2. Integral Calculus

The problems of characterizing the class of functions that are Riemann
integrable and of discussing discontinuous functions, in particular of un-
derstanding for which functions the fundamental theorem of calculus is
valid, as well as the need of integrating new functions, led to a new defini-
tion of integral due to Henri Lebesgue (1875-1941). Though the main ideas
of Lebesgue’s integration theory go back to Henri Lebesgue (1875-1941)
and Giuseppe Vitali (1875-1932) at the beginning of the 1900’s, applica-
tions as well as generalizations and extensions followed each other during
the past century giving measure and integration theory a fundamental role
in mathematical analysis.

Here we follow the approach of first introducing Lebesgue’s measure
and accordingly Lebesgue’s integral. In Section 2.1.1 we collect the main
results of the theory without proofs,! and in the following sections we
develop its basic features.

2.1 Lebesgue’s Integral

2.1.1 Definitions and properties: a short
summary

The area of the subgraph of a nonnegative function can be computed in at
least two different ways, see Figure 2.1. We compute the area of trapezoidal
approximations determined by subdivisions of the = axis and then we pass
to the limit when the lengths of the intervals of the subdivision tend to
zero: this leads to Riemann’s integral, compare [GM1]. Alternatively, we
may subdivide the y axis and proceed similarly. In this second case, by
taking equidistributed subdivisions, we may define

1 The reader may find these proofs in, e.g., M. Giaquinta, G. Modica, Mathematical
Analysis: Foundations and Advanced Techniques for Functions of Several Variables,
Birkhauser, to which in the sequel we shall refer to as [GM5].
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Figure 2.1. The integral: on the left Riemann’s approach and on the right Lebesgue’s
approach.
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/f(x)dw = lim QNE |Ef jo-~], (2.1)
@ k=1

where
Efy = {x‘f(a:)>t}, t eR,

and |Ey ;| denotes the “measure” of Ey ;. Since t — |E | is nondecreasing,
(2.1) defines Lebesgue’s integral of f via Cavalieri’s formula as

b o
Lebesgue/ f(z)dx = Riemann/ |Ef.¢|dt. (2.2)
a 0

However, in order to proceed this way, we need a “good” notion of “mea-
sure” in R™ that allows us to measure rather wild sets as the sets Fy; may
be. This is the role of Lebesgue’s measure.

a. Lebesgue’s measure

An interval I in R™, n > 1, is the product of n intervals, which for conve-
nience we take left-open and right-closed, I = []""_,]a;, b;]. The elementary
n-dimensional volume of the interval I is by definition |I| := [, (b; —a;).
The outer or external measure of an arbitrary subset F of R" is defined
by

oo o0
LM(E) = inf{z | 1| ‘Ik intervals, £ C U Ik}. (2.3)
k=1 k=1

Of course, £™* defines a map L£™* : P(R") — Ry. It is easy to see that
L™ extends the elementary volume, in the sense that for every interval I
we have L"*(I) = |I|. Intuitively £™*(E) is computed by covering F in an
“optimal” way with intervals {I;} and computing the sum of the series of
the volumes of these intervals.

At this point, we would be done were if not for the fact that the outer
measure L™ is not additive: there exist disjoint subsets E, F' of R™ such
that L™ (E U F) < L™ (E) + L™ (F).2 We avoid this by selecting a class
of special subsets, the class of Lebesgue measurable sets, and we define
Lebesgue’s measure as the restriction of L™ to measurable sets.

2 Banach’s paradoz: We can divide a ball in two parts each of the measure of the
entire initial ball.
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2.1 Definition. A subset E C R" is said to be Lebesgue’s measurable or
simply measurable if, given € > 0, there exists a set P. that is the union
of at most a denumerable set of intervals such that

P.OFE and L(PN\E)<e.

The class of all Lebesque measurable subsets of R™ will be denoted by M.
The exterior measure of a measurable set E is its (Lebesgue ) measure and
denoted by L™(E) or simply by |E|.

Intervals and countable union of intervals, as well as sets for which
L™ (E) = 0, are clearly in M. One can also easily see that the interior and
the closure of an interval, as well as the countable union of open or closed
intervals, are measurable sets. Since every open set is the denumerable
union of disjoint intervals, we then infer that open sets are measurable.
Moreover, though we can show that there exist nonmeasurable sets, see,
e.g., [GM5], one shows that M has the following closure properties and
that Lebesgue’s measure is well behaved on measurable sets.

2.2 Theorem. We have

(i) M is a o-algebra, i.e., if E,F € M, then EUF, E\F and ENF are
in M and, if {Ey} is a sequence of measurable subsets, then UpFE}, e
Ng Ey are measurable.

(il) L™ is o-additive, i.e., if E,F C R™ are measurable, then |E' U F| +
|[ENF|=|E|+|F| and, if {Ey} is a sequence of measurable pairwise
disjoint subsets of R™, then

’ U Ek‘ = " |Bxl.
k=1 k=1

(iii) L™ is continuous on nondecreasing sequences of measurable sets, i.e.,
if {Ex} is a sequence of measurable sets in R™ such that Ey, C Ej41
Vk, then |Ex| — | Up En| as k — oo.

(iv) L™ is continuous on nonincreasing sequences of measurable subsets
with finite measure, i.e., if {Ex} is a sequence of measurable subsets
such that Ey, D Eyy1 Yk and if |E1] < 400, then |Ex| — | Np En| as
k — oo.

For arbitrary sequences of subsets {E}}, one shows:

(i) L7 (UpEr) < 352, L7 (Ex),
(ii) if By C Egxy1 Vk, then £™* (Ek) — L (UkEk)

Since open sets are measurable, Theorem 2.2 (i) yields that closed
sets are measurable, too. Finally, one shows that a measurable set is the
countable intersection of open sets except for a set of zero measure. One
also shows that it is a countable union of closed sets union a set of zero
measure, compare [GMS5].
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Figure 2.2. Henri Lebesgue (1875-1941) and Giuseppe Vitali (1875-1932).

b. Measurable functions

Starting from Lebesgue’s measure in R™ and from the class of Lebesgue’s
measurable sets M we are now able to build a theory of integration for
functions f : F C R™ — R, where F is a measurable set and R = RU
{+00, —0}.

We begin by selecting the class of measurable functions, with respect
to the £™ Lebesgue measure.

A function f : R™ — R is said to be £™-measurable, in short measurable
when the measure is understood, if for every ¢ € R the set

Eppi= 1t +o0)) = {x eRrR”

fz) > t}

is L"-measurable. We then say that f : E C R™ — R is measurable on FE if
FE is measurable and the extension of f to R as —oo outsides E produces a
function f : R™ — R that is measurable. Of course, a continuous function
in R™ is measurable, and actually, if £ C R™ is measurable, a function
f: E — R continuous in F is measurable.

As there exist nonmeasurable sets, there also exist nonmeasurable func-
tions. However, on the ground of the fact that measurable sets form a o-
algebra, one shows that all algebraic operations on measurable functions as
well as taking pointwise limits of measurable functions produce measurable
functions.

Finally, the possibility of approximating in measure a Lebesgue mea-
surable set from inside with closed sets and from outside with open sets

yields the following characterization of Lebesgue measurable functions, see,
e.g., [GM5].

2.3 Theorem (Lusin). Let f : E — R be a function defined on a mea-
surable set E C R™. Then f is L™-measurable if and only if for any e > 0
there exists a closed set F. C R™ such that |E\ F| < € and the restriction
of f to F. is continuous.
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c. Lebesgue’s integral

We are now ready to define Lebesgue’s integral of a measurable nonneg-
ative function via Cavalieri’s formula (2.2), using Riemann’s integral and
Lebesgue’s measure:

o0
/ f(z)dw ::/ Lr{z| f(z) > t})dt.
E 0

However, we prefer to follow a more direct approach and recover Cavalieri’s
formula later.

Recall that the characteristic (or indicator) function of a subset A of
a set X is defined by

1 ifze A,
xa(z) = ,
0 ifzeX\A

A simple function is a measurable function that assumes only a finite
number of values all of which are finite. We denote the class of simple
functions by S. If a1, as, . .., ai are the distinct values of a simple function
(, we can write

o(a) = im @, B={o|e@)=q)

where the F; are measurable and pairwise disjoint sets. If ¢ is a simple
nonnegative function, as suggested by intuition, the integral of ¢ is

k
I(p) ==Y a;|E|
j=1

with the agreement that a;|E;| = 0if a; = 0 and |E;| = +o00. The Lebesgue

integral of a generic measurable and nonnegative function f : E — R is
then defined by

| e (2.9
= sup{[(go) ‘ p€eS, plx) < f(x)Vx € E, p(x) =0V € EC}.

We also write when necessary [, f(z) dL™(x) instead of [, f(z) dz.

Finally, if f : E — R is measurable (but not of a constant sign) we
decompose f as difference of its positive and negative parts, f(z) = fy(x)—
f—(z) where

f+(£L’) = max(f(x), O)a f,(iﬂ) = max(ff(:r),()),

and we set the following.
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Figure 2.3. Beppo Levi (1875-1962) and Guido Fubini (1879-1943).

2.4 Definition. Let f : E — R be measurable on the measurable set
E C R™. We say that [ is (Lebesgue—)integrable if at least one of the
two integrals | g [+(x)dx and Iz f [ (x)dx is finite. If f is integrable, its
Lebesgue integral is defined by

/f )AL (x /f+ )dL" (z /f )dL" ().

When no confusion may arise, we write

/Ef(:r)dx instead of /Ef(x)dﬁn(:c)

Finally, we say that f is (Lebesgue-)summable if both the integrals of fi
and of f_ are finite. We denote the class of summable functions in E by

LY(E).

Of course, [,, ¢(x)dx = I(p) if ¢ € S. Also, notice that the difference
in the definitions of the Riemann and Lebesgue integrals consists merely
in the choice of the class of simple functions: finite combinations of charac-
teristic functions of intervals in Riemann’s theory, finite combinations of
characteristic functions of Lebesgue’s measurable sets in Lebesgue’s theory.

2.5 9. Let f: E C R®™ — R be integrable, and let f: R™ — R denote its extension
with zero values outside E. Show that

/ fayde= [ Fla)do
E R

d. Basic properties of Lebesgue’s integral

The basic properties of Lebesgue’s integral are easily inferred from the
analogous properties of the integral of simple functions using the denumer-
able additivity of the Lebesgue measure and the following approximation
lemma.
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2.6 Lemma. Let f: R™ — R be a nonnegative and measurable function.

Then, there exists an increasing sequence {¢y} of simple functions such
that

Y — f pointwise, and Yr(x)de — f(z)dx.
R’IL R’IL

In this way we can prove the following.

2.7 Theorem. We have

(i) (MonoToNICITY) If f and g are integrable on E, and f < g, then

[E flz) de < [E 9(a) da.

(ii) (LINEARITY) LY(E) is a real vector space, and the integral as a map
from LY(E) into R is a linear operator,

[ af@ + sa@)dr=a [ fa)do+5 [ gw)da

for all o, € R and all f,g € L*(E).
(ili) (CoNTINUITY) If f is integrable on E, then

[ @) < [ 7@

(iv) (BEPPO LEVI THEOREM) Let E be a measurable set, let f, : E — Ry
be an increasing sequence of nonnegative and measurable functions in
E, and let f(z) := limg_,o0 fi(z) e the pointwise limit of {fr}. Then

we have
/Ef(x) dx = kEIJPoo /E fr(x) de.

Beppo Levi’s theorem is also referred to as the monotone convergence
theorem for nonnegative functions.

The following claims are easy consequences of the above.

(i) If f is integrable on E, | f(x)| < M for all z € E and |E| < 400, then
f is summable on E and [, |f(z)|dz < M |E|.

(ii) f e £'(E) if and only if f is measurable and [, |f(z)|dz < +oo0.
(iii) If E and F are measurable sets, and f is integrable in E U F, then

/Ef(x)dqu/Ff(x)dx: EUFf(m)der Ean(x)dx.
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e. The integral as area of the subgraph

The Lebesgue integral can be equivalently defined as the area of the sub-
graph or via Cavalieri’s formula. In fact the following holds.

2.8 Theorem. Let f: E C R"™ — R be a nonnegative function. Then, f
is measurable on E if and only if its subgraph

SGy g = {(x,t) ‘x EFE 0<t< f(m)} c R

is a measurable subset of R"*1. Moreover,
/ f(x)dz = L™ (SGy ). (2.5)
E

2.9 Theorem (Cavalieri’s formula). Let f : E C R — R be a non-
negative measurable function. Then

+o0
/Ef(x)dx:/o L"({z € E| f(z) > t})dt.

f. Chebyshev’s inequality

Let f : £ — R be measurable in £ C R™ and nonnegative. Set Ey, :=
{z € E| f(x) > t}. From the monotonicity of the integral we infer

< L f(z) dx YVt >0 (2.6)

|Epe] <
t Ef,t

which for its wide use in several contexts has got various names: weak esti-
mate, Markov’s inequality, Chebyshev’s inequality. It estimates the “size”
of f in terms of the integral of f. The nondecreasing function ¢t — |Ef ]|
is called the repartition function of f.

g. Negligible sets and the integral

We say that the predicate p(z), € E C R™ is true for almost every x € E,
or almost everywhere in E (in short a.e.), if the Lebesgue measure of the
set

{x ek ’p(x) is not true}

is zero. For instance, if f : £ C R™ — R is a function, we say “f = 0 a.e.
in E” or “f(z) = 0 for a.e. x € E” if L"({z]| f(x) # 0}) = 0. Similarly,
we say that “|f(z)] < oo a.e. in E” or “|f(z)| < oo for a.e. x € E” if

L'({x]|f(z)| ¢ R}) = 0. From the denumerable additivity of the Lebesgue
measure we can easily deduce the following.
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Eq

Figure 2.4. The slice E; of E over z.

2.10 Proposition. We have

(i) If f: E — R is summable, f € L' (E), then |f(z)| < +oo for a.e.
zekL.

(ii) If f : E — R is nonnegative, then [, f(x)dx = 0 if and only if
f(z) =0 for a.e. x € E.

Let f: EF C R™ — R be measurable. The essential supremum of f is
the number (possibly +00) defined by

[|flloo,z = esssup f := inf{t eR ‘ f(z) < tforae. x€ E} (2.7
E
Of course, ||f||co,z = supg | f(z)| if f is continuous on E, and

/E F@)dz < ||fles Bl Ve LE).

h. Riemann integrable functions

The Lebesgue integral extends the Riemann integral. In fact, (generalized)
Riemann integrable functions are Lebesgue integrable and the Lebesgue
integral and Rieamnn integral of one of these functions agree, see [GM5].
This remark gives us a way to compute the Lebesgue integral of a large
class of functions. For instance,

' o g
/ dr = 400, / , dr =, etc.
0o oo 142

On the other hand, the long-standing problem of characterizing Riemann
integrable functions was solved by Giuseppe Vitali (1875-1932) in terms of
Lebesgue integral: A bounded function f : [a,b] — R is Riemann integrable
if and only if it is L' -almost-everywhere continuous.
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2.1.2 Fubini’s theorem and reduction to
iterated integrals

2.11 Example. Let E be a subset of R? whose coordinates are denoted by (z,y). For
every z € R, we define the slice of E at = (actually the projection of) by

By = {yER‘(z,y) € E}.

If E =]a, b]x]c,d], then

0 otherwise.

B, = {]c, d] if z €la,b],

In particular |E;| = 0 if ¢ ¢]a,b] and |Ez| = d — c if « €]a, b]; consequently
b
(o xle,d) = (b - a)d — o) = [ |Es] do.

Fubini’s theorem extends the remark of the previous example to arbi-
trary measurable subsets of Euclidean spaces. Split the coordinate vari-
ables in R™t* in two groups, for instance the first n coordinates and the
remaining ones, which we denote by z € R™ and y € R* respectively, so
that (x,y) denotes the coordinate variables in R"**. Let E be a subset of
R"** and for € R, let

E, = {yeRk’(w,y) GE}

denote the slice of E over = (projected into the coordinate space R¥), see
Figure 2.4.

2.12 Theorem (Fubini). Let E C R"™* be L"F-measurable in R"F.
Then the following hold:

(i) For a.e. z € R" the set E, C R* is LF-measurable.
(ii) The function x — LF(E,) is L"-measurable.
(iii) We have

LMR(E) = / ) LE(E,)dL™ (z).

A very useful variant of Fubini’s theorem is the following theorem that
provides a formula that allows us to compute a multiple integral as the
iteration of simple integrals.

2.13 Theorem (Reduction to iterated integrals). Let f : E — R,
E C R"*, be an L™ *-integrable function. Then

(i) for a.e. x € E the function y — f.(y) := f(x,y) is LE-integrable in
E,
(i) the function © — fET f(z,y) dy is L™-measurable,
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(iii) we have

/f z,y) dL" R (z,y) / (/ f(z,y)dck (y ))dﬁ”(m).

We emphasize the fact that the only assumptions in the previous the-
orems are the £"** integrability of f in E in Theorem 2.12 and the
L7 T*_measurability of F in Theorem 2.13. We recall once again that f
is integrable in F in each of the following cases:

(i) f is measurable and has constant sign;
(ii) f is summable in F; this happens in particular if f is measurable in
E, |f] is bounded, and |E| < +o0.
We observe that Theorem 2.13 reduces in particular the calculus of a

double integral to successively computing two simple integrals, the order
being irrelevant.

//Ef(%y)dxdy:/_j(/& f(m)dy) da
//Ef(m’wdxdy:/j(/,ﬂy f(w)dx) dy

where

E, = {yER""(m,y) eE}, E, = {xeR”

(x,y) € E}

Of course, Theorem 2.13 can be used iteratively, thus reducing the calcu-
lus of the integral of an integrable function of n-variables to successively
computing n integrals in one variable, the order of them being irrelevant.
In other words we can also state the following.

2.14 Theorem (Tonelli). Let f : E C R? — R be integrable in E. Then,
the three integrals

/ f(x,y) AL (2, ),
E

/Rn (/E f(z,y) dﬁk(y)> dc"(x), /R (/E f(z,y) dﬁ"(x)) dc™(y)

exist and are equal.
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2.1.3 Change of variables

The exterior Lebesgue measure £™* is invariant under isometries; even
more, if T : R® — R” is linear, then T" maps L™-measurable sets into
L™-measurable sets, and

L7(T(E)) = |det T| £ (E),  VE C R™, (2.8)

in particular, linear maps map set of measure zero into sets of measure
zero. Lipschitz-continuous functions, and consequently C' functions do
the same, however continuous functions do not; in fact, continuous maps
may map null sets into sets of positive Lebesgue measure.

The formula (2.8) extends to diffeomorphisms, i.e., one-to-one trans-
formations of class C! with inverse of class C!, as follows.

2.15 Theorem (Change of variables). Let A be an open set in R",
and let ¢ : A — R™ be a map of class C'. Then ¢ maps measurable sets
into measurable sets and megligible sets into negligible sets. Moreover, if
E C A is measurable, and ¢ is injective in E, then:

(i) We have
c"<¢<£»>::l/;|detl>w<x>|dx.

(ii) If f : p(E) — R is any function, then f is integrable on ¢(E) if and
only if © — f(e(x))|det Dy(x)]| is integrable on E and

ﬂw@=/fwwﬂwﬂm@mx
p(E) E

Notice that there is no need to assume det Dy(x) # 0, yet another relevant
consequence of the Lebesgue integrability.

2.1.4 Differentiation and primitives

Let f,g : R™ — R be two nonnegative and measurable functions. Of course,
[, f(@)dx = [, g(x)de VA C R™ if and only if f(z) = g(z) a.e. z € R™.
Is there a way to characterize f(z) in terms of integrals, or more precisely
in terms of the map A — [, f(z)dz? The theory of differentiation of
integrals answers this important question in measure theory.

Recall that, if f : R — R is continuous, then the integral mean value
theorem yields

xo+Tr
f(zo) = lim ! / flt)dt Vxo € R.

r—0 27" Zo—T

We also have the following.
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Figure 2.5. Two classic books on Lebesgue’s integration.

2.16 Theorem (Lebesgue’s differentiation). Let f: R™ — R be such
that [|f|Pdz < +oo for some 1 < p < 4oc. Then, for a.e. x € R" we

have
1

fly)— flx)Pdy —0 asr — 07;
1B(z0.0)] a7 T

in particular, for a.e. x € R",

1

[B(, )| /B, fly)dy — f(z)  for a.e. x € R™

Notice that if f € £(E), E being measurable in R”, by applying the
previous theorem to the function

~ f(z) ifzxekE,
0 ifx e B¢

we get that for a.e. z € E
1

|f(y) = f(z)[Pdy — O asr — 07;
|B($Q,’I‘)| ENB(xog,r)

in particular, for a.e. z € R",

1

|B($, T)| ENB(x,r)

f(x) fora.e. x€FE,
0 for a.e. z € E°.

f(y)dy—>{
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2.17 Example. If f € £1(] — 1,1]), then for £!-a.e. z €] — 1, 1[ we have

1 [t
lim fly)dy = f(z).

r—0 2r _r

2.18 Definition. Let f : E C R™ — R be summable in E. We say that a
point x € E is a Lebesgue point for f if there exists A € R such that

1
lim fly) = Aldy — 0. 2.9
M 1B )| Jonpn T TN (2.9)

The set of Lebesgue points is then denoted by L;. Moreover, the value
A = A(z) such that (2.9) holds is unique and it is called the Lebesgue value
of f at the Lebesgue point = of f. Therefore, we have a map A : L — R
that is called the Lebesgue representative of f and, with these notations,
the Lebesgue differentiation theorem, Theorem 2.16, reads as follows.

2.19 Theorem (Lebesgue’s differentiation). Let f € L1(E) and let
Ly be the set of Lebesgue points of f. Then E \ Ly has zero Lebesgue
measure, L"(E\ L) = 0.

2.20 Asymmetric differentiation. In the differentiation theorem, The-
orem 2.16, we can replace balls with cubes, and actually differentiate with
respect to bounded sets A such that for instance

AC B(0,100),  |A| =¢|B].

For x € R™ and r > 0, we set A, := x + rA. Trivially A, , C B(z,100r)
and |Ay | = 1r"|A| = er™|B1| = ¢|B(z, 7).

Theorem. Let f : E C R" — R be measurable with [, |f|Pdx < co for
some 0 < p < 4o00. Then for a.e. x € E we have

1

|A | " |f(y) — f(x)Pdy — 0 asr — 0t.
z,r| JENA, ,

Example. If f € £L}(R), then for a.e. z € R we have

r 0
lim 1/0 f(y)dy=rlirél+ilrf(y)dy:f(x)

r—0t+t 7

and also
107

im [ @) dy = f@).

r—0+ 87 Jo

We conclude by collecting a few relevant consequences of the differen-
tiation theorem.
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2.21 Theorem (Vitali). Monotone real-valued functions f : R — R are
a.e. differentiable in the classic sense. Moreover, h' € L*((a,b)) Va,b € R,
I’ is nonnegative if h is nondecreasing and

0< /y B (t)dt < h(y) — h(z) Vo <y.

A function f : R — R is said to be absolutely continuous if for any € > 0
there exists 6 > 0 such that Y, [f(2zr) — f(yk)| < € whenever {z;} and
{yr} are such that Y 72 | |z —yx| < d. Trivially Lipschitz-continuous func-
tions are absolutely continuous, absolutely continuous functions are con-
tinuous, and there exist functions that are continuous but not absolutely
continuous. A celebrated example is the so-called Cantor—Vitali function,
see [GM5]. We have the following.

2.22 Theorem (Vitali). A function [ : [a,b] — R is absolutely contin-
uous in |a,b] if and only if f is a.e. differentiable in [a,b], f' € L} ([a,b])
and

/y Wt dt = h(y) — h(z) Vo€ lab, e<y.  (2.10)

The above implies that Lipschitz-continuous functions from R into R
are a.e. differentiable and that the equality (2.10) holds for them. For
Lipschitz-continuous functions of several variables we state the following.

2.23 Theorem (Rademacher). Every Lipschitz-continuous function f :
R™ — R s differentiable in the classic sense for a.e. x € R™. Moreover,
the components of the map x — D f(z) are measurable and

IDf(@)[|oc rn = Lip (f).

2.2 Convergence Theorems

In many respects and especially for the applications, the main results of
Lebesgue’s integration theory are contained in Beppo Levi’s monotone
convergence theorem, Theorem 2.7 (iv), and in Proposition 2.10. In this
section we discuss some important, useful consequences.

a. Monotone convergence

First we state in a more general form Beppo Levi’s theorem, weakening
the positivity assumption and taking advantage of the fact that a.e. equal
functions have the same integral.
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Figure 2.6. The first page of the paper Sulle funzioni integrali, Acad. Sci. Torino 1905,
by Giuseppe Vitali (1875-1932) and the frontispiece of the paper, again by Giuseppe
Vitali, where for the first time the example of a set that is not Lebesgue measurable is
presented.

2.24 Theorem (Beppo Levi). Let {fi} be a nondecreasing sequence of
integrable functions on E C R™ such that fr(xz) — f(z) for a.e. x € E.
If there exists a function ¢ € LY(E) such that fi(z) > ¢(z) for all k and

a.e. ¢ € E, then
/ f(z)dx = lim / fr(z) dz.
E k—oo B

Proof. We apply Beppo Levi’s theorem to the nondecreasing sequence of nonnegative
functions {fr — ¢} to get

[ (@) = s do— [ (7(@) - 6(a)) do.
E E

The result then follows on account of the fact that ¢ has finite integral. O

2.25 9. Notice that the assumption fr > ¢, ¢ € L1(F), that is, the assumption that
the lower envelope of the fl’ﬂs is summable, cannot be omitted, as shown by the sequence

-1 ifz >k,
fr(z) =

0 otherwise.

As a trivial consequence of Beppo Levi’s theorem we can state the
following.

2.26 Corollary (Total convergence of series). Let f, : E — R, k =
1,2..., be nonnegative measurable functions on E. Then
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Figure 2.7. Frontispiece of the first edition of the treatise on integration by Henri
Lebesgue (1875-1941) and a page from the second edition of 1928.

[ sty o= g/Efm) .

k=1

2.27 Corollary. Let fr: E — R, k=1,2,... be measurable functions on
E. If {fx} is nonincreasing and there exists ¢ € LY(E) such that fx(z) <
o(x) for all k and a.e. x € E, then

/ lim fx(z)der = lim [ fi(z)dz.

2.28 4. Notice that the assumption fi < ¢, ¢ € L}(FE) cannot be omitted as shown
by the sequence

1 ifx < —k,

Tu(®) =

0 otherwise.

2.29 €. Let f: E — R be integrable on E and let {E}, k =1,2,..., be a sequence of
denumerable pairwise disjoint measurable subsets such that E = Ui E. Show that

/Ef(x)dx:kz::l . f(z) dx.

b. Dominated convergence

2.30 Lemma (Fatou). Let {fr} be a sequence of nonnegative and mea-
surable functions on E. Then
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/ liminf fi(z)dx < liminf/ fr(x) dz
g k—oo k—oo Jg

Proof. The functions gn(x) := infy>, frx(x), are nonnegative, measurable on E, and
form a nondecreasing sequence; moreover
0 < gn(2) < fr(z), k>n, liminf fi(z) := lim_gn(z).

Thus fE gn(z)dx <infg>, fE fx(z) dz, and we infer, using Beppo Levi’s theorem,

/hmmffk(ac)dx* lim /gn z)dz < lim_ mf/fk(ac)dxf hmlnf/ Fi(x) da.

O

As previously, we can weaken the positivity condition to get the fol-
lowing result.

2.31 Corollary (Fatou lemma). Let {fi} be a sequence of integrable
functions on E and let ¢ € LY(E).
(1) If fr(z) > ¢(x) for all k and a.e. x € E, then

k—oo

/hmlnffk( ) dx <hm1nf/ fr(z
E

(ii) If fr(z) < ¢(x) for all k and a.e. x € E, then

limsup/Efk(x) dx S/Elimsupfk(x) dx.

k—oo k—o0

2.32 Theorem (Lebesgue dominated convergence theorem). Let
{fr} be a sequence of measurable functions on E C R™. If

(i) fr(zx) — f(x) for a.e. x € E,
(ii) there exists ¢ € LY(E) such that |fr(z)] < ¢(z) for all k and a.e.
zekl,

then

[ 1) = s@)ldo 0.

/E ful) do — /E f(x) do

Proof. By the assumptions |fx(z) — f(z)| — 0 for a.e. z € E and |fr.(z) — f(z)| < 2¢(z)
for all k and a.e. z € E. Fatou’s lemma, Corollary 2.31 (ii), then yields

limsup/ | fr(z) — m)\dm</ hmsup|fk(x)ff(a:)|dm:/ 0dx = 0.
E

k—oo k—oo

in particular

The second part of the claim follows since

/E fi() da — /E f(z) da /E (fi(@) — f(2)) de

< [ @) - f@) da.
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2.33 §. Notice that the assumption (ii) amounts to requiring that the envelope of the
functions |fx|, defined as ¢(x) := supy, |fx(x)| is a summable function on E. Notice that
(ii) cannot be omitted as it is shown by the sequence

kE if0<xz<1/k,

0 otherwise.

fr(z) =

Finally, we state the following important convergence theorem for series
of functions.

2.34 Theorem (Lebesgue). Let {f,} be a sequence of measurable func-
tions on E such that

| fr(2)] dx < 4o00.
> ).

Then the series of functions Y - fn(x) converges absolutely for a.e. x €
E to a function f € LY(E) and

/E’f(x)zp:fk(x)’dxeo p — . (2.11)
k=0

In particular, -
dxr = dx.
| fads Z;/Efm) .

Proof. For all € E, we let g(x) € Ry be the sum of the series Y 722, |fi(x)| with
positive terms. From Beppo Levi’s theorem and the assumptions we have

/Eg(x)d:U:I;)/E\fk(x)|dx<+oo.

Hence g is summable on E. Proposition 2.10 yields g(z) < 4oo for a.e. z € E. Therefore,
for these z the series Y 2 fr(x) converges absolutely to a real-valued function f(z) :=
> heo fr(x) and for all integers p > 1 we have

| > A@| <X @, (212)
k=p k=p

hence

@) <D [ fe(@)| = g(z)

k=0
for a.e. x € E. This yields f € £L1(E). Integrating (2.12) we also infer

p—1 ) S oo
/E\f(mszzjofk(m\dm:/]ﬂ];Jfk(m\dms/];’;\fk(m)\dx:’;/Emm\dx,

hence the first part of the claim, when p tends to infinity. The second part easily follows

\/Eﬂw)dxlg/lgfk(m)dx s/E\fmZz_éfk(x)\dwo as p — oc.
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c. Absolute continuity of the integral

2.35 Theorem (Absolute continuity of the integral). Suppose f €
LY(E). Then for every € > 0 there exists § > 0 such that for every mea-
surable subset F C E with |F| < & we have [, |f|dx < e. Equivalently

/f(m)dx—>0 as |E| — 0.
B

Proof. Let € > 0. We set

k if f(x >k,
fo(z) = Q flx) if —k< f(z) <k,
—k if f(z < —k.

Trivially |fx(z) — f(z)| — O for every z € E as k — oo, and |fr(z) — f(z)| < 2|f(z)| €
L1(E); the theorem of dominated convergence, Theorem 2.32, then yields that there
exists N = N. such that

[ 1@~ @ de < /2.

E
We now choose § := ¢/(2N); clearly for any F' C E with |F| < § we find

[in@la<NIF|<N | =2
F N

hence

Js@lds < [ ipv@ldet [ 11 pvlae< S+ ] =

2.36 9. Let f be summable in R™. Show that the function
F(z,7) ::/ F @) de, rzeR™ r>0,
B(z,r)

is continuous on R™ x [0, +oo].

d. Differentiation under the integral sign

Let E be a measurable set in R™ and let A be an open set in R¥. If f(¢,z)
is a function defined in A x E and integrable on E for each fixed t € A,
we may consider the function

F(t) := /Ef(t,x) dz, te A

2.37 Proposition. Let A C R be open and E C R™ measurable. If f :
A x E — R is such that

(i) for a.e. x € E the function t — f(t,x) is continuous on A,
(ii) ¥Vt € A the function x — f(t,x) is summable on E,
(iii) there exists ¢ € L1(E) such that

|f(t,2)] < é(x) forallt € A and a.e. x € E, (2.13)
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then the function
F(t) ::/ f(t, x)dx, te A,
E

18 continuous on A.

Proof. Let tg € A and let {tx} be a sequence in A converging to to. If g (z) := f(tg, z),
then gi(z) — f(to,z) as k — oo for a.e. # € F and |gi(z)| < ¢(z) € LY(E) for all k
and a.e. x € E. The dominated convergence theorem, Theorem 2.32, then yields

F(tk)=/Ef<tk,x>dx=/Egm)dw/Eﬂto,z)dx:F(to),

i.e., the conclusion since the point to and the sequence {tj} were arbitrary. O

2.38 9. Notice the following:
(i) The hypotheses of Proposition 2.37 hold if A and E are bounded domains and
feC'AxE).
(ii) Consider the family of functions x — fi¢(z) := f(¢,z) when t varies in A. The
estimate (2.13) amounts to the summability of the envelope h(x) := sup;¢ 4 | ft(2)]

of the family {|ft(z)|}teca-
(iii) The assumption (2.13) cannot be omitted. Indeed, if

[tl=lz|
Ft, o) = { 2 if |z] < ¢,
0 if |z| > ¢,
we have F(t) =1 for t # 0 and F(0) = 0.
The following claim is a simple extension of Proposition 2.37.
2.39 Proposition. Let A C R* be open and let f : Ax]c,d[— R be a
function such that

(1) = — f(t,x) is summable for allt € A,
(ii) t — f(t,x) is continuous on A for a.e. x,
(iii) there exists ¢ € L (]c,d]) such that |f(t,z)| < ¢(z) for all t € A and
a.e. T €)c,d],

Then the function F : Ax]c,d[x]c,d[— R defined by

F(t,r,s):= /S ft,x)dz

is continuous on Ax]ec,d[x]c,d].
Proof. Let t,t9 € A and r,s,70, s0 €]c,d[. According to Proposition 2.37 we have
F(t,ro,s0) — F(to,r0,s0) = o(1) as t — tg

while

P (2,7 5) — F(t,r0,50)| < \/ (b 2)] | + \ [ vaa
0 50

< ‘/T:m)dx ='/Sz¢<x)dx

=o(1),
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uniformly in ¢ as » — ro and s — so by the absolute continuity of the integral, Theo-
rem 2.35. Therefore we conclude

|F(t,7,s) — F(to,70,50)]
< |F(t,r,5) — F(t,0,50)| + |F(t,0, 50) — F(to,70,50)| — 0

as (t,T, S) - (t07r0750)' o

Now let us state the theorem of derivation under the integral sign.

2.40 Theorem. Let A C R* be open and E C R™ be measurable. Denote
by t = (t1, to,..., tx) and x = (21, xa,..., Tp) the coordinates in A and
E respectively. Suppose that f : Ax E — R, f = f(t,x), satisfies the
following:

(i) z — f(t,x) is L™-summable on E for all t € A,
(i) f has a partial derivative in the variable t; at (t,x) for all t and for
a.e. v € F,
(iii) there exists ¢ € L1(F) such that

a:)‘ < ¢(x) forallt € A and a.e. x € E. (2.14)

:/ f(t,x) dx, te A,
E

has a partial derivative with respect to t; at t for allt € A and

OF [ Of

‘atj t

Then the function

(t,z) dzx vVt € A.

Proof. Let tg € A and let t;, — to. Since A is open, we assume without loss of generality
that t; € B(to, ) for some § > 0. We have
F(ty) — F(to) / f(tk, @) = f(to,2)
tk —to tr —to

Also 5
tr, ) — f(to,
UREY f(Ox)—> f(to,ac) as k — oo
tr —to ot;
for a.e. * € E, thus gtf (to,x) is measurable on E. Applying Lagrange’s theorem and

the assumption (iii), we find fk € A such that
‘f tk,x) — f(to,

k—to

D =1% @) < 6@

for all k and for a.e. x € E. Therefore, the dominated convergence theorem yields that
T — %{ (to,z) is summable on E and that

F(te) — F(to) _ f (tk, ) — f(to, ) of
k—to te — to dxH/Eat(to,:v)dac,

i.e., the conclusion, since the point ¢y and the sequence {ty} were arbitrary. m]
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2.41 Corollary. Let A C R¥ be open and let f : Ax]e,d[— R be a con-
tinuous function such that

(i) forallt e A, x — f(t,x) is summable on |c,d|,
(ii) t — f(t,z) is of class C*(A) for a.e. x €]c,d],
(iii) there exists ¢ € L'(]c,d[) such that

k. af
Z ot (t,x)‘ <g(x) for all t and a.e. x €]c,d],
J

Then the function
F(t,r,s) ::/ flt,x)dx

is of class C1(Ax]c,d[x]ec,d[). In particular, if o, 3 € C*(A) take value in
le,d[, then the map

B(t)
Glt) = / , S

is of class C1(A) and, for j =1,...,k we have

o Oa

B(t)
o 0= [ o) s e a0 )] )= pit.at) o 0

Proof. Theorem 2.40 yields the existence of the partial derivatives of F'(¢,r,s) with
respect to the t’s variables, which are continuous by Proposition 2.39. On the other
hand, by the fundamental theorem of calculus,

oF oF

Is (tv L) s) = f(tv 5)7 or = 7f(tv T)

that are continuous by assumptions. Thus F (¢, 7, s) is of class C1(Ax]e,d[x]e,d[). The
chain rule yields the second part of the claim, since

G(t) = F(t,a(t), B(t)), Vi€ A.

2.3 Mollifiers and Approximations

a. CY-approximations and Lusin’s theorem

From Theorem 2.3 and Tietze’s extension theorem, see [GM3], we readily
infer the following.
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2.42 Theorem (Lusin). Let f : E C R" — R be measurable on E. For
every € > 0 there exists a continuous function g. : R™ — R such that

' ({zeB|f@#g@)) < amd gl < Ifllnr

Moreover, if f =0 outside an open set Q) of finite measure, then for every
€ > 0 there exists a function g € C2(Q) such that

Hz € Q[f(@) #g9(@)} <6, and  [gllocn <[00

Proof. Theorem 2.3 yields a closed set C C E such that f|c is continuous and L™(E\
C) < e. By Tietze’s theorem fic admits a continuous extension g : R™ — R with

llglloo,rn < sup, @) = llflloc,c < I flloc,E
and, since {z € E| f(z) # g(z)} C E'\ C, we have

H:UGE‘f(ac) #g(:v)}‘ <.

The second part of the claim can be proved similarly. Since Q2 has finite measure,
Lusin’s theorem, Theorem 2.3, yields a compact set K CC  such that |2\ K| < € and
fx is continuous. If €9 > 0 is such that K CC Q¢,, where

Qey = {ac €Q ‘ dist (z, Q) > 60},
the function f: K UQ¢ — R defined by

f(z) =z €K,
0 se x € g,

f(@) =

is continuous on the closed set K U, hence by Tietze’s extension theorem admits a

continuous extension to the whole of R™ with
llglloo,rn < {1 Flloo, 0, Uk < 1[S00

Clearly g € C2(Q) and, since {z € Q| f(x) # g(x)} C Q\ K, we conclude that

Hwe A‘f(w) #g(:v)}‘ <e.

As a consequence we find the following.

2.43 Theorem. Let ) be an open set in R™ and let f : Q@ — R be
summable on Q. There exists a sequence {p,} of functions of class C2(£2)
such that

/ |f(z) — on(x)|dx — 0 as n — oo.
Q
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Proof. It suffices to show that for any € > 0, there exists g € C2(€2) such that [, |f—g| <
2¢. Given € > 0 we choose N large so that, by setting

N if f(x) > N and |z| < N,

f(x) if [f(z)] < N and |z| < N,

—N if f(z) < =N and |z| < N,

0 if|z| > N,

fn(z) =

we have [, |f — fn|dz < e. This can be done since [, |f — fy|dz — 0 as N — oo by
the dominated convergence theorem.
According to Theorem 2.42 there exists a function g € C2(Q) such that

llolloe < IIfvlloo <N and  |{z € Q2[g(@) # fw ()} < -

Consequently we find

[Ur=gldos [ 17~ puldo+ [ Ify —gldn<etan | =2
Q Q Q 2N

2.44 Proposition (Mean continuity). Let f € L1(R™). Then

/ F@+h)— f@)de—0  ash—0.

Proof. (i) If f € C2(R™), spt f C B(0, R), and |h| < 1, we have
|f(x+h)— f(z)] — 0 forallz € E
[f(z+h) — f(@)| <2/|flloxB(0,R+1) (T)-
Therefore, in this case, the claim follows from the dominated convergence theorem.

(ii) In the general case we proceed by approximation. Given e > 0, there exists g €
CO(R™) such that [, |f — gldz < e. Since

L@+~ f@lde < [ o) —g@ldz+2 [ 1f - gldo

when h — 0, by (i) we conclude

limsup/ |f(z+h) — f(z)|dz < 2e.

h—0
m
b. Mollifying in R™
A function k(z) € C*°(R™) such that
k(x) = k(-x), k(z)>0, k(z)=0if|z]>1 and kE(x)dz =1,

Rn

is called a mollifying (or regularizing) kernel. The family

ke(z) = e’"k(f), >0,



92 2. Integral Calculus

-
!

-1 1-61 1496

Figure 2.8. The function [ x[—1,1](¥)X[—s,6)(x — y) dx, § < 1.

is the family of mollifiers generated by k. Clearly k.(z) = k.(—x), ke(x) >
0 and k.(z) = 0 outside B(0,¢€). Moreover, by the change of variables
y = /e,

ke(y)dy =1 Ve > 0.
R’!L

2.45 Example. The function ¢(z) := g(|z|), = € R™, where

— 1 1
() = {exp( 1_‘1‘2) if |z| < 1,

0 otherwise

is symmetric, nonnegative, of class C°°(B(0, 1)), and nonzero exactly on B(0,1). Con-
sequently, if
C:= p(z) dz,
RTL

the function k(z) := é(p(;v) is a mollifying kernel in R™.

A function f : R™ — R is locally summable and we write f € L} (R™),
if f € L1(A) for any bounded set A C R™. If f is locally summable in R,
the function

fe(x) = fxke(z) = - ke(x —y)f(y) dy

is called the e-regularized, or e-mollified, of f, and the operators Sc(f) := fe
are called the regqularizing operators associated to k. Notice that

Frk(e) = [ k(e —y)f(y)dy = / F@)ke(z —y) dy

R™ B(x,e€)

z/ flz = 2)k(z)dz
B(0,¢)

Figure 2.9. A convolution kernel and a regularized of f(z) = x(—1,1}().
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since k. vanishes outside B(0, €); the last inequality follows by changing y
into z :=x —y.
Finally, given Q C R™ and € > 0, we define

Q. = {x €N ‘ dist (z, 0Q) > 6}, Q_.:= {x € R™ | dist (z,0) < e}.

Of course €2 is nonempty for € small if and only if 2 has nonempty interior.

2.46 Proposition. Let f: R™ — R be a summable function. Then

(i) For any e > 0, the function f(x) := f * ke(x), x € R", is of class
C>(R™). If f is constant in Q, f(x) = ¢, then fo(x) = c in Qe. In
particular, if f vanishes outside ), then f. vanishes outside Q_..

(ii) We have

[ @l < [ Jf@lde and [ (5= flde—o

(iii) For every compact K C R™ we have

sup [ fe(z)] < [|flloo.k_.-
zeK

Proof. (i) The theorem of differentiation under the integral sign yields that f * ke(z)
has continuous partial derivatives and for : = 1,...,n,

Duf +k)(a) = [ F@)Dike(a —y)dy.

By induction we conclude that fe = f x ke € C°°(R"™). The second part of the claim
follows since ke has support in B(0, €).

(ii) Changing the order of integration, Fubini’s theorem, we infer

[a@iar< [ o [ Jawikte-nay=[ law)( [ k- o)

Since [pn ke(z — y) dz = 1 Vy € R™, we conclude that

/Rn |ge<x>\dzs/w

To prove the second part of the claim, first, we notice that we have

9(y)| dy.

@) = 1@ = | [ fkte v ay - 1@ = | [ 10) = fapketo )

< [ k@I =2 - f@), (2.15)

and, integrating we conclude

[ = f@lae< [ k([ 1562 - s@)ar) a-

Given o > 0, by Proposition 2.44 there exists €g > 0 such that

/ f(@—2) — f@)|de <o
R™
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for all z with |z| < €9. Therefore, for every € < ¢g we have

/]Rn ke(z)(/Rn |f(a:—z)—f(ac)\d1’) dzgcr/]Rn ke(2)dz = o.

(iii) For all z € R™ we have

Ife(x)\S/B( )|f<y>|ke(:c—y>dysanoo,K_E/B ke(e — ) dy = || flloo.xc_..

(@€)

c. Mollifying in 2

Let © C R™ be an open set and let f : © — R be summable. We can
extend f as a function f defined on all of R” and summable on R™ in
several ways, for example as

) = flx) ifzxeq,
J@) {0 if 2 € Q°. (216)

The mollified of f, a priori depend on the value of f on Q°; however, for
every € > 0, if Q. # 0, the value of the e-mollified of f at point z € €.
depends merely on f, since f = f on B(z,€) and

fola) = /B Sk ) dy = / fk(e —y)dy.  (217)

We therefore define the e-mollified, or e-regularized, of f in Q by setting
for x € Q.

/ fly y)dy = /B(I’e)f(y)ke(r —y)dy

so that (2.17) writes also as fe(z) = f.(x) Vo € Q..
2.47 Proposition. Let 2 be an open set in R™ and let f : Q@ — R be a

summable function. For all € > 0, the e-mollified f. .= fxk. is well defined
in Q. and we have the following.

(i) If Q cC Q, then

/ﬁ\feldré/glf\dx, illos < flloen Ve < dist (8,00)

and
/|f6 z)|dz — 0 as € — 0.

(i) If f € CY(Q), then f. — f uniformly on compact sets of .
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(iil) If f € C*(Q), then for every a, |a| <k,
DO (f k() = (D°f) s k() Vo€ Q.

and D fo — D f uniformly on compact sets of Q.
(iv) If f € Lip(Q), then f. is Lipschitz-continuous in Q¢ and

sup |fe(x) - fe(y)|

< Lip (f,Q).
z,yEQ. |z —yl

V) If o: E = R, ||¢||co,E < +00 and spt o C Qa, then fo. and fop are
summable on Q and

/Qf(x)sﬁe(ﬂf)dfc:/Qfg(:v)cp(:c)dx.

Proof. Let f be as in (2.16).
(i) Trivially, it follows from Proposition 2.46.

(ii) Let K be compact and let ep := dist (K, 99Q). The set K,/ is again a compact in
Q, and using (2.15) we infer
[fe(@) — f(@)]| = |fc(x) — f@)| < sup |f(z—2) — f(2)]
z€B(0,¢)
= s We-9-f@I< _sp i -f@l 1)

z€B(0,e TEK,yeK (/o
le—y|<e

for all € < €p/2. The uniform continuity of f on K, /2 yields, for o > 0, a § > 0 such
that |f(z) — f(y)| <o if z,y € K, /2 and |z — y| < 8. Therefore we find

|[fe(x) — f(z)| <o Ve < min(d, €9/2) and Vz € K,
i.e., fe — f uniformly on K.
(iii) Changing variables, z = = — y, we find
@ = [ fe -2k s
B(0,¢)

and differentiating under the integral sign,

Di(feko@) = [

B(0,¢)

Dife-2k(z) = [ Difylkele—y)dy = (Dif)rhe(e).

B(x,¢€)

From (ii) we then infer that D;fe — D;f uniformly on the compact sets of Q.
(iv) In fact, if z,y € Qe, then

o) — fe(w)] = \ /B o, B fy =Dkl s
s/ f( = 2) — f(y — 2)lke(2) dz < Lip (, Q)] — yl.
B(0,¢)

(v) Using (i) we find
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/Q|f<m>||«pe<w>|dx=/m 1F(@)| e (@) dz < ||soe|\oo,ne/ﬂ|f\dw
0o d
< liello s [ 17]de < +o0
and

/Q|fe(x>||so<x>|dx=/% |fe(w)||¢(w)|dw§H<P||oo,n/ﬂlf|dl"<+00-

The function f(x)e(y)ke(z —y), (z,y) € Q X Q, is summable; therefore, by changing
the order of integration, we find

/fm)@e dm—/f (/ ke(x,y)dy)
*/d:c/f P(Y)ke(z —y)dy
— [ o [ skt - ac) ay
,/(p(y</f y—:cda:)dy
= [ etwsw)dy

2.4 Calculus of Integrals

The aim of this section is to familiarize the reader with the calculus of
multiple integrals and with the theorem of derivation under the integral
sign.

2.4.1 Calculus of multiple integrals

As we have seen, the calculus of a double integral, i.e., of the integral of
a function of two independent variables, can be reduced to the successive
calculus of two simple integrals, i.e., of a function of one variable, and
this can be done in two different ways that are equivalent. Moreover, if
it is useful, we may at each stage change variables. For the calculus of a
triple integral, i.e., the integral of a function of three variables, there are
12 different ways of using the formula of reduction of integrals, a priori all
praticable, and at each step we can change variables. In short, any strategy
that uses all possible combinations of Fubini’s theorem in one of its forms
and of the theorem of change variables, even the most unlikely, is possible
as long as it leads to the end.



2.4 Calculus of Integrals 97

B(z)
Ee

.......... a(z)

|

Figure 2.10. A normal subset in R2.

The aim of exercises is that of learning how to choose an optimal strat-
egy for the calculus of integrals on the basis, for instance, of symmetries
of the domain of integration and/or of the function to be integrated.

We recall that, for the formula of reduction of integrals to be valid, see
Tonelli’s theorem, Theorem 2.14, the summability of the involved functions
is required.

2.48 §. Show that the assumption of integrability in Tonelli’s theorem is essential. For
instance, show that the following iterated integrals

1 oo =] 1
/ dy/ (e™%Y — 2e72%Y) du, / dw/ (e7%Y —2e72%) dy
0 1 1 0

both exist and are different.

We repeat that f is integrable on E in each of the following two cases.

(i) f is measurable on E and has constant sign, for instance if F is mea-
surable and f is a.e. continuous on E and nonnegative. This applies
in particular for |f|.

(ii) f is summable in E, f € L}(E), in particular if |[E| < 400 and f is
bounded on FE; for instance if E is compact and f is continuous on
E.

In other cases the measurability of f and the application of the reduc-
tion formula to |f| or to fy and f_ (that are nonnegative) suffice to decide
on the integrability of f.

a. Normal sets

2.49 Normal sets in R?. We say that a set £ C R? is normal with
respect to the y axis if F can be written as

E:={(r,y)|a<z<balr) <y <p@)}
where «, § :]a,b[— R are functions with a(z) < S(z) Vz €]a, b], see Fig-

ure 2.10. What makes normal sets useful is the fact that the slice of E over
x is a possibly empty interval
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E,:={ycR|alz) <y<pB(x)} = {}@0‘@)»5(%)[ ft}fefw?;e

If E is measurable in R%2 and f : E — R is an integrable function on FE,
Fubini’s theorem yields that © — ff((;)) f(z,y)dy is measurable on ]a, b]

| tanasay = [ ( / S dy)dm [ [ f:)f(x,y)dy.

Notice that one also proves that E is measurable if o, : A — R are
measurable functions, for instance if o and (8 are continuous, see, e.g.,
[GM35].

2.50 Normal sets in R™. Similarly, we say that a set £ C R™ is normal
with respect to a coordinate axis, say x,, if E' can be written as

E:= {x = (2',z,) E R x R’x' €A al@) <z, < ﬂ(x’)}

where A C R"! and o, 8 : A — R are functions with a(z) < 8(z) Vz € A.
The slice of E over 2’ € R~ ! is a possibly empty interval

ifa' € A

otherwise.

Ey:={teR|a@)<t<p)} = {ga(x’)vﬁ(x’)[

If E is L™ measurable and f : £ — R is an integrable function on E,
Fubini’s theorem then yields that 2’ — [/ A ((x"”,
A and

B(z")
/f dx—/ dx( fxtdt) /dx/ dt.
Rn—1 E/ a(x’)

Notice that one also proves that E is L"-measurable if A is £"!-
measurable and « and § are measurable functions on A, see, e.g., [GM5].
A typical case would be the one in which A is an open or closed set in
R ! and a, 8 are continuous functions on A.

f(a',t) dt is measurable on

2.51 Example. Compute [ 2% dzdy where T is the triangle in R? of vertices (0, 0),
(0,2), and (1,0).

The function z2 is continuous and nonnegative, the domain 7" is compact, thus x>
is summable on T so that we can use the reduction formulas. The domain T is normal
both with respect to the xz-axis and the y-axis, as

T:{ogxgLogyg—2z+2}:{ogygl,ogxg—y/2+1}.

2

Since the function to be integrated, 22, depends only on the variable z, it is convenient
to leave integration in x as the last, and look at T' as a normal domain with respect to
the z-axis to obtain

1 —2z+42 1 1
// 22 dedy = / dm/ 22 dy = / z?(—2z 4 2)dz =
T 0 0 0 6
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(1,1)

Figure 2.11. Some normal sets or union of normal sets in R2.

2.52 q. Integrate f(z,y) = 22 on each of the domains E C R? in Figure 2.11.

b. Rotational figures

2.53 Rotational solids. Let f :]a,b[C R — R} be a nonnegative and
measurable (for example, continuous) function. By rotating in R3 the graph
of x = f(z) around the z-axis we find the solid

E = {(x,y,z) ‘xz +y? < f2(z)}

The slice of E by the plane through (0,0, z) and orthogonal to the z-axis
is

z

g .- Ji@y)e R2 |22 + 4% < f2(2)} ifa<z<b,
0 otherwise,

i.e.,, E. is the disk on the plane (z,y) of radius f(z) around the origin if
z €]a, b[ and the empty set otherwise. If F is measurable and g is integrable
on F, Fubini’s theorem yields that z — ffE g(z,y, z) dz is measurable and

b
/g(m,y,z) dxdydz:/ dz// g(z,y, z) dz dy. (2.19)
E a E.

Notice that, since 22 4+ y? — f2(z) is measurable on R? if f is measurable
on |a, b, E is £3-measurable if f :Ja,b[— R, is measurable.
If g = 1 we get in particular that z — £2(E,) is measurable and

ES(E)/Eld:rdydz/Jrooﬁz(EZ)dz/

— 00 a

b b
nf3(2)dz = 7r/ f2(2)dz.
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4 z“

sy

Figure 2.12. A rotational solid and E,.

Formula (2.19) is particularly convenient when g depends only on z,
9(z,y,2) :=g(z), as

/Eg(z) dxdydz = /ab g(2) //EZ 1dzdy
b

b
- / ()L (B dz = / 9(2) f2(2) d=.

c. Changes of coordinates

2.54 Polar coordinates in R?. The map ¢(p,0) := (pcosf, psind) is
of class C'(R?) with |det Dp(p,6)| = p and is injective on the set A :=
10, +00[x]0, 27[. Moreover L2(0A) = 0 and L2(p(0A)) = 0. Therefore, for

every measurable £ C A = [0 x +00[x [0, 271] and every integrable function
f on p(F) we have

/ f(x,y)dxdy:/f(pcos@,psin&)pdpd@.
w(E) E

Since ¢ is injective on each interval |0, +00[x]a, a + 27[, @ € R, the same
conclusion holds for E measurable, E C]0, co[X[a, a + 27].

2.55 Polar coordinates in R3. The map ¢ : R® — R3 given by

T = psinpcosb,
d(p,0,¢) ==y = psingsinb,

Z = pcosy

is of class C*(R3) with |det D¢(p,0,9)] = p?sing and injective on
A :=]0, +00[x]0, 27[x]0, w[. Moreover L£3(dA) = 0 and L3(p(0A)) = 0.
Therefore, for every measurable set E C A = [0 X +00[%[0, 27] X [0, 7] and
every integrable function f on ¢(F) we have
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| tewdsdyi:

P(E)

= / f(psin@cos p, psinfsin g, pcos ) p? sin p dp db dep.
E

2.56 Cylindrical coordinates in R3. The map ¢ : R? — R? given by

T = pcosb,
y = psinf,
z=2z

is of class C1(R®) with |det Dg¢(p,0,2)] = p and injective on A =
10, +0[x]a, a+27[xR. Moreover, L3(0A) = 0 and £3(¢(0A)) = 0. There-
fore, for every measurable set E C A = [0 X +oo[X[a, a+ 27| x R and every
integrable function f on ¢(F) we have

f(x,y,z)da:dydz:/ f(pcosb,psinb, z)pdpdf dz.
P(E) E

2.57 Example. Compute ffE \/332 +y2 dxdy where E C R? is the disk of radius 1
around (1,0).

We notice that E is compact and \/12 + 42 is summable on E, therefore we can
use both Fubini’s and the change of variables theorems. The disk E has equation (z —
1)2 + y2 < 1 that is, 22 + y? — 22 < 0, and in polar coordinates, we get

p>0, O€[-m7], p*>—2pcosh <0,

i.e.,
p>0, 0€[—n/2,7/2], p<2cosh.

If ¢ denotes the polar coordinates map and
Fi={(p,0)| —m/2<0<7/2,0<p< 20050},

then the set F is contained in a strip of periodicity of ¢ and E = ¢(F'). Therefore by a
change of variables and taking into account that F' is normal with respect to p, we find

9 /2 2cos 6 9
// \/J:2+y2dmdy://p dde:/ d6/ 02 dp
E F —7/2 0
8

/2
= / cos®0do = 32.
3J x)2 9

2.58 Example (Rotational solids). Let f : [a,b] — R4 be a measurable function
and let E be the set obtained by rotating the subgraph of f in the plane (y, z) around
the z-axis,

Ei={@y2)|a<z<b 2?42 < 22}
By parameterizing E with the cylindrical coordinates,
x = pcosb,
#(r,0,2) == q y = psinb,

z=Zz
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-
—

Figure 2.13. Conical coordinates.

7

so that E \ {(0,0, z)} is the one-to-one image of the set
Fi={(p,0,2)|0<0<2m a<2<b 0<p< f(2)}
and changing variables, we find that E is measurable and

L3(E) = L3(E\ {(0,0, z)}):/F|detD¢|dpd9dz

b 2 7(2) b
:/ dz/ d@/ pdp:7r/ () dz.
a 0 0 a

2.59 Example (Guldin’s formula). Let f,g : [a,b] — R4 be measurable functions
with g < f. The set

Ei={(@,2) |2 €la,b], () < Va2 +92 < f(2)},
obtained by rotating the set
A= {@y2)|2=0, z€[ab], /() <y <g(2)}
around the z-axis, has as volume
b
£®) == [ (¢*6) - L) e,
a

The center of mass, or barycenter, of A (the density is assumed to be one) is the point
(x,y) € R? given by

1 1
= dyd = dydz.
Y EQ(A)_/Ay Yyaz, z ,CQ(A)./AZ yaz

Guldin’s formula writes as: The volume of the rotational solid E is the product of
section A times the length of the circle of revolution of the barycenter of section A, i.e.,

L3(E) = L2(A) 27 y.

In fact, we have

()
2ryL2(A) = Zﬂ/Aydydz = /b dz/fi(7 ) ydy = TI'/b(QQ(Z) — f2(2)) dz = L3(E).
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2.60 Conical coordinates in R3. Consider R? as the coordinate plane
2z =0 of R? R? = {(z,y,2)| 2 = 0}, let A be an open set in R? and let
Py := (0, Yo, 20). By definition, a point P is in the cone C(Fy, A) of vertex
Py and basis A if there are (o, 3,0) € A and t € [0, 1] such that

x « Zo
y|=Q=t)| 8]+t
z 0 20

The function ¢(a, 3,t) : R?* — R3 defined by

x=(1—-t)a+tx,
z =1tz

is a map of class C*(R?) with det Dy(a, 3,t)| = (1 —¢)? and one-to-one
from A x [0, 1] onto C'(FPy, A) \ {Po}. Consequently,

[ tewdedyds= [ f0(,80)0 - 07 dadsde
C(Po,A)

Ax[0,1]
1
- [a=e( [ soap0dads)a
0 A
In particular, if f = 1, we get the 3-dimensional measure of the cone
C(Po, A),
LHC(Py, A)) = 7 L(A).

2.61 Example. Suppose we want to compute the measure of
E::{(w,y)6R2‘0<x<y<2w, 1<xy<2}.

We set u = zy and v = y/z; then we have
E=p(F)
where ¢(u,v) := (y/u/v, /uv) and
F::{(u,v)€R2)1<u<2, 1<v<2}.

Since det Dy = 211] > 0 on F, we find

1 12 Zdv 1
L2(E) = L2((F)) :/F‘ % dudv = 2/1 du/1 : =, log 2.
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d. Measure of the n-dimensional ball
Let w,, be the n-dimensional measure of the n-dimensional ball

wn = L7(B™(0,1)),  B™0,1) := {z € R"||2| < 1}.

2.62 Proposition. We have

k k+1._k
T 28T
waE = Wak4+1 = . 2.20
k! T2k + 1) (2.20)
Proof. We split the coordinates z = (z1, 2,..., ®n) of R™ as = (y,t) where y :=
(%1, ©2,-. ., Tn—1) € R*" 1 and t = x, € R. The unit ball is then described as

B(0,1) = {(y,t) € R""! x R[> +4% < 1}.

Now we slice R®~1 x R with (n — 1)-planes perpendicular to the t-axis. The slice of
B™(0,1) at the level t is then

Bn—1 1—1¢2 if -1,1
Et ;:{yeRn*I“y|2<1_t2}: (07\/ t)) 1 tE[ i }7
0 if [t| > 1.

By homogeneity B" (0,1 — 12) = wp_1(1 —t2)(®~1/2 and, since B™(0, 1) is open,
Fubini’s theorem yields

+o0 1 n—1 1 n-1
wn:/ L”*l(Et)dt:wn,lf (1—1t2) 2 dt:an,lf (1—t%) 2 dt
oo 1 0

Since fol(l —t2) "o dt = 0"/2 cos™(t) dt, and

/2 —1
/ cos” (t) d " / s"2(t) d
0
we find, see [GM2],

/2 (2k — D! 7 (2K
/0 cos®" (t) dt = () 2’ / o) dt = 2k + D1

As w1 = 2 and wy = 7, we get the result. [m]

As a curiosity, notice that w, — 0 as n — oco. On the other hand the
measure of the n-dimensional cube of side 2 that circumscribes the unit
ball is 2™ and tends to infinity as n — oo.

The measure of the n-ball is tied to Euler’s I' function, see Exam-
ple 2.67.

2.63 9. Let a > 0. Compute the measure of the n-dimensional set

n
E = {x:(zl,xg,...,xn)‘ inga, ziZOVi}.

=1
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e. Isodiametric inequality
2.64 Proposition (Isodiametric inequality). Let E be a measurable
bounded set in R™. Then

diam E\ "
) )
Notice that, whereas in R every set E is contained in an interval of radius
half the diameter of F, this is not true anymore if n > 2: think of the

equilateral triangle in R2. Of course every set F is contained in a ball of
radius the diameter of E so that

L(E) < wy(diam E)". (2.21)

L(E) < wn(

But proving the isodiametric inequality requires some effort. However, it is
trivial for special sets. For instance, if E is symmetric with respect to the
origin, that is z € F iff —z € E, then we have 2|z| = |z — (—z)| < diam E,
hence E' C B(0,diam E/2) which yields the isodiametric inequality.

For generic sets, we shall use Steiner’s symmetrization method. Given
a direction a € S"~1, we denote by P(a) the (n — 1)-dimensional subspace
of R™ orthogonal to a so that every x € R™ writes uniquely as x = y + ta
with y € P(a) and t € R. For every y € P(a) we then set

Eay = {t eR ’ ta+y e E} e Lo(y) =LY (Eay)
and define the Steiner symmetrization of E in the direction a by
Sa(E) := {(y,t) e R x R’ It < E“éy) }
We have

2.65 Lemma. If E is bounded and measurable, then

(i) Sa(FE) is measurable,
(i1) if E is symmetric with respect to a k-plane orthogonal to a, 1 < k <
n —1, then S,(E) has the same symmetry,
(i) 1S4 (E)| = |B],
(iv) diam (S, (F)) < diam (E).

Proof. After a rotation that does not change the measurability, the measure, and the
diameter of E, see (2.8), we can assume a = (0,0,...,1). Consequently P(a) = {z =
(y,0), y € R*™1}, every point * € R™ writes as * = (y,t), and Eq,y is the slice
of E over y. Fubini’s theorem then yields that E,,, is measurable for a.e. y € R?~1
and y — €q(y) := L!(Ea,y) is a measurable function, hence S, (E) is measurable, see
Theorem 2.8, and

La(y)/2
B[ ewa=[ (] Lat)dy = |5(B).
Rn-1 zn=1 \J—t0(y)/2)

A symmetry of E with respect to a k-plane orthogonal to (0,0,...,1) yields a
similar symmetry for the function £4(y) hence of Sq(F). Finally, from the elementary
inequality

LY (1) + £Y(I2) < diam (I U 1)
for subsets of R, we readily infer that diam (S, (FE)) < diam (E). O
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Proof of Proposition 2.64. Let (ei1, e2,..., en) be the standard basis of R™ and let
Ei :=8¢,(E),Ey := Sey(E1), ..., En := Se,, (En—1). Applying iteratively Lemma 2.65,
we deduce that

|[E| =|Ei] =...|En|, diam (Ep) < diam (Ep—1) < --- < diam F,

and FEj is symmetric with respect to the plane perpendicular to e1, Fo2 is symmetric
with respect to the plane perpendicular to e; and ea,..., Ey is symmetric with respect
to the coordinate axes, hence with respect to the origin. Therefore, E,, is contained in
a ball of radius diam E,, /2, thus concluding

diamEn)n < wn(diamE)n.

E| = |En| < (
“ |En| < wn 9 9

f. Euler’s T' function

2.66 Example. We have
+oo 2
/ e % dxr = /7. (2.22)

—o0

2_ 2
In fact, since e~® ~¥ is integrable on R?, using Fubini’s theorem and passing to
polar coordinates, we find

+oo 2 2 e 2 e 2 2 .2
(/ e * dm) :/ e * dm/ e Y dy:// e 7Y dxdy
—o0 —oco —co R2
27 oo 2 1 [e’s}
:/ d@/ e P pdp=2rw / e 7do =m.
0 0 2 Jo

If we change variable in (2.22), we also get

+oo
/ e \/7; 2> 0. (2.23)

2.67 Example (Euler’s I' function and the measure of B™(0,1)). The function
I' was defined by Euler in 1729,

o0
I'(a) :=/ t*~Te~t dt, a >0, (2.24)
0

It is an important special function that surprisingly appears in many contexts.
Trivially I'(1) = 1 and, on account of Example 2.66,

R 2
r(/2) = 2/ e ds = /.
0
Integrating by parts we see that
MN(a+1)=all(a) Yo > 0.

It follows by induction

2n — D! 2n — D! 2n)!
T4+ 1) =n, Tnt1/2)= F "D gy = @D _ o G0t
2n n 4nn!
that, by comparison with (2.20) yields
an/2
wn = L™(B™(0,1)) = vn > 1. (2.25)
vz +1)

We presented some of the properties of the I'-function in [GM2]. Further properties
of the I'-function will be discussed in the following Example 2.68 and Section 2.4.3.
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2.68 Example (Euler’s Beta function). Fuler’s Beta function is defined by

1
B(p,q) :=/ e?" (1 -2)"dz,  p,g>0.
0
Changing variables y = 1 — z, we see that

B(p,q) = B(g,p)  Vp,q >0,

while, writing
p+q—2
p—1_ 7T

X = ,7;‘171 )

gpta—1

LPTa=2 — p
p+qg-—1

and integrating by parts, we find

qg—1
B(p,q) = B(p,g—1) VYp>0,g>1,
ptqg—1
and, because of the symmetry,
p—1
ptqg—1

Changing variables, z = z/(1 + z), we also find

o] zp—l
B = d
(P 9) /O (1+ zyp+a

We can compute the B-function in terms of the I'-function as

I'(p)I'(q)

) p,q > 0.
I'(p+4q)

B(p,q) =

107

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

To prove this, we begin by noticing that if we change variables x = Az, A > 0, then

PR

[(e) =\ /00 2z le T dy = /00 207l Az gy a > 0.
0 0

(2.31)

Now, applying Fubini’s theorem, changing variables (\,y) — x = Ay, y = v, and taking

into account (2.31) and (2.29), we find

o0 oo
F(p)F(q) = /0 [) :(:p_lyq_le_(x+y) dz dy

oo oo
:/ )\P’l(/ yPra—le—(+My dy) dx
0 0

:/ooo -1 T +a) d\=T(p+ q)B(p, q).

(1 + )\)p+q

The beta function is useful when computing several interesting integrals. For in-

stance, if
1
Iy = / 1 —z2)* da, a>—1,
-1

and we change variables, we find

1
Ia:/ (1 -0t~ Y2dt = B(1/2,a+1) = /x
0

MNa+1)
T'(a+3/2)

(2.32)
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Figure 2.14. A tetrahedron.

1/p
2.69 Example. Let p > 1 and ||z||p := (Z?:l |xi|p) , ¢ € R". We want to com-

pute yn,p = L™ ({z |||z||p < 1}
By slicing with planes orthogonal to a chosen coordinate axis, we find the following
recursive relation for v p,

1
Yn,p = Tn—1,p - 2/ (1= ) =D/r gy,
0

By (2.32) we get

()
Yn,p :2B<n+p71 1>22F<1> P
Yn—1,p P F(n;p>

hence, since v1 = 2,

n
72, Tn—1, Tn, Vi,
p =1 2P TP n,p :71,1?1_[ i,p
Y1,p In—2,p In—1,p i—1 Yi—1,p
i—1+p p+1

2\n—-1_,1\n—-1 F( ) 2\n-1_,1 n71F< )

=2(,) t(,)" I oy =200 TG) T L
1=

T ey T )

:2(2)n_1r<1)"_1 () _P (2)"F(1/p)"

~n\p/ TI(n/p)’

i) o
g. Tetrahedrons

2.70 Example (Tetrahedrons, I). Consider the tetrahedron T C R? of vertices
(0,0,0), (1,0,0), (0,1,0), and (0, 2,2), see Figure 2.14. Let us compute

/ z dz.
T1+Z

A face of the tetrahedron is on the plane z = 0 and, if we slice the tetrahedron with
planes parallel to the basis, we get slices that are congruent to the basis; moreover, the
function to be integrated depends only on the variable z. Therefore, we decide to slice
with planes orthogonal to the z-axis. If T, is the slice of T" at the level z, we see that
T. # 0 if and only if 0 < z < 2. Since T is measurable and z/(1 + z) is continuous on
T, Fubini’s theorem yields
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z 2 2,
dz = L(T) dz.
T1+Z 0 1+Z

Since, by Thales theorem, £2(T.) = LQ(TO)(QEZ )2, we conclude

2 2
/ # dz:1/ 22-2) dz=...
T1+Z 8 0 1+Z

2.71 Example (Tetrahedrons, IT). Consider the tethrahedron 7 C R? of Exam-
ple 2.70 and let us compute
Tz
/ dz
T 142

that is well defined since T is compact and the integrand is continuous on T'. We slice
as in Example 2.70 and, with the same notation, we find

2
/ *z dz:/ N /] x dxdy.
14z o 1+z "

Now we compute fsz z dxdy. The domain T, is a triangle in R? congruent to the
basis of T'. Its vertices P(z), Q(z), R(z) are the projections on the (z,y)-plane of the
intersections of the plane perpendicular to the z-axis through (0,0, z) and the straight
line respectively through (0,2,2) and (0,0,0), (0,2,2) and (1,0,0), and (0,2,2) and
(0,1, 0). Again by Thales theorem, the coordinates z(z) and y(z) of P(z) depend linearly
on z, i.e.,

z(z) =mz +q, y(z) =mz+gq,

z(0) = 0,z(2) =0, y(0) =0,y(2) =2,
hence P(z) = (0, z). Similarly, one computes Q(z) = (1—2/2, z) and R(z) = (0,1+2/2).
Points P(z) and R(z) have the same abscissa, hence the triangle T, is normal with
respect to the z-axis. Writing the equation for the straight line through P(z) and Q(z),
and R(z) and Q(z) respectively,

az(z) = z, Bz(x)=—(z+2/2—-1)+2=14+2/2 —uz,

we find

Tw:ﬂ%wew

1—z/2 B2 (x) 1—z/2 1 2\ 3
/ xdxdy:/ xdx/ dy:/ x(lfz/fo)dx:6<172) .
o 0

z az(z)

1 (2 2(1—2/2)3
/ N drdydz = / 4 #/2) dz=...
142 6 Jo 1+ =z

We may proceed differently. We regard the tetrahedron as a cone over a face and
let the formula of change of variables operate the details. The map (¢, a, b) : R3 — R3
given by

0<w<1-2/2, ax(2) <y < fa(a)}

In conclusion

z=ta+ (1—1)0,
y=tb+(1—-1)2,
z=t-0+(1—-1)2

maps the prism Tp X [0, 1] onto the cone-tetrahedron T with basis Ty defined by the
vertices (0, 0,0), (1,0, 0), (0, 1,0) and vertex (0, 2, 2). It is easily seen that ¢ is one-to-one
from Tpx]0, 1] onto T \ {(0,2,2)} and that det De(t, a,b) = —2t2. Thus,

2ta(l —t L4831 —t
/ v dacdydz:/ a(l —1) 2t2dadbdt:/ ( )// adadb
Tl+z2 Tox[0,1] 1 +2(1 —¢) o 3—-2t Ty

1g43(1 — 1 l—a 2 14301 =
:/ £ t)/a(/ db)da: / £ t)dt:...
o 3-2t Jo o 3Jo 3-—2t
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>

Figure 2.15. Pierre Fatou (1878-1929) and Felix Hausdorff (1869-1942).

2.4.2 Monte Carlo method

Suppose we want to evaluate
fo = / f@)de,  Q=[0,1)"
Q

for a function f € C°(Q). We may use the analog of the one-dimensional
Simpson’s rule, see [GM2]. We subdivide the cube @ into k™ subcubes
of Side 1/k, on each of those cubes we choose a point z; and then com-

pute ! o Zl 1 f(x;); in particular, we need to compute f in k™ points: an
enormous value already if k¥ = 100 and n = 4.

During the Second World War, Enrico Fermi (1901-1954), John von
Neumann (1903-1957), and Stanislaw Ulam (1909-1984) invented a proba-
bilistic method, nowadays known as the Monte Carlo method. This method
with probability close to 1 allows us to compute the value of the integral
except for a small error by means of relatively few cubes.

Notice that Lebesgue’s measure L™ on () is a probability measure on
Q and actually the equidistributed probability measure. Let {Xj} be a
sequence of points that are equidistributed and independently chosen on
Q, i.e., a sequence on independent random variables on Q. If f: Q — R,
then the expectation and the variance are defined respectively by

z/f(a;)dﬁn(a:)zfQ, Var (f /|f ~ fol?dz
Q

for all integers j. Since the variables {X;} are independent

k
Var (Zf(Xk)> = Zvaf = k/ \f(x) — fo|?dx < 4kM?
j=1

j=1
where M := || f]|c. Hence

1g 2 1< 1
/Qk (ka(xj)—fQ) da:l...dxk:Var<ka(Xj)> S

J=1 J=1
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IfACQx - xQ= Q" is the event

A= {(Xl,...,Xk)";Xk:f(Xi)—fQ‘ > e}

i=1
then Chebyshev’s inequality yields
1 1 2 40>
P = A0 < [ (D0 )~ fo) dor d <
QF -

€2 ek’
Jj=1

i.e., the probability that, choosing randomly k equidistributed points { X},
the event that 112?:1 f(X;) has distance from fg more than e has a

probability to happen less than 4M?2/ke?. For instance, if M < 1 and we
choose k& = 10°, in 99% of the cases we find an error less than 2%.

2.4.3 Differentiation under the integral sign

2.72 Example. Let us compute
—+oo
F(¢) ::/ exp (—z? — t? /z?) dx, teR.
0

It is easily seen that F is even, F(0) = [;° e=%/2 dy = /7/2, see Example 2.66, and
we have ,
[f(t,z)] <e™® vVt € R, Vz > 0.

Therefore F(t) is continuous in R, see Proposition 2.37. Moreover, for ¢ > 0 we have

2
0 2e~%" 2 2 2
‘ f(t7 )‘_ ‘ €7t2/12 S 6712 Sup(seis): 67127
ot x2 t Ry et

thus
af _ )
t, el (R
| (R+)

for all t > € > 0 and = > 0. Theorem 2.40 then yields that F'(t) is differentiable for all
t > €, and therefore for all ¢ > 0, since € is arbitrary, and

F'(t) =
(t) L ot

> 1
(t,z)dz = —Qt/ 5 €XP (=22 —t2/2?) de = -2t F(t) vt > 0,
0 T

where the last equality follows by changing variables y = t/z. It follows

F(t) = F(0)e™?, t>0,
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2.73 Example. We shall write in terms of elementary functions the following oscilla-
tory integral

+o0 2
g(w) = / e~ /2 cos(wr) d, w € R.
— o0
As usual, it is convenient to use the complex notation. Since
+o0 2
/ e~ /2 sin(we) dz = 0,
— o0
we have
+oo 29 _;
g(w) :/ e~ 2o gy
— 00
Since
0

Ow
the function g(w) is differentiable and

+oo 29 _;
g (w) = —i/ e % 2o gy

—o0

2 . 2 : 2
(671 /Zefzwz) — ‘ _ize™® /26710.)1 < |.’E|€71 /2 c Ll(R),

Writing —xe=®/2 = D(e‘$2/2) and integrating by parts, we find
9'(w) = ~wg(w),
hence, by integration,
g(w) = g(0) e /2 = Vame"/2,

Alternatively, we may also proceed as follows. Since

cos(wz) = nz:%(—l) (2n)! z €R,
we consider the functions
w2nm2n 2
~ = (—=1)" —xz“/2
ale) = (1" 0
and compute
“+ oo w2n oo 2
(—1)”/ fn(z)dz = (2n)! 2/ e~ % 22" de = (by changing variables y = z2)
— 0o n): 0
I'(n+1/2) (2n — 1!
— 2 2n — ,2n )
V2w (2n)! W /om (2n)!
= Vor (W2/2)n.

n!

o0 +Oo
> [ i@lde < oo
n=0" —>

and, on account of Lebesgue’s theorem,

/+Oo 22 cos(wzx) dr = /_J:O i fn(z)de = Z / fn(z)dz

— 00

‘We infer

Z (—1)"var ¢ 742)71 = \/Qwi (—?/2)"

= \/271'6_“’ /2,
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2.74 Example (Derivatives of I'). We already observed, see Examples 2.66 and 2.67,
that for Euler’s I'-function

o0
T'(a) = / t* et gt a >0,
0

we have
T'(a+1) =al(a) Ya > 0,
T'(n+1)=nl,
I'(1/2) = /.

Moreover, we discussed some characteristic properties of Euler functions in [GM2]. Here
we want to compute the derivatives of T'.

We prove that I' is of class C* in its domain E := {a|a > 0}. Choose ag > 0
and set h(t) := max(1,t*/2=1 2@0-1) ¢ > 0. For k = 0,1,..., the functions
h(t)| logt|Fe~* are summable on E and, for all a €]ap/2, 2a0[, we have

t*~L <h(t)  Vt>0,Ya, ap/2 < a < 2a.
If follows for f(a,t) :=t*"te~t t > 0, that

|97 (0,0)] < h(t) N1og t] e~
da
and by induction
‘akf(a t)’ < h(t)|logt|* et
dak - &

for all t > 0 and for all a €]ag/2, 2a[. Applying the theorem of differentiation under
the integral sign, we conclude that I' has derivatives of any order at ag, and

I'*) (ap) = / t*0 " (log t)* et dt, (2.33)
0

consequently,

oo}
F’(a):/ t*“tlogte~tdt  Va > 0.
0

Since I''(a) > 0 for @ > 2, T is increasing for a > 2. Since I'(n) — 400 as n — oo,
also I'(a) — 400 as @ — +oo. On the other hand, from I'(aw + 1) = aT'(a) we infer
that I'(a) ~ 1/a as o — 0T. Moreover,

oo

() = / t*"(logt)2e~tdt > 0 Ya > 0,
0

thus I' is strictly convex on [0, o00[. Since I'(1) = I'(2) = 1, we conclude that I" has a

unique minimum point and it is contained in the interval |1, 2[. Moreover, as |logt| <

1+log?t ¥Vt > 0, we also get (I'V)2(x) < I'(z)[(x), that is, log I'(z) is convex.

2.75 Example. We have
M@l(l-a)= " , O<a<lLl (2.34)
sin T
In fact, in terms of the Beta function, see (2.29)(2.30), for 0 < o < 1 we have
] ta+1

M) —a) =1 Ba,1—a) = [~ [TT ar

On the other hand, if @ := (2m + 1)/(2n), n,m € N, we find by changing variables

t =2
2m41 g

o] on oo 2m
/ dt = 2n/ r dr = 4 s
o (1+1) o l+4a2n sin(%;”'lﬂ)
n

see, e.g., [GM2, 5.36]. This yields (2.34) when a = (2m +1)/2n for some n,m € N. The
claim now follows for all « €]0, 1] since the numbers of type (2m + 1)/(2n) are dense in
[0,1] and both functions on the left and on the right side of (2.34) are continuous.
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2.5 Measure and Area

We are interested in computing not only volumes of n-dimensional objects
in R™ but also the “k-dimensional area” of “k-dimensional surfaces” in R™,
k < n, as for example the two-dimensional area of the graph of a function
f:R2 - R,.

This is a question that can be treated at various levels of difficulty find-
ing formulas that apply to more or less general objects, or using measure
theory to define the k-measure of a subset of R", k < n. In fact, in contrast
with the n-dimensional measure that is essentially unique (one can show
that the L™ Lebesgue measure is the only measure that is invariant under
rotations and translations, is homogeneous of degree n, and for which the
unit cube has measure 1), there are several k-measures suited to measure
subsets of R™, k < n: they are different on nonregular subsets but agree
on “regular surfaces”. Among these measures, the Hausdorff k-dimensional
measure appears as the most suited in many contexts.

2.5.1 Hausdorff’s measures

It is convenient to define Hausdorff s-dimensional measure H*(E) of a set
E C R™ also for noninteger s > 0. For s € R, s > 0, we set

7T8/2

T T(1+s/2)

Ws :

recalling that, if s is an integer, then ws is the L£° measure of the s-
dimensional ball B(0,1) C R®, ws = £5(B(0,1)). For E C R™ and § > 0,
we define

o0

HI(E) := inf{wsjz::1 (diar;Ej)s ’ E C U;E;, diam (E;) < (5}

and, since H3 is nondecreasing in § > 0, we set

H(B) i= lim H3(E).

The set-function H* : P(X) — Ry is by definition the (exterior) s-
dimensional Hausdorff measure in R™. We then say that a set £ C R"
is H*-measurable if F satisfies the Carathéodory criterion for measurabil-
ity: for any set A C R™ we have

H(A) =H(ANE)+H*(A\ E).
Methods of measure theory, see [GM5], allow us to prove the following.

(i) The class M of H*-measurable sets is a o-algebra of sets and H* is
o-addditive on M.
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(ii) Open and closed sets of R™ are H*-measurable.
(iii) In R™, H™ and the Lebesgue n-dimensional measure L™ agree.

Moreover, it is not difficult to prove the following.

(i) For 6 > 0,H;(E) < +o0 for all bounded sets.

(ii) H?® is not necessarily finite on compact sets. For example, if F C R"
has a nonempty interior and s < n, then H*(F) = +oo.

(iii) In the definition of Hj(E) we may replace the generic sets E; with
closed, or closed and convex sets, or with open sets without changing
the definition of H®. However, we cannot replace the E;’s by balls.
If we do it, for the new measure HZ,) (E) we have HZ , (E) > H*(E)
for some subsets E C R"™.

(iv) ‘HO is the counting measure, H°(E) = # points of E.

(v) H?® is invariant under orthogonal transformations: if £ C R™ and
RTR = Id, then H*(R(E)) = H*(E).

(vi) H*® is positively homogeneous of degree s, i.e., for all A > 0 and
E C R", we have H*(A E) = M*H*(E).

(vii) H* =01if s > n.

(viii)If 0 < t < s < n, then H® < H!. Moreover, H*(E) > 0 implies
H!(E) = 400 and H*(F) < co implies H*(E) = 0.

(ix) If f : R® — R* is Lipschitz-continuous, then Y0 < s < n we have

H(f(B)) < (Lip f)* H*(E).

2.76 Remark. Notice the following:

(i) The claim in (vii) shows that H*(E), E C R™, is finite and nonzero
for at most one value of s, 0 < s < n, which is called the Hausdorff
dimension of E, defined in general as

dimy(FE) : = sup{s ’ H(E) > 0} = sup{s ’ H(E) = +oo}
= inf{s ’ H(E) < oo} = inf{s ‘ H(E) = 0}

where the equalities follow from (viii).

(ii) The estimate (ix) is useful to estimate from below the Hausdorff
measure of a set. Estimates from above are usually obtained by esti-
mating from above H3 by choosing suitable coverings of ' with sets
of diameter less than 4.

Finally, observe that we may construct an integral with respect to
the Haussdorff measure with the same procedure we used to define the
Lebesgue integral from Lebesgue’s measure, compare [GM5]. From now
on, for a given H®-measurable set of R™ and an H*-integrable map, the
symbol

| t@an@

is well-understood.
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2.5.2 Area formula

We did not need any measure theory to define the length of a curve in R”.
If v : [a,b] = R™ is a curve, for any subdivision o := {¢;}, a =ty < t; <
-+ <ty = b, of [0,1] we compute

and define the length of v as
n
L(v) = Sup{z [y(tim1) —v(t:)| ‘ a=to <t <---<Iny= 5}7
i=1

the supremum being taken over all possible subdivisions, see [GM2].

If we want to imitate the previous procedure to define the area of a
Cl-image of an open set of R? into R3, we may think of triangularizing
the space of parameters and, associated to it, considering the polyhedral
surface in R? with triangular faces whose vertices are the images of the
vertices of the triangulation of the space of parameters. Then, we may
compute the area of these approximating polyhedral surfaces and define the
area of the surface as the supremum of the areas of the inscribed polyhedral
surfaces when the triangulation of the parameters varies. The following
example due to Hermann Schwarz (1843-1921) shows how illusory it is to
imagine being able to come to a reasonable definition of the area in this
way.

2.77 Example (Schwarz). Consider the map ¢ : [0,27[x[0,1] — R3 ¢(0,2) :=
(cos B, sin 0, z) that maps one-to-one the square [0, 27X [0, 1] onto a portion of a cylinder
S = {(z,y,2) |22 +y% = 1,0 < z < 1}. Trivially the elementary area of S is A(S) = 2.

We divide the side of the square [0, 27| x [0, 1] in n and m parts, respectively, then
we divide each rectangle obtained in this way in four triangles by means of its diagonals,
obtaining a triangulation of [0, 27] X [0, 1] in 4nm triangles. We construct a polyhedral
surface Smn with triangular faces inscribed to the cylinder using the images of the
vertices of the triangulation as vertices. A tedious computation yields the area A,y of
the inscribed polyhedral surface Simn,

2 1/2

Amn:Qnsin;ﬂ—i— {i+4::1 (nsin 27;)4} -2nsinz
Now, if we choose m = n, then A, — 27 as suggested by intuition; but, if m = n3,
then Apn — +00. The supremum of the areas of all polyhedral surfaces obtained by
triangulations on the space of parameters is therefore +0o and not the area of S. The
intuitive reason for this behavior is the following: If m, the number of subdivisions of
the z-axis, is large with respect to the number of subdivisions of the angle, then the
triangles of the inscribed polyhedral surface to the cylinder tend to become closer to
the orthogonal to the surface of the cylinder. Consequently, the area of the polyhedral
surface is large.
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This example motivated a flourishing of possible definitions (and, conse-
quently, of treatises) for the area of two-dimensional surfaces in R®. Among
those definitions, the most effective, at least for elementary purposes, has
proved to be the one based on Hausdorff measure.

Let Q C R® and f: Q@ — RN, n < N, be a map of class C'. For any
measurable set A C R”, we say that the image f(A) C RY is parame-
terized by f, and we think of the area of f(A) as of H"(f(A)) when f
is injective. An important formula, called the area formula, allows us to

compute H"(f(A)).

2.78 Theorem. Let Q C R"™ be an open set and let f € C'(Q,RY),
N >mn. If A C Q is a L"-measurable set and f is injective on A, then
f(A) is H™-measurable and

/A J(Df(x)) dr = H"(f(A)) (2.35)

where Jy(x) := J(Df(x)) = \/det DfT(x)Df(z) is the Jacobian of f.

2.79 Remark. Notice the following:

(i) fn=1,then Df = f" and J(Df) = |f|: the area formula (2.35) says
that the length of a curve agrees with the one-dimensional Hausdorff
measure of the trajectory.

(i) If f is linear, f(x) = Lz, (2.35) simply reads as

H™(L(A)) = J(L)L"(A).

Actually, this is the starting point for the proof and follows from the
invariance of the Hausdorff measure under rotations. In fact, using the
polar decomposition of L, and identifying R™ with the n coordinate
plane of the first n coordinates of RY, L writes as L = UAS where
S € My, is symmetric, U € My, n is orthogonal, and

A= (Id) .
0
Using the invariance of H™ and the change of variable formula for
L™, we find

H"(UAS(A)) = H"(AS(A)) = H"(S(A)) = L"(S(A4))
= |det AS|L"(A) = | det S|L™(A) = J(L)L™(A).
(iii) The area formula implies that the image of the points at which the
linear tangent map is not injective has zero H'-measure. In fact, for

any T € My, N > n, ker T # {0} if and only if J(T) = 0. Hence
from (2.35) we get H"(f(A)) =0 if

A= {x e Q‘ ker Df(z) # 0} = {x € Q‘J(Df(x)) :0}.
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(iv) From the area formula we also get the following: Let Q, A be open
sets of R™ and ¢ :  — RN and ¢ : A — RY be two maps of class C*
that are injective, respectively in A C Q2 and B C A, A and B being
L"-measurable. If $(A) = ¢(B), then

/A J(Do(x)) d = /B J(DY(y)) dy.

(v) If n = N, then (2.35) is simply the change of variable formula for £".

The area formula extends in several ways. First, we can drop the in-
jectivity hypothesis by introducing the multiplicity function or Banach’s
indicatric

y— N(f,Ay) :=H(ANf}(y))

which counts the points of A in the inverse image of y. Under the hy-
potheses that f € C*(Q), one shows that the multiplicity function is H-
measurable and

/A IO de = [ N Ay dH (). (2.36)

RN

Moreover, we can also relax the regularity of the map f: One can in fact
prove that (2.36) holds also if f is Lipschitz-continuous (recall that, if f is
Lipschitz-continuous, then J(D f) is defined £™-a.e. since f is differentiable
L"-almost-everywhere by the Rademacher theorem).

Starting from (2.36), by approximating £™-measurable functions u by
simple functions and then passing to the limit by means of the monotone
convergence theorem of Beppo Levi, we also get the following.

2.80 Theorem (Change of variables formula). Let Q C R™ be open,
let f:Q CR* — RN, n < N, be of class C*(Q) (or, more generally,
locally Lipschitz-continuous in ), and let u : Q@ — R be L™-measurable and
nonnegative, or such that |u| J(Df) is L™-summable. Then the function

18 H™-measurable and

/n u(z) J(Df)(z) do = /]RN ( Z u(x)) dH" (y). (2.37)

zef~H(y)

In particular, if v : RY — R is H™-measurable and nonnegative, then

/ o(f(x)) J(Df)(x) da / o) N(f Ay dH"(y) . (2.38)
A RN
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a. Calculus of the area of a surface

Parameterizing, at least locally, a k-dimensional surface in R™ by a C!

map, we can easily compute its area by means of the area formula (2.35).
In this procedure we need to compute the Jacobian of the parameteri-

zation, and the following information may be useful.

(i) Let A € My ,. The alternative theorem yields

Rank (AT A) = Rank A” = Rank A = Rank AA” < min(n, N).
(2.39)
It follows that det AAT =0 if N > n.
(i) We have ker AT A = ker A, consequently the three claims
(a) J(A) = (det ATA)/2 =0,
(b) ker A {0},
(c) Rank A is not maximal,
are equivalent.
(ii) (AREA AND METRIC TENSOR) Let {A;, Ag,..., A,} denote the
columns of A, A =[A;]|As]...|A,]. Then

ATA = G, Where G = (gij); g’ij = Ai oAj .
Consequently, if f: Q Cc R* — RN, N > n, is of class C', then
J(Df)=VdetG,  G=1(gij), gij = foifos
and the area formula becomes

HO(F(Q) = /Q Vo(@)de,  g(x) = det G(z).

(iv) (THE CAUCHY-BINET FORMULA) Let A € My, N > n. For every
multiindex a = (a1, ag,..., @), 1 <oy < az < -+ < ay, < N, let
A“ be the n x n-submatrix of A made of the rows a1, as, ..., a, of
A. Then, see, e.g., [GM5], the following Cauchy—Binet formula holds

JA? = ) (det(A™))%.

acl(n,N)

2.81 Example (Two-dimensional parameterized surfaces in R3). Letn = 2 and
N = 3. Then

where the columns are the vectors with components the partial derivatives of f with
respect to x and y, fo := (a,b,¢)T and fy := (d, e, f)T. If we set

E:=|fa]?, Fi= feefy, G:=|fyl?

DfTDf:<E F>

we find

F G



120 2. Integral Calculus

and

2 = rdy = — F2dxdy.
H2(f() /Q J(Df) dady /Q VEG - F? dedy

Alternatively, we can compute J(D f) and the area of u(2) by means of the Cauchy—
Binet formula. If

A12 — a d A23 — b € A13 — a d
b e)’ c f)’ c f)’

J(Df)? = (ae — bd)? + (bf — ec)? + (af — dc)?.

Notice that the three numbers ae —bd, —(bf —ec), and af —dc are the three components
of the vector product

then

fo X fy

of the columns of D f, hence

H2(f(2) = /Q \fu X fy| dady.

2.82 Example (Graphs of codimension 1). Let u: Q C R™ — R be a function of
class C' and

Guq = {(ac,y) €0 x R‘y = u(ac)}

be its graph. G, ¢ is the image of the injective map f(z) = (=, u(z)) from Q into R"*1.
Since

pr@ = || ],
Du(z)

the Cauchy-Binet formula gives J(Df(z)) = /1 4 |Du(x)|2, hence

H"(Gu,0) = /Q \/1 + |Du(z)|? d.

2.83 Example (Parameterized hypersurfaces). Let u : Q C R® — R**! be an
injective map of class C1. The Jacobian matrix of u has n + 1 rows and n columns, and
its n X n submatrices can be indexed by the missing row. If

A(ul, ..., ut— Lt )

oz, z2,..., z")

denote the determinant of the submatrix obtained by removing the ith row, we then

get
nal, . i it a2\ /2
n 0)) = ’ ’ 7 7 7 da.
H™ (u(€2)) /Q(Z( o(xl, 22,..., z") ) ) ’

i=1

2.84 Example (Rotational surfaces). A rotational surface around an axis is well
described by its perpendicular sections to its axis that are circles. We can describe its
points P by means of two parameters: the orthogonal projection of P on the rotational
axis and a parameter describing the points on the circle in the perpendicular plane to
the axis through P. This way, if S is a rotational surface around the axis z, S is the
one-to-one image of

A :=a,b] x [0,27]

by a map ¢ : [a,b] x R — R3 of the type
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x = p(z)cosé,
#(2,0) == y = p(z) sin 6,

where p(z) is the radius of the section at level z. Assuming p(z) € C1([a,b]), we have

p'cosf® —psinf
D¢(z,0) := | p’sint —pcosh |, (2,t) € A:=[a,b] x [0, 27[
1 0

hence, by the Cauchy—Binet formula,

J(D6)(2,0) = p( /1 + p2(2);

therefore

e =1 = [ [ oy wera=i [ i eerae

2.5.3 The coarea formula

Consider a function f : R® — RN, N < n and, for y € RY its inverse
image f~!(y). When y varies, the family {f~*(y)} yields a sort of foliation
of R", for example think of f : R? — R, f(z,y) = 2% + y?, for which
1) == {(z,y) = 2% + y* = t}. As we shall see in Chapter 5, if D f(z)
is of maximal rank N, then the leaf f~'(y) is an (n — N)-dimensional
submanifold of R™. The coarea formula provides a formula that allows us
to express the L™-integration on a set A C R™ as the integration with
respect to y of an H"~N-integration over f~1(y).

2.85 Theorem (Coarea formula). Let Q@ be an open set and A C Q
be L-measurable, let f : Q@ — RN be a map of class C', and assume
N < n. For LN -a.e. y the set ANf~1(y) is H" = -measurable, the function
y— H"N(AN f~1(y)) is LY -measurable and

/ J(Df(x))dL" (z) = / HNANF () dCY () (2.40)
A RN

here
Jp(x) := J(Df(x)) = \/det(Df ()D f(x)7)
denotes the Jacobian of f.

Actually the previous theorem can be generalized in several ways. First,
it suffices to assume that f be locally Lipschitz-continuous. Moreover, by
approximating measurable maps u with simple functions, one shows the
following.
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2.86 Theorem. Let Q C R™ be open, let f : Q C R* — RN, N < n,
be a map of class C1(2) (or merely locally Lipschitz-continuous) and let
u: Q — R be a measurable function on Q such that |u| J(Df) is L™-
integrable. Then

/Qu(x) J(Df)(x)de = /RN (/f_l(y) u(x) dH"N(:v)) dcN (y).  (2.41)

2.87 Remark. We notice the following:

(i) If we split R® as R" = R*~ N x RY denoting its coordinates by (x, %),
r € RPN 4 € RN and we choose f(z,y) :=y, then J(Df)(z,y) =
IDf(z,y)| =1, An f~1(y) = {(z,2) € A|z = y} = A,. Therefore,
Theorem 2.85 simply reduces to Fubini’s theorem.

(ii) Let f:R™ — R. Since

J(Df) = \/det(DF)(DF)T = [Df],

we then obtain
+oo
/ |D f|dx = H"il(A N fﬁl(t)) dt
A —00

and

[ swnpseia= [ ([ 5 ar1(2))

for any measurable A C R™ and any measurable g : A — R such that
g(x)|Df(x)| is L™-integrable.

2.88 Example (Measure of the unit sphere in R"). The volume of the ball of ra-
dius 7 in R™ is wpr™ where w, = L™(B(0, 1)), and the measure of the sphere of radius ¢,
H"~1(0B(0,t)) is positively homogeneous of degree n — 1, in particular it is continuous
in ¢. If we choose f(z) = |z|, then J(Df(z)) = |Df(x)| = 1: from the coarea formula

r+h
/ dac:/ H"~1(0B(0, 1)) dt
B(0,r+h)\B(0,r) r

and on account of the fundamental theorem of calculus we infer

1 [rth 1
H*~Y(OB(0,7)) = lim H*~N(OB(0,t)) dt = lim dx
(@B(0,7) h—0h J, (9B(0, 1)) h—0 h JB(0,r+h)\B(0,r)
dLr(B(0,7))

= (r) = nw,r™ L

dr

2.89 Example. Notice that if f(z) := |z|, then f~1(y) = 0B(0,y) and Theorem 2.86
yields the well-known formula of integration on polar coordinates

S
/ wdz :/ (/ u(y) d'H"_l(y)) dp.
{s<|z|<t} T 8B(0,p)
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In particular, for h # 0 we have

1 1 r+h
/ wie= ) [T ([ wwanw)an,
h J{r<jz|<r+h) h Jr 8B(0,p)

hence, by the theorem of differentiation of the integral, for £Ll-a.e. = (for all r if, for
instance, u is continuous),

d _ n—1
(/ udac) 7/ udH .
dr \ JB(o,r) 9B(0,r)

For u = 1 we therefore find again

HP~L(0B(0,r)) = ; (WnT™) = nwpr™ L.
r

2.90 Example (Measure of the unit ball in R™). The coarea formula yields also
an alternative way to compute the measure wy, of the unit ball B(0,1) of R™. Using
Fubini’s theorem we find

+oo +o0o +oo

2 2 2 2

/ e 171" dg = / e "1 dxy / e T2dxs .. / e Tndr, = a2,
R™ —oo —oo —o0

On the other hand, the coarea formula yields

2 +oo 2 n +oo 2
/ o lol dx:/ (/ et dH"*I(t)) dt — \B(O,l)\/ et gy
R 0 8B(0,t) 2 0

n too n n
= _|B(0,1 “letds =
3 1BO) [ 5 e as= TiBo.nir(})

in terms of Euler’s I'-function. If follows

2 gn/2 an/2
wn:|B(07l)‘: =

r(s) (s )

2.91 Example. Let f : R® — R be a function of class C1 (or merely locally Lipschitz-
continuous). From the coarea formula, for any positive h we have

1 1 t+h =

. Dffda=, [ =)
{t<f<t+h} hJs

1 1 t

. Dffda=, [ W = 1)
{t—h<f<t} h Ji—n

hence, by the theorem of differentiation of integral, for £'-a.e. t € R

d d
Df|dx = — Df|dx =H"""({f = t}).
W RCIEEE I BN S ()

2.6 Gauss—Green Formulas

In this section, we state the Gauss—Green theorem and discuss the diver-
gence theorem. These topics are of fundamental relevance for the devel-
opment of the calculus for functions of several variables. In particular,
Gauss—Green formulas extend the fundamental theorem of calculus
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Figure 2.16. Two pages from the paper by Carl Friedrich Gauss (1777-1855), in which
the Gauss—Green formula appears.

b
£(b) — f(a) = / £(t) dt

to functions of several variables.

a. Two simple situations

We begin with a very simple situation.

2.92 Proposition. Let A C R™ be open and f € C1(A). Then
/Dz‘f(w)dx:O: fdH™ 1 Vi=1,...,n.
A oA

Proof. We extend f to all R™ as zero outside A; we call it f. It is not restrictive to
assume that its support is contained in the unit cube. Since for every z1, ..., z;—1,
Tit1, .., Tn We have

1
/ Dif(z1,. .., @ic1,%i, Tit1, ..., Tn) dx; =
—1
= f(Il,...,931'71,1,11‘4,1,...,1”) 7f(ml,...,mi71,71,$i+1,...,1'n) =0,

integrating with respect to the remaining variables we get

/ADif(:c) do = /QDz-f(z) dz = 0.
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Split R™ as R"™! x R and let z = (2/,2,), 2’ = (1, T2,..., Tn_1) €
R* ! z, € R, be its coordinates. Let () be a bounded open set in R™~!
and let o : Q —]a, b be a function of class C1; set

A= {x = (2", 2n) € Q X [a,b] |a <z, < oz(x’)}.

Since the vector (—Va(a’),1) is perpendicular to the plane tangent to the
graph of a at (2/, a(x’)), the exterior normal vector to A at (2, a(z')) has
components v = (v1, Va,..., Vy) given by
. 7Di04
V1+|Da(a")[?
1

v .

Vn

T /14 [Da(a)?

2.93 Proposition. Let f € C1(A) N C°(A) with |Df| € L*(A). Suppose
that f vanishes near (Q X [a,b]) N A, trivially

/Dif(:c) de = [ fuH" L
A 0A

Proof. Since f vanishes on 9(Q X [a,b]) N A, trivially

/ fridH™ ™ = / fridH™ !
OA Sa,qQ
and, since the element of area on G, g is dH" ™! = /1 + |Da(2)|2 dz’, we have
f/ f(x/,a(x/))aaa (z")dx' ifi=1,...,n—1,
2

/ foiH Tl = ¢ ' (2.42)

o4 / f@', a(z")) dz’ ifi =n.
Q

From the fundamental theorem of calculus, since f = 0 near 9(Q X [a,b]) N A and
|Df| € L1(A), we infer

a(z’)
/an(x',xn)dm/dxn:// Dnf(z',xy) dznds’
A QJa (2.43)

= [ U6 a@) - 1@ @) i’ = [ faa) do’.
Q Q

A comparison of (2.42) and (2.43) yields the result for ¢ = n.
Now set

a(z’)
F(2') := / f(@', zn) doy, ' €Q.
a
Differentiating under the integral sign with respect to x;, we infer
a(z’)
DiF(z') = / Dif(a',xn) dzn + f(z', a(e’)) Dia(z’);
a

on the other hand
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/ADz'f(x’,xn)da:’dxn = /Q (La<z/)Dif(xl7xn)dxn) &
:/QDZ'F(I/)da:’—/Qf(x/7a(x/))Dia(x,)dx,

and, since f vanishes if z € 9(Q X [a,b]) N A, F(z') = 0 if 2’ € 8Q and

/DF da:—/DF(:):)dxl dTn_1

// / D, F(z")dx; d:):l codri_1drigr .. .dep—1

=// F(ﬂfl,u-,lz‘fl,l,ﬂfwh--~,:L"n—1)*F(:L"l,u-,Ii717*17$¢+17~--79«”n—1))

dxy...dxi—1dxiqr ... dep—1

(2.44)

://Odacl...dxi_ldxi+1...dacn,1 =0.

Therefore, (2.44) becomes
/ D;if(z',zp) dx'dzy = 7/ f@' a(x))D;a(z") dx’. (2.45)
A Q

From (2.45) and (2.42), we infer the result for : =1,...,n — 1. O

b. Admissible sets

In the sequel we shall limit ourselves to prove Gauss—Green formulas for a
class of sets, which we now introduce, sufficiently large for the applications.
Actually, measure theory would allow us to prove them for a much larger
class.

Let A C R™ be an open set. In this context, we say that z € JA is
a regular point for OA if there exists an open cube with center at =z and
sides parallel to the axes (that we write as @ x [a, b] where @ is a cube on
R"~1) and a function « : Q —]a, b] of class C1(Q) such that

(i) Uo NA=A{(,2n)]|a < xn < (), 2’ €Q},
(il) U NOA ={(2',2n) | xn = a(z’), 2’ € Q}.

The set r(A) C OA of regular points for A is open relatively to dA, and
for every x € 0A, the exterior unit vector to A at x is given by the vector
v=(v1, Va,..., V) given by

—DZ‘Oé . 1

ES Vi=1,...,n—1, Vp 1= .
" 1+ [Da(x)P? "1+ Da(a))?

Obviously |v| = 1, v is perpendicular to the tangent plane to the graph of «
at x = (¢/,a(2’)) and  —tv(z) € A for all ¢ > 0 sufficiently small positive
t. Of course, neither the cube nor the function a are uniquely defined by A;
however, it is not difficult to show, compare Chapter 5, that the exterior
unit normal is uniquely defined at the points = € r(A). Moreover, one sees,
compare Chapter 5, that x € 0A is regular if and only if there exist an
open cube Q centered at = and a function ¢ : U, — R of class C' such
that
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(1) U.NnA={yecU,|p(y) <0},
(ii) Uz NOA = {y € Us|¢(y) = 0},
(ili) Ve # 0in U, NOA.

In this case the exterior normal vector at x € r(A) at z € r(A) is

V(z)

v(z) = .
= Vet

2.94 Definition. We shall say that an open set A C R™ is admissible if

A is open, H" 1(9A) < 400 and H""1(A\ r(A)) = 0.

For example, an open set in R? whose boundary is the union of a finite
number of closed and disjoint piecewise regular curves is an admissible set
of R2. Also a bounded set whose boundary is a polyhedron with a finite
number of faces is an admissible set. Actually, it is easily seen that A is
admissible if A is bounded and 94 is a finite disjoint union 94 = UN T,
where Ty is closed with H" " 1('g) = 0, and, for i = 1,...,N, I'; is a
(n — 1)-submanifold of R™, see Chapter 5.

c. Decomposition of unity

The decomposition (or partition) of unity is a useful tool when we want to
transfer local information to global ones.

2.95 Theorem. Let {V,} be a family of open sets in R™ and Q := U, V.
There exists a locally finite covering of Q@ with balls B; CC § such that for

every j we have B; C V, for some a.

Proof. For all j = 1,2,..., we choose a sequence {H;} of compact sets contained
in Q with H; CC int(Hj4+1) and Q = UjHj; we also set H_1 = H_3 := (. For
j :=0,1,... we consider the compact sets K; := Hj \ int (H;_1) and the open sets
Aj :=int Hj41 \ Hj_2. We have K; CC Aj, Q = U;A; and A; N A; = 0 except for
i=3j—1,70j+ 1. Now, for every x € K; choose A = A(x) such that = € V)(,) and
a ball B(z,r(z)) with closure in A;j N Vy(y). The family {B(z,r(z))}zck; is clearly
an open covering of the compact set K; from which we can choose a finite covering
{Bj,h Bj’Q7 e Bj,Nj } The family

B:= {B‘yi

j:O,l,...,i:l,...Nj}

has the required properties. 0O

2.96 Lemma. The function

exp (1_‘1x‘2) if |x] < 1,
0 if lo| = 1

p(z) =

is of class C* and nonzero ezxactly on B(0,1).
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2.97 Theorem. Let {B;} be a locally finite covering of Q = U;B;, B;
being balls. There exists functions w; : R™ — R of class C*° such that

(i) 0 <aj(z) <1VeeRm,
(ii) «j(z) > 0 if and only if x € By,
(i) 52, aj(z) =1 Ve € Q.

Proof. For j =1,2,..., we choose p; € C°°(R™) with ¢; > 0 on B; and ¢; = 0 outside
Bj. The function }372; ¢;(z) is well defined on R™ since locally it is a finite sum ({B;}
being locally finite) and positive in €, since {B;} is a covering of Q. Thus, we readily
see that the functions

ej (@)

?io vj(@)

have the desired properties. O

aj(z) = >

We notice that the number of functions «; of the decomposition of
unity that are nonzero at each z is finite and that they are exactly the
nonzero functions of the decomposition of unity that are nonzero at y if y
is suffciently close to x. Consequently, we also have

ZDO‘J (ZO‘J )z() Vo € Q

and

for = L" or H* 1.

d. Gauss—Green formulas

2.98 Theorem (Gauss—Green formulas). Let A C R™ be an admissi-
ble open set and let f be a function of class C' in a neighborhood of A with
IDf| € LY(A). Denote by v : r(A) — R™ the field of exterior unit normal
vectors to A. Then v is defined H" -a.e. on OA. We have

/Dif(x)dx:/ fridH™ Vi=1,...,n.
A A

Proof. Recall that r(A) is the set of regular points for A. We set s(A) := 8A \ r(A),
A to be an open set so that A D A, and, finally, Q := A\ s(A). Since s(A) is closed, Q
is open. Now, for x € Q2 we can choose an open neighborhood U, of x so that
(i) if z € Q\ A, then U, is a cube centered at = and contained in Q \ A,
(ii) if x € ANQ, then Uy is a cube centered at « and contained in QN A,
(iii) if x € 0ANQ, i.e., x € r(OA), then we choose U, as in the definition of regular
points and, without loss of generality, we assume that U, is small enough so that
Us C Q.
The family {U.} covers Q. Therefore, there exists a denumerable locally finite refine-
ment {B;} of {U,}, Theorem 2.95, with the associated decomposition of unity {c;},
Theorem 2.97, and we distinguish the following three cases:



2.6 Gauss—Green Formulas 129

N et L Ll e B Grens; e il i of Biiviedy dod Magsetem. w

[ L L L

1,
An Essay o ihe of mathrmaticsl — e et of fla W O S faimty 44 B2 i o
M‘Iﬁh‘m‘m Lw“mt—-#.mnl—im
.‘-‘"‘- Brem (T, fhe v of Commdind's puper, wnill shoi 1510, whon 0. Pt

prrssaie in e Framch lsiaie s mamairy of sinfales sinpuis, ST
e e L h_‘;.u“m--._a_a_a_'-,—-_p—

abradaciary

gt g rmked, e sy e o ot Bk
by il e i, Wi o B YLt it} e memmilorgion of mhai bss, iy s My, basn formad paleal s,
P e L ]
emar o Dortasty md Raguosm, smbeigh prbisaed e sbinined Fum i st P s wwh sl mrving sy e
L e L o L —— ity a———— -
ol of puial ik ovderable pot of Wt ati g e ks farm, i sl dnisws e valiot of e Benchont lelehpag 1o s o
o B e o s Jewinl, iy e e A, e o gt i it 1l Sid e sl eugresses of e
lewi giwen by Bewes b e wark, beve b el itk e Sty o e of wther, geher with finie sl o ay
u-mt:‘---u-lq-,......._,.. -
by i - i A
o, vt B o e e o iy el ey .
Hd:-:-g,-"._:"__‘_ - ey s ol s e bolers wstewd | b wins he slewrls wnd
g e B il e Bt e ekl wr i i o s e ol e, el e By,
el ey e———— - S gtte W, e e -
:-'-l-l-hhi-l-.rna— n-.,&—-—h‘.-;; Fiy= - m;:o:‘—: e
. . e ]
ik T TSR p— o e ey
fortm vmrying vessely s dhe mpuars of i diisass. e Resums _F—.—-"'—-_'-!_"-;
- s Ningastaciorn Vrsius b Bers |30, Loipurg —t
TR (Raginh sad ek wessiens o e pipr e bmes pebloiod e i
8 Foplors st memairs for H
el TREE” e e o [
Mﬂ-uhm_.w._:, =

I
bl

N il of et s B0 St wih e mrminl Theaty o .......-..-';
Wlesiricy, S04 &pphenivn = s 1'. e
s fama i ¢ el R
o e 0 B TR e 4 - Jal

Figure 2.17. Two pages from the Essay by George Green (1793-1841), which appeared
in 1828 and was reprinted in 1850 in Crelle’s Journal where Gauss—Green formulas
appear.

o Bj is exterior to A. Then a; = 0 in A hence
/ D,-(faj) de =0= / fuiaj dH™ L.
A OA
o Bj is interior to A. Then from Proposition 2.92 and a; = 0 in 0A
/ D,-(faj) de =0= / fuiaj dHn_l.
A 0A

o B;jNOA # 0, then Bj is contained in some Uy of type (iii) and fa; : Uz — R satisfies
the assumptions of Proposition 2.93. If follows

/ Di(foy)de = / Di(foy)de = / fria; dH™ ! = / friag dH™ L.
A Uz OANU, 9A

Summing on j =1,..., since Z‘;’;l aj =1in Q, {B;} is locally finite and
HP L BANQ) = HPL(r(A)) = H*1(8A),

we conclude

/ADifda::AmnDifdx:/A;(Dif)ajdw:;/AD,-(faj)dw
— - P n—1 __ . - . n—1 __ . n—1
,;/@Af,,,a]dn ,/aAfyZ;a]dH 7/3 fri dH

ANQ
= / fVi dHn71 .
A



130 2. Integral Calculus

e. Integration by parts

As stated, Gauss—Green formulas may be thought of as the fundamental
theorem of calculus for functions of several variables. Applying them to the
product of two functions f and g, we deduce the formulas of integration
by parts.

2.99 Proposition. Let A be an admissible domain, v : 0A — R"™ the field
of exterior unit normal vectors to A, and let f,g € C°(A)NCY(A) be such
that |Df| and |Dg| are summable in A. Then

/Df dr= [ e i /f

(246)
fori=1,2,....n

f. The divergence theorem
Let A be an admissible domain and £ : A — R", E = (E', E2,..., E")

a field of class C°(A) N C'(A) with summable Jacobian matrix DE. The
divergence of I/ at x € A is the number

div E(z) := tr DE(z) = , Zf (x) = ZDiEi(x)

Since the functions D;E*: A — R, i =1,...,n, are summable, if we apply
the Gauss—Green formulas to them, we find in particular

/DiEi de = FElv;dH™™ ' Vi=1,...,n
A A
and, summing over ¢, the divergence theorem
/ div E(z) dz = EevdH" . (2.47)
A A

The quantity
H(E, A) ::/ Eev dH"*
A

is called the flur of E outgoing from A.

g. Geometrical meaning of the divergence

Let E: A — R" be a field that we assume of class C1(A). For every ball
B(z,r) CC A we denote by ¢(FE,r) the flux of E outgoing from B(z, ),

o(E,T) ::/ Eev dH™ !, v(z) :=x/|z|.
OB (z,r)
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The divergence theorem yields
o(E,r) = / div E(z) dx
B(z,r)

hence, if we divide by |B(z, )| = w,r™ and let » — 0, we infer

E 1
lim (E,T) = lim div E(y) dy = div E(x),
r—0 Wy r—0 |B(z,r)| B(z,r)

because of the continuity of div E(x), or
O(E,r) = wpdiv E(z)r"™ + o(r™) as r — 0.

In other words, div E(z) represents the (rescaled) flow outgoing from an
infinitesimal ball centered at z.

h. Divergence and transport of volume

Let A C R™ be open and F : R x A — R"™ be smooth. A curve ~(¢) :
I — A satisfying the differential equation +/'(t) = F(¢t,7v(t)), i.e., a curve
t — (t,v(¢t)) with velocity (1, F(t,v(t))), is called a fluz line or an integral
line of F. As we shall see in Chapter 6, for every x € A there exists a
unique flux line defined for small times that at time ¢ = 0 is at x. If we
denote by ¢(z,t) these flux lines, i.e.,

and set ¢ (x) := ¢(¢, z), then Deo(x) = Id, and, for K CC Q there exists
€o such that ¢(t,z) is defined on | — €, o[ x K with det D¢, (x) > 0. From
(1.28) with A(t) := D¢¢(x), we then infer

d )
o [det D (2)](t) = det Dy (z) tr (qut(x) ! 8tD¢>t(x))

= det Doy (x) tr (Do () D 1 o(1,))
= det Dby (2) tr (D@ (z) ' DF(t, ¢(t, x)) D¢t(w))

= det D¢y (z) tr DF (¢, ¢(t, x))
= det D¢ (z) div F(¢, ¢(t, x)).

If Q cC A and Q; := ¢:(Q) is the image of Q at time ¢ transported by
the flow, then the area formula says

L) = /Q | det Dby (x)|d /Q det Déby (z)dz
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and, differentiating under the integral sign,

ALy

o Vi) = /Q gtdetD@(x)dx

= / det D¢ () div F(t, ¢(t, x)) dx = / div F(t, x) dz.
Q Q¢
In the so-called autonomous case, F = F(x), and for t = 0, we get

1oder(@y), 1 .
Q) dt (0) = £r(9) /lev F(z)dx,

i.e., div E(x) is the percentage variation of the infinitesimal volume when
transported by the flow at time ¢t = 0.

2.7 Exercises

2.100 9. Let C(A) be the cone of basis A = {(z,y) € R?|2? < y < 1}, and vertex
(0,0, 1). Compute the volume of C'\ B((0,0,1),1/2).

2.101 9. Prove Schwarz’s theorem, Theorem 1.34, for functions of class C?(Q) by using

the theorem of differentiation under the integral sign. [Hint: Differentiate at (to,xo) the
identity

h
f(t,xo—l—h)—f(t,a:o):/o gj;(t,s)dt

for |t — to[, |h| small enough, and then use the fundamental theorem of calculus.]

2.102 q. Show that Airy’s function ¢(t) := \}W Jo° cos (ta: + ””33) dx solves the equa-
tion
©"(t) — te(t) = 0.
2.103 9. Show a sequence {fr} of nonnegative summable functions on [0, 1] such that
1
lim / fn(z)de =0 and limsup frn(z) = +oo Vz € [0,1].
n—oo 0 n—oo
2.104 9. Show that f’:[0,1] — R is measurable if f : [0,1] — R is differentiable.

2.105 €. Show that

1 ..1/3 1 el 9
/ * log  dxr = E ,
0o 1—=x z = (3n +4)?

* e rdr = 3 1" n
/0 e T cosv/rd ,;)( 1) (@n)!”

oo

/”Z n? sinnx _ 2a(1 + a?) Va > 1.
0 an (a% — 1)

n=1
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2.106 . Show that for p,q > 0 we have
1 — oo
/0 1429 + nq

n:O

. oo (=17
infer that 7 =3 77,5 /)

2.107 9. Show that for |a| < 1,

o'}

/1 1—t =3 a” '
o 1—at® " = (3n+1)(3n+2)

infer that

2:: 3n+1) 3n+2)

2.108 §. Compute e dxdy where D := {(z,y) ER? |z >0, 22 <y,0 <y < 2}.
Dy
2.109 €. Show that
oo xafl el
/0 eat — 2:: (n+ 1)0‘ ’

L arctant

V1—1t2

and
dt = g log(1 + V2).

2.110 9. Let A be a positive n X n symmetric matrix. Show that

—A dr = .
/Rnexp( zex)dr det A

2.111 9. Let f:[0,1] — R be a continuous function. Show that ,62(9“0’1]) =0.
2.112 9. Let E C R™. Show that F is measurable if £L"*(JF) = 0.

2.113 §. Compute
4t2+\/\z\ . 1m+\/tmd

lim T, lim
t—+oo J_4 1+t2:p2 t—otJo t4z

2.114 €. Show that for o > 0

n

oo
lim (1 7 )nmo‘fl dr = / e Tz dg.
n—oe Jo n 0
2.115 9 Astroid. Compute the area and the length of the boundary of the astroid

A= {(w,y) € R? ‘x2/3+y2/3 < 1}.

2.116 9. If S2 := {(z,y,2) | 2% + y? + 2% = 1}, compute

/ z2 dH2.
52
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2.117 9. Let T be the triangle in R® with vertices (1, 0,0), (0,1,0) and (0,0, 1). Com-

pute
/ zdH>.
T

2.118 9. If G C R? is the graph of the function f : [0, 1] x [~1,1] — R, f(z,y) = 2>+,

compute
/ xdH?.
G

2.119 9. For a, L > 0, let C C R3 be the truncated cone
Ci={(z,y,2) €R*| 22 =a(@?+y?), 0<2 < L},
Compute the volume of C' and the area of the boundary of C.
2.120 § The Viviani solid. Let
V= {(ﬂc,y,Z)‘ﬂE2 +y2+22 <1, 22 497 < rr}
be the intersection of the unit ball in R3 with the vertical cylinder {(z,y, z) € R?|z2 +
2
y? —x < 0}
(i) Compute the colume of V.
(ii) Show that S := 90V = S1 US> where
Sy = {(m,y,z) €R3 ’xg +y? 22 =1, 2% +y? Sm}:

SQ = {(a:,y,z) €R3 ’$2+y2+22 S 17 $2+y2 :33},
and compute the area of S7 and Ss.

(iii) Show that the curve s(a) := (cos? a, cos asin o, sin &) maps the interval | — 7, 7|
onto S1 N S2, and compute the length of S1 N Sa.

2.121 §. Compute
1
dx.
/RH L+ |z
2.122 9. Compute H*1(2,,_1) where

n
Shoq = {xeR", ‘ Sai=10<a< 1v¢}.
i=1

2.123 ¢ Feynman’s formula. Let a € R™ be a point with positive coordinates. Show

that 1 1
dH" " (z) = :
»/5171 aex (nfl)!nlgjgn aj

2.124 9. Let f:R™\ {0} — R be positively homogeneous of degree d, f(tx) = t¢f(x)
Vz € R™ \ {0} V¢ > 0. Prove that

/ Af(x)de = d/ F@) dH™ (@),
B(0,1) 0B(0,1)
In particular, if x = (z1,...,2n), show that Vj = 1,...,n

L"(B(0,1)) = / a3 dH"

Sn—1
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2.125 9. If B C R" denotes the ball of radius R around 0 in R™, show that for every
f € CY(BR) we have

/BR (Xn:mipif(m) +nf(x)) de = R/aBR Flz) dH (@),

i=1
2.126 9. If f € C3(Q) and Vf = 0 on 99, show that

/Q(Af)%lm:/ S (DiDy)? da.

C1<ig<n

2.127 9. Compute the outgoing flux from the unit ball in R? centered at 0 of the field
E := (2z,42, 2?2).

2.128 9. Compute the outgoing flux from the lateral surface of the cylinder
Ci={(@y2) eR |2+ <1, ~1<2 <1}
of the field E = (zy2, 2y, y).

2.129 9. Let © be an open admissible set. Then

1
En(ﬂ) = AQ T e dH™ 1.

n
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