GEOMETRIC MEASURE THEORY

PERTTI MATTILA

These notes give a sketch of the lectures; definitions, theorems and perhaps
some ideas but not many detailed proofs.

1. HAUSDORFF MEASURES
The s-dimensional Hausdorff measure H*,s > 0, is defined by
Ho(A) = lim H5(A),
where, for 0 < 6 < oo,

mf{z )27%d(E;)° A C U ) <o}

Here a(s) is a positive number. For integers n, a(n) is the volume of the n-
dimensional unit ball (with a(0) = 1). Then in R", H" = L", the Lebesgue mea-
sure, we shall prove this later.

The Hausdorff dimension of A C R" is

dim A = inf{s : H*(A) = 0} = sup{s : H*(A) = oo}.

Since (as an easy exercise), H*(A) = 0 if and only if #5_(A) = 0, we can replace
H? in the definition of dim by the simpler H: . So, more simply,

dim A = inf{s: Ve > 0 3F, Ey, - - CXsuchthatACUE and Zd ) < e}

J

For the definition of dimension, the sets £; above can be restricted to be balls,
because each FEj is contained in a ball B; with d(B;) < 2d(E;). The spherical
measure obtained using balls is not the same as the Hausdorff measure but it is
between H° and 2°H°.

The m-dimensional Hausdorff measure restricted to a sufficiently nice, even
just Lipschitz, surface is the standard surface measure by the area formula which
we shall prove later.

The 1/3 Cantor set has Hausdorff dimension s = log 2/ log 3 with 0 < H*(C') <
0.

H° is a Borel regular outer measure: Borel sets are ° measurable and for every
A C R" there is a Borel set B such that A C B and H*(A) = H*(B).

Theorem 1.1. [Approximation theorem for Hausdorff measures] Let A C R" be
7° measurable with H*(A) < oco. Then for every ¢ > 0 there is a compact set C

such that C ¢ Aand H*(A\ C) <e.
1
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This is a special case of the corresponding theorem for general Borel measures.
We mean by a measure on a set X what is usually meant by outer measure, that
is, a non-negative, monotone, countably subadditive function on {4 : A C X}
that gives the value 0 for the empty set. By a Borel measure in a metric space X
we mean a measure i for which Borel sets are measurable and which is Borel
regular in the sense that for any A C X there is a Borel set B such that A C B and
w(A) = u(B). A Borel measure p is locally finite if all compact sets have finite u
measure.

Theorem 1.2. [Approximation theorem for Borel measures] Let « be a Borel mea-
sure on R"” with p(R") < co and let A C R™ be ;z measurable. Then for every e > 0
there are a compact set C' and open set G suchthat C C A C Gand p(G\ C) < e.

Theorem 1.1 follows from Theorem 1.2 by considering the restriction measure
HL A:
HLA(B) =H (AN B) for B C R".
It is a Borel measure when A is 7{* measurable. The proofs of these facts can be
found in [Ma], Chapter 1.
Lebesgue density theorem is not valid for Hausdorff measures but we have the
following density estimates.

Definition 1.3. The s-dimensional upper density of A C R" atx € R" is
(AN B
©"*(A, z) = limsup HYAN Bz, )
—0 a(s)rs

the s-dimensional lower density of A C R" atx € R" is

O:(A, z) = lim inf H*(AN B(z,7))

r—0 a(s)rs

Y

)

and the s-dimensional density of A C R™ at x € R™ is

©°(A,z) = lim H(ANB(r,1))
’ r—0 a(s)rs

Y

if the limit exists.
Theorem 1.4. Let A C R™ be H*® measurable with H*(A) < occ. Then
27° < 0" (A,z) <1for H®almostall x € A,

and
©"*(A,z) = 0 for H® almost all z € R™ \ A.

There are rather easy examples of compact sets A C R"” with 0 < H*(A4) < o
such that ©%(A, z) = 0 for all x € R™.

The proof of Theorem 1.3 can be found in [Ma], Chapter 6. Part of it uses
covering theorems, which are very important in GMT. Here are the basic ones,
their proofs are also in [Ma], Chapter 2. We denote by ¢5 the ball B(z,tr) when
B = B(z,r)and t > 0.
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Theorem 1.5. [5r covering theorem] Let B be a family of closed balls in R™ with
sup{d(B) : B € B} < 0.
Then there are disjoint balls B; € B (countably or finitely many) such that
U Bc 5B
BeB A

Theorem 1.6. [Vitali’s covering theorem] Let A C R" and let B be a family of
closed balls in R" with

inf{d(B):x € Be B} =0forallz € A.
Then there are disjoint balls B; € B such that

LA\ JB) =0.

Moreover, if € > 0, the balls B; can be chosen so that

> LB < LMA) +e.

We denote by x4 the characteristic function of a set A.

Theorem 1.7. [Besicovitch’s covering theorem] There are positive integers P(n)
and @(n) depending only on n with the following properties. Let A C R" be a
bounded set and let B be a family of closed balls in R" such that every point of A
is the centre of some ball in 5.

(1) There are balls B; € B such that they cover A and every point of R" belongs
at most to P(n) balls B;, that is,

Xa <Y xs < P(n).

(2) There are families B; C B,i = 1,...,Q(n), covering A such that each B5; is
disjoint, that is,
Q(n)

AclJ U B,
and foreveryi=1,...,Q(n),
BNnB =oforB,B €B;,B+B.
Theorem 1.8. [Vitali’s covering theorem for general measures] Let u be a locally
tinite Borel measure on R”, let A C R" and let 5 be a family of closed balls in R"
with
inf{r:x € B(xz,r) € B} =0forall z € A.
Then there are disjoint balls B; € B such that

M(A\UBz') = 0.
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Moreover, if € > 0, the balls B; can be chosen so that

Zu(Bi) < p(A) <e.

Observe the difference in Theorems 1.6 and 1.8: for Lebesgue measure we only
need that every point of A belongs to arbitrarily small balls of B, but for general
measures we need that every point of A is the centre of arbitrarily small balls of
B.

Lipschitz maps are very important in GMT: we say that f : A — R™, A C R", is
Lipschitz if there is L < oo such that

|f(z) — f(y)| < L|z — y| for all z,y € R".
The smallest such number L is called the Lipschitz constant of f and denoted by
Lip(f)-
Theorem 1.9. If f : A — R™, A C R", is Lipschitz and s > 0, then
H(f(A)) < Lip(f)"H*(A).

Proof exercise.
There is no Fubini theorem for Hausdorff measures, but we have the inequality:

Theorem 1.10. If f : A — R™, A C R", is Lipschitz and m < s < n, then

/ HEAN ) L™y < Clm.n, s) Lip(f)"H (A).

Proof, [Ma], Theorem 7.7.
Here [ is the upper integral since the integrand need not be measurable. It is
measurable if A is closed, or even a Borel set, but that is more difficult to prove.

2. STEINER SYMMETRIZATION AND THE ISODIAMETRIC INEQUALITY

The reference for this chapter is [EG], pp. 67-78.

Let V be a hyperplane in R™ through 0, that is, a linear (n — 1)-dimensional
subspace. We can write any x € R"as x = zy + 2,z € V,zi € V1. Let A C R™
We say that A is symmetric with respect to V if zy + zi; € A implies zy — 27 € A.
We say that A is symmetric with respect to the origin if + € A implies —z € A.

Steiner symmetrization symmetrizes any Lebesgue measurable A C R" to a
Lebesgue measurable set symmetric with respect to a hyperplane without chang-
ing the measure and without increasing the diameter.

Definition 2.1. Let a,b € R" with |a| = 1. Set
Ly ={b+ta:teR},
P,={zxeR":a- =0}

So Lj is the line through b in the direction @ and P, is the hyperplane through the
origin orthogonal to a.
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The Steiner symmetrization of a set A C R™ with respect to P, is

Sa(A) = |J {o+ta:tl <H(ANLY)/2}.

bePa, ANLI#D

Theorem 2.2. Let a € R" with |a| = 1. Forall A C R",
(1) d(S4(4)) < d(A).
(2) If Ais Lebesgue measurable, so is S,(A) and L"(S5,(A)) = L™(A).

(1) is a rather simple fact based on the definition of S,(A) and (2) follows from
Fubini’s theorem.

Theorem 2.3. [Isodiametric inequality] For all A C R",
L(A) < a(n)27"d(A)".

Notice that there is equality when A is a ball. So ball has the largest measure
among sets with a given diameter.

To prove the isodiametric inequality symmetrize A first with respect to the
plane orthogonal to the x;-axis, then symmetrize this set with respect to the plane
orthogonal to the z,-axis, and so on. After you have symmetrized with respect
to all coordinate planes you have a set symmetric with respect to the origin, with
the same measure as A and not bigger diameter. So you only need to verify the
claim for such symmetric sets, which is rather easy.

Notice that you cannot prove the isodiametric inequality by putting A inside
a ball with the same diameter, because for example for equilateral triangle you
cannot do that.

The isodiametric inequality leads to the fact that in R” Lebesgue measure and
n-dimensional Hausdorff measure agree:

Theorem 2.4. For all A C R",
H"(A) = L(A).

3. BRUNN-MINKOWSKI AND ISOPERIMETRIC INEQUALITY

This chapter is based on [Fe], pp. 273-278.
The sum set of subsets A and B of R" is

A+B={a+b:a€ Abe B}.
Theorem 3.1. [Brunn-Minkowski inequality] For all A, B C R",

This is sharp, equality holds when, for example, A = B = B(0,1), then A+ B =
B(0,2). The inequality is strict quite often. For instance, if A = B = C'is the 1/3-
Cantor set, the right hand is zero but the left hand side is positive; C' + C' = [0, 2]
(exercise).

By approximation the proof is reduced to the case where both A and B are a
finite union of intervals in R™. The proof proceeds then by induction on the total
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number of these intervals. To use induction hypothesis one splits each of the
unions into two collections of intervals by separating with suitable hyperplanes.
The isoperimetric inequality says that

L (A)"=D/m < (na(n)/m)~1P(A).

Here P(A) is the perimeter of A. The constant here is such that equality occurs
for balls.

This inequality has different meanings depending on what perimeter means.
The most classical case is where A is a bounded open set with smooth boundary
OA. Then P(A) = H" }(0A) is the (n — 1)-dimensional surface area of A. A very
general case is where A is just a Lebesgue measurable set with finite measure and
perimeter is defined in distributional sense. This approach is presented in [EG],
Chapter 5.

We shall now interpret perimeter as Minkowski content. This includes the clas-
sical case and much more.

Definition 3.2. The (n — 1)-dimensional Minkowski content of A C R™ is
1
n—1 T . n T
MI7H(A) = llran_%lf —2€£ ({x : dist(z, A) < e}).

Theorem 3.3. [Isoperimetric inequality] For all A C R" with £"(A) < oo,
LAV < (na(n)Y™) T MPTHDA).

Here A is the closure of A. The proof is based on the Brunn-Minkowski in-
equality. Observe that {z : dist(v,A) < ¢} = A+ U(0,¢), where U(0,¢) is the
open ball with centre 0 and radius €. One uses Brunn-Minkowski both for this
and {z: 0 < dist(z,R"\ A) < e}.

4. LIPSCHITZ MAPS
Recall that f : A — R™, A C R", is Lipschitz if there is L < oo such that
|f(x) = f(y)| < Llz —y| forall z,y € R™.

We already discussed earlier relations to Haudorff measures. Here we discuss
extension and differentiability.

Theorem 4.1. [Lipschitz extension] Let f : A — R™ A C R", be Lipschitz. Then
there is a Lipschitz map g : R* — R™ such that g(z) = f(z) for z € A and

Lip(g) = Lip(f)-
For m =1 this is easy: g can be defined by the formula

g9(x) = inf{f(y) + Lip(f)lz —y| : y € A}, x € R".

When m > 1 we can apply this to the coordinate functions of f to get Lipschitz
extension g of f with Lip(g) < v/mLip(f). For the proof of the full theorem using
Zorn’s lemma, see [Fe], 2.10.43. This is called Kirszbraun’s theorem.

Lipschitz functions f : R — R are of bounded variation and hence can be
written as a difference of two increasing functions. Thus by Lebesgue’s classical
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theorem they are differentiable almost everywhere. The proof given in [EG], [Fe]
and [Ma] of the following theorem takes this as the starting point:

Theorem 4.2. [Rademacher’s theorem] Let f : A — R™ A C R", be Lipschitz.
Then f is differentiable almost everywhere.

Considering coordinate functions the proof is reduced to the case m = 1. By
the case n = 1 and Fubini’s theorem the partial derivates and the gradient V f =
(O1f,...,0nf) exist almost everywhere. Moreover by the case n = 1 for every unit

vector e € S 1,
et h) = fz) _
}ILILI[I] Y —e-Vf(x)=0
for almost all x € R". Hence this holds almost everywhere for a countable dense
set of e € S"~1. Differentiability at  means that this holds for every unit vector e
and uniformly in e. Lipschitz condition is used to verify this.

5. AREA AND COAREA FORMULAS

This chapter is mainly based on [EG], Chapter 3, but these can be found also in
[Fe], [LY] and [Si].
If L : R — R" is linear, then

LM(L(A)) = | det L|L™(A).

For diagonal linear maps this is clear. L is diagonal if there exist Ay, ..., A, such
that
L(zy,...,2,) = (M1, .o, Any)-
Then det L = A, - - - A\,. For general linear maps L it follows by diagonalization:
by linear algebra we can write L as
L=010Do0,,

where D is diagonal and O, and O, are orthogonal: O;z - O;y = x -y for all
z,y € R". The orthogonal maps have determinant +1, so |det L| = |det D|, and
orthogonal maps don’t change distances, whence they preserve Lebesgue mea-
sure. This leads to the basic change of variable formula for Lebesgue measure: if
f:U —=R" U C R" open, is continuously differentiable and injective, then

/A(gOf)Jf—/f(A)g

when A C U is Lebesgue measurable and, for example, g is a non-negative Borel
function. Here J; is the Jacobian of f:

Jp(x) = |det DS (2).

We formulate this and later results for non-negative Borel functions, since then
the integrals exist, but they may be infinite. For general functions the formulas
hold provided the integrals of the positive and negative parts are finite.

Our goal is to prove such formulas for maps f : R — R™ between spaces of
different dimensions. We shall also prove these for Lipschitz maps. Recall that
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Lipschitz maps can always be extended, so it suffices to consider those defined
on the whole space.

The area formula deals with the case f : R — R™,n < m, including also
m = n. The starting point again is what happens with linear maps.

Proposition 5.1. Let L : R* — R™ n < m, be linear. Then there are a diagonal
map D : R" — R" and orthogonal maps O; : R — R™ and O, : R — R" such
that

L=0;0Do0,.
This follows by basic linear algebra.
Definition 5.2. Let L : R” — R™,n < m, be linear. The Jacobian of L is
Jr = |det D|,
where D is as in the above decomposition.
It follows from the above that for any A C R",
H"(L(A)) = JLL"(A).

The following formula shows that J; is independent of the decomposition
used. We denote by L* : R™ — R" the adjoint of L defined by L(z) - y = = - L*(y)
forall x € R",y € R™.

Proposition 5.3. Let L : R* — R™, n < m, be linear. Then
J? =det(L* o L).

This also is rather easy linear algebra.
For any map f : R* — R™ and A C R" define the multiplicity function

N(f,Ayy) =#{z € A: f(a) =y} = H(AN FH{y}).
If f is differentiable at =, we define the Jacobian of f at x by
Ji(x) = Ips(ay).
Here the matrix elements of D f(z) are the partial derivatives 0, f;(x).
Theorem 5.4. [Area formula] Let f : R” — R™,n < m, be Lipschitz and A C R"

Lebesgue measurable. Then

/ JpdL" = N(f, A y)dH"y.
A R™
In particular, if f is injective,

() = [ gpac,

A
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For linear maps this follows from Definition 5.2. If f is continuously differen-
tiable and injective one can prove this decomposing the domain of f into small
subdomains where approximation by the differential map is very good and ap-
plying the linear case. By Rademacher’s theorem the same idea applies to Lips-
chitz maps but details become much more complicated.

Theorem 5.5. [Change of variable formula] Let f : R* — R™,n < m, be Lipschitz
and g : R" — R a non-negative Borel function. Then

/ngdE":/ Z g(x) | dH"y.

z:f(z)=y

Moreover, if A C R" is Lebesgue measurable and ~ : R™ — R is a non-negative
Borel function,

[tengic = [ nneAgany.
A f(A)
The coarea formula deals with the case f : R" — R™, m < n. Now we have for

linear maps

Proposition 5.6. Let L : R* — R™,m < n, be linear. Then there are a diagonal
map D : R™ — R™ and orthogonal maps O; : R™ — R" and O, : R™ — R™ such
that

L=050Do0]j.
This is again basic linear algebra.
Definition 5.7. Let L : R" — R™, m < n, be linear. The Jacobian of L is
J = |det D|,
where D is as in the above decomposition.
We again have another formula:
Proposition 5.8. Let L : R* — R™, m < n, be linear. Then
J? =det(LoL").

The coarea formula linear maps L : R — R™,m < n, follows easily from the
above: if A C R" is Lebesgue measurable, then

TLLM(A) = / H (AN L7 (y))d L™

The Jacobian of f : R™ — R™ at a point x of differentiability is again defined by
Ji(x) = Jj)-

The most important case is where f is real valued, m = 1. Then J(z) =

V@)l = Vorf(2)? + -+ 0uf(x)”.
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Theorem 5.9. [Coarea formula] Let f : R* — R™, m < n, be Lipschitzand A C R"
Lebesgue measurable. Then

/ JrdCh = | H(AN N (y))d LMy
A R™

Theorem 5.10. [Change of variable formula] Let f : R* — R™,m < n, be Lips-
chitz and g : R® — R a non-negative Borel function. Then

/ gJpdL" = / (/ gd?—l”m> dL™y.
n m 1)

6. RECTIFIABLE SETS

This topic is treated in [Fe], [LY], [Ma] and [Si], and only for one-dimensional
sets in [Fa].

Definition 6.1. Let 0 < m < n be integers. A set £ C R" is m rectifiable if there are
Lipschitz maps f; : R™ — R",j = 1,2,..., such that

AN\ R™) =0.

Since Lipschitz maps can be extended, the above is equivalent to: £ C R" is m
rectifiable if there are Lipschitz maps f; : A; - R", A; C R™,j = 1,2,..., such
that

H™(E\ U fi(4;)) = 0.

Moreover, since every subset of R™ is a countable union of bounded sets, we
can require the sets A; to be bounded. Thus E C R is m rectifiable if and only it
can be written as

J

where A; C R™ are bounded sets, f; : A; — R" are Lipschitz and F, C R" with
H™(Ep) = 0. In case E is H™ measurable we can take the sets A; to be Borel sets.
The terminology differs in different sources. Often one also requires that H™ (E)
oo and calls sets as above countably rectifiable.
The following theorem gives some basic simple properties of rectifiable sets:

Theorem 6.2. Let £ C R™.

(i) If By C F5 and Es is m rectifiable, then F; is m rectifiable.

(ii) If H™(E) = 0, then E is m rectifiable.

(iii) If £ C R™, then E is m rectifiable.

(iv) If £y, Es, ... are m rectifiable, then U; E; is m rectifiable.

(v) If for every € > 0 there is an m rectifiable set /' C E such that H™(E\ F) <
¢, then E is m rectifiable.

(vi) If E is m rectifiable, then there is an m rectifiable Borel set B such that
E C Band H™(B) = H™(E).
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(vii) If E is m rectifiable, it has o-finite H™ measure:

Definition 6.3. Let 0 < m < n be integers. A set F' C R" is purely m unrectifiable if
H™(FNE)=0
for every m rectifiable set £ C R".

Theorem 6.4. Let A C R™ with H™(A) < oco. Then there is an m rectifiable Borel
set B such that A\ B is purely m unrectifiable. Thus A has the decomposition
into an m rectifiable set & and a purely m unrectifiable set F:

A=FBUFENF =g2.

The proof is easy: let M be the supremum of #™(A N B) when B ranges over
all m rectifiable Borel subsets of R", choose B; with H™(AN B;) > M —1/j and

Of course the above decomposition is not unique, since we can freely move sets
of H™ measure zero between E and F), but it is unique up to sets of H™ measure
Zero.

Examples:

Example 6.5. Any rectifiable curve I' = a([a, b]) (here « : [a,b] — R™ is a rectifiable
path as in Exercises 4) is 1 rectifiable. m dimensional surfaces with C! (or even
local Lipschitz) parametrizations are m rectifiable.

For one-dimensional sets the rectifiability can be defined in terms of rectifiable
curves: £ C R" is 1 rectifiable if and only if there are rectifiable curves I';, j =
1,2,..., such that

1 (E\JT;) =0.

Example 6.6. Let E = |J;2, S; where S} is the circle S; = {x € R* : [z — ¢;| = 277}
and the ¢; are all the points in R? with rational coordinates. Then F is 1 rectifiable
with H'(FE) < oo. Anyway, E is dense in R?.

Example 6.7. Let C(1/4) = C x C where C' C [0,1] is the standard Cantor set
where one deletes each time in the construction half of the previous interval. Then
0 < HY2(C) < 00,0 < HYC(1/4)) < oo and C(1/4) is purely 1 rectifiable.

Rectifiability can be defined in terms of C' maps instead of Lipschitz maps.
This is based on the following theorem:

Theorem 6.8. Let f : R™ — R be Lipschitz. If ¢ > 0, then there is a C' mapping
g : R™ — R such that

L({x e R™ :g(x) # f(x) or Vg(x) # Vf(2)}) <e

The proof is based on Rademacher’s theorem and Whitney’s extension theo-
rem, see [EG], Sections 6.5 and 6.6. From this we get
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Theorem 6.9. A set £ C R" is m rectifiable if and only if there are C'' maps
fi:R™ = R" j=1,2,..., such that

AN\ HR™) =0.

Using the area formula, and parts of its proof, one obtains injective C* maps
f; : R™ — R" such that their and their inverses’ Lipschitz constants are arbitrarily
close to one. Then one also finds that £ C R" is m rectifiable if and only if there
are C' submanifolds M; of R" such that

H™E\| M) =o0.

J

Using C? maps leads to a strictly smaller class of sets.

7. RECTIFIABLE SETS AND APPROXIMATE TANGENT PLANES

Our next goal is to characterize rectifiability in terms of almost everywhere
existing tangent planes. Because of Example 6.6 we cannot use ordinary tangent
planes but we need approximate tangent planes. First some notation. Let 0 <
m < n be integers. Set

G(n,m) ={V : V is an m — dimensional linear subspace of R"}.

So V' € G(n,m) if it is an m-dimensional plane through the origin. G(n,m) is
called Grassmannian manifold. It is an m(n — m)-dimensional smooth submani-
fold (surface) in the n?-dimensional linear space of all linear maps (n x n matrices)
R™ — R"™. Later we shall make it into a compact metric space and put a natural
measure on it, but so far we don’t need them.

ForV € G(n,m),n > 0 and a € R” we define the cone around V' + a:

X(a,Vin) ={z e R":d(x — a,V) < n|x — al}.

When m = 1,V is a line and this is just a two-sided sector around V' + a (draw
a picture, also when n = 3, m = 2).
Recall the upper density

O©""™(A,x) = limsup H™(ANB(z,7))

0 a(m)rm

Y

and its basic inequalities from Theorem 1.4. In particular the following conse-
quence of it will be behind several arguments below: if A and B are disjoint H™
measurable sets with H"(A) < oo and H™(B) < oo, then ©™(B, z) = 0 for H™
almost x € A.

Definition 7.1. Let A C R",V € G(n,m) and a € R™.
We say that V' is an ordinary tangent m plane for A at a if for all » > 0 we have
for all sufficiently small » > 0,

AN B(a,r)\ X(a,V,n) = 2.
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We say that V' is an approximate tangent m plane for A at a if ©™(A,a) > 0 and
foralln > 0,

}LI% r~"H™(AN B(a,r) \ X(a,V,n)) =0.

Notice that we defined this so that V' is linear, that is, it goes through the origin.
The actual geometric tangent plane through a is then V' + a.

The density statement before Definition 7.1 now gives: if A and B are disjoint
‘H™ measurable sets with H"(A) < oo and H™(B) < oo, then for H™ almosta € A
an approximate tangent m plane for A at a (if it exists) is also an approximate
tangent m plane for AU B at a.

Our goal now is to prove the following theorem:

Theorem 7.2. Let £ C R" be H™ measurable with H"(E) < oco. Then E is m
rectifiable if and only if £ has an approximate tangent m plane at #™ almost all
points a € .

The fact that an m rectifiable set has an approximate tangent m plane almost
everywhere is easier, in particular if use the characterization of rectifiablity in
terms of C"! surfaces. Then we only need to know that C"! surfaces have ordinary
tangent plane at all of their points and use the following proposition:

Proposition 7.3. Let £ C R" be H™ measurable with H"(E) < co. Suppose that
E = U, E; where the E; are H™ measurable sets which have an approximate
tangent m plane at H™ almost all points a« € E;. Then E has an approximate
tangent m plane at H™ almost all points a € E.

This is a rather easy consequence of the definition of approximate tangent m
plane and of the statement before Theorem 7.2.
We use the following notation when V' € G(n,n — m):

Py : R" — V is the orthogonal projection,

Qv : R" — V= is the orthogonal projection.

Notice that we changed the role of V: instead of considering m dimensional
planes, which could be approximate tangent planes, we now consider n — m di-
mensional planes, which could be orthogonal complements of approximate tan-
gent planes.

For the converse direction in Theorem 7.2 the key lemma is

Lemma 7.4. Suppose E C R",V € G(n,n—m),0<n<land 0 <r < oo.If
EnB(a,r)NX(a,V,n) =2 foralla € E,

then F is m rectifiable.

Here B(a,00) = R".

Think about this when n = 2,m = 1, and draw a picture. You should see that
when r = oo, the assumption means that Qv |E is injective with Lipschitz inverse
[ = (Qv|E)™'. Then E = f(Qy(E)) which is m rectifiable. The proof is reduced
to the case r = oo composing E into a union of sets of diameter less than .
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This lemma already is enough to finish the proof for a large class of sets; those
for which there is ¢ > 0 such that H"(E N B(a,r)) > er™ fora € E,0 <r < 1.
The Cantor set C'(1/4) in Example 6.7 is one of those. With a little more thought
we could also do the sets with positive lower density: ©7*(E,a) > 0 fora € E. To
following lemma takes care of the sets for which ©7*(E, a) = 0. It extends Lemma
7.4 from the case where the cones contain no points of E to the case where they
contain very little of E; you should think of X as a small number.

Lemma 7.5. Suppose £ C R",V € G(n,n—m),0<n<1,0 >0and A > 0. If Fis
purely m unrectifiable and

H™(ENB(a,r)NX(a,V,n)) < Ar"n™foralla € E,0 <r <4,
then
H™(ENB(a,0/6)) < cAd™ for all a € R,
where ¢ > 0 depends only on m.

Combining this lemma with the density inequality ©*™(E,a) > 27 for H™
almost all a € E of Theorem 1.4 we obtain

Theorem 7.6. Let E C R" be H™ measurable with H™(E) < co. Then E is purely
m unrectifiable if and only if £’ does not have any approximate tangent m plane
at H™ almost all points a € E.

Theorem 7.2 easily follows from this. We can use Lemma 7.5 to get much
sharper information about purely m unrectifiable sets. They do not only fail to
have approximate tangent planes, that is, fail to be concentrated near m planes,
but they are scattered in all directions:

Theorem 7.7. Suppose £ C R",V € G(n,n —m),0 < n < 1and FE is purely m
unrectifiable with %™ (E) < co. Then

O""™(ENX(a,V,n),a) > cn™ for H™ almost all a € E,

where ¢ > 0 only depends on m.

8. RECTIFIABLE SETS AND ORTHOGONAL PROJECTIONS
We again use the following notation when V' € G(n, m):

Py : R" — V is the orthogonal projection,

Qv : R™ — V7 is the orthogonal projection.

Our goal here is to prove the Besicovitch-Federer projection theorem:

Theorem 8.1. Let A C R™ be H™ measurable with H"(A) < co. Then

(1) A is purely m unrectifiable if and only if #"(Py(A)) = 0 for almost all V' €
G(n,m),

(2) A is m rectifiable if and only if for all ¥ C A with H™(F) > 0 we have
H™(Py(F)) > 0 for almost all V € G(n,m).
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This is due to Besicovitch for m = 1,n = 2 from 1939 and due to Federer for
general dimensions from 1947. The proof can be found in the books [Fe], [LY] and
[Ma], and for m = 1,n = 2 in [Fa].

(1) and (2) are easily seen to be equivalent as a consequence of the decom-
position theorem 6.4. For (1) the essential part is that H™(FPy(A)) = 0 for al-
most all V' € G(n,m) if A is purely m unrectifiable. The other part follows from
"H™(Py(F)) > 0 for almost all V' € G(n,m) if F' is m rectifiable and H"™(F') > 0".
This is reduced to the case where F is a subset of a C' surface. Then one can in
fact show more: for any orthonormal coordinate system in R" there is some m-
dimensional coordinate plane on which F' projects onto a set of positive measure.
This implies the above statement. In particular in the plane a 1-rectifiable set of
positive measure can project into a set of zero length in at most one direction.

What does "almost all V' € G(n, m)" mean? For m = 1 it is clear: lines through
the origin can be identified with the pair of the points where such line intersects
the unit sphere S"~!. Thus we can define a measure v, ; on G(n, 1) by

Yna(A) = c(m)H" (| J LN S™™) for A € G(n,1).
LeA
For the hyperplanes V' € G(n,n — 1) we can consider their orthogonal comple-
ments V4 € G(n, 1) and define

Ynm1(A) = c(n)H"H( U VNS for A C G(n,n —1).
VeA

We choose here ¢(n) = 1/H"1(S"!) so that v,,; and 7, ,_1 are probability mea-
sures. Then ‘almost all V' € G(n,m)’ for m = 1 and m = n — 1 mean almost all
with respect to 7,1 and v, ,,—1. We could also define this conceptfor1 <m <n—1
in an elementary fashion but it is better to use the theory of Haar measure.

Let O(n) be the orthogonal group of R™. This means that g € O(n) if and only
if g is a linear map of R" onto itself which preserves the inner product:

g(x)-g(y) =x-yforall z,y € R".

Then O(n) is a group with composition g o h as the group operation (or matrix
multiplication). Any metric on the space of all linear maps L : R” — R" induces
a metric on O(n). For example, we can use the operator norm

d(Ll,LQ) = Sup{|L1£L‘ — L2$| : |ZE| S 1}

This makes O(n) into a compact metric group: the operations (g,h) +— go h
and g — ¢! are continuous. The theory of Haar measure tells us that there
exists a unique invariant Borel probability measure ¢,, on O(n). This means that
0,(O(n)) =1and

0,(gA) = 0,(Ag) = 0,(A) forall g € O(n), A C O(n),
where gA = {gh : h € A}, Ag = {hg : h € A}. Fixing and arbitrary V;, € G(n,m)
we can now define

Yam(A) =0,({g € O(n) : (Vo) € A}) for A C G(n,m).
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Observe that O(n) acts transitively on G(n, m): for any V,W € G(n,m) there are
(two if m = 1,n = 2, infinitely many otherwise) g € O(n) such that (V') = W.
By the invariance of 6, this definition does not depend on Vj,. It agrees with the
previous one when m = 1 and m = n — 1. It follows that v, ,, is invariant under
O(n):

Ynm(A) = Yom({g(V) : V € A} for g € O(n), A C G(n,m).

Moreover, it is the only Borel probability measure on G(n, m) with this property.
From the definition we see that

Ynan(A) = Yonm({V+: V € A}) for A C G(n,m).

Now we know what the statement of Theorem 8.1 means and we start proving
the essential part of it: we assume that A C R" is H™ measurable and purely m
unrectifiable with #™(A) < oo and we want to prove that H™(FPy(A)) = 0 for
H™ almost all V' € G(n, m). The structure of the proof is the following. We again
switch in notation to (n — m)-planes V' € G(n,n — m), because the orthogonal
complements will be more essential than the planes on which we project. For a
given V' € G(n,n — m) we consider three subsets of points a € A according to
how A is distributed near V' + a. We show that for every V' € G(n,n—m) all these
subsets project to zero m-dimensional measure. Then we show that for almost all
V these three subset cover almost all of A. This will complete the proof. The last
step is done first in the case m = n — 1 using the more concrete representation of
Ynn—1 in terms of the surface measure on S"'. The general case is reduced to this
using the definition of v, ,,, and some Fubini type arguments.

Now we define the three subsets of A. Recall the cones

X(a,Vin) ={z e R":d(x —a,V) <nlx —a|} ={z € R" . |Qv(z — a)| < n|x —al|}
from the previous chapter. Let 6 > 0 and V € G(n,n — m). Set
Ay 5(V)={a € A:limsup sup (nr)""H™(AN B(a,r) N X(a,V,n)) =0},

n—0 0<r<é

Ay 5(V) ={a € A:limsup sup (nr)""H™(AN B(a,r) N X(a,V,n)) = oo},

1—0  0<r<s
As(V)={ae€ A: #(AN(V +a)) = oo}
Lemma 8.2. H™(A;s(V)) =0.
Lemma 8.3. H™(Qv (A25(V))) = 0.
Lemma 8.4. H™(Qv (A3(V)) = 0.

The pure unrectifiability is only needed in the first lemma. Its proof follows
rather easily from Lemma 7.5. Lemma 8.3 follows with an application of Vitali’s
covering theorem on V+. Lemma 8.4 follows when one applies Theorem 1.10 to
the projection Qy with s = m.

The next lemma is the most essential and difficult part of the proof:
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Lemma 8.5. Let A C R" be H™ measurable with H™(A) < oo and 6 > 0. Then for
Ynn—m almost all V' € G(n,n — m) the following holds: for ™ almost all a € A
either

limsup sup (nr)""H™ (AN B(a,r)N X (a,V,n)) =0,

n—0 0<r<é
or

limsup sup (nr)""H™(AN B(a,r) N X(a,V,n)) = oo,
n—0 0<r<d
or

(A\{a})N(V +a)N B(a,d) # 2.

Theorem 8.1 follows combining these four lemmas.
To prove Lemma 8.5 for m = n—1 one considers the (outer) measure ¥ on 5™
U(B) = sup r' "H" (AN B(0,r) N (UyepLy)), B C "7,
0<r<d
where L, = {uv : v € R}. This is badly non-additive, Borel sets are not ¥ measur-
able, but it is countably subadditive. The proof is then reduced to the following:
for H" ! almost all v € S"~! either

limsup "W (S™ ' N B(v,t)) = 0,

T—0
or
limsup t* "W (S™ ' N B(v,t)) = oo,
T—0
or

(A\{0})N L, N B(0,6) # @.
To establish this one can prove the following theorem for measures (that is,
outer measures) on R*:

Theorem 8.6. Let ¥ be a measure on R* and E a Lebesgue measurable set such
that U(E) = 0. Then for £* almost all z € F either limsup, ., *¥(B(z,r)) = 0
or limsup, o7 *¥(B(z,7)) = oo.

We use this on R"~! which is locally like S"~!. If ¥ were a finite Borel mea-
sure, we would know more: then by the general differentiation theory of mea-
sures, or by a quick application of Vitali’s covering theorem, for £* almost = €
E,limsup,_,,r*¥(B(z,r)) = 0.

The proof of Theorem 8.6 is based on the Lebesgue density theorem and it is
not very difficult.
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9. TANGENT MEASURES AND DENSITIES
This topic is discussed in [Ma] and [LY].

Weak convergence

Definition 9.1. The sequence (;:;) of Borel measures on R"™ converges weakly to a
Borel measure y if for all ¢ € Cy(R™),

/wduj—>/¢du-

Here C(R") is the space of continuous functions on R” with compact support.
The following weak compactness theorem is very important, though not very
deep. It follows rather easily from the separability of the space C,(R").

Theorem 9.2. Suppose 1,7 = 1,2..., are Borel measures on R" such that for
every compact set K C R", sup; u;(K) < oo. Then the sequence (y.;) has a weakly
converging subsequence.

Examples:

Example 9.3. For Dirac measures ¢,,,a; € R™:
0a; = 0q if a; — a € R",
dq; — 0if |a;] — oo.

Recall the restriction measure |l A:
plA(B) = u(ANB) for B C R™
It is a Borel measure when x is a Borel measure and A is  measurable.
Example 9.4. ¢ Zle 8k — LM[0,1] when k — oo.

Some basic properties:

Suppose that 1;, ;1 are Borel measures on R" and 1, — 1 weakly. Then

(1) ;(A) = u(A) if u(0A) = 0 for bounded sets A. However, ji;(A) need not
converge to y(A) even for compact sets in general.

(2) p(U) < liminf, , p;(U) for open sets U.

(3) limsup;_, ., 1;(K) < pu(K) for compact sets K.

Tangent measures

Tangent measures of a measure f tell us how p looks locally. To define them
we use the affine maps 7}, sending the ball B(a, r) to the unit ball B(0, 1):

Tor(z) = T % forz e R™.
T

We also need image, or push forward, of a measure ; under a map f:

fen(B) = u(f~1(B)) for B C R".
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If ;1 is a Borel measure and f is continuous, f4 is a Borel measure. In that case
an equivalent definition is

/gpdf#u = /gp(m) duz for all p € Cy(R").

Definition 9.5. Let i« and v be locally finite Borel measures on R", not identically
zero. We say that v is a tangent measure of ;1 at a € R" if there are ¢; > 0,7; > 0,
such that lim;_,,, 7; = 0 and

¢jTar 41 — v weakly as j — oco.
We then denote v € Tan(u, a).

This is equivalent to

/gp (x —a) dpxr — /gody for all p € Cy(R").
”

Often, but not always, one can choose ¢; = ¢/u(B(a,1;)).
Examples:

Example 9.6. If A C R" is Lebesgue measurable, then for £" almost all « € R",
Tan(L"L_A,a) = {cL" : 0 < ¢ < o0}
This follows from the Lebesgue density theorem.
Example 9.7. If ' C R" is a rectifiable curve, then for H' almostalla € T,
Tan(H'_T,a) = {cH'_L,: 0 < ¢ < o0},

where L, € G(n, 1) is the tangent line of I at a.
More generally, if £ C R" is ™ measurable and m rectifiable with H™(E) < oo,
then for H™ almostalla € F,

Tan(H™_E,a) = {cH™_V,:0 < ¢ < o0},
where V, € G(n,m) is the approximate tangent m plane of E at a.

Example9.8. Let C(1/4) be the Cantor set as in Example 6.7. The tangent measures

of H'L_C(1/4) are all of the form ¢H'l_C where C is an unbounded Cantor set
which locally looks like C'(1/4).

Example 9.6 is a special case of the following lemma. We define the support of
a Borel measure p as

sptu = {x € R" : u(B(x,r)) > 0 for all » > 0}.

Then spt i is closed, p(R™ \ spt ) = 0, and it is the smallest closed set F' with
p(R™\ F) =0.
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Lemma 9.9. Let i be a locally finite Borel measure on R", ¢ € R" and let B be a 1
measurable set such that

g (B(.7)\ B)

M aBar)

Then Tan(pul_ B, a) = Tan(u, a). In particular, this holds for ;s almost all € R™.

The second statement follows from the fact that the density theorem is valid
for locally finite Borel measures on R".

Lemma 9.10. Let ;. be a locally finite Borel measure on R", not identically zero.
Then T'an(p, a) # @ for p almost all a € R™.

This is a rather easy consequence of the compactness theorem 9.2 if 1 satisfies
for ;1 almost all a € R” the asymptotic doubling condition:

: p(B(a,2r))
- P W(Bla.r)
Without this the proof is a bit trickier.
The doubling condition (9.1) implies that 0 € sptv for all v € Tan(u,a). In
general this is not true.

Definition 9.11. The s-dimensional upper density of a Borel measure p at x € R”
is

B
©"*(u, ) = limsup M,
r—0 a(s)rs
the s-dimensional lower density of 1 at x is
01 (p.2) = lim g 5 1)

r=0  afs)rs

and the s-dimensional density of y at x is

oy pB)
O n. ) }HO a(s)rs

Y

if the limit exists.

When ;o = H*L A this agrees with Definition 1.3 of the s-densities for sets. We
shall be mainly interested in measures y for which 0 < ©2(u, a) < ©%%(p,a) < 0o
for p almost all @ € R". They satisfy also the doubling condition (9.1) and hence
have tangent measures almost everywhere. Moreover, in this case the normaliza-
tion constants c¢; of Definition 9.5 can be taken as cr; *:

Definition 9.12. Let 0 < s < oo and let y and v be locally finite Borel measures on
R", not identically zero. We say that v is an s-tangent measure of ;1 at a € R" if the
there are ¢ > 0,7; > 0, such that lim; ., r; = 0 and

cry "To4p — v weakly as j — oo.

We denote then v € T'an,(u, a).
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Lemma 9.13. Let 0 < s < oo and let y be a locally finite Borel measure on R", not
identically zero. If 0 < ©%(¢,a) < ©%°(u,a) < oo for p almost all @ € R”, then

Tan(p,a) = Tang(u, a) for p almost all a € R™.

Definition 9.14. Let 0 < s < oo and let v be a locally finite Borel measures on R",
not identically zero. We say that v is s-uniform if there is ¢ > 0 such that

v(B(x,r)) = cr®forall z € sptv,r > 0.

Lemma 9.15. Let 0 < s < oo and let x be a locally finite Borel measure on R", not
identically zero. Let A be the set of a € R" such that 0 < O3 (p,a) < ©**(p,a) < 0o
and set t(a) = ©*°(u,a) /O3 (1, a) for a € A. Then for p almost all a € A, for every
v € Tan(u,a) there is 0 < ¢ < oo such that

ct(a)r® < v(B(z,r)) < cr®forz € sptv,r > 0.

In particular, if the positive and finite density ©°(y, a) exists for a € A, then for ;1
almost all a € A every tangent measure of 1 at a is s-uniform.

The main result of this section is the following Marstrand’s theorem:

Theorem 9.16. Let 0 < s < oo and suppose that there exists a locally finite Borel
measure £ on R", not identically zero, such that the positive and finite density
©°(u, a) exists for p almost all @ € R". Then s must be an integer and 0 < s < n.

That 0 < s < nis very easy and the main point is that the density fails to exist
for non-integral dimensional measures. Due to Lemmas 9.11 and 9.15 it is enough
to show that s-uniform measures can only exist when s is an integer. The proof
of this will be given during the lectures. It can also be found in [LY] and [Ma].
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10. TANGENT MEASURES, DENSITIES AND RECTIFIABILITY

Tangent measures were introduced by David Preiss in 1987. His main motiva-
tion was that he used them to prove the following theorem:

Theorem 10.1. Let 0 < m < oo be an integer and suppose that 1 is a locally finite
Borel measure on R" such that the positive and finite density ©™(u, x) exists for
1 almost all € R". Then p is m rectifiable, that is, there is an m rectifiable set £
such that u(R™\ E) = 0.

This theorem is equivalent to its set version where 1 = H™L_E. But for sets
one can say more:

Theorem 10.2. Let £ C R” be H™ measurable with H™(E) < co. Then the fol-
lowing are equivalent:

(1) E' is m rectifibale,

(2) ©™(E,z) = 1for H™ almost all x € E,

B)0 < ©™(E,x) < oo for H™ almost all z € E.

H™(ENB(z,r))
a(m)Tm

The last statement should be read as "the limit lim,_,, exists and is
positive and finite for H™ almost all x € E".

The proof of these theorems is very complicated. I shall only discuss some
ideas in the lectures. A brief sketch is given in [Ma], Chapter 17. The book of
Camillo De Lellis, Rectifiable sets, Densities and Tangent Measures, EMS, 2008, is
perhaps more easily accessible than Preiss’s original paper, but it is still tough.

Here are the main steps of the proof: First one can prove a tangent measure
characterization of rectifiability.

Theorem 10.3. Let 12 be a locally finite Borel measure on R" such that ©7*(u, z) > 0
for ;v almost all z € R™. Then the following statements are equivalent:

(1) p is m rectifiable,

(2) for p almost all a € R, there is V,, € G(n, m) such that

Tan(p,a) = {cH™LV,:0 < c < o0},

(3) for p almost all a € R”,
Tan(u,a) C {cH™LV :V € G(n,m),0 < ¢ < oo}.

Let us say that a measure v is m-flatif v = ¢cH™L_V for some V € G(n,m),0 <
c < oQ.

The equivalence of (1) and (2) is essentially the same as Theorem 7.2. Notice
the difference between (2) and (3): (2) says that around almost all points ; can be
well approximated by one m-flat tangent measure at all small scales, whereas (3)
only tells us that for all small scales there is some m-flat measure, depending on
the scale, appoximating p well.

Of course, (2) implies (1). The main content of the theorem is the rather difficult
statement, essentially due to John Marstrand from the 1960’s, that (3) implies (1).
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Using Theorem 10.3 the proof of Theorem 10.1 is now reduced to showing that
the tangent measures of y at almost all points are m-flat. By Lemma 9.15 we
know that they are m-uniform. So if we could prove that m-uniform measures
are m-flat, we would be done. This is true when m = 1 and m = 2:

Theorem 10.4. When m = 1 or m = 2, every m-uniform Borel measure on R" is
m-flat.

The proof for m = 1 is not too hard, but it is rather difficult for m = 2. For
m > 3, this theorem is false due to the following example of Preiss:
Consider the cone

C={(ry,...,74) ER*: 25 = 27 + 23 + 23}

Then 3L C' is 3-uniform. In fact, up to translation and rotation it is the only
non-flat 3-uniform measure on R*. For n > 5 and m = n — 1, the same is true with
C replaced by C' x R"™*.

So when m > 2 one needs to do something more. There are three key ideas.
First, and this is very difficult, all m-uniform measures are either m-flat or far
away from m-flat measures, in a sense that can be described precisely in terms of
certain metrics. Secondly, and this is not so difficult, T'an(u, a) is connected, in a
natural sense. Thirdly, again not so hard, at ;x almost a € R", T'an(u, a) contains
some m-flat measures. Putting these three together yields that at . almost a € R",
Tan(pu, a) contains only m-flat measures, and completes the proof.

11. FUNCTIONS OF BOUNDED VARIATION AND SETS OF FINITE PERIMETER

This topic is discussed in [EG] and also in
E. Giusti, Minimal surfaces and functions of bounded variation, and
W. P. Ziemer, Weakly differentiable functions.
Most of the theory below is due to E. de Giorgi from the 1950’s.
Functions of bounded variation in one dimension are classical. In higher di-
mensions a distributional definition has turned out to be the best:

Definition 11.1. Let U C R" be open. A function f € L'(U) is of bounded variation,
feBV(U),
if
IDSO)] = sup{ [ fdivg s ¢ € CUUR. el <1 < .
Here

divp = Z@«pmﬁ = <9017 . a%pn)a
=1

Co(U;R") = {p : U — R" : pis continuously differentiable and spt ¢ C U compact}.
If f € C*(U,R), then by partial integration for all ¢ € C}(U;R")

| sdive==> @
U i=1
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which iyelds that
ID5@)] = [ 191
This is also true if f belongs to the Sobolev space W'(U). Hence
whi(U) c BV(U).

Example 11.2. Let E C R™ be a bounded set with smooth, for example C?, bound-
ary. Then in general the characteristic function yz ¢ W' (U), for example if E is
a ball.

Let ¢ € CJ(U;R™). Then by the Gauss-Green theorem

/XEdz'vcp = / divp = / @ vgdH " = / @ - vgdH"
E OF UNOE

where vy is the outward unit normal of E. Then if |p| <1,

|/XEdm| <H"HUNOE) < oo,
SO
| Dxe||(U) < H" 1 (UNOE) < oo,

and xg € BV (U). Moreover, we can choose ¢ so that ¢ = vg on U N OE except
possibly for a set of very small H"~! measure, which gives

| Dxe||(U) =H""H(UNJIE) < cc.

Definition 11.3. A Lebesgue measurable set £ C R" has finite perimeter in U if
xe € BV(U). E has finite perimeter if yz € BV (R"). The perimeter of E in U is

P(E.U) = | Dxs||(U) = sup{ / divg ¢ € CLUSRY), || < 1,
E

and the perimeter of E is
P(E) = | Dyzll(R") = sup{ / divg : ¢ € CLR™ R, g] < 1}.
E

As we noted before P(E) = H" ' (OF) for smooth bounded sets F. This is not
true in general even if H" 1 (OF) < ooc.
The Riesz representation theorem leads to the following theorem:

Theorem 11.4. Let f € BV (U). Then there are a finite Borel measure x and a p
measurable function o : U — R” such that

|o(z)| = 1 for u almost all z € R",

/ fdivp = —/ ¢ - oduforall ¢ € Cj(R™;R™).
U U
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Notation:
IDfll = p, Df = ol|Df]],
that is, D f is a vector measure defined by

/so-de _ /so-adquH, o € CL(R™ "),

So Df is the distributional gradient of f and its components o;|| D f|| are the dis-
tributional partial derivatives of f. Thus f € BV (U) means that the the distribu-
tional partial derivatives of f are finite Borel measures in U.

If £ C R" has finite perimeter in U, we set

|OE| = |Dxell, ve = 0,
Hence

[ divo= [ o vpdloE), o € CiERY).
E U

Thus in the disributional sense v is the outer normal of F.
If V. C U is open with compact closure V' C U, then for f € BV(U) and xp €
BV (U),

IDAIV) = sup{ [ Fdive: € CHVIRY). o] < 13

0EI(V) = sup{ [ dive: o € CYVIR"), || < 1),
E

These determine uniquely the finite Borel measures || D f|| and ||0F]|.

The geometric measure part of this theory is to analyze ||0F|| and v geometri-
cally. This was done by de Giorgi in the 1950’s with applications to the minimal
surfaces.

The following three theorems are basic theorems of the general theory. They
are neither trivial nor very difficult.

Theorem 11.5. [Lower semicontinuity] Let f; € BV(U) and f; — f in L*(U).
Then

IDAIU) < liminf [ Df;[(U).

Theorem 11.6. [Approximation] If f € BV (U), then there are f; € C;°(U) such
that

fi = fin LY(U),

IDAIU) = [IDFU),
the measures D f; and || D f;|| converge weakly to the measures D f and || Df||.

Theorem 11.7. [Compactness] Let f; € L'(U) such that

sup ([ 181410510 < o0
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for every open V C U with compact closure V C U. Then there is a subsequence
(f;;) and a locally integrable function f in U such that

fi, — fin LY(V)

for every open V' C U with compact closure V C U. Moreover, f € BV (V) for
such V.

We proved earlier the coarea formula for Lipschitz functions. Here is one for
BV-functions. Neither of them includes the other, why?

Theorem 11.8. [Coarea] Let f € BV (U) and fort € R,
Ei={zeU: f(x) >t}
Then
(1) E; has finite perimeter for £! almostall ¢ € R,

@) }
IDFIIU) = / 0B, |(U) dt.

(3) Conversely, if f € L'(U) and

/ |OEI(U) dt < oo,

—00

then f € BV(U).

Sobolev, Poincaré and isoperimetric inequalities
For smooth functions the following inequalities are classical. For BV-functions
they follow with the aid of the approximation theorem.

Theorem 11.9. Let f € BV(R"), B C R"aballand o = £L"(B)~! [, f. Then
@ (f \f\”/("_l))(n_l)/n < C(n)||Df||(R™), (Sobolev inequality)
@ (fz1f - a|"/(”—1))(n71)/n < C(n)||Df||(B). (Poincaré inequality)
Applying these to f = xg, we get the following isoperimetric inequalities:
Theorem 11.10. Let £ C R" be a bounded set with finite perimeter and B C R" a
ball. Then
(1) L"(E)"=V/ < C(n)P(E),
(2) (min{£"(BNE),L"(B\ E)})" V" < C(n)|0F|(B).
Reduced boundary

The topological boundary of a set of finite perimeter may be all of R”, but the
reduced boundary is more essential for applications.

Definition 11.11. Let £ C R" be of finite perimeter in R". The reduced boundary
0*E of E consists of the points z € R" such that
(1) |OE|(B)(B(z,r)) > 0Vr > 0 (thatis, z € spt [|0E|)),

. S v dlIOE]
@) limy—o FgimEmy = ve@);
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@) [ve()| = 1.
We then have rather easily

Proposition 11.12. Let £ C R" be of finite perimeter in R". Then

(1) 0*E C OF,

(2) |OE[|(R™\ 0"E) = 0,

(3) O*(R*\ E) = 0*E.
Theorem 11.13. There are positive and finite numbers ¢(n) and C(n) such that the
following holds. Let E C R" be a set with finite perimeter. Then for all x € 0*E,

(1) liminf, £1(B@nnk) c(n),

rn

(2) liminf, g w > ¢(n),
(3) liminf, o I2ZEIBED) > ¢(p),
(4) limsup,_,, WM < C(n),
(4) limsup,_,, W < C(n).
The following is the key lemma in the proof:
Lemma 11.14. Let £ C R" be a set with finite perimeter and ¢ € C}(R™; R"). Then
for all x € R™ and for £' almost all » > 0,

/ divgo:/ - vpd|OE| +/ O Vg dH",
B(z,r)NE B(z,r) (0B(z,r))NE

where v, = 1(y — z) is the outward unit normal of B(z, ).
As a corollary of Theorem 11.13 we obtain
Corollary 11.15. Let £ C R" be a set with finite perimeter. Then for all A C 0*E,
1
C(n)
In particular, H" 1 (0*F) < .

H'H(A) < JOE||(A) < C(m)H"(A).

Next we want to show that 0* E' is n—1 rectifiable. To do this we show that it has
approximate tangent plane almost everywhere. This follows from the following
blow-up result which holds for all x € 0" E:

Theorem 11.16. Let £ C R” be a set with finite perimeter and = € 9*E. For r > 0,
let
E.={(z—2)/r:ze E}={yeR":ry+x € £},
H={yeR":vg(x) y <0}
Then xg, — xg in L} (R™) asr — 0, that is, for all R > 0,

loc
L"(B(O,R)N[(E-\H)U(H\E,]) »0asr—0.
Corollary 11.17. For x € 0*F,
lim L™(B(z,r)NE) ~ lim L™ B(z,r)\ E) _ 1
r—0 a(n)rm r—0 a(n)r? 2
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Theorem 11.18. Let E C R" be a set with finite perimeter. Then 0*F isn — 1
rectifiable and ||0F|| = H" 'L 0*E.
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