest case, where we can prove the following.

Theorem 3.14. Let [ € VVZ%)’Cl (R). Then f has an absolutely continuous representative in every
interval [a,b] C R that is differentiable L'-almost everywhere.

Proof. Once we prove that f is equal almost everywhere to an absolutely continuous function, by ap-
plying Theorem [2.4] we find that f is differentiable almost everywhere. Precisely, we will prove that the
precise representative of f, defined as

1
lim ———— / f(y)dy if the limit exists
f*(l') = =0 £n< (x,r)) B(z,r)
0 otherwise

is absolutely continuous on every [a,b] C R. Note that if o € (a,b) is a Lebesgue point of f, then
f(wo) = f* (o).

Fix an interval [a,b] C R and a Lebesgue point ¢ € (a,b) of f. Then for every n € N and letting
€n = 1/n > 0 consider f,, = d., * f, where J., is the standard mollifier from Definition 3.5. By the
smoothness of f,, and the fundamental theorem of calculus, we have

Yy
‘sznm+/cmwmuvmmCR 3.11)

Moreover, for every n,m € N and = € [a, b],

Mm>/Xm<MFﬁmmifwwwﬂ (3.12)
/n () ()]t + | fal0) — fin(0)] (3.13)

Observe that

* Since z¢ € [a, b] is a Lebesgue point of f, by Theorem 3.7](3), we have that

Jim fn(zo) = f*(x0).
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* Since f € VV;C1 (R), by Theorem (4), we know that f,, — f in W'1([a, b]). In particular,

(fn) = Df in L'([a,b])

From this, we get that (f,,)n>1 defines a Cauchy sequence in (C([a,b]),| - ||). that is, the space of
continuous function with the supremum norm in [a, b]. Indeed, given £ > 0, by the above facts, there
exists ng € N big enough so that for every n, m > ng we have

[fa(@0) = fmao)| < 5

and

T b b c
[ 1Oy Olde< 10 0-DiOldt+ [ DIO- () ©ldt< 5 Vo e fabl
Hence, for every = € [a, b] and for every n, m > ny, recalling (3.12),

’fn(x) - fm(x)| <Eé.

This proves that (f,,)n>1 C (C([a,b]), |- ||eo) is @ Cauchy sequence. Therefore, the sequence (fy,)n>1 is
uniformly convergent to a continuous function g : [a, b] — R. In particular, f,,(z) — g(z) everywhere.
On the other hand, it is also true that f,,(z) — f(z) for almost every = € [a, b] (again by Theorem
3.7), so we must have g = f = f* almost everywhere.
Furthermore, by letting n — oo in (3.11)), we can write

Y

o(y) = glx) + / (DF) )t Ve,y] C (5]

T

Here we are using the pointwise convergence of f,, to g, the L!-convergence of (f,,)’' to D f on compact
intervals, and the fact that D f = D f* almost everywhere.

Finally, observe that the continuity of ¢g and the fact that f = ¢ almost everywhere gives that for
every = € [a,b],

o A _
ll—%»mB(W/B(x,r) fy)dy = }_>0 Lr(B(z, ) /B(:z:,r)g(y) dy = g(x),

therefore f* = g everywhere. In particular,
€T
1@ = @)+ [ DU e
o

By applying Theorem [2.4] we conclude that f* is absolutely continuous.
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Exercises

1. Prove the following:

(a) Forn < p < oo, if f € WIP(R™), the following limit exists for all z € R™.

1
lim ———— dy.
e I IRLL
(b) If for a function f : R™ — R there exists & > 1 and C' > 0 so that
|f($)_f(y)| SC(|x_y|067 VLU,:I/ER”,
then f is a constant function.

2. Prove that the space of Holder continuous functions with exponent o € (0, 1) and bounded, en-
dowed with the norm
[f(z) = f(y)]

£l = 1l fll oo (mn) + sup
’ H ’ (R™) by ’x_y’a
forms a Banach space.

3. Prove that the function f : R? — R given by

oy = [1oe (o (14 5) )+ =0
0

0, ==
belongs to W12(B(0,1)), but f ¢ L=(B(0,1)).

4. Letn > 0. Prove that f : R> — R defined by f(x) = |z|~" satisfies f ¢ W1P(B(0,1)) when
2
p > 2 and that, whenever p < 2 and < = — 1, then f € W1P(B(0,1)).
p

5. Given a couple of functions f € W1P(R") and ¢ € C§°(R"), prove that fo € WIP(R") by
estimating its Sobolev norm.

6. Prove that the f : [0, 1/2] — R defined by

) 10;, v e (0,1/2)

0, =0

is not Holder continuous for any exponent @ € (0, 1], though it is absolutely continuous. Moreover,
give an example of Holder continuous function which is not absolutely continuous.

7. Prove that the domain Q C R? given by
Q=B(0,1)\{(z.y) eR*: 0<w <1, [y <a?}.

is not quasiconvex. Latter, give an example of a function f : ) — R which satisfies f € W1>°(Q)
but so that f is not Lipschitz on €.

8. Prove that if a function f : R" — R, n > 2, is locally integrable (f € L}, .(R™)), then

1
H! ({xER”: limsup —— ]f(y)]dy>0}> =0
r—0 T B(x,r)
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Chapter 4

Hausdorff measures

This chapter is intended to be a brief introduction to Hausdorff measures. We basically follow [[12].

Definition 4.1. Let A C R" bea set, 0 < s < coand 0 < § < oo. We define the s-dimensional
d-Hausdorf{f content of A as

H3(A) =inf Y " diam(Cy)* : AC | ] Cj, diam(C;) <6
j=1 i>1

We define the s-dimensional Hausdorff measure of A as

HP(A) = lim H3 =supH5(A)
d—07+ §>0

(observe that the mapping 6 — H3(A) is decreasing).

There are other definitions of Hausdorff measures. For instance one could sum > 2%, a(s)(diam(C})/2)*
s/2
instead of Z;)il diam(Cj)s, where a(s) = m and P(t) = fooo e Zxt=1 dzx is the Gamma func-

tion. The reason is to have H" = £™ on R" as will be shown in Theorem [4.3]

Theorem 4.2. For every 0 < s < oo we have that H?® is a Borel regular measure (exterior) on
R"™. (If s < n it is not a Radon measure)

Proof. We start by showing that H3 is an exterior measure for every 4 > 0. First, it is clear that
H3(0) = 0 (we understand diam(()) = 0. Second, we take A C R"™ and {A}p>1 C R” so that
A C Ug>1 Ak, and we want to show that

My (A) <> H3(Ag) (4.1)

£
Il
—

Indeed, for every k € N we take a covering Ay C (J;5; Cj so that diam(Cj ;) < 4. Then

AC UAkC U Cj’k

k>1 Gk=1

and therefore

My (A) <D diam(Cjp)°.

By taking infimums over all possible coverings {C'; 1.} j>1 of Aj we easily conclude (4.1)).
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The second step of the proof is to show that H° is also an exterior measure. Again H*(()) = 0 is
clear. For the subadditivity we take {Ay}r>1 C R™. For every 6 > 0, since Hj is a measure we have

U Ar | <D Hs(Ar) < sup H3(Ar) = ZHSAk
k=1

k>1 k=19">0

Now, by taking limits § — 0" we conclude that H* (Uk21 Ak> <3 el HE(Ag).

The next step of the proof is to show that #*® is Borel. For that we will use Caratheodory criterion
(see [12, Theorem 1.9]) asserting that a measure p is Borel on R™ is for every two sets A, B C R" with
dist(A, B) > 0 we have (AU B) = u(A) + u(B). Indeed, for A, B subsets of R™ with dist(A, B) > 0
let 0 < § < dist(A, B)/4 and let AU B|J;~, C) be covering such that diam(C}) < 6. Define the
families of indexes -

A={jeN: CjNA#0} ; B={jeN: CinB+#0}.

Itis clear that A C (J;c 4 Cj, B C U, Cj and that C; N Cj = () whenever i € A, j € B. Hence

Z diam(C})® > Z diam(C;)* + Z diam(C;)* > H5(A) + H3(B).
j=1

JjeA jeB

By taking the infimum over all possible coverings AU B C ;> Ck with diam(Cy) < ¢ we have
H3(AU B) > H3(A) + Hi(B).

Letting § — 0* we get H*(AUB) > H*(A)+H*(B) and by the subadditivity of H*® we get H*(AUB) <
H*(A) + H?(B), so we are done.

The final step of the proof is to show that 7° is Borel regular, that is for every A C R™ we must
find a Borel set B D A with H*(A) = H*(B). We will use that for every set C C R™ we have
diam(C') = diam(C), which in particular allows us to write

= inf Zdlam tAC U Cj, diam(Cj) < ¢, Cj closed

7j>1

Take A C R" with H*(A) < oo (otherwise we can let B = R™). Then H3(A) < oo for every
d > 0. For each k € N we will choose a family {C} ;. };>1 of closed sets with diam(C} ) < 1/k, with
A C Uj»1 Cjx and such that

> diam(Cyp)* < HS p(A) +
j=1

Define A;, = Uj21 Cjrand B = ﬂk21 Ap. As Cjj, are closed sets, it is clear that A, are Borel sets for
every k and hence B is a Borel set too. Moreover, we have B C Ay, for every k € N so

1

i/k(B) < Hi/k(Ak) < Zdiam(ijk)S < Hf/k(A) + T
j=1

Let k — oo to get H*(B) < H*(A), and since A C B we also get H*(A) < H*(B). The proof is
finished. O
We shall now state more basic, but important, properties of Hausdroff measures.

Proposition 4.3. Let A C R™.
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(1) HO is the counting meausure. That is, H°(A) = {iA ZZjJZZZm :
(2) H® =0onR" for every s > n.

(3) If H3(A) = 0 for some 6 € (0, 00], then H*(A) = 0.

(4) Let 0 < s <t < 0. Then

H(A) <oo = HA) =0 ; HA>0 = H(A)=oo.

(5) Let A C R",\ > 0 and denote \A = {\x : © € A}. Then H?(AA) = N*H*(A) forall s € [0, 00).
(6) If f : R™ — R™ is Lipschitz, then H*(f(A)) < (Lip(f))*H*(A). In particular dimy(f(A)) <
dimy (A).
Proof. The proof of (1) is easy and the proof of (5)-(6) is left as an exercise. So we will only prove (2),
(3) and (4). For further details we refer to [12, Chapter 2].
(2): Let m € N and split the unit cube @) = [0,1]” C R™ in m" subcubes of side-length 1/m and

diameter
diam(Q) = Vi - £(Q) = V"

Then,
s Em : \/ﬁ ° $/2, n—s

Using that s > n, and taking limits m — oo we get that H*(Q) = 0. Since we can write R" = UjZl Qj
as a countable union of cubes of side-length one, we conclude that

HRY =1 | [ Jo;| <D H(@) =0,
j>1 j>1
and H*(A) < H*(R™) = 0 for every subset A C R".

(3) If s = Oitis clear. Assume s > 0 and let e > 0. By assumptions, we can find a covering {C} } j>1
of the set A so that

oo
> diam(C;)* <e.
j=1
In particular, for every j € N,
diam(Cj) < el/s.

Therefore, if we define §(g) = £!/* we have Hj (o) < €. Taking limits ¢ — 0" we conclude that

H(A) = lim H§ (A) < lim e =0

e—0t e—0t

(4)Let A C R"and let 0 < s < t < oo. We first assume that H*(A) < oco. Let § > 0 and let
{C;};>1 a covering of A so that diam(C}) < ¢ and

> diam(C;)* < H3(A) +1 < HY(A) +1.
Jj>1
Then,

0 < H5(A) <D diam(Cy)' =) diam(C;)* diam(Cy)" ™ < 65 (H(A) + 1).
j=1 j=1
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Since t — s > 0, if we let § — 0 we conclude that

0 < lim H5(A) = H'(A) =0.

6—0t

In the case that H!(A) > 0 we prove that H*(A) = oo by contradiction. Assume H?*(A) < oo, then

we apply the first part and we have H!(A) = 0, a contradiction. We have finished.
O

Definition 4.4. Let A C R"™. We define the Hausdorff dimension of A as
dimy(A) = inf{s € [0,00) : H*(A) = 0}.
Note that we also have dimy;(A) = sup{t € [0,00) : H'(A) > 0} = sup{t € [0,00) : H'(A) = oo}.

Observe that we always have dimy (A) < n for all A C R™ and that if we call s = dimy(A) then
H'(A) = O0forallt > s, H(A) = oo forall t < s and H*(A) could take any value between 0 and
400 (both values included). We state next the following interesting result that appears in Falconer’s
book [13]]: For every n € N, every s € [0,n] and every t € [0, 00] there exists a set Ay s C R™ with
dimy(A) = s and H*(Ars) = t.

We finish this chapter by explaining that H™ ~ L£" on R”. This means that there exists a constant
C > 0 (depending on n) so that

C71L"(A) < H'(A) < CL"(A) VACR™
Recall that the Lebesgue measure is defined as

L"(A) = inf Zvol(Qi)” : Q; cubes, A C U Qj p, A measurable.
j=1

Jj=1

[ Theorem 4.5. On R"™ we have H" ~ L™. ]
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Exercises

1. Let
A= {(z,zsin(1/z)): z € (0,1)} C R?

Prove that H!(A) = oo, but H2(A) = 0.
2. Prove that for 0 < s < n then H? is not a Radon measure in R™.
3. Let f : R™ — R be L—Lipschitz, A C R™ and 0 < s < oo. Prove that H*(f(A)) < L*H*(A).

4. Prove that the ternary Cantor set is a perfect set, that is, all its points are accumulation points.
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Hausdorff measures
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Chapter 5

Morse-Sard theorem

Whitney in 1934 gave his very important extension theorem. We already saw in detail the case C' in the
first chapter of these notes. Relying on this result, in 1935 ([27]) Whitney built a function f : R> — R
of class C'! so that L(f(C})) > 0, where C; = {z € R?: D f(x) = 0} denotes the set of critical points
of f. Namely, the function f is nonconstant on a nonrectifiable curve I' C R? where D f(x) = 0 for all
xz € I'. Precisely f(I') = [0, 1].

Why such a ”weird” example is possible?
Observe that if we deal with a rectifiable curve 7 : [0, 1] — R2, by taking a Lipschitz parametrization
that we name the same way and calling I' = {v(¢) : t € [0,1]}, we have that any C' function f :
R? — R so that Df(z) = 0 for all z € T must be constant on I'. This follows from the fact that

(fo~):[0,1] — Ris aLipschitz function, hence differentiable almost everywhere and the Fundamental
Theorem of Calculus holds, that is,

F(1(@)) = F(1(0)) + / (For)(Wydt = F(2(0)) + / Y IG0) - (0 dt
— F(1(0)) + /0 0o/ (t)dt = F(4(0)) Ve (0.1,

In the years 1939 and 1942, Morse and Sard respectively gave a first explanation of what was going
on with this example.

Theorem 5.1 (Morse-Sard, 1942). Let f : R — R™ be a function of class CF,
where k> max{n — m + 1,1}, then L"(f(Cy)) = 0., where Cy = {z € R"
rank(D f(x)) is not maximum} denotes the set of critical points. (The set f(Cy) is known as
the critical values of f.)

We aim to give a complete proof of this result. However, we prefer to start by explaining its possible
refinements and generalizations, as well to some applications to other branches of mathematics.

5.1 Introduction and comments

First thing to mention is that the Morse-Sard theorem is optimal in the scale of spaces C7. We have
already explained Whitney’s example, where a function f : R? — R is given of class C' so that
L(f(C¢)) > 0. Due to its importance let us give some details of how this example is constructed.

Example 5.2. For the full construction we refer to original paper of Whitney from 1935, [27].
The idea is to define a nonrectifiable curve (that is a closed set C' C R?) and a function f : C' — R
so that
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1. f(C) has positive measure. In particular we will get f(C) = [0, 1].
L o )~ @) 0]

y—a ly — x|

= 0 uniformly. In particular f is uniformly continuous in C'

Using (iz) and thinking of the “derivative” of f on C to be equal to the linear map L = 0, by applying
the Whitney’s extension theoremthere exists a function F' : R? — R of class C! such that F|c = f
and D f|c = L = 0. Hence C' C CF and therefore

L(F(Cr)) = LF(C) L £(0,1)) = 1.

After Whitney’s example, many mathematicians have tried to give easier examples showing this type
of pathological behaviour on a function. For instance, Gringberg presented in 1985 another example of
this kind (see [15]]).

Observe that for any function f : R™ — R™ for which the More-Sard theorem applies £™-almost
every point y € R™ satisfies that f~!(y) consist of regular values (those are points = € R" where D f(z)
has maximum rank). There exist many generalizations of the Morse-Sard theorem to other classes of
functions. Let us enumerate some of these generalizations:

e [Bates, 1993]: If f € C*~LY(R™; R™) with k > max{n —m + 1,1} then L™(f(Cy)) = 0.

Note that for any o € (0, 1) there exist functions f : R” — R™ of class C¥~1 with k > max{n —
m+ 1,1} but L™(f(C(f)) > 0.

e [De Pascale, 2001]: If f ¢ WFP(R";R™) with p > n and k& > max{n — m + 1,1} then
Lm(f(Cf)) = 0.

We need to precise how one should understand the set of critical points of a Soblev function. In
general in these context one defines the set of critical points as

Cy={x € R": Df(x) exists and D f(x) has not maximum rank}.

Still one may wonder what happens with the set of points where f is not differentiable. Is the set of
non-differentiability points sent to a £™-null set? Because if that is the case one can still assure that
for £™-almost every point y € R™, f~1(y) consist of regular values. In the conditions of De Pascale
theorem this is the case. Thanks to the Morrey inequality, if p > n,

Wk,p(Rn; Rm) C Ck—l,l—n/p(Rn; Rm)

In the case £ > 2 we have D f(z) is well defined everywhere. In the case £ = 1 we have that functions
in WP (R™; R™) satisfy what is called the Lusin N-property, that is if £L*(N) = 0 then H"(f(N)) = 0.
Using that for the case k£ = 1 we have m > n, we conclude that L™ (f(N)) = 0.

o[Bourgain, Korobkov, Kristensen, 2014]: If f € W™!(R™;R) then f is differentiable at H!-
almost every point and L£(f(Cy)) = 0 where Cy = {x € R" : D f(x) exists and D f(x) = 0}.

Again in this case it is known that functions f € W™!(R";R) have the Lusin N property with
respect to the H! measure. That is if #*(N) = 0 then H(f(N)) = 0.

5.2 Proofs of the Morse-Sard theorem

We now give the proof of the Morse-Sard theorem by distinguishing three cases
n=m ; n<m ; nN>Mm.

We start with the case n = m, which follows as a corollary from the next more general result (recall that
C' functions are locally Lipschitz).

Theorem 5.3. Let f : R" — R" be locally Lipschitz. Then L™(f(Cy)) = 0 where Cy = {x €
R™: Df(x) exists and rank(D(f(z)) <n —1}.
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Remark 5.4. A locally Lipschitz function f : R® — R" is differentiable £"-almost everywhere by
Rademacher theorem. Then if

G = {z € R": Df(x) does not exist}

we have L™(G) = 0. Moreover the local Lipschitzianity of f also implies that £(f(G)) = 0. This is
usually referred as the Lusin N-property, and it is easily valid for locally Lipschitz functions by dividing
G into countable many pieces G; where f is L;—Lipschitz and using that L™ (f(G;)) < L'L™(G;) = 0.

Proof. Let R" = U;’il (), where (Q; are open cubes of sidelenght 1, not necessarily disjoint. We have
that for every j € N, f|5¢q, is L;-Lipschitz for some L; > 0. We will prove that for every j € N we have

LMf(CrNnQ;)) =0

and this will enough to conclude the proof by the subadditivity of the Lebesgue measure £".
Letus fix j € Nand let us take z € CyNQ;. By the differentiability of f at x, fora givene € (0, L;)
there exists r,, > 0 so that

{B(m,m) C Q)

[f(y) = f(@) = Df(z)(y —x)| <ers, Vye B(x,5ry)

Call k = rank(D f(x)) < n — 1 the rank of the matrix D f(x) and denote by
W, = f(x) + Df(x) (R")

the k-dimensional affine subspace passing through f(z) and generated by the subspace D f(z)(R"). By
the previous properties we have

dist(f(y), Ws) < ery, Yy € B(x,5ry). (5.1

By using (5.1)) and assuming that f|5¢; is Lj—Lipschitz (we call L = L; from now on to ease notation)
we have that
f(B(x,5ry)) C B(f(x),5Lry) N{z € R™: dist(z, Wy) < erg}. (5.2)

Fact: For some given radii 0 < r < R, the k-dimensional ball B(0, R) C R¥ can be covered by less
than C(k)(R/r)* balls of radius r, where C(k) is a constant only depending on the dimension k. (We
leave the proof of this fact as an exercise for the reader).

k
Using the previous fact, the k-dimensional ball B(f(x), 5Lr;)NW, can be covered by C' (k) (E’EL%:)

balls of radius er, > 0. Take C'(n) = max{C(1),...,C(n—1)}. Since k € {1,...,n—1}ande < L,
hence 5L/c > 1, we can assure that

5L\""
B(f(z),5Lr;) N W, can be covered by C(n) <> balls of radius 7.
€

If we double the radii of those balls and we see them with the same centers but now living in R™ instead
of living on a k-dimensional subspace, we can conclude that

B(f(x),5Lry)N{z € R": dist(z, W) < ery}

5 n—1
can be covered by C(n) [ — balls of radius 2er;. And the same covering works for the set
€

f(B(z,5rz)) by (5.2). We get that

n—1
H(F(B(2,5r2)) < C(n) ("’L) 2 = Cn)er. 53)

3



50 Morse-Sard theorem

We now write Cy N Q; = Umecmej B(z,r;) and by using Vitali’s covering lemma (Theorem |1.13])
there exists a subfamily { B(x;,7;)};>1 of disjoint balls so that

CrNQ;C U B(xj,5rj).

Jj=1

We can write, by using (5.3) and that ;> B(z;,7;) C Q; is a disjoint union,

HE(f(CrNQ;j)) Z B(aj, 5r;) <Zc =C(n)e warl
: j:l
o0
Z x]v Tj = C(n)eL" U B(l'ja Tj)
=1 j>1

C(n )65”( j) = Cn)e.

Since ¢ € (0, L) was arbitrary we have that 17 (f(Cy N Q;)) = 0. In particular this implies that
H"(f(Cy N Qj)) = 0 and since H" = L™ on R"™ we conclude that L"(f(Cr N Q;)) = 0. We are
done. O

The case n < m is much easier.

Theorem 5.5. If f : R®™ — R™ is locally Lipschitz with n < m then L™(f(A)) = 0
for every set A C R™ In particular, L"(f(Cf)) = 0 where Cy = {z € R"
D f(z) exists and rank(D f (z)) < n — 1}.

Proof. Let A C R™. We cover A by balls A C |J ;>1 Bj and we let L; > 0 be the Lipschitz constant of
f in B;. We have that for every j € Nand 0 < s < oo,

H(F(AN Bj)) < (L;)*H (AN Bj).
Then if d = dimy(A) < n we have that #°(A) = 0 for every s > d. Recall that dimy,(A) = inf{s >
0: H*(A) = 0}. Hence for every s > d,

o0

< i’HS(f(AﬂBj)) <Y (Lj)*H (AN B;) = 0.
j=1

j=1

Then dimy (f(A )) d = dimy/(A) < n. We conclude that H™(f(A)) = 0 and since H™ = L™ on
R™, L7(f(A)) = O

The case n > m is more involved. For the proof an essential tool is the following result, which is
known in the literature as critically Morse lemma.

Lemma 5.6 (Critically Morse lemma). Let k € N, A C R™. Then we can write A = U?io Aj
so that Ag is countable, each A; with j > 1 is bounded and without isolated points, and if
g : R — Riis a function of class C* such that A C Cy = {x € R" : Vg(x) = 0} then for every
J = landevery x € Aj,

lim l9(y) — gix)l _0 (5.4)
vor -l

Proof. For this proof we refer to [22]. ]
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Now we prove the next result that only deals with image of the set of critical points where the
differential has rank zero. As a corollary one gets the classical Morse theorem from 1939 for real-valued
functions f : R™ — R of class C".

Theorem 5.7. Let f : R" — R™ withn > m of class C* where k = n —m + 1 > 2. Let
A={z€R": Df(x) =0} ={xz € R": rank(D(f(x)) = 0}. Then L™(f(A)) = 0.

Proof. By the critically Morse Lemma we decompose the set A as A = U;io Aj with A; having the
aforementioned properties. It is enough to check that

L"(f(A;)) =0 foreveryj > 0.

First, as Ap is countable, f(Ap) is countable and then L™ (f(Ap)) = 0. Fix now j > 1. By the
boundedness of A; there exists R > 0 so that A; C B(0, R) for some R > 0. Take € > 0 arbitrary. By
(5.4), for each = € A; and since every component f;, i = 1,...,m, is of class C*(R™;R) we have

L i) = £i@)

= 0.
_ |k
v ly—a
Then
;ggﬂw—fgnza
i ly-e

Hence, for the given € > 0 there exists 0 < r; < 1 so that

1f(W) = f@)l <ely—al*, Yy e Blz,ra) N4
If we now take y, 2z € B(x,r;) N A; and use the triangle inequality

1f(y) = )| < ely — " +ely — 2|F < 2e(ra)".

This yields that diam(f(A; N B(z,7;))) < 2e(r;)*. And by covering the set by just one single cube
with sidelenght the diameter of the set itself we get

HZ(f(Aj N B(x,73))) < 2m™(ry)™™ (5.5)

Since we can write A; C UzeAj B(x,r;) by Vitali’s Lemma there is a subfamily { B(z;, ;) }ien
so that A; C | J;ey B(i,7:) and moreover the balls { B(z;,7;/5) are pairwise disjoint. Hence by using
(5.5), that (n — m + 1)m > n and noting that ;> B(z;,7:/5) C B(0, R+ 1/5),

HL(S(A}) € Y HE(F(Blasyr)) £ D227 ()™ < 27 Y (r)" = Cm)e™ Y wn ()"
=1 =1 =1 =1

= C(n,m)e™ > L™ (B(xi,r:/5)) = C(n,m)e™L™ | | ] B(wi,r:/5)
i=1

i>1

< C(n,m)e™L"(B(0,R+1/5)) = C(n,m, R)e™.

Since € > 0 was arbitrary we get that H7! (f(A4;)) = 0. Then H™(f(A;)) = 0 and since ™ = L™ on
R™ we conclude that £™(f(A;)) = 0 and the proof is complete.
O
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Finally it remains to proof the general case, where we deal with the total set of critical of points. We
follow the classical approach of Sard in 1942, which heavily relies on Theorem

Theorem 5.8. Let f : R™ — R™ withn > m of class C* where k = n—m+1 > 2. Then the for
the sets C; = {x € R™ : rank(Df(x)) = j}, j = 0,1...,m — 1 satisfy that L"(f(C;)) = 0.
In particular since Cy = UT:_DI Cj we get that L (f(Cy)) =

Proof. The fact that L™ (f(Cp)) = 0 follows directly from Theorem For the rest of the cases we
will perform a kind of reduction in order to use Theorem[5.7) again.

Letus fix j = 1,...,m — 1. We leave as an exercise to check that C; is a measurable set (indeed
an intersectipn between a closed and open set). Fix zo € C; and we will prove the existence of some
ro > 0 so that L™( f(B(xo,70) N C}))) = 0. This will enough by using the separability of R" and the
countable subadditivity of the Lebesgue measure £™.

Since ¢ € C; we have that rank(D f(x9)) = j € {1,...,m — 1}, so there is a minor of order j
which is non null. Reordering the variables and components of f if necessary we can write

flx)=(filzr,...;zn)s . fr(21, ..., 20))

such that

G(@o) -+ §D(a0)
det <g(f1”f])(azo)> = det : : # 0.

(.’El,...,iﬂj) P OFf:
o (w0) -+ g(wo)
We define the function h : R™ — R™ as
hMz) = h(z1,...,zn) = (fil2),..., fi(z), zjr1, ..., 20n).

We have that h € C*(R™; R™) and moreover det(Dh(zq)) # 0, so by using the inverse function theorem
there exists 7o > 050 that | gy, ) is a C*-diffeomorphism. Letus call V' = h(B(zo, 7)) C R", which
is an open set. It is clear that h(B(xo,79) N Cj) = V N h(C;). Define now the function F = fo h~!:
V' — R™, which can be written as

Fly)=F,---syn) = W1, 545,91, -, un)), YyeV.

for some function g : V'.C R™ — R™77 of class C*.
Observe that we are done if we prove that L™ (F(V N h(C;))) = 0 because

L™ (f(B(xo,70) N Cy)) = L (f(h"1(V N h(Cy))) = L™(F(V Nh(Cy))) = 0.
For the functions F' and g we have the following properties:

1. By the chain rule, for every y € V,

Id;
DF(y) = Df(h~(y))Dh™* :< I >
(y) f( () (v) % (g| ) ) Yjtl, - Un)
where gl(y, .y T Vigry) — RTT J is defined by 9l ,) (y]+1, cesYn) = 91, Yn)s
with Viy, 0 = {(z1,. ., 2n—j) ER™ 2 (y1,...,yj,21,...,2n—j) EV}.

Moreover we fix some more notation: m; : R" — RJ denotes the projection onto the first j-
coordinates and 777 : R — R™77 denotes the projection onto the last (n — j) coordinates.
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2. h is a diffeomorphism with Dh~!(y) = (Dh(z))~! for every y = h(z) € V, and by item (1) we
have that

DF(y) = Df(h™'(y))Dh~"(y), Yy€V = Df(z)=DF(h(x))Dh(x), Vx & B(x,r0).
Since det(Dh(z)) # 0 we have that the rank of DF'(h(z)) is the same as the rank of D f(x) for
every x € B(xg,70). In particular, if x € B(xg,79) N C; then h(x) = y is a critical point of F'
with DF(y) having rank j. And by the expression of DF'(y) in item (1) it is clear that for every
yelVn h(Cj)

rank(DF(y)) = ] <~ (D(g‘(yl,...,yj))(yj-i-h cee 7yn) =0.
In other words for a given fixed (y1,...,y;) € mj(V N h(C;)) we have that

(Dgliys, ) Wit 9n) =0 & (Yjg1s- - Un) € Vg, N7 (R(C))).

And the previous situation occurs if and only if # = h=!(y) € B(xo, 7o) is a critical point of f
with D f(x) having rank j.

Due to the fact that for any given (y1,...,y;) € m;(V N h(C;)) the function
) Vi) C R = R
is of class C* and
Vigrows) VT (VO R(CH)) = {4155 Un) € Vigs, o) © (Pl o) Wi1s - - yn) = 0},
then by applying Theorem[5.7] we obtain that
L™ (gl 1,0 Vigaryy) N7 (R(C5))) = 0 (5.6)

for every (y1,...,y;) € mj(V Nh(C;)). We finish the proof by using Fubini’s theorem (note that the set
F(V N h(Cj)) is measurable and that F* fixes the first j coordinates).

ﬁm (F(Vﬂh(C]))) = / ldyl...dyjdsz dZm =
F(VNh(C)))

1de+1 .. dzm> dyl .. .dyj =

Il

=

o)

=
N
e
8
&
=

<

=

.....

/m’(th(Cj)) L") Vs N7 (0(C5))) dyr - dy; = 0.

......

O

It is clear now that Theorem[5.3] Theorem[5.5]and Theorem[5.8]give a complete proof of the classical
Morse-Sard theorem (Theorem [5.1).

5.3 Morse-Sard theorem in infinite-dimensional Banach spaces

The next question is:

What happens if we work with infinite dimensional Banach spaces X?
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Here, unfortunately one does not have the validity of the Morse-Sard theorem. That is, there exists
Banach spaces X and C*° smooth functions f : X — R whose set of critical values has positive
measure. The firs one to give such an example was Kupka in [20]. We present the following easier
example from Bates and Moreira, contained in [8]].

Example 5.9. Let f : /o — R be the following polynomial of degree 3 (hence of class C*°).

f (i 1’n€n> = i(?) : 2_%.%'% - 2%%)
n=1

n=1

The function f satisfies the next properties, whose verification is left to the reader.

* Fora given « € {3, D f(x) € £; is written as

Df(x) = i (6 275, — 6.%%) €n.

n=1

* We have that D f(x) = 0 if and only if 2,,(275 — x,,) = 0 for all n € N. Therefore we have
o
Cy = {Z Tpen: Ty € {0,273}}
n=1

* We have that f(Cy) = [0, 1]. On the one hand given © = (2, )n>1 € C clearly f(x) is an infinite
sum of positive terms and

n=1

o o0 o)
fa)=Y 327822 —23) <Y (3-27 822 oy =S o=,
n=1 n=1

On the other hand let ¢ € [0, 1]. Then there exists a unique sequence (yn)n>1 C {0, 1} such that
t = Zn21 Yn2”". Now let z = (zp,)n>1 be defined as z,, = 0if y,, = 0 and z,, = 2—n/3 if
Yn = 1. In this way we have x € C'y and

fo =S el = Y @rirmim— Y amoSyao
n=1 {neN:y,=1} {neN:y,=1} n=1

* Finally we have that f € C*>°({2;R) .
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Exercises

1.

Related to Grinberg’s example [15]. Let C' C [0, 1] be the ternary Cantor set. Build explicitly
a function f : R — R that is of class C' and so that C' C f(Cy). Justify rigorously the C!
smoothness of f once given.

Prove that if f : R™ — R is of class C" then f is constant on every connected component of
Cr={xeR": Vf(z)=0}

Let B(0, R) C R™ be the n-dimensional open ball of radius R > 0. Prove that given 0 < r < R,
there exists a constant C'(n) that only depends on the dimension 7 in such a way that with a number
C(n)(R/r)™ of open balls of radii > 0 we can cover the whole ball B(0, R).

Related to the Morse-Sard theorem, prove that if n > m, f : R” — R™ is of class C'? and for
some s < m we have gs > n then H°(f(A)) =0, where A = {x € R" : Df(x) = 0}.

Given the function f(z) = |z|, z € R, is it possible to find a function g : R — R of class C! with
lg(x) — f(x)| < 1/2 for all z € R? and g not having critical points? Secondly, provide a function
h € C*°(R;R) with only one critical point so that |h(z) — f(z)| < 1/2 for all x € R.

Let I' = {t(cos(t),sin(t)) : t € [0,27]}. Prove that it is not possible to define a function
f:R? = Rof class C! so that Vf(z) = 0 for all x € T and with £1(f(T)) > 0.

Let f : R” — R™ be of class C'! with m < n. prove that for every j = 0,1...,m — 1 the sets
{z € R" : rank(Df(z)) < j} are closed.
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Chapter 6

Alexandrov theorem

The objective of this chapter is to prove the following result:

Theorem 6.1 (Alexandrov, 1939). Let f : R™ — R be a convex function. Then f is differentiable
at almost every point x € R", and at almost every point x € R™ where f is differentiable there
exists a symmetric matrix, which we denote by D? f(x), such that

iy T0) = f@) = Df(@)(y — ) = 3(y — 2)" D*f(2)(y — )
Yoz ly — z|2

=0. 6.1)

This result was originally proved in [2] (1939) by A.D. Alexandrov, a Russian mathematician and
physicist. To this day, there exist several alternative methods for its proof. We just mention [[6], where
one can consult a description of different approaches that exist in the literature. The proof we include
here is very recent, published in 2023 by Daniel Azagra, Anthony Capello, and Piotr Hajtasz in [3]]. This
proof is purely geometric and, in a certain sense, is expected to be relatively accessible to anyone with
a basic background in Analysis. The method followed in [3]] makes crucial use of the fact that convex
functions satisfy Lusin properties of class C''»!. This is a parallel result, which is of interest in its own
right, and whose original proof appears in [3]. More specifically, we will prove that for every convex
function f : R® — R, every R > 0, and every £ > 0, there exists a convex function g € C*!(B(0, R))
such that

L"({z € B(O,R) : f(z) #g(x)}) <e.

The study of Lusin properties for Lipschitz functions or convex functions could very well be the subject
of another chapter. Here we only mention that it has long been known (see [1]) that for every convex
function f : R™ — R and every ¢ > 0 there exists g € C%(R™) such that

£'({z: f(2) # g(0)}) <e.

However, until 2024, it was not known whether the function g could also be chosen to be convex. This
question is answered affirmatively by the recent article [4] for strongly convex functions f. As we already
indicated, for the purposes of this work we only need that g can be taken in '™,

All convex functions are locally Lipschitz; hence the first part of the statement of Alexandrov’s
theorem follows from Rademacher’s theorem. On the other hand, we must point out that (6.1)) does not
imply that the function f is twice differentiable in the usual sense, since our function need not have a
differential defined at every point. What is true is that if f is convex and differentiable at every point,
then f will indeed be twice differentiable at almost every point (see Corollary [6.23).

The proof of the Alexandrov theorem and some corollaries appear in Section 5.3. The proof relies
heavily on Lemma[6.9and Theorem[6.10] The first result is developed in Section 5.1 and the second one
is developed in Section 5.2.
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6.1 Some topics about convex functions and subdifferentials

Let us start by introducing four key notions of the theory of Convex Analysis; that is, convex sets, convex
hulls, epigraph of a function, and the subdifferential.

Definition 6.2. 1. A set C C R" is called a convex set if for every x,y € C and every t € [0,1] we
have that tz + (1 — t)y € C.

2. Givenaset A C R", its convex hull co(A) is defined as the intersection of all convex sets contain-
ing A. Equivalently,

co(A)={dz+(1-NyeR" : z,ye A, A €[0,1]}.

3. A function f : C C R" — R, where C' is convex, is called convex if for every x,y € C and
t € [0, 1] we have that

fltz+ (1 —ty) <tf(z)+ (1 -1)f(y)
4. Given a function f : U C R™ — R, its epigraph is defined as the set
epi(f) :={(z,t) eUxR:zeU, t> f(x)}

Lemma 6.3. Let C C R™ be a nonempty convex set so that C # R"™. Then, for every x € OC' there
exists v € R" and b € R so that either

Cc{yeR": (y,v) >b} or CC{yeR": (y,v) <b}

and moreover (x,v) = b.
From now on, we will call T,, = C' C {y € R™ : (y,v) = b} a supporting hyperplane of C at .

Proof. The proof is left as an exercise to the reader. O

Lemma 6.4. If U C R" is a convex set, the epigraph epi(f) of a convex function f : U C R"™ — Risa
convex subset of R"1.

Proof. Let A € [0,1] and let (z1,11), (x2,t2) € epi(f). Since U is convex,
Ay + (1= Nz €U,
and since f is convex on U,
FAzr + (1= Nz2) < Af(x1) + (1= N) f(z2) < My + (1= Nta.
Therefore,
Az, t1) + (1= A)(z2,t2) = (Az1 + (1 — Ao, Atp + (1 — N)t2) € epi(f).
O

Definition 6.5. Let U C R" be an open set and f : U — R. The (Fréchet) subdifferential of f at a point
x € U is defined as the set of vectors v € R™ so that

i g W) = f(@) = v,y —2)

> 0.
y—a ly —

Each element v € Of(x) is called a subgradient of f at x. Observe that for any open neighborhood
V C U of x we have Of(xz) = O(f|v)(x).
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The notion of subdifferential generalizes the usual concept of differential, and furthermore, in the
case where a convex function f is differentiable, the gradient is the only subgradient.

Proposition 6.6. If U C R" is an open set and f : U — R is differentiable at x € U, then 0f(x) =
{Vf(z)}

Proof. By the definition of differential, it is obvious that V f(z) € 0f(z). On the other hand, pick

v € R™ so that
fly) = flz) —{v,y —z)

lim inf > 0.
y—e |y — x|
Then, it is easy to check that
liminf L= V@ y =2
y=e ly — |

We will prove that w := v — V f(z) = 0 by contradiction. In the case w # 0,

liminf LV @ Tt e 8T e T s,
t—0+ | — tw| t—0t | — tw| t—0+ |t]

which is absurd. O
For the particular case of convex functions we have the following result.
Lemma 6.7. If U C R” is open and convex and f : U — R is a convex function, we have
Of(x) :={veR": f(y) > f(zx) + (v,y — z) forally € U}.

Hence, ifv € Of () then s = (v,1) € R"*! determines a supporting hyperplane of epi(f) at (z, f(x)),
which means that

epi(f) C{(y,t) €U xR : ((y,1), (v, —1)) = (&, f(2)), (v, —1))}
={(y,t) eUxR: t< f(z)+(y—z,v)}

Proof. First, take v € R™ so that
fy) = f(@) + (v,y—=x) Vyel.
Then, it is clear that

i inf LW = F(@) = (v,y — 2)

y—z ly — 2|

9

hence v € 0f(z).
The proof of the reverse inclusion

Of(x) c{veR™: f(y) > f(z)+ (v,y —x) forally € U}

is left as an exercise to the reader.
O

It may happen that 3f(z) = (. For example, the function : R3 — R defined as f(x) = 23, has
no supporting hyperplane to epi(f) at z = 0, and therefore 9f(0) = (). However, for convex functions
f: U — R we always have f () # ) for every x € U.

Proposition 6.8. If U C R" is an open set and f : U — R is a convex function, then for all x € U we

have Of (z) # 0.
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Proof. We start by fixing a ball B := B(xz,r7) C U. By Lemmal6.4] epi(f|p) is a convex set, and we
observe that (z, f(x)) € d(epi(f|B)).

As epi(f|p) is a convex set, there must exists a supporting hyperplane of epi(f|z) at (x, f(z)). That
is, there must exist a vector s = (v, @) € R™ x R so that

(0,9) + ot > (v,2) + af () Y(y1) €epi(flp) ={(y;1) € BxXR: 1> [f(y)}.

The previous fact follows from Lemma[6.3]

By the definition of epi( f|5), forafixedy € B, one cantake t > f(y) arbitrarily large, so necessarily
a > 0. Furthermore, o > 0 because if = 0 then we would be obtaining a supporting hyperplane of B
at x,but x € B = B(x,r), so this is absurd. We can then divide by « to assume that o« = 1. Therefore,
v € R" satisfies

(v,z) + f(z) < (v,y) + f(y) forally € B,
because if y € B clearly (y, f(y)) € epi(f). Then forally € B
fy) = f(@) + (v,z —y) = f(z) + (-v,y — 2),

and, making use of Lemmal6.7] we have —v € 9(f|p)(z) = 0f ().
O

Next, we prove the main result of this section, which is one of the two main ingredients of the proof
of Alexandrov theorem.

Lemma 6.9. Letr f,g : B(0O,R) C R™ — R be convex functions such that f <
CYY(B(0,R)). Then, f is differentiable at every point of {f = g} with Vf(z) =
and for almost every xo € {f = g}

g g €
Vg(z),

fz) - (f(aco) -l — ) M — ) B — 960))
lim

T—x0 |3§‘—,’,U0|2

=0.

.

Proof. Recall that since f is convex, its subdifferential is non-empty at every point = € B(0, R). Take
z € {f =g}andletv € Of(x). Itis clear that v € dg(x) (since f(x) = g(x) and f < g), and using
that ¢ is differentiable at x, Proposition [6.6] gives us that v = Vg(x). Then 0f(z) = {Vg(z)} so f is
differentiable at = with V f(z) = Vg(z).

On the other hand, the differential Dg is Lipschitz, so by Rademacher’s Theorem Dy, is differen-
tiable almost everywhere. We denote the second derivative as D?g(z), whenever exists.

The functions f, g are convex, in particular continuous, so { f = g} is measurable. By the Lebesgue
differentiation theorem, in particular by Lemma we know that almost every point of {f = g} isa
point of density one of the set, so it suffices to prove the result for the density points of {f = g} such
that Dy is differentiable at x¢. Let 29 € {f = g} be one of these points, without loss of generality and
in order to simplify the notation we will assume z¢y = 0. To prove that the result holds we have to see
that

. f(z) = f(0) = Df(0)a — 32" D?g(0)z
lim
z—0 ‘$|2

=0 (6.2)

We know that f(0) = ¢g(0) and Df(0) = Dg(0), and by Taylor’s Theorem with the Peano remainder
applied to g and centered at O

1o 9) = (9(0) + Dg(0) + 32" D?g(0)2)

=0
z—0 ‘l’|2
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then (6.2) is equivalent to
(f(x) = g(@)) + ( 9(z) = g(0) — Dg(0)x — 52" D9 (0)x
Ly < P : ) = W'

We are going to prove that the limit of the term on the right is 0. Since 0 is a density point of { f = g},
by making use of the Key fact from the proof of Stepanov Theorem we obtain that for each x
sufficiently close to 0, there is some y € {f = g} such that

im 2 =Y ) (6.3)

z—0 |:L‘|

Since f(y) = g(y), we recall that f is differentiable at y with D f(y) = Dg(y). Then by Proposition
Of(y) = {Df(y)} and by definition of subdifferential

f(x) > f(y) + Df(y)(z —y) = g(y) + Dg(y)(z — y).

Using that g > f and the previous inequality we can write

g(x) — f(z) _ g(z) —g(y) — Dg(y)(z —y)

0< < 6.4
STRR S P ©4
We will prove next that there exists some M > 0 (the Lipschitz constant of Dg works) so that
l9(2) = g(y) — Dy(y)(z —y)| < My — > (6.5)
Hence, from (6.3)), (6.4) and (6.5), taking limit  — 0 we conclude that
o 9@ = f@)
z—0 ‘.I‘P

and this concludes the proof.
To prove (6.4), since g € C'(U), the Mean Value Theorem ensures the existence of some & within
the segment joining x to y such that

fly) — f(x) = Df(E)(y — x).
Then,
fy) = f@) = Df(x)(y —x) = Df(E)(y —x) = Df(x)(y —x) = (Df(§) — Df(2))(y — z),
and taking norms and calling M > 0 the Lipschitz constant of Dg
[f(y) = f(z) = Df(x)(y — )| < (Df(E) — Df())ll(y — )] < M[¢ —z|- |y — x| < M|z —yl*.
O

6.2 Convex bodies and C'''-Lusin property for convex functions

The goal of this section is to show that convex functions admit a C''! Lusin-type approximation by
convex functions. Namely we aim to prove that.

Theorem 6.10. Let f : R™ — R be a convex function. Then for each R > 0 and £ > 0, there
exists a convex function g € C%1(B"™(0, R)) such that g > f and

L"({x € B*(0,R) : f(z) # g(2)}) <e. (6.6)
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When a class of functions A defined on 2 C R" satisfies that for every f € A and for every € > 0
there exists g € C*(Q) such that L"({f # g}) < &, we say that the class of functions .4 has Lusin’s
property of class C*. This nomenclature comes from the well-known result proven by Lusin which
guarantees that

Lusin Theorem (1912): For every measurable f : R™ — R and for every ¢ > 0 there exists
g € C(R") such that L"({f # g}) < e.

That is to say, the class of measurable functions f : R” — R has Lusin’s property of class C'(R").
Following this terminology, Theorem [6.10] proves that for any R > 0, the class of convex functions
f : B(0, R) — R has Lusin’s property of class C1*'(B(0, R)), and furthermore that the approximating
functions can be chosen to be convex. A few years ago, Azagra, Darke and Hajtasz have proved the
stronger result that convex functions also have Lusin’s property of class C2, with the approximating
function also being a convex function.

Before entering the proof of Theorem|[6.10] which is postponed until the end of this section, we need

a series of lemmas; Lemmas [6.11] [6.13] [6.15] [6.16] and [6.19] Among these, we highlight Lemma [6.19]

where boundaries of a special class of convex bodies are shown to be of class 1!,

Lemma 6.11. Let W C R"™ be a non-empty, convex and closed set.

(a) Forevery x € R"™ there exists a unique point, which we denote Ty (x), such that

mw(z) € W and |mw () — x| = dist(z, W).

(b) If v ¢ W then my (z) € OW.

(¢) mw(z) is the only point so that for ally € W,
(y —mw(x),z —mw(x)) <0 (6.7)

Proof. (a) If x € W, then it is trivial by taking 7y (x) = x. Suppose then that x ¢ W. Let d =
dist(x, W) = inf,ew {|v — x|}, then there exists a sequence (vi),>1 C W such that |vg, — z| — d
as k — oo. We will prove that the limit of this sequence is the sought 7y (x):
By the Parallelogram Law, we have that for &, m > 1

2(|x — vm|2 + |z — vk]2) =22 — (v, + Uk)|2 + |vm — vk\Q. (6.8)

Since W is convex, the point % (vy, + vy) belongs to W, so

1
122 — (U + vg)| = 2] — E(vm +vg)| > 2d

thus, solving for |v,, — vx|? in (6.8), we have

[vm — vk]? = 2(|z — vm|® + |z — i) — |22 — (Um + vi)[?

<2(|lz — v P + |z — vi?) — 4d? — 2(d* + d*) — 4d* = 0.
,M—00

Therefore, the sequence (vg)x>1 is Cauchy, so it converges to some vector v, which belongs to W
because it is closed. We then take myy () = v and by continuity of the norm we have

d= lim |vg —z| = |7w(z) — x|.
k—o0

It remains to prove that it is indeed unique. Suppose there exist v, w € W such that

d=dist(z,W) = |z —v| = |z — w|
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then 1 (v +w) € W, so
1 1 1
P <l (ot w)P = | —0)+ 5 w)P

and this implies, again by the Parallelogram Law

P <5 —0)+ @ —w) =2 5w — )P + 5 —w)P) ~ |50 )~ 5z — )P
1
=d® - 1|v —w|2

Then |v — w| < 0 and therefore v = w. Thus, we have uniqueness.

(b) The fact that if x ¢ W then 7y (2) € OW is obvious, because otherwise we could take points of W/
in some ball B(my (x);7) C W closer to z; it would suffice to take them on the segment joining =
and 7y ().

(c) Let us first prove that 7y (z) satisfies (6.7). Let y € W be arbitrary. Define for ¢t € R, y; =
ty 4+ (1 — t)mw (x). Then
o —ye? = [to + (1= )z —ty — (1= aw (@) = [tz —y) + (1 = )(z — 7w (2))
=z =yl + 1 = t’fo — aw (@) + 2t(1 — )z — y, o — mw ().
’2

Thus, if we consider the function for ¢ € R such that ¢ — |z — y;|°, it is clearly differentiable and

therefore
d
—lz—yl?| = (2tlr—yl’ — 21 — )|z — 7w (@)]* + (2 — 4)(x — y,x — 7w (2))
dt =0 t=0
= 20z — 7w (2))? +2(x —y,x — 7w (2)) = —2(x — My (), 2 — T () + 2(x — y, . — T (x))
=2y —7mw(x),x — mw(x)).
If we take ¢ € [0, 1], since the projection satisfies |my (x) — x| = dist(x, W), then it minimizes

{lv — x| : v € W}. Thus, since for ¢t € [0,1], y: € W because W is convex, then my (z) = yo
minimizes {|x — ;| : t € [0,1]} and so t = 0 minimizes the function |z — 1| on the interval [0, 1]
and therefore
d 2
|z =yl

— > 0.
dt =0

Then —2(y — mw (x),z — mw(z)) > 0 and since we took y € T arbitrarily, we conclude that for
ally e W
(y —mw(z),z — mw(x)) <O0.

Suppose now that for some z € W it holds that (y — z,x — z) < 0 for all y € W, and let us show
that necessarily z = my (). Indeed, for such z we would have that for any y € W

y—zP=|y—2)-(@-2)P=ly—2+|z— 2> -2y — 2,2 — 2)
2\z—x!2—2<y—z,$—z>,

and therefore using our hypothesis
ly — x> > |z — 2> forally € W.

This inequality shows that z € W minimizes {dist(z,y) : y € W}, so z = my ().
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Definition 6.12. The mapping my : R — W is called the projection onto W. It is also often called
orthogonal projection.

Lemma 6.13. If W C R" is closed and convex, then the function myy : R™ — W is 1-Lipschitz.

Proof. Let 21,2 € R™ be arbitrary. If in Lemma 3) we take x = x1, y = 7w (z2) we obtain

(mw (z2) — mw(21), 21 — mw (1)) <0

and taking z = x9, y = mw(x1)

(mw (z1) — mw (22), 22 — Tw (22)) < 0.

Adding both inequalities

(mw (1) — 7w (22), 22 — 1 + T (21) + 7w (22)) < 0.

Then

|mw (a1) — mw (22) [P = (mw (21) — 7w (@2), 7w (21) — T (w2)) < (T (1) — 7w (02), 21 — 22).
Applying the Cauchy-Schwarz inequality to the previous inequality, we have
’2

[mw (21) — mw (22)|” < |mw (21) — 7w (2)||21 — 22

and therefore
[mw (21) — mw (22)| < |21 — 22
for all z1,z9 € R™. Then 7y is Lipschitz with constant . < 1. That the Lipschitz constant is, in
general, L = 1 is easy to see, since if we take z, z € W then myy () = z, mw (2) = z and therefore
mw (@) = mw (2)] = |z — 2|

and thus the best Lipschitz constant we can obtain is 1.
O

Definition 6.14. We say that K C R"™ is a convex body if it is convex, compact, and has nonempty
interior. For a convex body K and r > 0 we define the inner parallel convex body as

K, :={z € K : dist(z,0K) > r}.

and o o

K(r):=|J{B(z,r) : B(z,r) C K }.
Lemma 6.15. Let K C R" be a convex body and assume that K contains a ball of radius rq > 0. Then,
foreveryr € (0,19):
(a) The set K, is a nonempty convex body.
(b) The set K (r) is a nonempty convex body.
(c) H1(OK,) < H”_l(ﬁK N 8K(r)).

Proof. (a) It is easy to see that K, # () for all » € (0, 7] and that K, has nonempty interior if r €
(0,70). Moreover, K, is a closed subset of K, which is compact, hence K is always a compact set.
It only remains to prove that K, is convex.

Let 7,y € K,. We must show that [z, y] C K,. Observe that B(x,r), B(y,r) C K. Let z € [z, y],
so that 2 = (1 — A\)x + Ay for some A\ € [0, 1]. We claim that

B(z,r) C co (B(z,r) UB(y,r)).
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(b)

(©

Indeed, if @ € B(z,r), then there exists a vector w such that a = z + w with |w| < r, and hence
a=z+w=(1=-Nz+Ay+ 1 -Nw+Iw=>1-N(z+w)+ Ay + w). (6.9

Since |w| < r, we have z + w € B(x,r) and y + w € B(y,r). Therefore, (6.9) shows that a is
a convex linear combination of points in B(xz,7) U B(y,r), and thus a € co (B(z,r) U B(y,r)).
Consequently,

B(z,r) C co(B(z,7)UB(y,r)).

Since the convex hull of a set is the intersection of all convex sets containing it, we have
co (B(z,7)UB(y,r)) C K.

In particular, B(z,r) C K, and hence dist(z, 0K) > r. This shows that z € K, and therefore K,
is convex.

It is clear that K (r) # () and has nonempty interior for all 7 € (0, 7.

To see that K (r) is compact, it suffices to show that it is closed, since K () is contained in a compact
set K. Let (x,,)n,>1 C K(r) be a sequence such that x,, — . It is enough to prove that x € K (r),
which is equivalent to showing that B(x,r) C K. Suppose this is not the case. Then there exists
y € B(x,r)\ K. Since B(x,r) \ K is an open set, we can assume without loss of generality that
y € B(z,r) \ K. That s, there exists 0 < p < r such that |z — y| = p. Then, for eachn € N,

\xn—y|S\x—xnl+|x—y|<\x—xn|+p,

and therefore
limsup |z, — y| < p.
n—oo
This implies that there exists some ng € N such that |z,,, — y| < p < r. Hence y € B(xp,,7) \ K,
which implies that x,,, ¢ K (r). This contradicts the fact that the sequence is contained in K ().
Therefore = € K (r), and thus K (r) is closed.

Finally, we show that K (r) is convex. Let x,y € K(r). Then there exist two balls such that
r € B(a/,r) C Kandy € B(y',r) C K. Let A € [0,1] and define 2’ = (1 — A\)z’ + \y’. Then

B(Z',r)=(1—=NB(',7) + A\B(v/,7) := {(1 = w1 + \ws : w1 € B(2',7), wa € B(y/,7)}.

The point z = (1 — A)x + Ay belongs to B(z,r). Since the points of B(z/,r) are convex linear
combinations of points in K, and K is convex, we have B(2',r) C K. Hence 2 € K(r) by
definition, since it is contained in a closed ball contained in K. As this holds for all A € [0, 1], we
conclude that K (r) is convex.

We already know that K, is a convex body. Consider the projection onto K. and observe that
TK, (8K N 8K(7“)) = 0K,. (3.2)

Indeed, if z € JOK,, then dist(z,0K) = r. Since 0K is compact, there exists x € OK that
minimizes the distance to z, that is, r = |z — z|. Therefore z € B(z,r) C K, and hence by
definition x € K (r). Clearly, if x € 0K and x € K(r), then necessarily z € 0K (r), and thus
x € 0K NOK(r).

Since x € JK, by the definition of K, we have dist(z, K,) = r. Moreover, since dist(z, K;) =
|x — z|, by Lemma a) it follows that 7, (z) = 2, and hence z € 7, (0K NOK(r)). The
reverse inclusion is trivial, since by Lemma|[6.11(b) we already proved that the projection of a point
onto a closed convex set belongs to the boundary.

The conclusion of the theorem follows immediately from (3.2) and Proposition {.3(5), since by
Lemma [6.13]the projection 7, is 1-Lipschitz.
O
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Lemma 6.16. If K C R" is a convex body, then
lim H" Y(OK \ 0K (r)) = 0.

r—0t
Proof. By the definition of a convex body, the interior of K is non-empty, so there exists ro > 0 such
that there is some ball of radius o contained in K. Since the Hausdorff measure is invariant under
translations, translating K does not alter the result, so we can assume without loss of generality that this
ball is centered at 0, that is, B(0,79) C K. This implies that for all » € (0,70), the point 0 belongs to
the interior of K. For A\ > 0 we consider AK,, = {\z : z € K, }, and we define from these sets, for
eachr € (0,79),

A(r) :=inf{A > 0: K C AK,}.

Observe that A\(r) is well-defined because since 0 € int(K, ), K, contains a ball B(0,), and since K
is compact, it is bounded, so there exists some A such that K C AB(0,7) C MK, and therefore the
infimum is finite. We will continue the proof by showing that K C A(r) K.

By contradiction, suppose that K ¢ A\(r) K, and let z € K \ A\(r) K. We take a decreasing sequence
(An)n>1 such that A, — A(r) and K C A\, K, for all n € N. We will reach a contradiction by arguing
that for some N € N, z ¢ Ay K.

Since 0 € K,, 0 € A(r) K, if we consider the ray starting from 0 and passing through x, that is
[ ={tx: 2z >0},
we can take the point z € [ N A\(r) K, closest to =, which is easily seen to be given by z = ¢pz such that
to =max{t >0:tx € \(r)K,}.

We observe that ¢y < 1, because otherwise x € [0,z] C A(r)K,, which is a contradiction since = ¢
A(r) K. Furthermore, by the choice of z, ¢, satisfies

t >ty = tx ¢ \r)K,. (6.10)

Now let y € K, such that z = A(r)y, and we define for each n € N the point z, = Ay € A\ K,
it is immediate that z, € [, and therefore we take for each n € N the corresponding ¢,, > 0 such that
zn, = tpx. We now observe that since \,, — A(r), then z, — z, and therefore looking at their expression
as points of [, necessarily ¢,, — t¢. From this fact we will find a contradiction. Since ¢y < 1 there exists
N € Nsuchthat ty < 1. Since zy = Ayy = tyx we have

_ AN

x (6.11)

= tNy'

We can now find the contradiction we seek, since 1/¢5 > 1 then tt—g > t and by (6.10) tt—]?[m ¢ \r)K,.
Taking into account that z = tgz and that z = \(r)y, it follows that

1 A 1 A
C L AE, = WoN EANNK, = —y ¢ K = Ny g vk, B2 5 ¢ \yK,,

which is a contradiction since Ay is, by choice, such that x € Ay K,. The contradiction comes from
assuming that K ¢ A\(r) K, and therefore it is proved that K’ C A(r) K.

The function 7 — A(r) is non-decreasing, because if 0 < r < s < rg then it is clear that Ky C K,
so for any A > 0, AKs C AK, and thus if K C AK, then K C AK,. Therefore {\ > 0: K C \K} C
{A>0: K CMK,}so

A(r)=inf{A > 0: K C AK,} <inf{\ > 0: K C AK} = A(s).

To finish the proof; it suffices to show that
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(a) lim,,oA(r) =1
(b) T (OA(r)K,) = OK.
Once these two equalities are proven, the proof will be complete, because since 7y is 1-Lipschitz,
H (g (ON(r)K,)) < HPHOMNr)K,),
then by Lemma 6.13](c)
(b)

HHOK) 2 H L (nk (ON(r)K,)) < H L OA(r)K,) =

)" IH Y OK,) =2 ) M) IHPYOK NOK (r) < M) YHHOK) —— HL(OK).

- r—0t

where in the limit we used (a). From the chain of inequalities we deduce that H" (0K N 0K (r)) —
H" 1 (OK) as r — 07, this completes the proof of the lemma because

H"HOK \ 0K (r)) = H" (0K \ (0K N 9K (r))) = H" 1 (0K) — H" 1 (0K N OK(r)) — 0.

Proof of (a): That A(r) > 1 is immediate. Given ¢ > 0, (1 + ¢)"!K C int(K) so dist((1 +
e)71K,0K) > 0. We take § = dist((1 + &) "' K, 9K) and we have that for all r € (0, J]

1+e) ' KCK,—=KcC(l+e)K, = (1+e)e{A>0:K C\K,}

so A(r) < (1 + ¢). We have proved that if ¢ > 0 there exists 6 > 0 such that for all » € (0, ],
1 < A(r) < 1+ €. This shows that

lim A\(r) = 1.

r—0+

Proof of (b): That g (A\(r)K,) C 0K is already known by Lemma [6.11] because if 2 € OA(r)K,
then either z ¢ K or z € K. Let’s see the other inclusion. Let z € K, by Lemmal6.3] there exists a
vector v € R"™, which we can assume to be unitary, such that v and x define a hyperplane that supports
K at x (this vector is commonly called the outer unit normal vector at x), that is,

(y,v) < (z,v) (6.12)

forally € K. Lett > 0, the vector = + tv ¢ K since (x + tv,v) = (z,v) + t|v|> > (x,v) so it does
not satisfy (6.12)). Therefore, since K C A(r) K, and A\(r) K, is compact, there exists 7" > 0 such that
z:=x + Tv € ON(r)K,. If we take the projection of z onto K, it is exactly x because for all y € K

(—2.7— ) = (g — 2, Tv) = T({y, ) — (&) = 0

then by Lemma|6.11[c) 7k (2) = z, so ¢ € mx(OA(r)K,) and (b) is proved.
0

The proof of Lusin C'!+!-property for convex functions (i.e. Theorem [6.10) relies very much on the
next final lemma, where convex bodies W for which W = W (r) for some r > 0, are shown to have a
boundary of class C'1,

Definition 6.17. Given a function f : U — R, with U C R", we say that f € C1Y(U) when f € C1(U)
and the differential Df : U — R™ is Lipschitz on U. We also say that f € Cﬁ)’cl (U) if the differential is
locally Lipschitz on U.
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Definition 6.18. We say that the boundary of a bounded set U C R" is of class C1' if locally it is the
graph of a CY! function. That is, for each point p € OU there exist a neighborhood V. C R™ of p and
an open set W C R" ! such that

NV ={(z,f(z)) e R" : z € W},
where f : W — R satisfies f € CHH(W).

Lemma 6.19. If W is a convex body such that, for some r > 0, W = W (r), then the boundary of W is
of class C1,

Proof. Our goal in this proof is to show that, locally, W is the graph of a C'! function. To do this,
since W = W (r), every point p € OW must belong to the boundary of some ball of radius r entirely
contained within W. Taking the unique supporting hyperplane of W at p as the coordinate space, we
will see how locally we can trap the boundary of W between the graphs of two differentiable functions,
which lead to the fact that the parametrization of W is differentiable (see Exercise 5). After this, it will
only remain to prove that such differential is Lipschitz.

Since W = W(r), we can assume that for all p € OW there exists an h(p) € W such that
p € B(h(p),r) C W. By Lemma there exists a supporting hyperplane 7T}, for W at p. Further-
more, we observe that the only possible supporting hyperplane T}, is exactly the tangent hyperplane
to B(h(p),r) at p, since any other hyperplane passing through p is not a supporting hyperplane of
B(h(p),r) because it cuts into the interior of the ball, and therefore it could not be one for W either
because B(h(p),r) C W.

Since B(h(p),r) C W and necessarily p belongs to the boundary of the ball, then dist(h(p), W) =
r, which implies that h(p) € W, so |p— h(p)| = r = dist(p, W,) by the definition of W/, and therefore

by Lemma[6.11] h(p) = mw, (p)-

On the other hand, the inner unit normal vector of the hyperplane 7;,, where by inner we refer to the
one pointing towards the side of 7}, where W lies, is the normal to B(h(p), ) at p, which is clearly

h(p) =p _ mw,(p) =1

v(p) == = "

We define the function v : OW — S~ 1, which is a Lipschitz function because

w(p) — v(q)] = [T, (p) —p—r(ﬁw,‘(q) —q)| < [T, (p) —va;.(q)\ +|p —q| < %p_ d

where in the last inequality we used that 7y, is 1-Lipschitz.

We are now going to construct the function f such that locally OW is the graph of f, and then we
prove that such f is of class C11.

Let po € OW be fixed for the whole argument. We want to see that in a neighborhood of py, OW is
the graph of an f € C1. Let T}, be the tangent hyperplane to B(h(py), ) at po, which we have already
seen is the unique hyperplane that supports W at pg. We choose a Euclidean coordinate system such
that py = (0, ...,0) and T, = {x,, = 0}, identifying (z1,...,xn—1,2n) = (2’, z,). In this coordinate
system T,y = {z € R" : (z,v) = 0} forv = (0,...,0,1) € R™ and h(pg) = (0,...,0,7). We can
assume without loss of generality that W C {z : (v, z) > 0} = {(2/, xy,) : @, > 0}. Let

U={a"=(z1,...,20-1) € R" L dist((x1,...,2,-1,0),p0) < 7/2}

which is an open (n — 1)-dimensional ball (in the subspace topology of T},,) of radius /2 and center py.
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We now claim that there exists a function f : U — R of class C'™!, defined by
f(@") :==n € Rsuch that p = min {t > 0: (2/,0) + (0,%71,0,t) € W}.
so that
OW N (U x [0,r/2)) ={(2', f(z")): 2’ e U}.

We will prove the following properties separately:

(¢) f is well-defined.
(i1) We have OW N (U x [0,7/2)) = {(2/, f(2)) : 2’ € U}.
(i73) f is differentiable at every x(, € U.

(v) V f is Lipschitz on U.

(¢) f is well-defined:

We can see that for any =’ € U there exists ¢y > 0 such that (2/,¢y) € W. Indeed, when taking
(2',t) for 2’ € U, there must necessarily exist some to > 0 such that (2/,t9) € B(h(po),r). Since
B(h(po),r) C W, it follows that (z',ty) € W. We observe that f(z’) is actually given by a minimum
because W is closed, and also (2, f(2')) € OW. Furthermore, by the definition of f it is clear that for
alla’ e U

t< f(z') = (2/,t) ¢ W (6.13)

(ii) We have 9W N (U x [0,1/2)) = {(x', f(x)) : ' € U}:

We first show that given 2’ € U we have (2/, f(2')) € OW and that f(z') € [0,7/2). That
(«, f(2')) € OW is immediate because by the very definition of f, (/, f(2/)) € W and also for
all € > 0 we have that (z/, f(2') — €) ¢ W, from which it follows that

B((a', f(2'),e) N W £ 0, B((a', f(a')),e) N (R" \ W) #90,

therefore (2, f(x)) € OW. However, by definition f(z’) > 0, so we only need to show that f(z) < 5.
Let 7 : U — R be the function that parametrizes 9B (h(po),r) N (U x [0,7)), it is easy to verify that

(2" =r —\/r2 —|2/|2

Since for 2’ € U, |2/| € [0, §), it follows that 0 < 7(2') < (1 — @)r < r/2. Since (2/,7(2")) € W,
from (6.13) it is deduced that f(x’) < 7(z’), which implies that f(z') < r/2.

Next, for the reverse inclusion, let us show that given y = (y1,...,yn) € OW N (U x [0,7/2)) there
exists y' € U such that y = (v/, f(¥')). Our candidate is ¥’ = (y1,...,Yyn—1) € U, and we must show
that f(y') = yn. Let T, be a supporting hyperplane of W at y, such that if s = (s', s,) € R™ determines
such hyperplane, then

(s, y") + spyn < (s,z) forall z € W. (6.14)

Since (v/, f(y')) € W, we deduce from (6.14)

(') + Sntm < (5 0) + 5nf () <2y < (W)

which by the definition of f and given that (¢/,y,) € W implies that f(y’) = y,. For (x) to be true, it
would remain to see that s,, > 0. From what was observed at the beginning of the proof, T}, is the tangent
hyperplane to a ball B(h(y),r) C W at y, so the vector s, which is normal to the hyperplane, must be
either the outer normal to B(h(y),r) or the inner one, but from (6.14) it follows that s points towards
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W, so it points towards B(h(y),r) C W and thus s is the inner normal. This, together with the fact that
Yn < /2, which implies that y is in the lower half of B(h(y), ) viewed with respect to {z,, = 0}, gives
us that s,, > 0.

(i74) f is differentiable at every x, € U:

For the whole argument that follows, let =, € U be fixed. We denote p(z’) := (2, f(2’)). We have
p(z)) € OW and we take the ball B := B(h(p(x}))),r) C W such that p(z},) € B . The boundary of

B’ can be expressed as the graph of a convex and differentiable function g : V' — R where V' is an open
neighborhood of z{, in U. Indeed,

OB ={(y1,...,yn) ER": (1 — 1)’ + - + (g — an)? = 1%}

where (o, ..., ) = h(p(xp)) is the center of the ball, so taking

9) = om —Vr? = (y1 — 1) =+ — (yn-1 — an1)?
fory = (y1,-..,yn_1) € V C U, the boundary of B in a neighborhood of p(xp) is given by the
graph of g, that is, in the form (v, g(3’)). The function g is clearly differentiable, and furthermore
F') < 9(y) by (@13 since (v, 9(y") € W.

Now let 7)),y be the tangent hyperplane to B’ at p(xy), which we have already seen is the unique

supporting hyperplane of W at p(x()). Let s = (s1,...,,) € R”\ {0} and b € R such that

Ty = {z € R": (s,z) = b} (6.15)

In particular (s,p(z()) = band (s,y) > bforally € W. Let s’ := (s1,...,S,—1) and define the
function ¢ : V' — R as (o2
N b—(s T
GO —

then it is clearly differentiable. The case s, = 0 is impossible because s is the normal vector to Tj(,r),
s0 if sy, = 0, T (4 is perpendicular to {x,, = 0} and therefore since z{, € U and U being an (n — 1)-
dimensional ball in {z;, = 0}, it would mean that 7},(,) is not a supporting hyperplane of B(h(po),r) C
W, which is absurd.

Observe that by (6.15), T}y, is, in a neighborhood of p(x), equal to the graph of ¢, that is, the
points of the form (2, p(z')). Moreover, since T}, is a supporting hyperplane of W, then p(z') <
f(2') forall 2’ € V.

In summary, we have that ¢, f,g : V. C U — R are such that p(2’) < f(2') < g(a'), () =
f(xy) = g(z() = p(z() and ¢, g are differentiable at z(,, therefore identifying the hyperplane {x,, = 0}
with R"~!, we can conclude (see the Exercise 5) that f is differentiable at x( and that V f(z() =
V(x). Note that the equality between the gradients implies that the tangent hyperplane to f at x, is

T

p(zp)
(iv) VT is Lipschitz on U:
We will proceed by first proving that there exists M > 0 such that

IVf(2')| <M foralla’ € U. (6.16)

It is sufficient to prove that for all 2/ € U and j = 1,...,n — 1 we have [(0f/0x;)(z')| < 2. If
(0f /0z;)(2") = 0 the bound is immediate, so let us assume without loss of generality that (0 f /0x;) (") #
0. Given (2, f(2)) we consider the tangent hyperplane T},,/), which we know has normal vector
(Vf(2"),1), and we consider the line that passes through the point (z’, f(z')), lies in the hyperplane
T}y(»+y and whose projection onto the first (n — 1) coordinates follows the direction e;. This line is given

by the direction vector
, of
=(0,...,0,190,..., =2 (
o= (00700 2 )
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and thus the aforementioned line can be written as

af

Zj

(@', f(z)) + A (o, ...,0,19.0... (x’)) A ER.

Let us now consider the intersection point of this line with the hyperplane {x,, = r}, which occurs when

N .o P f@)
== .
Wi(fﬁl)
Since the line cannot intersect B((0, ..., 0, r),) then it cannot intersect the set B"~ (0, r) x {r} either,
and in that case we must have that B
|2" + Aej| > 7.

Now we can conclude that
|Xej\>r—|x’\zg = ]X|>% =
[r — f(a')] of (r—f(z'))

%(x/) Ox;j r

In the previous calculations recall that f(z) € [0,7) and that |’| < r/2. We have already proved (6.16).
For any 2’ € U, since T2y coincides with the tangent hyperplane to f, we have that the inner unit
normal vector is given by

N o .0,
V) = 1+|Vf(a:’)\2< B ") T By )’1>

soif m: R™ — R, 7(2/, 2,,) = 2’ is the orthogonal projection, we have
—V[f(a')
VI+IVE)R

Let the functions ®, © : R*~! — R"~! be given by

<2 <2

()

>r
2

m(v(p(z))) =

Plo)= — 2 Q)= =
=) V14|22 =) V1—|z?
then ©(®(z2)) = z for all 2 € R" ! and therefore
7 = Tz — —Vf(l“/) — a(v(z '
V1) = 0@V = 0 =TT ) < ot 1)

The function & is clearly Lipschitz for being C'* and the function © is also Lipschitz on U because it
is C* on {|z| < 1}, therefore it has bounded partial derivatives in any compact subset of {|z| < 1}. In

our case z = ——@)__ and therefore it is contained in a compact subset of {|z| < 1} since
1+ Vf ()]
‘ —V () M <1
V1I+H|VE)]2] — V1+ M?

Likewise, o' — (', f(2')) is also Lipschitz since we have already seen that f € C*(U), and we already
saw at the beginning of the proof that v is in turn Lipschitz. Then V f(z') is a composition of four Lips-
chitz functions, and therefore is itself a Lipschitz function.

Putting together (i) — (iv) we have thus proved that for all py € OW there exists a neighborhood
of po where OW is the graph of a differentiable function f with Lipschitz differential, meaning that
f € CYH1. Therefore OW is of class C1:1.

O]
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The purpose of all these previous lemmas is to prove Theorem [6.10] which is essential for our proof
of Alexandrov’s Theorem.

Proof of Theorem[B.10}, Let € > 0. Let us take M := sup{f(z) : = € B"(0,2R)} and define
W = {(z,y) € B"(0,2R) x R: f(z) <y < M + 2R}.

Since B"(0,2R) is convex and f is convex, then W C R"*! is a convex set. Furthermore, it is clearly
closed, and has non-empty interior since f(z) < M + 2R for all z € B"(0,2R). Additionally, W is
bounded, and therefore W is a convex body, as it is contained within the set bounded by the graph of f,
the cylinder B™(0,2R) x R and the hyperplane y = M + 2R. By Lemmathere exists 0 < d < R
such that
H"(OW \ OW(0)) < e.
Let us now see that
B"(0,2R) x {M + R} c W(5).

Indeed, this is true because W (J) is the union of closed balls of radius ¢ contained in W, and we have
that
B"(0,2R) x {M + R} c | JB""(a,9) (6.17)
a

fora € B"(0,2R — §) x {M + R} C W (that these products are subsets of W is trivial since f <
M < M + R < M + 2R). To see the inclusion (6.17), we take (x,y) € B"(0,2R) x {M + R} then
z € B"(0,2R) so

distgn(z, B"(0,2R — 6)) < 8

and there exists 2/ € B (0,2R — §) such that z € B"(2/,4). Then
(e,y) € B"(«',6) x {M + R} € B""((«, M + R) 9),
where (2/, M + R) € B"(0,2R — §) x {M + R}.

Observe that (6.17) tells us that the intersection of W () with the hyperplane y = M + R is a closed
n-dimensional ball of radius 2R. Therefore, if 77 : R"*! — R™ is the orthogonal projection,

#(W(5)) = B"(0,2R),
then for z € B"(0,2R) we can define
g(x) :=inf{y e R: (z,y) € W(J)}.

The function g is a function that parametrizes the lower part of 9W (d), where we refer to lower with
respect to the hyperplane {(z,5) € R” x R : y = 0} € R™*!. That g is convex is immediate by the
convexity of W (§). By Lemma|6.19} the boundary of W (§) is of class C'™!, and since g parametrizes
such boundary this means that g € C, O’Cl(B”(O, 2R)).

Note that W (0) C W and by definition of W, W C epi(f), therefore W (4) C epi(f), and by
definition of epi(f) this implies that g > f.

Finally, we will prove that (6.6) holds. Let x € B™(0, R) such that f(x) # g(x), and suppose that
x = w((2',y")) such that (z',y") € OW N OW (), we arrive at a contradiction because if it belongs
to OW then ¢y = f(x), and if it belongs to dW (§) then y' = g(z), which means f(z) = g(x). We
conclude that

fo € B0, R) : f(2) £ g(x)} C m(@W \ OW(3)),
then
L'({z € B*(0,R) : f(x) # g(x)}) < L*(m(OW \ OW(9))) = H" (x(OW \ OW(9)))
< HM(OW \ OW (9)) < e,

where we used Theorem O
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6.3 Proof of Alexandrov’s Theorem and some corollaries

Now, we have studied all the results that we are going to need to prove Alexandrov’s Theorem.

Theorem 6.1 (Alexandrov’s Theorem). Let f : R™ — R be a convex function. Then f is differ-
entiable at almost every point, and at almost every point where f is differentiable there exists a
symmetric matrix, which we denote D? f (x), such that

i W) = f(@) = Df@)(y — x) = 5(y = )" D*f(2)(y — @)
Yy ly — |2

=0. (6.18)

We insist again that we cannot speak of f being twice differentiable in the usual sense, because we
only guarantee the existence of the differential of f almost everywhere, and it would make no sense to
say that a function that we only know is defined almost everywhere is differentiable. We will see in[6.23]
that this is indeed true in the case where f is differentiable in the usual sense.

The main two ingredients of the proof are Lemma[6.9]and Theorem [6.10]

Proof of Theorem[6.1] Let R > 0 and ¢ > 0 and let g be the function obtained from Theorem [6.10] then
g satisfies the hypotheses of Lemma[6.9]and

L'({f #9}) <e

By Lemma (6-18) is satisfied for almost every = € {f = g} by taking D?f(z) := D?g(x). Then it
is satisfied in B(0, R) for almost every point of { f = g}, whose complement { f # g} has measure less
than e. Since € > 0 is arbitrary, taking ¢ — 0™ we conclude that (6.18)) is true almost everywhere.  []

For the case of convex and differentiable functions can indeed be guaranteed to be twice differentiable
in the usual sense almost everywhere.

Corollary 6.22. Let f : R™ — R be convex. Then, for every point x € R"™ where f satisfies (6.18)), the
Jfollowing holds

b sup 17 D) — (D2 (@).y — )

=0.
YT 5 caf(y) |z — yl

Proof. Let x € R" be a point where (6.18)) is satisfied, and suppose without loss of generality and to
simplify the notation, that z = 0. We need to show that

i %2 = DI(0) = D[ (0)z

x—0 ‘J)‘

=0 forall o, € Of(z). (6.19)

Thanks to (6.18), if D?f(0) is the symmetric matrix given by Theorem|6.1]and we define

1

A==
2

D?f(0), R(z) = f(z) = f(0) = Df(0)x — (Az,x),

then lim,_, ‘ﬁ(“'ﬁ)' = 0. Therefore,

—0asr — 0T, (6.20)

| B(z)|
a(r) := sup
0<|z|<2r ||

Furthermore, it is immediate that

|R(2)| < a(|2]/2)|2* < a(|2])]=f? (6.21)
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Now we take =,y # 0, we can express f(x) and f(y) in the form

{ f(z) = £(0) + Df(0)z + (Az, z) + R(z)
f(y) = f(0) + Df(0)y + (Ay,y) + R(y)

and by the definition of the subdifferential, for all o, € Jf (x) we know that f(x) + (0., y — x) < f(y).
It follows that for all o, € Of(x)

(0, —x) < f(y) — f(z) = DF(0)(y — =) + (A(z + y),y — z) + R(y) — R(x), (6.22)

where we use that since A is symmetric (Az,y) = (Ay,x), then (A(z+vy),y—x) = (Ay,y) — (Ax, z).
We will take in particular
y=x+w,

with w = \/a(|z[)|z|z for z with |2| = 1. Then from (6.22) it is deduced that for all o, € 9 f ()
(02, w) < Df(0)w + (A(2z +w),w) + R(y) — R(z) =
(02 — Df(0) — 2Az,w) < (Aw,w) + R(y) — R(z) =
Va(|z))|z|(or — Df(0) — 24z, 2) < a(|z|)|z|*(Az, 2) + R(y) — R(x). (6.23)
Since we consider the limit 2 — 0, we can take |z| small enough so that (6.20) guaranties a(|z|) < 1,

then |w| < |z| and therefore |y| < |x|+ |w| < 2|z|. Therefore, using (6.2T)) and the fact that the function
a is clearly increasing,

2
[R(y) — R(x)| < |R(y)| + |R(x)| < 5a(|z|)]z[*.

R(y)| < a('y)w < a(|]) (2la])? < da(|]) 2> =

We now consider the following results from Functional Analysis, which generally refer to a Hilbert space
but in our case we particularize them to R":

(a) Forall v € R™ we have |v| = sup{(v,u) : |u| = 1}.
(b) If T : R™ — R™ is a self-adjoint linear operator, then ||T’|| = sup{|(Tw, u)| : |u| = 1}.

We do not include their proofs, which are available in most Functional Analysis textbooks. In our case,
since A is a symmetric and real matrix, it is self-adjoint, so identifying A with the linear operator in R™
that it determines, we have by (b) that || A|| = sup{|(Au,u)| : |u| = 1}. We can then take supremums
in (6.23) with respect to all z with |z| = 1, first on the left side of the inequality and then on the right, to
conclude that for all o, € Jf(x)

Val(|z])|z]los — Df(0) = 24z| < [Alla(|z])|z]* + R(y) — R(x) < | Alla(z])|z[* + 5a(|z|)|=[*
This finishes the proof since 24 = D? f(0), so we have proven that for all o, € 9 (z)

0w — Df(0) — D*f(0)z]
]

< ([[All +5)Va(|z]) = 0asz — 0.

O]

The following corollary is immediately deduced from Theorem [6.22] using the fact that we know, by
Proposition[6.6] that in the case that f is differentiable, O f(z) = {V f(x)}.

Corollary 6.23. If f : R™ — R is convex and differentiable on R", then it is twice differentiable
in the usual sense at almost every point x € R™.
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Exercises
1. Prove that if C' C R™ is a convex set with nonempty interior, then

int(C) = int(C).

2. Let C C R"™ be a convex set so that C # R™. Prove that for every x € OC, there exists a
hyperplane 7, which supports C' at . That is, show that there is a hyperplane

T, ={yeR": (v,y) =b} forsomewv € R" beR,
so that x € T,, N C and either C C {y : R": (v,y) <b}orC C {y:R": (v,y) < b}.
3. Give an example of a function f : R — R so that 9f(0) = [—1, +00).
4. If U C R™ is open and convex and f : U — R is a convex function, prove that

of(x) C{veR": f(y) > f(z) + (v,y — x) forall y € U}.

5. Let f,g,h: QCR" = R,sothat g < f < hand let xy € §2 so that f(z9) = g(zo) = h(xo) and
g, h are differentiable at ;9. Then f is differentiable at xg and V f(xg) = Vg(xg) = Vh(zo).

6. If T : R™ — R" is a self-adjoint linear operator, then show that ||7’|| = sup{|(T'u, w)| : |u| = 1}.

7. Give and example of a Lipschitz function f : R” — R, differentiable everywhere, so that V f is
nowhere differentiable.
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