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1. COVERING THEOREMS
1.1. Terminology. Disjointed=pairwise disjoint.

1.2. Notation. Let X be a metric space, x € X and r > 0. We write |y — z| instead of p(x,y) even

if there is no linear structure on X. We denote by B(z,r) the closed ball {y : |z — y| < r}, no matter
whether B(z,r) = B(x,r) or not. Note that always B(x,r) D B(z,r).

1.3. Lemma. Let X be a separable metric space and V be a system of closed balls. Then V contains a
mazimal disjointed subsystem V' and this V' is at most countable.

Proof. We consider a countable dense set {zy}. We start with the empty system Vy and at the k-the
step we try add to Vi_; a ball which is disjoint from the balls of V;._; and contains x. If such a ball By
exists, we set Vi, = Viy—1 U {By}, otherwise we let V = Vi—1. At the end we have a system V' = J, Vi
with the desired properties. (|

1.4. Remark. A similar assertion (without the countability claim) holds also in nonseparable spaces,
but then this requires the full strength of the axiom of choice.

1.5. Theorem. Let X be a separable metric space and E C X. Let V be a system of closed balls in X
covering E. Suppose that
R :=sup{r: B(z,r) € V} < <.
Then there exists a countable disjointed subsystem V' of V such that
EC U B(z,5r).
B(z,r)eV’
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Proof. We may assume that R = 1. We set
Vi ={B(z,r)eV: 27m 1 <pr<27™m}
We start with an empty system. At the m-the step, m > 0, we select a maximal disjointed subsystem
V! from
{B(x,r) € Vi : B(z,r) does not intersect any B € VyU---UV/ 1.
We set

V= [j Vi,
m=0

Let z € E. Then there exists p and B(z,r) € V, such that « € B(x,r). If B(x,r) is not selected in V),

this must have the reason that there exists m < p and B(y,p) € V., such that B(x,r) N B(y,p) # 0.
Thus,

lz =yl <l|z—a[+ ]z -yl <r+(p+71) <5p.
Indeed,
r<27P<2.27m < 9p,

It follows that z € B(y,5p), so that the covering property is satisfied. O

1.6. Lemma. Let G C R™ be an open set with |G| < co. Let E C G and V be a system of closed balls in
R™ covering E. Then there exists a finite subsystem V' of V and an open set G' C G such that

IG' < (1-67")|G]
and

(1) EcG'U U B.
BeVy’

Proof. Using Theorem 1.5, we find a disjointed finite or infinite sequence {B(x;,7;)} of balls from the
system V such that

E C UB(.I]',5’I“]‘).
j
Set
G" =G n|JB(z;,5r)).
j

Then G” is an open set containing E. Since the balls B(z;,7;) are disjointed, we have

1By r) < | J Blayry)

< |G| < o0

and thus the sum > |B(x;,7;)| is finite or converges. On the other hand,

> O IB(zj, )| =5 |Baj,5rj) = 57"
‘ j

J

U B, 5r7)| 2 5716").
J

We find m such that

m
> IB(zj,r5)| > 67"G"|
j=1

and set

G =aq" \ U E(xjvrj)a V= {E(xhrl); sy B(xmyrm)}'
j=1

Then G’ is open, (1) holds and
G < |G| = 1G"\ G <|G"]=67"G"| < (1-67")|G].



1.7. Theorem (Vitali). Let E C R™. Let V be a system of closed balls in R™. Suppose that for each
zeEFE,

(2) inf{r >0:3z€R", z € B(z,r) €V} =0.
Then there exists a countable disjointed subsystem V' of V such that
(3) ‘E\ U B‘ ~0.

BeVy’

Proof. Since we can split R" into a disjointed countable union of bounded open sets up to a Lebesgue
null set, we may assume that F is contained in a bounded open set Gg. Denote 7 =1—6"". Lemma 1.6
enables us construct by induction a nested sequence Gy D G1 D G2 D ... of open sets and an increasing
sequence {Vi} of finite subfamilies of V so that

EcCcGpU U B, and
BeVy,

Indeed, in the k-th step we select only from those balls from V which are contained in Gi_;. The
assumption (2) guarantees that these balls still cover E N Gg_1. Finally, we set

V=V
k

From the construction it easily follows that

E\ |J Bc[)Gx

Bev' k
so that (3) holds. O

2. k-DIMENSIONAL MEASURES ON METRIC SPACES

2.1. Definition (Hausdorff measure and spherical measure). Let X be a metric space and k£ > 0 be a
real number. For & C X we set

HE(E) = inf{ > (3 diam B;)" s | J By 5 B, diam B; <6}, 6 >0,

j=1 j=1
HM(E) =supHE(E) (= lim HY(E) ).
5>0 5—0+
and - -
K5(B) = inf{ 3" cu(§ diam B)": B; ave balls, | J B; > B, diam B; <8}, 9>0,
j=1 j=1
K*(E) =supKF(E) (= lim K¥(E) ).
6>0 d—0+
Here
k/2
A = 71_‘(5 n 1) .

If k is integer, then the constant oy has the meaning of the volume of the unit ball in R*. The set
function E — H*(E) is called the k-dimensional (outer) Hausdorff measure. It is quite straightforward
to verify that H* satisfies the axioms of outer measure. The restriction of H* to the o-algebra of all
H¥-measurable sets (in the sense of Carathéodory’s construction) is a measure for which we use the same
symbol. If we integrate with respect to the Hausdorff measure H* we assume H*-measurability of the
integrand.

The set function E — HE (E) is called the k-dimensional Hausdorff content. It is an important set
function which however does not obey the additivity properties of measures.

The set function K* is called the k-dimensional (outer) spherical measure.

2.2. Observations. (a) The Hausdorff content in R™ is not additive on Borel sets (except the case
k=mn).
(b) H*(E) =0 iff HE (E) = 0.
(c) For each E C X, H¥(E) < KF(E) < 2*HF(E).
3



2.3. Definition (Distant sets). Let (X, p) be a metric space. We call sets E, FF C X to be distant if
there exists § > 0 such that for each x € E, y € F we have

p(z,y) > 4.

2.4. Definition (Metric measure). Let v be an outer measure on a metric space X. We say that 7 is an
metric measure, if

(4) E,F C X distant = v(EUF) =~(E)+~(F).
2.5. Observation. H* and K¥ are metric measures.

2.6. Theorem. Lety be a metric measure on a metric space X. Then the o-albegra of all y-measurable
sets in X contains all Borel sets.

Proof. We give the proof in a separable space. The reader interested in the nonseparable case can easily
guess the necessary modification of the proof.

It would be clearly sufficient to prove that open balls are y-measurable, since open balls generate the
Borel o-algebra (here we use the separability). Let B = B(z,r) be an open ball in R™ and let {r;}32, be
a sequence of positive radii such that r; /' r. The +-measurability of B in the sense of Caratheodory S
definition means that for each “test set” T'C R™ we have

(5) YT NB)+~(T\ B) <A(T).

In fact, then the equality holds in (5) since the converse inequality is easy and already stated above. It
is enough to consider a set 7 C R¥ with v(T) < co. Denote

P,=Tn (B(z,rjﬂ) \B(z,rj)), j=1,2,...,
Po=TnNB(zr).
Then the sets Py, Ps, Py, ... are pairwise distant, so that by (4) (together with an induction argument)

ZqIW(sz) = ’Y(O sz) <~(T)
§=0 §=0

q )
for all ¢ € N. Similarly > v(Pa;41) < v(T). Hence we observe that the series Y (P;) is convergent.
Jj=0 =0

q
Since for each ¢ € N, the sets |J P; and T'\ B are distant, we have
7=0

AU ) +(r\B) <5

j=0 J

.CQ
T

U(T\ B)) <A(T)

0
and thus

o0

«TNB) < 7(90 Pj) (szqL Pj)

<AT) =T\ B)+ > +(F)).
Jj=q+1
Letting ¢ — oo we obtain
YT NB) <y(T)—~(T\ B),
which is (5). O

2.7. Theorem. Let X, Y be metric spaces and E C X. Let f: E — Y be a Lipschitz mapping,
lipp f=06. Then

HE(f(EB)) < B*HF(E).
Proof. Let us consider a sequence {E;} such that E' C (J; E;. We have diam f(E;) < fdiam E; and
thus

Hhs(f(E)) < Zz_kak(diamf(Ej))k

< Z 2 ey, (8 diam E;)*
J
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and passing to the infimum over all coverings we obtain
Hfss(f(E)) < B"H5(E).
Letting 6 — 0+ we conclude the proof. O

2.8. Corollary (Invariance with respect to isometry). Let E C X and f: E — Y be an isometric
mapping. Then

H*(f(E) = HM(E).

2.9. Remark. The argument used in the proof of Theorem 2.7 obviously fails for the spherical measure.
To save the situation we would need the following property of the spaces: If F C B(w,p) in X and
f: E =Y is B-Lipschitz, then there exists z € Y such that f(F) C B(z, 8p).

However if X is the unit disc in R?, E = Y be the unit circle and f is the identity mapping, then
f(E) is not contained in any ball of radius 1 in Y, because the centre that would make the job in Y is
missing.

In the rest of this section, we will show that the desirable property is satisfied if both the spaces X
and Y are Euclidean. This part is included inly as a curiosity, we will not need it in the sequel.

2.10. Lemma. Let E C R™ be a compact set. Then there exist a unique ball B(z,7) containing E with
the smallest possible diameter. Moreover,

zeconv{y € E: |y —z|=r}.
Proof. Let
ro = inf{t > 0: Jw € R™ such that E C B(w,t)}.

Let {E(wj, t;)} be a minimizing sequence, then by compactness there exists a convergent subsequence

and a limit ball B(z,r) with r = 1o, and containing E. Suppose that there exist two minimal balls
B(z,r) and B(z',r) containing E. Then

E C B(z,r)NB(z',r) C B(3(z+2'),7")
with

=12 — (%|z—z’|)2 <,

a contradiction. So there is a unique ball B(z,r) containg E with the smallest possible diameter.

Now, suppose that z does not belong to the convex hull of A :={y € E: |y —z| =r}. Since A is
compact, conv A is also compact. There exists a hyperplane that separates A and z. Without loss of
generality,

z=—-MXep with A >0,

y-ep >0, y € A.

Let us consider the compact set K = {y € E: y-e; < 0}. Then K C B(z,r), therefore there exists
0 > 0 such that B(y,d) C B(z,r) for every y € K. Also,

yekE y-e >0, 0<t<\A = y—te €B(zr).
Hence for sufficiently small ¢t > 0 we have
E —te; C B(z,r), which means FE C B(z + tey,r),

which contradicts minimality of r. O

2.11. Lemma. Let E C B(0,1) C R™ be a compact set. Let f : E — R™ be a 1-Lipchitz mapping. Then
there exists z € R™ such that

F(E) € B(z,1).

Proof. We find the smallest ball B(z,r) containing f(E). Without loss of generality we may assume that
z = 0. By Lemma 2.10,

0 €conv{f(z): z€E, |f(x)|=r}.
Therefore there exist z; € E, y; € f(E) and A; € [0,1] such that

yi = f(xi), ZMZL ZM%ZO, lyi| = .
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Since f is 1-Lipschitz, we have
D ANy =y <Y Nl — )
i,9 ,J
Since |z;| <1 and |y;| = r, after a routine computation we obtain
(7“2 — 1) Z/\i/\j + |Z/\1xl|2 < |Z)\1yl|2 =0.
i i i
It follows that r < 1. O
2.12. Corollary. Let E C R™. Let f: E — R"™ be a Lipschitz mapping, lipg f = 3. Then
K*(f(E)) < B*KM(E).
Proof. Using Lemma 2.11, we can proceed as in the proof of Theorem 2.7. (|
2.13. Notes. The Hausdorff measure has been introduced by Carathéodory (1914) and Hausdorff (1919).
It was invented to measure the “area” (or “length” if k = 1) of k-dimensional sets (as k-dimensional sur-
faces and their parts) in n-dimensional spaces. There are also alternative ways to introduce k-dimensional
measures in n-dimensional spaces and their outputs are also different. The Hausdorff measure is seem-
ingly the most traditional k-dimensional measure. Moreover, it has the advantage that it measures well
also sets with fractal structure (which are much different from k-dimensional surfaces and their parts),

and that the dimension parameter k¥ may be noninteger. However, this last point of view is not the topic
of these lectures.

3. COMPARISON OF n-DIMENSIONAL MEASURES IN R"™

In this section we shall compare the (outer) measures H", H7, K™, K7, and £" in R™. The last one
is the Lebesgue measure

LME) = inf{i £(Q;): Q; are intervals, G Q; D E}
j=1 j=1

Here ¢(Q) is the elementary volume of the n-dimensional interval Q. We write also |E| = L™(E).
If E C R™ and {B;} is a sequence of balls that cover E, then

L"(E) C Z L"(B;) = Z oy (% diam Bj)n
J Jj=1

and passing to the infimum over all such covering we obtain

LM(E) < KL (E) < K'(E).
Also we observe that

HL(E) < KL (E)

and

2L (E) < H'(B) < K"(B)
In order to obtain that all these outer measures are equal, we need to prove that

K"(E) < L™(E). and L"(E) < HL (FE)

The following lemma yields a very rough and temporary estimate.

3.1. Lemma. Let E C R™. Then K™(E) < 5"L"™(E). In particular, every L™-null set is a K™-null set.

Proof. Let G be an open set containing E and § > 0. Using Theorem 1.5 we find a system W of disjointed
balls contained in G such that diam B < § for each B € W and

EC U B(z,5r).
B(z,r)ewW
Then
Tos(E) < Z |B(x,5r)| = 5" Z |B(z,r)| =5" U B(x,r)‘ <5"LM(G).
B(x,r)ew B(z,r)ew B(xz,r)eWw

Letting 6 — 0 we obtain K"(E) < 5"L"(G) and passing to the infimum over G we conclude K™ (E) <
5"LT(E). O
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3.2. Lemma. Let G C R"™ be an open set and § > 0. Then there exists a countable disjointed system W
of balls in G such that the diameters of balls in W are less than § and

‘G\ U B’ —0.
B(z,r)ew

Proof. This is an immediate application of Theorem 1.7, namely we apply it to the system of all balls in
G with diameter less than 6. O

3.3. Theorem. Let E C R". Then K"(E) < L™(E).

Proof. Let G be an open set containing F and § > 0. Using Lemma 3.2 we find a a countable disjointed
system W of balls in G such that the diameters of balls in W are less than § and

‘G\ U B’ — 0.
B(z,r)ew
Denote by W the union of all balls in WW. Then
K§(E) < K§(G) < K§(G\ W) + K§(W)
Obviously £F (W) < |W| = |G| and by Lemma 3.1, K§(G\W) < 5"|G\W| = 0. Hence K"(W) < L™(G)
and passing to the infimum over G we conclude K"(E) < L™(E). O

3.4. Definition (Steiner symmetrization). If z € R™, the reflection of x with respect to the i-th variable
is defined as
RZ(I) = (1’1, oy Lj—1y = T4y L1y e v o ,l’n) =T — 21’162

Let £ C R™ be a convex set. We write

Ri(E) ={ri(z): z € E}.
The invariance R;(E) = E has the geometrical meaning of the symmetry with respect to the hyperplane

{zx e R": z; = 0}. We define the Steiner symmetrization of E with respect to the i-th variable as the
set

Si(E) = {xeR": Ja €R, v+ ae; € E, Ri(x) + ae; GE}.

3.5. Lemma (Properties of the Steiner symmetrization).
(a) Rz(Sz(E)) = S;(E).
(b) Rj(E) = E = R;(Si(E)) = Si(E).

(c) E conver = S;(E) conver.

(( ; diam(S;(E)) < diam E

LM(Si(E)) = L™(E).

Proof. (a) and (b) are elementary. For (c) and (d) it is important to observe that it remains to consider
the situation in the plane, the details are left as an exercise. The part (e) follows from the Fubini
theorem. 0

(§]

3.6. Lemma (Isodiametric inequality). Let E C R™. Then
L"(E) <27 "a, (diam E)".

Proof. Since the diameter of a sets does not vary if we pass to its closed convex hull, we may assume
that E is closed and convex. Using Lemma 3.5 we deduce that the set

S(E) = Sn(... (52(51(E))))

is convex and balanced (=symmetric with respect to the origin), diam S(E) < diam(F) and L"(S(E)) =
L"(E). Let r = § diam(S(E)). Then S(E) C B(0,r) and

LME)=L"(S(E)) < L"(B(0,r) = apr™ = 27 "ap, (diam S(E))"
< 27", (diam E)™.

3.7. Theorem. If E C R", then L"(E) < HL (E).



Proof. Let E;, j =1,2,... be subsets of R" such that

Ec|JE;.
Then by the isodiametric inequality (Lemma 3.6)

LYE) <Y LYE;) <2 "oy Y (diam Ej)".

J
Thus £"(E) < H" (E). O

3.8. Notes. The k-dimensional measures in R™ are particularly important for k£ being a positive integer.
The concept of a k-dimensional measure can be introduced by axioms. Let us consider an outer measure -y
on R™. We can say that -y is a k-dimensional measure, if e.g. the following set of axioms holds: each Borel
set is y-measurable, ((0,1)* x {0}"~*) = 1 and y(f(E)) < B*(y(E)) for each E C R™ and -Lipschitz
mapping f : £ — R™. The idea of axiomatic setting for k-dimensional measures is due to Kolmogorov
(1933). There are various methods how to construct k-dimensional measures and the results are really
different measures; even the measures H* and IC* are diferent for k < n. However, all k-dimensional
measures coincide on the o-algebra generated by C!-surfaces.

Let us outline a construction of a k-dimensional measure based on ideas entirely different from the
constructions of the measures H* and CF. If G C R” is an open set and ¢ : G — R” is an injective
Lipschitz mapping, we may define

1(p(G)) = /G Je(t)] d,

where Jo is the k-dimensional Jacobian of ¢. This definition does not depend on the choice of the
parametrization «y (this requires some proof). Now, by covering one can produce an outer measure. This
measure has a poor system of null sets, it is sometimes convenient to “compile” the measure with adding
the Hausdorff null set to the covering system.

4. AREA AND COAREA FORMULA — INTRODUCTION

4.1. Jacobians. Let @ C R™ be an open set and f = (f1,..., f4) : @ — R? be a weakly differentiable
mapping. Then V f(z) forms the Jacobi matriz of f at x, i.e. the matrix

(%), eR™"
J J

Let I(m, k) be the set of all increasing multiindices from {1,...,m}* ie., a = (ay,...,a;) € I(m, k) if

o are integers, 1 < ay < --- < ax <m. If a € I(d, k) and 3 € I(n, k), we define the partial Jacobians

O(fors---» fay) O,
af _ \Joewr s Jak ) _ i
J f(x) = 8(3%1’ — Jmk) (x) = det<8xgj (x))i’j:h”)k.

We introduce the k-dimensional Jacobian of f at x as the “multimatrix”

Jef(z) = <Jaﬁf(x)) e RIR)xI(nk)

a€cl(d,k)

BeI(n,k)
We write Jf(x) = J,f(x). If n = d, then, of course, Jf(z) can be identified with an ordinary real
number because the dimension of RY(%7)*1(n) s one,

The points of {z € Q@ : J,f(z) = 0} (i.e. where the rank of Vf(z) is less than k) are called the
k-singular points (k-singularities) for f. A mapping f : Q — R? is termed k-regular if it is C! and the
set of k-singular points for f is empty.

Let us note that for an arbitrary index set I', we introduce the scalar (or inner) product - and the
norm | .| on RY as

x~y:vay7, z,y € R,
yel’

|z| = Vz -z, r R
This gives sense to the norm |Ji f(x)].
Given a linear mapping A we denote by Jip A the k-dimensional Jacobian of A. The symbol does not

refer to a point at which the Jacobian is computed, because linear mappings have constant derivatives
and thus also constant Jacobians.



4.2. Area formula. Let Q C R™ be an open set, Q' C Q and f : Q — R? be a Sobolev mapping, d > n.
We say that the area formula holds for f on @ if for each measurable set F C Q' we have

() [ 1ar@lde = [ NGB )

where N (f,y, F) is the number of points in the set EN f~1(y) (the multiplicity function). The statement
that (6) is valid includes H™-measurability of the multiplicity function. If ' is not mentioned we
understand that Q' = Q.

4.3. Coarea formula. Let Q C R™ be an open set, ' € Q and f : Q — R? be a Sobolev mapping,
d < n. We say that the coarea formula holds for f on Q' if for for each measurable set £ C ' and a.e.
y € R the set E N f~1(y) is H" %-measurable and the equality

g [ Vat@lde= [ we-iE g i) dy
E R4
holds. The statement that (7) is valid includes also measurability of the function
y = HTUEN ().
If Q' is not mentioned we understand that ' = Q.

4.4. Remark. Later on we shall show that the area formula and the coarea formula hold whenever f
is C!, see Section 6. Even more general criteria will be presented later. In the exercises below we will
assume the knowledge of the C'-statement.

4.5. Remark. Notice that |J; f| = |V f| which simplifies the area formula if n = 1 (=integration along
curves) and the coarea formula if d = 1 (=scalar case). However, if we want to formulate the area formula
for n = 1 only it is quite unusual to use the symbol Vf and and f’ is customarily used instead. This is
not in conflict with the above conventions because Sobolev functions on one-dimensional intervals have
a.e. differentiable continuous representatives.

4.6. Advanced change of variables. Validity of area or coarea formula for a function f implies that
f is a legitimate transformation for change of variables. Advanced formulae on change of variables
are obvious consequences which can be obtained from (6) and (7) in a very routine way (characteristic
function, simple functions,...). If d = n, both area and coarea formula imply the classical theorem on
change of variables.

4.7. Theorem (Change of variables by area formula). Let @ C R™ be an open set and f : Q2 — R? be a
Sobolev mapping, d > n. Suppose that the area formula holds for f. Let E C € be a measurable set and
u: E— R a measurable function. Then

[u@s@la=[ (3 u@) )
E Rd ze€ENf~1(y)
provided the integral on the left makes sense.
4.8. Theorem (Change of variables by coarea formula). Let @ C R™ be an open set and f : Q — R? be

a Sobolev mapping, d < n. Suppose that the coarea formula holds for f. Let E C Q be a measurable set
and u : E — R be a measurable function. Then

(8) /E u(z) | Jaf (2)) do = / i /E g M B ) dy

provided the integral on the left makes sense.

5. INTEGRATION ON LINEAR SUBSPACES

The simplest case of area or coarea formulae is that of linear mappings. However, already here we
must settle all algebraical difficulties connected with this topic. In this section we use temporarily the
bold font for vectors.

5.1. Linear mappings. We will not much distinguish between linear mappings and their representing
matrices.
We denote by I the identity mapping of R™ — R"™.
9



If A:R” — R is a linear mapping, recall that the norm of A is defined by
|A|l = sup{|Az|: = € R™, |x| < 1}.

The determinant of a linear mapping A : R™ — R" is the determinant of its representing matrix.

Let A : R® — R™ be linear. The adjoint of A is defined as the linear mapping A* : R™ — R"
satisfying @ - (A*y) = (Azx) -y for all x € R™ and y € R™. The matrix representing A* is the transposed
matrix to the matrix representing A.

It can be verified that the norm of A is the square root of the maximal eigenvalue of A*A.

A linear mapping @ : R™ — R™ is termed orthogonal if (Qx) - (Qy) = = -y for all z,y € R™. This
is the case iff Q*Q = I. Another characterization is that this is a linear mapping which preserves the
norm (or euclidean distance).

A linear mapping S : R” — R" is termed symmetric (or selfadjoint) if S* = S.

A linear mapping D : R™ — R" is termed diagonal if its representing matrix is diagonal.

A linear mapping P : R™ — R" is termed positive definite if Px - x > 0 for each = € R".

5.2. Lemma (Decomposition of a linear mapping). Let n < d. Let A: R™ — R? be an n-reqular linear
mapping. Then
A=QDP,

where P : R™ — R™ is an orthogonal linear mapping, D : R™ — R"™ is a positive definite diagonal linear
mapping and Q : R™ — R? is an orthogonal linear mapping.

Proof. The mapping A*A is symmetric and positively definite, hence there exists an orthonormal basis
(u1,...,ux) of the space R™ consisting of eigenvectors of A*A. Thus there are A; > 0 such that

A Auy = Ny, =1,
Then @, D and P will be constructed as linear mappings transforming bases into bases: P(u;) = e,
D(e;) = M\iei, Q(Nie;) = A(u;). We have
(Qer) - (Qey) = Ai Aj B Aidj Uy

’LLi'Uj:]., ’L:j,
= A2 . .
Tj\jui-uj:& i 7.

which shows that @ is orthogonal. The rest is routine. |
5.3. Theorem (Cauchy-Binet formula). Let A, B : R™ — R be linear mappings, d > n. Then
JA - JB = det(B*A).

In particular,
|JA| = +/det(A* A).

Proof. Consider 2n-linear forms

(9) D(v1,..., 0, W1, .., Wy) = Z det(vmq)zqzl det(wjaq)?’qzl ,
a€l(d,n)
(10) \Il(vl,...,vn,wl,...,wn):det(v,;~wj) ,
ij=1

where we write
d d
v; = E vijej, w; = E wijej.
i=1 j=1

We shall shortly verify that ® and ¥ yield the same output if v; and w; are selected from the canonical
basis. Hence the multilinearity implies that ® and ¥ coincide. The proof the follows applying the result
to the vectors v; = A(e;), w; = Ble;),i=1,...,n.

Pick v; and w; from the canonical basis vectors. If v;, = v,,, where i1,i5 € {1,...,n} are distinct,
then all determinants det(via,);';—; vanish and since

Vi, W = Uy, - W, j=1,....d,
10



also the determinant in (10) vanishes. We may then assume that v; are pairwise distinct, thus there
exists § € I(d,n) such that v; are just a permutation of eg,,...,eg, . If among the vectors w; there
does not occur v;,, ig € {1,...,n}, then ® yields zero, as

and for a # 8 we have
det(via, )i j—1 = 0.

n
(s w5)"
4,j=1

the ip-th row vanishes. It remains the case that up to a permutation, w; are eg,,...,eg . Then on the
right of (9) there is only one nonvanishing term corresponding to the multiindex 8. By the theorem on
the product of determinants, we have

Also ¥ yields zero, as in the matrix

n
D(v1,..., Uy, W,y .., Wy) = det(z quw‘qu).
q=1
Taking into account that both v; and w; are selected from {eg,,...,eg,}, we infer

n
E Vig,Wig, = Vi - Wy, t,j=1,...,n.
q=1

Thus we have verified ®(vy,...,v,, wi,...,wy,) = ¥(vy,...,V,, wy,...,w,) which finishes the proof.
|
5.4. Theorem (Area formula for a linear mapping). Let n < d. Then the area formula holds for any
n-reqular linear mapping A : R — R?,
Proof. Consider first the case of a positive definite diagonal linear mapping D : R™ — R". Then
Dz = (dyx1,...,dpzy), r e R,

where dy, ..., d, are positive real numbers. For each n-dimensional interval I = (a1,b1) X -+ X (an, by)
we have

D(I) = (dia1,d1b1) X -+ - X (dpay, d,by)
and elementary geometry gives

LMYD())=dy...d, L"(I)=JD L"(I).
From the construction of the Lebesgue measure it is clear that it follows

L™(D(E)) = [JD| £™(E)
for each £ C R™.
Consider now the general case of A. By Lemma 5.2 there is a decomposition of A as
A=QDP,

where P : R™ — R" is an orthogonal linear mapping, D : R® — R™ is a positive definite diagonal linear

mapping and @ : R® — R? is an orthogonal linear mapping. Let £ C R™ be an arbitrary set. Then by
Corollary 2.8, equality of Lebesgue and Hausdorff measure and the previous step we have

H"(A(E)) = H*(Q(D(P(E)))) = H"(D(P(E))) = L"(D(P(E))) = JDL"(P(E)) = JDL"(E).
It remains to show that JD = |JA|. Obviously
A*A = (QDP)*(QDP) = P*D*Q*QDP = P*D*DP.
By the theorem on product of determinants we have
det(A*A) = det P* det(D*D) det P = det(D* D).

(Recall that for orthogonal P : R — R™ we have det P* = det P € {+1,—1}). Hence by the Cauchy-
Binet formula (Theorem 5.3), JD = |JD| = |JA|. This finishes the proof. O

5.5. Lemma (Decomposition of a linear mapping, n > d). . Let A : R® — R? be a d-regular linear
mapping, n > d. Then A = LIIQ, where Q : R — R™ is an orthogonal mapping, II : R — R? is the
projection (z1,...,2n) — (1,...,24) and L : RY — R is a d-regular linear mapping.

11



Proof. Let Ker A = {& € R" : Az = 0}. Let (uq,...,uy) be an orthonormal basis of R™ such that
(Wg+1,--.,Uy,) is an orthonormal basis of Ker A. Then @ and L will be constructed as linear mappings
transforming bases into bases: Qu; = e;, Le; = Au,. O

5.6. Theorem (Coarea formula for a linear mapping). Let n > d. Then the coarea formula holds for
any d-reqular linear mapping A : R™ — R?.

Proof. Let E C R™ be measurable. By Corollary 2.8, for each y € R? we have
HUENA (y) =H"HENQ I (L™ (y))))
=H""HQ(E) NI ML (y)))-

Let z = L~'y. Then, by the area formula (Theorem 5.4) applied to L, the equality of Hausdorff and
Lebesgue measure, the Fubini theorem and Corollary 2.8 we have

/ H U ENA (y))dy = / H N (QE)NTT (L™ (y))) dy
Rd' ]Rd
_ /R H = 4(Q(E) NI (2))| JuL| dz

- /R £ ({w e R0 (z,w) € QUE)) } [ aL| dz
— JaL| £Y(Q(E)) = |J4L|L"(E).
It remains to show that |JyL| = |J4A|. Using that Q* and II* are orthogonal mappings we observe that
AA* = (LIQ)(LIQ)* = LIIQQ*II*L* = LIIII*L* = LL".
The dual version of the Cauchy-Binet formula then yields that
|J4A]> = det(AA*) = det(LL*) = |J4L|?.

6. AREA AND COAREA FORMULA: Cl-CASE

In this section we establish area and coarea formulae for C'-mappings. First we consider the regular
case and then we use a trick to handle also the singularities.
We start with the case d > n.

6.1. Lemma. Let Q C R™ be an open set, f: Q2 — R be a Ct-mapping and xo € Q. If J f(xq) # 0 then
for each € > 0 there exists a neighborhod U C Q of xg such that for all x,x' € U we have

(11) (1 -¢g)[Az’ — Az < [f(a") — f(2)] < (1 +¢)[A2’ — Az
where A = f'(x0).
Proof. Choose € > 0. Since A is n-regular, there exists A > 0 such that
|Az| > A|x|, x € R™.
We find a ball U centered at xy and contained in Q such that for each z € U we have || f/(z) — 4| < Ae.
Then for z, 2’ € U we get

1)~ 5@~ AW )| = | [ & (1t e -0 - A+ ) e

= | [+ - o) - -
< del' — x| < e|A (2 — ).
Hence
J@) = f@)| < |AG = o)+ |16) - f@) - A~ 2)| <40 - Av| +e]Ad’ ~ Aal

= (1+¢)|Az’ — Az|
12



and similarly
fa) = f@)] 2[4 2| = 7o) = f@) = Ala’ ~ )| 2 | A2’ — Aa| —¢| A’ ~ Ax]
= (1—¢)|Ax’ — Ax]|
O

6.2. Lemma. Let Q C R"™ be an open set and f : @ — R? be a Ct-mapping. Let xo € Q with J f(x¢) # 0.
Then given e € (0,1) there exists a neighborhood U of xq such that for each measurable set E C U, f(E)
is H"-measurable and

(12) (1—et! /E |[7f ()] dz < H"(f(E)) < (1+¢)""! /E |/ f ()| de.

Proof. Let A = f'(xg). We write [ as

f=(foA oA
Choose € > 0 and find a neighborhood U of x( such that the conclusion of Lemma 6.1 holds and moreover
(13) (+e) A < |[Jf(@) < (1 —e)7HJA|,  zel.
Let £ C U be measurable. Then by Theorem 5.4 we have
(14) H'(A(E)) = |JA|L™(E).

Further, Lemma 6.1 in fact says that
lipy ) fo ATl <1+e,
lippgy Ao fl<—e)
By Theorem 2.7 and (14) then
(15) H'(f(E)) =H"(f o ATH(A(E))) < (1 +¢)"H"(A(E)) = (1 +¢)"|JA|L"(E).
With the aid of (13) it follows

H"(f(E))g(1+s)”/E|JA|dx§(1+5)"+1/E|Jf(:c)\das.

Similarly one can verify the second inequality. It remains to show that f(F) is H™-measurable. We can
write

E=NU[JF
j=1
where Fj are compact and £"(N) = 0. By the above computation we have also H™(f(N)) = 0. The sets
f(F;) are H™-measurable because in view of continuity of f they are compact. Hence

§(B) = ) U 1)

is H™-measurable. O

6.3. Lemma (Area formula: regular case). Let @ C R™ be an open set and f : Q — R? be an n-regular
Cl-mapping. Then the area formula holds for f.

Proof. Choose € € (0,1) and a measurable set E C Q. We cover Q by balls B; such that f restricted to

B; is one-to-one and for each j = 1,2,... and each measurable F' C B; we have (12). We set
E,=FENDBy,
Ey=FEN (B )\ By),

(16) 2 (B2 \ B1)

E; =EN(Bs\ (B1UBy)),

Then the sets E; are pairwise disjoint and E = (J;2, Ej. By (12) we have

(=eyt [ Vp@lde < HOGED) < 042 [ 1@

13



Taking into account that the sets f(E;) are H"-measurable (by Lemma 6.2) and f is one-to-one in Bj,
we rewrite H"(f(E;)) as

HUGHED) = [ N B dr ().

Summing over j we obtain

a=eyt [ f@lde < [ N D) < 0+ [ 3@ de

Letting ¢ — 0 we obtain the assertion. (|

6.4. Lemma (Sard’s theorem). Let Q C R™ be an open set and f : Q@ — R? be a C'-mapping. Let
Z={zxe€Q:Jf(x)=0}. Then H*(f(Z)) =0.

Proof. Since the matter is local, we may assume that f’ is bounded in Q and that Z is bounded. Choose
£ € (0,1) and consider the mappings f. : @ — R% x R™, IT : R x R® — R? defined by

fe(x) - (f(%),f—:ﬂj’), H(yla s 7yd+n) = (yh' . 'ayd)~
Then
f=1lof,

the mapping fe is n-regular and one-to-one and the mapping II is Lipschitz with lipII = 1. The Jacobi
matrix of f. at z € Q is

3f(1) af(l)
oz e 0Ty,
af(d) af(d)
oxq e Oxp
€ .. 0
0 .. €

We easily estimate that there is a constant C' such that

[T fe(@)]? < |Tf(2)? + C?|Lf ()" ~2€2.
In particular, if x € Z, then
(17) [T fe(2)] < Cire,

where C17 is a multiple of the upper bound for || f'(z)|| over Z. Hence

H"(f(2)) = H"(1(f-(2))) < H"(f-(Z)) < /Z |J fe(x)| dx < CireL™(Z).
Letting € — 0 we obtain the assertion. O

6.5. Remark. It is quite technical to prove that for d = n we have
Jf=0onZ = L"(f(Z))=0

using Lebesgue measure only. The above proof is more elegant, however, it requires the knowledge of
n-dimensional integration in R?”.

6.6. Theorem (Area formula: the C! case). Let 2 C R™ be an open set and f : Q — R? be a C'-mapping.
Then the area formula holds for f.

Proof. Set Z ={x € Q: Jf(x) =0}. Since Jf is continuous, the set Q \ Z is open. By Lemma 6.3, the
area formula for f holds on 2\ Z. By Lemma 6.4, H"(f(Z)) = 0 and thus the area formula for f holds
on Z. Therefore it holds on €. (|

Now we turn to the case d < n.

6.7. Lemma (Coarea formula: regular case). Let 2 C R™ be an open set and f : Q — R be a d-regular
C'-maping, d < n. Then the coarea formula holds for f.

14



Proof. We already know the trick how make the matter local, cf. (16). Hence it is enough to verify that
for each xg € Q, the coarea furmula for f holds on some neighborhood U of zy. Let A = f’(xg). Then
VW (z),..., VD (xg) are linearly independent. We find a multiindex § = (81, ..., 3n_q) such that

ViW(xo),..., VD (xg),es,,...,ep, , are linearly independent.

We write
H(I) = (Iﬁu cee 7xl3n—d)a
®(z) = (f(z), ().
Then J,®(xo) # 0. We find a neighborhood U of z( such that ® is a diffeomorphism on U. By the
local invertibility theorem there is a diffeomorphic inverse mapping ¥ to ® on ®(U). The set ®(E) is
measurable and thus, by the Fubini theorem, for £%a.e. y we have measurability of

{zeR"%: (y,2) € ®(E)}.
For such y, by Theorem 4.7 and Theorem 6.6, the set £ N f~!(y) is H"~%measurable and we have

(18) HEO W)= [ e )Gl

By the classical change of variables and the Fubini theorem

[oretenrtena= [ ([ i) de)

(19) - / V)2

= [ Ve a¥ (1 (@), 0@ 178(a) o
where it follows from the computation that the function
y—H"UEN T (y))

is £%-measurable. The equation (19) is almost the coarea formula, but instead of the Jacobian Jgf(z)
we have some strange expression. We need to show the equality

(20) [ Jrn—a® (f (@), )(IL(2)))| [JO(2)| = |Jaf (x)]-

Applying the formula (19) to the linear mapping A = f/(z) in place of f and specifying F to be the unit
interval I = (0,1)", appealing to Theorem 5.6 and integrating with respect to 2’ while x remains fixed,
we obtain

[ Tn—a W (f(2),-)(T(x))] |[J®(z)| =/I|Jn_d‘lf(f(x),~)(ﬂ($))l |[J® ()| da’

- / HYI(I 0 A7 () dyf
R4
— |JaA| £7(T) = | J4A.

This proves (20). O
6.8. Lemma (Eilenberg’s inequality). Let T C R® x R and d <k <n+d. Then
(21) / Hk-d(T N (R™ x {w})) dw < CoyH*(T)
Rd
where S
Oy = ———.
oy

Proof. Choose § > 0 and consider a covering {T;} of T such that diamT; < ¢ for all j € N. Let X; be
the projection of T; to R"™ and W; be the projection of T} to R?, ie.

X;={zeR": 3weRY, (r,w) €Ty},

W, ={weR: Iz eR", (z,w) € T}}.
Then diam X; < diam 7} and diam W; < diamT}. For any w € R? we have

TR x {w}) < |JX; x (W, N {w})

J
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and thus

(22) HE~ (70 (R x {w}h)) < 20 Fay_a Y (diam X;)"x

()

On the other hand, by the isodiametric inequality (Lemma 3.6), for each j we have
(23) LYW;) < 27 %ay(diam W;)®.
Using the Levi theorem, (22) and (23) we obtain

/Rd HE—d (T N (R"™ x {w})) dw < /}Rd (Zd_kak,d ;(diam Xj)k_dxw (w)) dw

J

= Z(/Rd Qd_kak,d(diaij)k_dXWj (w)) dw

= 2d_ka;€_d Z(diaij)k_dﬁd(Wj)
J
< 277y, gorg(diam X;)* % (diam W;)?
< 27kak_dad(diam Tj)k.
Taking infimum over all admissible coverings {1} gives

g Qg

/ H{;*d(T N (R" x {w})) dw < HE(T) < Coy H¥(T).
]Rd

Letting § — 0 we conclude the proof. a

(873

6.9. Lemma. Let Q C R™ be an open set and f: Q — R™ be a Ct-mapping. Let Z = {z € Q: Jyf (z) =
0}. Then

/R W) N 2 dy =0,

Proof. Since the matter is local, we may assume that f’ is bounded in Q and that Z is bounded. Choose
e > 0 and consider the mapping f. : Q x R — R¢ defined by

felz,w) = f(x) + ew.
The Jacobi matrix of f. at (z,w) € Q x R is

af(l) af(l)
e T e ... 0
8f(d) af(d)
e o 0 €

It follows that J;f. # 0 and we easily estimate that there is a constant C' such that
| afe(x,w)[* < [Jaf (@) + C2||f' ()| 2€.

In particular, if x € Z, then

(24) |Jafe(z,w)| < Case,

where Cyy is a multiple of the upper bound for ||f/(x)|| over Z. Let I = (0,1)4. Given y € R, by Lemma
6.8

[t (@< wnn g w) do < ot ((Zx D0 £ ).

For any w € R? we clearly have

/Rd H (2 x {wh) N 7)) dy = /

Rd

/R (207 ) d.

Hd (Z Nfty— 5w)) dy
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Using Fubini’s theorem we obtain

L=tz w)ay= [ ([ (@< whn s w)de) du

- L) a)s
<Cu [ 1(ZxD0 1 w) dn

Using the coarea formula for d-regular mappings (Lemma 6.7) we can rewrite the previous estimate as

/ H”*d(z N f’l(y)) dy < 021/ Jfe(z,w) dz dw < Co1Cag e L™(Z).
Rd ZxT
Letting € — 0 we obtain the assertion. O

6.10. Theorem (Coarea formula: the C! case). Let Q C R™ be an open set and f : Q — R? be a
Cl-mapping, d < n. Then the coarea formula holds for f.

Proof. Set Z = {x € Q : Jyf(x) = 0}. Since Jyf is continuous, the set Q2 \ Z is open. By Lemma 6.7
and Lemma 6.9, the coarea formula for f holds on 2\ Z and on Z. Therefore it holds on €. g
7. LUSIN TYPE APPROXIMATION

7.1. Lemma (McShane; Lipschitz extension). Let E C R™ and and u be a bounded Lipschitz function
on E. Then there exists a function v : R™ — R such that

v=u on E, sup |v| < sup |ul, lipgn v < lipg, u.
R E
Proof. Denote
Co=suplu|, C;=lipgu.
E
Set
v(z) = min{C’o, inf{u(z) + Cilz — 2|, z € E}}

Then it is easy to verify that v has the required properties. O

7.2. Remark. Notice that WH°(R") is exactly the set of all functions on R™ which have a bounded
Lipschitz representative. For this representative u we have

lu]l1,00 = sup |u| + lip u.

7.3. Lemma. Let B = B(xg, R) andu € WYY(B). If v € B is a Lebesgue point for u and a point where
MVu(z) < +oo (where MV u is the Hardy-Littlewood mazimal function of the function equal to Vu on
B and 0 elsewhere), then

(a)
f(u(x) f]{au) - /01(]{3 Vu(z) - §dz) dt,
(b)
[u(a) - ]{3 u| <2R /O 1 (]i 1Vu(e) dz) dt < 2" RMVu(z),
where

B; = B(x + t(zo — ), tR).
Proof. We may assume that £ = 0. We set
D(t) :][ u(z) dz :][ u(ty) dy, t e (0,1].
By B(z,R)
Then

(25)  B(1) - ¥(a) = /al(]é(z . Vulty) - ydy) dr :/

a
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This follows from derivation beyond the sign of integral if u is smooth, the general case then follows by
mollification technique. Hence

26)  |u(a) —]{Bu‘ (1) — B(0+)] < 2R/01(]{3(Z . Vulty)| dy) di = 23/01(]{9 Vu(2)|dz) di

if 0 is a Lebesgue point for u. Since
(][ Vu(z)] dz| < 2"][ Vu(2)| d
By B(z,2Rt)

‘u(x) f]i u‘ < 2"MRMVu(z).

we have at such a =

If moreover MVu(z) < 400, then the integral on the right of (26) converges, and thus we may let
a — 0+ on the right of (25).
O

7.4. Lemma. Let u € WHL(R™) and € > 0. There is v € WHEHR™) N WL (R™) such that
(27) [o]l1,1 < Corllul

1,1,
Cas
(28) lollve0 = == llulliy

and
Lo({v#u}) <e.

The constants Ca7, Cag depend only on n.

Proof. Choose a > 0 and set
G0:{|U| >CL}, G :{MVu>a}
Then by the Chebyshev inequality

(29) L,(Go) < ail/ |u| dx < lully
Go a
and by the Hardy-Littlewood maximal theorem
5’ﬂ
(30) L,(G1) < ;HVU”L

Let N be the set of zero measure consisting of all points which are not Lebesgue points for u. Set
G = GoUG71 UN. Then the choice

[[ull11
31 = 5 L
(31) a=s 1
implies by (29) and (30)
(32) L,(G) <e.
Obviously
(33) u() <a,  c¢G.

Let z,y ¢ G. Consider the ball B = B(z, R) where z = %(a: +y) and R = |y — z|. Then z,y € B. By
Lemma 7.3, we have
lu(z) —up| <2CR MVu(z), |u(y)—up| <2CR MVu(y),
and thus
(34) lu(y) — u(x)| < 2CR(MDu(z) + MDu(y)) <4CRa=4Caly — x|, z,y ¢ G.

By (31), (33), (34) and Lemma 7.1, there exist a Lipschitz function v : R™ — R and a constant Csg such
that

v=uonR"\G
and

() [0][1,00 < (14 4C)a < cng.

18



We have Vv = Vu a.e. in R” \ G (see TDPP). Using (32) and (35) we estimate
nwms/ wwwwM+/wuwww
RA\G G
(36) g/ (4] + [Vau]) dz + 2[[v]}1 o0 £(G)
RP\G

< (1 + 2028) lwll1,1-
Hence the function v has the required properties. O

7.5. Lemma. Let u € WHH(R™) a e > 0. Then there exist functions i € WHH(R"™) and w € C*(R™)
such that

B 1
) ]2 < 1”“”1717
37
C:
w100 € —2lull1,
E
and

Lo({t+w#u}) <e.
Proof. Let v be as in Lemma 7.4. Set

where § > 0 is so small that
s < gl
The existence of such ¢ is justified because
ls xv —v|1 — 0, IV (s * v) — V|1 — 0.

By the convolution inequality and Lemma 7.4

C
0 < ol0 < =22 ulls.

Finally
Lo{t+w#u}l)=Ly({vF#u}) <e.
|

7.6. Theorem (Calderén and Zygmund). Let u € WHL(R™) and € > 0. Then there exists v € C1(R™)
such that

(38) [oll11 < Corllull,,
C

(39) loll00 < =2l

and

(40) L,({v#u})<e.

Proof. A recurrent use of Lemma 7.5 yields sequences {u; } and {w;} of functions on R™ such that uy = u,
u; € WHY(R™) for j € N, w; € Cy(R™) for j € N and

lujllie < 47 lully,g,

C: Cys277
[w[l1,00 < 2_72;85||uj—1||1,1 < 285 l[ull1.1

and

Cn({uj + W 75 Ujfl}) < 27 7e.
Set

G = (U{UJ + wj 7é uj_1}> U {Zu] = OO}

J J

Then

L,(G) <e.
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On the set R™ \ G we have

Ug = UL+ W1 = U2 + W + W1 =U3z + W3 +wWe +wy =+ = E wj.
J

The series ) ; w; converges in C ! by the Weierstrass criterion. We define v = Zj wj, this is a C!-function.
The estimate (39) follows easily from the construction and (38) can be derived as in (36). O

8. AREA AND COAREA FORMULA FOR SOBOLEV FUNCTIONS

8.1. Condition N. Let Q C R” be an open set and €' C Q. We say that a mapping f : Q — R? satisfies
the (Lusin) condition N on € if for each £ C Q' we have
LME)=0 = H"(f(E))=0.

8.2. Theorem (Area formula with condition N). Let  C R™ be an open set and ' C Q. Let f : Q — R¢
be a weakly differentiable mapping, d > n. Then the area formula for f on Q' holds if and only if f
satisfies the condition N on ).

Proof. If the area formula holds for f, for each F C Q' we have

HUE) < [ NGB ) = [ 1955 =0

This verifies the only if part. The if part is more delicated, however, we have Theorem 7.6 in hand
which is a very strong tool for this purpose. Since the matter is local, we may assume that ) = R™ and
f € WHHR™). Consider E C ' C R". For any j € N we find by Theorem 7.6 a mapping f; € C'(R")
such that
LSy A D) <270,
We know that
Vfi=Vfae in{f;=f}

Eij=En{f=f}n{Vf=Vf}
Fj:Elu--'UEj,

Let

and write

Fo=0, N=Q\{JE;.
J
Then the sets E; \ F;_1 are pairwise disjoint and their union is Q' \ N. Then

/ T f|da = / Tf|de = / N(f329.E; \ Fy_1) dH™ ()
Ej\Fj_1 Ej\F, R4

i \Fj—1
= [ N B\ F ey
R
and summing over j we obtain
(41) [ slae= [ Mo\ m ).
Q\N Rd
On the other hand, the set N has measure zero and thus the condition N guarantees

(42) [ slda= [ NNy
N R4
Getting together (41) and (42) we obtain the assertion. O

8.3. Condition co-N. Let @ C R™ be an open set and ' C Q. We say that a mapping f : Q — R¢
satisfies the condition co-N on € if for each E C €' we have

LYE)=0 = /Rd HYEN f(y))dy = 0.

8.4. Theorem (Coarea formula with condition co-N). Let Q@ C R™ be an open set and Q' C Q. f:Q — R?

be a weakly differentiable mapping, d < n. Then the coarea formula for f on Q' holds if and only if f

satisfies the condition co-N on €Y.

Proof. This can be shown by the same argument as in case of area formula (Theorem 8.2). |
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9. GENERALIZED LIPSCHITZ FUNCTIONS

In this section, Q stands for a fixed open set in R™. Let £ C Q and f : Q — R?. The diameter of the
image f(F) is called the oscillation of f over E and denoted as oscg f.

9.1. Generalized Lipschitz function. Let 1 < p < co. A function f : Q — R?is said to be a generalized
Lipschitz function of class RRY (€;R?) (shortly f € RRY (€;R?)) if there exists a nonnegative function
6 € LY (Q) such that

loc

zZ,r p
(43) (M) < ][ o du
r B(z,r)
for each B(z,r) C . The function 67 is called a weight for f.
We write f € RRP(Q) if it has a weight 0P € L1((Q).

9.2. Remark. We write the definition with 6P to keep the analogy with the Poincaré inequalities.
However, this notation may be somewhat inconvenient. Indeed a similar condition can be considered
with a measure weight in place of 7. Then of course, 6 itself does not make a sense.

The use of a smaller ball instead of B(z,r) on the left of (43) has the reason that then the class is
much more stable, eg. it is invariant under a bilipschitz change of variables and does not depend on the
choice of norm in R"™.

9.3. Observations. (a) For 1 < p < g we have RR}_(Q;RY) C RRY (Q;RY).

(b) If Q is connected, then RRP(2;RY) factorized by constants, is a Banach space with the norm
| fllrre = inf{[|6]|, : 67 is a weight for f}.

(¢) Each Lipschitz function is a RRY, -functions with a constant weight.

(d) Conversely, if f is a RRY  function with a constant weight, then it is locally Lipschitz.

loc

(e) Each f € RRY. (% RY) is locally bounded.

loc
9.4. Remark. If Q C R! is an interval, then f € RR} (Q) if and only if f is locally absolutely continuous
and € LV ().

loc

9.5. Theorem. Each f € RR}.(Q;RY) is continuous.

loc

Proof. From (43), for p = n we obtain

1/n
OSCB(z,r/2) f< C(/( )9” d.T)
B(z,r

The right hand side tends to zero as 7 — 0+. a

9.6. Remark. If 1 < p < n, then the characteristic function of a single point is an RRP-function, which,
in contrast with the theory of LP-spaces, is not identified with the zero function. Another example of a
discontinuous RRP-function, 1 < p < n, is x1/|x|.

9.7. Theorem (Weak differentiability). Let f € RR{’OC(Q;R‘{) with weight OP. Then f is weakly differ-
entiable and

(44) [Vf| < Cub.
Consequently, Vf € LP (Q;R4*™),

loc

Proof. See TDPP. O

The next result generalizes the Rademacher theorem on differentiation of Lipschitz functions.
9.8. Theorem. Let f € RRY. _(;RY). Then f is differentiable a.e. and f' =V f a.e.

loc
Proof. We may assume that p = 1. By the Lebesgue differentiation theorem, a.e. point z € Q is a
simultaneous Lebesgue point for f, Vf and . We fix such a z and prove that Vf(z) is the differential
of f at z. We may assume that f(z) = 0 and Vf(z) = 0, otherwise we pass to the function z —
f(@) = f(z) = Vf(2)(z — z). We choose ¢ € (0, ) and (using Lebesgue point properties of z) find § > 0
so that

][ |Vu(z)|de < g™,

(45) 0<p<o = { PGP

][ |0(x) — 0(z)|dx < e™.
B(z,p)
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Let y € B(z,0/2) and r = 2|y — z|. Then B(y,2er) C B(z,r). We estimate
46 < — d dx.
(46) swislio—f  swalsf el

For the first term we have by (45)

‘f(y) —]{B(ym f(x) dw‘ < 08CB(yer) [
(47) <er (Q(z) +][
B
<er (9(2) + 2_"5_”][

B(z,r)

10(z) — 6(2)] d:c)

(y,2er)

10(z) — 6(2)] dm)

<er (9(2) +1>.

Because z is a Lebesgue point for f, for the second term of (46) we have by Lemma 7.3 and (45)

][ (@) de < e f f ()| da
B(y,er) B(z,r)

<2 "r sup][ |V f(x)|dx
B(z,p)

0<p<r

(48)

< 2er.

From (46)—(48) we conclude that
[v(y)| < Cer < Cely — 2.
This shows that Vu(z) = 0 as required. O

9.9. Remark. Theorem 9.7 and Theorem 9.8 are both statements on differentiation of generalized
Lipschitz functions, but of a different nature. Notice that in general, weak differentiability does not imply
differentiability a.e. (for n > 1 there exist weakly differentiable functions which are nowhere continuous
and thus also nowhere differentiable independently on choice of a representative) and differentiability
a.e. does not imply weak differentiability (Cantor’s example).

9.10. Theorem (Embedding theorem for p > n). Let Q C R" be an open set and f € WEP(Q) with
p>n. Then f has a continuous reprensentative for which, given any ball B = B(z,1) CC Q,

(49) (OSCB f)p < C49Tp_"/ VP de,
B

where Cyg depends only on n and p.

Proof. Assume first that f is smooth in R™ and consider a ball B = B(z,7) C R™. Denote

I :]{dey.

From Lemma 7.3,

1
|f(z) — fB] < C/O ‘vat dt

1 1/
< C’r/ (][ [Vu(y)|P dy) : dt
0o VB,

(50) .
< C?“HVUHLP(B)/ |Bt|71/p dt
0

1
§0r1*%||Vu||Lp(B)/ /P d.
0

Since |f(z') — f(x)| < |f(2") — fB| + |fB — f(2)| for any z,2’ € B, from (50) we obtain (49). Now,

let f € WHP(R"). By mollification we obtain a sequence {f;} of smooth functions in W'?(R™) such

that || f; — fll1p, < 277. Applying (49) to f; — fj+1 we observe that the sequence converges also locally
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uniformly, and thus its pointwise limit is a continuous representative of f. An easy passage to limit
yields (49) for f. A standard localization argument proves the theorem for a general open domain. O

9.11. Remark. Theorem 9.10 is a converse of Theorem 9.7 for p > n. It follows that RR} () can be
identified with W,"?(Q) for p > n.

loc
9.12. Remark. If n > 1 and 1 < p < n, there exists a continuous compactly suppported function
f € WHP(R™) which does not belong to RRY. (R"). Indeed, we find f in the form

loc
F=> "t
J

where f; are smooth functions supported in B; = B(xj,r;). We find first 7; such that Zj Ty < 0o

whereas >, 77 ” = oo. Then we find b; “\, 0 such that still 37 "b% = co. Then we find a bounded
sequence z; such that the balls B(z;,2r;) are pairwise disjoint, and functions f; as above such that

oscp; f; = b; and
E / IV f;P < o0.
i B

Then the function f has the required properties. Indeed, for any weight 6 controlling f we observe
fB(rj 2r;) or > T;’_pb?

9.13. Theorem (Area formula for generalized Lipschitz functions). Let Q C R™ be an open set and
f € RR!_(:RY), d>n. Then the area formula holds for f.

loc

Proof. In view of Theorem 8.2 and Theorem 9.7 it is enough to verify the condition N. Let £ C 2 be a
set of zero measure. Choose € > 0. We find an open set G C () such that £ C G and

(51) / 0" dy < e.
G
Consider z € E. If we had

/ 0" dy < 207"/ 0" dy
B(z,r) B(z,107)

for all small r > 0, by iteration we would obtain
lim 0" dy =0
r—0 B(z,r)

which would contradict that & > 1. Hence for each x € E there exists r, > 0 such that E(LL‘J’I) cG
and

(52) / 0" dy < 20"/ 0" dy.
B(x,107y) B(x,rz)

The system {B(z,7;) : « € E} forms a covering of E and therefore by the Vitali theorem (Theorem 1.5)
there exists a pairwise disjoint sequence {B;} of balls B; = B(x;,r;) such that x; € E, r; = r;, and

E C LJB(SC]’7 57’]‘).
J
Then

F(B) | £(B(x;,5r;)
J
and thus, using (52) and (51)

H&(f(E)) S 2—nan Z(dlam f(B(.’L'j, 5rj)))" S 9—n Z/ on dy
J j B(z,;,10r;)
< 10" / o dy
; B(zj,r;)
< 10"/ 0" dy < 10"¢.
G

Letting € — 0 we conclude the proof. O
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9.14. Theorem (Coarea formula for generalized Lipschitz functions). Let Q C R™ be an open set and
f € RRL (4R, d <n. Then the coarea formula holds for f.

Proof. In view of Theorem 8.4 and Theorem 9.7 it is enough to verify the condition co-N. Let 6% be a
weight for f, we may assume that § > 1. Let £ C Q be a set of zero measure. Choose € > 0 and § > 0.
We find an open set G C 2 such that £ C G and

(53) / 0% dy < e.
G
Consider = € E. As in the proof of Theorem 9.13 we find r, > 0 such that 10r, < 6, B(z,r,) C G and
(54) / 64 dy < 20" / 6% dy.
B(x,107;) B(x,ryz)

The system {B(x,r,) : € E} forms a covering of FE and therefore by the Vitali theorem (Theorem 1.5)
there exists a pairwise disjoint sequence {B;} of balls B; = B(xj,7;) such that z; € E, r; = r,, and

EC UB(.’E]'7 57’j).
J
Given y € R?, observe

He (BN FH(y) <27 "0 —q Y (diam B(a;, 5r)))"
J

—d
Xy (B 5 )
Integrating with respect to y we obtain

n—d -1 d—n : . N\n—d
[ iEn s wyds < [ (20 e Y ian Bl 5" g 0)) d

J

_ od—n . i \\n—d
- a3 | (@ By m)) )

=5"",_4 Z T;L_dﬁd (f(B(zj,5r5))).
J
Applying isodiametric inequality, (54) and (53) we can continue

Hg‘fd(E N y) dy < 5" a2 ey Z r?fd(diam f(B(z;, 5rj)))d

J
<0207 / 0l dy < C / 64 dy
; B(x;,107;) ; B

(w5,75)

Rd

gc/addygcg.
G
O

9.15. Remark. The co-area formula also holds in Sobolev spaces WP with p > d (Maly, Swanson
and Ziemer). The area formula can fail for W™ mappings and the coarea formula can fail for 1!
mappings.

10. LEBESGUE DENSITY

10.1. Lebesgue density and measure theoretic “topology”. Given a set £ C R" and a point
x € R™, we define
d(z, E) = limsup [B(z,r) 0 Bl
r—0+ ‘B(l’, T)|
A point x € R™ is said to be a point of density for a set £ C R" if d(x,R™ \ E) = 0. The set of all
points of density for F is called the measure theoretic interior of E and denoted as int, E. The measure
theoretic closure of E is

ch, E={z eR": d(z,F) >0} =R" \ int,(R" \ E)
and finally the measure theoretic boundary of E is

0.E =cl, E\int, E
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All these sets are Borel sets (e.g. int, F is Fyy).

The so called density topology is closely related to these notions but there is still a difference between
e.g. the density closure and measure theoretic closure. The density closure cly E of a set E is the smallest
density closed set which contains E, whereas cl, F is the smallest density closed set which contains almost
all of E. They are related by the formula cly E = EUcl, E.

The following theorem is a version of the Lebesgue density theorem, which is an easy consequence of
the theory of differentiation of measures. (Recall that this theory relies on Vitali covering theorems.)

10.2. Theorem. Let E C R™ be a measurable set. Then |0+ E| = 0.

11. FEDERER NORMAL

11.1. Federer normal. Let 2 C R™ be a measurable set and x € R™. A unit vector n € R" is said to
be a Federer normal to € at x if
z ¢ cl (QA (z +Hn)),
where H,, is the halfspace
H,={yeR": y-n<0}
and A denotes the symmetric difference. The Federer normal is obviously unique if it exists.
Let n(x) is a Federer normal to  at z. We write in coordinates

n(z) = (n1(z),...,np(2)).
The set of all points of R™ where there exists a Federer normal to €2 is denoted by dp£2. Obviously
OrQ) C 09.
A set M C R" is called a Lipschitz graph, if there exists a Lipschitz function ¢ : R*~! — R such that
M={xeR":z,=&1,...,2n-1)}
We say that M is a rotated Lipschitz graph, if there exists a linear isometric isomorphism L : R™ — R"™
such that L(M) is a Lipschitz graph.

11.2. Theorem. Let 2 C R™ be a measurable set. Then Op€) can be covered by a countable number of
rotated Lipschitz graphs. More specifically, the set

IR ={rcaprQ: n,(z)>0}
can be covered by a countable number of Lipschitz graphs.

Proof. Define

Ca:{meR":%>cosa}.
x

Since
n,+ _ . o1
0 Q= U {x € Op€: np(x) > sin 4,
p,gEN

(55) |B(z,r) N (z+ Cy/p) NQ| + |B(x,r) N (x — Cyyp) NQY| < p|B(w,r)| for each 0 < r < %},

with €, = %(%sin %)n

we may consider a part I' of 0r€) which for given p,q € N is contained in the set described on the right
of (55) and moreover satisfies that diamT" < 1/q. Let z,y € T', without loss of generality we may assume
that x, < y,. Assume that

(56) Yn — Tn >COS% |y—.13‘

Set

z=1L@+y), r=lr—yl, p=frsind.

An easy geometric argument shows that
B(z,p)NQ C B(z,r)N (z+ Cyp) NQ,
B(z,p) NQ° C B(y,r) N (y — C1/p) N QS

and thus

|B(z,p)| < &p(|1B(z,7)| + [B(y,r)| <|B(zp)l;
so that (56) leads to a contradiction. Therefore, ' is contained in a Lipschitz graph with Lipschitz
constant not exceeding cotan 2—110. O
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12. FUNCTIONS OF BOUNDED VARIATION

Let W C R™ be an open set. Let C.(W) be the set of all continuous functions on W with a compact
support in W and C(WW) be the Banach space of all bounded continuous functions on W equipped with
the supremum norm || - ||. We define the Banach space Co(WW) as the closure of C.(W) in Cp(W). In
particular, Co(R™) is the set of all continuous functions f on R™ such that

lim f(z) =0,

|z|— o0

THe dual space of Co(W) is the space M(W) of all finite signed Radon measures on W. (the dual of
Co(W,R?) consists of vector measures).

If u € M(W,R%), the variation of y is the nonnegative Radon measure |u| which acts on nonnegative
functions f € Co(W) as

ul(f) = sup{p(g) : g € Co(W.R?), |g| < f}.
Then the norm of p, defined according to the general definition of dual norm, can be computed as
el = [l (W).

We define the space BV (W) as the set of all functions u € L'(W) whose distributional derivatives belong
to M(W), with the norm

[ull v := llully + [ Dull1.

We reserve the symbol Du for gradient being a measure, and Vu for gradient being a function. We use
the notation

| s@Duo)]ds
w

for the integral of g by the measure |Du/, although this is not integration by the Lebesgue measure.
Let us notice that the fundamental estimate of Sobolev functions by means of Riesz potential with all
its consequences remains true also for BV -function, namely

][ fu(y) — u(a)] dy < C / ly — [ Du(y)| dy
B B

holds whenever B is a ball, u € BV(R"™) and z is a point of B which is a Lebesgue point for u, also the
statements on approximative differentiability a.e. Poincaré inequality and a Luzin type theorem (every
BV function coincides with a C' function outside a set of small Lebesgue measure) are true.

12.1. Proposition. If u € BV (R"), then
lullsy = inf {hm‘inf/ (gl + V) d
{’u]‘} J Rn

where {u;} runs over all sequences of functions from D(R™) converging to u in L*(R™).

Proof. For the < inequality, let us consider a sequence {u;} of C'-functions converging to u in L'(R™).
We may assume that

lim‘inf/ (Juj| + |Vu;]) do < oc.
J Rn

Then there is no problem with the convergence of the first term. For the second term notice that the
norm of the dual space is always weakly* lower semicontinuous.

For the converse inequality, if v has a compact support we consider the particular sequence obtained
by mollification and notice that by the convolution inequality,

/n IV (¢e * u)(z)] da < /Rn(ws* |Dul)(z) dz < /R | Dul.

In the general case, we first multiply by a cut-off function and then mollify, the details are left to the
reader. ]

12.2. Proposition. Let v € BV(R™). Then the function
u oz —ouly + zie;), z; €R
belongs to BV (R) for a.e. y € H; := {y € R™ : y; = 0}, with ||Duyl||1 = || D;sul:.
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Proof. Consider a sequence {u;} of smooth functions such that u; — u in L* and

“jm/ (Juj| + V1) dz = ull sy
]R'n.
Set
fily) = /(|u3(y + zie;)| + |Vu;(y + zie;)|) da, y € H.
R

Then by the Fatou lemma,
/

Take y so that liminf; f;(y) < oo and uf — ¥ in L'(R), where

timinf £;(s) dy < liminf [ £5(0)dy < v
H;

i

ui (i) = u;(y + xiei),

The integrability of liminf; f;(y) and the Fubini theorem imply that a.e. y has this property. Then,
passing to a subsequence, {ujy }; is bounded in BV (R). This implies an existence of a further subsequence

such that Vu? converges weakly* in C§(R). It is easily verified that then this weak* limit is DuY and
that thus u¥ € BV (R) with the claimed estimate of the norm. O

12.3. Proposition. Suppose thatu € BV (R). Then there is a representative of u which is a BV -function
in the classical sense, in particular it is a difference of two bounded monotone functions.

13. SETS OF FINITE PERIMETER

13.1. Set of finite perimeter. We say that 2 C R" is a set of finite perimeter if X, € BV(R"). The
perimeter of £ is then P(E) := || DXg]:.

We say that E is of locally finite perimeter in an open set U C R™ if X, € BVioc(U) (the local version
of the space BV),

Recall that C¢(R") is defined as the closure of C(R") in the C''-norm.

13.2. Observation. Suppose that Q C R™ be a set of finite measure.
(a) Let P(Q2) < oo and v = —DX,. Then

(57) y(f):/ﬂdivfd% f € C}(R™;R™).

(b) Conversely, if v is a vector Radon measure which satisfies (57), then v = —DX, in the sense of
distributions, and thus P(2) < oco.

13.3. Remark. Notice that Observation 13.2 can be regarded as a form of the divergence theorem, even
as a characterization of the situations when the divergence theorem holds. However, for applications
it is quite unclear what is the measure v that we have to integrate by. Also the requirement of finite
perimeter is less transparent and less easy to verify than e.g. assumptions in terms of the smoothness of
the boundary.

14. DIFFERENTIABILITY OF THE BOUNDARY

In the following theorem, we find the representation of v,,, where v = (v1,...,v,) = —DX,,. A similar
representation can be found for each v;, only the notation is then more complicated. In our case, we
identify R™ with the cartesian product R"~! x R and write 2 = (7,7), where 7 = (z1,...,7,_1) and

v = x,. We write E ~ F if the measure of the symmetrical difference EAF is zero.

14.1. Theorem. Suppose that Q C R™ is a set of finite perimeter, v = —DXy,. Then there exist
measurable sets A,, C R"™', m =1,2,..., measurable functions a,,, by: A, — R and measurable sets
E,niCAn, 1=1,2,..., such that
(58) A1 DA D ...,
(59) ag <bp<ag<by<- - <am<b, onApy,
(60) {v:(r,0(E)) € Q} ~ U (@ (T), b (7)) for a.e. T € R"71,

{m: 1€A,,}
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(61) Am ~ UEm,la
l

and
(62) @, by, are Lipschitz on Eq, ;.

Moreover, we obtain the representation

(63) /n udy, = Z/A (w(T, b (7)) — (T, am (7)) dr

for each u € C§(R™).

Proof. From Proposition 12.2 we infer that for a.e. 7 € R"~! there are intervals a;(7) < by(7) < --+ <
ap(7) < by(7) with p = p(7) such that
P

{’7 : (7_7 7) € Q} ~ U (am(’r),bm(’r))'

m=1
Indeed, recall that if a BV -function on line is simultaneously a characteristic function, then it has a
representative which is a union of a finite family of intervals. Set

Ay =A{7: p(r) > m}.
The function p is measurable, because by Proposition 12.2,
2p(7) = [[DnXq (7, )11

It follows that the sets A,, are measurable. For a fixed m, the functions a,,, b,, are measurable. Indeed,
by induction, it follows from the Fubini theorem that, given ¢ € R, the sets

{reR": ay(1) < c} = {TGR”*I : / XQ(T,'y)d'y>0,},

c

{reR": bi(r)<c} = {T ceR"L: / (1 —=Xq(1,7)) dy > O},

ay(T)

{reR": ay(1) < ¢} = {TGR”fls /C

XQ(Tv ’Y) dr}/ > 0}7
bl(’T)

are measurable. We have proven (58)—(60). Now, we can divide A4,, into measurable sets P, 4, ¢ =
1,2,... in such a manner that for each ¢ there exists and interval (¢, d) (depending on m and ¢) such

that
am(7) <c<bp(r)<d  foreach T € P, 44,

d < amy1(7) for each 7 € Py g N Aptar.

Now, set

d
UT) =Ll q(T) = c+/ X, (7,77) dy.
Then ¢(7) = by, (7) for each T € P, ;. By Proposition 12.1, there are smooth function ¢, € D(R™) such
that pr — X, in L*(R™) and
lerllBy — IXgllBV-

Set 4

wlr) =c+ [ e ar
Then .,

Ok v [ Oen

37']- (T) - ; ay] (7—7 7) drY?
and thus

/ V| dr < / Veor| da
Rn,fl ]Rn

It follows that the sequence {t.} is bounded in BV (R"~1!). By the Rellich compact embedding theorem,
passing if necessary to a subsequence, we may achieve that vy, converge in L' and a.e., and the limit
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cannot be anything else than . Now, the function ¢ belongs to BV (R""!) and thus by the Lusin-
type approximation theorem, there exist C!-functions lrng,s R"~! — R, s € N, and measurable sets
Epm s C R"1 such that, for each m,q € N,

Prg ~ U Erm g,
P

and, for each [ € I,
gm,q,s = [m’q = bm on Em,q,s-

Rearranging for each m the sequence {E,, 4 s }q,s into a single sequence {E,, ; };, we obtain (61) and (62).
It remains to prove (63). The n-th coordinate of v can be characterized by the following consequence

of (57):
_ @ 1 n
wdy, = (1,7)dr dry, u € Cy(R™).
R a0y

Using the Newton-Leibniz rule and the Fubini theorem we obtain
8 (1,7 d’y) dr

/Am (u(T, b (1)) — u(T, am (T dT —/ .

ou
= —(7,7v)drdy
//{<T 7t am (1) <y<bm ()} O
and summing over m we conclude

Z/m —u(T, am (T d’T_//a (1,7) dr dr,

which proves (63). O
14.2. Lemma. Suppose that Q C R" is a set of finite perimeter, v = —DX,. Let A C R ! be a
measurable set, I = (¢,d) C R be an interval, b: Rt — I be a Lipschitz functions. Suppose that
{(ryy) € AxT:y<b(r)} ~(AxI)NQ,
{(r,7y) € AXI:v>b(1)} ~(AxI)NQC,

Then
(a) for a.e. 7€ A, (1,b(1)) € Op§) and
ob(t ob(T
(% —m 1)
a(rb(r)) = 2
1+ |Vb(r)]

(b) For H" ‘-a.e. x € {(1,7) € Ax I: v =b(1)} we have x € IrQ.
(c) for each u € Co(R™),

/ u(r,b(7))dr = / u(z) ny, (z) dH" " (z).
E {(m,b(7)): TEE}

Proof. (a) Let 7 be a point of density of A and of differentiability of b and z := (7,b(7)). Denote

B=(B1,---,0Bn_1) = Vb(7), this is understod as a linear form on R"~*. Consider the vector
(=Bis=Bnrs 1)
V148
Then
H, ={y €R": y < B(y1,---Yn-1)}
We have

QA (z+Hn) C(Ax D U{(,7) € AX T |y = B =) < o(r') = B = 1)l }.
Since z is a density point of A x I and
b(r') — B’ —7) = ofr’ — 7),
the claim follows.
(b) Consider the Lipschitz mapping ¢ : R*~1 — R" defined as ¢(7) = (7,b()). Then the assertion of
(b) follows from (a) using the Theorem 2.7).
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(c) It is easily obtained from (a) and (b) using the area formula (Theorem 9.13) for the mapping
®. ]

14.3. Lemma. Suppose that 0 C R" is a set of finite perimeter, v = —DX,,. Let A C R ! be a
measurable set, I = (c,d) C R be an interval, £: R"~1 — I b: R"' — R be Lipschitz functions.
Suppose that

{(ryy) e AxT:y<b(r)} ~(AXxI)NQ,
{(r,y) € AxI:v>b(1)} ~(AxI)NANE,
I:={(r,y) e AxI:vy=4L(1)} C Orfd
Then b=1{ a.e. in A.

Proof. Let 7 be a point of density of A and z := (7,4(7)). Suppose that e.g. b(7) > £(7). Then there is
a neighborhood V' of 7 such that b > ¢ on V. We see that x is a density point of

{(7',Y)YeAxT:y <b(r)} CQ

and thus there cannot exist a Federer normal to Q at . O

14.4. Theorem. Let 0 CR™ be a set of finite perimeter and v = —DX,. Then
(a) [v| =H"""[(0FQ),
(b) n= 4.

Proof. 1t follows from Theorem 14.1 and Lemma 14.2 that the integration over v consist of integration
over the graphs of functions of type v = a(7), v = b(7) with respect to the Hausdorff measure with weight
n. We also know that the above mentioned graphs can be considered as parts of the Federer boundary
Or. It remains to show that the integration is performed over (almost) all of 9r2. However, we know
by Theorem 11.2, Theorem 14.1 and Lemma 14.3 that the Federer boundary can be also decomposed
into Lipschitz graphs and these are included in graphs of the functions of type v = a(7), y =0b(r). O

14.5. Theorem. Let 2 C R™ be a set of finite perimeter. Then pQ) C 0.9 and H" (9,2 \ 9rQ) = 0.

Proof. The inclusion 0pQ C 9.2 is obvious. Suppose that x € 0,£). Then there exists k € N such that

: [Bz,r)NQ| 1 : [Bz,r)\Q 1
64 limsup ——————— > - and limsup ———"—— > —,
(64 oy Bz, k oy [B(z,r)|  k
Let Mj, be the set of all points  for which (64) holds and G be an open set containing My, \ r2. The
collection of balls
|B(z,r)NQ| 1 |Blx,r)\Q _ 1
— {B(x,r): z € My\0pQ, B(xz,r)C G, - f}
v { (x,7): © € Mg\ Or (z,1) C B >k Bl >k
is then a fine covering of M, \ Or€2. Indeed, notice that if for a radius r’ we have

|B(z,r)NQ 1

>
|B(z, )] k
and for another radius " we have
|B(z,r") N8 1
- 7 < 1——
|B(z, )] k

then, by the Darboux property of the quotient, there is a r between r’ and r”” where we have both. Thus,
by the Vitali type theorem, there exists a sequence {B(xj,7;)}; of pairwise disjoint balls from V such
that
(65) M.\ 0pQ C | B(x;, 57)).
J
If B(z,r) € V, using the Poincaré inequality we obtain
(66) r" < Cinf X, — ¢ dy < C’r/ |DX,| = Crlv|(B(x,r)).
c€R B(z,r) B(z,r)

By (65) and (66),

HE (M \ 9pQ) < C Y ri ™t < C Y l(B(xy,my) < Cl|(@).

; .

J
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Since G D My, \ 0pf) was arbitrary and, by Theorem 14.4, |v|(R™ \ 0p2) = 0, we conclude
H*" (M \ 0pQ) < Clv|(My, \ 0rQ) = 0.

15. CHARACTERIZATION OF SETS OF FINITE PERIMETER

15.1. Lemma. Suppose that Ky C R"* ™ is a compact set of positive measure and ay < by are real
numbers. Suppose that
Ko x [ag, bo] = V1 U Va,

where V1 and Vo are measurable subsets of R™ of positive measure. Suppose that for each T € K, the one
dimensional measure of both sets

{7 € (ao,bo) : (1,7) € Vi}, {7 € (ao,bo) : (1,7) € V2}
is strictly positive. Then cl, Vi Ncl, Vo # (.

Proof. We extend the definition: V; =V if j is odd, V; = V4 if j is even. A set of type K X [a, b], where
K is a compact subset of R"~! and (a,b) C R is an open interval, is said to be a good cylinder if |K| > 0
and for each 7 € K,

[{v€(a,b): (r,y) e Vi}| >0 and [{y€ (a,b):(,7) € V2}| > 0.
If x = (21,...,2,) € R™, let us denote Q(x,r) = [x1 —r,x1 + 7] X -+ X [2, — 1,2, + 7]. We construct
recurrently a sequence {Q; } of cubes, Q; = Q(z;,7;), ; = (75, 7;), and a sequence {7} of good cylinders
of the form T; = K; x [a;,b;]. We find a cube Q) such that Ty := Ky X [ag, bo] C Qo. Suppose that all

the objects that we construct are already determined and 7;_; C Q;—1. Using the Fubini theorem we
observe that

|‘/20Tj71|>0, |V1 ﬁTj71‘>0.
We find a point 2, which is a density point of V; N'T;_;. We find a cube @’ centered at z’; of diameter
at most 1/j such that Q; C Q;—1 and

V;NTjnQjl > Q51
Now we distinguish two cases. If Q; NT;_1 contains a good cylinder, we define T} as this good cylinder
and Q; := Q. Otherwise @} NT;_1 NV has the structure

Q; ﬂTj_l ﬂij ~ Hj X [a;-,b;],

where H; is a measurable subset of R"~! and
|H; NTLQ})| > 7 [TH(Q;)]
Here TI denotes the projection « +— (z1,...,2,-1) : R” — R""'. Find the largest interval [af,b]] C
[@j—1,bj_1] with the property that
|(H; x [af,b7]) \ V;| = 0.
Then, by the definition of goodness of T};_1,

[, b]] # laj—1,b0j1]
and thus there exists [a;, b;] C [aj-1,b;—1] which is as long as [a}, b;] and contains “both pieces of [a7, ']
and of its complement” in such a way that
Vi N @5l > 51Qjl,
where
Q; =T1(Q%) x [aj,bj],
and @; contains a good cylinder. This completes one step of the construction. If the entire construction

is established, we observe that the intersection of the cubes @); contains exactly one point, which belongs
to cl, Vi Ncly V. O

15.2. Theorem. Suppose that Q@ C R™ be a measurable set of finite measure. The € has a finite perimeter
if and only if
H1(0,0) < 0.
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Proof. Necessity follows from Theorem 14.5, we will prove the sufficiency. Suppose that H"~1(9,Q) < cc.
Then, by the Eilenberg inequality (Lemma 6.8),

#{v: (1,7) € 0.2} dt < o0.
Rn—1

We claim that for almost all 7 € R"™*, X, (7, ) is a.e. constant between the points of {v: (7,7) € 9.Q}.
Having this claim for granted, we observe that X, is BV along all lines parallel to coordinate axes and

[ PGl dy <o,
Rn—

similarly for rermaining coordinates. A routine calculation involving integration by parts and Fubini
theorem then shows that X, € BV (R") as required. To prove the claim, we proceed as in the proof
of Theorem 14.1 and, assuming that the conclusion is not true, find a compact set Ky and an interval
[ao, bo] such that

8.0 (KO x [ao, bo]) -y

and X, (7,-) is essentially nonconstant on [ag, bg] for each 7 € Ky. Then an application of Lemma 15.1
leads to a contradiction. ]

16. DIVERGENCE THEOREM
16.1. Theorem. Let Q C R™ be a set of finite perimeter and f € CL(R™;R™). Then
f-ndH" ! = / div f dz.
8.9 Q

Proof. This is a summary of preceding results Theorem 14.4 and Theorem 14.5. 0

16.2. Corollary. Let W C R™ be an open set and 2 C W be a set of locally finite perimeter in W. Let
f €CLHW;R"™). Then

(67) / f-ndH" ! = / div f dz.
WnNo.Q Q

Proof. Let B(x,r) CC W. Then 0,.(2 N B(x,r)) C 0B(z,r) U (0.2 N B(x,r)) and thus this is a set of
finite H"~!-measure. In view of Theorem 15.2 it follows that QN B(x,7) is a set of finite perimeter and
(67) holds for f supported in such a ball. The general case follows now by a partition of unity. O
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17. SURFACE INTEGRATION

17.1. Surface and surface integral. Let X be a metric space and k be a positive integer. We define a k-
dimensional (parametric) surface as a locally Lipschitz mapping ¢ : E — X, where E C R* is Lebesgue
measurable. Suppose that ¢1,...,g9x : X — R are locally Lipschitz functions and ¢ = (g1,...,9%)-
Further, let f : X — R be measurable with respect to H*. We define the surface integral of the
integrand fdg; ... dgi as

/ Jdgr ... dgy = /E (1)) T(g o o) (t) dt.

17.2. Theorem (Canonical change of variables). Let X be a metric space, E C RF be a measurable set,
¢: E— X be asurface, g = (g1,-..,gr) : X — R¥ be locally Lipschitz and f : X — R be H*-measurable.
Then

[t dn= [ 3 s dtgoe)® el dun .. d

teENg~1(y)
Proof. This is a routine consequence of the theorem on change of variables by the area formula (Theorem
4.7). |

18. SURROUNDING: EUCLIDEAN CASE

18.1. Jacobian. If ¢ : E — R” is an (n—1) dimensional surface, we define

Q0 i O
atl atn—l

18.2. Lemma. Let W C R"™ (n > 1) be an open set and Q@ C W be of locally finite perimeter in W. Let
¢ : E — W be a n—1-dimensional surface. Suppose that H"~(¢o(E)\ 0p) = 0. Then Jo(t) is a real

multiple of n(p(t)) for a.e. t € E.

Jo=

Proof. We can ignore preimages of null sets, because by the area formula the Jacobian Jy vanishes a.e.
on them. Now, let us assume that there is a measurable A C R"~! and interval I = (c¢,d) C R and a
Lipschitz function £: R"~! — I such that

o(B) c{(r,y) e AxI:vy=14L(1)} COrQ2
Then

(68) (pn(t) = g(@l(tL ey @n,l(t)), te k.

By the area formula (and Rademacher theorem), for a.e. t € E N {Jp # 0} we observe that ¢ is
differentiable at ¢(t). Let us denote

U)(T) = (T,K(T)), H= (@17”'7(:0”—1)'
We may rewrite (68) as

p=1opu.
By Lemma 14.3 and 14.2,
n(y(r)) = |§ZE:;| for a.e. T € A.

By the chain rule and the rule for multiplication of determinants,

Jo(t) = Ju(w(t) I (t)
for a.e. t € EN{Jp # 0}, this proves the claim in the special case.
Similarly we proceed if the image of A lies in a rotated graph of above mentioned type, i.e. if a different
than last coordinate is expressed explicitly in terms of the remaining ones. By Theorems 14.1 and 11.2
this describes piecewise all of Op{2. The general case follows now by a decomposition argument. O

18.3. Surrounding: Euclidean case. Let W C R™ (n > 1) be an open set and  C W be of locally
finite perimeter in W. Let ¢ : E — W be an n—1-dimensional surface. We say that ¢ surrounds
(ohranicuje) © in W if ¢ is one-to-one,
H" 0.0 A p(E)) = 0.
and Jp(t) is a positive multiple of n(p(t)) for a.e. t € E.
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18.4. Theorem. Suppose that W C R™ (n > 1) be an open set and Q C W be of locally finite perimeter
in W. Then there exists an n—1-dimensional surface which surrounds Q in W.

Sketch of the proof. Pieces of this surface are obtained in Theorem 14.1, they can be put together into a
single surface (cf. proof of Theorem 19.4). The proof that such a surface surrounds €2 is based on Lemma
14.2, Lemma 14.3, Theorem 14.4 and Theorem 14.5. ]

18.5. Theorem. Suppose that W C R™ (n > 1) be an open set and Q C W be of locally finite perimeter in
W. Let p : E — W be a n—1-dimensional surface. Suppose that ¢ surrounds 2 in W. Let f,g1...gn-1:
W — R be locally lipschitz function and f has a compact support in W. Then

/fdgl'“dgnfl:/det(vav.gla“ngnfl)dx‘
© Q

Proof. Suppose first that f, g are smooth. Then
div(f Vg1 x -+ X Vgu_1) =det(Vf,Vgi,...,Vgn_1).
By Corollary 16.2

/ f Vg x - xVgp_1 -ndH" ! = / det(Vf,Vag1,...,Vgn_1)dz
0.0NW Q
On the other hand, by the definition of surrounding and the Cauchy-Binet formula (Theorem 5.3)

/ f Vg x- X Vgp_1 -ndH"?

0. QNW
- /E (f Vg % - % Vgu_1)(@(8)) - n(p(8)) | Jo(0)] dt
- /E Fo(t) (Vgr -+ x Vgn_1)(e(t)) - J(t) dit

— [ #00) dex(Vig o) dt = [ dgy...dgoa
E ¥
The general case follows by a routine approximation argument. (|

19. STOKES THEOREM

19.1. Atlas, Lipschitz manifold. Let X be a separable metric space and A be a system of bilipschitz
mappings (charts) p: U, — R™, where U, C X is open. Suppose that all images p(U,) are open in R”

and
Uu.=x
pneA
Then A is called a Lipschitz atlas and (X, A) is called a (n-dimensional) Lipschitz manifold. We say
that (X, .A) is oriented if
Jwop ') (t) > 0forae. t€uU,NU,)
whenever u, v € A. The definition is justified by the following theorem.

19.2. Theorem. Suppose that G C R™ be a connected open set and f : G — R™ be a bilipschitz mapping.
Then f(G) is open and either Jf > 0 a.e. (f is sense preserving), or Jf <0 a.e. (f is sense reversing).

Proof. See [LM]. Notice that f can be extended as bilipschitz to G and that the signum of the Jacobian
corresponds to the signum of

deg(f,G,p), pe f(G).
O

19.3. Parametrization. Let X be a Lipschitz manifold. Let G C R™ be an open set and ¢ : G — X be
a locally Lipschitz one-to-one mapping. We say that ¢ is a

e parametrization of X if p(G) = X,
o generalized parametrization of X if X \ ¢(G) is a null set (i.e. the image under any chart from
the atlas is Lebesgue null).
e local parametrization in general.
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A local parametrization ¢ is said to be positive if X is oriented and
J(ow) >0ae onp (U, foreach u€ A

19.4. Theorem. Let X be an oriented Lipschitz manifold of dimension n > 1. Then there exists a
positive generalized parametrization ¢ of X.

Sketch of the proof. Pieces of the parametrization are obtained from inversions of charts. We obtain
bilipschitz ¢; : G; — X such that G; are bounded, £"(VG;) =0 and ¢;(G;) cover X. Now we set

Gi=Gi\|J e ' (9(G)))
j<i
to make the images of the pieces disjoint, but still covering almost all of X. After a change of variable
by shifts of G; we may assume that G; are disjoint, so that we can define

¢ = @; on Gj.
(|

19.5. Integration over manifolds. Let X be an oriented Lipschitz manifold, M C X be a H"-
measurable set, g : X — R"™ be localy Lipschitz and f : M — R be H"™-measurable. We define

fdgl...dgn:/fLMdgl...dgn
M @

where f|as is just f extended by 0 outside M and ¢ is a positive generalized parametrization of X. This
integral does not depend on the choice of .

19.6. Perimeter. Let X be an oriented Lipschitz manifold and Q C X. We say that 2 has a locally
finite perimeter in X if for each p € A the set (2N U,) has a locally finite perimeter in p(U,,).

19.7. Surrounding. Let X be an oriented n-dimensional Lipschitz manifold (n > 1), @ C X be of
locally finite perimeter and ¢ : E — X be a n—1-dimensional surface. We say that ¢ surrounds Q if
p o @ surrounds () in p(U,) for each p € A.

19.8. Lemma. Let X be an oriented n-dimensional Lipschitz manifold (n > 1), Q@ C X be of lo-
cally finite perimeter and ¢ : E — X be a n—1-dimensional surface which surrounds ). Suppose that
(f,91,---,9n—1) is an n-tuple of locally Lipschitz functions on X such that f has a compact support in
X. Then the formula

(69) / fdgi...dgn—1 = / df dgy ... dgn—1
¢ Q

1s valid.

Sketch of the proof. If the support is obtained in U, for some ;1 € A, this can be obtained using formulas
on change of variables. The general case follows by partition of unity. O

19.9. Remark. In what follows, we will be rather interested in “global” validity of (69), i.e., we will
want to relax the assumption concerning the compact support. The previous lemma leaves untreated
some interesting cases, e.g. if X is the cone {z? + 23 = 22, 73 > 0} and 0 € QU (E). Our main result
will be the following.

19.10. Stokes Theorem. Let X be an oriented n-dimensional Lipschitz manifold (n > 1), @ C X be
of locally finite perimeter and ¢ : E — X be a (n—1)-dimensional surface which surrounds Q. Suppose
that (f,g1,-..,9n-1) s an n-tuple of locally Lipschitz functions on X such that f has a compact support
in X, consider the mapping g = (g1,...,9n-1): X — R"7L. Suppose that for a.e. y € R~ the set
QN g Y(y) is relatively compact in X. Then the formula

/fdgl-udgnq:/dfdgl-ndgnfl
@ Q

1s valid provided both the integrals converge.
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Proof. Suppose first that f has a compact support. Define a function o on ¢(FE) as
o((t)) = sgnJ(gop)(1).

[ ondgn= [ (3 s@e)dy

Rn—1
zEP(E)Ng~1(y)

Recall that

whereas, by the coarea formula,

/dfdgl...dgn_lz/ (/ ) dy,
Q Rn—1 QNg—1(y)

where Q N g~1(y) is oriented by *(dgy A dga A -+ Adg,_1). Let ¢ € D(R"!) and set
fo(x) = f(@)Y(g(x)).

Then
dfy(z) = df (z)¢(g(z)) + f(z) dp(g(z)).
Since
dy(g(x)) Adgi A -+ Ndgn—1 =0,
we obtain

/R,( > f@o@)ely)dy = / (Y f@e@)dy

vEp(B)Ng—1(y) R N ew(B)ng =1 ()

:/fwdgl-" dgn_1 :/dfwdgy-- dgn-1
o Q
- /91/)09 df dgy ... dgn— _/RM(/mgl(y) df) ¥(y) dy.

Z f(z)o(x) = / df fora.e. yeR"L
2€p(E)Ng~ () 2ng™(y)
Now we will consider the general case, only, since f is integrable, we may assume that f > 0. Let {w;}
be a partition of unity on X and n; be the partial sums of w;. We apply the preceding computation to
f1k, pass to the limit and obtain

[ardonccdga= [ ([ ar)= [ ww([ s )y
Q Rn=1 \Jang=1(y) rRo=t b Nong=1(y)

/Rmh}in( > f<93)‘7(95)77k(96))dy

z€P(E)Ng~1(y)

:/RM( S o) dy/pfdgl...dgn_l.

zep(E)Ng~' (y)
The first equality in (70) is the coarea formula, here passing from local to global we use the existence
of the integral on the left. The second equality is an obvious consequence of the hypothesis on relative
compactness of the preimages Mg~ (y). The third equality is the relatively compact case. In the fourth
equality we use that f > 0 and n, 1. O

It follows that

(70)
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