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Preface

This volume!, that adds to the four volumes? that already appeared, com-
plements the study of ideas and techniques of the differential and integral
calculus for functions of several variables with the presentation of several
specific topics of particular relevance from which the calculus of functions
of several variables has originated and in which it has its most natural
context. Some chapters have to be seen as introductory to further de-
velopments that proceed autonomously and that cannot be treated here
because of space and complexity. However, we believe that a discussion at
an elementary level of some aspects is surely part of a basic mathemati-
cal education and helps to understand the context in which the study of
abstract functions of many variables finds its true motivation.

Chapter 1 aims at illustrating in concrete situations the abstract treat-
ment of the geometry of Hilbert spaces that we presented in [GM3]. After
a short illustration of Lebesgue’s spaces, in particular of L?, and a brief
introduction to Sobolev spaces, we present some complements to the the-
ory of Fourier series, the method of separation of variables for the Laplace,
heat and wave equations, and the Dirichlet principle and we conclude with
some results concerning the Sturm—Liouville theory. Chapter 2 is dedi-
cated to the theory of convex functions and to illustrating several instances
in which it naturally shows. Among these, the study of inequalities, the
Farkas lemma, and the linear and the convex programming with the the-
orem of Kuhn—Tucker and of von Neumann and Nash in the theory of
games. Chapter 3 is an introduction to calculus of variations. Our aim is
of just presenting the Lagrangian and Hamiltonian formalism, hinting at
some of its connections with geometrical optics, mechanics, and some geo-
metrical examples. Chapter 4 deals with the general theory of differential

1 This book is a translation and a revised edition of M. Giaquinta, G. Modica Analisi
Matematica, V. Funzioni di pit variabili: ulteriori sviluppi, Pitagora Ed., Bologna,
2005.

M. Giaquinta, G. Modica, Mathematical Analysis, Functions of One Variable,
Birkhauser, Boston, 2003,

M. Giaquinta, G. Modica, Mathematical Analysis, Approximation and Discrete Pro-
cesses, Birkhauser, Boston, 2004,

M. Giaquinta, G. Modica, Mathematical Analysis, Linear and Metric Structures and
Continuity, Birkhauser, Boston, 2007,

M. Giaquinta, G. Modica, Mathematical Analysis, An Introduction to Functions of
several variables, Birkhauser, Boston, 2009.

We shall refer to these books as to [GM1], [GM2], [GM3] and [GM4], respectively.
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forms with the Stokes theorem, the Poincaré lemma, and some applications
of geometrical character. The final two chapters, 5 and 6, are dedicated
to the general theory of measure and integration, only outlined in [GM4],
and includes the study of Borel, Radon and Hausdorff measures and of the
theory of derivation of measures.

The study of this volume requires a strong effort compared to the one
requested for the first four volumes, both for the intrinsinc difficulties and
for the width and varieties of the topics that appear. On the other hand,
we believe that it is very useful for the reader to have a wide spectrum
of contexts in which the ideas have developed and play an important role
and some reasons for an analysis of the formal and structural foundations
that at first sight might appear excessive. However, we have tried to keep
a simple style of presentation, always providing examples, enlightening
remarks and exercises at the end of each chapter. The illustrations and
the bibliographical note provide suggestions for further readings.

We are greatly indebted to Cecilia Conti for her help in polishing our
first draft and we warmly thank her. We would also like to thank Paolo
Acquistapace, Timoteo Carletti, Giulio Ciraolo, Roberto Conti, Giovanni
Cupini, Matteo Focardi, Pietro Majer and Stefano Marmi for their com-
ments and their invaluable help in catching errors and misprints, and Ste-
fan Hildebrandt for his comments and suggestions concerning especially
the choice of illustrations. Our special thanks also go to all members of
the editorial technical staff of Birkh&user for the excellent quality of their
work and especially to Katherine Ghezzi and the executive editor Ann
Kostant.

Note: We have tried to avoid misprints and errors. However, as most
authors, we are imperfect. We will be very grateful to anybody who is
willing to point out errors or misprints or wants to express criticism or
comments. Our e-mail addresses are

giaquinta@sns.it modica@dma.unifi.it
We will try to keep up an errata corrige at the following webpages:
http://www.sns.it/“giaquinta
http://www.dma.unifi.it/ modica

http://www.dsi.unifi.it/"modica

Mariano Giaquinta
Giuseppe Modica
Pisa and Firenze
March 2011
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1. Spaces of Summable
Functions and Partial
Differential Equations

This chapter aims at substantiating the abstract theory of Hilbert spaces
developed in [GM3]. After introducing the Laplace, heat and wave equa-
tions we present the classical method of separation of variables in the study
of partial differential equations. Then we introduce Lebesgue’s spaces of p-
summable functions and we continue with some elements of the theory of
Sobolev spaces. Finally, we present some basic facts concerning the notion
of weak solution, the Dirichlet principle and the alternative theorem.

1.1 Fourier Series and Partial
Differential Equations

1.1.1 The Laplace, Heat and Wave Equations

In our previous volumes [GM2, GM3, GM4] we discussed time by time
partial differential equations, i.e., equations involving functions of several
variables and some of their partial derivatives.

Among linear equations, i.e., equations for which the superposition
principle holds, the following equations are particularly relevant, for in-
stance, in classical physics: the Laplace equation, the heat equation and
the wave equation. They are respectively the prototypes of the so-called
elliptic, parabolic and hyperbolic partial differential equations.

a. Laplace’s and Poisson’s equation

Laplace’s equation for a function u : 2 — R defined on an open set {2 C R",
n>2,is

Au :=divVu = z": 82? = zn:umimi =0.
=1

S =
¥
— Oz —

The operator A is called Laplace’s operator and the solutions of Au = 0
are called harmonic functions.

M. Giaquinta and G. Modica, Mathematical Analysis, Foundations and Advanced 1
Techniques for Functions of Several Variables, DOI 10.1007/978-0-8176-8310-8 1,
© Springer Science+Business Media, LLC 2012



2 1. Spaces of Summable Functions and Partial Differential Equations

Several “equilibrium” situations reduce or can be reduced to Laplace’s
equation. For instance, a system is often subject to “internal forces” rep-
resented by a field F : 2 — R™, and, at the equilibrium, the outgoing flux
from each domain is zero, i.e.,

Fevy dH" '=0 VAccQ.
0A

If E is smooth, E € C*(Q), we may use the Gauss—Green formulas, see
e.g., [GM4], to deduce

0= / Eevpy,y) do = / div E(y) dy
OB (z,r) B(z,r)

for every ball B(z,r) CC (2, and, letting r — 0, conclude that

divE(x) =0 Vo € Q, (1.1)
on account of the integral mean theorem. Often the field E has a potential
u: Q) — R, E = —Vu. In this case the potential u solves Laplace’s equation

Au(z) = divVu(z) =0 Va € Q. (1.2)

In mathematical physics, quantities are often functions of densities f :
Q — R (so that [, f(x)dx is the quantity related to A C Q) that are
related with a force field E : Q — R™. For instance, in electrostatics f(x)
is the density of charge and E(z) is the induced electric field at x € Q.
The interaction is then expressed as proportionality of the quantities

/ f(z)dz  and FEevy dH" !
A A

for every subset A CC . Assuming that f € C°(Q), E € C1(Q2) and the
constant of proportionality equals 1, as previously, Gauss—Green formulas

yield
[ twa= [ EBesdo= [ divE@ay
B(z,r) OB (z,r) B(z,r)

for every ball B(z,r) CC , hence, letting r — 0,

div E(x) = f(x) Va € Q. (1.3)
If E has a potential, E = —Vu, then (1.3) reads as Poisson’s equation
—Au(z) = f(x) Vo € Q. (1.4)

We have seen in [GM4] that for harmonic functions u :  — R of class
C?(Q) N C°(Q) the following mazimum principle holds:

sup |u| < sup |ul.
Q o9

A consequence is a uniqueness result for the the so-called Dirichlet prob-
lem.
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1.1 Proposition (Uniqueness). Dirichlet’s problem for Poisson’s equa-
tion, i.e., the problem of finding u : Q — R satisfying

{Au:f in €,

1.5
u=g on 082, (15)

has at most a solution of class C*(2) N C°(Q).

Proof. In fact, the difference u of two solutions of (1.5) satisfies

(1.6)

Au=0 1in §,
u =0 su 09,

hence supq, |u| < supgq |u| = 0 by the maximum principle.

Alternatively, one can use the so-called energy method, for instance if the difference
u of two solutions of (1.5) is of class C2(Q). In fact, if u € C%(Q) is a solution of (1.6),
we have uAu = 0 in €, and, integrating by parts, we get

0:/ uAud:L‘:/ ZDi(uDiu)dxf/ | Du|? dz
Q "
= u—da—/ |Du|? dz = — /|Du| da,

aq O

hence Du = 0 in Q and, consequently, u = 0 in  since u = 0 on . [}

b. The heat equation
The heat equation for u = u(z,t), z € Q CR™, t € R, is

uy — Au = 0.

It is also known as the diffusion equation, and it is supposed to describe
the time evolution of a quantity such as the temperature or the density of
a population under suitable wviscosity conditions.

Let u(z,t) : 2 xR — R be a function and let F(x,t) : xR — R™ be a
field. It often happens that the time variation of v in A CC 2 is balanced
by the outgoing flux of F' through 0A,

9 u(z,t) de = —/ Fevads VA CC Q, Vit

Assuming u and F sufficiently smooth (for instance, u continuous in x for
all t and C! in ¢ for all x, and F(z,t) of class C* in z for all t), Gauss—Green
formulas and the theorem of integration under the integral sign allow us
to conclude

ou 0
—x,tdxz—/ u(x,t) dx

= —/ Fevp(y,) ds = —/ div F(z,t) dx
8B (z,r) B(x,r)
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for all B(z,r) C Q and Vt. Letting » — 0, we deduce the so-called conti-
nuity equation or balance equation

u

ot

The physical characteristics of the system are now expressed by adding
to (1.7) a constitutive equation that relates the field F' to u,

(z,t) +div F(z,t) =0 in Q x R. (1.7)

F = Flu). (1.8)

In the simplest case, one assumes that F'(x,t) is proportional to the spatial
gradient of u at the same instant, F'(z,t) = —kVu(x,t). The internal forces
tend to diffuse w if k > 0 and to concentrate u if k < 0 (if u(x,t) represents
the temperature at point x in the body €2 at instant ¢, we have diffusion).
For simplicity, if & = 1, the constitutive equation is F(z,t) = —Vu(x,t),
and from (1.7) and (1.8) we infer the heat equation for u:

uy = divVu = Au in Q x R.

1.2 Parabolic equations. The model, continuity equation plus consti-
tutive law (1.7) and (1.8), is sufficiently flexible to be adapted to several
situations. For instance, the variation in time of u may be caused by the
field F' but also by a volume effect determined by a density f(z,t). The
equation becomes then

0
—u(a:,t)dxz—/didex+/f(a:,t)dx VYA CCQ,
A O A A
that, assuming sufficient regularity for u, F' and f, can be written as

up = —divF + f in 2 x R.

Additionally, the field F' may take into account external effects. For in-
stance, we may add a privileged direction

F(z,t) = =Vu(z,t) + g(z,1),  g:Q—=R",
or some intrinsic nonhomogeneity of the system (even in time)
F(z,t) = —k(z,t)Vu(z,t),
or some anisotropy
n
F=(F),  Flxt) ==Y ay(wt)Dju(x,t),
j=1
or a dependence on u,

F(x,t) = —kVu(x,t) + c(z,t) u(x, t),
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or imagine that all these effects act at the same time.

F = (Fl), F; = Zaiiju—&—biu—&—gi.
j=1
If all quantities are sufficiently regular, we end up with the parabolic equa-
tion
uy =Y Di(aDju) = > Di(biu) —divg+f  in QxR

ij=1 i=1
A maximum principle holds also for parabolic equations.

1.3 § Maximum principle for the heat equation. Prove the following parabolic
maximum principle: Let u = u(x,t) be a solution of uy — Au = 0 in Qx]0, T of class
C2(2x]0,T[) N C9(Q x [0,T]). Then

sup |u| < sup [u]
Qx[0,7[ T

where I'' := (2 x {0}) U (99 x [0, T'[). More precisely, show that maximum and minimum
points of u lie on the base or on the lateral walls of the cylinder Q x [0, T'[: For instance,
if u denotes the temperature of a body €2, the maximum principle tells us that u(z,t)
cannot be higher than the initial temperature of the body or of the temperature that
we apply to the walls.

Also on the basis of Exercise 1.3, it is natural to consider the following
problem in which initial and boundary values are prescribed: Given f,g
and h, find a function u(x,t) such that

u—Au=f in Qx]0, T,
u(z,0) =g(x) VreQ, (1.9)
u(x,t) = hx,t) Vo €0, Vt €]0,T.

We then have the following uniqueness for the parabolic problem.

1.4 Proposition (Uniqueness). Problem (1.9) has at most a solution
of class C%(Qx]0,T[) N C°(Q x [0,T).

Proof. In fact, since the difference u between two solutions of (1.9) satisfies

ut —Au=0 in Qx]0,T7,
u(z,0) =0 VreQ, (1.10)
u(z,t) =0  Vzed, Vtelo,T],
the maximum principle for the heat equation implies u = 0 on Q x [0, T'[.
Alternatively, we may get the result using the energy method, at least for sufficiently
regular solutions in € x [0, 7. In fact, if u denotes the difference between two solutions,

and u € C2(Qx]0,T[) NC°(Y x [0, T[), then u satisfies (1.10). Thus, multiplying (1.10)
by w and integrating, we obtain
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T
0:/ /u(uthu)dxdt
0o Ja
T d 2 T d T
:/ dt/ 7(&)7‘/ dt/ u—udO'Jr/ dt/ | Dul|? de,
0 Qdt\ 2 0 aq dv 0 Q

and, using the initial and boundary conditions, this reduces to

1 T
7/ |u(x,T)|2d:L‘+/ / |Du|? de = 0,
2 Ja 0o Ja

ie,u=01in Q x [0,T]. O

c. The wave equation

The wave equation is
Ou:=uy — Au=0. (1.11)

The operator O is called the operator of D’Alembert. If u(x,t) represents
the deviation on a direction of a vibrating string or a membrane at point
x and time ¢ and if the “force” acting on a piece A of the membrane is

given by
—/ Foevg dH" !,
0A

according to Newton’s law, we deduce

— [ u(z)dr = — Foevg dH™
dt? Ja (=) 9A 4

for all A CC Q. Assuming that the constitutive law is
F=-Vu

and that u is sufficiently smooth, as previously, using differentiation under
the integral sign, Gauss—Green formulas and the integral mean theorem,
we deduce the wave equation for u:

uyy = divVu = Au in Q.

Given f, go, g1 and h, we consider the initial value problem for the
wave equation which consists in finding u sufficiently regular so that

utt—Au:f in © x [0,11[7
u(z,0) = go(x), ut(z,0) = g1(z), Vo eQ, (1.12)
u(z,t) = h(x,t), Vo € 09, Vt € [0,T]

and we prove the following uniqueness result.

1.5 Proposition (Uniqueness). The initial value problem (1.12) has at
most one solution.
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Figure 1.1. Two pages of De Motu Nervi Tensi by Brook Taylor (1685-1731) from the
Philosophical Transactions, 1713.

Proof. We proved the claim in [GM3] if @ = [a,b]. In the general case, we use the
so-called energy method. The difference u(z,t) of two solutions of (1.12) satisfies

utt—Au:O in Q x [O,T[,
u(z,0) =0, u(z,0) =0 Ve, (1.13)
u(z,t) =0 Yz € 00, Vt € [0,T].

Multiplying by u¢ and integrating in ¢ and x, we find for all 7 € [0, 7]

T T d T d 2
0:/ dt/ uttutdxf/ dt/ ut—udaJr/ dt/ 7|Uz| dzx
0 Q 0 o dv 0 Qdt 2
1
=5 |, ()P + st ),
2 Ja
which yields v =0 in Q x [0, T7. O

However, how can we find solutions (or even prove that there exist
solutions) of the previous boundary and initial problems for the Poisson,
heat and wave equations? This is part of the theory of partial differential
equations which, of course, we are not going to get into. However, in the
next subsection we shall describe a method that, in some cases and in the
presence of a simple geometry of the domain €2, allows us to find solutions.

1.1.2 The method of separation of variables

In this subsection we shall illustrate how to get solutions of the previous
partial differential equation (PDE) in some simple cases, without aiming
at generality and systematization.
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a. Laplace’s equation in a rectangle

We consider Laplace’s equation in a rectangle of R? with boundary value
g. First we notice that it suffices to solve the Dirichlet problem when g is
nonzero only on one of the sides of the rectangle. In fact, by superposition
we are then able to find a solution wg(x,y) of the Dirichlet problem for
the Laplace equation on a rectangle when the boundary datum vanishes
at the vertices of the rectangle. For an arbitrary datum g, it suffices then
to choose «, 8,7 and § in such a way that gy := g — a — Sz — yy — dzy
vanishes at the four vertices of the rectangle and, if ug is a solution with
boundary value gg, then

u(z,y) == uo(z,y) + (o + Bx + vy + dzy)

solves our original problem with boundary value g.
Therefore, let us consider the problem of finding a solution u(z,y) of

Upy + Uyy = 0 in ]0, 7[%]0, al,

u(0,y) = u(m,y) =0 Wy € [0,d], (1.14)
u(z,a) =0 Vo € [0, 7],

u(z,0) = g(x) Vo € [0, 7].

We shall use the so-called method of separation of variables.
Our first step is to look for nonzero solutions u(x,y) of the problem

Upy + Uyy = 0 in 10, 7[%]0, al,
u(0,y) = u(my) =0 Vye€|0,a], (1.15)
u(zr,a) =0 Vz € [0, 7]
of the type
u(z,y) = X (@)Y (y). (1.16)

It is easily seen that such solutions exist if there is a constant A € R for
which there exist nonzero solutions X and Y of

" _ " _
X"+ AX =0, and YY" - )AY =0, (1.17)
X(0)=X(m) =0, Y(a) = 0.
Let us look for solutions X () of the boundary value problem
X"+ 22X =
+ 0, (1.18)
X(0)=X(m)=0.

If A < 0, there are no solutions. In fact, the equation and the condition
X (0) = 0 imply that X (x) is a multiple of sinh(v/—Az), and among these
functions, only X = 0 vanishes at # = 7 because sinh(v/—Ar) # 0. If
A = 0, the unique solution of the problem is clearly X = 0; hence there are
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no nonzero solutions. If A > 0, the equation and the condition X (0) = 0
imply that X (x) is a multiple of sin(v/Az). Therefore, there exist solutions

of (1.18) if and only if sin(vAr) = 0. In conclusion, (1.18) has nonzero
solutions if and only if

A =n?, n=+1,42,...
and, for every n, the solutions of
X"+n?X =0,
{X(O) =X(m)=0
are exactly the multiples of
X () := sin(nx).
Having found the sequence of \’s that produce nonzero solutions of the
first problem in (1.17), let us look for solutions of
Y —n?Y =0,
{Y(a) =0.

For each n, these are multiples of sinh(n(a — vy)).
Returning to problem (1.15), for all n > 1 the functions

X, ()Y, (y) = sin(nz) sinh(n(a — y)), x € [0,7], y €[0,a],

solve (1.15) and, because of the superposition principle, for every N > 1
and for any choice of constants c1, co,..., cn,

N
un(x,y) = Z ¢p sin(na) sinh(n(a — y))

n=1

is again a solution of (1.15). Therefore, if {¢, } is a sequence of real numbers
for which the series

u(z,y) = Z ¢ sin(ne) sinh(n(a — y)) (1.19)

n=1

converges uniformly together with its first and second derivatives on the
compact sets of 0, w[x]0, a[, then

(3 ) =)

and the function u(z,y) in (1.19) solves (1.15). This concludes the first
step in which we have found a family of solutions, the functions in (1.19),
of (1.15).
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The second step consists now in selecting from this family the solution
of (1.14). In order to do this, we need some regularity on the boundary
datum g.

Let g(x) : [0,1] — R be of class C%([0,7]), i.e., let us assume that
there exists a constant C' > 0 such that

lg(z +1t) — g(x)] < Ct* Ve, z+t € (0,7, (1.20)

and let g(0) = g(7) = 0. Denote still by g its odd extension to [—m, 7]. It
follows from Dini’s criterium for Fourier series, see e.g., [GM3], that g has
an expansion in Fourier series of sines that converges pointwise to g(x) for
every z € [0, 7],

g(z) = Z b, sin(nx), by, == — /OTr g(z) sin(nz) dz.

Trivially, o o
bn| < —/ lg(x)|dz  Vn
T Jo

and, from (1.20), we infer that the convergence of the Fourier series of g
is uniform in [0, 7], see e.g., [GM3].

1.6 Theorem. The function

= sinhn(a—vy) .
= n———F———8 1.21
u(z,y) ; b — 3 ——sin(nz) (1.21)
is of class C>(]0, 7[x]0,a[), continuous in C°([0, ] x [0, a]), harmonic and
solves (1.14).

Proof. Since {bn} is bounded and

sinhn(a — y) _ enla—y) _ g—nla—y) nyl— e—2n(a—y) e "y

=e < s
sinhna ena — e—na 1—e2na = 1—¢20
we infer that the series (1.21) is totally (hence uniformly) convergent together with the
series of its derivatives of any order in [0, 7] X [y, a] for all ¥ > 0. It follows that w is of
class C'°°(]0, 7[x]0, a[) and harmonic in (]0, 7[x]0, a[).
Writing

sinhn(a —y) .
——————“ sinnx,
sinh na

N
(@ 9) = 3 b
n=1

we have sy (z,0) = 25:1 bn, sinnz = Sy (g)(z). Since the Fourier series of g converges
uniformly to g, we infer for all € > 0

|sar(x,0) — sy (z,0)] < e for some N, M > Ne.
Trivially,
S]M(xv y) - SN(xv y) =0 if (xv y) = (07 y) or (07 TI') or (CE,[I)

and sy (z,y) —sar(x, y) is harmonic in ]0, 7[x]0, a[ and continuous in [0, 7] X [0, a]. From
the maximum principle it follows that

[sni(z,y) — sn(z,y)| < e in [0, 7] x [0, a] for N, M > Ne.

In conclusion, the series (1.21) converges uniformly in [0,7] x [0,a]. It follows that
u(z,y) € C°([0, 7] x [0, a]) and u(z,0) = g(z) Va € [0, 7]. O
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b. Laplace’s equation on a disk

The Dirichlet problem for Laplace’s equation on the unit disk writes, see
e.g., [GM4], as

firs et dw =0 WD

u(1,0) = f(0), Vo € [0, 2n].

By applying the method of separation of variables, we begin by seeking
nonzero solutions of Laplace’s equations in the disk of the form u(r, ) =
R(r)©(0), finding for R and ©

T2 R// TR/ @//
R "R @
Therefore, there exist nonzero solutions of Laplace’s equation in the disk
of the form u(r,0) = R(r)©(0) if and only if there is A € R for which the
two problems

{@"H@ -0, o {TQR”—H”R' — AR, 0<r <1,

O 2m-periodic, R(0) e R

have solutions. The first equation, ©” + A0 = 0, has nontrivial 27-periodic
solutions if and only if A = n?, n = 0,41, 42,.... Moreover, the solutions
are the constants for A = 0 and the vector space generated by sinnf and
cosnf for n # 0. Solving the second equation for A = n?, we find that R(r)
has to be a multiple of 7" or of »~™. Since R(0) € R, we find R(r) =
when A = n2. In conclusion, for all n > 1, the functions

r™ cosnb, r" sinnf

solve Laplace’s equation in B(0, 1) and, because of the superposition prin-
ciple, for all choices of {a,} and {b,} the function

N
un(r,0) = % + Z r" (a, cosnb + by, sinnl)
n=1

is harmonic. Moreover, if {a,} and {b,} are equibounded, then the series
_ a0~ a :
u(r,0) := 5 —|—WZ::1T (an, cosnl + by, sinnh) (1.23)

converges totally, hence uniformly, in B(0,rq) for every ro < 1 together
with the series of its derivatives of any order. It follows that the function
u in (1.23) is of class C*°(B(0, 1)) and harmonic. It remains to select the
solution of (1.22) from the family (1.23).

Following the same path as for Theorem 1.6, we conclude the following.
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1.7 Theorem. Let f € C%*(0B(0,1)) and {a,}, {b,} be the Fourier
coefficients of f so that

= ?0 z:: ay, cosnb + b, sinnb)

uniformly in [0, 27]. Then the function

u(r,8) := a_20 + Z r"(ay cosnb + by, sinnf) (1.24)

n=1
is of class C°(B(0,1)), agrees with f on AB(0,1) and solves (1.22).

1.8 Poisson’s formula. We now give an integral representation of the
solution u in (1.24). Since the series (1.24) converges uniformly, we have

1 s
urd):= 5o | (o) de
Z )[cos né cos np + sin nfd sin np| dp
1 (" 1 .
= - f(@)(§+2r cosn(&—cp)) de,
- n=1
and, since
(12 +1 — 2rcosf) Zr” cosnf = rcosf — 2,
n=1
ie.,

(r2+1—2r0059 ( —|—Zr coan) (1—r ),

we conclude that u is given by Poisson’s formula

_ 2 T —_—
u(r,0) = 127r [ﬂ 1+r2—£§fj)s(0—cp) dy Y(r,0) € B(0,1).
(1.25)

In particular, we infer the so-called formula of the mean:

w(0) = u(0,0) =

o ) flp)dp
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1.9 Continuous boundary data. If the boundary data f is only con-
tinuous, we cannot use the method of separation of variables to solve (1.22)
due to the difficulties with the expansion in Fourier series of merely con-
tinuous functions, see [GM3]. It turns out that Poisson’s formula is very
useful. Let f € C9(0B(0,1)) and let

_ 2 [T
u(r, 0) = - - /ﬁ s —J;fﬁs(e—@) dp  Y(r,6) € B(0,1).
(1.26)

If we reverse the computation to get (1.25) from (1.24) in B(0,7), r < 1,
we see that (1.26) defines a harmonic function in B(0,1). Moreover, the
following proposition holds.

1.10 Proposition. The function u(r,0) defined by (1.25) for r < 1 and
by u(1,0) := f(0) is the unique solution in C*(B(0,1)) N C°(B(0,1)) of
Au=0 n B(0,1),
u=f on 0B(0,1).

Proof. It suffices to show that u(r,0) — f(6o) as (r,0) — (1,60). Since the unique
harmonic function with boundary value 1 is the function 1, we have

1—r2 /W 1
dp =1,
2 J_p 1472 —2rcosyp

hence

w0 =00 = : 27 /,7r 1+ ré(f)%‘ i(sa(oe)f ®) 4

B ELy e CESES ()
27 J_p 1472 —2rcos(0 — 0y — 1)
Let € > 0. By assumption there is 6 > 0 such that |f(0o + v) — f(00)| < €/2 if |¢| < 6.

We rewrite the last integral in (1.27) as the sum of the three integrals ffﬂ + fi; +J7.
We have

(1.27)

.

’1—7“2/5 f(Bo + ) — f(6o)

d
2 J_s1+ 72 —2rcos(6 — 6y — 1) w’

_fl_rz/ﬁ 1 dyp = <.
2 27 J_p1+4+7r2—2rcos(d— 0y —1p) 2
On the other hand, if |0 — 0p| < §/2 and || > &, we have 1+ 12 — 27 cos(d — 0y — ) >
72 + 1 — 27 cos §/2. Therefore, we may estimate the other two integrals with
1—r2
sup
1472 —2rcos(6/2) zeaB(0,1)

1£(2)1,

that tends to zero when r — 1. [}

1.11 Hadamard’s example. The series

u(r,8) := a_20 + Z r"(ay cosn + by, sinnf)

n=1
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defines a function u of class C*°(B(0,1))NC°(B(0,1)) harmonic in B(0, 1)
if

oo

Z|an|+|b| ) < 4o00.

n=1

On the other hand

1 2 12 ? 2, 1 2
- |Du|*dx = = do [ (lur|]” + —luel")rdr
2 B(0,p) 2 Jo 0 r
=7 Z np*™(a? + b2).
n=1

Therefore, we conclude that there exist harmonic functions in C?(B(0,1))N
C°(B(0,1)) with divergent Dirichlet’s integral, if, for instance, we consider

:Z @n)ty, blnnﬁ 0<r<1, 0<0<2m.

c. The heat equation

By applying the method of separation of variables to the equation u; —
kuz, = 0, it is not difficult to find that

g Cpe kRt gin na

is smooth in ]0, w[x]0, T'[ and solves

up — kg, =0, in 10, 7[x]0, + o0,
u(0,t) =0, u(m,t)=0, Vt>0

provided the coefficients {c,} do not increase too fast. Let f be Holder-
continuous with f(0) = f(7) = 0. We may develop it into a series of sines

oo 2 T
= Z by, sinn, by, == —/ f(t)sinnt dt
n=1 TJo
that converges uniformly in [0, 7] and conclude that the function
oo
2
t) = Z bpe~™ ¥t sinng
n=1

is smooth in ]0, 7[x]0, +00[, continuous on [0, 7] x [0, +oo[ and solves the
initial boundary-value problem
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Ut — ktgy =0, in 10, [ x]0, o],
uw(0,t) =0, u(m,t)=0 Vt>0,
'LL((E, 0) = f(‘r)a x € [Oa 77]‘

We leave to the reader the task of justifying the claims along the same
lines of what we have done for the Laplace equation.

d. The wave equation

Similarly to the above, given a > 0 and f € C%([0,n]) with f(0) =
f(m) =0, one can find that (at least formally) the solution of the problem

gt + 2au; — ug, =0 in |0, 7[x]0, +o00],
u(z,0) = f(x) v €]0, 7],
ug(2,0) =0 YV €]0, x|,

u(0,t) = u(m,t) =0 vt >0

for the wave equation with viscosity is given by
o0
u(x, t) := Z b Ty (t) sinnex,
n=1
where

2 s
by, == —/ f(z)sinnz dz,
T Jo

and

e~ %[coshva? — n2c2t + = sinh a? — n262t) ifn <2,

To(t) = e~ (1 + at) ifn =2,
—at Va2 —n22t a inva2 — n2c2t i a

e~ cosvVa nct—i—\/msm a nct) ifn > 2.

We leave to the reader the task of discussing the convergence and of proving
in particular that

(i) u(x,t) converges uniformly in 0 <t < ¢, for all ¢, since f is Holder-
continuous,
(i) u is of class C? if the second derivatives of f are Hélder-continuous,
(i) w(z,t) = 2(f(z +ct) + f(z —ct)) if a = 0.
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1.2 Lebesgue’s Spaces

We say that two measurable functions f and g on E are equivalent, and we
write f ~ g, if the set {x € E| f(z) # g(z)} has zero Lebesgue measure,
that is, if they agree almost everywhere, a.e. in short. This is, actually, an
equivalence relation, i.e., it is reflexive, symmetric and transitive. Thus,
functions that agree a.e. may be identified. However, in the presence of
extra structures, for instance, when taking the sum of functions or limits,
we need to check that these structures are compatible with the meaning
of equality. Fortunately, it is easy to show that operations on measurable
functions are compatible with the a.e. equality; for example

(i) if f1 ~ f2 and g1 ~ g, then fi1 + g1 ~ f2 + g2,
(ii) if fx ~ gk, f ~ g and fr — f a.e., then g — g a.e.,

and so on.
From now on we shall understand equality in the sense of a.e. equality
and we shall make use of the equivalence class [f] of f only if it is necessary.

1.2.1 The space L™

If f: E — R is measurable on £ C R”, that from now on we assume to
be measurable, we define the essential supremum of f on E to be

[|flloo, & : = esssup |f] := inf{t € R’ Hz € E|f(x)] >t} 20}
E
:inf{t € R‘ |f(z)] <tforae xe E}

and, of course, ||f||co,g = 400 if {z € E| f(x) > t}| > 0 Vt. When the
set E is clear from the context, we write || f||co instead of || f||co, . Notice
that

lf (@) < |flloo.E for a.e. x € E. (1.28)

In fact, if
Avi= {w e B|I@] > Ml + 1}
A={z e B[If@)] > lfllxe ]

we have |Ag| = 0 for all k, hence we have |A| = 0 since A = UpA;. A
trivial consequence of (1.28) is that for measurable functions f and g we
have

/ |f (@)l g(z)| do < ||f||oo,E/ lg(z)| dz; (1.29)
E E
in particular,

/E F@)|dx < [|f]loo.z || (1.30)
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1.12 Proposition. Let f and g be measurable on E C R™. Then we have

(1) |fllec =0 if and only if f =0 a.e.,
) 171l = llgllo if £ = g ac.,
(i) [[Aflloc = Al [[f]loc VA € R,
(iv) [1f + gllse < [Iflloe + [lglloo-

Proof. (i) and (ii) follow from the definition. (iii) is trivial. For (iv) it suffices to observe
that since [f(z)] < ||f]leo and |g(z)| < [|glleo a-e., then [f + g|(z) < [|f]loo + |lglloo
a.e. [m]

1.13 Definition. We denote by L>®(E) the space of (the classes of a.e.
equivalence of ) measurable functions on E with || f||ce,5 < 400,

L™(E) = {[f] ‘ f measurable, ||flloo,E < —|—oo}.

Proposition 1.12 yields that L>°(E) is a vector space with || f||cc, £z as norm.
Actually, we have the following.

1.14 Theorem. L*°(E) is a Banach space.

Proof. Consider a sequence {f} of measurable functions with ||f, — fk|lcc — O as
h,k — oo. We have |fp(z) — fr(x)| < |[fn — fillco except on a set Z, i of zero measure.
If Z := Up xZn i, then, again, |Z| = 0 and |fy,(z) — fr(z)| < ||fn — frlloo at every point
of E\ Z. Therefore, {f1} is a Cauchy sequence for the uniform convergence on E \ Z;
thus, it converges to a function f : E'\ Z — R that is measurable on E. Moreover, for

every € > 0 there exists k such that |f(z) — f(z)] < e Vz € E\ Z and k > k; therefore
f e L>®(E). O

1.15 Remark. In general, L>°(F) is not separable. For instance, the fam-
ily {f+} of functions f;(x) := xo,4(x) in L>°([0,1]) is not denumerable and
is not dense in L>°([0,1]) since ||fi — fs||lco = 1 when t # s.

1.16 9. The convergence in L°°(FE) is the a.e. uniform convergence. Show that || fx —
flloo — 0 if and only if there exists a set N C E with |N| = 0 such that {fx} converges
to f uniformly on £\ N.

1.17 Theorem (Egorov). Let {f,} and f be measurable on A. Suppose
that |A| < oo and that f, — f a.e. on A. Then, for every positive € > 0
there is a measurable subset A, of A with |Ac| < € such that f, — f
uniformly on A\ A..

Proof. Since f, — f for a.e. x € A, the set
Cj = {CE €A ‘ H{kn} such that | fy, (z) — f(z)| > 277 Vn}
has zero measure for all j. Set
> .
iy = U{eea|lfa@ - 1@)>277 };
n=t
we have N;C;; = Cj, hence |Cj;] — 0 as ¢ — o0, since |A| < oco. For every integer j,

choose now i = i(j) in such a way that |C;( ;| < €277 and set Ae := U;Cy(5);- Clearly
|Ae] < € and fn — f uniformly on A\ Ae. [}
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1.2.2 LP spaces, 1 < p < 400

a. The LP norm
Forpe R, 1 <p< +00, and f measurable on £ C R"™, we set

1/p
1 llpz = ( [ da:)

and shorten it to ||f||, if E is clear from the context. Notice that

(i) ||fllp =0 if and only if f =0 a.e.,
(i) [[Afllp = A f]p VA € R.

Let 1 < p < +o0. The number p’ € [1,+o0] such that 1/p+1/p' =1is
called the conjugate exponent of p, and

4+oo ifp=1,
p = S ifl<p < oo,

1 if p = 0.

1.18 Proposition (Hdélder’s inequality). Let 1 < p < +o0 and let f
and g be measurable functions on E. Then

/E [f(@)g(@)| dx <||fllp.z 9]l .5 (1.31)

where p' is the conjugate exponent of p.

Proof. If p = 1, then |f(z)g(z)| < |f(x)||l9]lco,e V& € E, and the claim ||fg||1,r <
[1f111,E |9]lo, £ follows by integration. If 1 < p < 400, the claim follows from Young’s
inequality ab < aP/p + b?' /p’ Va,b > 0, see [GM1]. In fact, if I fllp,2 or ||gllp,E is
infinite, or f = 0 or g = 0, the claim is trivial; otherwise, it suffices to apply Young’s
inequality with

f(z) po 9@

a = =
1 £lp.2” llgllp, &

and integrate. O

From Hélder’s inequality, we infer Minkowski’s inequality.

1.19 Proposition (Minkowski’s inequality). Let 1 < p < +oo and let
f and g be measurable on E. Then

NF+9llp. e < | fllp,2 +l9llp, 2-

Proof. The claim is trivial when p = 1. Assume now p > 1.
(i) If || f + gllp,r = 0 the claim is again trivial.
(ii) If || f + gllp,r = oo, by applying the inequality

lal” < (Ja — b + [b])” < 2P~ (Ja — bIP| + [b]P)
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with a = f(z)+g(z) and b = —g(x), we infer that either || f||oo,z = 00 or ||g||oo,E = 00,
or both, hence the claim holds.

(iii) When 0 < ||f + gl|p,r < +o0, from Hélder’s inequality we get
1+l 5 = [ 1 +aP17 +gldo

< [1r+arintdo+ [ 17+ g tiglde

<+ 9155 (U llp, 2 + lgllp, 2)-
Then the claim follows dividing by ||f + g||£351, O
1.20 Definition. Let E C R™ be a measurable set. We denote by LP(E)

the space of (classes of a.e. equivalence of ) measurable functions on E with
1l < 400,

LP(E) = {[f] ‘ f measurable, ||f|l, < —1—00};

we say that f is p-summable on F if f € LP(E).

From Proposition 1.19, clearly LP(E) is a vector space and [|f]|, is a
norm on it. Moreover, we have the following theorem.

1.21 Theorem. LP(E) endowed with the norm || ||p.g is a Banach space.

Proof. We show that if f;, € LP(E) and > 32, ||fxllp < +oo, then there exists f €
LP(FE) such that ||f — Z;?:l fillp = 0 as k — co. As we know, see Proposition 9.15 of

[GM3], this property is equivalent to the completeness of LP(E).
Thus, let 332, fi(x) be a series in LP(E) that totally converges in LP(E), that is,

oo
D wllp B < oo
k=1

Set g(x) := 372 |fx(x)]. The triangle inequality and Beppo Levi’s theorem yield

oo
gllp.2 < D N1 fxllp.2 < 4005
k=1

in particular, ¢ € LP(FE) and g(x) < 4oo per a.e. x € FE. Therefore, the series
> a2 fr(x) converges absolutely for a.e. z € E to a measurable function f on E

n
Z fr(z) — Z fr(z) =0 for a.e. x € E.
k=1 k=n+1
Since
sup | G )| < sup S 1@ < o) € LP(B),
k=n-+1 ™ k=n+1
the claim follows from Lebesgue’s dominated convergence in Exercise 1.22 below. [}

1.22 9. Prove the following variant of Lebesgue’s dominated convergence theorem, see
[GM4].
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Theorem (Lebesgue’s dominated convergence theorem). Let 1 < p < oo, let
E C R™ be measurable, and let {fi} and f be functions in LP(E). If

(i) fx — f a.e. on E,
(ii) there is g € LP(E) such that |fx(x)| < g(x) for all k and a.e. x € E,

then fr — f in LP(E).

1.23 9. Notice that the proof of the completeness of LP is nothing but a theorem of
integration term by term for a series, see [GM4].

1.24 Proposition. Let {f,} be a Cauchy sequence in LP(E), 1 < p < oo.
Then {fr} has a subsequence which converges a.e. on E.

Proof. We can extract a subsequence {gx} of {fr}, gk := fn,, such that

llgkt1 — gllp,e <27F  Vk.
Set

F(z):=|g1(@)| + Y lgr+1(2) — gx(@)].
k=1

Beppo Levi’s theorem yields

oo
1Fllp, e < llgrllp, 5+ D 19k+1 = gkllp, £ < +o0,
k=1

hence F(z) < +oco a.e. We conclude that the series g1(x) + > 7o (grt1(z) — gr(x))
converges absolutely for a.e. x € E to a function f(z), and

oo

[f(z) — gr(z)| = Z lgnh+1(z) — gn(z)] — 0 for a.e. x € E.
h=k+1

b. Approximation

As a consequence of Lusin’s theorem, see [GM4], we now prove the density
of smooth functions in LP.

1.25 Theorem. Let1 < p < +o00. The space C°(R™) is dense in LP(R™).

Proof. Since for every bounded open set Q@ C R”, C°(Q) is dense in C2(2) with
respect to the uniform convergence, see [GM3], (and, a fortiori, with respect to the
LP-convergence), it suffices to show that if f € LP(R™) and € > 0, then there exists a
function g € C2(R™) such that [, |f — g| < 2¢. Fix ¢ > 0 and choose N large enough
so that for

N if f(z) > N and |z| < N,
F() i (@) < N and |a] < N,
—N if f(z) < =N and |z| < N,
0 if|z|>N

In(z) =

we have [, |f — fn[Pdz < e’. We can do this since [, |f — fy[Pdz — 0 as N — oo
because of Lebesgue’s dominated convergence.
Lusin’s theorem, see [GM4], yields the existence of a function g € C2(Q) such that
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lolloo <lifnlle <N and  [{ze@|o@ # v} < (55)"
We therefore find

€
1f = gllprn <N = INllpre + [IfN = gllpre < E+2NW = 2e.

As in [GM4] we can also prove the following.

1.26 Proposition (Continuity in the mean). Let 1 < p < +o00 and
f e LP(R™). Then

/ |f(x+h)— f(z)|Pdx — 0 as h — 0.

Let k be a (symmetric) smoothing kernel. For f € LP(R™) and € > 0
denote by

fe(@) = [ fy)ke(r —y)dy

R’IL
the e-regularized of f. We have the following theorem.

1.27 Theorem. Let f € LP(R™), 1 < p < 4o00. Then f. is well-defined
and of class C>(R™). Moreover,

[ arae< [ i@

and
/ |fe — fIPdx — 0 as € — 0.
RTL

Proof. For p = 1 see [GM4]. We proceed similarly for p > 1 by using the Holder
inequality. We have

|fe@)IP = ‘ /]R f@ke(x —v) dy‘p = ] /]R kel (@ —y) ke ™7 (@ —y) dy

P

p—1
< ([ re-va)" [ ke -na= [ 156k -
This proves that fe is well-defined and that fe € C°°(R™) as for p = 1, see [GMA4].

Integrating the previous estimate, changing variables, and interchanging the order of
integration with Fubini’s theorem, we find

L @< [ (/R ONCE z)lpdz) da
= Jpn e dZ( /R - z>|de) = /R @) da.

In order to prove the convergence of fe to f, we notice that

e@) = 1@ < [ 15w = f@lkele = v)dy

taking the power p, using Holder’s inequality and integrating in x, we get

L@ - t@praa< [ [ i@=2 - @k dea:

and the conclusion follows from Proposition 1.26 as in the case p = 1. [}
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c. Separability

1.28 Proposition. Let 1 < p < 4+oco. The class Sy of measurable simple
Junctions with supports of finite measure is dense in LP(R™).

Proof. We may and do restrict ourselves to considering nonnegative functions f €
LP(R™). Consider an increasing sequence {¢y } of measurable simple functions converg-
ing pointwise to f. Of course, ¢ € LP(R™) for all k since f € LP(R™) and the support
of each g’s has finite measure since ¢, take a finite number of values. Finally, Beppo
Levi’s theorem yields || f — ¢k||p — 0. O

1.29 Theorem (Separability of L?). Let 1 < p < 400 and let E C R
be a measurable set. Then LP(E) is separable.

Proof. First consider a measurable set A C R" of finite measure. As we know, for every
e > 0 we can find a finite union P of intervals such that | AAP| < ¢, see Proposition 5.12.
Moreover, we may assume that the coordinates of the vertices of the intervals of P are
rational and still [AAP| < e, or, in terms of characteristic functions, ||[x 4 —xp|lp < €'/P.
Therefore, we conclude that the denumerable class R of characteristic functions of finite
unions of intervals with rational vertices is dense, with respect to the the LP distance,
in the class Sp of simple functions with support of finite measure.

Since So is dense in LP(R™), so is R, thus the claim is proved for E = R". To
conclude, in the general case it suffices to notice that the family R’ of restrictions of
the functions of R to E is dense to LP(E). O

d. Duality
1.30 Theorem. Let f € LP(E), E C R™. Suppose that

o either 1 <p < +oo,
o orp=+4o0 and {x||f(x)| >t} has finite measure Vt > 0.

Then
1l =sup{ [ Fade|g e 27 (B), llgllr.e <1},
E
Proof. If || f||p = 0, the claim is trivial. Set
’
Ly i=sup{ [ fodo|g e 17 (B)llglly.5 < 1}.
E
From Holder’s inequality we infer L, < ||f]|p, g Vp. Moreover:

(i) Tt p = 1, by choosing g(z) = sgn f(z) we get ||glloo < 1 and ||fls := [ f(2)g(z) da.
(ii) If 1 < p < o0 and || f||p,r < 400, by choosing

|f(z)[ P2
IIfllp)

g(x) = sgn(f(2)

we get ||gll, g =1 and ||f||p = [ fgdw.
(iii) If p = co and 0 < t < ||f]|oo, since E; := {|f(z)| > t} has nonzero and finite
measure, then g(z) := |E¢| " sgn(f(z))xE, (zr) € L'(E) is well-defined, ||g||1,z = 1 and

1 | Bt
L Z/f:r:g:r;d:p:— fldx > t—— =t.
*~ E (@)4g() |Et| Etl | | Ey|

Since t is arbitrary, then Loo = ||f||co- O



1.2 Lebesgue’s Spaces 23

Of course, we may extend the previous notions to vector-valued mea-
surable functions. For instance, we say that f : E C R" — RF is in
LP(E,R¥) if its components are in LP(E). It is readily seen that LP(E,R¥)
is a Banach space with respect to the norm

sl = (| IIf(x)Ilpdx>1/p

where ||f(x)|| denotes the norm in R¥ of the vector f(z).

e. L? is a separable Hilbert space

Of special interest is the separable Banach space L%(F). In fact, it is a
separable Hilbert space because its norm is induced by the inner product

(flg)2 = /E f@)g@)dz,  f.g€ LX(E).

Consequently, we may use all means specific to separable Hilbert spaces
such as the Dirichlet principle, the projection theorem, the existence of
complete orthonormal basis and the isomorphism with the space of se-
quences

(R) := {{an} ‘ i lan|? < —|—o<>}7
n=0

see [GM3] and Section 1.4 of this chapter.

Similarly, the space L?(E,C) of complex-valued functions with square
integrable modulus is a separable Hilbert space over C with hermitian
product given by

(flg)2 == /E f@)g(x)dz,  f.g € L*(E,C).

f. Means

The integral mean of a nonnegative measurable function on a measurable
set F of finite measure is defined by

o= fa)do = |%| | faas,

and for p > 1, we set
1/p
o) = (7 [ rwras) (132

1.31 Proposition. Let f : E C R® — R be nonnegative and measurable
on a measurable set E with |E| < 4+00. Then ¢p(f) = ||flloo,z as p —
+0o0.



24 1. Spaces of Summable Functions and Partial Differential Equations

Proof. For M < ||fl||co,E, the set A := {z||f(z)| > M} has positive measure, and

1A N
o) (15 [ ras) 20 (12)"

hence liminfy oo || f|lp,z > M, consequently liminfy oo ¢p(f) > |[f|loo,z- On the
other hand, by (1.28)

1 » 1/17_
or(8) < (o [ I pe) " = 1l

and the claim follows. [}

By Holder’s inequality

1/q 1/p
(7[ Iflqu> < (7[ |f|”> Vg 1<q<p<os,  (133)
E E

or, equivalently, for a fixed f, the map p — ¢,(f), p > 1, is nondecreasing.
Notice that (1.33) with ¢ = 1 and p = 2 is the well-known inequality
between the mean value and the root-mean-square value of f:

1 1 1/2
E/E|f|da:§(E/E|f|2dac> .

From Hoélder’s inequality, we can also deduce the following interpolation
inequality: For ¢ < r < p < oo we have

1Al < NI

where A is defined by the equality % = % +(1-=N 1—17. The last inequality
is equivalent to saying that the function p > log ¢1,,(f) is conver.
Inequality (1.33) is a special case of Jensen’s inequality.

1.32 Proposition (Jensen’s inequality). Let ¢ : R — R U {400} be a
lower semicontinuous convex function and let f be an integrable function
on a measurable set E of finite measure. Then ¢(f(x)) is integrable on E

" ¢(ﬁ [ 1@ dx) < [Lotr@)d. (1.34)

Moreover, if f is summable, ¢ is strictly convex and both terms in (1.34)
are finite, then equality holds if and only if [ is constant.

Proof. First we observe that ¢ o f is measurable since ¢ is lower semicontinuous. Next,

see Theorem 2.109 and Exercise 2.140, ¢(y) = SUP,es »(y) Yy € R, where S is the class
of linear affine minorants of ¢. For every affine map ¢ we clearly have

w(% [ 1@ dx) - ff' [ et

I Recall that “integrable” means either summable or nonnegative and measurable.
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hence Vyp € S
w(% [ 1@ dx) < 5 [ eva) i

It follows that fE ¢(f(x)) dz > —oo, hence ¢(f(x)) is integrable, and taking the supre-
mum we deduce (1.34).

Suppose now that f is summable, ¢ is strictly convex and both terms in (1.34) are
finite and equality holds. Let L := I%\ Jg f(x)de € R and let z = m(y — L) 4+ ¢(L) be

a line of support for ¢ at L. The function
¥(x) = ¢(f(x)) — p(L) — m(f(z) — L)

is nonnegative and its integral is zero. Hence ¢ = 0 a.e. in E. Since 1 is strictly convex,
for x € E such that ¥ (z) = 0 we have f(z) = L. O

1.33 § Jensen’s inequality for vector-valued maps. Jensen’s inequality extends
to vector-valued functions. Show that, if ¢ : R¥ — R is a lower semicontinuous convex
function, then ‘—él J g f(x) dz is in the convex envelope of f(E) and the conclusion of

Proposition 1.32 holds.

1.34 § Some important properties of means. Let f be a nonnegative measurable
function on a measurable set of finite measure. We already have proved that ¢, (f) —
[|f|loo,E as p — 4o00. Extend now ¢,(f) to a function defined on R by

1/p
(drforr@as) " itpro

ép(f) ==
exp (|1T\ [ log|f] dz) if p=0.

Show that

(i) ¢p(f) is well-defined for every p € R,

(ii) ¢p(f) is increasing on {p > 0} and {p < 0},
(iii) ¢p(f) is continuous on R, hence increasing on R,
(iv) ¢p(f) — essinf e g |f| as p — —oo, where

essinf|f] = sup{t| {z € B||f(@)] <t} =0},

(v) if ¢p(f) = ¢q(f) for some p # g, then |f] is a.e. constant,
(vi) p — log ¢1/,(f) is convex.

1.2.3 Trigonometric series in L2

Consider the complex Hilbert space L?(] -, 7[, C) endowed with the inner
product

(o) =5 | sy

and the trigonometric system {e***},cz. It is trivial to show that the
trigonometric system is orthonormal in L2:
1 s

— ektemiht gy — Oh k-
2r ).
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1.35 Theorem. The trigonometric system {e*'} is a complete orthonor-
mal system in L?(] — w,7[), that is, the finite linear combinations of the
trigonometric system, i.e., the trigonometric polynomials, are dense in
L%(] — m,m[).

Proof. In [GM3] we proved that for every 2m-periodic function f of class C'(R) the
Fourier series of f

el . 1 ™ )
Z cpettt, cp = —/ F(t)e ™t at,
2n ) _»

k=—o00

converges uniformly to f on R. In particular, the class T of (the restrictions to [—m, 7]
of) trigonometric polynomials is dense in the class P of (the restrictions to [—, 7] of)
27-periodic functions of class C' with respect to the uniform convergence on [—, 7).
In particular, T is dense in P with respect to the L2 convergence, T = P. On the other
hand, it is easy to show that Cl(] — 7, 7[) is dense in the class of 27-periodic functions

of class C with respect to the L? convergence, C! = P. Finally, by Theorem 1.25,
C}(] — m,x]) is dense in L2(] — m,7[), C! = L2. In conclusion T = P = C! = L2, i.e,
the claim. 0

Moreover, by rewriting the abstract Riesz—Fisher theorem, see [GM3],
for the Hilbert space L?(] — w,7[) and the trigonometric system, the fol-
lowing holds.

1.36 Theorem. The following claims are equivalent:

(i) {e™**} is a complete orthonormal system in L2.
(ii) Every f € L*(] — m,7|) writes as

+oo
f(t) = Z cpe'rt in the L*(] — m,m[) sense

k=—o00

where for k € 7

. 1 [T »
cr = (fle®* ) 2 = e (t)e™ M dt.

(iti) If {cktrez is such that Y72 _|cx|> < oo, then the trigonometric

series
—+o00
§ Ch ezkt
k=—oc0

converges in L2(] — m,w[) to a function f € L*(] — m, 7).
(iv) If f € L?, f(t) = ;j;”ioo cpe®t, then the energy equality

1 [7 =
[ OPd=1fE= Y laP
- k=—o0

holds.
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(v) Let f(t) = S0 exe™ and g(t) = 2,025 dpe’™ be in L2(] —
m,mw[). Then
1 [7 > _
o | TWgtydt=3_ cxdy.
- k=—o0

(vi) [T f(t)e'kt dt =0 Vk € Z if and only if f =0 a.e.

1.37 Remark. It is possible to show that the trigonometric system
{e**} kez is complete in L%(] — 7, 7[,C) (or, equivalently, that {1,cost,
sint, cos2t, sin2t, ...} is complete in L*(] — m,7[,R)) by using (vi) of
Theorem 1.36. In fact, let f € L?(] — 7, 7[,C) and suppose that for every
element ¢(t) of the trigonometric system we have

! f(t)e(t) dt = 0.

—T

Then for every trigonometric polynomial P(t) € Py 2, we also have
F@)P(t)dt = 0.

Since trigonometric polynomials are dense among continuous 27-periodic
functions with respect to the uniform convergence, see the Weierstrass
theorem in [GM3], and continuous periodic functions are dense in L?, we
conclude that
s
Fa@dt=0  VgeL*(] - xl,C);

in particular,
| Jspae=o,

ie, f=0in L*(] — 7, ).

One can also prove, but we refer to the specialized literature for this,
that the Fourier series of f € LP converges to f in LP if 1 < p < co. Much
more delicate and complex is the pointwise and the a.e. convergence of the
partial sums S, f(¢) of the Fourier series of f to f(t) if f € LP, similarly to
the case of continuous functions, see [GM3]. Although the L? convergence
implies the a.e. convergence for a subsequence, the following holds.

1.38 Theorem (Kolmogorov). There exist periodic functions in the
space L'(] — m,w[) such that

limsup | Sy, f(t)| = +o0 Yt €] —m, 7.

n—r oo

1.39 Theorem (Carleson). If f € LP(] — m,«]), p > 2, then S, f(t) —
f @) for a.e. t.
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1.40 Theorem (Kahane—Katznelson). For every E C [—m, 7| with
|E| = 0, there exists a continuous 2mw-periodic function such that

limsup |Sy, f(t)| = +o0 YVt e E.

n— oo

1.2.4 The Fourier transform

Let f: R — R be a smooth function, and let fr be the restriction of f to
| =T, T]. We now think of fr as extended periodically in R. We may write
fr as a sum of waves with frequencies that are integer multiples of 27 /T
and amplitudes given by the Fourier coefficients of fr, i.e.,

+oo T/2 o o
fT(l') = Z (%/ fT(y)e—szy dy>elTk.’t.

k=—o00 —-T/2

If we let T tend to infinity, we find, at least formally,

+o0 400 ) i§x
to= [ ([ rweray) e

In other words, nonperiodic functions can be represented as superposition
of a continuous family of waves €’* of frequencies ¢ and corresponding
amplitude

fo = [ rwe e
When it makes sense, we define the Fourier transform of f: R™ — C
as
FiR* SR, f(&) = [ fla)e "¢°" du.
]R’n,
It is easily seen that, if f € L'(R), then

~

@) £l < Ifller V€ € R™, R
(ii) as a consequence of the Riemann-Lebesgue lemma, see [GM3], f is
uniformly continuous and

~

fl&)—0 per & — +o0,
(iii) if f is the impulse
1 ifze[-1,1],
Fla) = e
0 otherwise,

th
o v 28iné

f€) ¢

Notice that the Fourier transform of the impulse is not summable.
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a. The Fourier transform in S(R™)

The space S(R™) of rapidly decreasing functions is defined as the space of
functions f : R™ — R such that

sup [z*DP f(z)| < +o0
TER™

for all multiindices o and 3. Clearly S(R™) is a vector space, and x® f(x) €
S(R™) and D*f € S(R™) for all a; moreover, C°(R™) C S(R™) and for
every f € S(R™), there exists a constant C' > 0 such that

1f(@)] < CA+]z)~ D vreR (1.35)

1.41 Definition. For f € S(R™) we call Fourier transform J? of f the
well-defined function

fl©:= | fweirtar,  ger

We leave to the reader the task of proving the following two proposi-
tions.

1.42 Proposition. For all f € S(R™) and all multiindices o

~

(i) the Fourier transform of D® f(x) is (i§)* (),

o~

(ii) the Fourier transform of x® f(x) is (¢D)* f(£).
In particular, fe S(R™).

1.43 Proposition. If f and g € S(R™), then the convolution

[g(x) = . flz—y)g(y)dy

~

of f and g is a rapidly decreasing function and m({) = f(&)g(&) V¢ €
R™.

1.44 9. Prove that for a > 0 we have

fle) = — iff(z){o <o

a+ig e % ifx >0,
]?(f) = 61227;152 if f(x) = efalzl’
iy *22’6 . —eaT lf T < 0’
=5 £ f(x) =
7€) a2 +¢2 if f(z) {eaz oo,
&) = (@mn/2e~161%/2 if f(z) = e~ l=17/2,

[Hint. Concerning the last claim: From D; f(z) = —z; f () infer that D; f(§) = —¢&; f({),
j=1,...,n, and integrate.]
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We have the following inversion formula.

1.45 Theorem (Fourier’s inversion formula). The Fourier transform
is a linear automorphism of S(R™). Its inverse, called the inverse Fourier
transform, is given by

fa)i=2m) " [ e fede (1.36)

Proof. We need to compute

/ e”“ﬁ( f(y)e—iy'ﬁdy) de.
R R

Since the double integral is not absolutely convergent, we are not allowed to change
the order of integration. For this reason we proceed as follows: We choose ¢ € S(R™)
with ¥(0) = 1 and we compute, using the Lebesgue dominated convergence theorem
and (1.35),

[ F@enneac=tim [ weoficreivee ae

=tim [ ] st e

e—0

ty [ SR

lim - @+ e2)d(2) dz = f() P(z) dz.

e—0 R™

O

1.46 Remark. The inversion formula (1.36) now states (not heuristically)
that every f € S(R™) is the superposition of a continuum of plane waves
f(&)et=& ¢ € R", each with velocity of propagation ¢ and amplitude
f (&) .

Notice that the wave e?**¢ is up to a constant the eigenfunction of the
differentiation operator D associated to the purely imaginary eigenvalue
i&. In fact, if f € CY(R",C) is such that Df(z) = i{f(z), then f(z) =
Cei e .

1.47 Example (Heat equation). Consider once more in R” x R Cauchy’s problem
for the heat equation

{ut(x,t) = kAu(z,t) on R"™x]0,+o0], (1.37)

u(z,0) = f(z) Vr € R™,

where we assume f € S(R™) and u(-,t) € S(R™) for all t. By taking the Fourier
transformation of u with respect to z, (1.37) becomes

{gf(ﬁ,t) = —k|¢|?aE, ) (&,t) € R"x]0, 00],
(g, 0) = f(§) VE €R™,
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hence N R
e, t) = f(&e e
By setting

—n/2 ICCI2
900 (@) = 9(@,8) 1= (k) 2 exp (— T2 ),

—tk|€|?

we see that gy () = e , hence

—

(e, t) = FOTH (€)= [+ g (©),
therefore
w(w,t) = (f * g (z) = (@nkt)""2 [ f@—y)e” Hr dy
R (1.38)
=g /2 f(:z:—2\/Hy)e"y|2 dy.

]:RTL
If f > 0 has compact support and x € R™ and t > 0, clearly we can find y € R"™
such that = — 2v/kty is in the support of f, i.e., flx— 2\/51/) > 0: The last integral in
(1.38) tells us that u(z,t) > 0 Vt > 0, although u(z,0) may vanish. One says that the
velocity of propagation of the data is infinite.

b. The Fourier transform in L?

It is also easy to check the following equalities, the second of which is
known as Parseval’s formula.

1.48 Proposition. Let ¢, be in S(R™). Then
1) f]Rn $¢dx = f]Rn d”z;dxy

o~

(il) [n ¥ dz = (2m)7" [5. (i)idw
(ii) $x9 =00,
(iv) ¢ = (2m) "6 * .

Let f € L*(R™) and let {fx} be a sequence in C2(R™) with fr — f in
L?(R™). Parseval’s formula yields

1f5 = Fellee = @n) 7|5 — fill e

Therefore, the sequence {ﬁ} is a Cauchy sequence and converges in L2
to some function f that is easily seen to be independent on the sequence

that approximates f. We again call fthe Fourier transform of f € L?(R"™).
In other words, Parseval’s formula allows us to extend by continuity the
operator

F:SR") = SR,  F()E)=f(&=[ fla)e ' ** da,

R™

to a continuous operator F : L2(R") — L%(R™). If we denote f := F(f),
clearly the claims of Proposition 1.48 still hold; in particular, the following
identity, called formula of Plancherel, holds: For all f € L?(R™) we have
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2 _ T —n Y 2
| i@k de = o [ (fePR

i.e., F is an isometry of L*>(R™) with respect to the norm

1
W||f||L2(R")~

1.49 The principle of indeterminacy. For the sake of simplicity, sup-
pose that f has compact support and belongs to L?(R). The two quantities

s SlPU@Pd L, JLIEPIfQP de
B TR BT R a

are the expected values of x and & with respect to the densities f/||f||L2

and f/||f]| -

Proposition. We have

1
By B > 5.

Proof. From Plancherel’s formula
2 5 ey 2
2n [ If@f de = [ IF(@)P de,
R R

v 2 _ 2| 7 2
27T/R|f @) dxf/Rm 17e)[2 de

(= 1 2
[ RRe—— [P
we see that

(5 [1rwra) (3 [ iFer ) =2 [ era) 2
:%( [y @ i)

<on( [P ls@P ac) ([ 17@Far)

—([rerir@pa) ([ 12 1for ).

and the identities

and

[af@r @ =al" o
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1.3 Sobolev Spaces

The theory of Sobolev spaces plays a fundamental role in the study of
partial differential equations. Here we confine ourselves to illustrating a
few definitions and some basic facts that will allow us to substantiate the
Dirichlet principle.

a. Strong derivatives
Let @ C R" and 1 < p < +00. We say that u € LP(Q) has strong deriva-

tives vy, va,. .., v, € LP(Q) if there exists a sequence {uy,} of functions in
CH(Q) N LP(Q2) such that u,, — w in LP(Q) and D;u, — v; in LP(Q) for
all i =1,...,n. Proposition 1.50 shows that the strong derivatives of u, if

they exist, are unique and depend only on u and not on the approximating
smooth sequence used to define them. For this reason we denote them by
Du = (D1u, Dau, . .., Dyu).

1.50 Proposition. Let {u,} and {v,} be two sequences of functions in
CL(Q) N LP(Q) converging to u € LP(Q). If Du,, — g and Dv, — h in
L}, (), then g =h a.e.

Proof. Let ¢ € C2°(Q2). By Gauss—Green formulas

/ (Dijun — Dijvp)pdx = — / (un — vn)Djpdx,
Q Q

hence

<lun = onllLe[l|DelllLa,

/ (Dijun — Dijvp)p dx
Q

where % =1- % if p > 1 and ¢ = oo if p = 1. Taking the limit we conclude

/(g—h)godz:O Yo € C(Q).
Q
The claim then follows from the following lemma. 0

The following lemma is often referred to as to the fundamental lemma
of the calculus of variations.

1.51 Lemma. Let u € L}, (). If [ updz =0 for all p € C(Q), then
u=0 a.e. in Q.

Proof. First suppose that u is continuous and that u(zo) > 0 for some xzg € 2. Then
there is § > 0 such that v > u(xg)/2 in B(zo,d). If ¢ € C°(B(zo,d)) is nonnegative
and has nonzero integral, then

Oz/ugodz>M/ p(x)dx #£ 0,
Q 2 JB(z0.0)

a contradiction. If u is just in L}, (£2), we extend it to be zero outside Q and choose

a symmetric regularization kernel p. The function u * pe is in C°°(R™) and for all
P € CXP(Q) and € << 1, @ * pe is still in C°(R™) and

/(u*pe)godz:/ w (p * pe)dr = 0.
R’V‘L R"L

Thus u * pe = 0 in €2; consequently, u = 0 a.e. since u * pc — u in Llloc‘ [}
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It is convenient to state a variant of Lemma 1.51 which will be very
useful in the sequel.

1.52 Lemma (du Bois—Reymond). Let u € L}, () where Q C R" is
a connected open set. If

/uD,;goda:zO Vi=1,...,n, Yo € CX(Q),
Q

then u is constant a.e. in €).

Proof. Let u € C1(€). We have, integrating by parts,
/Diucpda::—/uDicpda::O Vo € C(Q).
Q Q

Lemma 1.51 then yields Du = 0, i.e., u constant in 2.

Let u € Lzloc(Q)' Again, we extend u to be zero outside €2 and choose a symmetric

regularizing kernel p. The function ue := u * pe is then in C*°(R"™), and, for all ¢ €
C(R™) and € << 1, e 1= @ * pe is in C°(R™), too, and (D;p) * pe = Dijpe. Now we
compute

/Diuecpda::—/ueDigoda::—/u(Dicp)*peda::—/uDicpeda::O.
Q Q Q Q

Consequently, u, is constant in €, since it is of class C'. It follows that u is constant

a.e. in ) since ue — u in Llloc' O

Clearly, every function u € C1(Q)NLP(Q) with Du € LP(Q) has strong
derivatives in LP that coincide with the classical derivatives. By approxi-
mation it is easily seen that the following holds:

(i) If u,v € LP(Q2) have strong derivatives in LP(€2), then also u + v and
Au for all A € R have strong derivatives in LP(€2).

(ii) If w has strong derivatives in LP(2) and v has strong derivatives in
L1(Q) where p,q > 1 and 1/p+1/q = 1, then uv has strong derivatives
in L(Q) and D(uv) = vDu + uDw.

(iii) If f € CY(R) is bounded and u has strong derivatives in LP, then
v := f(u) has strong derivatives in L? and D(f(u)) = f'(u)Du.

(iv) If u € LP(Q) has strong derivatives in LP and ¢ € C1(Q2), then

/Diugadx:—/uD,;goda:. (1.39)
Q Q

1.53 Definition. The Sobolev space H'P(Q), 1 < p < +o00, is the sub-
space of LP(§2) given by

HYP(Q) = {u e LP(Q) ’u has strong derivatives in LP(Q)}

and the map uw — ||ul|1,p defined by

ul [, = / (uf? + |Duf?) dz (1.40)
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is a norm on HYP(Q). The closure of C°(Q) (with respect to the || ||1,p
norm) is denoted by Hé’p(Q), Forp =2, H"? and Hé’z are pre-Hilbert
spaces with respect to the inner product

(o) = /(uv+(Du|Dv))dx. (1.41)
Q
H'“2(Q) and H)*(Q) are often abbreviated as H*(Q) and HL(Q).

1.54 Theorem. H'?(Q) and Hy"(Q) endowed with the norm defined by
(1.40) are Banach spaces. In particular, for p = 2, HY2(Q) and H}?()
are Hilbert spaces with respect to the inner product in (1.41).

Proof. Let {un,} C H"P(Q) be a Cauchy sequence with respect to the || ||1,, norm.
Then {un} and {Duy} are Cauchy’s sequences in LP, hence there exist w and g € LP
such that uy, — u and Du, — g. By a diagonal process, we find a sequence {vy} of
functions of class C1(Q2) N LP(Q) such that v, — u and Dv, — g in LP(Q). Hence

u € HYP(Q) and Du = g. Finally, Hé‘p(Q) is also a Banach space since it is a closed
linear subspace of H1P(Q). O

b. Weak derivatives
Let @ C R™ and u € L} .(Q). We say that u has weak derivatives

loc
V1, V2, ..., vp € L (Q) if for all i = 1,...,n we have

/ uDjpdr = —/ vip dx Y € C° (). (1.42)
Q Q

If u € CH(Q), then up € C1(), and the Gauss—Green formulas allow
us to conclude that the weak derivatives of u exist and are the classi-
cal derivatives of u. Formula (1.39) shows that the weak derivatives of a
function u € HP() exist and coincide with the corresponding strong
derivatives. Finally, it follows from Lemma 1.51 that the weak derivatives,
if they exist, are uniquely defined by w via (1.42). For these reasons, also
the weak derivatives of u, if they exist, are denoted by Diu, Dou, ..., Dyu.

1.55 Definition. We say that a function uw € LP(Q) is in the class
WLP(Q) if u has weak derivatives in LP(S). The closure of C1(Q) in
Whe(Q) is denoted by WyP ().

Let p be a symmetric smoothing kernel, p € C1(Q), where € is an open
set in R™, and, as usual, for € > 0 set p.(z) := ¢ "p(x/¢). Let us recall,
see Proposition 2.47 of [GM4], that for Q. := {x € Q| dist(z, IN) > €} we
have

(Digp) * pe(x) = Di(p * pe)(x) Vo € Qe

and for f € L1(Q)

£() (¢ * po) () dz = / (f * po) (@) o) de

Q
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if ¢ has support in Q.
Now suppose u € WP(Q). Then for all ¢ € CL(Q2) and all € sufficiently
small we have

[ (ayspyode= [ Dt pydo == [ w(Diexp)da
== /Q u((Dip) * pe) dz = — /Q(u % pe) Digp da

/ (Di(u % po))pdz,
Q

hence

D(u* pe)(x) = (Du) * pe(x) if x € Qy..

From the convergence properties in L” of the mollified sequence, we there-
fore infer that for any open set Q@ CC €, the mollified sequence {u.}

converges to u in W1HP(Q).
1.56 9. Prove that H}(Q) = W§(Q).

1.57 Theorem (Meyers—Serrin). H'?(Q) = WP(Q). This means that
for every u € WHP(Q) there exists a sequence {uy,} in WP (Q) N C1(Q)
such that u, — u in WHP(Q).

The reader can find the proof of this result in any of the many books on
Sobolev spaces. Here we prove a stronger result for a restricted class of
domains.

1.58 Theorem. Let Q@ C R" be a bounded open set that is star-shaped
with respect to one of its points. Then C*(Q) is dense in WHP(Q).

Proof. Suppose that €2 is star-shaped with respect to the origin and, for 0 < 7 < 1, set
ur(z) := u(rx) and Q) = {y:‘rill“xe Q}

According to the definition of the weak derivative, ur € WhP(771Q) and Du,(x) =
7Du(rz). Moreover,

ID(u —ur)llLr(e) < (1 = Dl[DullLe + [[Du — (Du)7||Le.

Hence ur — u in WHP(Q) as 7 — 1 because of the continuity in the mean, see Propo-
sition 1.26. Mollifying u, with a mollifying parameter ¢ = ¢(7) sufficiently small, the
claim follows at once. O
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c. Absolutely continuous functions
Let I C R be an interval of R, I =]a, b|.

1.59 Theorem. Let u € H'?(Ja,b]), p > 1. There is a continuous repre-
sentative U : [a,b] — R of u, that is,

u(z) —aly) = /y u'(s)ds Va,y € [a, b

where v’ denotes the weak derivative of u and u = U a.e. in [a, b]. Moreover,
if p> 1, then @ is Holder-continuous with exponent o :=1—1/p.

Proof. Consider a sequence {uy} € C1([a,b]) that converges to u in HYP(]a,b]), see
Theorem 1.58. The fundamental theorem of calculus yields

y
up(y) —ug(z) = / u,(s) ds Vz,y € |a,b]. (1.43)

It follows that the sequence {uy} is equibounded and equicontinuous in C°([a,b]). On
account of the Ascoli-Arzela theorem, see [GM3], a subsequence {ug,, } of {u} con-
verges uniformly in [a, b] to a continuous function @ : [a,b] — R. The first part of the
claim follows by letting n — oo in (1.43) with k = ky.

If, moreover, p > 1, because of Holder’s inequality we have

e *(/ 'ts 'pdS) oy

for all z,y € [a,b]. O

[u(z) —u(y)| =

More precisely, a celebrated theorem due to Giuseppe Vitali (1875—
1932), see Theorem 6.52 and Proposition 6.55, states the following.

1.60 Theorem. Let u € L'(Ja,b]). Then u € H%'(Ja,b]) if and only if u
has an absolutely continuous representative defined on |a,b]. Moreover, if
uw € L' is the weak derivative of u, then

o u(s+ h) —u(s)

/ _
u(s)_hao h

for a.e. s €]a,bl.

d. H'-periodic functions

As a consequence of the Riesz—Fischer theorem and the completeness of
the trigonometric system in L? we may state the following proposition.

1.61 Proposition. A function u belongs to H2(] — m,7|) if and only if
there exist two sequences of real numbers {ar} and {by} with Y ;- (1 +
k%)(ai + b?) < 400 such that

?0 + kZ:_l ay, cos kx + by sin kx) in L*(] — 7, 7). (1.44)

In this case, we have
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v (z) = Z(kbk coskx — kay sin kx) in L*(] — m, 7[),

k=1
1 (" 1"
ap == — u(t) cos kt dt, by = —/ u(t) sin kt dt
™ J_x L
and,
0,2 o 0o
lulld == (2 + Y (@ +03)  and (|3 = 7] k¥ ad +B]).

k=1 k=1

1.62 The isoperimetric inequality in the plane. We have seen in
[GM1] that Steiner’s argument allows us to prove that the circle is the
unique curve of prescribed length enclosing maximal area. We present here
an analytic proof due to Adolf Hurwitz (1859-1919).

Let C be a continuous closed curve that is piecewise of class C*, of
finite length L and parametrized by v(t) := (z(t),y(t)), where t = 2ws/L €
[0,27], and s be its arclength. Because of the choice of parametrization,

we have
L
V' () + () = 5r Vt for which +/(t) is defined.
T

Since z(t), y(t) € HY*(I), if ax,by and Ay, By, denote respectively the
Fourier coefficients of z(t) and y(t), we infer from Proposition 1.61 that

L? S 2 =
- :/0 (@2(0) + () dt = 7 S K202 + 02 + A2 + BY).
k=1

On the other hand, we may compute the area enclosed by C by means of
Stokes’s formula in the plane, see [GM4], and, from Proposition 1.61, we
find

27
A :={enclosed area} = —/ ydr = —/ y(t)a' (t) dt
c 0

= —WZ k(Akbk — akBk).
k=1

In conclusion,
L —4nA=212%" ((kak — Bi)? + (kby + Ap)? + (2 — 1)(A2 + Bg));
k=1
in particular, we get the isoperimetric inequality
L? > 47 A,

where equality L? = 47 A holds if and only if
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y(t)|-

y(ta) -

2(t1) o)

Figure 1.2. Arc-length parametrization is Lipschitz-continuous.

k‘a,k—BkZO,
kbp + A =0,
ar=bp, = A, =B, =0 Vk>2.

In other words, the equality L? = 47 A holds if and only if

A
z(t) = a_20 +aycost + by sint, y(t) = 70 — by cost + ay sint,

(0= 5)"+ (0~ 5) = £
L

i.e., if and only if C is the circle of center (ao/2, Ao/2) and radius 5=.

1.63 Remark. The previous proof shows that the circle encloses maximal
area among all closed curves of the same length that are piecewise of class
C'. Actually, the proof generalizes to show that indeed the circle encloses
maximal area among all continuous curves of finite length.

Let C be a continuous and closed curve of finite length L. As we know,
see [GM3], we may reparametrize C' by means of the arc-length parame-
ter s and the resulting parametrization v(s) = (x(s),y(s)), s € [0, L], is
Lipschitz-continuous, since

|z(s2) — x(51)] < PiPy < |52 — s1],
ly(s2) —y(s1)| < P1P2 < |s2 — 51,

see Figure 1.2.; consequently its components are absolutely continuous. By
Vitali’s theorem z(s) and y(s) are in H11(]0, L]), and the weak derivatives
2'(s) and y'(s) are the classical derivatives of 2 and y in a.e. point. In par-
ticular, |2/ (s)], |y'(s)| < 1for a.e. s and x(s) and y(s) belong to H?([0, L]).
Moreover, by Tonelli’s theorem, Theorem 6.56, we have z’ 24 yo =1
for a.e. s. In terms of the original parametrization (x(¢),y(t)) of C with
t =2rs/L € [0,27] of C, we have x(t) and y(t) € HY2([0,27]) and
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L2
20+ 1) = o for a.e. ¢ € [0, 27].
7r

From this point on, we can repeat word by word the argument in 1.62 for
piecewise-C'! curves to conclude.

e. Poincaré’s inequality

1.64 Theorem (Poincaré’s inequality). Let Q be a bounded open set
of R, n.> 1. For all u € Hy"(Q) we have

/ |u|? dz < (diam Q)p/ | Du|P dx. (1.45)
Q Q

1/p
i i= ([ 1Du i)
Q

is an equivalent norm to ||ul|1,, in HyP(Q),

1
1+ (diam Q)P

In particular,

ullf, < Tulf, <[l

Proof. Since Cg°(2) is dense in Hé‘p, it suffices to prove the inequality for u € C2° ().
Let a > 0 be such that

QC {x: (wl,xz,,..,x”)‘ —a<at <a}.
We have

Il 8
©
L)D(CC):/ ai(f,xz,,.,,ln)dg
— oo 071
and, using Holder’s inequality,

1 [*) 0 n|P "
el < @t [* |20 o[ de vaern.

Integrating first with respect to 2! and then with respect to the other variables, we get
(1.45). O

1.65 §. Poincaré’s inequality is false if €2 is unbounded in one direction, see Figure 1.3.

A second Poincaré-type inequality, again called Poincaré’s inequality
or Poincaré—Wirtinger’s inequality, is the following.

1.66 Proposition (Poincaré—Wirtinger’s inequality). Let Q@ C R"
be a cube (or a ball) in R™ and p > 1. There is a constant ¢ = ¢(n,p)
such that
/ |u — ugq|P dz < ¢(n,p) (diam Q)P/ | Dul|? dx (1.46)
Q Q

for all w € HYP(Q), where

i fyude= f
uq = — | u(x)dr =: fudzx
] Jo ™

denotes the mean value of u in €.
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1 k-t

Figure 1.3. Poincaré’s inequality does not hold in domains that are unbounded in a
direction.

Proof. Let Q := {:r: = (21, 2%,..., 2" |]2}| < a Vi} and u € C1(Q). For z,y € Q we

have
1 2
T ou 7 Ou -
u(:r:)fu(y):/ 71(§,y2,.,.,y")+/ —Q(xl,f,y5,,..,y")d§+,,.
yl O y2 Ox

+/ (', 2?,. . 2" €) de.
31"

By taking the power p, using Holder’s inequality and integrating in (z,y) € Q x Q C
R™ x R™, we get

‘/Q d:(:/Q lu(z) — u(y)|? dy < c(n,p)|Q]a? /Q |Du|P dx

< — /dx/|u:r; —u(y)|? dy.
1€2]

O

from which the result follows, since

—uglPdr = _
‘/Q|u uq|P dr = |Q|p ‘/ u(y)) dy

f. Rellich’s compactness theorem
The following theorem is a key result in the theory of Sobolev spaces.

1.67 Theorem (Rellich). Let 2 be a bounded open set in R™ and p > 1.
The embedding j : Hy"(Q) — LP(Q), j(u) := u, is compact. Consequently,
for every Q CC Q the embedding j : H'?(Q) — LP(Q), j(u) = wg s
compact, too.

Proof. Tt suffices to prove that the embedding j : H'P(Q) — LP(Q), j(u) = wu, is
compact if @ is a cube, since every function in Hé’p(Q) extends with zero value to

a function in Hé’p(Q) preserving the norm, @ being a cube containing 2. Finally, a
covering argument in conjunction with a diagonal process then easily leads to the proof
of the second part of the theorem.

Let us prove that the embedding j : H'P(Q) — LP(Q), j(u) = u, is a compact
operator. Let ¢ be the side of Q). Consider a subdivision in cubes Q1, Q2,..., Qs of Q
with disjoint interiors and sides o. Trivially,

u(z) dx| < ai“

o, | \ !
Uu, | = |—
@ IQJI Qj

Consider now the map j, : H'P(Q) — LP(Q) defined by
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Jo(w)(@) =3 ug, xa, @)
Jj=1

where XQ; denotes the characteristic function of Q;. Clearly, jo is linear and compact,
since its range is finite. Moreover, by Poincaré’s inequality

= Aol = [ =A@l dz =Y [ Ju(e) - ug, " do
Q j=17Q;

S
corS [ Ipupas=ov [ |Duris <ot
j=17Q; Q

hence
[ljo —jHB(HLp,Lp) = sup ljo (u) — j(u)| < o”.
Null1,p,@<1
Therefore, the compact operators j, converge to j as bounded linear operators from
HYP(Q) into LP(Q) as o — 0. Theorem 9.140 of [GM3] then yields that j is compact.
m}

Another proof of Theorem 1.67. An alternative and more direct proof is the following.
It suffices to prove that every sequence {u;} C HVP(Q) with supy, |[ug||1,p.q < o as a
sequence {uy,, } which is convergent in LP. Equivalently, it suffices to prove that the set
S = j({un}) C LP(Q) is relatively compact in LP. Since S is a closed set of a Banach
space, then S is complete. Let us prove that j(S), and consequently j(S), are totally
bounded. This implies that j(S) is compact, because of Theorem 6.15 of [GM3].

Let £ be the side of Q. Fix € > 0 and consider a subdivision in cubes Q1, Q2,..., Qs
of Q with disjoint interiors and sides o with o < e. Trivially,

1
lug,Q. | = ’—/ uy (z) de
@ |Q]| Qj

Next, consider the finite family G C LP(Q) of simple functions of the type

c
< —.
=S

g(x) = niexq, (x) + -+ nsexq, (),

where ny,...,ns are integers in | — N, N[, N > ¢/(ec™) and xq, denotes the charac-
teristic function of @Q;. It suffices to show that each uj has distance in LP(Q) less than
e from a suitable function g € G. Define

S
up(z) = Z uk,Q,; XQ; (2)-
i=1

By Poincaré’s inequality we have

S S
/ [ug, — u}|P dx < Z/ lug — up,q, | dz < c(n)o” Z/ | Duy|P da
Q j=17Q; j=1"Qj

< c(n)op/ |Dug|? < CoP.
Q

On the other hand, according to the definition of GG, there exists g € G such that
lg(z) —up(@) <e VzeQ,
hence

lur — gllor (@) < llur —uilloe@) + llup — gllzr@) < CoP +£7eP < CreP.
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1.68 Remark. We notice the following:

(i) The embedding H?(Q2) — LP(Q) is not compact if € is unbounded:
Think of 2 = R and of a wave that moves toward infinity.

(ii) In general, the embedding H'?(Q2) — LP() is not compact even if
Q is bounded (we shall not dwell on this); instead, it is compact if
Q is a bounded set with the the following extension property: Every
function u € H'?(Q) extends to a function & € HyP(A), A 2D Q
with

allipa < clfullipa-

For instance, a star-shaped domain enjoys such a property, compare
with Theorem 1.58.

g. Traces

Let Q be a bounded open set satisfying the extension property, in such a
way that for every u € H'?(£2) we can find a sequence of smooth functions
{un}, defined in an open set that strictly contains 2 and converging to u

in H?(Q2). In this case one can show that there exists a linear operator
T : HYP(Q) — LP(09) that is continuous,

| Tul|Lea0) < [|ull1,p

and that agrees with the trace operator Tu = u|pq on functions co'(Q)n

HYP(Q). The operator T, called the trace operator, extends the usual re-
striction operator to Q. Moreover, by approximating v € H'P(Q) with a
sequence of functions of class C1(A), A DD €, it is not difficult to show
that the Gauss—Green formulas for the approximating functions

/D,;ukdxz/ ug () vh(x) dH" 1 (z), i=1,....n
Q o9

pass to the limit as k — oo to get

/Diuda: :/ Tu(x) vg(x) dH™ (x), i=1,...,n.
Q o9

1.4 Existence Theorems for PDE’s

1.4.1 Dirichlet’s principle

We shall now read again some general results concerning the geometry of
abstract Hilbert spaces, see [GM3], in the case of the Hilbert space Hg (€2).
This allows us to state existence results for the Dirichlet boundary value
problem for Poisson’s equation.
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a. The weak form of the equilibrium equation

Let © be a bounded open set of R", let E be a vector field in Q of class
CL(Q) and let f € C°(Q2). On account of the Gauss—Green formulas, we
have seen in Section 1.1 that the equations

/ f(z)dx = FEevy dH™ ! VA CC Q admissible (1.47)
A aA

and
f(z) =div E(x) in Q (1.48)
are equivalent. Since (1.47) is meaningful even when E is just continuous,
we may regard (1.47) as a weak version of the equation div E = f in Q.
There is a different way of writing (1.48). Suppose E € C1(Q),
f € C%Q), and divE = f in Q. Multiplying (1.48) by ¢ € C°(Q) and
integrating in 2 we find

OZ/Q(divE—f)god:U

(1.49)
:/div(Eap)dx—/ EeDyp dm—/ﬂpdm
Q Q Q
and, since Fy vanishes near 0f2,
/ EeDyp dm—&—/f(pdxzo Yo € C (). (1.50)
Q Q

Of course, we may proceed conversely: If E € C1(Q2) and f € CY() satisfy
(1.50), from the Gauss—Green formulas we get
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/ div (Ey)dx = 0,
Q

hence

/(divE—f)godsz Yo € C°(2)
Q

and, consequently, div E = f in Q.

In conclusion, (1.48) and (1.50) are equivalent when E € C() and
f € C°%Q); on the other hand, (1.50) is meaningful even when E, f €
LY(€). This motivates the following definition.

1.69 Definition. Let E € L'(Q,R") and f € L*(Q). We say that E and
f satisfy the equation divE = f in the weak sense or in the sense of
distributions if

/(Engo + fo)der =0 Ve CX(Q).
Q

Summarizing, we have the following.

1.70 Theorem. The equilibrium equation (1.48) and its integral forms
(1.47) and (1.50) are equivalent if E € C1(Q) and f € C°(Q). Moreover,
(1.50) makes sense if E and f are in L*(Q), and (1.47) makes sense if E
and f are of class C°. Finally, the two weak forms (1.47) and (1.50) are
equivalent if E and f are of class CV.

Proof. We now have to prove the last claim. Suppose (1.50) holds with £ and f of class
CP, and let A CC Q be admissible. Let ¢y := %dist(A,@Q) and choose a symmetric

regularization kernel p(z) = r(|z|). If ¢ € CZ°(A), then ¢ * p. belongs to C°(Q2) for
every € < €g, hence

/Q(E*,De)-Dgodx:/Q E o ((Dy) * pe) dx:/Q E o D(¢p * pe) de

:—/Qﬂp*pedz:—/g(f*pe)sodx

by the assumption and since the kernel is symmetric. Since E¢ := E * pe and fe :=
f* pe € C*°(Q) and since p € CZ°(A) is arbitrary, we have

div Ee(x) = fe(x) Vo € A, Ve < €.
Hence, integrating in A and using Gauss—Green formulas in A, we get

/ Ecovg dH™ 1 +/ fe(x)dx = 0.
OA A

Since Ee — E and fe — f uniformly on the compact subsets of €2, passing to the limit

as € — 0 we conclude
/ Feva dH"! +/ f(z)de =0,
9A A

and since A is arbitrary, E and f satisfy (1.47).
Conversely, suppose (1.47) holds and let ¢ € C°(Q2). For t € R, set Ay := {z €
Q| e(z) <t} so that
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0A¢ = {z € Q| p(z) = t},
and set R := {z € Q||Dy(z)| > 0}. R is open and RN JA; is a smooth submanifold
with exterior unit vector given by
Dey(z)
va, () = 75—
' |De(x)|

according to the implicit function theorem. Moreover, 0A; N RC is closed, and by the
coarea formula, see Theorem 6.82, we have

Vo € 0A: N R,

+oo
0 :/ |Dy| dz =/ H"~1(0A: N R°) dt,
Re —o0

hence HA¢ N R® has zero H"~1 measure for a.e. t € R.
Therefore A; is an admissible domain for H!-a.e. ¢, and, for these t’s, we may apply
(1.47) to A¢ and 9A; for ¢ < 0: For a.e. ¢ < 0 we have Ay CC €, thus

D
/ Ee 22 qyn=t = Eeva, dH™!
oA,k | D¢l DANR

= Eeva, dH™ ! :/ f(z) dz,
OA At

whereas for a.e. t > 0 we have Q \ A; CC €, thus

D
/ Ee 22 ayr—t = —/ Eevgya, dH" !
AR [Del 8A:NR

=— Eevgya, dH" ™ = f/ f(z) dz.
DA Q\ Ay

Again by the coarea formula, see Theorem 6.82,

D +o0 D
/E.Dcpdz:/ Ee =% |D<p|dz:/ dt/ Ee—2 gyn-1
Q R [Del —o AR [Del

,/Oﬂodt/Q\At f(x)dx+/_ooodt . f(z) dw

/Q f(x)< - /0 T ey (@) di + / Ooo X0 (@) dt) dz

- /Q f(@)(max(p(x), 0) + min(p(x), 0)) dz

- / F@)p(x) da.
Q

b. The space H™!

Denote by H~! the dual space of H}(Q), i.e., the Hilbert space of linear
bounded applications L : H}(Q) — R normed by

[L(o)]

o lelle
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1.71 Proposition. F belongs to H=1(Q) if and only if there are functions
fos f1,- - fn € L2(Q) such that

F(p) = / (foQO + Zn: fiDi(,O) dx Yo € HY (), (1.51)
Q i=1
moreover,
el = mind [ (530 8| foti oo b 52
Q i=1

satisfy (1.51)}.

Proof. Let fo, f1, f2,---, fn € L%(Q) and

F(p) = /Q (fow+ Enj fiDip) da.
=1
Then

n n 1/2
IE(@)] < llfoll2llellz + D Ilfill2l|Digll2 < (IIfoII% +Z||fz'||§) llell1,2,

=1 =1

ie., F e H 1(Q) and

s (f (f§+§njf§)dx)”2. (153)
i=1

Conversely, if F € H=1(Q), by Riesz’s theorem there exists u € Hj such that

F(m:/gmw DueDg)dz, |lulli2 = |IF]l;

consequently, F' can be written as in (1.51) with fo := w and f; = D;u, and (1.52)
holds. O

c. The abstract Dirichlet principle

We recall from [GM3] the following Dirichlet’s abstract principle and
Riesz’s theorem.

1.72 Theorem. Let H be a Hilbert space with inner product (| ) and let
L:H — R be a linear bounded functional on H. The functional

1
F(u) = 5 (ulu) = L(u)
has a unique minimum point w € H. Moreover, ||[a|| = ||L|| and T is the
unique solution of the equation
(pla) = L(p) Vo e H. (1.54)

In particular, every element L € H* can be uniquely represented as inner
product via (1.54).



48 1. Spaces of Summable Functions and Partial Differential Equations

PARTIELLE

DIFFERENTIALGLEICHUNGEN

DEREN ANWEKDUNG AUP PHYSIKALISCHE FRAGEN.

VORLESBUNGEN

BEERNHARD RIEMANN

FOR DEF DRUCK BEARBEITET UND HERAUSOEGEREN

E. HATTEKDORFF

NIT I¥ B TEIT NNGESDEETEN EOLEFVIONEN

. BRAUNSCHWEIG, -
Figure 1.5. Jacques Hadamard (1865- BEUCE UND VERLLO Ve FRraIC IEWEG OXD soRK.

1963) and the frontispiece of the lec- HLEE
tures on differential equations by Georg
F. Bernhard Riemann (1826-1866).

d. The Dirichlet problem

Let © be an open and bounded set of R™. Because of Poincaré’s inequality
(1.45) the bilinear form

alu, @) = /Q DueDy dx (1.55)

is an inner product on H}(Q) that is equivalent to the standard one:

(ulp) = /Q(ugo—{— DueDyp)dz.

Moreover, given fy € L%(,R) and f € L?*(Q,R"), the linear functional
L: H}(Q) — R given by

L(y) ::/Qfoudx—&—/Q feDu dx (1.56)

is continuous, L € L(H},R). Theorem 1.72 with H = H}(Q), (u|p) =
a(u, ), and L given by (1.56) then reads as follows, taking also into ac-
count Proposition 1.71.

1.73 Theorem. For every fo € L*(Q,R) and f € L*(Q,R™) there ewists
a unique minimum point u of the integral functional

F(u) ::%/Q|Du|2dx—/ﬂfoudx—/ﬂf.Dudaz
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in H(Q). The minimum point W is also the unique solution of

/QDEngo dm:/g(fogo—i- f.Dgo)da: Yo € Hi(Q). (1.57)

Furthermore,

[ipapae < [ (53 +157) de
Q Q
As we have seen, (1.57) is a weak form of
—Au = fo—div f in Q,
and the trace of @ on 9 is zero since u € H{(L). Therefore we call a
function u € HE(Q) that satisfies (1.57) a weak solution of the Dirichlet

problem

(1.58)

—Au = fo—divf in ,
u=20 on 0f).

With this terminology, Theorem 1.73 can be rephrased as follows.

1.74 Corollary. For every fo € L?(2,R) and f € L?(2,R™) there ewists
a unique minimum point u of the integral functional

F(u) ::%/Q|Du|2dx—/ﬂfoudx—/ﬂf.Duda:

in H}(Q). Moreover, u is the unique weak solution of the Dirichlet problem
(1.58). Furthermore,

[iaas < [ (s 107) as

1.75 Nonzero boundary data. To the previous case we may subsume
the (weak) solvability of the problem

Au=0, in Q,
u=g on O}

when g € H(Q). In fact, the Dirichlet integral
1 2
F(u) === [ |Dul|*dx
2 Jo

has a minimum point in the class g + H}(Q). Setting v := u — g, this
amounts to minimizing among the v € H}(Q2) the functional
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Flw = F+9) =3 [ IDg+o)da

1 1
5/ |DU|2+/ DveDyg da:+§/ |Dg|? da
Q Q Q

thus, g being given, to minimize

1
Fi1(v) ::§/Q|Dv|2da:—&—/Q DveDg dx

in Hy (). By the Dirichlet principle we conclude that F; has a minimizer
v in HE(2), and that ¥ is the unique solution of

/ DveDyp dx+/ DgeDy dx =0 Vo € Hi(Q). (1.59)
Q Q
Since (1.59) is the weak form of

Av=-%" D;Dig=—-Ag inQ,
v=20 on 012,

we say that the unique function @ = g+ € g+ HJ () satisfying (1.59) is
the unique weak solution of

Au=0 in Q,
u=g on 0N).

1.76 Regularity. Deciding whether 7 is smooth or not according to the
regularity of the data is now a question answered by the so-called theory of
(elliptic) regularity, that we cannot discuss here. We only state a theorem
without further comments.

Theorem. Let 2 be a bounded open set with smooth boundary and let
g € HY(Q)NC%(Q). The unique weak solution u € H*(Q) of the minimum
problem

1 Jo, [Dul? dz — min,
u—g € Hy ()

or, equivalently, of (1.59), is of class C*=(Q) N C°(Q). Consequently, T is
the classical solution of the boundary value problem

Au=0 1in,
u=g on 0L2.
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1.77 Approximated solutions. Of course, the abstract methods of
Ritz and Faedo—Galerkin are both useful for approximating the solution
of (1.57).

Assume that {u,} C H}(Q2) is an orthonormal basis of H}(Q2) with
respect to the inner product (1.55). Then, for every ¢ € HI(Q), ¢ =
S g alp, un)uy, in Hi(Q), we write the operator L in (1.56) as

L(p) = L(un)a(p,un) Ve € Hy,
n=0

and the unique solution of (1.45) is

U= L(up)u, in Hj(Q)
n=0

by the Ritz method, see [GM3].

Alternatively, select a sequence of finite vector spaces V,, C Hg such
that U, V,, is dense in H}(Q), and for each V,,, let {e}, €%, ..., eg(n)} be a
basis of V,,. Then solve for u,, € V,, the finite-dimensional linear system

a’(ufhe;n) :L(e;n)a 1= 1,7]7(’”/)

By the Faedo—Galerkin result, see [GM3], the sequence {u,} converges in
H} to the unique solution 7 of (1.57).

e. Neumann problem

By applying the abstract Dirichlet principle to the Hilbert space H'()
we conclude the following.

1.78 Proposition. Let fo € L?(Q,R) and f € L?(Q,R"). Then there
exists a unique minimum point w € HY () of the functional

F(u) :=%/Q|Du|2da:+/g|u|2dx+/g(fou— f.Du)dx

in HY(Q) which is also the unique solution of the equation

/QDu.Dgp da:—&-/gugpda:z—/ﬁ(fo(p— f-D(p)dx Yo € HY(Q).

(1.60)
Moreover,

a2, < C / (fol? + 1 F2) dz.
Q
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Let us try to interpret (_1.60) assuming fo, f and w are sufficiently
regular, for instance f € C1(Q,R"), fo € C°(Q) and u € C?(Q).
Since (1.60) holds in particular for all ¢ € C°(Q2), u is a weak solution
of
—Au+u=—fy—div f, (1.61)

and, according to the regularity assumptions, it is also a classical solution
of (1.61). From (1.60) and (1.61) we then get

0:/ Du.Dcpda:+/u<pdx+/f0g0—/ feDy dx
Q Q Q Q

:/Q(DUngo +up+ fop— foDyp)d
—/Q(—divDu—Fu—&-fo—&-divf)apdx
/Du—f D +div (Du — f)pdz
/dw (Du — f)p) da

for every ¢ € C*(Q), and conclude by the Gauss-Green formulas that

/aQ ((Du— f).u9><pd?—t”‘1 —0 Ve Y,

that is,
d
o Duevg = fevg on 012,
dl/Q
44 heing the (external) normal derivative with respect to €.
In conclusion, (1.60) is a weak form of the Neumann problem

—Au+u=—fo+divf in{,

du (1.62)

— = fevg on 0N

dv
since solutions of (1.60) solve (1.62) provided that the data fo and f
and the solution are sufficiently regular. With this terminology, Proposi-
tion 1.78 then provides the unique weak solution of (1.62).

1.79 Approximation. The abstract Ritz and Faedo—Galerkin methods
apply also to approximating the weak solution of the Neumann problem
(1.60).

Assume that {u,} is an orthonormal complete system in H'(§) with
respect to the inner product of H!(Q)

(ulv) :== /Q(DU.DU + uv) dx.
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Figure 1.6. From E. F. Chadni Die Akustik: nodal lines obtained by spreading sand on
a metal plate fixed in clamps and then applying a violin bow to the edges of such plates.

Then, for every ¢ € H(Q), we have ¢ = > 7 (p|un) up in H'(2) and
the operator

Le) == [ (g = foDp)do. ()
writes as

L(p) =) L(un) (plun) Vo€ H'(Q);

[M]8

n

0
then the unique solution of (1.60) is
U= L(u)u, inH(Q)
n=0

by the Ritz method, see [GM3].

Alternatively, select a sequence of finite vector spaces V,, C Hg such
that U, V,, is dense in H'({2), and for every V,,, let {el, el ..., €pn)} be a
basis of V,,. Then solve for u,, € V,, the finite-dimensional linear system

(unlel) = L(el}), i=1,...,p(n).

The Faedo—Galerkin abstract result, see [GM3], implies that {u,} con-
verges in H*(£2) to the unique solution % of (1.60).



54 1. Spaces of Summable Functions and Partial Differential Equations

f. Cauchy—Riemann equations
Let f =u+iv:Q C C— C. The Cauchy—Riemann equations,

g—ch = zg—i in €,
take the weak form:
dp Oy _ % (().
; f (6_y Z%) dedy =0 Ve CX(Q;C). (1.63)

Suppose f € LY(Q) satisfies (1.63) and let p be a mollifying kernel in
R2. For € > 0 set Q, := {x € Q| dist(z,092 > €)} and let f. : Q. — R?
be the e-mollified of f, fc(z) := f * pe(x). Of course, f. satisfies the weak
Cauchy—Riemann equations and the classical one in €, as it is regular.
Therefore f. is holomorphic in €. Using the Cauchy formula, one sees
that f. — f not only in L' but also uniformly on compact subsets of
Q, and, actually, all the complex derivatives of f. converge uniformly on
compact sets in 2 to the corresponding complex derivative of f. Hence f
is holomorphic in €.

1.80 9. Provide all of the details of the previous claims.

1.81 §. Let f be holomorphic in € and let f. be the e-mollified of f via a spherical
symmetric kernel k(z) = k’(|z|). Show that

fe(z) = f(2) Vz € Q¢ := {z = Q‘ dist(z,00Q) > e}.

[Hint. Use Cauchy’s formula.

1.4.2 The alternative theorem

Let H = H}(Q), Q C R" being bounded and open. We shall now discuss
the existence of weak solutions of the Dirichlet problem for the Laplace
operator

—Au+ 2 u=fo—divf in €,
u=20 on 9f)

that is, of the existence of functions u € HE(Q) that satisfy

/ Due Dy dx—|—/\/u<pdx:—/(f0— feDy)dx Yo € Hy(Q)
Q Q o

(1.64)
where fo, f € L2(2). Observe the following.
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(i) As we know,
a(u,v) = / DueDv dz, u,v € HY ()
Q

is an inner product in H&.
(ii) For any u € L*(2), the map ¢ — [, u@dz is a linear functional on

L2(2) and hence on H}(€2). Consequently, by Riesz’s theorem, there
exists a linear operator K : L? — Hg(f2) such that

/ updr = a(Ku,p)  Yu€ L? Vo € Hi(Q). (1.65)
Q

Moreover, the embedding of H{ () into L?() being compact by
Rellich’s theorem, the restriction of K to Hg (into H}) is compact;
we also see from (1.65) that K : Hf — H{ is self-adjoint.

(iii) The linear operator

L(p) = —/O(fo— feDp)dr e HYQ)

is a linear operator defined on Hg, L € H~!, and, by Riesz’s theorem,
there exists g € Hg(Q) such that L(p) = a(g, p) Ve € HLH(Q).

Consequently, (1.64) rewrites as
a(u+AKu,9) = L(p) = (glp) Ve € Hy(Q)
or as the abstract linear equation
u+AKu=g in H}(Q) (1.66)
for the operator Id + AK which is, as we have seen, a compact self-adjoint

perturbation of the identity. The abstract alternative theorem, see [GM3],
yields then the following.

1.82 Theorem. Let f € H}(Q) and X\ € R. The equation
—Au+ 2 u= fo—div f in weak form,

i.e., as we have seen, the abstract equation (1.64), has a solution in H}(Q)
if and only if

/(fw—&— DfeDv)dr=0
Q

for all v € HL(Q) that solve —Av + \v = 0 in the weak sense, i.e., that
solve the abstract equation v+ AKv =0 in H}.
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1.83 Definition. We say that A € R is an eigenvector for the Dirichlet
problem for the Laplace operator

—Au+Aiu=0 inQ,
u=20 on 09,

if the equation
/ DueDyp da:—&—A/ugpda:zO Vo € Hi(Q) (1.67)
Q Q

has a nonzero solution in H}(Q). If X is an eigenvalue, the corresponding
solutions of (1.67), called the eigenfunctions of the Laplace operator in
H} relative to X, form a vector space.

Since, as we have seen, (1.67) is equivalent to the abstract equation
u+AKu =0 on Hg(Q),

we may apply the Courant—Hilbert—Schmidt theory, see [GM3], to get the
following.

1.84 Theorem. The eigenvalues are denumerable, and we can form with
them an increasing sequence {\,} that converges to +o00. Moreover:

(i) For all k, the space Vi, of the eigenfunctions with eigenvalue Ay is a
finite-dimensional subspace of H(Q).
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Figure 1.8. Two pages from Hermann Schwarz (1843-1921), Uber ein die Flichen klein-
sten Inhalts betreffendes Problem der Variationsrechnung, 1885, where the eigenvalue
problem for the Laplacian is studied.

(ii) Different eigenspaces are orthogonal in H} and in L?(2). Moreover,
U Vi is dense in H}(Q). Consequently, there exists a sequence of
eigenvectors orthonormal in L?(Q)) which is a complete system in
H}(Q) (hence in L*(2)) such that for every h,k € N

/ Duk .Duh dr = >\k5hk7
Q

where A\ is the eigenvalue relative to uy.

Finally, we may give a variational characterization of the eigenvalues,
see [GM3], but we shall not insist on this.

1.4.3 The Sturm—Liouville theory
For any positive integer n, the function sinnt, ¢t € [0, 7], solves the problem

—u" = n?u,

u(0) = u(mw) =0,
i.e., it may be regarded as an eigenfunction of the operator —u” on H} with

associated eigenvalue n2. In this subsection we show that many properties
of the sequence of functions {sinnt} and of their corresponding eigenvalues
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{n?} are shared by the eigenfunctions and eigenvalues of a large class of
second order ordinary differential operators.
Let us consider the general linear second order equation

a(z)u” + b(x)u' + c(x)u = F(x), z €la, 0] (1.68)
where a, b and ¢ are continuous functions and a > 0. If we set

= ex " ue) x':@ x x:F(x) x
sy =e ([ Hdc) o= S50, f@)= Ll
(1.68) multiplied by p(x)/a(x) transforms into

L (@5 + gl = 5(a). (1.69)

We are interested in the eigenvalue problem for the operator —(pu')" +
qu with homogeneous Dirichlet data on Ja, ], i.e., on the nonzero weak
solvability of the problem

{—(pu’)’ +qu=>Xu in]a,p|
u(a) =0, u(ﬁ) =0,

in dependence of A, or, more explicitly, on the solvability in H{(Ja, B[) of

(1.70)

B
a(u, ) = )\/ up dx Yo € Hi(Jo, B]) (1.71)

where a(v, ¢) is the bilinear form

B
atg)i= [ (@ @) +aeu@p@) & (172)

In the sequel we shall assume p € C'([a, f]), p > 0 in [, 3], so that
0 <a<p(x) <bVz € [a,B] for suitable b > a > 0, and ¢ € C%([, B]).
Moreover, we may (modulus a translation of the values of ) and do assume
that g(x) > 0.

1.85 Proposition. Let p € C'([a,B]), p > 0 in [a,B] and let ¢ €
C%[a, B]), ¢ > 0. Every weak solution u € H} (], B[) of (1.71) is a smooth
function of class C*([a, 8]), hence a classical solution of (1.70).

Proof. Recall that every u € H}(Jo, B[) has a Holder-continuous representative that
we shall call u, u € C%Y2([a, B]). Set Q(z) := [T(q(t) — Nudt. Clearly, Q is of class

C ([, B]) and we have
B B ,
[ a=Nupds =~ [ Q¢ ds

and from (1.71)
5
[ -@pa=0  veecE (o).

«@
Lemma 1.52 then yields p(z)u/(z) — Q(z) = cost for a.e. x €]a,b], i.e., u’ has a repre-
sentative of class C1([a, B8]), which yields u € C?([a, A]). ]
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1.86 Proposition. We have the following:

(i) Eigenfunctions u,v € Hg relative to distinct eigenvalues \ # j are
orthogonal in L2.

(ii) PEigenfunctions uw and v relative to the same eigenvalue are one a
multiple of the other.

Proof. (i) We have

B B
a(u,v) = / (pu'v + quv) dx = )\/ uv dz,
« «
B B
a(v,u) = (pv'u’ + quu)dz = vu dz,
[e% «@
hence
B
A= ,u)/ wv dz = a(u,v) — a(v,u) = 0.
[e%

(ii) If v €]ev, B, the function qS( =0/ (7)(u(z) —u(y)) —u (7)(v(z) —v(y)) is of class C?
and solves (1.70) with ¢(y) = ¢’(v) = 0. Hence ¢(z) = 0 Vx according to the uniqueness
of the Cauchy problem. O

/-\\_/

Because of the assumptions on p and g (a < p(z) < band 0 < g(z) < ¢)
and Poincaré’s inequality, the bilinear form (1.72) is an inner product in
H} equivalent to the standard one. Therefore, as for the Laplace operator,
in Section 1.4.2; the eigenvalue problem is subsumed by the Courant—
Hilbert—Schmidt theory. Taking into account that the eigenspaces are all
of dimension 1, see Proposition 1.86, we may therefore state the following.

1.87 Theorem. Letp € C*(|a, f]), p > 0 in [, 8], ¢ € C%([a, 8]), ¢ > 0.
The eigenvalues of (1.71) form an increasing sequence {\,} that diverges
to +00. For each n we can find an eigenfunction wu, relative to A\, in such
a way that

(i) the sequence {u,} is an orthonormal system in L2,
(i) {un} is a complete system of eigenfunctions in H} (hence in L?),
(iii) we have a(u,u) = A, for every eigenfunction u relative to Ay,.

The following variational characterization of the eigenvalues holds:

A = min{“m f) ’gp € H&}7 (1.73)
=
and for k > 2,
Ak = min{ ale, ‘ o€ H, alu,o) =0 for every eigenfunction
||<,0||2 (1.74)
u relative to one of the eigenvalues A1, . .. )\k,l}

The next theorem collects the main properties of the eigenvalues and
eigenfunctions of problem (1.70).
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1.88 Theorem (Sturm-—Liouville). Let p € C([a, 8]), 0 < a < p(z) <
bvz € [a, B, ¢ € C%[e, B]), ¢ > 0, and let {\,,} be the increasing sequence
of the eigenvalues of problem (1.70). Then we have the following:

(i) PEigenfunctions relative to the first eigenvalue A1 never vanish in
e, B[. Eigenfunctions relative to the other eigenvalues vanish at least
once.

(ii) (SEPARATION THEOREM) Let @ and u be eigenfunctions relative to
the eigenvalues X and A, respectively. Suppose that X < X and that @
and B are two consecutive zeros of w. Then u needs to vanish in at
least a point in |a, O

(iii) (OSCILLATION THEOREM) The eigenfunctions relative to the kth
eigenvalue N, have exactly k — 1 zeros internal to |o, B

(iv) (MONOTONIC THEOREM) When shortening the interval |, B[ or in-
creasing p and q, the eigenvalues of (1.70) increase.

Proof. Step 1. From (1.73) we infer that, if uq is an eigenfunction relative to A1, then
also |u1] is an eigenfunction relative to A\1. Since u1 and |u1| are proportional by Proposi-
tion 1.86, we infer that either w1 > 0 or u; < 0 in Ja, 8[. On the other hand, if u1(v) =0
for some v €]a, B, also uf(y) = 0 since u; is smooth. The uniqueness of the Cauchy
problem would then give u; = 0 identically, a contradiction.

If v is an eigenfuction relative to an eigenvalue different from A1, then v and u; > 0
are orthogonal in L2 by Proposition 1.86. It follows that v vanishes at least once. This
concludes the proof of (i).

Step 2. We now prove (iv) for the first eigenvalue. Suppose a < @ < 8 < 8, p > p and

q > q, and let Wy be an eigenfunction relative to A1 for —(pu’)’ + qu in |&, B[, i.e.,
—(pu')’ +Eu =M\u inla, B, (1.75)
u(@) = u(B) = 0.

By (i) we may assume that u; > 0 in ]&, 3[. Consider the function

~ ui(z) if z €)a, 3[,

d(x) = z €)a, 8.

0 otherwise,

Of course, $ € H&(]avﬁ[) and

_ Sl +aeP)dr [P (p(8) + qd?) da
1:= min < —
se)=0(B)=0 [P 24y 1562 do

fg(pﬂ’12 +qui)de
— JaPth I 5
faﬁﬁ%da:

Since by (i) ¢ is not an eigenfunction relative to Ay for —(pu/)’ +qu in Jo, B[, we conclude
that -
AL < A1 (1.76)

Step 3. Notice that an eigenfunction of —(pu’)’ + qu in ]v,d[ without zeros in |v,d[
and vanishing at the extremal points needs to be an eigenfunction relative to the first
eigenvalue of —(pu’)’ + qu on |v, 4.
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We now prove (ii). Suppose that @ has no zeros in |e, 8[. Then according to (i), A
is the first eigenvalue and u is a corresponding eigenfunction for —(pu’)’ + qu in |a, A[;
consequently, by (1.76) we ought to have A > A, a contradiction.

Step 4. Let us prove (iii). Let up be an eigenfunction relative to Ay for —(pu’)’ + qu
in |a, B[. Since A1 > Ak, ug+1 needs to vanish at least more than uy because of (ii);
hence uy, has at least k — 1 zeros in |o, B[. Let g = a, x1,...,2¢_1,2¢ = [ be the zeros
of up. Form =1,...,¢, set

wl™) () = up(z) if xmo1 < <z,
0 otherwise

and
e
o(z) = Z Cmut™ ().
m=1

Choose c1, c2,..., ¢p in such a way that

B

/ pujdxr =0 Vi=1,...,4—1
«@

holds and then compute

B8 T
| w0+ a0y da [ e+ aud)do
a Ty —1

14
:Zc
m=1
4
:ZC
m=1

Tom Tm
-/ uk«pu;)'—quk)dx)
x

T —1

2 i
m (pukuk

m—1
I3 Zm,
= A g c?n/ u? dx
m=1 Tm—1

B
:Ak/ o2 dx

@

to conclude from (1.74) that A\; < Ag, i.e., £ < k. Hence, uj, has at most k — 1 zeros in
Ja, B.

Step 5. We prove (iv). With the notations of Step 2, suppose by contradiction that
A < Ap. If oy and By are two consecutive zeros of uy, then )y is the first eigenvalue
of (1.70) in o, B1[. It follows that u; does not vanish more than twice in |1, B1].
Therefore there is at least one zero of uj between two zeros of . Since uy, vanishes
k + 1 times in [@, 8], u needs to vanish at least k times in |e, B[, but this contradicts
Step 3. Therefore we have A\, > Aj. [}

Let p € C (e, A]), 0 < a < p(z) < bVx € [o, 8], ¢ € C%[ev, B]), ¢ > 0.
Consider now the eigenvalue problem

—(pv") +qu=pv in|a,pfl, (1.77)
v(a) =v'(8) =0,

i.e., the equation

B
a(u, ) = )\/ up dz, u,p € H, (1.78)
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where
B8
a(u, @) = / (pu'¢" + quyp) dx

is defined in the space
H = {u € H (o, B]) ‘ u(a) = 0}.

Observe that the bilinear form a(u,v) is an inner product on the Hilbert
space

Hi={u e H'(Ja, 8] | ula) = 0}

equivalent to the standard ones. We may then apply the Courant—Hilbert—
Schmidt theory to the equation

8
a(u, ) =/\/ updr,  u,p €H,

to get the theses of Theorem 1.87 for the corresponding eigenvalues p, and
eigenfunctions, replacing H} with H. In particular, we have the variational
characterization

[y = min{“(‘p’ f) ‘ e}, (1.79)
ol
and, for k > 2,
= min{ a|(|<p,| FD) ‘ p € H, a(u,p) =0 for every eigenfunction
P12

(1.80)
u relative to one of the eigenvalues pq, ... pgp—1

Moreover, we have the following.

1.89 Theorem (Separation theorem). Let p € C'([a, ]), 0 < a <
p(x) < bVa € o, 8], ¢ € C%a, B]), ¢ > 0, and let {ux} be the sequence
of the eigenvalues of (1.78) ordered increasingly. Then the following hold:

(i) The eigenvalues {ur} and the corresponding eigenfuncitons satisfy
the properties stated in Theorem 1.88 for the sequence {\r} of the
eigenvalues of (1.70) and the relative eigenfunctions.

(ii) We have Ag—1 < pup < Ag.

Proof. (i) follows by repeating the arguments in the proof of Theorem 1.88. (ii) remains
to be proved. If v is a solution of (1.77) with v(a) = 0 and Ay_; < pu < Ay, because of
(iii) and (iv) relative to the problem (1.77), v(z) needs to have £ — 1 zeros in |a, 8[; but,
then, A\p_1 < pr < Ag. [m}
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1.4.4 Convex functionals on Hj

As we have seen in [GM3], the Dirichlet abstract principle is a special case
of the following theorem.

1.90 Theorem. Let F : H — R be a functional defined on a Hilbert space
H that is continuous, convex, bounded from below and coercive, i.e.,

F(u) > —o0 and  F(u) = 400 as Ju| = +oo.
Then F attains its minimum in H.

Consider now a continuous function f = f(z,p) : @ x R® — R where
Q is a bounded and open set of R™. Suppose that

(i) f(x,p) is convex in p for every z,
(ii) there are constants A and A with A > X > 0 such that

AMpl? < flz,p) < Ap> Y(z,p).

Then, for every u € H}(Q), the function z — f(z, Du(x)) is summable,
and the functional F : H}(Q) — RY given by

F(u) :z/Qf(a:,Du(x))dx

is well-defined. It is easily seen that F is convex, continuous and coercive
in H}(Q). The following theorem then follows.

1.91 Theorem. Under assumptions (i) and (ii) the functional F attains
its minimum value in HE(Q).

1.5 Exercises

1.92 9. Let f > 0 be a measurable function. Prove that the following claims are
equivalent:
() [g f(z)de < oo VE with |E| < oo,
(i) [p f(z)dz < C(1+|E|) VE,
(iii) f =g+ h with g € L1(R) and h € L= (R).

1.93 9. Suppose that H is a subspace of L2(]0,1[) such that
(1) feLe(o,1))if f € H,
(ii) there exists a constant C' > 0 such that || f||cc < C||f]|z2 Vf € H.

Prove that H is finite-dimensional.
[Hint. If (f1, f2,..., fn) is orthonormal, we have

‘iaifi(x)r < C? ia? for a.e. .]
=1 1=1
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1.94 9. Suppose that f : R — R is a function in L?(R) for which there exists a constant
C > 0 such that

[1r@+m - s@Pd<cnP
R

Show that for all g € CL(R) we have

"/ng/dx S\E(/}Rfdx)lﬂ,

1.95 9 Gravitational potential. Let u: R3 — R. The function

- n(€)
V(:e)—v/Rg Pt

is called the gravitational potential of the mass distribution p.
(i) Show that V() is well-defined if u € L*(R3) N L>°(R3).
(ii) If p is radial, u(€) := v(|€]), then V is radial, too.

1.96 9 Legendre’s polynomials. We recall that by applying the orthonormalization
process of Gram—Schmidt to the polynomials ¢ in | — 1, 1], we get the so-called Legen-
dre’s polynomials, see [GM3]. Show that they form a complete system in L2(] — 1, 1[).

1.97 9 Haar’s basis. In [0, 1] consider the sequence of functions Xslk>(t) defined by
Xéo)(t) =1, and, forn >0and 1 < k < 2", by

k—1 k—1/2
2n/2  in <t< / ,
271 n
k ~
X =1 _gnsz g B2 < ﬁ,
2n - n
0 otherwise.

Show that {X%k)} is a complete orthonormal system in L2((0, 1)).
[Hint. Let ¢ be orthogonal to all elements of the sequence. Set ¢ () := [ ¢(t) dt and
show by induction that 1 (k/2™) = 0. For instance,

1
0= @) = / $(x) dx = (1) — (0),
0
hence ¥(1) = ¢(0) = 0.]

1.98 €. Solve the following problems:

Ut — Ugz = 0 in [0, 7] X R4,
u(0,t) = u(m,t) =0 t€ R4,
u(z,0) = sin® 2z in [0, ]

and
Au =0 inz? 442 <1,

u=cos?f inax?+4+y?=1.

1.99 9. Let u € HJ((0,1)). Show that (the continuous representative of) u satisfies
u(0) = u(1) = 0.
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1.100 §. By using the variational methods of Section 3.2, prove the following:
(i) Let f € L?((0,1)). Then there exists a solution to the problem

1 1 1
min {7/ (u’2+u2)da:—/ fudz};
ueH1 2 0 0
u(0)=a, u(l)=4

the minimizer uw is the unique weak solution to the Dirichlet boundary value
problem

—u +u=f in ]0, 1],
u(0) = @, u(1) = B:

finally, show that u € C2([0, 1]) if f € C9([0,1]).
(ii) Let f € L2((0,1)). Then there exists a unique minimizer @ € H!(]0,1[) of the

functional
1 1 9 5 1
7/ (W' +u )d:r,‘f/ fudz;
2Jo 0

w is the unique weak solution of the Neumann boundary value problem

—u" +u=f in ]0,1[,
u/(0) =0, u/'(1) = 0;
finally, show that u € C2([0, 1]) if f € C9([0, 1]).

(iii) Let f € L2((0,1)) and «, 8 € R. Show that there exists a unique minimizer in
H'((0,1)) of the functional

1 1
%/0 (u’2+u2)da:—/0 fudz + au(0) — fu(l);

w is the unique weak solution of the Neumann nonhomogeneous boundary value
problem

—u'+u=f in ]0, 1],
w'(0) = a, u/(1) = B;
finally, show that u € C2%([0,1]) if f € C°([a, B]).

1.101 9. Show that there exists a unique solution of the following;:
(i) The mixed boundary value problem

—u"+u=f in 0, 1],
u(0) =0, /(1) =0.

(ii) The boundary value problem

—u" +u=f in ]0, 1],
u/(0) — ku(0) =0, u(1) =0.

(iii) The periodic boundary value problem

—u"+u=Ff in ]0, 1],
u(0) = u(l), v/ (0) = u'(1).



2. Convex Sets and Convex
Functions

We have encountered convex sets and convex functions on several occa-
sions. Here we would like to discuss these notions in a more systematic
way. Among nonlinear functions, the convex ones are the closest ones to
the linear, in fact, functions that are convex and concave at the same time
are just the linear affine functions.

Although convex figures appear since the beginning of mathematics
— Archimedes, for instance, observed and made use of the fact that the
perimeter of a convex figure K is larger than the perimeter of any other
convex figure contained in K, more recently convexity played a relevant
role in the study of the thermodynamic equilibrium by J. Willard Gibbs
(1839-1903) — the systematic study of convexity began in the early years
of the twentieth century with Hermann Minkowski (1864-1909), continued
with the treatise of T. Bonnesen and Werner Fenchel (1905-1986) in 1934
and developed after 1950 both in finite and infinite dimensions due to its
relevance in several branches of mathematics. Here we shall deal only with
convexity in finite-dimensional spaces.

2.1 Convex Sets

a. Definitions

2.1 Definition. A set K C R" is said to be convex if either K = ()
or, whenever we take two points in K, the segment that connects them is
entirely contained in K, i.e.,

/\331+(1—/\)3326K VAE[O,I],Vxl,xQEK.

The following properties, the proof of which we leave to the reader,
follow easily from the definition.

2.2 9. Show the following:

(i) A linear subspace of R™ is convex.

M. Giaquinta and G. Modica, Mathematical Analysis, Foundations and Advanced 67
Techniques for Functions of Several Variables, DOI 10.1007/978-0-8176-8310-8 2,
© Springer Science+Business Media, LLC 2012
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Figure 2.1. Hermann Minkowski (1864— e

1909) and the frontispiece of the trea-
tise by T. Bonnesen and Werner Fenchel
(1905-1986) on convexity.
(ii) Let £: R™ — R be linear and o € R. Then the sets
{zer"|t@) <a}, {zer"|t@) < a},
{xER”‘E >a} {xER"‘E >a}

are convex.

(iii) The intersection of convex sets is convex; in particular, the intersection of any
number of half-spaces is convex.

(iv) The interior and the closure of a convex set are convex.

(v) If K is convex, then cl(int(K)) = cl(K), int(cl(K)) = int(K).

(vi) If K is convex, then for zp € R"™ and t € R the set

t:ro—i-(l—t)K::{xeR”‘xzmo-ﬁ-(l—t)y, yEK},

i.e., the cone with vertex xo generated by K, is convex.

A linear combination of points (z1, xa, ..., ;) € R™, Zle Aix;, with
coefficients A1, Ao, ..., A\r such that Zle A; =1 and \; > 0 Vi, is called a
convex combination of x1, ..., xg. The coefficients A1, A, ..., A\g are called

the barycentric coordinates of x := Zle NiZi.
Noticing that

Z)\Z‘@— 1—>\k)z Ai kxl—&-)\kxk,

whenever 0 < A\, < 1, we infer at once the following.

2.3 Proposition. The set K is convez if and only if every convex combi-
nation of points in K is contained in K.
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Figure 2.2. A support plane.

2.4 §. Show that the representation of a point x as convex combination of points
1, x2,..., Tk is unique if and only if the vectors zo — x1, 3 — z1, ..., T — x1 are
linearly independent.

b. The support hyperplanes

We prove that every proper, nonempty, closed and convex subset of R",
n > 2, is the intersection of closed half-spaces. To do this, we first introduce
the notions of separating and supporting hyperplanes.

2.5 Definition. Let £ : R™ — R be a linear function, o € R and P the
hyperplane

P::{xER”

Uz) = a},

and let

Py = {xGR”

Lz) > oz}7 P_ = {x e R"”

l(z) < a}

be the corresponding half-spaces that are the closed convex sets of R™ for
which P+ UP_ =R" and P NP_ =P. We say that

(i) two nonempty sets A, B C R™ are separated by P if A C Py and
B CP_;

(ii) two nonempty sets A, B C R™ are strongly separated by P if there is
€ > 0 such that

l(x)<a—eVazeA and lz)>a+eVaeB.

(iii) Let K C R™, n > 2. We say that P is a supporting hyperplane for
K if PNK # 0 and K is a subset of one of the two closed half-spaces
P+ and P_ that is called a supporting half-space for K.

2.6 Theorem. Let K1 and Ky be two nonempty closed and disjoint convex
sets. If either K1 or Ko is compact, then there exists a hyperplane that
strongly separates Ky and Ks.
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Figure 2.3. Two disjoint and closed convex sets that are not strongly separated.

Proof. Assume for instance that K is compact and let d := inf{|z —y||z € K1, y €
K>}. Clearly d is finite and, for R large,

d= inf{|x—y|‘x € K1, y € K2 N B0, R)}.

The Weierstrass theorem then yields zg € K1 and yo € K2 N B(0, R) such that
d = |xo — yo| > 0.

The hyperplane through x¢ and perpendicular to yo — o,

P'i={o € R | (2 — 20) « (o — w0) =0},
is a supporting hyperplane for K;. In fact, for x € K1, the function

$(A) = lyo — (zo + Az —20))*, A€ 0,1],
has a minimum at zero, hence
¢'(0) =2 (yo — x0) e (x — z0) <O. (2.1)

Similarly, the hyperplane through yo and perpendicular to zo — yo,

P = {x eR" ‘ (x —yo)e(zo —yo) = 0}7

is a supporting hyperplane for K2. The conclusion then follows since dist(P’, P")
d> 0.

ol

2.7 Theorem. We have the following:

(i) BEwvery boundary point of a closed and conver set K C R™, n > 2, is
contained in at least a supporting hyperplane.
(ii) Ewvery closed convex set K # 0, R™ of R™ is the intersection of all its
supporting half-spaces.
(i) Let K C R™ be a closed set with nonempty interior. Then K is con-
vex if and only if at each of its boundary point there is a supporting
hyperplane.

Proof. (i) Assume 0K # 0, i.e., K # 0,R", let 2o € 0K, and let {yx} C R™ \ K be a
sequence with yr — xp as k — co. Let zp be a point of K nearest to y; and
Yk — Tk

ep 1= -,
lyk — k|



2.1 Convex Sets 71

Figure 2.4. Tllustration of the proof of (iii) Theorem 2.7.

Then |ex| =1, x — zo as k — oo and, as in the proof of Theorem 2.6, we see that the
hyperplane through x; and perpendicular to e is a supporting hyperplane for K,

KC{zER"’eko(z—zk) SO}.

Possibly passing to a subsequence {ey} and {zy} converge, e, — e and zp — zo. It
follows that

KC{xER"‘eo(z—xo) go},

i.e., the hyperplane through xo perpendicular to e is a supporting hyperplane for K.

(ii) Since K # 0, R™, the boundary of K is nonempty; in particular, the intersection K’
of all its supporting half-spaces is closed, nonempty by (i), hence it contains K. Assume
by contradiction that there is ' € K’ \ K. Since K is closed, there is a nearest point
z9 € K to 2’ and, as in the proof of Theorem 2.6,

KcCS:= {xER"‘ (' —z0) o (z —x0) SO},

On the other hand, from the definition of K’, it follows that K’ C S, hence z’ € S,
which is a contradiction since (z’ — zg) e (z' — zo) > 0.

(iii) Let K be convex. By assumption K # 0, if K = R™, we have 0K = () and nothing
has to be proved. If K # R"™, then through every boundary point there is a supporting
hyperplane because of (i).

Conversely, suppose that K is not convex, in particular, K # 0, R™ and 0K # 0. It
suffices to show that through a point of 0K there is no supporting hyperplane. Since
K is not convex, there exists x1,z2 € K and z on the segment ¥ connecting x1 and
z2 with z ¢ K. Let ' be a point in the interior of K and ¥’ be the segment joining x
with z’/. At a point o € K N'Y’ we claim that there is no supporting hyperplane. In
fact, let m be such a hyperplane and let H be the corresponding supporting half-space.
Since 2’ € int(K), ' does not belong to 7, thus ¥’ is not contained in 7. It follows that
2/ € int(H) and « ¢ H, hence z1 and z2 cannot both be in H since otherwise x also
belongs to H. However, this contradicts the fact that H is a supporting half-space. O

2.8 €. In (iii) of Theorem 2.7 the assumption that int(K) # 0 is essential; think of a
curve without inflection points in R2.

2.9 9. Let K be a closed, convex subset of R” with K # (), R™.

(i) Prove that K is the intersection of at most a denumerable supporting half-spaces.
(ii) Moreover, if K is compact, then for any open set A D K there exists finitely
many supporting half-spaces such that

N
KC () HrCA.
k=1

[Hint. Remember that R™ has a denumerable basis.]
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2.10 9. Using Theorem 2.7, prove the following, compare Proposition 9.126 and The-
orem 9.127 of [GM3].

Proposition. Let C C R™ be an open convexr subset and let T ¢ C. Then there exists
a linear map € : R™ — R such that £(z) < £(Z) Yz € C. In particular, C and T are
separated by the hyperplane {z|{(x) = £(T)}.

Consequently,

Theorem. Let A and B be two nonempty disjoint convex sets. Suppose A is open.
Then A and B can be separated by a hyperplane.

2.11 Definition. We say that K is polyhedral if it is the intersection of
a finite number of closed half-spaces. A bounded polyhedral set is called a
polyhedron.

c. Convex hull

2.12 Definition. The convex hull of a set M C R™, co(M), is the inter-
section of all convexr subsets in R™ that contain M.

2.13 Proposition. The convex hull of M C R™ is convez, indeed the
smallest convex set that contains M. Moreover, co(M) is the set of all
convex combinations of points of M,

N
dxq, x9,..., xny € M such that x = Z)‘imi’
i=1

co(M) = {x eR"

N
for some A1, Ao, ..., AN, where \; >0 Vi, Z/\,; = 1}.

=1
2.14 9. Prove Proposition 2.13.

2.15 9. Prove that
(i) co(M) is open, if M is open,
(ii) co(M) is compact, if M is compact.

2.16 9. Give examples of sets M C R? so that
(i) M is closed but co(M) is not,
(ii) co(M) # co(M) although co(M) C co(M).

If M C R"”, then the convex combinations of at most n + 1 points in
M are sufficient to describe co(M). In fact, the following holds.

2.17 Theorem (Carathéodory). Let M C R™. Then

n+1 n+1
x:Z)\ixi, xl‘EM, )\120V’L, ZAi:l}'

i=1 i=1

co(M) = {a: eR"
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Proof. Let x be a convex combination of m points x1, x2,..., xm of M with m > n+1,

m m
LITZZ)\]'.T]', Z)\j:L >\j>0.
j=1 j=1

We want to show that x can be written as convex combinations of m — 1 points of M.

Since m — 1 > n, there are numbers ci, ca,..., ¢m—1 not all zero such that
St el — ) = 0. If ¢ i= — 3 ¢y, we have
m m
Zcixi =0 and Zci =0.
i=1 i=1
Since at least one of the ¢;’s is positive, we can find ¢t > 0 and k € {1,...,m} such that
1 c1 ¢ c c
- :n1ax<—1,—2,...,—m) =* > 0.
t A1 A2 Am Ak
The point z is then a convex combination of 1, 22,...,Zk_1,Tk+1,...,ZTm; in fact, if

)\j—tc]' ifj;ék,

=
! 0 if j =k,

we have 35, v = 2071 v = 20 (A —tej) =207 A =1 and

m m
z=Y Naj=> (v+te)z; =Y vz
i=1 =1

i#k

We then conclude by backward induction on m. O

2.18 9. Prove the following:

(i) In Theorem 2.17 the number n + 1 is optimal.
(ii) If M is convex, then co(M) = M and every point in co(M) is a convex combination
of itself.
(i) f M = M1 U---U My, k < n, where M1,..., M, are convex sets, then every
point of co(M) is a convex combination of at most k& points of M.

d. The distance function from a convex set

We conclude with a characterization of a convex set in terms of its distance
function.
Let C C R"™ be a nonempty closed set. For every x € R we define

deo(x) == dist(z, C) := inf{|x — 9 ’y € C’}.

It is easily seen that indeed the infimum is a minimum, i.e., there is (at
least) a point y € C of least distance from x. Moreover, the function d¢ is
Lipschitz-continuous with Lipschitz constant 1,

do(@) —de(y)| < |z -yl  Vo,y cR™
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2.19 Lemma. Ifx ¢ C, then

do(z+ h) = de(x) + L(h;x) + o(|h]) as h — 0, (2.2)
where
. x—z
L(h;zx) = mln{ hom ’z eClr—=z = dc(x)}

is the minimum among the lengths of the projections of h into the lines
connecting x to its nearest points z € C. In particular, do is differentiable
at x if and only if h — L(h;z) is linear, i.e., if and only if there is a unique
minimum point z € C of least distance from x.

Proof. We prove (2.2), the rest easily follows. We may and do assume that z = 0.
Moreover, we deal with the function

f(h) :=di(h) = 333”1 — 2%

It suffices to show that
f(h) = f(0) + f'(h,0) +o(R]),  h—0, (2.3)

where
F(h;0) = min{—Qhoz ‘ 2€C |2 = do(O)}.

First, we remark that the functions ge(h) defined for ¢ > 0 as
ge(h) := inf{72h.z ’ |z] < f(0)1/2 + e}

are homogeneous of degree 1 and that g¢ — qo increasingly as € — 0. By Dini’s theorem,
see [GM3], {ge} converges uniformly to go in B(0,1). Therefore, for every ¢ > 0 there
is ce such that
qo(h) > gqe(h) > qo(h) —cc|h| ~ Vh (2.4)
and cc = 0 as € = 0.
Now, let us prove (2.3). Since |y — z|? = |2|2 — 2y e 2z + |y|?, we have
. 2 _(p)2 i _
f < min -z = B2 FO) + min (~2hez)
|z|=dc(0) |z|=dc(0)
= £(0) + qo(h) + |h|?. (2:5)
On the other hand, if |h| < ¢/2, the minimum of z — |z — h|2, z € O, is attained at
points zj, such that |z,| < f(0)1/2 + ¢/2, hence by (2.4)
h) = mi —_h 2 _ : _h 2
f(h) = min|z —h| min [z —hj
Iz1<f(0)1/24e
min <|z|2+|h|2—2hoz)
z€C
|2]<f(0)1/2 e
F(O) + [h* + ge(h) > F(0) + qo(h) — cel ] + [h|*.

v

Therefore
f(R) = £(0) + qo(h) +o(|R])  ash—0,
which, together with (2.5), proves (2.3). O
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2.20 9. Using (2.2), prove that, in general, if there are in C' more than one nearest
point to z, then

L e th) — do(a)
t—0+t t

= min{ he

xr—z

zeClx—z| = dc(a:)}.
2

|z

2.21 Theorem (Motzkin). Let C C R™ be a nonempty closed set. The
following claims are equivalent:

(i) C is convex.
(i1) For all x ¢ C there is a unique nearest point in C to x.
(iil) d¢ is differentiable at every point in R™\ C.

Proof. The equivalence of (ii) and (iii) is the content of Lemma 2.19.

(i) = (ii). If 2 is the nearest point in C to z ¢ C, then z — 2z —e(y —2) € C ify € C,
therefore

le -2 <l —z—ely—2)P =z — 2" —2¢ (y = 2) e (x —2) + |y —2°  (2.6)
forall 0 <e <1.Fore— 0weget (x—2)e(y—2z) <0 and, because of (2.6) with e =1

lz—ylP=lz—z2—2@&—2)e(y—2) +|y—2z|* > |z — 2|? vy € C.

(ii) = (i). Suppose C is not convex. It suffices to show that there is a ball B such
that BN C = () and B N C has more than a point. Since C is not convex, there exist
z1,z2 € C, 1 # x2, such that the open segment connecting z; to x2 is contained
in R™ \ C. We may suppose that the middle point of this segment is the origin, i.e.,
z2 = —x1, and let p be such that B(0,p) N C = (). We now consider the family of balls
{B(w, )} such that

B(w,r) D B(0, p), Bw,m)NC =10 (2.7)

and claim that the corresponding set {(w,r)} C R™*! is bounded and closed, hence
compact. In fact, since z; ¢ B(w,r), j = 1,2, we have r > |w| + p and |w £+ z1|? > r?,
hence

1
(lw|+p)* <r? < 5(|ﬂ)+fff31|2 + lw = z1[?) < fw]® + 72
from which we infer

|z1|* — p?
2p

(lz1]* + p%)

lw| <
2p

r <

)

Consider now a ball B(wg,r0) with maximal radius 7o among the family (2.7). We
claim that OB(wo,r0) N C contains at least two points. Assuming on the contrary that
OB(wo,r0) N C contains only one point y1, for all 8 such that 6e(y1 —wo) < 0 and for
all € > 0 sufficiently small, B(wo + 0e,79) N C = 0, consequently, by maximality there
exists ye such that

ye € OB(wo + €0, 70) N OB(0, p). (2.8)

From (2.8) we infer, as € — 0, that there is a point y2 € 0B(wo, o) N 0B(0, p), which
is unique since ro > p. However, if we choose 6 := y2 — y1, we surely have 0B(wo +
€f,r9) NOB(0, p) = 0, for sufficiently small e. This contradicts (2.8). O
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e. Extreme points

2.22 Definition. Let K C R™ be a nonempty convex set. A point xog € K
is said to be an extreme point for K if there are no x1,22 € K and X €]0,1]
such that zo = Ax1 + (1 — N)zs.

The extreme points of a cube are the vertices; the extreme points of a
ball are all its boundary points. The extreme points of a set, if any, are
boundary points; in particular, an open convex set has no extreme points.
Additionally, a closed half-space has no extreme points.

2.23 Theorem. Let K C R™ be nonempty closed and convez.

(i) If K does not contains lines, then K has extreme points.
(ii) If K is compact, then K is the convex hull of its extreme points.

Proof. Let us prove (ii) by induction on the dimension of the smallest affine subspace
containing K. We leave then to the reader the task of proving (i), still by induction.
If n = 1, K is a segment and the claim is trivial. Suppose that the claim holds for
convex sets contained in an affine subspace of dimension n — 1. For zg € 0K, let P be
a supporting hyperplane to K at xg. The set K NP is compact and convex, hence by
the inductive assumption, xg is a convex combination of extreme points of K NP, that
are also extreme points of K. If z¢ is an interior point of K, every line through z¢ cuts
K into a segment of extremes x; and z2 € 0K, hence zg is a convex combination of
extreme points, since so are x1,x2 € OK. O

2.2 Proper Convex Functions

a. Definitions

We have already introduced convex functions of one variable, discussed
their properties and illustrated a few estimates related to the notion of
convexity, see [GM1] and Section 5.3.7 of [GM4]. Here we shall discuss
convex functions of several variables.

2.24 Definition. A function f : K C R™ — R defined on a convex set
K, is said to be convex in K if

FOz+1=Ny) <Af(@)+(1=Nf(y) Ve,ye K, Yrelo,1]. (2.9)

The function [ is said to be strictly convex if the inequality in (2.9) for
r#y and 0 < A <1 is strict.

We say that f: K — R is concave if K is convex and —f : K — R is
conver.

The convexity of K is needed to ensure that the segment {z € R" |z =
Az + (1 — Ny, A € [0,1]} belongs to the domain of definition of f. The
geometric meaning of the definition is clear: The segment P(Q connecting
the point P = (x, f(z)) to @ = (y, f(y)) lies above the graph of the
restriction of f to the segment with extreme points z,y € K.
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2.25 9. Prove the following.

(i) Linear functions are both convex and concave; in fact, they are the only functions

that are at the same time convex and concave.

(ii) If f and g are convex, then f+g,af, a > 0, max(f, g) and Af+(1—X)g, A € [0,1],
are convex.

(iii) If f: K — Ris convex and g : I D f(K) — R is convex and not decreasing, then
go f is convex.

(iv) The functions |z|P, (1 + |z|2)P/2, p > 1, 1%, 9 > 0, and zlogz — x, = > 0, are
convex.

b. A few characterizations of convexity

We recall that the epigraph of a function f: A C R™ — R is the subset of
R™ x R given by

Epi(f) := {(:uz) ‘x €A zeR, z> f(a:)}

2.26 Proposition. Let f: K C R" — R. The following claims are equiv-
alent:

(i) K is convex, and f: K — R is convex.
(ii) The epigraph of f is a conver set in R"T1,
(i) For every x1,xo € K the function p(N) == f(Az1 + (1 — Nxg), A €
[0,1], is well-defined and convez.
(iv) (JENSEN’S INEQUALITY) K is convex and for any choice of m points
1, X2, ..., Tm € K, and nonnegative numbers oy, awa, ..., @y such
that 31" a; = 1, we have

f(éamJ < éaif(xi).

Proof. (i) = (ii) follows at once from the definition of convexity.

(ii) = (i). Let w : R»*1 — R"™ be the projection map into the first factor, 7((z,t)) := .
Since linear maps map convex sets into convex sets and K = w(Epi(f)), we infer that
K is a convex set, while the convexity of f follows just by definition.

(1)=>(iii). For A,t, s € [0, 1] we have
oA+ (1= \)s) = f([)\t + (1= Nsler 41— At —(1— A)s]m)
= f()\[tm +(1—t)aa] + (1 — N[sz1 + (1 — s):vg])
< Ap(t) + (1= N)p(s).
(iii)=>(i). We have

FO1 4+ (1= N2) = () = p(A- 1+ (1 = 1) -0)
< A1) + (1 = N)p(0) = Af(21) + (1 — M) f ().

(iv)=-(i). Trivial.
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(i)=-(iv). We proceed by induction on m. If m = 1, the claim is trivial. For m > 1, let
a:=aj+ -+ am—1, so that a,, =1 — a. We have

m m—1
a;
E QT = @ E —z; + (1 — &)xm,
. . a
=1 =1

with 0 < a;/a <1 and Z;’;_ll(ai/a) = 1. Therefore we conclude, using the inductive
assumption, that

f(iozia:i) < ozf(m_l% >+(1 —a)f(zm)
i=1 i=1
m—1
<a % (i) + (1 —a)f(xm) = Zazxz

O

From (ii) of Proposition 2.26 and Carathéodory’s theorem, Theo-
rem 2.17, we infer at once the following.

2.27 Corollary. Let K C R"™ be a convex set. The function f : K C
R™ — R is convex if and only if

n+1 n+1
f(x) := inf { Z i f(x;) ’Va:l, X2y ..., Tpy1 € K such that x = Z i,
i=1 i=1
n+1
with \; >0, Y A = 1}.
i=1

Of course, the level sets {x € K| f(z) < c} and {x € K| f(z) < ¢} of a
convex function f : K — R are convex sets; however, there exist nonconvex
functions whose level sets are convex; for instance, the function 23, z € R,
or, more generally, the composition of a convex function f : K — R with
a monotone function ¢ : R — R.

2.28 Definition. A function with convex level sets is called a quasiconvex
function.!

c. Support function

Let f: K C R™ — R be a function. We say that a linear function ¢ : R —
R is a support function for f at x € K if

fly) = f(z) + Ly — z) Yy € K.

1 We notice that “quasiconvex” is used with different meanings in different contexts.
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Figure 2.5. Convex functions and supporting affine hyperplanes.

2.29 Definition. Let f : K — R be a convex function. The set of linear
maps £ : R™ — R such that y — f(z) + €(y — x) is a support function for
f at x is called the subdifferential of f at x and denoted by Of(x).

Trivially, if £ € df(x), then the graph of y — f(z)+£{(y—=x) at (z, f(x))
is a supporting hyperplane for the epigraph of f at (z, f(x)). Conversely, on
account of Proposition 2.30, every affine supporting hyperplane to Epi(f)
is the graph of a linear map belonging to the subdifferential to f at z
provided it contains no vertical vectors. This is the case if f is convex on
an open set, as shown by the following proposition.

2.30 Proposition. Let f: Q2 C R™ — R be a function, where Q) is convex
and open. Then f is convez if and only if for every x € ) there is a linear
support function for f at x.

Proof. Let f be convex and T € €. The epigraph of f is convex and its closure is convex;
moreover, (Z, f(T)) € OEpi(f). Consequently, there is a supporting hyperplane P of
Epi(f) at (z, f(Z)) that does not contain vertical vectors, otherwise it would divide € in
two parts and, as a consequence, the epigraph of f. We then conclude that there exist
a linear map ¢ : R™ — R and constants «, 8 € R such that P = {(z,y) | p(z) + ay = B8}
and

oz —2) +aly — f(@) 20VY(z,y) € Epi(f), a#0. (2.10)
Moreover, we have a > 0 since in (2.10) we can choose y arbitrarily large. Thus, a > 0
and, if we set £(z) := —p(z)/a, from (2.10) with y = f(z), we infer

f(x) > f(T) + 4(x —T) Vo € Q.

Conversely, let us prove that f : Q — R is convex if it has at every point a linear
support function. Let z1,z2 € Q, 1 # x2, and X €]0,1[, set zo := Az1 + (1 — N)z2,
h :=x1 — x0, so that zo = xg — ﬁh. Let £ be the linear support function for f at xq.
We have

Flen) > feo) +6),  Flwa) > flz) — LR,

Multiplying the first inequality by A/(1 — X) and summing to the second, we get

e+ fla2) 2 (125 +1) sleo),

ie., f(zo) < Af(z1) + (1 — A)f(z2). o
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2.31 Remark. A consequence of the above is the following claim that
complements Jensen’s inequality. With the same notation of Proposi-
tion 2.26, if f s strictly convex and a; > 0 Vi, then the equality

f(é%m) :iaif(xi) (2.11)

implies that x; = xo Vj = 1,...,m where zg := 221 a;x;. In fact, if
0(x) := f(zo) + me(x—x0) is a linear affine support function for f at xo,
the function

P(x) = f(x) — f(xg) — me(x —x0), reK

is nonnegative and, because of (2.11),

> () =0
i=1
Hence ¢(z;) = 0Vj = 1...,m. Since 1 is strictly convex, we conclude

that x; =z Vj =1,...,m.

d. Convex functions of class C! and C?

We now present characterizations of smooth convex function in an open
set.

2.32 Theorem. Let 2 be an open and convex set in R™ and let f : Q@ — R
be a function of class C*. The following claims are equivalent:

(i) f is convex.
(ii) For all zyg € Q, the graph of [ lies above the tangent plane to the

graph of f at (xo, f(z0)),
f(x) > f(zo) + Vzge(z — x0) Vo, z € Q. (2.12)

(iii) The differential of f is a monotone operator, i.e.,

(Vf(y) - Vf(x)) (y—z) >0 Vayeo. (2.13)

Notice that in one dimension the fact that V f is monotone means simply
that f’ is increasing. Actually, we could deduce Theorem 2.32 from the
analogous theorem in one dimension, see [GM1], but we prefer giving a
self-contained proof.
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Proof. (i)=>(ii). Let zo,z € Q and h := & — zo. The function ¢ — f(zo +th), t € [0, 1],
is convex, hence f(zo +th) <tf(xo+ h)+ (1 —t)f(xo0), i.e.,

J(zo +th) = f(x0) < t[f(zo + h) — f(x0)].
We infer

f(zo +th) — f(zo)

; = Vf(@o)eh < f(zo+h) = f(zo) — Vf(zo)eh.

Since for t — 07 the left-hand side converges to zero, we conclude that the right-hand
side, which is independent from ¢, is nonnegative.

(ii)== (i). Let us repeat the argument in the proof of Proposition 2.30. For = € Q the
map h — f(z) + Vf(z)eh is a support function for f at z. Let 1,22 € Q, 1 # x2,
and let X €]0,1[. We set zg := Az1 + (1 — N2, h := x1 — x0, hence z2 = z¢ — ﬁh.
From (2.12) we infer

J@) > fwo) + Vi@o)eh,  f(z2) > fwo) — 1o Vi(zo)eh.

Multiplying the first inequality by A/(1 — X) and summing to the second we get

e+ fle2) 2 (125 +1) sleo),

ie., f(zo) < Af(z1) + (1 = X)f(x2).
(ii)=>(iii). Trivially, (2.12) yields

f@) =fW) < Vi@ez—y), fl@)-fly) = Vi) e(lz-v),

hence

Vi) e(z—y) < flx) = fly) < Vf(z)e(z—y),
ie., (2.13).
(iii)=(ii). Assume now that (2.13). For zg,z € Q we have

1 1
@) = f(eo) = [ Gt 0= nao)ar= ([ Vit 0 - 0pdt) (o)

and
(VI + (1= 1))) o (z = 20) > Vf(z0)o(z—0),

hence
1
£(@) = f(w0) > (/0 V£ (o) dt) e(z— 70) = VF(z0)e(x — 70).
]

Let f belong to C%(Q). Because of (iii) of Proposition 2.26, f : Q — R
is convex if and only if for every x1,z2 €  the function

(p(/\) = f((l — /\)xl + )\3:2) S [0, 1]

is convex and C?([0,1]). By Theorem 2.32 ¢ is convex if and only if ¢’ is
increasing in [0, 1], i.e., if and only if ¢” > 0. Since

#(0) = (Hf(e)(za = 1)) o (22— 22),

we conclude the following.
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2.33 Theorem. Let 2 C R™ be an open and convexr set of R™ and let
f:9Q = R be a function of class C*(Q). Then f is convex if and only if
the Hessian matriz of f is nonnegative at every point in €2,

Hf(z)heh >0 VYzeQ, VheR"

Similarly, one can prove that f is strictly convex if the Hessian matrixz of
f s positive at every point in €.
Notice that f(x) = 2%, x € R, is strictly convex, but Hf(0) = 0.

2.34 9. Let f: K C R™ — R be a convex function, K being convex and bounded.
Prove the following:
(i) In general, f has no maximum points.
(ii) If f is not constant, then f has no interior maximum point; in other words, if f
is not constant, then

f(@) <sup f(y)  Vz € int(K);
yeK

possible maximum points lie on 9K if K is closed.

(iii) if K has extremal points, possible maximum points lie on the extremal points of
K; in the case that K has finite many extremal points, then f has a maximum
point and

max f(z) = max f(i).

(iv) In general, f has no minimum points.
(v) The set of minimum points is convex and reduces to a point if f is strictly convex.
(vi) Local minimum points are global minimum points.

In particular, from (iii) it follows that if f: Q@ — R is convex, Q being a closed cube in
R™, then f has maximum and the maximum points lie on the vertices of Q.

e. Lipschitz continuity of convex functions

Let f: @ C R® — R be a convex function defined on a closed cube Q.
Then it is easy to see that f(z) < supyq f for every z € Q. Moreover,
one sees by downward induction that f has maximum and the maximum
points lie on the vertices of @), see Exercise 2.34.

2.35 Theorem. Let ) C R™ be an open and conver set and let f : Q@ — R
be convex. Then f is locally Lipschitz in €.

Proof. Let o € Q and let Q(zo,7) be a sufficiently small closed cube contained in Q
with sides of length 2r parallel to the axes. Since f is convex, f|Q(z,,~) has maximum
value at one of the vertices of Q(zo,r). If

Lr:= sup f(a),
z€dB(zq,r)

then L, < +oo since dB(zo,r) C Q(z0,7). Let us prove that

Ly — f(z0)
r

|f(z) — f(zo)| < |z — 20| Vo € B(zo,7). (2.14)

Without loss in generality, we may assume xg = 0 and f(0) = 0. Let  # 0 and let
1 = |;—|x and z2 := fﬁx, Since z1 € 0B(zo,r) and © = Az1 + (1 — A)0, X := |z|/r,
the convexity of f yields
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L,
7)< gy < Lrjal,
whereas, since z2 € 0B(zo,7) and 0 = Az + (1 — XN)z2, X := 1/(1 + |z|/r), we have
0= £(0) < Af(@) + (1 — N f(22) < (1= NEr, ie.,
—f(2) < ?LT =L
T

Therefore, |f(x)| < (Lr/r)|z| for all z € B(0,r), and (2.14) is proved.

In particular, (2.14) tells that f is continuous in .

Let K and Kj be two compact sets in Q with K CC K; C Q and let § :=
dist(K,0K1) > 0. Let M7 denote the oscillation of f in K,

My = sup |f(z)— f(y)l,
x,ye K1

which is finite by the Weierstrass theorem. For every zg € K, the cube centered at zg
with sides parallel to the axes of length 2r, r = §/y/n, is contained in K;. It follows
from (2.14) that

Ly — f(z0)
r

M
[f(x) — f(zo)| < |z—zo|§T1|z—zo| Vz € K N B(zo,r).

On the other hand, for z € K \ B(zo,r) we have |z — z¢| > r, hence
My
If(x) = fzo)l < My < == o — .
In conclusion, for every x € K

Iﬂ@*ﬂmﬂé%?mfml

and, g being arbitrary in K (and M; and r independent from r and zg), we conclude
that f is Lipschitz-continuous in K with Lipschitz constant smaller than M /r. [}

Actually, the above argument shows more: A locally equibounded family
of convex functions is also locally equi-Lipschitz.

f. Supporting planes and differentiability

2.36 Theorem. Let Q C R™ be open and convex and let f : Q — R be
convex. Then f has a unique support function at xq if and only if f is
differentiable at xg.

In this case, of course, the supporting function is the linear tangent map
to f at xg,

yr= Vf(zo)ey.
As a first step, we prove the following proposition.

2.37 Proposition. Let Q C R" be open and convez, let f : Q — R be
convexr and let xog € Q. For every v € R™ the right and left derivatives

d d b

efined by ﬁ(a:)- . flz+tv) — f(v)
ovTt NG t ’
RSN (R DF (C)

ov— t—0- t

)



84 2. Convex Sets and Convex Functions

exist and a%é(xo) < a%é(a:o). Moreover, for any m € R such that

O (2) < m < 2L (), there exists a linear map ¢ : R™ — R such that

J(?I()x) > f(zo) + {(z — z0) Vo € Q and £(v) = m.

Proof. Without loss in generality we assume g = 0 and f(0) = 0.
The function ¢(t) := f(tv) is convex in an interval around zero; thus, compare
[GM1], ¢ has right-derivative ¢’, (0) and left-derivative ¢’ (0) and ¢’ (0) < ¢/, (0).

Since E;?}—{(O) = ¢’ (0) and ng';f‘F (0) = ¢’ (0), the first part of the claim is proved.

(ii) If 82—’:(0) <m< %(0)’ the graph of the linear map ¢t — mt is a supporting line
for Epi(y) at (0, 0), i.e., for Epi(f)NVh xR, Vp := Span{v}. We now show that the graph
of the linear function £y : Vo — R, £o(tv) := mt, extends to a supporting hyperplane to
Epi(f) at (0, £(0)), which is in turn the graph of a linear map £ : R™ — R.

Choose a vector w € R™ with w ¢ Vp, and remark that for z,y € Vp and r,s > 0
we have

T s r
Y4 0 =/
r+so(x)+r+so(y) 0<r+sx+r+sy>
r s r s
< = _ 2
<I(et ) = e s St rw)
r s
< _ _° .
< Sl sw)+ = [y rw);

so that multiplying by r 4+ s we get
rlo(z) + slo(y) < rf(x — sw) + sf(z + rw),

ie.,

g(I,S) — 50(96) — ];(x — Sw) < f(y + T’U;) - eo(y) — h(y,’f’)

For ¢ € V5 N Q and s sufficiently small so that T + sw and T — sw ly in €2, the values
g(Z,s) and h(Z,3) are finite, hence

—o00 < g(z,3) < sup g(z,s) < inf h(z,s) <h(z,s) < +oo.
Vo xR Vo xR

Consequently, there exists a € R such that

lo(z) — f(z — sw) < a< f(z+rw) — Lo(x)
s r
for all x € Vp, r,s > 0 with z — sw, = + rw € Q. This yields

lo(z) + at < f(z + tw) Vz € Vo, Vt € R with = 4 tw € Q.

In conclusion, o has been extended to the linear function ¢; : Span{v, w} — R defined
by ¢1(v) := £o(v), £1(w) := « for which ¢1(z) < f(z) for all z € Span{v, w}. Of course,
repeating the argument for finite many directions concludes the proof. [}

Proof of Theorem 2.36. Without loss in generality, we assume xzg = 0 and f(0) = 0.

Suppose that Epi(f) has a unique supporting hyperplane at 0. The restriction of f
to any of the straight lines Span v through 0 has a unique support line since otherwise,
as in Proposition 2.37, we could construct two different hyperplanes supporting Epi(f)
at (0,0). In particular, E;?}—{(O) = %(0), i.e., f is differentiable in the direction v at
0. Then, from Proposition 2.38, we conclude that f is differentiable at 0.

Conversely, suppose that f is differentiable in any direction and let £ : R™ — R be
a linear function, the graph of which is a supporting hyperplane for Epi(f) at (0,0).
Then £(z) < f(z) for all z € Q and, for every v € R™ and t > 0 small,

o) = 2 S0
t t

For t — 01 we get £(v) < %(0); replacing v with —v we also have £(—v) < 3(‘9_fv) (0),
thus £(v) = %(0), i.e., £ is uniquely defined. O
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2.38 Proposition. Let Q C R" be open and conver and let f: Q — R
be convex. Then f is differentiable at xo € Q if and only if f has partial
derivatives at xg.

Proof. We may and do assume that zg = 0 and f(0) = 0. Therefore, assume f is convex
and has partial derivatives at 0. Additionally,

¢(h) :=f(h) = f(0) = Vf(0)eh,  heQ,

is convex and has zero partial derivatives at 0. Writing h = 37" | hie;, we have for
every t=1,...,n
p(nh'e;)
nht
additionally, Jensen’s inequality yields

o(h) = ( Z h’nel) < %zn: d(nhie;).

1=1

=o(1), ht —0;

Using Cauchy’s inequality we then get

n ) hz i n hz D)2 1/2
SZf’%S""(E\MTZe)) = [he(h)

where

e(h) == (i % 2)1/2‘

=1
Notice that e(h) > 0, and €(h) — 0 as h — 0. Replacing h with —h we also get

¢(—h) < |h|e(—h) with e(—h) >0, and e(—h) — 0 as h — 0.
Since ¢(h) > —¢(—h) (in fact, 0 = ¢((h — h)/2) < ¢(h)/2 + ¢(—h)/2) we obtain
—|hle(=h) < ¢(=h) < ¢(h) < |h|e(h)

and conclude that

’¢ h)‘ < max(e(h), e(—h)), therefore lim

i.e., ¢ and, consequently, f, is differentiable at 0. [}

2.39 9. For f: QCR™ — R and v € R" set
OF () i @) ()
Ovt T S0t t ’
Assuming that Q2 is open and convex and f : 2 C R™ — R is convex, prove the following:
(i) For all z € Q and v € R", 6—f(gc) exists.
(i) v — av + (z), v € R™, is a convex and positively 1-homogeneous function.
(iii) f(x +v) — f(z) > (%Jr (z) for all x € Q and all v € R™.

(iv) v — %(m) is linear if and only if f is differentiable at x.
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g. Extremal points of convex functions

The extremal points of convex functions have special features. In Exer-
cise 2.34, for instance, we saw that a convex function f : K — R need
not have a minimum point even when K is compact; moreover, minimizers
form a convex subset of K. We also saw that local minimizers are in fact
global minimizers and that, assuming f € C'(K) and z¢ interior to K, the
point zo is a minimizer for f if and only if D f(z¢) = 0. When a minimizer
T( is not necessarily an interior point, we have the following proposition.

2.40 Proposition. Let Q) be an open set of R", K a convex subset of
and f : Q — R a convex function of class C(2). The following claims are
equivalent:

(i) zo is a minimum point of f in K.
(ii) Df(xp)e(x —x0) >0V € K.
(iii) Df(z)e(z —xzp) >0Vz € K.

Proof. (i) < (ii). If ¢ is a minimizer in K, for all x € K and A €]0, 1] we have

f(zo) < f((1 = Nzo + Az),

hence
f(zo+ A (@ —x0)) — f(=z0)
A
When A — 0, the left-hand side converges to D f(z0) e (z — z0) , hence (ii). Conversely,
since f is convex and of class C'1(Q2) we have

f(x) > f(zo) + Df(zo) e (z —x0) > f(z0) Vz € K,

thus xg is a minimizer of f in K.

>0.

(ii) < (iii). From Theorem 2.32 we know that D f is a monotone operator
(Df(z) —Df(x0)) e (x —z0) > 0.
Thus (ii) implies (iii) trivially.
(iii) < (ii). For any « € K and X €]0, 1] (iii) yields
Df(zo + Az —x0)) e (A(z — z0)) >0,
hence for A > 0
Df(zo + Xz —x0)) e (x —x0) > 0.

Since A — D f(zo + A(x —z0)) e (x — x0) is continuous at 0, for A — 0 we get (ii). O

The analysis of maximum points is slightly more delicate. In the 1-
dimensional case a convex function f : [a,b] — R has a maximum point in
a or b. However, in higher dimensions the situation is more complicated.

2.41 Example. The function
2
T
— ify>0,
fley) =9y
0 if (z,y) =(0,0)

is convex in {(z,y) |y > 0} U {(0,0)}, as the reader can verify. Notice that f is discon-
tinuous at (0,0) and (0, 0) is a minimizer for f.
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Consider the closed convex set
Ky = {(x,y) ‘ 2t <y < 1},

We have supg ., f(z,y) = +o0 since f(z, x*) = 1/2? — oo as © — 0. Hence the function
f: K1 — R is convex, Kj is compact but f is unbounded on Kj.
Consider the compact and convex set

Ko = {(a:,y)‘z2 +at<y< 1}.
We have

flz,y) <

2

2:1: 1 <1 VY(z,y) € K2 and sup f(z,y) =1.
Ttz (z,y)EK2

Therefore, the function f : K2 — R is convex, defined on a compact convex set, bounded
from above, but has no maximum point.

2.42 Proposition. Let K C R" be a convex and closed set that does not
contain straight lines and let f : K — R be a convex function.

(i) If f has a mazimum point T, then T is an extremal point of K.
(ii) If f is bounded from above and K is polyhedral, then f has a mazi-
mum point in K.

Proof. The proof is by induction on the dimension. For n = 1, the unique closed convex
subsets of R are the closed and bounded intervals [a, b] or the closed half-lines, and in
this case (i) and (ii) hold. We now proceed by induction on n.

(i) If f has a maximizer in K, then there exists T € K where f attains its maximum
value. Denoting by L the supporting hyperplane of K at T, then f attains its maximum
in L N K that is closed, convex and of dimension n — 1. By the inductive assumption
there exists T € L N K which is both an extremal point of L N K and a maximizer for
f. Since T needs to be also an extremal point for K, (i) holds in dimension n.

(ii) Let
M := sup f(z) = sup f(z).
rzeEK r€EOK
Since K is polyhedral, we have 0K = (KN Li)U---U(KNLy), where L1, La,..., Ly
are the hyperplanes that define K. Hence

M= sup f(z) for some 1.
zeEKNL,;

However, K N L; is polyhedral and dim(K N L;) < n. It follows that there is 7 € KN L;
such that f(Z) = M. O

2.3 Convex Duality

a. The polar set of a convex set

A basic construction when dealing with convexity is convezr duality. Here
we see it as the construction of the polar set.
Let K C R™ be an arbitrary set. The polar of K is defined as

K* = {g‘g.x §1vxeK}.
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2.43 Example. (i) If K = {z},  # 0, then its polar
K= {¢| cew <1},

is the closed half-space delimited by the hyperplane £ ez = 1 and containing the
origin. Notice that £ex = 1 is one of the two hyperplanes orthogonal to z at
distance 1/|z| from the origin.

(ii) If K := {0}, then trivially K* = R™,

(iii) If K = B(0,r), then

K* =DB(0,1/r).
In fact, if £ € B(0,1/r), then ez < ||¢[|[|z|| < Ir =1,ie., B(0,1/r) C K*. On
the other hand, zey = ||z||||y|| if and only if either y = 0 or z is a nonnegative

multiple of y. For all £ € K*, if ¢ := rig € B(0,r), we have r[|¢]| = £ox =
2l [I€]] < 1 hence K* C B0, 1/r).

Since the polar set is characterized by a family of linear inequalities, we
infer the following.

2.44 Proposition. We have the following:

(i) For every nonempty set K, the polar set K* is convex, closed and
contains the origin.
(i1) If {Ko}aca is a family of nonempty sets of R™, then

*

( U Ka> =) Kz

acA acA
(iii) If K1 C Ky C R, then Ki O Kj.
(iv) If A >0 and K C R, then (\K)* = LK*.
(v) If K C R™, then (co(K))* = K*.
(vi) (KU{0})* = K*.
Proof. (i) By definition K* is the intersection of a family of closed half-spaces containing
0, hence it is closed, convex and contains the origin.
(ii) From the definition

( U KQ)*:{glg.x SleEUaeAKQ}

acA
N {e]eer <1VreKa}= N K

acA acA

(iii) Writing Ko = K1 U(K2\ K1), it follows from (ii) that K5 C KN (K2\K1)* C K7.
(iv) £ € (AK)* if and only if £ex <1 Vz € AK, equivalently, if and only if ez <1
Vz € K, ie., (A)ex <1Vz € K, that is, if and only if A\ € K*.

(v) It suffices to notice that £ satisfies £ex7 <1 and fexs < 1lifandonlyif fex <1
for every x that is a convex combination of z; and z2.

(vi) Trivial. 0

2.45 Corollary. Let K C R™. Then the following hold.
(i) If 0 € int(K), then K* is closed, convex and compact.
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(i1) If K is bounded, then 0 € int(K™*).

Proof. If 0 € int(K), there is B(0,7) C K, hence, K* C B(0,r)* = B(0,1/r) and K is
bounded. Similarly, if K is bounded, K C B(0, M), then B(0,1/M) = B(0, M)* C K*
and 0 € int(K™*). O

A compact convex set with interior points is called a convex body. From
the above the polar set of a convex body K with 0 € int(K) is again a
convex body with 0 € int K*.

The following important fact holds.

2.46 Theorem. Let K be a closed conver set of R" with 0 € K. Then
K** = K where K** := (K*)*.

Proof. If z € K, then £ex < 1VE € K*, hence x € K** and K C K**. Conversely, if
zo ¢ K, then there is a supporting hyperplane of K

P = {z ‘ nexr = 1}
that strongly separates K from z, see Theorem 2.6, and, since 0 € K,

nexr <1 Ve K and nexg > 1.

The first inequality states that 7 € K™, whereas the second states that xzg ¢ K*.
Consequently, K** C K. [}

Later, in Section 2.4, we shall see a few applications of polarity.

b. The Legendre transform for functions of one variable

In Paragraph a. we introduced the notion of convezr duality for bodies. We
now discuss a similar notion of duality for convex functions: the Legendre
transform. We begin with functions of one real variable.

Let I be an interval of R and f : I — R be a convex function. Suppose
that f is of class C? and that f” > 0 in I. Then f’ : I — R is strictly
increasing and we may describe f in terms of the slope p by choosing for
every p € f/(I) the unique x € T such that f/(x) = p and defining the
Legendre transform of f as

Lip):=ap—fl), z:=2p)=()"0), pef),

see Figure 2.6. In this way we have a description of f in terms of the
variable p that we say is dual of the variable z. It is easy to prove that
L (p) is of class C? as f and that Ly is strictly convex. In fact, writing
x = x(p) for x = (f")~1(p), we compute

(Ls) (p) = x(p) + pz'(p) — f'(x(p))2’ (p) = z(p), (2.15)

€' =Pe0) = ey = ey %)
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v A y = f(x)
y=~Ex

Figure 2.6. A geometric description of the Legendre transform.

c. The Legendre transform for functions of several variables

The previous construction extends to strictly convex functions of several
variables giving rise to the Legendre transform that is relevant in several
fields of mathematics and physics.

Let © be an open convex subset of R” and let f : Q — R be a function
of class C* s > 2 with strictly positive Hessian matrix at every point = € 2.
Denote by Df :  — R™ the Jacobian map of f, with Q* :=Df(Q) C R®
and £ the variable in Q*. The Jacobian map, or gradient map, is clearly of
class C*~1, and since

det D(Df)(z) = detHf(x) > 0,

the implicit function theorem tells us that Q* is open and the gradient
map is locally invertible. Actually, the gradient map is a diffeomorphism
from Q onto Q* of class C*~!, since it is injective: In fact, if 1 # 22 € Q
and y(t) :== 1 + tv, t € [0,1], v := z3 — x1, we have

(/ L) ds) o

/0 Hf(v(s))vev ds > 0,

(Df(w2) = Df(21))ev

iLe, Df(z1) # Df(z2).
Denote by z(§) : Q* — Q the inverse of the gradient map

2(§) =[DfI7(§) or £=Df(x(§) VEeQ".
2.47 Definition. The Legendre transform of f is the function Ly : Q" —
R given by
Ly(€) = €ex(§) — f(z(€),  a(&) = (Df)' (&) (2.17)

2.48 Theorem. Ly : Q" — R is of class C*, and the following formulas
hold:
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DLy =a(©) = DAHTE),  HLE) = (Hf@(e) , (218)
£1(6) = €oa(e) — f(2()), #(€) = Df e =DLy(€), (219)
J@) = &) er — Ly(E()), é(r) = DJ (@), (2.20)

In particular, if O is convez, the Legendre transform f — Ly is involutive,
i.e., E[,f = f

Proof. Ly is of class C*~1, s > 1; let us prove that it is of class C° as f. From
& =Df(xz(§)) we infer

AL () = 2 (€) déa + o da® — DL (a(6)) da® = 2 (€) de,

ie., g?—i(g) = x%(€). Since z(€) is of class C*~1, then L (€) is also of class C*, and
DL; (&) = x(§). Also from D f(x(§)) = € for all £ € Q* we infer Hf (z(§))Dx(¢) = 1d,
hence

-1
HL((¢) = Da(&) = (H/(2(©))) -

In particular, the Hessian matrix of & — Lf(§) is positive definite. The other claims
now follow easily. O

If f: Q CR™ — R has a positive definite Hessian matrix and €2 is con-
vex, as previously, then f is strictly convex. However, if n > 2, the Legendre
transform of f, £L; : 2 — R, need not be convex since its domain * in
general may not be convex as for the Legendre transform of the function
exp(|z|?) defined on the unit cube Q := {x = (21, 72,..., x,) | max; |z;| <
1}. However, Ly has a strictly positive Hessian matrix, in particular, £
is locally convex.

Finally, the following characterization of the Legendre transform holds.

2.49 Proposition. Let f € C*(Q2), Q be open and conver, s > 2, and
Hf >0 in Q. Then

,Cf(f):max{goa: —f(x)‘er} (2.21)
Proof. Fix £ € Q*, and consider the concave function g(z) := £ex — f(z), x € Q. The
function x — Dg(z) := £ — Df(x) vanishes exactly at £ = Df(z). It follows that g(x)

has an absolute maximum point at z = Df~1(£) and the maximum value is £¢(¢). O

Later we shall deal with (2.21).

2.4 Convexity at Work

2.4.1 Inequalities

a. Jensen inequality

Many inequalities find their natural context and can be conveniently
treated in terms of convexity. We have already discussed in [GM1] and
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Chapter 4 of [GM4] some inequalities as consequences of the convexity of
suitable functions of one variable. We recall the discrete Jensen’s inequal-
ity.

2.50 Proposition. Let ¢ : [a,b] — R be a convex function, x1,...,Tm €
la,b] and o;; € [0,1] Vi=1,...,m with ;" a; = 1. Then

o i aizi) < f: ().

Moreover, if ¢ is strictly convex and «; > 0 Vi, then (Z)(Z;il aiaci) =
St aid(x;) if and only if x1 =+ = Ty
We now list some consequences of Jensen’s inequality:

(i) (YOUNG INEQUALITY) If p,q > 1, £ + 1 =1, then

ppa
ab< 42 Vo beR*
p q

with equality if and only if a? = b9.
(ii) (GEOMETRIC AND ARITHMETIC MEANS) If 1, z3,..., x, > 0, then

1 n
,"/xla:g...xng—g T;

n—

1=

with equality if and only if 27 = =z,=1 Z” ;.
(iii) (HOLDER INEQUALITY) If p,q > 1 and 1/p—|— 1/q = 1, then for all
T1, T2y, Tp > 0 and y1, yo,..., yn > 0 we have

S s () ()"

with equality if and only if either x; = A\y; Vi for some A > 0 or

ylz---:ynzo.
(iv) (MINKOWSKI INEQUALITY) If p,¢ > 1 and 1/p+1/q = 1, then for all
1, X2, ..., n > 0 and y1, yo,..., Yy, > 0 we have

(St o)< (35" 4 (So00)

i= i=1

with equality if and only if either x; = A\y; Vi for some A > 0 or

Yyr="---=yn=0.
(v) (ENTROPY INEQUALITY) The function f(p) := > ., p; log p; defined

on K :={peR”
point at p = (1/n,...,1/n).

p; > 0,>." | p; = 1} has a unique strict minimum
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(vi) (HADAMARD’S INEQUALITY) Since the determinant and the trace of
a square matrix are respectively the product and the sum of the
eigenvalues, the inequality between geometric and arithmetic means
yields

det A < (trnA)

for every matrix A that is symmetric and with nonnegative eigen-
values. Moreover, equality holds if and only if A is a multiple of the
identity matrix. A consequence is that for every A € M, ,(R) the
following Hadamard’s inequality holds:

(det A)? f[ A2

where Ay, Ag, ..., A, are the columns of A and |4,| is the length of
the column vector A;; moreover, equality holds if and only if A is a
multiple of an orthogonal matrix.

b. Inequalities for functions of matrices

Let A € M, ,(R) be symmetric and let Az = > | A\;(zeu; ) u; be its
spectral decomposition. Recall that for f : R — R, the matrix f(A) is
defined as the n x n symmetric matrix

Zf .u,

Notice that A and f(A) have the same eigenvectors with corresponding
eigenvalues A and f(\), respectively.

2.51 Proposition. Let A € M, ,(R) be symmetric and let f: R — R be
convex. For all x € R™ we have

flzeAz) < zef(A)x

In particular, if {v1, va,..., va} is an orthonormal basis of R™, we have
n
D f(vj e Avy) < tr(f(A)).
Jj=1
Proof. Let w1, u2,..., up be an orthonormal basis of R" of eigenvectors of A with
corresponding eigenvalues A1, A2,..., An. Then

n

:C-Ax:Z)\i|:r;-ui|2, x-f(A)x:Zf()\i)|x-ui|2,

i=1 1=1

and, since > | |z eu; |2 = |z|2, the discrete Jensen’s inequality yields
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n
f(zeAz) (Z)\|x-uz| )ng()\i)|x.ui|2:x-f(Ax).
i=1
The second part of the claim then follows easily. In fact, from the first part of the claim,
n n
Zf(vj -Avj> < Z vj e f(A)v;,
j=1 j=1

and, since {v; } is orthonormal, there exists an orthogonal matrix R such that v; = Ruy,
and the spectral theorem yields

ST vjef(A); =D uj e RTf(A)Ru; =Y f(A;) =tr f(A).

j=1 j=1 j=1

2.52 €. Show that

N 1/N N 1/N
(gzz) +(i1—[1yi) B (ﬁ . )1/N+(ﬂ v )1/N
1/N 1Tty 1 Ti T Yi
{H :cﬁyz]

2.53 €. Show that if p,¢ > 1, 1/p + 1/q = 1, then for all z1, z2,..., xn >0,

" 1/p n n
<Z:cf> = max{Zzzyz yi >0, Y yl= 1}.
=1 i=1

1=1

c. Doubly stochastic matrices
A matrix A = (ajr) € My »(R) is said to be doubly stochastic if

ajp >0, D an=1, D ap=1, Vik=1...n (222

Important examples are given by the matrix that in each row and in
each column contains exactly an element equal to 1. They are characterized
by a permutation o of {1,...,n} such that a;, = 1if k = o(j) and a;r =0
if & # ( j); for this reason they are called permutation matrices. Clearly,
if (a;1) is a permutation matrix, then ajrri, = 24(;).

Condition (2.22) defines the space 2, of doubly stochastic matrices as

the intersection of closed half-spaces and affine hyperplanes of R”z, hence
as a closed convex subset of the space M, ,, of n X n matrices.

2.54 Theorem (Birkhoff). The set Q,, of doubly stochastic matrices is a
compact and convex subset of an affine subspace of dimension (n—1)2, the
extremal points of which are the permutation matrices. Consequently, every
doubly stochastic matriz is the convex combination of at most (n —1)% + 1
permutation matrices.
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Proof. Since aj, < 1, VA = (a;i) € Qn, the set Qp is bounded, hence compact being
closed. Conditions (2.22) writes as a;; > 0 and

ank:1*2j<najk k <mn,
Ajn = 1-— Ek<n Ajk J <mn,
ann =2 —n + Zj,k<n @k,

hence €y, is the image of the subset P defined by

ajr >0 k<,
2j<najk§1 k<mn,
Doken @ik <1 Jj<mn,
20 Gk = n—2

through an affine and injective map from R(=1D? into My, n. Moreover, P has interior
points as, for instance, aj; := A/(n —1), 1 < j,k <n with (n —2)/(n-1) < A <1,
hence Qp has dimension (n — 1)2.

Of course, the permutation matrices are extremal points of €2,,. We now prove that
they are the unique extremal points. We first observe that if A = (a;j) is an extremal
point of Qy,, then it has to satisfy at least (n — 1)? equations of the n? conditions in
(2.22). Otherwise we could find B := (bj;j;) # 0 such that a;j, =ebj, € small, still satisfies
(2.22); moreover, aj; = %(ajk +ebji) + %(ajk — ebji) and A would not be an extremal

(2.23)

point. This means that A = (a;;) has at most n? — (n — 1)? = 2n — 1 nonzero elements
implying that at least one column has to have one nonzero element, hence 1, and, of
course, the row corresponding to this 1 will have all other elements zero. Deleting this
row and this column we still have an extremal point of €, _1; by downward induction
we then reduce to prove the claim for 2 X 2 matrices where it is trivially true. 0

We shall now discuss an extension of Proposition 2.51.

2.55 Proposition. Let A be an n x n symmetric matriz, let {uy, ..., uy,}
be an orthonormal basis of eigenvectors of A with corresponding eigenval-
ues A1, Aay ..., Ay and let vy, va, ..., v, be any other orthonormal basis of
R™. For A € R™, set

Ky = {xeR”

z = S\, SEQ,L}.

Then Ky is convexr and we have
(’Ul oAUl, UQ.AU27...7 Un oA’Un) € K.

Moreover, for any convez function f: U D Ky — R the following inequal-
ity holds:
f(AUl oVl y.vuy AUno'Un) S f()\gl, . ">‘0’n)

for some permutation o € P,,.
Proof. The matrix S = (s;;), s;j := |u; ev; |? is doubly stochastic. Moreover, on ac-

count of the spectral theorem, vj e Av; = > " | A;|vj eu; |2. Hence Avjev; = Sjel,
where S; is the jth column of the matrix S. We then conclude that

('Ul oAvl,UgoAvg,...,vnoAvn) € K.

It is easily seen that ¢g(S) := f(SA) : K)x — R is convex. Therefore g attains its
maximum value at the extremal points of Ky, which are permutation matrices because
of Birkhoff’s theorem, Theorem 2.54. [}
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Different choices of f now lead to interesting inequalities.

(i)

Choose f(t1, ta,..., tg) := Zf;l t;, so that both f and —f are con-
vex, and, as before, let A be a symmetric n X n matrix and let
{v1, va,..., vy} be an orthonormal basis of R”. Then for 1 < k <n

the following estimates for Z?:I Av;ev; holds:

k k k
Z)\n,jJrl < Z AUj oV < Z)\j, (224)
j=1 j=1 j=1
A1, A2, ..., Ap being the eigenvalues of A ordered so that Ay > Ay >

>\,

Choose f(t) := (Hf:1 t;)Y/* k> 1, that is concave on {t € R" |t >
0}, and let A be a symmetric positively semidefinite n X n ma-
trix. Applying Proposition 2.55 to —f, for every orthonormal basis

{v1, va,..., v,} we find for every k, 1 < k <n,
k 1/k k 1/k
(H)\n_i+1) S (H AUj ovj) (225)
i=1 j=1
A1, A2, ..., A\p being the eigenvalues of A ordered so that A\ >
Ao > Ay > 0.

Using the inequality between the geometric and arithmetic means
and (2.24) we also find

k 1/k 1 k
(HAUjon) gEZAvj.ng
j=1 j=1

When k = n we find again

k
> A (2.26)
j=1

T =

trA)”.

detA:ﬁ/\jSﬁAUjon S( " (227)
j=1 j=1

2.56 Theorem (Brunn—Minkowski). Let A and B be two symmetric
and nonnegative matrices. Then

1/n
(det(A + B)) > (det A)Y/" + (det B)L/™,
det(A + B) > det A + det B.

Proof. Let {v1, va,..., vp} be an orthonormal basis of eigenvectors of A + B. Then

<det(A+B))1/n - (ﬁ (A + B)v, .u]-)l/
=1

1/n

> (ﬁ Avj-vj)l/n+ (ﬁ ij-vj)
j=1 Jj=1

> (det A)/™ + (det B)'/ ",
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Figure 2.7. Frontispieces of two volumes about calculus of variations.

where we used Exercise 2.52 in the first estimate and (2.27) in the second one. The
second inequality follows by taking the power n of the first. O

2.4.2 Dynamics: Action and energy

Legendre’s transform has a central role in the dual description of the dy-
namics of mechanical systems, the Lagrangian and the Hamiltonian mod-
els.

According to the Hamilton or minimal action principle, see Chapter 3,
a mechanical system is characterized by a function L(t,z,v), L : R x RN x
RY — R called its Lagrangian, and its motion ¢ — x(t) € R satisfies the
following condition: If at times ¢; and ¢35, t; < t3, the system is at positions
x(t1) and x(t2) respectively, then the motion in the interval of time [¢1, ¢2]
happens in such a way as to make the action

Alz) = / T Lt 2(t), 2/ (1)) dt

ty

stationary. More precisely, x(t) is the actual motion from x(t1) to z(t2)
if and only if for any arbitrary path ~(¢) with values in RY such that
~v(t1) = v(t2) = 0, we have

ta

0— %A(:ﬂ 4 m)‘e_o _ %/ﬁ L(t2(t) + (1), 2’ () + /(1)) dt

e=0

Differentiating under the integral sign, we find
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(
(L2 - %Lui)Wi () dt + iw (t) z
(

for all 7 : [t1,ta] — RN, y(t1) = y(t2) = 0, where

oL , oL )
Lyoi= 5= (ta(®),2'(1), Ly = 5 (t (), 2/ ().

As a consequence of the fundamental lemma of the Calculus of Variations,
see Lemma 1.51, the motion of the system is a solution of the FEuler—
Lagrange equations

%Lvi(t7x(t)7$/(t)) = L,i(t,z(t),2'(t)) Vi=1,...,N. (2.28)

This is an invariant way (with respect to changes of coordinates) of ex-
pressing Newton'’s law of dynamics. We notice that (2.28) are N ordinary
differential equations of second order in the unknown x(t).

There is another equivalent way of describing the law of dynamics at

least when the Lagrangian L is of class C? and det %ﬂ— > 0, ie., L €

C?(R x RN x RY) and v — L(t,z,v) is strictly convex for all (,2). As we
have seen, in this case the function

v — pi=Ly(t,z,v) = %L(t,x,v)

is globally invertible with inverse function v = (¢, z,p) of class C? and
we may form the Legendre transform of L with respect to v

H(taxap) = PeU — L(t,x,’l}), v i= T/J(t7$7p),

called the Hamiltonian or the energy of the system. For all (¢, z, p) we have

p= (g—f;(lf,ac,v)7

L(t,x,v) + H(t,x,p) = pev, v ="1)(t,z,p)
Hy(t,z,p) + Li(t,xz,v) = 0,

H,(t,2,p) + Ly(t,z,v) =0,

and, as we saw in (2.18),

Hp(t7x7p) =V = ¢(taxap)
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For a curve t — x(t), if we set v(t) = 2/(t) and p(t) := L, (t, x(t), 2’ (t)),
we have

<
S

(t) = 2'(t) = ¢(t, x(t), p(t)),

L(t, 2(t),v(t)) + H(t, x(t), p(t)) = p(t) e v(t) ,
Hy(t,2(t), p(t) + Le(t, 2(t), v(t)) = 0,
Hy (L, (1), p(t) + La(t, x(t), v(t)) = 0.

Consequently, ¢ — z(t) solves Euler—Lagrange equations (2.28), that can
be written as

if and only if
' (t) = Hy(t, x(t), p(t)),
%Lq;(t7x(t)7v(t)) = La(t, x(t),v(t)) = —Ha(t, x(t), p(t)).

Summing up, t — z(t) solves the Euler-Lagrange equations if and only
if t — (z(t),p(t)) € RN solves the system of 2N first order differential
equations, called the canonical Hamilton system

{x’(t) = Hy(t,2(t),p(t)),
P(t) = —Hy(t, 2(t), plt)).

We emphasize the fact that, if the Hamiltonian does not depend explic-
itly on time (autonomous Hamiltonians), H = H(x,p), then H is constant
along the motion,

d 0H OH
—H t t - = o / = /o - /o / - O
G H@®),p(t) = Z-ea’ + op V=P —ep
We shall return to the Lagrangian and Hamiltonian models of mechan-
ics in Chapter 3.

p'(t) =

2.4.3 The thermodynamic equilibrium

Here we briefly hint at the use of convexity in the discussion of the ther-
modynamic equilibrium by J. Willard Gibbs (1839-1903).

For the sake of simplicity we consider a quantity of N moles of a simple
fluid, i.e., of a fluid in which equilibrium points may be described in terms
of the following six thermodynamic variables:
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Figure 2.8. J. Willard Gibbs (1839-1903)
and the frontispiece of Gibbs Sympo-
sium at Yale.

S, the entropy,

)
)
)
) U, the internal energy,
)
)
(vii) N, the number of moles.

For simple fluids, Gibbs provided a description of the thermodynamic equi-
librium which is compatible with the thermodynamic laws established a
few years earlier by Rudolf Clausius (1822-1888). In modern terms and

freeing our presentation from experimental discussions, Gibbs assumed
the following:

(i) The balance law, called the fundamental equation,
TdS =dU +pdV + pdN (2.29)

in the variable domains 7> 0,V >0, U >0,p >0, N >0, u € R
and S € R.

(ii) The equilibrium configurations can be parametrized either by the
independent variables S,V and N or by the independent variables
U,V and N, and, at equilibrium, the other thermodynamic quantities
are functions of the chosen independent variables.

(iii) The entropy function S = S(U,V, N) is of class C* and positively
homogeneous of degree 1,

S(AU,AV,AN) = AS(U,V,N), VYA > 0.
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(v)
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The entropy function S = S(U,V, N) is concave.
The free energy function U = U(S,V, N) is of class O, convex and
positively homogeneous of degree 1.

A few comments on (i), (ii), ..., (v) are appropriate:

(i)

(vi)

The fundamental equation (2.29) contains the first principle of ther-
modynamics: the elementary mechanic work done on a system plus
the differential of the heat furnished to the system plus the variation
of moles is an exact differential pdV —T dS + pdN = —dU.

The homogeneity of S amounts, via (2.29), to the invariance at equi-
librium of temperature, pressure and chemical potential when moles
change.

The assumption of C'-regularity of the entropy function, in addition
to being useful, is essential in order to deduce the Gibbs necessary
condition for the existence of coexisting phases.

If we choose as independent variables the internal energy U, the vol-
ume V and the number of moles N, then S, T and V are functions of
(U,V,N). The fundamental equation then allows us to compute the
absolute temperature and the chemical potential as partial deriva-
tives of the entropy function S = S(U,V, N), that thus describes the
whole system, finding?

% - (g_g)v,N’ % - (2_5>U,N7 % - (g_.fff)U,v' (2:30)

The function U — S(U,V,N) is strictly increasing. Therefore, we
can replace the independent variables (U,V,N) with the variables
(S,V,N) and obtain an equivalent description of the equilibrium of
the fluid in terms of the internal energy function U = U(S,V,N),
concluding that

T= (g_g)v,zv’ —P= (g_g)s,zv’ H= (g_g)s,v'

The concavity of the entropy function is a way to formulate the second
principle of thermodynamics. Consider, in fact, two quantities of the
same fluid with parameters at the equilibrium z; := (U1, V1, N1) and
x9 = (Us, V3, N3), and a quantity of N7 + Ny moles of the same
fluid with volume V; + V5 and internal energy U; + Us. The second
principle of thermodynamics states that the entropy has to increase

S(l‘l + 332) > S(l‘l) + S(xz)

Because of the arbitrariness of x; and z2 and the homogeneity of .S,
we may infer

2 Here we use the symbolism of physicists. For instance, by (%)VN we mean that

the function S is seen as a function of the independent variables (U, V, N) and that
it is differentiated with respect to U and, consequently, the resulting function is a
function of (U, V, N).
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S((1—a)ry +azz) > (1—a)S(r1) + aS(z2) Yy, z2, Yo € ]0,1],

ie., S(x) =S(U,V,N) is a concave function.
(vil) Similar arguments may justify the homogeneity and convexity of the
internal energy function.

Gibbs’s conclusion is that a simple fluid is described by a 3-dimensional
surface which is at the same time the graph of S(z), z = (U,V,N) €
Ry x R4 x R4 (concave, positively homogeneous of degree one and of class
C1) and the graph of the function U(y), y = (S,V,N) € R x Ry x Ry,
convex, positively homogeneous of degree one and of class C!.

Since S is positively homogeneous, it is determined by its values when
restricted to a “section”, i.e., by its values when the energy, the volume
or the number of moles is prescribed. For instance, assuming N = 1 and
denoting by (u, v) the internal energy and the volume per mole, the entropy
function per mole

s(u,v) == S(u,v,1),

describes the equilibrium of a mole of the matter under scrutiny and from
(2.30)
1
o (ﬁ) N AC) (@) , (2.31)
T (u,v) ou/ v T (u,v) ov/u
Clearly, s(u,v) is concave and the entropy S for N moles by homogeneity

is given by

S(U,V,N) = NS(%7%,1) - Ns(% %)

In particular, differentiating we get

1 _88 U Vv
VN = o W)
WUVN) =s(5y) - 7w P

and (2.29) transforms into

Tds = du+ pdv.

a. Pure and mixed phases

Gibbs also provided a description of the coexistence of different phases
in terms of an analysis of the graph of a convex function. Let s(x), = €
Ry xRy, be a convex function in the variables x := (u,v). We say that the
phase z is pure for a liquid if (z, s(x)) is an extreme point of the epigraph
of f. The other points are called points of coeristent phases: These are
points z for which (z, f(x)) is a convex combination of the extreme points
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(x4, f(z;)) of the epigraph Epi(f) of f. Since Epi(f) has dimension 3,
Corollary 2.27 tells us that the boundary of Epi(f) splits into three sets

Yo = {extreme points of Epi(f)},
= {linear combinations of two points in Zo},

Yo = {linear combinations of three points of ZO}

corresponding to equilibrium with pure phases, with two mixed phases and
three mixed phases, respectively.

A typical situation is the one in which the pure phases are of three
different types, as for water: solid, liquid and gaseous states. Then ¥
corresponds to the situation in which two states of the liquid coexist, and
Y3 corresponds to states in which the three states are present at the same
time.

2.57 Proposition. Let f : Q C R®™ — R be a convezr function of class
Cl and let xy, x2,..., x) be k points in . A necessary and sufficient
condition for the existence of x € Q, x # x; Vi, such that

k k
(@, f(2)) =D ailws, f(w))  with Y =1, a; €[0,1] (2.32)
i=1 i=1

is that the supporting hyperplanes to f at the points x1, xs,..., T are the
same plane. In particular, D f(x) is then constant in the convex envelope
of x1, xa, ..., Tg.

Proof. Let M := co({z1, x2,..., r}). The convexity of f(z) implies that f is linear
affine in M,

k k
(@, f(@) = > ailmi, f(2:)), D ai=1, a; €)0,1],
i=1 i=1

for all z € M if and only if (2.32) holds. In this case the segment joining any two points
a,b € M is contained in the support hyperplanes of f at a and at b. On the other hand,
a support hyperplane to f at b that contains the segment joining (a, f(a)) with (b, f(b))
is also a supporting hyperplane to f at a. Since f is of class C!, f has a unique support
hyperplane at a, 2 = V f(a)(z —a) + f(a), hence the support hyperplanes to f at a and
b must coincide, and V f(z) is constant in M. O

In the context of thermodynamics of simple fluids, the previous propo-
sition when applied to the entropy function, see (2.31), yields the following
statement.

2.58 Proposition (Gibbs). In a simple fluid with entropy function of
class C' two or three phases may coerists at the equilibrium only if they
are at the same temperature and the same pressure.
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In principle, we may describe the thermodynamic equilibrium in terms
of entropy function in the dual variables of the energy and volume, i.e., in
terms of the absolute temperature and pressure. However, first we need to
write s = s(T,p) and V = V(T,p). The Legendre duality formula turns
out to be useful. In fact, starting from the internal energy U := U(S,V, N)
that can be obtained inverting the entropy function S = S(U,V,N), we
consider the internal energy per mole, u(s,v) := U(s,v, 1), for which we
have

du=Tds— pdv.
The dual variables of (u,v) are then (T, —p): the absolute temperature T
and minus the pressure p. At this point, we introduce Gibbs’s energy as

G(T,p) := sup{u(s, v) + pv — Ts}

and observe that G(—T,p) is the Legendre transform of the concave func-
tion —u,

Therefore, at least in the case where u is strictly convex, we infer

=-(r)y = (G)r

2.4.4 Polyhedral sets

a. Regular polyhedra

We recall that a set K is said to be polyhedral if it is the intersection
of finitely many closed half-spaces. A bounded polyhedral set is called a

polyhedron.
Consider a convex polygon K containing the origin with vertices
A, Ao, ..., An. The vertices are the extreme points of K C R"™ and

K =co({4;, Aa,..., Ax}), hence, compare Proposition 2.44,
N
K*={A1, Ay,..., An} = [({A:}
i=1

and, compare Theorem 2.46, K = (K™*)*. Accordingly, K* is a polyhedron,
the intersection of the NV half-spaces containing the origin and delimited
by the hyperplanes {£| £e A; = 1} in R™, see Figure 2.9.

2.59 q. The reader is invited to compute the polar sets of various convex sets of the
plane.

The construction works in the same way in all R™’s, n > 2. Though
difficult to visualize, and cumbersome to check, in R3, the polar set of a
regular tetrahedron centered at the origin is a regular tetrahedron centered
at the origin, the polar set of a cube centered at the origin is an octahedron
centered at the origin, and the polar set of a dodecahedron centered at the
origin is an icosahedron centered at the origin.
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(—1,1) 1) (-1,1) (1,1)

\J
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(=1,-2 (1,-2) (-1, -2) (1,-2)

Figure 2.9. The polar set of a rectangle that contains the origin.

b. Implicit convex cones

Polyhedral sets that are cones play an important role. Let us start with
cones defined implicitly by a matrix A € M,, n(R) and a vector b € R as

K = {xGRN‘xZQ Aa::b} (2.33)

where if z = (2!, 22,..., V), * > 0 stands for 2° >0 Vi =1,...,N. In
this case, K is a convex polyhedral closed set of R"” that does not contain
straight lines, hence, see Theorem 2.23, K does have extreme points. They
are characterized as follows.

2.60 Definition. Let K be as in (2.33). We say that x € K is a base
point of K if either x = 0 (in this case 0 € K) or, if a1, as,..., ai are
the indices of the nonzero components of x, the columns A, , ... Aqa, of A
are linearly independent.

2.61 Theorem. Let K be as in (2.33). Extreme points of K are all and
only the base points of K.

Proof. Clearly, if 0 € K, then 0 is an extreme point of K. Suppose that z =
(zt .,,,xk,O,.,.,O) € K,z" >0Vi=1,...,k, is a base point for K, and, contrary
to the claim, x is not an extreme point for K. Then there are y, z € K, y # z, such that
x = (y+ 2)/2. Since z,y,z € K, it would follow that y = (y*, ¥2,..., ¥*,0,...,0),
z = (', 2%,...,2%,0,...,0) and b = Zle YA = Zle 2*A;. Since A1, Aa, ..., AL
are linearly independent, we would then have y = z, a contradiction.

Conversely, suppose that z is a nonzero extreme point of K and that z =
(z', x2,..., 2%,0,...,0) with 2° > 0 Vi =1,...,k. Then

x1A1+~~~+xkAk:b.

We now infer that Aj, Aa,..., A are linearly independent. Suppose they are not in-
dependent, i.e., there is a nonzero y = (y', y2,. .., y*.0,..., 0) such that

y1A1+~~~+ykAk:0.

Now we choose # > 0 in such a way that v := z + 0y and v := z — 6y still have
nonnegative coordinates and u,v € K. Then z = (v +v)/2, u # v, and  would not be
an extreme point. [}
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2.62 Remark. Actually, Theorem 2.61 provides us with an algorithm for
computing the extreme points of a polyhedral convex set as base points.
Since base points correspond to a choice of linearly independent columns,
Theorem 2.61 shows that K has finitely many extreme points.

The next proposition shows the existence of a base point without any ref-
erence to the convex set theory. We include it for the reader’s convenience.

2.63 Proposition. Let K # () be as in (2.33). Then K has at least one
base point.
Proof. Of course, there is a point  with minimum, say k, nonzero components such
that Az = b and no 2’ > 0 with Az’ = b and number of components nonzero < k.

Let a1,...,ar be the indices of nonzero components of xz. We now prove that

the columns Aqa,,...,Aqs, are linearly independent, i.e., that z is a base point of K.
Suppose they are not independent, i.e.,

k
> 0iAa, =0
i=1

where 01, 02, ..., 0 are not all zero. We may assume that at least one of the 0; is

positive. Then
k k
b= Aaxi = Aa,(zi — \0;)
i=1 i=1

for all A € R. However, for

T; z;
A= min{—z 0; > 0} = 0
0; i
we have x;, — A0;, = 0. It follows that ' :=x — A0 > 0, b= A’z’ and 2’ has a number
of nonzero components less than k, a contradiction. [}

c. Parametrized convex cones

Particularly useful are the finite cones, i.e., cones generated by finitely
many points, Ay, As,..., Ay € R™. They have the form

N .
C:= {gaj A;

and with the notation rows by columns, they can be written in a compact
form as

xizo,z‘=1,...,N}

C={yeR"|y=Az, >0}

where A € M, y is the n x N matrix
A=[A1]As] ... |AN].

Trivially, a finite cone is a polyhedral set that does not contain straight
lines, hence has extreme points. We say that a finite cone is a base cone if
it is generated by linearly independent vectors.
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2.64 Proposition. Fvery finite cone C' is convex, closed and contains the
origin.

Proof. Trivially, C' is convex and contains the origin. so it remains to prove that C is
closed. Let A € M,, n be such that C' = {y = Az|z > 0}, C is surely closed if A

has linearly independent columns, i.e., if A is injective. In fact, in this case the map
x — Az has a linear inverse, hence it is a closed map and C = A({z > 0}). For the
general case, consider the cones C1,...,C) associated to the submatrices of A that
have linearly independent columns. As we have already remarked C1, ..., C} are closed
sets. We claim that

C=CiuCyU---UCk, (2.34)

hence C is closed, too. In order to prove (2.34), observe that since every cone generated
by a submatrix of A is contained in C, we have C; C C Vi. On the other hand, if b € C,
Proposition 2.63 yields a submatrix A’ of A with linearly independent columns such
that b = A’z’ for some z’ > 0, i.e., b € U;C;. m]

The following claims readily follow from the results of Paragraph a.

2.65 Corollary. Let C; and Cy be two finite cones in R™. Then
(i) if C1 C Cq, then C5 C CY,

(ii) CTUCs = (C1NCo)*,

(i) C1 = Cy™.

Finally, let us compute the polar set of a finite cone.
2.66 Proposition. Let C = {Az|x >0}, A € M, n(R). Then
= {g ] AT¢ < 0} (2.35)

and
o {x‘ 2o < 0VE such that ATE < 0}. (2.36)
Proof. Since C is a cone, we have
c*:{g‘g.b gwbec}:{g‘g.b gow;ec}.
Consequently,
o*:{g‘g.Ax §0Vx20}:{§‘AT§-x govmzo}z{g‘Ango}

and

C**:{x|x-§SlV{EC*}:{x|:{:-§ govgeo*}

= {x| zef <0 VE such that AT§§0}.
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d. Farkas—Minkowski’s lemma
2.67 Theorem (Farkas—Minkowski). Let A € M, v(R) and b € R".
One and only one of the following claims holds:

(i) Ax = b has a nonnegative solution.
(ii) There exists a vector y € R™ such that ATy >0 and yeb < 0.

In other words, using the same notations as in Theorem 2.67, the claims
(i) x is a nonnegative solution of Az = b,
(i) if ATy <0, then yeb <0

are equivalent.

Proof. The claim is a rewriting of the equality C' = C** in the case of finite cones,
and, ultimately, a direct consequence of the separation property of convex sets. Let
C := {Az|z > 0}. Claim (i) rewrites as b € C, while, according to (2.36), claim (ii)
rewrites as b ¢ C**. O

2.68 Example (Fredholm alternative theorem). The Farkas—Minkowski lemma,
equivalently the equality C' = C** for finite cones, can be also seen as a generalization
of the Fredholm alternative theorem for linear maps: Im(A) = (ker AT)L. In fact, if
b= Az, A € M, v, and if we write x = v — v with uw,v > 0, the equation Az = b

rewrites as
u
b= ( A —A ) s u,v > 0.

v

Therefore, b € Im A if and only if the previous system has a nonnegative solution. This
is equivalent to saying that the alternative provided by the Farkas lemma is not true;
consequently,

AT

if £ <0, then be& <0

_AT

ie.,
be& <0 for all € such that AT¢ =0

and, in conclusion,
be& =0 for all £ such that AT¢ =0,

ie., b€ (ker AT)L.
2.69 9. Let A € My, n(R) and b € R™ and let K be the closed convex set
K::{xeR”’Azzb, « >0}

Characterize the extreme points of K.
[Hint. Introduce the new variables, called slack variables ' > 0, so that the constraints

Ax > b become
A’<”’/>b, A’:( A —1d )
x

Set K’ := {2 ‘ A’z > b, z > 0}. Show that x is an extreme point for K if and only if

z = (z,2') with &’ := Az — b is an extreme point for K'.]
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2.70 9. Prove the following variants of the Farkas lemma.

Theorem. Let A € M,, n(R) and b € R"™. One and only one of the following alterna-
tives holds:

o Az >b has a solution x > 0.
o There exists y < 0 such that ATy >0 and bey < 0.

Theorem. Let A € M,, n(R) and b € R™. One and only one of the following alterna-

tives holds:

o Az <b has a solution x > 0.
o There exists y > 0 such that ATy >0 and bey < 0.

[Hint. Introduce the slack variables, as in Example 2.68.]

2.4.5 Convex optimization

Let f and ¢!, ¢?,..., ¢™ : R® — R be functions of class C'. Here we
discuss the constrained minimum problem

f(z) = min in F:= {m e R"”

() <0, j= 1,...,m} (2.37)

and, in particular, we present necessary and sufficient conditions for its
solvability, compare also Section 4.

Let ¢ := (o1,...,9™) : R® — R™ and let ¥y be a minimum point
for fin F. If p?(zg) < 0 Vj, p(xg) < 0 for short, then zq is interior to
F and Fermat’s theorem implies D f(zg) = 0. If ¢(xg) = 0, then z¢ is a
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minimum point constrained to OF := {x € R™ | p(x) = 0}. Consequently,
if the Jacobian matrix Dy(zg) has maximal rank so that OF is a regular
submanifold in a neighborhood of =y, we have

Df(z0)(v) =0 Vv € Tang, OF,

ie.,

V f(zo) L Tan,, OF,

and, from Lagrange’s multiplier theorem (or Fredholm’s alternative the-
orem) we infer the existence of a vector \° = (\9,...,A%) € R™ such
that

Df(z") = f: Dy’ (27).
j=1

In general, it may happen that ¢/ (2%) = 0 for some j and 7 (2°) < 0
for the others. For x € F, denote by J(z) the set of indices j such that
@’ (z) = 0. We say that the constraint 7 is active at z if j € J(x).

2.71 Definition. We say that a vector h € R™ is an admissible direction
for F at x € F if there exists a sequence {x*} C F such that

T # 2 Vk, xx — x as k — o0 and Méi.
o — x| [h]
The set of the admissible directions for F at x is denoted by I'(x). It is
easily seen that I'(z) is a closed cone not necessarily convex. Additionally,
it is easy to see that T'(z) is the set of directions h € R™ for which there is
a regular curve r(t) in F with (0) = x and 7/(0) = h.

Denote by I'(x) the cone with vertex at zero, this time convex, of the
directions that “point to F”,

[(z) = {h cR"

Vil (z)eh <0Vj € J(m)};

it is not difficult to prove that I'(z) C T'(x).

2.72 Definition. We say that the constraints are qualified at x € F if
I(z) = ().

Not always are the constraints qualified, see Example 2.76. The fol-
lowing proposition gives a sufficient condition which ensures that the con-
straints are qualified.

2.73 Proposition. Let ¢ = (o, p?,..., ™) : R" — R™ be of class cl,
F:={x e R"|p(x) <0} and xog € F. If there exists h € R™ such that for
all j € J(xg) we have

(i) either V' (z0)eh <0
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(ii) or ¢’ is affine and V! (xo)eh <0,

then the constraints {@?} are qualified at xo. Consequently, the constraints
are qualified at xq if one of the following conditions holds:

(i) There exists T € F such that Vj € J(xo), either ¢’ is conver and
@ (T) <0, or ¢’ is affine and @’ (T) < 0.
(i1) The vectors V¢’ (x9), j € J(xo), are linearly independent.

Proof. Step 1. Let us prove that I'(zg) C I'(z0). Let h be such that Vi (zp)eh < 0.
We claim that for every 6 > 0 we have h + éh € I'(z¢), thus concluding that h € I'(zo),
T'(z0) being closed.

Choose a positive sequence {e} such that ¢, — 0 and consider the sequence {zj}

defined by x), := x¢ + ex(h + Sh). Trivially z, — x¢ and ‘z::ig’l = Izigl’ thus

h 4 6h € T'(zo) if we prove that x;, € F for k large. Let j € J(xzo). If VI (xg)eh < 0,
then

V! (z0) o (h+ 6R) <0
and, since ) ] ] -
! (z1) = ¢’ (z0) + €. V! (z0) o (h + Sh) + o(e),
we conclude that o7 (z),) < 0 for k large. If 7 is affine and V7 (xg) e h < 0, then
@ (zk) = ¢’ (z0) + ex V! (w0) ¢ h + 6h < 0.

Step 2. Let us now prove the second part of the claim. Let h:=7%—x0 and j € J(x0).
If ¢’ is convex, we have ) -~

V! (z0) e h < ¢(T) <0,
whereas if @7 is affine, we have

V¢! (z0) o h = o(x) < 0.

Therefore, (i) follows from Step 1.
We now assume that J(zo) = {1,2...,p}, 1 <p < m,and let p := (',...,pP). Let

b:=(-1,-1,...,—1) € RP. Then the linear system Dy(z0)ZT = b, z € R™ is solvable
since Rank Dy(z0) = p. If h is any such solution, then V7 (zg)eh = Dp(xo)h = —1
for all j € J(zo), and (ii) follows from Step 1. O

2.74 Theorem (Kuhn—Tucker). Letxq be a solution of (2.37). Suppose
that the constraints are qualified at xo. Then the following Kuhn—Tucker
equilibrium condition holds: For all j € J(xo) there exists )\? > 0 such

that
‘ Vf(zo) + Z NIV (z0) = 0. (2.38)

Jj€J(z0)

Theorem 2.74 is a simple application of the following version of the
Farkas lemma.

2.75 Lemma (Farkas). Let v and vi, va, ..., v, be vectors of R"™. There
exist A\; > 0 such that

P
v = Z/\jvj (239)
=1
if and only if ’
{heR”’ hev; <0, w:1,...,p}c {heR"

hev go}. (2.40)
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Proof. In fact, if A := [vi|ve|...|vn], (2.39) states that AN\ = v has a nonnegative
solution A > 0. This is equivalent to saying that the second alternative of the Farkas
lemma, is false, i.e., Yh € R™ such that ATh > 0, we have hev > 0, that is, if h € R™
satisfies hewv; > 0 for all j, then hewv < 0. This is precisely (2.40). O

Proof of Theorem 2.74. For any h € I'(xzg), let r : [0,1] — F be a regular curve with
r(0) = 2o and r'(0) = h. Since 0 is a minimum point for f(r(t)), we have %f(r(t))h:O >
0, ie.,

—Df(zo)oh <0 VhEF(a?o),
ie., h € {h € R"” ‘ hev < 0}. Recalling the definition of I'(z¢), the claim follows by
applying Lemma 2.75 with v := —V f(20) and v; = V7 (20). O
2.76 Example. Let P be the problem of minimizing —z; with the constraints z; > 0

and 22 > 0, (1 —21)3 —x2 > 0. Clearly the unique solution is 0 = (1,0). Show that the
constraints are not qualified at 29 and that the Kuhn-Tucker theorem does not hold.

2.77 Remark. In analogy with Lagrange’s multiplier theorem we may
rewrite the Kuhn—Tucker equilibrium conditions (2.38) as

Df(a°) + 371, AJDg? (2%) =0,
A9 >0 ‘ijl,...7m7
Z;’nzl )\?SDJ (x()) = 07

or, using the vectorial notation,

Df () + X° e Dp(z0) =0,
A0 >0, (2.41)

)\0 ogD((E()) = 07

where A’ = (A\),...,A0) € R™ and ¢ = (¢',...,9™) : R* - R™ In
fact, the equation Z;nzl )\?apﬂ (2°) = 0 implies A) = 0 if the corresponding
constraint " is not active. If (2.41) holds for some \°, we call it a Lagrange
multiplier of (2.37) at xo.

2.4.6 Stationary states for discrete-time
Markov processes

Suppose that a system can be in one of n possible states, denote by p;k)
the probability that it is in the state j at the discrete time k and set
pk) = (p(lk),p(zk), . ,pglk)). A homogeneous Markov chain with values in
a finite set is characterized by the fact that the probabilities of the states
at time k + 1 are a linear function of the probabilities at time k and that
such a function does not depend on k, that is, there is a n X n matrix
P € M, »(R) such that
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pFth) = pOp g, (2.42)

where the product is the usual row by column product of linear algebra.
The matrix P = (p;;) is called the transition matriz, or Markov matriz
of the system.
Since Z;”:I p§k) =1 for every k, the matrix P has to be stochastic or
Markovian, meaning that

P = (pi;), S pij=1.  p; =0
=1

According to (2.42), the evolution of the system is then described by the
powers of P,

p® =p O PF vk, (2.43)

A stationary state is a fixed point of P i.e., z € R"™ such that
z =Pz, dal=1, x>0 (2.44)
j=1

The Perron—Frobenius theorem, see [GM3], ensures the existence of a
stationary state.

2.78 Theorem (Perron—Frobenius). Every Markov matriz has a sta-
tionary state.

Proof. This is just a special case of the fact that every continuous map from a compact
convex set into itself has a fixed point, see [GM3]|. However, since here we deal with a
linear map = — Pz, we give a direct proof which uses compactness.

Let S:={z € R" |2 > 0,37, zJ = 1}. S is a convex closed and bounded set of
R"™, and P maps S into S and is stochastic. Fix g € S and consider the sequence {zy}
given by

1k71
Ty = — zoP?.
K k;) 0

Zk is a convex combination of points in S and therefore ) € S. The sequence {zy}
is then bounded and, by the Bolzano—Weierstrass theorem, there exists a subsequence
{zn, } of {z} and x € S such that x,, — x. On the other hand, for any k& we have

k-1 k-1
. . 1
zp — xR P = (Z zoP" — Z zOP“rl) = E(a?o — zoPFth
i=0 i=0

el

so that
1
z — P < —.
[z kl_k

Passing to the limit along the subsequence {xy, }, we then get © — 2P = 0. [}
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Another proof of Theorem 2.78. We give another proof of this claim which uses only
convexity arguments, in particular, the Farkas—Minkowski theorem. Let P be a stochas-
tic n X n matrix. Define

w:=(1,1,...,1) € R", b:=(0,0,...,0,1) ¢ R*+!

and

PT—1d )
A= m M(n+1),n(R)

uT

The existence of a stationary point x for P is then equivalent to
Az =0 has a nonnegative solution x > 0. (2.45)

Now, we show that Farkas’s alternative does not hold, i.e., the system ATy >0, bey <
0 has no solution. Suppose it holds; then there is a y such that bey = y,+1 < 0. If we

write y as y = (2%, 22,..., 2", —=)) =: (2, —A), A > 0, we then have
PT—1d
0< ATy =yTA =(2,-)) =2(PT - 1d) — M7,
I
ie.,

ZTPT - 1d) > 2T,
Thus

n
> #pj—z>A>0  Vi=1,...,n (2.46)
j=1

On the other hand, if m is the index such that 2™ = max; 27, we have
n . .
> #pjm <maxz! =z,
‘ J
j=1
hence

n
>y —2m <0,
j=1

and this contradicts (2.46). O

2.4.7 Linear programming
We shall begin by illustrating some classical examples.

2.79 Example (Investment management). A bank has 100 million dollars to in-
vest: a part L in loans at a rate, say, of 10% and a part S in bonds, say at 5%, with the
aim of maximizing its profits 0.1L + 0.05S. Of course, the bank has trivial restrictions,
L>0,5>0and L+ S < 100, but also needs some cash of at least 25% of the total
amount, S > 0.25(L + 5), i.e., 3S > L and needs to satisfy requests for important
clients which on average require 30 million dollars, i.e., L > 30. The problem is then
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S A

L=30
P

L=3S

R

L+ S =100

Q -
L

Figure 2.11. Illustration for Example 2.79.

0.10L + 0.05S — max,
L+S5<100, L <3S, L>30,
L>0, S>0.

With reference to Figure 2.11, the shaded triangle represent the admissible values (L, S);
on the other hand, the gradient of the objective function C' = 0,1L + 0.05S is constant
VC = (0.1,0.05) and the level lines of C are straight lines. Consequently, the optimal
portfolio is to be found among the extreme points P, Q and R of the triangle, and, as
it is easy to verify, the optimal configuration is in R.

2.80 Example (The diet problem). The daily diet of a person is composed of a
number of components j = 1,...,n. Suppose that component j has a unitary cost c;
and contains a quantity a;; of the nourishing i, i =1, ..., m, that is required in a daily
quantity b;. We want to minimize the cost of the diet. With standard vectorial notation
the problem is

cexr — min in {a:‘Aa:Zb,zZO}.

2.81 Example (The transportation problem). Suppose that a product (say oil)
is produced in quantity s; at places ¢ = 1,2,...,n (Arabia, Venezuela, Alaska, etc.)
and is requested at the different markets j, 7 = 1,2,...,m (New York, Tokyo, etc.)
in quantity d;. If c;; is the transportation cost from 4 to j, we want to minimize the
cost of transportation taking into account the constraints. The problem is then finding
x = (z;;) € R™ such that

Zz‘,j CijTij —> min,
2z ®ij = dj, VJ,
Z;‘nzl Tig S S Vi,
x > 0.

Here x is a vector with real-valued components, but for other products, for instance
cars, the unknown would be a vector with integral components.

2.82 Example (Maximum profit). Suppose we are given si, ..., s, quantities
of basic products (resources) from which we may produce goods that sell at prices
P1, P2,..., Pm. If a;; is the quantity of product i, i = 1,...,n, to produce j,
j = 1,...,m, our problem is finding the quantities x; of goods j in order to maxi-
mize profits, i.e.,
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Figure 2.12. A classical textbook on linear programming and economics.

m

2oLy pjT; — max,
n

2= aijTy < si,

x > 0.

In the previous examples, one wants to minimize or maximize a func-
tion, called the objective function, which is linear, in a set of admissible or
feasible solutions, defined by a finite number of constraints defined by lin-
ear equalities or inequalities: This is the generic problem of linear program-
ming. By possibly changing the sign of the objective function and/or of
the inequalities constraints, observing that an equality constraint is equiv-
alent to two inequalities constraints and replacing the variable x whose
components are not necessarily nonnegative with * = v — v, u,v > 0, the
linear programming problem can always be transformed into

f(x) := cex — min in P = {x ‘ Az >b, x> 0}, (2.47)

where ¢,z € R", A € M,, , and b € R™.
One of the following situations may, in principle, happen to hold:

(i) P is empty,
(ii) P is nonempty and the objective function in not bounded from below
on P,

(iii) P is nonempty and f is bounded from below.

In the last case, f has (at least) a minimizer and all the minimizers are ex-
treme points of the convex set P by Proposition 2.42. We say that problem
(2.47) has an optimal solution.

The problem transforms then into the problem of deciding in which of
the previous cases we find ourselves and of possibly finding the optimal ex-
treme points. In the real applications, where the number of constraints may
be quite high, the effectiveness of the algorithm is also a further problem.
Giving up efficiency, we approach the first two problems as follows.
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We introduce the slack variables 2’ := Az — b > 0 and transform the
constraint Az > b into

A’(;):b, A’::( A —Id).

Writing z = (z,2’) and F(z) := Y_i_, 'z’ + 31" 0z, problem (2.47)
transforms into

F(z) — min in  F:= {z ‘ A'z=0b, 2> O}. (2.48)

It is easily seen that F is nonempty if P is nonempty and that F' is bounded
from below on F if and only if f is bounded from below on P. Therefore,
F attains its minimum in one of the extreme points of F if and only if f
has a minimizer in P. All extreme points of F can be found by means of
Theorem 2.61; the minimizers are then detected by comparison.

a. The primal and dual problem

Problem (2.47) is called the primal problem of linear programming, since
one also introduces the dual problem of linear programming as

g(y) := bey — max in P = {y ‘ ATy<e y> O}. (2.49)
Of course, (2.49) can be rephrased as the minimum problem
h(y) := —bey — min in P* = {y‘ —ATy>—¢, y> 0} (2.50)

which is similar to (2.47): Just exchange —b and ¢, and replace A with
—AT and the following holds.

2.83 Proposition. The dual problem of linear programming (2.49) has a
solution if and only if P* # 0 and g is bounded from above.

The next theorem motivates the notation primal and dual problems of
linear programming.

2.84 Theorem (Kuhn—Tucker equilibrium conditions). Let f and
P be as in (2.47) and let g and P* be as in (2.49). We have the following:

(i) g(y) < f(x) for all z € P and all y € P*.
(ii) f has a minimizer T € P if and only if g has a maximizer y € P*
and, in this case, f(T) = g(7y).
(iii) Let x € P and y € P*. The following claims are equivalent:
a) (c—ATy)ex = 0.
b) (Az —b)ey =0.
¢) f(x)=g(y).

d) x is a minimizer for [ and y € P* is a mazimizer for g.
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Proof. If z € P, then x > 0 and Ax > b. For y € P* we then get
f@)=zec > xe ATy = Azey > bey = g(y),

ie., (i).

(ii) Let T be a minimizer for the primal problem. Then f is bounded from below. We
introduce the slack variables 2’ = Az — b > 0 and set z = (z,2’). Then T is a solution
of the primal problem (2.47) if and only if Z := (Z,2’)” minimizes

F(z):= cex in F = {z‘A’z:b, 220}

A( N )

We may also assume that Z is an extreme point of F. As we saw in the proof of
Theorem 2.61, if a1, ag,..., ap are the indices of the nonzero components of z, the
submatrix B of A’ made of the columns of indices a1, ag, ..., ap has maximal rank. If
zp denotes the vector with components the nonzero components of x, then Bap = b,
and if we set ¢g := (Cay;Cag,---;Cay) and choose 3 such that BTy = ¢, we have

where

9(¥) = Jeb = yeBap = BTyzp = cpexp = f(T).

Then (i) yields that 7 is a maximizer of the dual problem.
(iii) (a) or (b) = (c). If (¢ — ATy) ez = 0 with € P and y € P*, then

f@) =cox = ATyex = yo Az < bey =g(y),

thus f(x) = g(y) because of (i).
(¢) = (a) and (b). If f(z) = g(y) and we set v := b — Az, we have

0=f(x) —g(y) = cex —bey = cox — Az ey + Yoy = (cfATy)-:L‘ + vey.
Since the addenda are nonnegative, we conclude
(c—ATz)exz =0 and (Az —b)ey =0.

(c) = (d). If f(z) = g(y), then (i) yields f(z’) > g(y) = f(z) for all z’ € P, hence z is
a minimizer of f. Similarly y is a maximizer of g in P*.
(d) = (c). This follows trivially from (ii). O

A consequence of the previous theorem is the following duality theorem
of linear programming.

2.85 Corollary (Duality theorem). Let (2.47) and (2.49) be the pri-
mal and the dual problems of linear programming. One and only one of the
following alternatives arises:

(i) There exist a minimizer T € P for f and a mazimizer y € P* for
g and f(T) = g(y). This arises if and only if P and P* are both
nonempty.

(ii) P # 0 and f is not bounded from below in P.

(iii) P* # 0 and g is not bounded from above in P*.
(iv) P and P* are both empty.
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Proof. Trivially, (iv) is inconsistent with any of (i), (ii) or (iii); (iii) is inconsistent with
(ii) because of (i) of Theorem 2.84, and (iii) is inconsistent with (i). Similarly (ii) is
inconsistent with (i). Therefore, the four alternatives are disjoint. If (ii), (iii) and (iv)
do not hold, we therefore have

P=0or (P#0and f is bounded from below),

P* =0 or (P* # () and g is bounded from above),

P or P* are nonempty,

that is, one of the following alternatives holds:

P # 0 and f is bounded from below,
P* # 0 and g is bounded from above,
P #£0, P*#0, fisbounded from below and g is bounded from above.
In any case, both the primal and the dual problem of linear programming have solutions

and, according to (iii) of Theorem 2.84, the alternative (i) holds. O

Corollary 2.85 is actually a convexr duality theorem: Here we supply a
direct proof by duality, using Farkas’s alternative.

A proof of Corollary 2.85 which uses convex duality. Set

—A 0

A=
0 AT
T —b

and

Then (i) is equivalent to
Az < b has a solution = > 0.

Farkas’s alternative then yields the following: If (i) does not hold, then there exists
y = (u,v, ) such that

—A 0
RN e ]

c -
(oo ). <o

0
(uT vl ,\) >0,
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or, after a simple computation, the problem
Au > \b, ATy < Xe, cou < bew (2.51)

has a solution (u, v, A) with w >0, v > 0 and A > 0.

Now, we claim that A = 0. In fact, if A # 0, then u/\ € P, v/\ € P*, consequently,
ceu/X < bev/\: a contradiction because of (i) of Theorem 2.84. Thus, (2.51) reduces
to the following claim: The problem

Au >0, ATy <o, cou < bew

has a solution (u,v) with u > 0 and v > 0.

‘We notice that the inequality ceu < bewv implies that either ceu < Oor bev >0
or both. In the case ceu < 0, we have P* = (J, since otherwise if y > 0 and ATy < c,
then from Au > 0, u > 0 we would infer 0 < ye Au = ATyeu < ceu, acontradiction.
If, moreover, P = (), the alternative (iv) holds; otherwise, if x € P, then A(z + 6u) >
b+600 =0b, x+0u >0 for some 8 > 0, and cex +0u = cex +0ceu — —o0 as
0 — +o0, that is, the alternative (ii) holds.

In the case bev > 0, as in the case ceu < 0, we see that P = (. If also P* = (),
then (iv) holds; while, if there exists y € P*, then v + 0y € P* and v + 0y — +oo as
0 — +o0, and (iii) holds. O

2.86 Example. Let us illustrate the above discussing the dual of the transportation
problem. Suppose that crude oil is extracted in quantities s;, ¢ = 1,...,n in places
i =1,...,n and is requested in the markets j = 1,...,m in quantity d;. Let c;; be
the transportation cost from i to j. The optimal transportation problem consists in
determining the quantities of oil to be transported from 7 to j minimizing the overall
transportation cost
Zcijl‘z‘j — min, (2.52)
0]
and satisfying the constraints, in our case, the markets requests and the capability of
production

Z;nzl xi; <s; Vi,
S mig =dj Vi, (2.53)
x> 0.

Of course, a necessary condition for the solvability is that the production be larger than
the markets requests

j=1 i=1,n =1
j=1m
Introducing the matrix notation
T = (11, Tlm, T21s -+ s L2ms -+, Lnly -« Tnm) € RM™,
c:=(C11s-+-5Clm, €21, -, C2mys-+-+Cnly-- -, Cnm) € R,
b:=(s1,s2,...,8n,d1,...,dm)
and setting A € My 4m, nm(R),

u 0 0 0

0 u 0 0

0 0 0 u

A = s
el e €1 ... e]
es ex ey ... €2

em €em €em ... €m
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where v := (1,1,...,1) € R™ and 0 = (0,0, ...,0) € R™, we may formulate our problem
as

cexr — min,
Ax < b,
x > 0.
The dual problem is then
bey — max,
ATy <c,
y =0,
that is, because of the form of A and setting
Y= (U1, U, ..y Un, V1, V2, .y Um),
the maximum problem
Doiey siug + 207 djv; — max,
u; +v;j < iy Vi, J
u>0, v>0.

If we interpret u; as the toll at departure and v; as the toll at the arrival requested
by the shipping agent, the dual problem may be regarded as the problem of maximizing
the profit of the shipping agent. Therefore, the quantities u; and v; which solve the
dual problem represent the maximum tolls one may apply in order not to be out of the
market.

2.87 Example. In the primal problem of linear programming one minimizes a linear
function on a polyhedral set

cex — min,

Ax <b, >0,
or, equivalently,

—Ccex — max,

Ax <b, z>0.

Since the constraint is qualified at all points, the primal problem has a minimum x > 0
if and only if the Kuhn—Tucker equilibrium condition holds, i.e., there exists A > 0 such
that

(c—ATNz =0.
This way we find again the optimality conditions of linear programming.

2.4.8 Minimax theorems and the theory of
games

The theory of games consists in mathematical models used in the study
of processes of decisions that involve conflict or cooperation. The modern
origin of the theory dates back to a famous paper by John von Neumann
(1903-1957) published in German in 1928 with the title “On the Theory of
Social Games”? and to the very well-known book by von Neumann and the

3 J. von Neumann, Theorie der Gesellschaftsspiele, Math. Ann. 100 (1928) 295-320.
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economist Oskar Morgenstern, Theory of Games and Economic Behavior
published in 1944. There one can find several types of games with one or
more players, with zero or nonzero sum, cooperative or non-cooperative,
.... For its relevance in economy, social sciences or biology the theory has
greatly developed?. Here we confine ourselves to illustrating only a few
basic facts.

a. The minimax theorem of von Neumann

In a game with two players P and @, each of them relays on a set of possible
strategies, say respectively A and B; also, two wtility functions Up(x,y)
and Ug(x,y) are given, representing for each choice of the strategy x € A
of P and y € B of @ the gain for P and @ resulting from the choices of
the strategies « and y.

Let us consider the simplest case of a zero sum game in which the
common value K(z,y) := Up(z,y) = —Ug(x,y) is at the same time the
gain for P and minus the gain for @ resulting from the choices of the
strategies = and y.

4 The interested reader is referred for classical literature to

o J. von Neumann, O. Morgenstern, Theory of Games and Economic Behavior,
Princeton University Press, Princeton, NJ, 1944, that follows a work of Ernst Zer-
melo (1871-1951), Uber eine Anwendung der Mengenlehre auf die Theorie des
Schachspiels, 1913 and a work of Emile Borel (1871-1956) La théorie du jeu et les
équations intégrales a moyau symmétrique, 1921.

o R. Luce, H. Raiffa, Games and Decisions: Introduction and Critical Survey, Wiley,
New York, 1957.

o S. Karlin, Mathematical Methods and Theory in Games, Programming and Eco-
nomics, 2 vols., Addison—Wesley, Reading, MA, 1959.

o W. Lucas, An overview of the mathematical theory of games, Manage. Sci. 18 (1972),
3-19.

o M. Shubik, Game Theory in the Social Sciences: Concepts and Solutions, MIT Press,
Boston, MA, 1982.
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Each player tries to do his best against every strategy of the other
player. In doing that, the expected payoff or, simply, payoff, i.e., the remu-
neration that P and @ can expect not taking into account the strategy of
the other player, are

Payoff(P) := inf sup Up(x,y) = inf sup K(x,y),
yEB zeA YEB yeA
Payoff(Q) := inf sup Ug(x,y) = inf sup —K(z,y) = — sup inf K(z,y).
$offQ) = inf sup Ug(r,y) = i sup —K(r.y) = ~ sup inf K(z.1)

Although the game has zero sum, the payoffs of the two players are not
related, in general, we trivially only have

sup inf K(z,y) < inf sup K(z,y), (2.54)
z€AYEB YEB zeA

ie.,
Payoff(P) + Payoff(Q) > 0.

Of course, if the previous inequality is strict, there are no choices of strate-
gies that allow both players to reach their payoff.

The next proposition provides a condition for the existence of a couple
of optimal strategies, i.e., of strategies that allow each players to reach their
payoff.

2.88 Proposition. Let A and B be arbitrary sets and K : A x B — R.
Define f : A — R and g : B — R respectively as

flz) = yig]fg K(z,y), g(y) = sup K(z,y).

Then there exists (T,7) € A x B such that
K(z,y) < K(T,9) < K(T,y)  Vo,yc AxB (2.55)

if and only if f attains its maximum in A, g attains its minimum in B
and sup,¢ 4 f(z) =1infyep g(y). In this case,

sup inf K(z,y) = K(Z,7) = inf sup K(z,vy).
z€AYED YEB zcA

Proof. 1f (%,7) satisfies (2.55), then
K(z,7) = inf K(z,y) = f(@) < sup f(=),
TEA

K(z,79) = sup K(z,9) = g9(y) > yiggg(y),

hence sup, ¢ 4 f(z) = infycp g(y) if we take into account (2.54). We leave the rest of
the proof to the reader. [}
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A point (Z,7) with property (2.55) is a saddle point for K. Therefore,
in the context of games with zero sum, the saddle points of K yield couples
of optimal strategies. The value of K on a couple of optimal strategies is
called the value of the play. Answering the question of when there exists
a saddle point is more difficult and is the content of the next theorem.

We recall that a function f : R™ — R is said to be quasiconvex if its
sublevel sets are convex, and quasiconcave if — f is quasiconvex.

2.89 Theorem (Minimax theorem of von Neumann). Let A C R"
and B C R™ be two compact convex sets and let K : A x B = R be a
function such that

(i) z = K(x,y) is quasiconver and lower semicontinuous Yy € B,
(il) y — K(z,y) is quasiconcave and upper semicontinuous Y € A.

Then K has a saddle point in A X B.

Proof. According to Proposition 2.88 it suffices to prove that numbers

a := min max K (z,y) and b := max min K (z,y)
€A yYEB yEB xz€A

exist and are equal. Fix y € B, the function x — K(z,y) attains its minimum at
z(y) € A being A compact, and K(z(y),y) = mingea K(x,y). Set

h(y) == —K(2(y),y), y € B.

We now show that h is quasiconvex and lower semicontinuous, thus there is
b::—min(—minKz ):maxminKa: .
min { — min (z,9) max min K (z, y)

Similarly, one proves the existence of a.
Let us show that h is quasiconvex and lower semicontinuous, that is, that for all
t € R the set

H::{yEB‘h(y)St}

is convex and closed. First we will show that H is convex. For any w € B, consider
G@Q:{yeB‘fK@megt}

Because of (ii), G(w) is convex and closed; moreover, H C G(w) Yw, since K (z(y),y) <
K((z2(w),y) Yw,y € B. In particular, for z,y € H and X €]0,1[ we have u € G(w)
Vw € B if u:= (1—\)y+ Az, hence u € G(u), i.e., u € H. This proves that H is convex.
Let us prove now that H is closed. Let {yn} C H, yn — y in B, then y € G(w) Yw € B,
in particular, y € G(y), i.e., y € H. Therefore, H is closed.

Let us prove that a = b. Since b < a trivially, it remains to show that a < b. Fix
€ > 0 and consider the function T': A x B — P(A x B) given by

T(z,y) := {(u,v) € Ax B‘K(u,y) <b+e K(z,v) >a76}.

We have T'(z,y) # 0 since minge 4 K(u,y) < b and max,cp K(x,v) > a; moreover,
T(z,y) is convex. Since

T ({(w,0)}) : = {(2,9) € A x B| (u,v) € T(z,9) }
= {(a:,y) GAXB‘K(u,y) <b+e K(z,v) >a—e}

:{xGA‘K(:p,v)>a76}X{yEB‘K(u,y)<b76},



2.4 Convexity at Work 125

T~ 1({(u,v)}) is also open. We now claim, compare Theorem 2.90, that there is a fixed
point for T, i.e., that there exists (Z,7) € A X B such that (Z,7) € T(Z,7), i.e., a —e <
k(Z,7) < b+ €. € being arbitrary, we conclude a < b. [}

For its relevance, we now state and prove the fixed point theorem we
have used in the proof of the previous theorem.

2.90 Theorem (Kakutani). Let K be a nonempty, convex and compact
set, and let F : K — P(K) be a function such that

(i) F'(z) is nonempty and convez for each x € K,

(i) F~Y(y) is open in K for every y € P(K).
Then F' has at least a fixed point, i.e., there exists T such that T € F(T).
Proof. Clearly, the family of open sets {F~!(y)}y is an open covering of K, conse-

quently, there exist y1, y2,..., yn € P(K) such that K C U?le’I(yi), Let {¢;} be a
partition of unity associated to {Ffl(yi)}i=17,,,,n and set

n
p(z) == Z%(x)yi Vz € Ko :=co({y1, y2,..., yn}) C K.
i=1

Obviously, p is continuous and p(Ko) C Ko. According to Brouwer’s theorem, see [GM3],
p has a fixed point T € Kg. To conclude, we now prove that p(z) € F(z) Vx € Ko, from
which we infer that T = p(Z) € F (%), i.e., T is a fixed point for F'. Let € Ky. For each
index j such that ¢;(x) # 0 we have trivially z € F'~1(y;), thus y; € F(z). Since F(z)
is convex, we see that

p(x) = i)y = Yo ei@y;,
i=1 (1 ¢3(@)#£0}

hence p(x) € F(z). O

We now present a variant of Theorem 2.89.

2.91 Theorem. Let K : R* x R™ — R, K = K(x,y), be a function
convex in x for any fized y and concave in y for any fized x. Assume that
there exist T € R™ and § € R™ such that

K(z,y) = +o0 as x — 400,
K(Z,y) —» —o0 as y — —oo.

Then K has a saddle point (x0,yo).

Observe that K(z,y) is continuous in each variable. Let us start with
a special case of Theorem 2.89 for which we present a more direct proof.

2.92 Proposition. Let A and B be compact subsets of R™ and R™, re-
spectively, and let K : A x B — R, K = K(x,y) be a function that is
convezr and lower semicontinuous in x for any fixed y and concave and

upper semicontinuous in y for any fized x. Then K has a a saddle point
(xo,y0) € A x B.
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Proof. Step 1. Since x — K (z,y) is lower semicontinuous and A is compact, then for
every y € B there exists at least one x = z(y) such that

K(z(y),y) = inf K(z,y). (2.56)

Let
9(y) = inf K(z,y) = K(z(y),y), y € B. (2.57)

The function g is upper semicontinuous, because Vyo and Ve > 0 there exists T such
that
g(yo) + € > K(T,yo) > limsup K(Z,y) > limsup g(y).

Y—Yo Yy—Yo
Consequently, there exists yo € B such that
= , 2.58
9(yo) := maxg(y) (2.58)
and, therefore,
9(yo) < K(z,y0) Vxe A (2.59)

Step 2. We now prove that for every y € B there exists Z(y) € A such that

K(@(y),y) <g(yo)  Vye€B. (2.60)

Fixy € B.Forn=1,2,...,let y, := (1—1/n)yo + (1/n)y. Denote by zr := z(yn),
a minimizer of z — K(z,yn), i.e., K(xn,yn) = minge 4 K(x,yn) = g(yn). Since y
K (z,y) is concave, by (2.58)

1 1
(1= ) K@n,w0) + ~K(@n.y) < K(@n,yn) = 9(un) < 9(v0)
and, since g(yo) = K(z(y0),y0) < K(zn,yo), we conclude that
K(z(yn),y) < g(yo)  Vn, Vy € B. (2.61)

Since A is compact, there exist Z(y) € A and a subsequence {kn} such that xp, — Z(y)
and K(Z(y),y) = min, K(z(yn),y), and, in turn,

K(z(y),y) <liminf K(zg,,y) <g(yo)  Vy€B.

n—oo

Step 8. Let us prove that

K(@(y),yo) =g(yo)  Vy € B. (2.62)
We need to prove that K(Z(y),y0) < g(yo), as the opposite inequality is trivial. With
the notations of Step 2, from the concavity of y — K(z,y)

<1 - %)K(l‘n,yo) + %K(xn,y) < K(xn,yn) = g(yn) < 9(yo)-

Consequently,
K(Z(y), yo) < liminf K (z(yn), yo) < 9(yo)-

Step 4. Let us prove the claim when z — K(z,y) is strictly convex. By Step 3, Z(y) is a
minimizer of the map = — K(x,y0) as zo is. Since x — K (z,y0) is strictly convex, the
minimizer is unique, thus concluding Z(y) = zo Vy € B. The claim then follows from
(2.59), (2.60) and (2.62).

Step 5. In case x — K (z,y) is merely convex, we introduce for every € > 0 the perturbed
Lagrangian K.
Ke(z,y) == K(z,y) +ellzl], z€A yeB

which is strictly convex. From Step 4 we infer the existence of a saddle point (ze, ye)
for K, i.e.,

K(ze,y) + €llze|| < K(ze,ye) + €l|ze|| < K(z,ye) +ellz]| Ve A yeB.
Passing to subsequences, z. — xg € A, ye — yo € B, and from the above
K(zo,y) < K(z,y0) Vx € A, y € B,
that is, (zo,y0) is a saddle point for K. O
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Proof of Theorem 2.91. For k = 1,2,..., let Ay := {z||z| < k}, Br :=={y||y| < k}.
By Proposition 2.92, K(z,y) has a saddle point (xg,yx) on A X By, i.e.,

K(zk,y) < K(zk,yr) < K(z,yx) Vo € Ag, y € By. (2.63)
Choosing x =T, y := 77 in (2.63) we then have

which implies trivially that {z}} and {yr} are both bounded. Therefore, passing even-
tually to subsequences, xp — Zo, Yx — Yo, and from (2.63)

K(z0,y) < K(z0,y0) < K(z,y0) Vz € Ay, y € By.

Since k is arbitrary, (o, yo) is a saddle point for K on the whole R™ x R™. [}

b. Optimal mixed strategies

An interesting case in which the previous theory applies is the case of finite
strategies. We assume that the game (with zero sum) is played many times
and that players P and @ choose their strategies, which are finitely many,
on the basis of the frequency of success or of the probability: If the strate-
gies of P and @ are respectively {E1, Eo,..., En} and {Fy, Fs, ..., F,,}
and if U(E;, F}) is the utility function resulting from the choices of E; by
P and F}; by @, we assume that P chooses E; with probability ; and @
chooses F}; with probability v;. Define now

A::{xeRm‘OSxigl, inzl},

i=1

Bi={yeR"[0<y <1, >y =1}

Jj=1

then the payoff functions of the two players are given by

Up(z.y) = —Uq(z,y) = K(x,y) = > _U(E;, Ej)z;y;. (2.64)

(]

Since K (z,y) is a homogeneous polynomial of degree 2, von Neumann’s
theorem applies to get the following result.

2.93 Theorem. In a game with zero sum, there exist optimal mized
strategies (Z,y). They are given by saddle points of the expected payoff
function (2.64), and for them we have

in K = K(Z,7) = mi K(z,y).
maxmin (z,y) = K(7,9) min max (z,9)

2.94 A linear programming approach. Theorem 2.93, although en-
suring the existence of optimal mixed strategies, gives no method to find
them, which, of course, is quite important. Notice that A and B are com-
pact and convex sets with the vectors of the standard basis ey, ea,..., e
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of R™ and eq, es,..., e, of R" as extreme points, respectively. Since
x — K(z,y) and y — K(z,y) are linear, they attain their maximum
and minimum at extreme points, hence

f((E) = :Igréng((E,y) = 1I§‘I£n K(‘Taei)a

g(y) == gleagK(x,y) = max K(e;y).

1<i<

Notice that f(z) and g(y) are affine maps. Set U := (U;;), Ui
U(E;, E;); then maximizing f in A is equivalent to maximize a real num-
ber z subject to the constraints z < K(z,e;) Vi and = € A, that is, to
solve

F(z,z) := z — max,
1

z| .| < Uz,
1

Y wi=1,

x> 0.

Similarly, minimizing ¢ in B is equivalent to solving

G(y,w) := w — min,

w>UTy <0,
Z?:ly’i = ]-7
y > 0.

These are two problems of linear programming, one the dual of the other,
and they can be solved with the methods of linear programming, see Sec-
tion 2.4.7.

c. Nash equilibria

2.95 Example (The prisoner dilemma). Two prisoners have to serve a one-year
prison sentence for a minor crime, but they are suspected of a major crime. Each of
them receives separately the following proposal: If he accuses the other of the major
crime, he will not have to serve the one-year sentence for the minor crime and, if the
other does not accuse him of the major crime (in which case he will have to serve the
relative 5-year prison sentence), he will be freed. The possible strategies are two: (a)
accusing the other and (b) not accusing the other; the corresponding utility functions
for the two prisoners P and @ (in years of prison to serve, with negative sign, so that
we have to maximize) are

Up(a,a) = =5, Up(a,n) =0, Up(n,a) = —6, Up(n,n) = -1,
Ug(a,a) = -5, Ug(a,n) = —6, Ug(n,a) =0, Ug(n,n) = —1.

We see at once that the strategy of accusing each other gives the worst result with
respect to the choice of not accusing the other. Nevertheless, the choice of accusing the
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with which the various players play their various pure strategies.

Any setuple of strategies, one for each player, may be regarded us &
point in the product space obtained by multiplying the n strategy spsces
of the players. One such n-tuple cousiters anotber if the strategy of each
player in the comntering n-tupde vields the highest obtainable expactation
nm‘upny«-gmmtbe-— lumepaucm-abnphymmdm

A nt.
mmmdushnmphmﬂimmdmmmmwplu
gives u one-to-many mapping of the product space into itself, From the
definition of countering we see that the set of countering points of & point
isconves. By using the continuity of the pay-off functions we soe that the

#raph of the mapping is clesed. The closedness is equivaleat to saying:
UPL P .. andGuih .. wuwnum&mpmdml
space where (u = 0, Py — F asd Q, cousters P, then  counters
mumummMmmumm:mm
mapping it conves, we infer from Kakutani's theorem! that the mapping
s u fined point (ie, point contained in its image), Hence thers is an
equlibeim point.

In the two-person zero-sam case the “main theorem™ and the existence
of an equilitirium point are equivalent. s this case sny two equilibrium
points lead €0 the same expectations for the players, bet this seed ot occur
i general,

* The wathor is indebeed to Dr. Duvid Gale for miggesting the use of Kakutasi'y

* Vea Newmaan, 1., and Mocgenstern, O The Theory of Games ond Evonsic Be-
Seiea, Ciup. 3, Fneetin sty Fro, Pricaton, 1047
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Figure 2.14. The initial pages of two papers by John Nash (1928- ).

other brings the advantage of serving one year less in any case: The strategy of not
accusing, which, from a cooperative point of view is the best, is not the individual point
of view (even in the presence of a reciprocal agreement; in fact, neither of the two may
ensure that the other will not accuse him). This paradox arises quite frequently.

The idea that individual rationality, typical of noncooperative games
(in which there is no possibility of agreement among the players), precedes
collective rationality is at the basis of the notion of the Nash equilibrium.

2.96 Definition. Let A and B be two sets and let f and g be two maps
from A x B into R. The couple of points (xo,yo) € A X B is called a Nash
point for f and g if for all (z,y) € A X B we have

f(wo,90) > f(2,y0),

In the prisoner’s dilemma, the unique Nash point is the strategy of
the reciprocal accusation. In a game with zero sum, i.e., Up(z,y) =
—Ug(z,y) =: K(z,y), clearly (zo,o) is a Nash point if and only if (z, yo)
is a saddle point for K.

9(z0,y0) > g(xo,y)-

2.97 Theorem (of Nash for two players). Let A and B be two non-
empty, convex and compact sets. Let f,g: A X B — R be two continuous
functions such that © — f(x,y) is concave for all y € B and y — g(z,y)
is concave for all x € A. Then there exists a Nash equilibrium point for f
and g.

Proof. Introduce the function F': (A x B) X (A X B) — R defined by

F(p,q) = f(p1,q2) + 9(q1,p2), Vp = (p1,p2), ¢ = (q1,92) € Ax B.



130 2. Convex Sets and Convex Functions

Clearly, F' is continuous and concave in p for every chosen g. We claim that there is
qo € A X B such that

F(p,q0) = F(po,q0). 2.65

o, (P> qo0) (po, qo) (2.65)

Before proving the claim, let us complete the proof of the theorem on the basis of (2.65).
If we set (xo,y0) := qo, we have

f(z,y0) + g(zo,y) < f(zo,y0) + g(x0,%0)  Y(z,y) € Ax B.

Choosing z = xg, we infer g(zo,y) < g(zo,y0) Vy € B, while, by choosing y = yo, we
find f(z,y0) < f(zo,y0) Yz € A, hence (z0,yo) is a Nash point.

Let us prove (2.65). Since the inequality > is trivial, for all go € A x B, we need to
prove only the opposite inequality. By contradiction, suppose that Vg € A x B there is
p € A x B such that F(p,q) > F(q,q) and, then, set

Gq = {qEAxB’F(p,q)>F(q,q)}, pe€AXB.

The family {Gp}pecaxp is an open covering of A x B; consequently, there are finitely
many points p1, p2,..., px € A X B such that A x B C UleGpi, Set

wi(q) := max (F(:Di,q)—F(q,q),O), geEAXB,i=1,... k.

The functions {¢;} are continuous, nonnegative and, for every g, at least one of them
does not vanish at ¢g; we then set

S 210
vl o1 #i(a)

and define the new map ¢: A X B — A X B by
k
¥(g) ==Y PilQ)pi-
i=1

The map 1 maps the convex and compact set A X B into itself, consequently, it has a
fixed point ¢' € A x B, ¢' = >, 9(¢')pi. F being concave,

k
F(d,q) = F(Z@bi(q’)pi,q’) > i@ F(gi,q)-
i i=1
On the other hand, F(pi,q') > F(q¢’,q) if ¥i(q’) > 0, hence

k k
F(d,q)> Z"l’(‘]l)F(%ql) > Zd)(q’)F(q’,q’) =F(d,d),

i=1 =1

which is a contradiction. [}

d. Convex duality

Let f,o', ..., 0™ : Q C R" — R be convex functions defined on a convex
open set Q. We assume for simplicity that f and ¢ := (o', ©?,..., ©™)
are differentiable. Let

f::{xe]R”

o (x) <0, ijl,...,m}.

The primal problem of convex optimization is the minimum problem
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Figure 2.15. Two classical monographs on convexity.

Assuming F # 0, minimize [ in F. (2.66)
The associated Lagrangian L : € x RT to (2.66), defined by
L(z,A) = f(x)+ Aep(x), x e, A>0, (2.67)

is convex in x for any fixed A\ and linear in \ for every fixed x. Therefore,
it is not surprising that the Kuhn—Tucker conditions (2.41)

Df(2°) + A"« Dyp(wo) =0,
M0 >0, 29 € F, (2.68)
)\O . QD((E()) =0

are also sufficient to characterize minimum points for f on F. Actually, the

Kuhn-Tucker equilibrium conditions (2.41) are strongly related to saddle
points for the associated Lagrangian L£(x, A).

2.98 Theorem. Consider the primal problem (2.66). Then (zo, \°) fulfills
(2.68) if and only if (xo,\°) is a saddle point for L(z,\) on Q x RT, i.e.,

L(zo,\) < L(x0,\°) < eL(z, \?)
for all x € F and X € R™, X\ > 0. In particular, if the Kuhn—Tucker

equilibrium conditions are satisfied at (xg,\°) € F x R, then xo is a
minimizer for f on F.
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Proof. From the convexity of = — L£(z,A\?) and (2.41) we infer
£(w,3°) > L(z0,20) + Y (VF(w0) + scdA\’Dep(0) ) (v — w0)* = L(z0,A°) = f(w0)
i=1
for all x € Q. In particular,
f@) > f(z) + X0 p(a®) = L(x,A%) > f(=o),
L(x0,20) > f(zo) + Mep(zo) = L(z,A\°).

Conversely, suppose that (zg,\°) is a saddle point for £(x, ) on Q x R, ie.,

f(x0) + Ao p(z0) < flwo) + A" e p(z0) < f(2) + A% e p(2)
for every z € Q and A > 0. From the first inequality we infer
Xe(zo) > Ayp(z0) (2.69)
for any A > 0. This implies that p(zg) < 0 and, in turn, Ao e@(zg) < 0. Using again
(2.69) with A = 0, we get the opposite inequality, thus concluding that Ao e p(zg) = 0.
Finally, from the first inequality, Fermat’s theorem yields
Vf(CC()) + A0 th(xo) =0.
O
Let us now introduce the dual problem of convex optimization. For
A € RT, set
A) = inf L(z, A
g0N) = ik £(z, ),

where L(z, \) is the Lagrangian in (2.67).
Since g(A) is the infimum of a family of affine functions, —g is convex
and proper on

G:={AeR™|A>0,9(\) > —o0}.

The dual problem of convex programming is
Assuming G # 0, mazimize g(\) on G (2.70)
or, equivalently,

Assuming G # 0, mazimize g(A) on {\ € R™ |\ > 0}. (2.71)

2.99 Theorem. If (z9,\°) € F x R™ satisfies the Kuhn—Tucker equilib-
rium conditions (2.41), then xo mazimizes the primal problem, Ao mini-
mizes the dual problem and f(xo) = g(A\°) = L(z0, \°).

Proof. By definition, g(\) = sup,cz L(z,)), and, trivially, f(z) := infy>o L(z, ).
Therefore g(y) < f(z) for all z € F and XA > 0, so that

su A) < inf f(x).
AZ%g( ) < inf f(z)

Since (zp, AY) is a saddle point for £ on Q x R4, Proposition 2.88 yields the result. 0O
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2.5 A General Approach to Convexity

As we have seen, every closed convex set K is the intersection of all closed
half-spaces in which it is contained; in fact, K is the envelope of its sup-
porting hyperplanes. In other words, a closed convex body is given in a
dual way by the supporting hyperplanes. This remark, when applied to
closed epigraphs of convex functions, yields a number of interesting corre-
spondences. Here we discuss the so-called polarity correspondence.

a. Definitions

It is convenient to allow that convex functions take the value +o0o with the
convention ¢ + (+00) = 400 for all t € R and ¢ - (+00) = 400 for all £ > 0.
For technical reasons, it is also convenient to allow that convex functions
take the value —oo.

2.100 Definition. f:R"” — R is convez if
fAz+ (1 =Ny <Af(2)+ A =Nfly) Vo,yeR", VA€[0,1]
unless f(x) = —f(y) = +o0o. The effective domain of f is then defined by

dom(f) := {a: eER™| f(z) < oo}.

We say that f is proper if f is nowhere —oo and dom(f) # 0.

Let K C R" be a convex set and f : K C R" — R be a convex function.
It is readily seen that the function f: R™ — RU {+o0} defined as

- flx) ifzrekK,
Ty =476
4o ifzxdK
is convex according to Definition 2.100 with effective domain given by K.
One of the advantages of Definition 2.100 is that convex sets and convex

functions are essentially the same object.
From one side, K C R” is convex if and only if its indicatriz function

i (z) - 0 ifx € K, (2.72)
K = .
4o ifx g K

is convex in the sense of Definition 2.100. On the other hand, f: R™ — R
is convex if and only if its epigraph, defined as usual by

Epi(f) = {(x,t) eR" xR‘xeR”, teR, tzf(x)}

is a convex set in R™ x R.
Observe that the constrained minimization problem
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f(x) — min,
r e K,

where f is a convex function and K is a convex set, transforms into the
unconstrained minimization problem for the convex function

f(z) + Ix(x), r e R

which is defined by adding to f the indicatrix Ix of K as penalty function.
One easily verifies that

(i) f is convex if and only if its epigraph is convex,
(i) the effective domain of a convex function is convex,
(iii) if f is convex, then dom(f) = 7(Epi(f)) where 7 : R® x R — R" is
the linear projection on the first factor.

We have also proved, compare Theorem 2.35, that every proper convex
function is locally Lipschitz in the interior of its effective domain. However,
in general, a convex function need not be continuous or semicontinuous at
the boundary of its effective domain, as, for instance, for the functions f
defined as f(z) = 0if z €] — 1,1], f(-1) = f(1) =1 and f(z) = o0 if
x ¢ 10,1].

b. Lower semicontinuous functions and closed epigraphs

We recall that f : R" — R is said to be lower semicontinuous, see [GM3],
in short Ls.c., if f(x) < liminf, ., f(y). If f(z) € R, this means the
following:

(i) For all € > 0 there is 6 > 0 such that for all y € B(x,d) \ {} we have
f(@) — < 1(y).

(ii) There is a sequence {x} with values in R™\ {z} that converges to =
such that f(xp) — f(z).

Let f : R® — R. We already know that f is Ls.c. if and only if for every
t € R the sublevel set {z|f(x) < t} is closed. Moreover, the following
holds.

2.101 Proposition. The epigraph of a function f : R™ — R U {+o0} is
closed if and only if f is lower semicontinuous.

Proof. Let f be ls.c. and {(x,¢r)} C Epi(f) a sequence that converges to (z,t).
Then zx — =, tp — t and f(z) < tg. It follows that f(z) < liminfg_ o f(zg) <
liminfy ot = ¢, Le., (z,t) € Epi(f).

Conversely, suppose that Epi(f) is closed. Consider a sequence {xy} with z; — =
and let L := liminfy_, o f(zg). If L = +o0, then f(z) < L. If L < 400, we find a
subsequence {n, } of {xn} such that f(xn,) — L. Since (zn,, f(zn,)) € Epi(f) and
L < +o0, we infer that (z,L) € Epi(f), i.e., f(z) < L = liminfy_, . f(x). Since the
sequence {xy} is arbitrary, we finally conclude that f(z) < liminfy,_, f(y). O
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Finally, let us observe that if f, : R* = R, o € A, is a family of Ls.c.
functions, then

f(z):= sup{fa(x)’aG.A} x € R",
is lower semicontinuous.

2.102 Definition. Let f : R — R be a function. The closure of f or
its lower semicontinuous regularization, in short its l.s.c. regularization,
is the function

Lf(z):= sup{g(az) ‘g :R™ =R, gisls.c, gly) < f(y) Vy}.

Clearly, I'f(z) < f(z) for every z, and, as the pointwise supremum of a
family of l.s.c. functions, I'f is lower semicontinuous. Therefore, it is the
greatest lower semicontinuous minorant of f.

2.103 Proposition. Let f : R* — R. Then Epi(T'f) = cl(Epi(f)) and
I'f(z) =lminf,_,, f(y) for every x € R".
Consequently, T f(x) = f(x) if and only if [ is l.s.c. at x.

Proof. (i) First, let us prove that cl(Epi(f)) is the epigraph of a function g < f, by
proving that if (z,t) € cl(Epi(f)), then for all s > ¢ we have (z,s) € cl(Epi(f)). If
(zk,tx) € Epi(f) converges to (z,t) and s > t, for some large k we have t; < s, hence
flzg) <t < s. It follows that definitively (zg,s) € Epi(f), hence (z, s) € cl(Epi(f)).
By Proposition 2.101, g is Ls.c. and I'f is closed; therefore, we have g < I'f and

Epi(I'f) C Epi(g) = cl(Epi(f)) C Epi(T'f).

(ii) Let € R™ If I'f(z) = 4oo, I'f = +oo in a neighborhood of z, hence
liminfy, . f(y) = 400, too.

If T'f(z) < o0, then for any t > f(x), (x,t) € Epi(I'f). (i) yields a sequence
{(xk,tx)} C Epi(f) such that x;, — = and y — t. Therefore

liminf f(zy) < liminf ¢, =,
k— o0 k— o0
hence
liminf f(zr) < T'f(x).
k— o0
On the other hand, since I'f is Is.c. and T'f < f,
If(z) <liminfI'f(y) < liminf f(y),
y—x y—x

thus concluding that ' f(z) = liminfy,_,, f(y). It is then easy to check that f(z) = I'f(x)
if and only if f is l.s.c. at x. O

Since closed convex sets can be represented as intersections of their
supporting half-spaces, of particular relevance are the convex functions
with closed epigraphs. According to the above, we have the following.

2.104 Corollary. f : R" — R is convez and l.s.c. if and only if its epi-
graph is convex and closed.

The l.s.c. reqularization U f of a convex function f is a convex and l.s.c.
function.
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According to the above, f : R” — R is Ls.c. and convex if and only
if its epigraph Epi(f) is closed and convex. In particular, Epi(f) is the
intersection of all its supporting half-spaces. The next theorem states that
Epi(f) is actually the intersection of all half-spaces associated to graphs
of linear affine functions, i.e., to hyperplanes that do not contain vertical
vectors.

We first state a proposition that contains the relevant property.

2.105 Proposition. Let f : R* — R be convex and Ls.c. and let T € R
be such that f(T) > —oc. Then the following hold:

(i) For every y < f(T) there exists an affine map £ : R™ — R such that
f(z) > L(z) for every x € R™ and § < {(T).

(ii) If T € int(dom(f)), then there exists an affine map £ : R™ — R such
that f(x) > L(z) for every x € R™ and {(T) = f(T).

Proof. Since f is lower semicontinuous at T, there exist € > 0 and § > 0 such that
y < f(z) — e Yz € B(z,9), in particular, (Z,y) ¢ cl(Epi(f)). Therefore, there exists a
hyperplane P C R*t1! that strongly separates Epi(f) from (Z, %), i.e., there are a linear
map m : R — R and numbers «, 8 € R such that

Pi={(@,v) | m(@) + ay = 5} (2.73)

with

m(x) + oy > B V(z,y) € Epi(f) and m(T) + oy < f. (2.74)
Since y may be chosen arbitrarily large in the first inequality, we also have a > 0. We
now distinguish four cases.
(i) If f(T) < 400, then a # 0 since, otherwise, choosing (Z,y) with y > f(Z) in (2.74),
we get m(Z) > B and m(T) < S, a contradiction. By choosing ¢ as the linear affine map
£(z) := (B —m(z))/a, from the first of (2.74) with y = f(z) it follows 4(z) < f(z) for
all z, while from the second we get 7 < £(T).
(ii) If f(T) = +o0 and the function takes value 400 everywhere, the claim is trivial.
(iii) If f(Z) = 400 and « > 0 in (2.74), then one chooses ¢ as the linear affine map
L(z):= (B —m(x))/a, as in (i).
(iv) Let us consider the remaining case where f(Z) = +oco. There exists xg such that
f(zo) € R and a = 0 in (2.74). By applying (i) at zo, we find an affine linear map ¢
such that

f(z) > ¢(x) Vo € R™.

For all ¢ > 0 the function £(z) := ¢(x) + ¢(8 — m(z)) is then a linear affine minorant of
f(z) and, by choosing c sufficiently large, we can make £(Z) = ¢(Z) + c(8 — m(T)) > 7.
This concludes the proof of the first claim.
Let us now prove the last claim. Since Z € int(dom(f)) and f(Z) > —oo, a support
hyperplane P’ of Epi(f) at (z, f(Z)) does not contain vertical vectors: otherwise none

of the two subspaces associated to P’ could contain Epi(f). Hence P’ := {(z,y) | m(z)+
ay = B} for some linear map m and numbers «a, 8 € R with

m(z) +ay > B V(z,y) € Epi(f),  m(T)+af(@) =B,
and a > 0. If £(x) := —m(z)/c, we see at once that

fx)> f@) +4x—T) VoeR"
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2.106 Remark. The previous proof yields the existence of a nontrivial
lower affine minorant for f which is arbitrarily close to f(%) at T when f
is Ls.c. at T € R™, f(ZT) > —oo and one the following conditions hold:

o f(T) €R,
o f =400 everywhere,

o f(T) = +oo and there exists a further point ¢ € R™ such that f(z¢) € R
and f is Ls.c. at xg.

Notice also that if f is convex, then f(z) > —oo and z € int(dom(f))
if and only if f is continuous at x, see Theorem 2.35.

2.107 Corollary. If f : R® — R is convex and l.s.c. and f(T) > —oco at
some point T, then f > —oo everywhere.

2.108 Definition. Let f : R" — R be a function. Its linear l.s.c. envelope
TL f:R"™ — R is defined by

I'L f(z) := sup{ﬁ(m) ‘E :R" = R, ¢ affine, £ < f} (2.75)
and, of course, TL f(x) = —oo Va if no affine linear map ¢ below f exists.

2.109 Theorem. Let f:R" — R.

(i) T'L is convex and l.s.c.
(ii) f is convex and l.s.c. if and only if f(z) =TL f(z) Vo € R™.
(iii) Assume f is convex. If at some point x € R™ we have f(z) < 400,
then f(x) =TL f(x) if and only if f is l.s.c. at x.
(iv) If T is an interior point of the effective domain of f and f(T) > —oo,
then the supremum in (2.75) is a maximum, i.e., there exists £ € R™

such that
fW) = f@) + Ee(y—7) Wy

Proof. Since the supremum of a family of convex and l.s.c. functions is convex and l.s.c.,
(2.75) implies that I'L f(z) is convex and L.s.c.. If 'L f(x) = —oo for all z, then, trivially,
T'L is convex and l.s.c.. This proves (i), (ii) and (iii) are trivial if f is identically —oo,
and easily follow from the above and (i) of Proposition 2.105, taking also into account
Remark 2.106. Finally, (iv) rephrases (ii) of Proposition 2.105. O

The following observation is sometimes useful.

2.110 Proposition. Let f : R” — R be convex and l.s.c. and let r(t) =
(I1-t)z+tz, t € ]0,1], be the segment joining x to T. Suppose f(T) < +o0.

Then
f(z) = lim f(r(t)).

t—0+t

Proof. Since f(T) < +oo,

fl@) <timint £ + (1 =) < Jim (£ ) + (1= (@) = f(@).



138 2. Convex Sets and Convex Functions

c. The Fenchel transform

2.111 Definition. Let f : R" — R. The polar or Fenchel transform of f
is the function f*:R™ — R defined by

F(€) = sup (g.x —f(a:)) — — inf (f(x) - g.x). (2.76)

rER™ zeR™

As we will see, the Fenchel transform rules the entire mechanism of
convex duality.

2.112 Proposition. Let f : R* — R be a function and f* : R* — R its
polar. Then we have the following:

(i) f(z) > Eex —n Yz if and only if f*(€) < n;

(ii) f*(&) = —oo for some & if and only if f(x) = +oo for all x;
(iti) if f < g, then g* < f*;
(iv) f*(0) = —inf eprn f(2);

e

~——

(v

he Fenchel inequality holds

Eox < f(&) + f(2) Vo € R" V€ € R™,
with equality at (Z,€) if and only if f(z) > f(ZT) + Ee(x —T).
(vi) f* is l.s.c. and conver.

Proof. All of the claims follow immediately from the definition of f*. [}

The polar transform generalizes Legendre’s transform.

2.113 Proposition. Let € be an open set in R™, let f : Q@ — R be a
convez function of class C? with positive definite Hessian matriz and let
T'L f be the l.s.c linear envelope of f. Then

Lp(€) = TLf)* () V&€ Df(Q).

Proof. According to Theorem 2.109, f(z) = I'L f(z) for all z € ©, while Theorem 2.109
yields for all £ € Df(Q)

£5(6) = mpx(we€ — f(@)) < sup (o ~TLf(@) = ('L f)"(6).

On the other hand,

(TL f)*(¢) = sup(ze& —TL f(x)) =: L.
z€e

Given € > 0, let © € Q be such that L < Te& — I'L f(@) + €. There exists {zy} C Q
such that f(zg) =T'L f(zg) — I'L f(Z), hence for k > k

LS apo€ — f(on) 2 < sup(weg — f(@) + 2.
xE

Since € > 0 is arbitrary, L < sup,cq(ze& — f(z)) and the proof is completed. O
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The polar of a closed convex set is subsumed to the Fenchel transform,
too. In fact, if K is a closed convex set, its indicatrix function, see (2.72),
is L.s.c. and convex; hence

(Ix)* (&) := sup (g.x - IK(x)) =sup Lex. (2.77)
TER™ reK

Therefore,
K= {elzee <1 ek} ={e| ) © <1},

2.114 Definition. Let f : R® — R be a function. Its bipolar is defined
as the function f**(x) := (f*)*(z) : R* = R, i.e.,

17 (@) i=sup{ goz — f1(©) | VE € R},
2.115 9. Let 4(z) := nex + [ be a linear affine map on R™. Prove that

e =41 if & #m,
-8 ifE=n,

and that (0*)*(z) = nex + = £(x).

2.116 Proposition. Let f : R* — R be a function. Then

() Fr<f
(ii) fr<g™if f<g,
(iil) f** is the largest l.s.c. convex minorant of f,

7 (x) =TL f(z) = sup{ﬁ(x) ‘6 :R" > R, £ affine, £ < f}

Proof. (i) From the definition of f* we have ez — f*(§) < f(z), hence f**(z) =
supeepn (§0x — f*(§)) < f(z).

(i) if f < g, then g* < f* hence (f*)* < (g°)".

(iii) f** is convex and l.s.c. , hence f** = I'L f**. On the other hand, every linear affine

minorant £ of f is also an affine linear minorant for f**, since £ = £** < f**. Therefore
TL f** =TL f. O

The following theorem is an easy consequence of Proposition 2.116.

2.117 Theorem. Let f : R™ — R. Then we have the following:

(i) f is convex and l.s.c. if and only if f = f**.
(i1) Assume that [ is conver and f(x) < 4+oo at some x € R™. Then
f(x) = f**(x) if and only if f is l.s.c. at x.
(iil) f* is an involution on the class of proper, convex and l.s.c. functions.

Proof. Since f**(z) = I'L f(z), (i) and (ii) are a rewriting of (ii) and (iii) of Theo-
rem 2.109.

(iii) Let f be convex, l.s.c, and proper. By (ii) of Proposition 2.112 f*(£) > —oo for
every ¢ if and only if f(x) < 400 at some z, and f**(x) > —oo for every z if and only if
f*(€) < 400 at some &. Since f** = f by (i), we conclude that f* is proper. Similarly
one proves that f = f** is proper if f* is convex, l.s.c and proper. [}
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d. Convex duality revisited

Fenchel duality resumes the mystery of convex duality. Let f : R" —
R U {+o0} be a function and consider the primal problem

(P) f(x) — min

and let
p:=inf f(z).

Introduce a function ¢(z,b) : R™ x R™ — R such that ¢(x,0) = f(z) and
consider the value function of problem (P) (associated to the “perturbation
¢")
v(b) := inf ¢(z, b). (2.78)
We have v(0) = p.
Compute now the polar v*(§), £ € R™, of the value function v(b). The

dual problem of problem (P) by means of the chosen perturbation ¢(z,b)
is the problem

(P*) —v*(§) — max.
Let d := sup; —v*(§). Then v**(0) = d, in fact,

v**(0) = stép{Oof —v*(f)} =d.

The following theorem connects the existence of a maximizer of the
dual problem (P*) with the regularity properties of the value function v
of the primal problem (P). This is the true content of convex duality.

2.118 Theorem. With the previous notations we have the following:

(i) p>d.
(ii) Assume v conver and v(0) < +oo. Then p = d if and only if v is
l.s.c. at 0.
(iii) Assume v convex and v(0) € R. Then v(b) > neb + v(0) Vb if and
only if v is l.s.c. at O (equivalently p = d by (i1)) and n is a mazimizer
for problem (P*).

In particular, if v is convex and continuous at 0, then p = d and (P*) has
a mazrimaizer.

Proof. (i) Since v** < v from Proposition 2.116, we get d = v**(0) < v(0) = p.
(ii) Since p = d means v(0) = v**(0), (ii) follows from (ii) of Theorem 2.117.
(iii) Assume v convex and v(0) € R. If v(b) > neb + v(0) Vb, we infer v(0) = v**(0),
hence by (ii), we conclude that v is l.s.c. at 0. Moreover, the inequality v(b) > 1 eb+v(0)
Vb is equivalent to v(0) + v*(n) = 0 by the Fenchel inequality. Consequently, —v*(n) =
v(0) = v**(0) = d, i.e., n is a maximizer for (P*).

Conversely, if n maximizes (P*) and v is l.s.c. at 0, then we have —v*(n) = d =
v**(0) and v(0) = v**(0) by (ii). Therefore v(0) + v*(n) = 0, which is equivalent to
v(b) > neb +v(0) Vb by the Fenchel inequality. O
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The following proposition yields a sufficient condition for applying The-
orem 2.118.

2.119 Proposition. With the previous notations, assume that ¢ is convex
and that there exists xog such that p — ¢(xg,p) is continuous at 0. Then
v is convex and 0 € int(dom(v)). If, moreover, v(0) > —oo, then v is
continuous at 0.

Proof. Let us prove that v is convex since ¢ is convex. Choose p,q € R™ and A € [0, 1].
We have to prove that v(Ap + (1 — A)g) < Av(p) + (1 — X)v(g). It is enough to assume
v(p),v(g) < 4+o0. For a > v(p) and b > v(q), let T and § be such that

v(p) <@, p) <a,  v(g) <P q) <b
Then we have
v(Ap + (1 = N)g) = inf é(2, Ap + (1 = A)g) < d(AT + (1 = Ny, Ap + (1 — A)g)
< A6(@,p) + (L= N)o(¥:q) < Aa+ (1= A)b.

Letting a — v(p) and b — v(q) we prove the convexity inequality.

(ii) Since ¢(zo, b) is continuous at 0, ¢(zo, b) is bounded near 0; i.e., for some §, M > 0,
¢(x0,b) < M Vb e B(0,0). Therefore

v(b) = inf ¢(z,b) <M Vb€ B(0,9),

ie., 0 € int(dom(v)). If, moreover, v(0) > —oo, then v is never —co. We then conclude
that v takes only real values near 0, consequently, v is continuous at 0. [}

A more symmetrical description of convex duality follows assuming

that the perturbed functional ¢(z,b) is convex and l.s.c.. In this case, we
observe that

v*(§) = ¢7(0,€),
where ¢*(p, €) is the polar of ¢ on R™ x R™. In fact,

6"(0,6) =sup{ 00z + beg —o(2,b) } =sup{beg — o(2.b)}
z,b x,b
- sup{ bet — inf¢>(a;,b)} — v (€).

b x

The dual problem (P*) then rewrites as

(P*) _d)* (03 5) — max,
and the corresponding value function is then —w(p), p € R™,
w(p) = inf ¢*(p, €).

Since ¢** = ¢, the dual problem of (P*), namely

(P*) ¢**(x,0) — min
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is again (P). We say that (P) and (P*) are dual to each other. Therefore
convex duality links the equality inf, ¢(x,0) = sup, ¢*(0,€) and the exis-
tence of solutions of one problem to the regularity properties of the value
function of the dual problem.

There is also a connection between convex duality and min-max prop-
erties typical in game theory. Assume for simplicity that ¢(z,b) is convex

and Ls.c. The Lagrangian associated to ¢ is the function £ : R x R™ — R
defined by

—L(z,£) := sup {b.§ — (Z)(a:,b)},

beR™

i.e.,
L(z,8) = —¢,(8)
where ¢, (b) := ¢(z,b) for every x and b.

2.120 Proposition. Let ¢ be convex. Then the following hold:

(i) For any x € R™, £ — L(x,§) is concave and upper semicontinuous.
(ii) For any £ € R, © — Ly(z,§) is conver.
Proof. (i) is trivial since —L is the supremum of a family of linear affine functions. For
(ii) observe that L(z,£) = infp{¢(z,b) — £eb}. Let u,v € R™ and let A € [0,1]. We
want to prove that
LAu+ (1 —XNv) < AL(u, &) + (1 — X\)L(v, §). (2.79)

It is enough to assume that L(u,§) < +oo and L(v,&) < +oo. For a > L(u,&) and
b > L(v,&) let b,c € R™ be such that

L(u,§) < ¢(u,b) — §ob < o,
L(v,8) < ¢p(v,¢) — Eoc < B.
Then we have
LOw+ (1= A, 8) < p(hu+ (1 — N, Ao+ (1 — N)e) — EeXb+ (1 — A)e
<Ad(u, b)) + (1 = N)p(v,¢) —AEeb — (1 —N)Eec
< e+ (1—NB.

Letting o | L(u,b) and 8 | L(v, ¢), (2.79) follows. o
Observe that
¢*(p,€) = Sgg{p-w +bel —¢(x,b)}
=sup{per + st;p{ be& — ¢(x,b)}} (2.80)
=sup{per — L(z,)}.

Consequently,
d = sup —¢*(0,¢) = supinf L(z,§). (2.81)
3 I

On the other hand, for every =, b — ¢,(b) is convex and l.s.c., hence
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¢(z,b) = ¢a(b) = ¢37(b) = sgp{b-ﬁ —¢: (&)} = Sgp{b-f + L(z, )}

Consequently,
p = inf ¢(x,0) = inf sup L(z, £).
Therefore, the inequality d < p is a min-max inequality sup inf, L(x,€) <
inf, sup, L(z,§) for the Lagrangian, see Section 2.4.8. In particular, the
existence of solutions for both (P) and (P*) is related to the existence of
saddle points for the Lagrangian, see Proposition 2.88.
The above applies surprisingly well in quite a number of cases.

2.121 Example. Let ¢ be convex and 1.s.c. Consider the perturbed function ¢(x,b) :=
@(z + b). The value function v(b) is then constant, v(b) = v(0) Vb, hence convex and
Ls.c. Its polar is

400 if € #£0,

v*(§) :==sup{§eb —v(0)} = { .
z —v(0) if&=0.

The dual problem has then a maximum point at £ = 0 with maximum value d = v(0).
Finally, we compute its Lagrangian: Changing variable ¢ := x + b,

L(z, &) = —SL;p{E-b —p(z+d)} = —SL;p{E-c —§ex —p(0)} = Lo — ™ (€).

Let ¢, ¢ : R — R U {400} be two convex functions and consider the
primal problem

Minimize ¢(z) + ¢(z), x € R"™. (2.82)
Introduce the perturbed function
d(x,b) = p(x +b) + ¢ (x), (z,0) e R™ x R", (2.83)
for which ¢(z,0) = p(x) + ¢ (), and the corresponding value function
o(b) = inf(p(@) + V(). (2.84)

Since ¢ is convex, then the value function v is convex, whereas the La-
grangian L(x, &) is convex in z and concave in €. Let us first compute the
Lagrangian. We have

—L(z,§) == St;p{fob —p(x+b) —Y(@)} = 9" (§) — Lo — ()

so that
L(z,&) = ¢(z) + Lox — " (§).

Now we compute the polar of ¢. We have
¢"(p.§) =sup{pex — L(z,§)} =sup{pex — oz —(z) +¢"(§)}
= sup{ (p— ) o — Y(@)} +#°(©
— -0+ ¢ (©).
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Therefore, the polar of (2.84) is
v (§) = ¢"(0,8) =" (§) + ¥ (=€)  VEER™
As an application of the above we have the following.
2.122 Theorem. Let ¢ and v be as before, and let ¢ and v be defined by
(2.83) and (2.84). Assume that we have @ continuous at xo, ¥ (xg) < 400

at some point xo and that v(0) > —oo. Let p and d be defined by the primal
and dual optimization problems respectively, through (x,b) — @(xz +b) +

(), given by
p = inf(p(2) + (), (2.85)
45 = sup(—¢"(€) = ¥ (~€). (2.86)

Then p=d € R and problem (2.86) has a maximizer.
Proof. ¢(x,b) := p(x +b) +1(z) is convex. Moreover, since ¢ is continuous at zo, then

b — ¢(z0,b) is continuous at 0. From Proposition 2.119 we then infer that v is convex
and continuous at 0. Then the conclusions follow from Theorem 2.118. O

2.123 Example. Let ¢ be convex. Choose as perturbed functional

#(@,b) = p(z +b) + ¢(z)
for which ¢(z,0) = 2p(x). Then, by the above,
v (§) = " () + " (=€)

and the Lagrangian is
Lz, &) = p(x) + Loz — 0™ (£).

Let us consider the convex minimization problem already discussed in
Paragraph d. Here we extend it a little further.

Let f,g%, ...,g™ : R" C R® — RU, o be convex functions defined on
R™. We assume for simplicity that either f or g := (g%, ¢°,..., g") are
continuous. Consider the primal minimization problem

Minimize f(z) with the constraints g(x) < 0. (2.87)

Let Ik be the indicatrix of the closed convex set K := {x = (z;) €
R™|z; < 0 Vi}. Problem (2.87) amounts to

(P) f(2) + Ik (g(x)) — min.
Let us introduce the perturbed function
¢(x,b) := f(x) + Ik (9(x) = b)
which is convex. Consequently, the associated value function

v(b) == sup(f(z) + Ik (p(x) = b)), bER™, (2.88)
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is convex by Proposition 2.119. Now, compute the polar of the value func-
tion. First we compute the polar of Ik (y). We have

if £ >
Tje(€) = sup{ €20 — I (b)} = {‘ioo if§ )
Therefore, changing variables, ¢ = g(z) — b,
~L(.) =sup{ b ~ £(z) ~ Telgle) - )
= (@) +sup{eg(x) — Loc — Ii(c)}
— (@) + g@) & + (L) (<0,

hence

L&) = | T(@) = €eg(@) £ <0,
| - if £ > 0.

Notice that sup, L(z,§) = f(x) + Ik (g9(z)) = #(z,0). Consequently,
{ if€>0
and the polar of the value function is

V(€)= ¢7(0,§) =sup{g(z) «& — [(2)}.

¢"(p,§) =inf pex —

Consequently, the dual problem through the perturbation ¢ is
(P) —v*(§) = info{f(x) — {ep(x) } — max on {{ > 0}.

2.124 Theorem. Let f,g',...,g™ : R® C R® — R U {+oc0} be convex
functions defined on R™. Let p and d be defined by the primal and dual
optimization problems

p: = inf(f(z) +Ix(9(x))), (2.89)
d = supinf L(z, §). (2.90)
E x

Assume that p > —oo and that the Slater condition holds (namely there
exists g € R™ such that f(z¢) < 400, g(xo) < 0 and g is continuous at
x0). Then the dual problem has a mazimizer.

Proof. The function ¢(x,b) = f(z) + Ix(g(z) — b) is convex. Moreover the Slater con-
dition implies that ¢(xo,b) is continuous at 0. We then infer from Proposition 2.119
that the value function v is convex and continuous at 0. The claims then follow from
Theorem 2.118. [}
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2.6 Exercises

2.125 9. Prove that the n-parallelepiped of R™ generated by the vectors eq, ..., e, with
vertex at 0,

K={x=XMe1+--+Aen | 0<N\;<1,i=1,...,n},

is convex.

2.126 . Ki + K2, aK1, AK1 + (1 — A\) K2, X € [0,1], are all convex sets if K1 and
Ko are convex.

2.127 9. Show that the convex hull of a closed set is not necessarily closed.

2.128 €. Find out which of the following functions is convex:
3z2 4+ y¥ — 422, z+ 2+ 2, (z+y+1)Pinxz+y+1>0,
exp(ay), log(1 + 2% + y?), sin(z? + y?).

2.129 9. Let K be a convex set. Prove that the following are convex functions:
(i) The support function é(x) :=sup{zey |y € K}.
(ii) The gauge function y(z) :=inf{\ > 0|z € AK }.
(iii) The distance function d(z) := inf{|z — y| |y € K}.

2.130 9. Prove that K C R™ is a convex body with 0 € int(K) if and only if there is
a gauge function F : R — R such that K = {z € R" | F(z) < 1}.

2.131 9. Let K C R™ with 0 € K, and for every £ € R™ set
() = inf{d € ]R‘ Cox <dVze€ K}.
Prove that if K is convex with 0 € int(K'), then d(§) is a gauge function, i.e.,
d(§) = min{{-:{; ’x € K}

and

K* = {g €R" ’d(g) < 1}.

2.132 q. Let f : Ry — R be strictly convex with f(0) = 0 and f/(0) = 0. Write
a(s) := (f')~1(s) and prove that

flz) = /Oz f'(s)ds, Ly(y) = /Oy a(s)ds, y>0.

2.133 9. Let f :[0,1] x [0,1] — R be a function which is continuous with respect to
each variable separately. As we know, f need not be continuous. Prove that f(¢,x) is
continuous if it is convex in x for every t.

2.134 9. Let C' C R™ be a closed convex set. Prove that g € C is an extreme point if
and only if C'\ {zo} is convex.

2.135 9. Let C C R"™ be a closed convex set and let f : C — R be a continuous, convex
and bounded function. Prove that sups f = supgc f.
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2.136 q. Let S be a set and C' = co(5) its convex hull. Prove that supo f = supg f if
f is convex on C'.

2.137 9. Let f: R™ — R be a convex function and let fe be its e-mollified where k is
a regularizing kernel. Prove that fe is convex.

2.138 9. Let ¢ : R - R, ¢ > 0. Then f(z,t) := ‘p(tz) is convex in Rx]0, co[ if and only
if /¢ is convex.

2.139 9. Let f: R™ — R be a convex function. Prove the following:

(i) T f(xz) # f(x), then = € ddom(f).
(ii) If dom(f) is closed and f is l.s.c. in dom(f), then I'f = f everywhere.
(iii) inf f = infT'f.
(iv) For all & € R we have {x € R" |T'f(z) < a} =Ngsqcl({z € R"| f(z) < B}).
(v) If f1 and fa are convex functions with f1 < fo, then I'f; < T'fa.

2.140 9. Let f be a l.s.c. convex function and denote by F the class of affine functions
£:R"™ — R with £(y) < f(y) Yy € R". From Theorem 2.109

flx) = sup{é(m) ‘f € .7:}.
Prove that there exists an at most denumerable subfamily {¢,,} C F such that f(z) =

sup,, In(x).
[Hint. Recall that every covering has a denumerable subcovering.]

2.141 q. Let f: R™ — RU{+o0} be a function. Its convez l.s.c. envelope I'C f : R™ —
R U {400} is defined by

I'C f(x) := sup{g(:r:) ’g :R™ - RU{+0o0}, g convex and ls.c., g < f}

Prove that I'C f =T'L f.
[Hint. Apply Theorem 2.109 to the convex and l.s.c. minorants of f.]

2.142 9. Prove the following: If {f;}ics is a family of convex and l.s.c. functions f; :
R™ — RU {+o0}, then

* *
(infr) =suwpsi,  (supfi) <intf7.
iel iel iel i€l
2.143 9. Prove the following claims:

(i) Let f(z) = 3|z[, p> 1. Then f*(§) = ¢|é%, 1/p+1/q=1.
(ii) Let f(z) := |z|, x € R™. Then

. 0 ifel <1,
e = il
+oo if €] > 1.
(iii) Let f(t) :=et, t € R. Then
too ify <0,
=90 ify =0,

E(logé —1) ify>0.
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(iv) Let f(x) := /14 |z|2. Then Ly is defined on Q* := {{[[¢| < 1} and

Ly(€) =—/1 - &%

consequently,

—VI-EPF iffg <,
+

(&) =TLLy(¢) = .
if [¢] > 1.

(v) The function f(z) = %|a:|2 is the unique function for which f*(z) = f(z).
2.144 9. Show that the following computation rules hold.

Proposition. Let f: R™ — R be a function. Then the following hold:
() (Af)*(€) = Af*(£/X) VE € R™ and YA > 0.
(i) If we set fy(x) := f(z —y), then we have f;(§) = f*(§) + Loy VE € R™ and
Vy € R™.
(iii) Let A € My »n(R), N <n, be of mazimal rank and let g(x) := f(Axz). Then

. +o00 if € € ker AL,
g (&) = , N .’
FHATTE) ife cker AL =Tm AT,
2.145 q. Let A C R™ and I4(x) be its indicatrix, see (2.72). Prove the following:

(i) If L is a linear subspace if R™, then (Ir)* =1 1.
(ii) If C is a closed cone with the origin as vertex, then (I¢)* is the indicatrix function
of the cone generated by the vectors through the origin that are orthogonal to C'.



3. The Formalism of the
Calculus of Variations

One of the most beautiful and widely spread paradigms of science and
mathematics in particular is that of minimum principles. It is strongly
related to the everyday principle of economy of means and to the research
of optimal strategies to realize our goals. Therefore, it is not surprising
that since the beginning minimum principles have been used to formulate
laws of nature. We have already seen a few examples in Chapter 6 of [GM1]
and in this volume.

In short we may state that the Calculus of Variations deals with the
problem of finding optimal solutions and of describing their properties.
Its development begins right after the introduction of calculus and is con-
nected with the names of Gottfried W. von Leibniz (1646-1716), Johann
Bernoulli (1667-1748), Sir Isaac Newton (1643-1727) and Christiaan Huy-
gens (1629-1695). It becomes a sufficient flexible and efficient theory with
Leonhard Euler (1707-1783), Joseph-Louis Lagrange (1736-1813) and with
the subsequent contributions of Carl Jacobi (1804-1851), Karl Weierstrass
(1815-1897) and Adrien-Marie Legendre (1752-1833).

In the fist 200 years of its history the indirect approach to minimum
problems was prevailing. Its naive idea was that every minimum problem
had a solution; the goal was therefore to find necessary conditions for
minimality. These were expressed in terms of the so-called Euler—Lagrange
equations, corresponding to the vanishing of the first variation, and then
sufficient conditions to grant minimality corresponding to the positivity of
the second variation.

Mainly due to the difficulty in solving even in principle Euler-Lagrange
equations for multidimensional equations (that are partial differential
equations), new methods, called direct methods, were developed. They con-
sist in proving directly the existence of a minimizer (and, consequently, the
existence of a solution of the Euler—Lagrange equations). This implies the
necessity of extending the functional to be minimized to classes of general-
ized functions such as Sobolev classes (as we saw in the case of the Dirich-
let principle in Chapter 1) and postpone the problem of the regularity of
minima. This approach originated in the works of Carl Friedrich Gauss
(1777-1855), Peter Lejeune Dirichlet (1805-1859) and Georg F. Bernhard
Riemann (1826-1866), in the attempts to prove Dirichlet principle by Ce-
sare Arzela (1847-1912) and Beppo Levi (1875-1962) (it is in this context
that the Ascoli-Arzela theorem and the first ideas of Beppo Levi spaces
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Figure 3.1. Leonhard Euler (1707-1783) Ared MancuuMicnasrex Bovsquar & Socn
and the frontispiece of Methodus Inve- DR EE

niendi Lineas Curvas Mazimi Minimive

Proprietate Gaudentes, 1714.

and, subsequently, of Sobolev spaces appear) and, mainly, in the works
of David Hilbert (1862-1943) and Henri Lebesgue (1875-1941). This ap-
proach finds its solid basis in the works of Leonida Tonelli (1885-1946),
develops further with Charles Morrey (1907-1984) and still is a contem-
porary topic of research.

A contemporary research topic is also the calculus of variations in the
large, in the terminology of Harald Marston Morse (1892-1977). It deals
with the problem of critical points in terms of global structures. A typical
example is Morse’s theory of geodesics, and it distinguishes itself because
of the prevalent use of topological methods.

The result is that the calculus of variations is a discipline made of
general methods and specific problems relevant in geometry, physics and
modelling. In fact, besides its beauty, it is fundamental in the formulation
of classical mechanics and even in wave and quantum mechanics.

Many volumes have been dedicated to the calculus of variations both
classical and modern, and it would be impossible to describe its content
even partially. In this chapter we confine ourselves to providing a short
introduction to its formalism with the aim to illustrate some of its con-
nections to mechanics and geometrical optics, that is, of hinting at its
foundational character and of discussing, although formally, some specific
examples.
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3.1 Lagrangian Formalism

Mechanics and physics in general, geometry and modeling lead, for in-
stance, to consider functionals of the type

/ F(z,u(x), Du(z)) dx
Q

with integrand F depending on the independent variable x, the values of
u and of its derivatives at x, or, more generally, upon z, u(z) and the
derivatives up to a fixed order m > 1 of u.

3.1.1 Euler—Lagrange equations

Let © be a bounded open and connected set of R™ with smooth boundary
09, and let F(z,u,p) be a function of class C! from Q x RN x R™V into
R. For any function u : @ — R of class C'(Q) the variational integral

F(u) ::/QF(:uu(:vLDu(x))dx, (3.1)

where Du(z) = {Dyu'(z)}, @« = 1,...,n,i = 1,..., N, is the Jacobian
matrix of u, is well-defined.

In this subsection we state the equilibrium equations for minima of
variational integrals known as Euler—Lagrange equations. Here we deal with
unconstrained minimum problems; constrained minimum problems will be
discussed in Section 3.1.3.
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a. Dirichlet’s problem
Given a function ¢ : 9Q — R of class C1(9Q), consider the class of maps

C;;(Q RY) = {U e C1(Q,RY) ‘v = on 6(2}
and suppose that u € C’i, (Q) is a minimum point for F in this class,
Flu) = min{ F(v) |0 € CL@,RY) }. (3.2)

Then for all ¢ € C1(Q, RY) the function
e — Ule) = Flu+ey), e€]l—1,1],

is differentiable and has a minimum point at ¢ = 0; hence, according to
Fermat’s theorem, the first variation of F in the direction 1 defined by

d

OF (u, ) :== alll(e) o (3.3)

vanishes, and we can state the following.

3.1 Theorem. Let u be a minimizer of problem (3.2). Then the following
hold:

(i) For all ¢ € CHQ,RN) the function € — F(u + ep) is differentiable
and u is a solution of Euler—Lagrange equations in the weak form

N n
Z Z/Q (Fu (z,u, Du)y'(x) + Fpi (z,u, Du)DaW(x)) dr =0

i=1 a=1
(3.4)
Vi € CL(Q,RY).
(ii) If u if of class C%(2), then (3.4) is equivalent to the Euler-Lagrange
equations in the strong form

Fuqz(x,u7Du)—ZDang(x7u,Du):0 in Q, Vi=1,...,N.

(3.5)

3.2 Remark. Here and in the sequel we will deal with functions F(x, u, p)
defined in © x R™ x R™™. We denote the relative variables by = =
(@t 222", v = (ut,w?,...,u) and p = (), @ = 1,...,n,
i = 1,...,N. The partial derivatives of F' with respect to its variables
will be denoted by Fyo, F,: and Fe, and we do not specify their argu-
ments if it is not necessary. Moreover, we set

F, = (Fma)T, F, = (Fui)T and F, = [Fpg].

Often, for given u = u(x,¢) and p = p(z, €), we consider



3.1 Lagrangian Formalism 153

d(x,€) == F(x,u(z,€),p(x,¢)).

We use the abbreviations

0¢ 0 0¢
DyoF = D,F := pyed 86F = o0
possibly leaving out the point (x, €) at which they are evaluated. We will of-
ten use the convention that couples of controvariant indices are understood
as summed. Finally, we will use Greek indices to enumerate the indepen-
dent variable z = (z®), a = 1,...,n and Latin indices to enumerate the
components of u = (u’), i = 1,..., N. For instance,

29Dy (F) i= En: 20 aia (F(x,u(x),Du(a:))).
a=1

With these agreements, the weak and strong forms of Euler-Lagrange
equations, respectively (3.4) and (3.5), write as

/ (Fu¢ + FpgDoﬂﬁi) dr =0 Yy e CHQRY),
Q
and

Fui=DoFyu =0  inQ, i=1,...,N.

Proof of Theorem 3.1. (i) Let ¢ € C}(Q,RY). Differentiating under the integral sign
one easily sees that ¥ (e) := F(u + er)) is in fact differentiable and that

SF (u,¢p) = ¥/ (0) = /Q %F(:{:,u(m) + ep(z), Du(z) + eDgo(x))‘ 0 dx.

€=
The computation of the derivative then leads to (3.4).
(ii) For ¢ € C}(Q,RY), the functions = — Fii (z,u(x), Du(z))® are of class CL(Q),
hence Green’s formulas yield

/Q Foi (@, u(z), Du(z)) Do’ (z) dz = — /Q D (FP’& (z, u(z), Du(:r:)))tpl(x) dz.
Equation (3.4) then becomes
N n
/ Z (Fu7 (z,u, Du) — Z Do Fyi (@, u, Du))zﬁl(x) dr =0 Vi € CH(Q,RY),
Q=1 a=1 “

i.e., (3.5), if we take into account the fundamental lemma of the calculus of variations
Lemma 1.51. m]

3.3 Remark. Going through the derivation, we see at once that the weak
and the strong forms of Euler-Lagrange equations are equivalent under the
weaker condition that «w and the functions

T — Fyi (v, u(x), Du(x))

are of class C'(Q).

3.4 Definition. A solution of the Fuler—Lagrange equation in the weak
form (3.4) is called an extremal of the functional (3.1).
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b. Natural boundary conditions

Often one does not want to prescribe the values of the competing maps
along the entire boundary, but only on a part, or nowhere on the boundary.
For instance, consider a point-mass m on a vertical plane that starting at
u(0) = 0 slides along a curve under the action of gravity in such a way as
to meet the vertical line x = b in the shortest time. In this case the value
of u at b is an unknown of the problem.

Let Q be a bounded and connected open set of R™. Let I' C 9 and
suppose that either I' = @) or T" is such that the separation surface between
[ and 9Q \ T is a smooth (n — 2)-submanifold and let ¢ : I' — RY be a
smooth map. Define

C’;;)F(ﬁ,RN) = {1} e C1(Q,RY) ‘v = on F},
C’&F(ﬁ,RN) = {v € CH(Q,RY) ’U =0on F}.

Suppose that u € C’;’F(ﬁ) is a minimizer of the functional

Flu) = /Q Pz, u(z), Du(z)) dz

in the class C’éyr(ﬁ, RM). In this case, the admissible variations are the
functions ¢ € C&F(ﬁ, RY). As in the case of Dirichlet’s problem, we then
conclude that the function € — F(u + €t) is differentiable and that

/ (Fuw + Fy Dawi) dr=0 VeClr(@RY).  (3.6)
Q

In particular, u is an extremal of F and, assuming v € C? (€2, RN), u solves
Euler-Lagrange equations in the strong form

Fy—DoFy =0 inQ, ¥i=1,...N. (3.7)

Suppose now that u is of class C? up to the boundary. Then the func-
tions x +— F,i (z,u(z), Du(z))y'(z) are of class C'(Q,RN); hence, by
choosing 1 € C&F(ﬁ, RY), ¢ = (), summing on and integrating over
2 and subtracting (3.6), we conclude that

/ Dy (Fpi ¢') d = / (DangW + Fpi, Dwi) dr=0
Q Q
ie.,
/ Fyi v dH™ ™ =0,
o0

vo = (v3) being the exterior normal vector to 0. Since # is arbitrary in
0N\ T, we conclude that
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Fyi (z,u(z), Du(z))vg(z) =0 Vo€ dQ\T, Vi=1,...,N. (3.8)
These are called the natural conditions or the vanishing of the co-normal
derivative. Summing up, if u € C?(€2) is a minimizer of 7 on C}ﬁ,r(Q)v then

u solves (3.6) and, actually, (3.6) is equivalent to the Dirichlet-Neumann
problem.

Fui—Danfl:O in Vi:l’,““]\/'?
U= onT, (3.9)

Fyv*=0 on N\T Vi=1,...,N.

If u is only of class Ci)r, then w satisfies in principle only (3.6), and we
may interpret (3.6) as the weak form of (3.9).

3.5 Example. For the Dirichlet integral, the minimizer of
1 —
5 /Q | Du|? de — min in C}%F(Q,IRN),

assuming that it exists, is regular and is unique, it is the solution of the weak form of
the boundary value problem

Au=0 1in Q,
u=¢ sudf,

du =0 suoQ\T.

c. Examples

Let us illustrate a few examples and add some further remarks.

3.6 Graphs of prescribed curvature. Consider the functional

Flu) = /11 (\/1 +/(z)? + H(z, u(m))) de,

where H(z,u) is a given continuous function in [—1,1] X R and

J(u) == /11 V1+u(z) de

is the length of the curve © — (z,u(x)), which is the graph of uw : [-1,1] —
R. The Euler-Lagrange equation in its strong form is then

u'(x)

———— | =H,(z,u(x)) in]—1,1]; (3.10)
1+u'(z)°

that is, the graph of a C? extremal of F has at every point mean curvature

H,(z,u(x)). In particular, if H(z,u) = Hu, H € R, then the graph of u

has constant mean curvature H. In this case we may explicitly integrate

the equation and find that (3.10) has no solution if |H| > 1, whereas

solutions are given by arcs of circles of radius 1/|H| if |H| < 1.
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3.7 Harmonic oscillator. The Euler-Lagrange equation of

b
%/ (u'(arj)2 — Wi (x)) dx

is the harmonic oscillator equation

u" +w?u=0  in]a,bl.

3.8 Fermat’s principle. Consider the following functional defined on
curves u : [t1,ta] — RV:

Flu) = / S w(r u( )T P dr

ty

Since /1 4+ |u/(7)|? d7 is the length element of the curve 7 — (7, u(7)), if
we think of w(7,u(7)) as the inverse of a velocity, the quantity

w(r,u(r)/ 1+ |[u(7)]2dr

has the dimension of time and we may think of F(u) as the time needed
to travel along the curve u(t) from wu(t1) to u(ts).

The functional F may therefore describe the trajectory of a ray of
light. In fact, according to Fermat, the refraction index of a medium at
P := (z,y) is the inverse of the velocity of light at P, and light travels
along trajectories that minimize time.

More generally, denote by x the position of a point in a medium and,
for any direction &, |{] = 1, denote by F(x,&) the refraction index of the
medium at z in the direction £ and think of F' as being extended to all
vectors as the homogeneous function of degree 1

_ ¢
F(a,€) = |¢IF (=, |§—|) Ve 0.

If s — x(s) is a regular curve, the function

F(z(s),2'(s)) ds = |x'(s)|F(ac(s)7 2 (s) )ds
has the dimension of time and
F(x) = /52 F(xz(s),2'(s)) ds

is the time necessary to go from z(s1) to x(s2) along the trajectory of z(s).
Notice that F(x) does not depend on the parametrization chosen for z(s).

Fermat’s principle states that light moves in a medium characterized
by F from P; to P» along a trajectory that minimizes the total time

/ " Pla(s), 2’ (s)) ds — min.

S1
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3.9 Hamilton’s principle. Let my, ..., my,, m; > 0, be the masses
of n points that move in time under the action of forces Fi, Fy, ..., Fy;
denote by X (t) := (x;(¢), y,(t), z;(t)) the position vector at time ¢ of the
point-mass m; and let X (t) := (X1(t),..., X, (t)) € R3"; finally, assume
that F; = F;(X). The motion of the n point-masses is ruled by Newton’s
law

mXJ(t) = F;(X(t)), j=1,...,n.

Assuming that the forces are conservative, i.e., that there is a function
V :R3" — R such that

Fi(X) = Dx, V(X) = (Vo (X), V3 (X), Vas (X) )

it is easily seen that Newton’s equations are Euler—Lagrange equations of
the functional, called action,

to 1 n
LX) = /t (5 3 mlX; 0P - VX)) dr
1 ]:1
The function L(X,Y) : R3" x R3" — R defined by
1 n
L(X,Y):= 3 ij|yj|2 - V(X),
j=1

where Y = (Y1,...,Y,), Y; € R3 Vi, is called the Lagrangian of the system.
The Lagrangian, computed at a trajectory X, i.e., L(X(¢), X'(t)), is the
difference between the kinetic energy

TX'() =5 > ml X
j=1
and the potential energy
VI(X(t))

of the trajectory X at time t. L(X (¢t), X'(t)) is called the free energy of X
at t, while H(X (t), X'(t)) := T(X'(t)) + V(X (t)), which is the sum of the
kinetic energy and the potential energy, is called the total energy of the
trajectory X at time t, see Section 3.2.

The previous remarks lead to the following.

Hamilton’s principle of stationary action. The actual motion of
a conservative system takes place in such a way that it makes the
Lagrangian action stationary.

Notice that this way a conservative mechanical system is described by a
single function, its Lagrangian; moreover, it clearly shows that Hamilton’s
principle is invariant with respect to the coordinates chosen to describe
the system.
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Figure 3.3. Wave equation.

3.10 Wave equations. Hamilton’s principle allows us to deduce the
wave equation in a variational way as the equation of motion of a vi-
brating string y = y(t,x) with small transverse oscillations. Let p and 7
denote the density and the tension of the string. The kinetic and potential
energies are then given by

T::%/jp(%)zdx, V::%/OZT(%>2dx,

respectively, so that the action of the system is

= b o [0 (32 )

When p and 7 are independent of z, its Euler—-Lagrange equation is

0%y 1 0%y 9

.
— ==, = —.
0x? 2 Ot? P

3.11 Lagrangians of the type F(z,p), n=1. When F = F(x,p),n =
1, Euler-Lagrange equations simplify to

L Ey (o) =0,

dx
i.e.,
Fp(z,u'(z)) = a
where a = (a1, ag, ..., an) is a constant vector. If Fy,(z, v (x)) # 0, the

implicit function theorem allows us to write, at least locally, v’ as a function
of (z,a),
u'(x) = g(@,a);

consequently,
xr

u(z) = u(xo) +/ g(t,a)dt.

0
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Figure 3.4. Rotationally symmetric minimal surfaces.

3.12 Lagrangians of the type F(u,p),n=N=1. When n = N =
1, instead of looking for a solution of the Euler-Lagrange equation, that
is a second order equation, we notice that the quantity

i
ul, —F
is constant in time along an extremal wu: in fact,

d d d

E(u’Fp —F)=u"F, + u’EFp — Fu' — Fou" =W/ (F, — EFP) =0.
One also says that ' Fj(u,u') — F(u,u’) is a first integral of the motion.
Later we shall discuss, see Theorem 3.60, how we may seek conservation
laws or first integrals. Here we notice that the previous conservation law
allows us to integrate Euler-Lagrange equation at least locally if F, # 0
since n = N = 1. In fact, according to the implicit function theorem,
we may write u' F,(u,u’) — F(u,u’) = const = h as u'(z) = ¢(u(x),h).
Separation of variables then leads to

l._x0+/11,0 Q/J(Z?h)

which, in principle, allows us to find u(z).

3.13 Rotationally symmetric minimal surfaces. Let S be a surface
in R?® obtained by rotating along the z-axis its meridian, z = u(x), a <
x <b, u(z) > 01in [a,b]. The area of S is

b
A(S) := 27r/ uV1+u'? dx (3.11)

and the energy conservation law yields at once

12

u\/1+u’2—uu—:c
V1+w?

We can infer
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Figure 3.5. Goldsmith’s degenerate rotational minimal surface.

) uZ — 2
u =
2

and, by separating variables,

VI

x+c =clog———,
c

ie.,

_|_
u(x) = ccosh rra
c

A rotational surface of minimal area is therefore generated by the catenary
and the generated surface is called a catenoid; the values of constants c
and c¢; are determined by u(a) and u(b).

Further inquiries, that we omit, would show that three cases are pos-
sible:

(i) There is a unique catenary through the given points; in this case, it
solves the minimum problem.
(ii) There are two catenaries through the given points: One is a minimizer
and the other just an extremal.
(iii) There is no catenary through the given points: The minimum prob-
lem (3.11) has no solution; in fact, minimizing sequences converge to
Goldsmith’s rotational surface in Figure 3.5.

3.14 The brachystochrone. One of the classical problems posed by Jo-
hann Bernoulli (1667-1748) in 1696 is that of the brachystochrone or of
the quickest descent: For two points P; and P; on a vertical plane, find a
line connecting them, on which a point descends from P; to P, under the
influence of gravitation in the quickest possible way. By choosing coordi-
nates as in Figure 3.6 with P, = (0,0) and P> = (a, b), the conservation of
energy tells us that

1
502+gz=0.

On the other hand, v = % =v1+ u’z%, hence
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1 /|2
at = | L
—2gu
and we ought to minimize the functional

14 u?
—2gu

with the conditions «(0) = 0 and u(a) = b. This is similar to the problem in
Example 3.13, slightly more complicated due to the fact that u vanishes at
the first boundary, so that the integrand is not regular in [0, a] x R x R. One
can show, but we will not do it, that the problem has a unique solution;
it is of class C'' and it is given by an arc of cycloid.

3.15 The curvature functional. The condition of vanishing of the first
variation extends easily to functionals with integrands depending in higher
order derivatives. For instance, the equilibrium configuration of a thin plate
is described by the minimizers of the integral

1
P(u) := §/Q|Au|2dx

under suitable boundary conditions. If u is a minimizer, u is an extremal,
i.e.,

=0 VyeCln),

e=0

d
—P(u+ ep)
de

and this yields, in turn, as Euler-Lagrange equations in strong form, the
biharmonic equation

AAu = 0.

Here we confine ourselves to discussing with some details only the cur-
vature functional. Let s — ¢(s), s € [0,L], ¢(s) # 0, be a regular plane
curve, parametrized by the arclength, and let (t(s),n(s)) be its moving
frame, t(s) = ¢/(s) being its tangent unit vector and n(s) its normal unit

Py

Y

Py

Figure 3.6. The brachystochrone.
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Figure 3.7. An illustration of the cycloid from Course of Ezperimental Philosophy by
J. T. Desaguliers (1683-1744) and a table from Methodus Inveniend: by Leonhard Euler
(1707-1783) on elastic curves.

vector oriented in such a way that det[t(s)|n(s)] = 1. Recall that the signed
curvature k.(s) of ¢ at s is defined by

t'(s) =: ke(s)n(s), equivalently, ke(s) = det[c'(s) | ()],
and that
see [GM4].

Let f : R — R be a smooth function. We want to write the Euler—
Lagrange equation of the integral

L
Fe) = /O Fko(s)) ds.

Let ¢ € C2°([0, L], RYN). Since the curve c(s)+ep(s), s € [0, L], is no longer
parametrized by the arc length when € # 0, it is convenient to rewrite the
functional with respect to a generic parametrization ¢ : [a, b] — R"™

L
Flo) = / Ul (1) dt, (3.12)

where, this time,

c(t) 1

eor O T fegp @10

t(t) =

and
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t'(t) =ke(t)n(t),  n'(t) = —ke(t) t(2),
see [GM4], Section 5.4.1.
If c.(s) = c(s) +ep(s), s € [0, L], differentiating under the integral sign
the function € — F(c), we get

LFed = [ (70D (k) O + S5 o))

where, for the sake of simplicity, we write t., n. and kc(s) for t., , n.,
and k., (s) respectively, and where the prime denotes differentiation with
respect to s. We now remark that

a,, c(s) O

€

Elce(s)l = |C€(S)| '&C (8) = tC(S)'QO (5)7

hence 9
/ Y o0
Sls)l| = d)e (o)
Since 1
_ - / "
kE(S) - |C/6(S)|3 det[ce(s) | Ce (8)],
we have

8 ]' 6 I 8 1 I/ /
et = |f|3(det 2 5et))- 3| e det [¢ } Bel el
hence, if k(s) := ko(s) = ke(s) and we recall that ¢o(s) is parametrized by
the arc length,
0
e ©

concluding that

e’ } +det [c’e

= (det[gp’ | "] + det[c | go"]) =3k ey

OF(c,p) = /OL [f'(k)(det[c’ | " +det]y | ¢']—3k ogo')+f(k) c oap'} ds,

where, of course, k = k(s), ¢/ = c/(s) and ¢’ = ¢'(s).

It is easily seen that for tangential variations, p(s) := ((s)t(s), we
have 6F (¢, p) = 0, as it is clear from the invariance of F with respect to
reparametrizations of c¢. Instead, for normal variations, ¢(s) = ((s)n(s),
we find, after an integration by parts (¢ vanishes near the boundary)

0F (e, ) = /OL (f’(/f)C" + (f (k)k? — f(k)k)g) ds
:/0 (;22“ B+ f (k)2 = F(R)R))C ds

L
= [ (o w1 082 = k) s
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Let ¢ be an extremal of the functional (3.12), and suppose that it is
sufficiently regular so that its curvature is of class C?. Then the Euler—
Lagrange equation in weak form is

L
(w1 w + 50k = k) s =0

for all ¢ € C2°(]0, L[,R) and the Euler-Lagrange equation in strong form
for the functional (3.12) is

FIOOK + F (kK + k(kf (k) — f(k)) = 0.

(3.13)
In principle, we can now find all extremals of the functional (3.12) by
first integrating (3.13) and finding k(s) and then c¢(s) from ¢(s) = t(s)
after solving the linear ODE system with variable coefficients

{t(s) — k(s)n(s),
n'(s) = —k(s)t(s).

3.16 Example. Of interest is the simple integral

L
F(c) :=/ (k2 +X\)ds

0
where X is a real constant. It is related to the so-called elastic lines studied by Euler.
From (3.13) its Euler-Lagrange equation is

2k" + k* — Xk = 0.

By multiplying by k’, we infer that there is a constant p such that
A

Zk2 = ;
2 I

it follows that s = s(k) is given by the elliptic integral

dk
5= A 17.4
\/H‘FE’CQ*Z’C

that, passing to the inverse function, yields k = k(s).

1
k/2 7k4 _
+ 4

3.1.2 Some remarks on the existence and
regularity of minimizers

As we have already remarked several times, the existence of a (even unique)
critical point does not ensure the existence of a minimizer (even for critical
points of functions of one variable).

The first question to be dealt with is, therefore, that of the existence
of a minimizer for a functional of the type

]:(u)z/QF(x,u,Du)da:

in suitable classes C of admissible functions. In the terminology of Lebesgue,
this can be done in two different ways:
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(i) By means of indirect methods: By finding one or more candidates,
for instance the extremals of F, and by means of methods that in
suitable situations allow us to conclude that an extremal is actually
a minimizer by a direct comparison of competing functions with our
candidate.

(ii) By means of direct methods: Proving directly, by means of qualitative
theorems such as Weierstrass’s theorem, that under suitable condi-
tions on the integrand and the class of competing functions there ex-
ists a minimizer; this requires the use of topological notions (such as
convergence and compactness) for the class of competing functions
and of continuity or semicontinuity information for the functional
with respect to the introduced notions of convergence, and the choice
of competing functions.

a. Existence

The indirect methods rely on the credibility that it is relatively easy to
find extremals. This is plausible at least for equations and in dimension
one, n = N = 1. In fact, in this case the Euler-Lagrange equation is

Fppu" + Fpyu' + Fpy — F, =0,
that, under the assumption
Fpp(x’uvp) 7&0 V(x,mp),

rewrites as
u' = f(x,u,u).

As we have seen in [GM3], a result that provides us with a critical point
is then the following.

3.17 Theorem (Bernstein). ! Let f(z,u,p) be a function of class C* in
[a,b] x RN x RN. Suppose there erist two nonnegative functions A(z,u)
and B(z,u) and a constant k > 0 such that

ful@,u,p) >k, |f (2, u,p)| < Az, w)|pl* + Bz, w).
Then, for all o, B € RN, the problem
W() = (@ u(z),w(@) ina,b]
u(a) = a, u(b) =0

has a solution.

1 S. N. Bernstein, Sur les équations du calcul des variations, Ann. Sci. Ec. Norm. Sup.,
Paris 29 (1912) 431-485.
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Figure 3.8. In the figure we have plotted the first three terms of a sequence of functions
{un} that converges uniformly to the function that is identically zero, but F(un) =0
Vn while 7(0) = 1, F being the functional of Example 3.18.

Having at our disposal one or more than one critical point, in order to
decide whether one of them is a minimizer for F we may use the classical
and elegant theory of second variation or of conjugate points of Carl Jacobi
(1804-1851) or of extremal fields of Karl Weierstrass (1815-1897), that,
incidentally, plays an important role in differential geometry. However, we
do not pursue this here.

The indirect approach, the formalism of which is extremely important
also for multiple integrals, n > 1, loses ground for multidimensional prob-
lems since, in this case, it is less clear how one can prove the existence of
solutions of the Euler—-Lagrange equation; on the contrary, a direct proof
of the existence of a minimizer might instead provide a simple proof of
the existence of critical points: The Dirichlet principle that we discuss in
Chapter 1 is a prototype.

The direct methods of calculus of variations, that begin in the works
of Leonida Tonelli (1885-1946) and have further development in the works
of Charles Morrey (1907-1984), are still an important area of research.
Their use requires the enlargement of the class of competing functions
beyond the smooth ones among which we seek a minimizer and a related
extension of the functional on the enlarged class, for instance, as we have
seen, Sobolev classes for the Dirichlet principle. The so-called regularity
problem of generalized solutions then naturally arises.

We have no chance here to illustrate those questions, and we refer the
reader to the bibliographical appendix, confining ourselves to the discus-
sion of a few simple examples.

3.18 Example (Lebesgue’s sequence). Consider the problem
Loa
F(u) :== / (u'? —1)% dz — min, u(0) =0, u(l) =0.
0
It is not difficult to see that
inf{ F(u)|ue C'(0,1)), u(0) =0=u(1) =1} =0

however, the infimum is not taken, i.e., the above problem has no solution of class C'!. In
fact, at functions with piecewise slope 1 or —1 we have F(u) = 0, but F never vanishes
at functions of class C'! that vanish at 0 and 1. Moreover, minimizing sequences do not
necessarily converge to a minimum u.
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3.19 Example (Weierstrass’s example). Consider the problem
1
F(u) ::/ 22u/? dz — min, u(—1) = -1, u(l) =1,
-1

and, for € > 0,

arctan £
ue(z) ' = ————F
arctan <
or
—1 ifx < —e,
T
ue(z) :=q — if x| <e,
€
1 ifx > e

The family {uc} is admissible and F(ue) — 0, hence
inf{f(u) ’u € CY([-1,1)), u(—1) = -1, u(1) = 1} =0,

but, clearly, there is no such admissible function with zero energy.

b. Regularity in the 1-dimensional case

167

We shall not discuss the regularity problem in the multidimensional case;

here we only illustrate a regularity theorem in the 1-dimensional case.

In order to write the Euler—Lagrange equation in strong form, of course
it suffices that the extremal be of class C2, at least in the classical context.
However, there is no reason why an extremal or even a minimizer of class

C' should be of class C2.

3.20 Example. The function u(x) = z|z|, that is of class C! but not of class C2,

clearly solves the problem

1
F(u) :== /71(1/ — 2|z|)? dz — min, u(—1) = -1, u(l) =1.

3.21 Example. The function

ey e 0 iz E (=10,
(=) {12 z €[0,1],

that is of class C'! but not of class C2, clearly solves the problem

F(u) :== /711 uw?(z) (v — 22)? dz — min, u(—1) =0, u(l) =1.

However, we have the following.

3.22 Proposition. If u € C*([a,b],RY) is an extremal of the functional

F(u) ::/Qf(ac,u(av),u’(m))dx7
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Figure 3.9. Eugenio Beltrami (1835-1899) and Paul du Bois—Reymond (1831-1889).

b
/ (Fp¢' + Fup)dz =0
for all ¢ € C*([a,b],RY) with p(a) = ¢(b) = 0, then
T — Fp(xau(x)au/(x))

is of class C([a,b],RY).

Proof. Integrating by parts the second term of the Euler-Lagrange equation we get

0:/:{F,,¢+%</:Fudt ga(x)) —/:Fudt w’(m)}dz
:/ab (Fp—/;zFudt)go’(x)dm.

Using du Bois—Reymond lemma, see Chapter 1, we infer
Fp(z,u(z), v/ (z)) = / Fyu(t,u(t), v (t)) dt + const, (3.14)
a

in ]a, b[, hence in [a, b] by continuity. The fundamental theorem of calculus then yields
the result since z — F,(z,u(z), v’ (z)) is continuous in [a, b]. O

Notice that we are not allowed to compute the derivative of the function

x +— Fy(z,u(z),u'(z)) using the chain rule, since, in general, v’ is not
differentiable a priori. However, the following holds.

3.23 Theorem (Regularity). Let F'(z,u,p) be an integrand of class C*
and let u be an extremal of class C' of the functional

Flu) = / Pl ) d.

If det Fpp(z,u(z), v/ () # 0 Va €]a,b], then u € C?(]a,b[,RY).
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Proof. Introduce the function ¢ :]a, b[xRYN x RV x RV — RN given by
¢($, Z,Ps q) = Fp(x) va) —q-

Since det‘(Z—‘;5 = det Fpp # 0, the implicit function theorem applied to the equa-
tion ¢(z,z,p,q) = 0 tells us that for all x¢ €|a,b| there is a neighborhood U of
(%0, 20,P0,90), 20 = u(x0), g0 = Fp(xo,u(z0),u'(z0)) and a map ¢ of class C!
such that ¢(z,z, p(z,2,9),q9) = 0 VY(z,2,p,q) € U. Since for z close to z¢p we have
(z,u(z), Fp(z,u(z),u'(z))) € U, we infer that

u/(z) = QO(LIT, u(x)v Fp(x’ u(x)v u’(z)))

This implies at once that u’ is of class C1, since o, u(x) and = — Fp(x, u(z), v (x)) are
of class C1, see Proposition 3.22. [}

The previous theorem extends to extremals that are absolutely contin-
uous.

3.24 Theorem (Regularity). Let F'(x,u,p) be an integrand of class C*
and let u be an extremal that is absolutely continuous of the functional

such that Fy(z,u(z),u'(z)) and Fy(z,u(z),u'(z)) are summable. If
det Fyp(z, u(z),u (z)) # 0 for a.e. x €a,b],

then u € C%(Ja,b[,RY).

Proof. As in Proposition 3.22, the du Bois—Reymond lemma yields that (3.14) holds
for a.e. . Hence x — Fp(z,u(z),u(x)) is absolutely continuous. As in the proof of
Theorem 3.23 we then conclude that

' (z) = oz, u(x), Fp(z, u(z), v (z))) a.e. T,

that implies that u’ is absolutely continuous, in particular, u’ agrees a.e. with a contin-
uous function v(x). Summing up, for zg €]a, b[ we have

T T

u'(s) ds = u(wg) + / v(s)ds,

o

u(z) = u(zo) + /

o

hence u € C! near xg. Finally, Theorem 3.23 yields the conclusion. O

3.1.3 Constrained variational problems

In several instances one wants to minimize a functional among functions
that ought to satisfy some constraints besides the boundary conditions.
Here we write the vanishing of the first variation in two interesting cases:
The so-called Lagrange multipliers appear in this context.
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a. Isoperimetric constraints
3.25 Theorem. Let u be a minimizer of the functional

b
F(u) :/ F(x,u, Du) dx
a
among the functions u that satisfy the constraints

b
Gr(u) ::/ Gg(x,u, Du) dx = g, k=1,....r

and suitable boundary conditions. Suppose that there exist functions i,
., ¥y of class C([a,b], RYN) vanishing at a and b such that the matriz

(3G (u, o)

has mazimal rank r. Then there exists X := (Y, A\2,..., \") such that u is
an extremal of the functional

Flu)+> NG (u).
k=1

Proof. For the sake of simplicity we confine ourselves to the case r = 1, setting G := Gy.
Let ¢ € C'([a, b],RY) vanish at a and b, and let ¢» € C'* be such that 6G(u,v) = 1. For
e and t in a neighborhood of 0 define

D(e, t) := F(u+ ep + ty), U(e, t) :=G(u+ ep + th).

Trivially, (0,0) is a minimum point of ® with the constraint ¥ (e, ¢) = ¢1. The Lagrange
multiplier theorem, see Theorem 5.62 of [GM4], yields the existence of A € R such that

®.(0,0) + A\P(0,0) =0,
<I>t(0, 0) + )\\I/t(o, 0) =0

that is,
3(F +AG)(u, ) =0, 3(F +AG)(u,9) =0,
i.e., u is an extremal of F 4+ A\G with A := —§F (u, ). [}

3.26 Isoperimetric problem. Among graphs in [a,b] x Ry with pre-
scribed boundary that enclose a given area

find the one of minimal length,

b
/ V1+uw?dr — min.

Assume that the minimum point u exists and is regular; then u solves
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u’ !
(ﬁ) = const
14+

i.e., the possible solution has to have constant curvature. Similarly, the
possible solutions of the problem of minimizing the area of graph of u

/ V14 |Du|?dx
Q

among the functions u : Q C R™ — R with prescribed boundary conditions
and with prescribed integral

/Qu(a:) de = A,

solve the equation

n

Dau
Z Dy, —2—— = const,

o=t V1+|Duf?

i.e., have graphs with constant mean curvature, see Chapter 5 of [GM4].
3.27 First eigenvalue of the Laplacian. The solution of the problem

1 [o |Dul? dz — min,
u=20 on 012,
Jou?de =1

satisfies the equation
Au+Au=0 in Q,

where A is a constant, in fact, the first eigenvalue of the Laplacian.

3.28 Elastic lines. Elastic lines were studied by Robert Hooke (1635—
1703), Gottfried W. von Leibniz (1646-1716) and Leonhard Euler (1707—
1783) with the methods of the calculus of variations. In the formulation of
Euler, the problem amounts to minimizing the curvature functional

/ k? ds — min
5

under the length constraint f,y ds = L. This leads to looking at the ex-
tremals of the functional
(k* + \) ds,
2l
the Euler-Lagrange equation we discussed in Example 3.15.
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b. Holonomic constraints

Suppose we want to minimize the action

b
/ L(z,u,u) dx

of n material points among motions that take place on a surface, for in-
stance, implicitly defined by the system of equations G(z) = 0.
More generally, suppose we want to minimize the integral

/ F(x,u, Du) dx
Q

among maps u :  — RY that take values on a (N — r)-dimensional
submanifold ) of a suitable RY | defined implicitly by the equation G(z) =
0, where G : R® — R", 1 <r < N, is of class C! with Jacobian matrix of
maximal rank r in u(9Q).

Let ¢(z,t) be a family of admissible variations for u : Q — RV,
Y(x,0) = u(x). Then G(¢(x,t)) = 0 V(x,t) and, differentiating in ¢ and
setting

we have DG(u(z))p(z) =0, ie.,
¢(x) € ker DG(u(z)) = Tany,) Y,

as the tangent space Tan,) at z to ¥ = {G(z) = 0} is ker DG(z); we
simply say that ¢ is tangent to Y along u.

3.29 Proposition. Let G : R® — R", 1 < r < N, be a map of class C!
with Jacobian matriz of mazimal rank r at the points of ¥ = {z|G(z) =
0}. If u € CY(Q,Y) is a minimizer of the functional F(u) among maps
with values in Y, then u solves the Euler—Lagrange equations that in this
case take the form

G(u(z)) =0,
/(Fu — Dang)W de =0 Yy € CHQ,RY) tangent to Y along u.
Q
(3.15)
Moreover, if u is of class C2, then u satisfies (3.15) if and only if
G =0,
(u(=)) Vo € Q. (3.16)

(Fui — DuFy ) L Tangy) Y,
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Proof. We prove the proposition under the extra assumption that ) be of class C2(£2).2
Recall that every submanifold )V C RN of class C? has a neighborhood U with a
projection 7 : U — Y that maps a point z € U uniquely into 7(z) € U, the foot of the
perpendicular through z to ). The map 7 is of class C!, its tangent map dn(z) has
Tan, ()Y as image and Im D7 (z) = Tan, () ), see Chapter 5 of [GM4].
Let ¢ € CL(Q, RY). Since the support of ¢ is compact, there is €g > 0 such that for
le] < eg we have u(z) + eC(z) € U Vz € U. The function

Y(x; €) := m(u(z) + e((z)) (3.17)
is then an admissible variation, i.e., G(¢(z, €)) = 0 and ¥(z,0) = u(x), and
0
8—¢(z,0) = D7 (u(x))¢(x) Yz € Q.
€
In particular, p(z) := %—f(z, 0) € Tany() Y, i.e., ¢ is tangent to J along u; moreover,

p(z) = ((z) if ¢ is tangent to ) along u.
(i) Let w be a minimizer of F constrained to Y, ¢ tangent to Y along u and v (z, €) be
defined by (3.17), then, as we have seen, %—f = (. The function

€= F(¥(e)

has a minimizer at ¢ = 0. Differentiating under the integral sign, Fermat’s theorem
yields
d

0= —
de

FWeN| _y = [ (Fud + Fyy Dac’) da.
(ii) If, moreover, u € C?(Q), an integration by parts yields

/Q (Fu - Dang){i dz =0
for all ¢ tangent to ) along u. In particular,
/Q (Fu7 — Dang>Djwi(u(x))¢j (z)dz =0
for all ¢ € CL(Q,RN). From the fundamental lemma of calculus of variations we infer
(Fu — DaFy; ) D7 (u(x)) = 0,
i.e., the vector (F,i — Dang) is perpendicular to Im D7(u(z)) = Tan, ) V. O

More generally, we can state the following.

2 The same proof works if ) is of class C'! using a deep result of Hassler Whitney
(1907-1989): If Y is a submanifold of class C, then there is an open set U D Y
and a map of retraction w : U — Y, i.e., such that #(U) = Y and my = Idjy of
class C'. Actually, the following holds, see H. Federer, Geometric Measure Theory,
Springer—Verlag, New York, 1969, Theorem 3.1.20,

Theorem (Federer—Whitney). Let B C R™ be connected and let k > 1. B is a
submanifold of class C* if and only if there are an open set U and a map 7 of class
C* that retracts U onto B.
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3.30 Theorem. Let u be an extremal of class C! of the functional
F(u) = / F(z,u(x), Du(z)) dz
Q

constrained to

C:= {u:Q%RN’G(a:,u(a:)) =0, x € Q},

where G(z,u) : Q@ x RN — R” denotes a map of class C, with Jacobian
matriz with respect to u of mazimal rank r on {(z,u(x)), x € Q}. Then
there exist continuous functions \*(x),..., A" (x) such that u is an extremal
of the functional

r

F(z,u(x), Du(z)) + Z Mo (2)GF (2, u(x)) ) de.
Q

k=1
3.31 Example (Force of constraints). In the case of the action

t2 1 12 J .
<§mX 7V(X)) dt,  GI(t,X)=0, j=1,...,r,

ty

we infer from Theorem 3.30 that Euler-Lagrange equations are

s
mX"(t) = VV(X (1) + > A () VGF(t, X (1)),
k=1
where the last term is physically interpreted as the force exerted by the constraint.

The multipliers can be computed from G(¢, X (¢)) = 0 differentiating twice in t as in
Examples 3.32 and 3.33.

3.32 Example (Harmonic maps into SV~!). The extremal u : Q C R? — RN of
the problem

1
7/ |Du|? de — min, lul? =1,
2Ja
are the solutions of the equations
—Au+ p(x)u =0, [ul? =1, (3.18)

and we can easily compute that Lagrange’s multiplier y is given by —|Du|?. In fact,
from |u|? = 1 we find by differentiation vazl u!Du' = 0 and, differentiating again,
we Au + |Du|? = 0. Comparing the last equation with (3.18), we conclude that u(z) =
—|Du|?.
In conclusion, the extremals of the Dirichlet integral for maps with values in a
sphere solve the equations
—Au = u|Dul?.

3.33 Example (Harmonic maps into a manifold). The extremals u : Q C R" —
RN of the problem

1
5/ |Du|? dz — min, G(u(x)) =0,
Q

where G : RV — R” is a smooth map with Jacobian matrix of maximal rank on
{y | G(y) = 0}, solve the equations
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s
—Aut 4+ Y N (@)D;GF =0,  G(u(z)) =0, (3.19)
k=1
where A1, A2, ..., A" are suitable functions that can be computed as follows. Differen-

tiating twice in x the relation G(u(x)) = 0 we get

D;G*(u(z)Au' + EF(z) =0 k=1,...,r,

where
. N n aQGk ) ]
— i J
E¥(x) := Z Z oyiow (u(z))Dau' Dau’ .
i,j=1a=1
Comparing with (3.19) and writing in vector notation E(x) := (E!, E2,..., E"), X\ :=

(AL 2,00, A7) and Au = (Aul, ... AuY), we find

E = —DGAu = DGDGT ),

AMz) = (DG(u(z))DG(u(z))T>71E(x).

3.34 The general Dirichlet integral. Let & and ) be two submani-
folds of respectively two Euclidean spaces R™ and RV, and let U : X — )
be a smooth map thought of as a map with values in RY with image into
Y. The differential of U at z maps the tangent space T, X of X at x into
the tangent space Ty ;)Y of Y at U(z). Since T, & and T,) are naturally
endowed with the inner products of the ambient spaces, respectively R™
and RY, the adjoint map dU : Ty ()Y — TpX is well-defined. We can
therefore define an inner product and a norm on the space of linear maps
from T, X into T2y as

A.B =trB*A and |A| = VA*A.
The energy density of U is then
1
(U) (@) = 5|dU.

and, by means of the volume element of X', we define the generalized Dirich-
let energy as

DU, x)=DU) := / e(U)dH".
x
In this way the Dirichlet energy is defined independently of the chosen

coordinates. Notice that in orthonormal coordinates, for maps U : Q C
R™ — Y ¢ RY we have

e(U)(z) = %|DU(a:)|2, D(U,Q) = %/Q|DU|2da;.

Since the following considerations are local and U is continuous, it is
not restrictive to choose local coordinates in X and ) respectively, i.e.,
diffeomorphisms ¢ : B(0,1) € R® — X and ¢ : B(0,1) ¢ RY — ).
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Denote the local coordinates by = = (x!, z2,..., 2") in R" and by y =
(yh v?, ..., y™)in RN, Set u:=¢ "1 oU o and let

0 0 0 0
L= (o)) = e ge G= () = g

be respectively the metric tensors in Tan, X and Tan, Y. Then dU, is
represented by the matrix Du(z) and dU} is represented by the matrix

I~ (z)Du(z)" G(u(z)),

consequently,
1 At ou?
— B, - =
B(U) = 27 gly(u(x))axa OB
where (Y*?) = (va5)~!. Since dH" = /7 dz, v := det(7as), we conclude
that in local coordinates the energy takes the form

D(U, X) = D(u)
1 o - ou' @ (3.20)
o 5/3(0,1)7 @yl ))ax‘”‘ 8:55 @) da.

Notice that in the standard case, X = Q C R™ and V = R", choosing
orthonormal coordinates to write u, then « = U and I = I'"! = Id; hence
D(u) is the standard Dirichlet energy.

3.35 9. Write the Dirichlet integral for maps u : B(0,1) C R? — R in polar coordinates
and for maps u : B(0,1) C R? — R in spherical coordinates.
[Hint. Use (3.20).]

Let us write Euler-Lagrange equations for the functional in (3.20).
For every o : B(0,1) — R of class C!, that vanishes on the boundary
of B(0,1) and for every t € R, the maps u + tp are admissible. Thus,
differentiating under the integral sign, one easily deduces

6D(u, )

. A 1 , ,
= /( : ('YaﬁgijDauzDﬁgDJ dx + §’Yaﬁgij)£(u)DaulD6UJ@Z)ﬁdl’7
B(0,1

and, integrating by parts (assuming u to be of class C?), one gets that the
minimizers of the Dirichlet integral written in local coordinates solve the
system of PDE’s

1 .
FDB(VQB\/’ngDaUZ)
2] ) (3.21)
=37 9ur()Dau'Dgu? =0 Yk =1,...,N.

System (3.21) can be written equivalently as
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git—=Dp(v*"/7Dau
N s(Y*"V/¥Dau’)
1 ) .
+ 4P (g,k](u) — §g¢j,k(u))DaU7‘D5u] =0 Vk=1,...,N.

(3.22)
Notice that the following hold:

(i) The first term in (3.21) is Laplace—Beltrami’s operator on X applied
to u, see Chapter 5 of [GM4],

1 ; .
_Dﬁ(’YaBﬁgkiDau’) = div x(Vaur) = Ayut.

VI

(i1) The second term in (3.21) vanishes if the metric of ) is constant.
(iii) Introducing Christoffel symbols of the first kind of )

1

Digj(u) = 3 (gkj,z‘(u) — Gijk(u) + gik,j(u))v

(3.22) becomes
gikAxu' + 7T (u)Dou'Dgu? =0 Vk=1,...,N,
or, since (g;;) is invertible,
Axu’ + 7P T Du'Dgu? =0 VO=1,...,N, (3.23)

where (g7) := (gij) " and I'}; := g**T; denote the Christoffel sym-
bols of the second kind of the metric g on Y.

3.36 Example. If X is an interval of the real axis, system (3.23) takes the form

&P, e dutdu

az" T e

that are the geodesic equations.

3.1.4 Noether’s theorem

Let us return to the discussion of unconstrained problems. It turns out that
Fuler-Lagrange equations are only some of the stationary conditions for
a minimizer. Here we state stationary conditions for arbitrary variations.
As a consequence we state Noether’s theorem, which yields, in particular,
the stationary conditions in the presence of symmetries.
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Figure 3.10. William R. Hamilton (1805-1865) and Emmy Noether (1882-1935).

a. General variations

Let © be a bounded open set of R™. For |e| < ¢y we consider a family of
domains €2, that are small variation of £; more precisely, we consider a
bounded open set U that strictly contains 2 and, for every e with —eg <
€ < €p, & map

n(x,€) : Ux] — €, €g[— RY

with n(z,0) = x such that n.(z) := n(z,€) is a diffecomorphism from U
onto its image; then

Qe :=n(Q) C U, QcU.

for e sufficiently small. The infinitesimal generator of ¢ — n(-,€) is the

function 5
nl) = F(x,0), xeU;
Oe

clearly, when € — 0 we have
Ne(z) = + ep(z) + o(e), Yo € U,
()™ (y) =y — euly) + ole), Yy € Q.

Notice that, if A : U — R™ is a smooth map with a bounded difference
quotient, then the maps 7.(z) := x + eA(z) are diffeomorphisms onto their
images for e sufficiently small (as one easily infers from the implicit function
theorem); thus, they are variations of the identity in U with infinitesimal
generator .

Let u € C1(U). We consider the C! perturbation

v(y,€) : Ux] — o, €o]— RY
with v(z,0) = u(z) given by v(y, €) := u(n(x,¢€)). Since for y € U we have

n(y,€) € U for e small, |e| < €(y), the infinitesimal generator of the family
{ve}, ve(y) == v(y,€), is well-defined
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o) = 2°(2,0)

and, of course, we have v(x,€) = u(x) + ep(x) + o(€) as e — 0.

Finally, we consider an integrand F(z,u,p) defined in U x RN x RN
such that for |e| sufficiently small the function

o(e) = /Q F(y, v(y, ), Do(y, ) dy

€

is well-defined. We want to compute ¢'(0).

3.37 Proposition. With the previous notation,
¢'(0) = /Q (Fuﬁpl + FpgDaSDi + Da(Fﬂa)) dx
= 0F (u, ) —&-/QDQ(FM’)da:
- /Q (— DoFys + Fui)gpi dz + /Q D (Fua + pri) di.

Proof. We notice that det Dyn(z,0) = 1, det Dyn(z,¢) > 0, %det Den(z,€)|le=0 =
div p(z) and that

3 = [ F(n(e.).v(al. ). Dyv(a(z. ))) det Dan(a, ) do.
The result then easily follows differentiating under the integral sign. [}
We see, therefore, that ¢’'(0) depends only on the infinitesimal genera-

tors p(x) and p(z) of the perturbations n(z, ¢) and v(y,€); ¢’'(0) is called
the wvariation in the direction (¢, p) of the functional

F(u) :z/ﬂF(mm(m)Du(m))dw (3.24)

at the point wu.

b. Inner variations

When p(z) = 0 and ¢ € CHQ,RY), so that n(z,¢) = z Ve and
v(z,€) = u(zr) + ep(x), Proposition 3.37 is simply the computation of
the first variation, as in this case

¢'(0) = 6F (u, @)

Instead, if we choose u € CHU,RY), n(z,€) == z + ep(r) and v(y,e) =
u(n(y,€)~1), then u(x) = v(n(x,€),€), and differentiating in e gives

0= Dyv(z,0)u(z) + ¢(z), ie., o(z) := —Du(x)u(x).
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Figure 3.11. Frontispieces of two volumes on “geometric analysis”.

It follows from Proposition 3.37 that for all A € C1(U,RY) the variation
at u in the direction (Du(x)A(x), —A(z)), called the inner variation of F
at u with respect to A, is given by

OF (u, ) == ¢'(0)
= / (FuiDaui)\a + Fp;Dﬁ(Daw‘)\a) — Fdiv\ — D, F )\a) d
Q

- / (= Faed™ = Pdiv A+ Fys Daw DpA®) da.
Q B

This can be written in a more compact way introducing the Hamilton
tensor, called also Hamilton—FEshelby or energy-momentum tensor,

TP .= Dol — oPF,
(3.25) becoming

OF (u,\) = / (Tg/\gﬁ - Fmaxa) dz. (3.25)
Q

3.38 Definition. We say that an extremal of F, that is a solution of
F(u,p) = 0 Vo € CHQ,RY), is stationary (respectively strongly sta-
tionary ) if

OF(u,\) =0  VXe CHQ,RY)

(respectively Y\ € C1(Q,RY)).
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If u € C%(Q) (respectively u ECQ (Q)), the relative Hamilton tensor is
of class C1(Q) (respectively C*(€)), hence an integration by parts yields
for all A € C1(Q,R") (respectively C*(Q, R"))

OF (u, ) = /

(—DBTf—Fma)/\"dax+/ veTENYdH" ™, (3.26)
Q

[5}9]

where v = (vg) is the exterior unit normal vector to 9. Consequently, an
extremal u € C?(Q) is stationary if and only if

DsTP? + Fpo =0 inQ,
whereas v € C%(Q) is a strong stationary extremal if and only if
{DBT(f 4+ Fpe=0 inQ,
Thvs =0 su 0.
Trivially, (3.26) implies the following.

3.39 Corollary. Minimizers of class C' are stationary extremals.

There are examples of extremals of class C! that are not stationary. How-
ever, the following holds.

3.40 Proposition. All extremals of class C? are stationary extremals.
Proof. In fact, if u is an extremal of class C?, we have Dg FPZ’; = F,; and, for a =
1,...,n, we compute
DTE 4 Fpo = Dﬁauin% + DauiDB(Fp;'g) — Do F 4 Fypa
= Dapu'F,; + FyiDau' + Fpe — DoF = DoF — Do F = 0.
Py u
O
3.41 Example (Conservation of energy). Minimizers of Lagrangians ot the type

F = F(u,p) satisfy the law of conservation of energy

F(u,u') — v Fp(u,u’) = const.

c. Curves of minimal energy and curves of minimal length
Let U : [0,1] :— RY be a curve parametrized with constant velocity. Then

1
D) =5 [ UOF & = 5107

where L(U) is the length of the curve U(t). Consequently, if U : [0,1] —
Y C RY is a curve with velocity of constant modulus, with extreme points
p and ¢ and of minimal length among the curves in Y with extreme points
p and ¢, then for all v : [0,1] — Y with v(0) = p and v(1) = ¢,
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D(U) = S L) < 5L(0)* = %( / 1 |v'|dt)2 <3 / 2 di = D)

i.e., U minimizes the Dirichlet integral among all curves in ) with extreme
points p and gq.

Conversely, consider a minimizer U : [0,1] — ) C R of the Dirichlet
integral among smooth curves in ) with prescribed boundary values p and
q,

D(U) — min, U(x) €Y, U(0)=p, U(1) =q,
and let u : [0,1] — R™ be a representation of U in local coordinates of Y.
Then, see (3.20),

D(U) = D(u) = %/0 U dt = /0 gij (u(t) )’ (t)u” (1) dt

and v is a minimizer of the functional
1
/ F(t,u(t),u'(t)) dt
0

with integrand F'(t,u,p) = vajzl gi; (w)p'p?. The corresponding Hamilton
tensor is
. . 1 . 1 . 1
T =p'Fy = F = gisp'p’ — 59000 = 59500’ = 5|U',
hence, since the interior variation has to vanish according to Corollary 3.39,
we have

0 =0D(u,\) = %/01 U/ @®)PNdt - YA e CL(]o,1]) (3.27)

or, in other words, U has velocity of constant modulus. In particular,
2D(U) = L(U)?.

Now, if ¢ is any regular curve with extreme points p and ¢ with values
in ) and v is a reparametrization of it with velocity of constant modulus,
then

1 2
L*(U) = (/ U’ dm) =2D(U) < 2D(v) = L*(v) = L*(c).
0
We can therefore state the following.

3.42 Theorem. A curve v in Y has minimal Dirichlet energy if and only
if it has minimal length and it is reparametrized with velocity of constant
modulus.

This claim makes clear that a rubber band on a surface withdraws to
a curve of minimal length.
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d. Surfaces of minimal energy and surfaces of minimal area

Let B(0,1) be the unit ball of R?, ) a m-dimensional submanifold of R",
and v : B(0,1) — R™ a representation in local coordinates of a map
U : B(0,1) — Y. The Hamilton tensor for the map u relative to the
Dirichlet integral can be written as

T8 T3\ _(a b
T2 T2 b —a)’

1 1 ' ;
ai=g (|D1U|2 - |D2U|2) - i(gik(“)uélugl = gin(W)ugeuza),

b:= DiueDou = gik(u)uiluiz'

where

3.43 Theorem. A strong stationary extremal U : B(0,1) C R? — Y of

class C?(B(0,1)) of the Dirichlet integral satisfies the conformality rela-
tions

|D1U|? = | DU, DU e DU = 0.
Proof. Since U is a strong stationary extremal of the Dirichlet integral, we have

/ (a(D1A1 — DoA2) 4 b(DaAL + D1A2)> dr=0  VxeCY(B(0,1),R?). (3.28)
B(0,1)

Restricting ourselves to fields A € C1(B(0, 1), R?) and integrating by parts, we infer at
once from (3.28) that

6(2) = a(a?,22) — ib(z',2?)
is a holomorphic function of z = z! + iz? in B(0,1). Moreover, testing with arbitrary
fields A € C1(B(0, 1),R?), we find

VﬁTf =0 on 0B(0,1),

where v is the unit exterior normal to B(0,1), see (3.26). In particular, 71 ((1,0)) = 0
and T} ((1,0)) = 0. Since the Dirichlet integral is invariant under rotations R of the plane
R2, hence u o R are extremals, and actually strong stationary extremals. It follows that
a = R¢ and b = I¢ vanish on dB(0, 1), and, by the Cauchy formula (¢ € C1(B(0,1)))
that ¢(z) = 0 in B(0,1). O

Finally, recall that the area of U(B(0,1)) in ) is given by

AU, B(0, 1)) := HAU(B(0, 1)) = /B s

where Jy is the Jacobian of U, Jy := vdet DU*DU, and that
1
|Ju(2)] < §|DU(:c)|2 vz € B(0,1)
with equality if and only if U satisfies the conformality relations.

Therefore, if U is conformal and Uy, ¢t €]—1, 1] is a variation of U := Uy,
we then have



184 3. The Formalism of the Calculus of Variations

AUy, B(0,1)) < D(Uy, B(0,1))

for all t €] —1, 1[. It follows that the first variation of the area functional at
U in a direction v vanishes if and only if the first variation of the Dirichlet
integral in the direction v vanishes. Maps which have minimal area or just
critical points of the area functional are called minimal surfaces. Accord-
ingly, harmonic maps which are conformal are called parametric minimal
surfaces. As we have seen, parametric minimal surfaces are minimal sur-
faces and strong inner extremals of the Dirichlet integral are conformal,
hence parametric minimal surfaces.

e. Noether theorem

Finally, we consider a family of smooth transformations from R” x RY into
R™ x RN that depend smoothly from a parameter e

y=Y(@20), 3.29
{w =W(z,z,¢), ( )

and that at € = 0 are the identity, Y (z,2,0) = z, W(x, 2,0) = z V(z, 2).
Their infinitesimal generators are denoted by

oYy oW
M(J?,Z) = —(3?,2’70), W(JT,Z) = —(a:,z,()).
Oe Oe
For a given u(z) € CY(U), we compose (3.29) with (z,u(z)) to get the
transformations

n(@,e) :=Y(x,u(x),e),  wxe) =Wz u(z)e)
with infinitesimal generators

0 ow
So(@,0) = ple,u(@),  Go(@,0) = wlz,u(a)).
Of course, pu(z,u(z)) is of class C1(U) and with bounded differential quo-
tient in an open set V' CC U. Since n(x,0) = =z, we have n(z,e) =
x + ep(x,u(x)) + o(e) as ¢ — 0. It follows that for e small, n(-,¢€) is a
diffeomorphism from V into its image with inverse (-, €) with Taylor ex-
pansion (y, €) =y — eu(y, u(y)) + o(e) as € = 0.

Finally, we consider the perturbation of u(x)

v(y €) == w(&(y, ), €)
with infinitesimal generator

o) = 20(2,0)

that we can compute as follows. Since w(zx, €) = v(n(z, €), €), differentiating
at 0 we find
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w(z, u(x)) = 88—1:(% 0) = Dyv(z, 0)u(z, u(z)) + ¢(x)

and, since Dyv(x,0) = Du(z), we conclude

p(x) = w(z, u(z)) — Du(z)p(z, u(z)).

Proposition 3.37 then yields at once the following.

3.44 Theorem (Noether). Assume that the functional F(u) is invari-
ant with respect to the family of transformations in (3.29) with infinitesi-
mal generators p and w. Then the extremals u of class C?*(Q) of F satisfy
the conservation law

> Do(Fpw' = T5u’) = 0.

a=1

Proof. Due to the invariance of F, its variation at w in the direction (w(z,u(z)) —
Du(z)p(z, u(x)), p(z, u(x)) vanishes. The result then follows easily from Proposi-
tion 3.37. 0

3.45 Example (Conservation of energy). Let F = F(u,p). The functional
F(u) :== / F(u, Du) dx
Q

is invariant with respect to translation in z, n(z,¢) = = + ¢, w(z,€) = u(x) that have
as infinitesimal generators y =1 and w = 0.
It follows in the case n =N =1

F(u,u) — ' Fp(u,u’) = const.

3.46 Example (Newton’s gravitation law). Let m1, ma,..., mn be the masses of
n point-masses in x1(t), z2(t), ..., zn(t) at time ¢. According to Newton’s gravitation
law they attract each other with forces given by

mimy

Fi = K—5— (o — %), i # k, rige = |z — xg,
Tik
according to Hamilton’s principle, the actual motion, z(t) = (z1(t), z2(t),...,zn(t)) €

R3"™ is an extremal of the action

t2
F(zx) = F(z,2')dt,

ty

where F(z,z') := T(z') — V() with

1 n
T(z') = Qijxg-Q, Vi(x) zfzK
j=1

i<k

mimy
Tik
In this case Fpi = m;p;, and the Hamilton tensor is the function

1 n
N N A (2
T(z,2") = 23 Fpi(x,2") — F(z,2") = 2i§=1mzlzz| + V(z),

i.e., the total energy of the system. It is readily seen that F is invariant
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(i) with respect to translations of time
t" =t+e,
¥ =z,

with generators ;= 1 and w = 0. We find as a consequence of Noether’s theorem
the law of conservation of energy

(% gmiw? +v@) =0,

at least as far as no collision arises;
(ii) with respect to translations in space, for instance in the direction e1,

t* =t
r* =x+ej,
with generators =0 and w = (e1,e1,...,e1), hence

FP1€1+.“+FP7L€1:O

or, equivalently,
n
el e Zmza:;(t) = const,
i=1

that expresses the conservation of momentum, in absence of collisions;
(iii) with respect to rotations in the space

t =t,
x7 = x;cose+ y;sine,
Yy = —x;sine + y; cose,
27 =z,
with infinitesimal generators p = 0 and w = (a1,...,an), aj = (y;, —z;,0),
hence
Fp,a1 + -+ + Fp, an = const,
equivalently,
mi(y1x] —z1y1) + - - + mn(ynxl, — Tny),) = const,
i.e.,

n
E : . o
m;x; N\ Ty = const,
j=1
that expresses the conservation of the angular momentum, again in absence of
collisions.

3.1.5 The eikonal and the Huygens principle

In this subsection we illustrate an approach to sufficient conditions for opti-
mality, discussed by Carathéodory, the ideas of which date back to Johann
Bernoulli (1667-1748). This will lead us, in particular, to the formulation
of the Huygens principle, see Paragraph d.. For the sake of simplicity we
shall consider only simple integrals.



CHRISTIANI

HV GENII

ZVLICHEMII. CONST F

HOROLOGIVM
OSCILLATORIVM
SIVE
DE MOTV PENDVLORVM
AD HOROLOGIA APTATO
DEMONSTRATIONES
GEOMETRICAE

ARISIIS,
Aped F. Mucosr, Regh & llisftrafimi Archiepafoop Typegraphum,
e v ke, ad indigne cism Regen.

T MDCLXXIIL i
CFM PRIFILEGIO REGIL

3.1 Lagrangian Formalism 187

TRAITE

DE LAW%MVHE\?“IERE.
Les caufec de ce qui lay arrive

Dans s REFLEXION, & dans Is
REFRACTION.

Er particulierement
Dans l'etrange REFRACTION
DV CRISTAL DISLANDE.
Par C. H. D. Z.
Avee un Difcowes ¢ la Canfe
DE LA PESANTETYR.

SN
Chez PIERRE vaxpres Ax, Marchand Librsie,
MDCXC

Figure 3.12. Frontispieces of Horologium oscillatorium, Paris, 1673, and of Traité de la
Lumiére, Leiden, 1690 by Christiaan Huygens (1629-1695).

a. Calibrations and fields of extremals

Let

F(u) :

b
/ F(t,u,u’)dt

be a variational integral defined in the class of admissible functions

C:= {u € C'([a,b],RY) ‘u(a) =q, u(b) = ﬁ}

Given ug € C, suppose we may find a functional M(u) such that

{f(u) > M(u)
F(ug) = M(uo),

Yuel, (3.30)

then, clearly, if ug is a minimizer for M, it is a minimizer of . A functional

M(u) := /bM(Lu,u’) dt (3.31)

has the property (3.30) if we assume that

{M(t,um) < F(t,u,p)

Y(t,u,p),

(3.32)

M (t,uo(t), ug(t)) = F(t,uo(t), uy(t)) Yt € [a, b].

Although at first it is hard to believe, integrals (3.31) and (3.32) for which
M(u) = const for all u € C are particularly interesting; they are called
calibrations for (F,ug,C). Before continuing, it is convenient to introduce
two new notions.
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3.47 Null Lagrangians. Suppose M is a calibration for {F, ug, C} with
integrand M (¢, u, p), then for all ¢ with compact support M (u, ) = 0,
ie.,

iMp(Lu(t), u'(t))=0  in]a,b| (3.33)

My (t,u(t), v (t)) — o

for all u € C(Ja,b[xRY) N C. We say that M is a null Lagrangian
if (3.33) holds for all u. By testing with functions of the type u(t) =
(u'(t),...,u™(t)) where

uz(t):Z1+(t_t0)pl+§(t_t0)2qza ’Lzla"'7N7

it is not difficult to see that M is a null Lagrangian if and only if there is
a scalar function S(¢,u) such that

M(t,u,p) = Si(z,u) + Su(t,u)ep;
in this case, we have

d

b
M(u) = / ES(t,u(t)) dt = S(b,u(b)) — S(a,u(a))

for all functions u of class C'([a, b]).

3.48 Fields of extremals. Let Q2 ¢ RV*! be a simply connected do-
main that is foliated by a family of graphs that do not intersect. More
precisely, consider a simply connected domain in R x R¥ that is normal
to the axis t,

I:= {(t,c)‘ce ACRYN ti(e)<t < tg(c)}

and a diffeomorphism f : I' — Q of the form f(¢,c) := (¢, 0(t,¢)), ¢ : I' —
RY or, as it is called, a field in 2. The graphs of the functions ¢ — (¢, ¢)
are called the lines of the field. Since for every (t,u) € ) there exists a
unique ¢ € A, ¢ = c(t,u) such that ¢(t,¢) = u, a slope field P : Q@ — RY
is well-defined as the derivative in ¢ of the single line of the field through
(t,u)

Pt,u) = %—f(t, c(t,u)).

In particular, every line of the field is the graph of a function w(t) that
solves the first order system

u'(t) = P(t,u(t)).

In this way the slope field fully characterizes the field.
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b. Mayer fields

We introduce an important class of fields associated to a functional

b
F(u) ::/ F(t,u,u)dt,
where F(t,u,p) : [a,b] x RY x RN — R.

3.49 Definition. A field with slope field P(t,u) defined on Q@ C RN+ 4s
called a Mayer field for F if the following holds:

(i) The lines of the field are extremals of F(u).
(ii) There is a function S : Q@ — R called the eikonal of the field, that
satisfies Carathéodory equations,

F*(t,u, P(t,u)) =0, W(tu) €O,
Fp(t,u, P(t,u)) =0
where F*(t,u,p) := F(t,u,p) — Se(t,u) — Syu(t,u)ep.
3.50 Remark. We notice the following:

(i) M(t,u,p) := Se(t,u) — Sy(t,u)ep is a null Lagrangian.

(ii) Carathéodory equations can be written in various ways; first, it is
easily seen that as equations for S and P, they are equivalent to the
system of PDE’s

{Su(t, u) = Fy(t,u, P(t,u)),
St(ta u) = (F(tvuap(ta u)) - Fp(ta uvp(tvu)) ’P(tvu) .

(iii) By introducing the differential 1-form, called the Beltrami 1-form,
N .
Y(t,u,p) == (F — peF,)dx — ZFpi du'
i=1

in [a,b] x RY x RN and the map p(t,u) := (t,u, P(t,u)), the eikonal
fulfills Carathéodory equations if and only if

ds = p#,

i.e., S is a primitive of p#+. If the domain is simply connected, this
happens if and only if d p#vy = 0.



190 3. The Formalism of the Calculus of Variations

3.51 Optimal fields. A field of extremals in Q C RVN*! for F is said to
be optimal if there is S(t,u), (t,u) € ©, such that the integrand

F(t,u,p) := F(t,u,p) = Si(t,u) — Su(t,u)ep,  V(t,u,p)  (3.34)

fulfills
F* >0, F*(t,u,P(t,u)) =0 V(t,u) € Q. (3.35)

Optimal fields for F are also Mayer fields. In fact, its slope field fulfills
(3.35), therefore, for all (t,u) the function p — F*(¢,u, p) has a minimum
at p = P(t,u), hence F;(t,u,P(t,u)) = 0. By definition, the functional

b
M) = / (Su(t, u(t)) + Sult,u(t)) oul'(t) ) dt

is a calibration for (F,ug,C) for any line ug of the field.

It is readily seen that the lines u(z) := ¢(x,¢) of an optimal field
are actually minimizers for F(u) in the class of smooth functions with
prescribed boundary values. In fact, F*(¢,u, P(t,u)) = 0 implies

b
") = / Pt u(t), P(t, u(t))) dt
b
:/ (Sutt u®) + Sult,u(e) ou'(1) ) dt

b
_ / %s(m(t)) dt = S(b,u(b)) - S(a,u(a)).

On the other hand, since F*(x,u,p) > 0 for all v € C*([a,b]) with the
same boundary values of u(t), we have

b b
]—'(v):/ F(t,0(t), 't ))dtz/ (it 0()) + Sult,v(t) o v/(1) ) dt

/ —S(t,v(t = S(b,v(b)) — S(a,v(a))
= S(b, u(b)) S(a,u(a)) = F(u).
c. The Weierstrass representation formula
3.52 Definition. The Weierstrass excess function is defined by
Ep(t,u,p,q) == F(t,u,p) = F(t,u,q) — (p—q) e Fp(t,u,q) .

3.53 Theorem (Weierstrass formula). Given a Mayer field with slope
P(t,u) and eikonal S(t,u), then we have

F(tvuap) - St(ta 'LL) - Su(tvu) P = EF(tvuapvp(tvu))a

consequently, for all u we have
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Figure 3.13. Light rays and wave fronts.

/b F(t,u,u’)dt
a (3.36)

b
= S(b,u(db)) — S(a,u(a)) +/ Er(tyu(t),u'(t), P(t,u(t)))dt

and, trivially,

b
[ Fute). @) de = S(b.u) - S(a.u(a)

if the graph of u(t) is a line of the field.

Notice that Ep(t, u,p,q) > 0 if F(¢,u,p) is convex in p for every fixed
(t,u). We may therefore state the following.

3.54 Theorem. Let u be an extremal of F(u) with integrand F(t,u,p)
convezx in p for every fized (t,u). If we can embed u(t) in a Mayer field,
then u is a minimizer of F among functions with the same boundary values
as u.

We are now left with the problem of analyzing when an extremal can
be embedded in a Mayer field. In the elliptic case, F}, > 0, one can show
that this is always possible, at least locally, although there exist situations
in which this cannot be done globally. Conditions under which the global
embedding is possible are done in terms of conjugate points or eigenvalues
of Jacobi operator, but we will not pursue the argument any further. We
only remark that a connected piece of maximal circle on the unit sphere
of length less than 7 has minimal length among the curves on the sphere
connecting its extreme points, whereas its complement is an extremal but
not a minimizer.

d. Huygens principle

Formula (3.36) is connected to the Huygens principle. This would require
introducing parametric integrals; nevertheless, we conclude this subsection
with some remarks.
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As we have seen, the slope and the eikonal of a Mayer field are related
by Carathéodory equations

VS(.%Z) = (F - poFme)(p(x,z)), p($72) = (1'727'P($,Z)),

hence VS is not perpendicular to the lines of the field if F' and F}, do not
vanish simultaneously. Since V.S is orthogonal to the level lines of S, we
may and do conclude that the lines of the fields are transversal (i.e., they
are not tangent) to the level lines of the eikonal S.

Given an optimal Mayer field with slope P(x,z) and eikonal S(z, z)
in O C R x RY, consider two level sets 31 = {(z,2)|S(z,2) = 6} and
Yo ={(z,2)|S(z,z) = 01} of the eikonal. Then

.F('LL) Z 91 —0()

for every curve with extreme point on ¥; and ¥y and the equality holds if
and only if u is a line of the field. Now, if Py := (21, 21) and P := (x2, 22)
are two points, it is easily seen that (we assume F > 0)

dp (P, Py) := inf{]—'(u) ’u(azl) =z1, u(z2) = 22}

is a distance in . Trivially, the surfaces >y and ¥, are dp-equidistant and,
it P el nNQand Py € 39N, then dp(Pr, P2) > 63 — 61 with equality
if and only if P, and P, are on the same line. Given a point P € ¥y,, we
consider the geodesic ball with center at P and radius 6

Br(P,0) = {Q €0 ‘ dp(P,Q) < 9}.

If 6 is small, then Bp(P,0) C Q and, from the above, Bp(P,0) is “tangent”
to Xg,+0. In fact, 3o, 19 is the envelope of the geodetic spheres OBp(P,0)
with center P € ¥y, when P moves in 3y, .

We may interpret the lines of an optimal Mayer field as the trajectories
of a system of particles or as a bundle of light rays, the functional as
the propagation time needed by a particle to move along (x,u(z)) from
(z1,u(x1)) to (z2,u(x2)), the level lines of the eikonal as the wave fronts of
the field, i.e., equidistant surfaces with respect to the time of propagation
of the particles or of the light, and B(P, 6) as the wave fronts of a bundle
of particles or of rays of light emanating from P. We can therefore state
the following.

Huygens principle. Consider every point P of the wave front Xy, at
time 0y as source of new wave fronts dBp (P, ) propagating with time
0. Then the wave front Xg,1¢, @ > 0 is the envelope of the elementary
waves 0Bp (P, ) with center P on Xy, see Figure 3.14.
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360 +0

0

Figure 3.14. Huygens principle.

3.2 The Classical Hamiltonian
Formalism

In this section we present a short introduction to Hamiltonian formalism
in the 1-dimensional case as its extension to many dimensions is more
complex.

3.2.1 The canonical equations of Hamilton
and Hamilton—Jacobi

Let F(t,u,v) : [a,b] x RY x RN be a Lagrangian of class C*, s > 2, with
matrix F),, positive definite so that the transformation L given by

(t7uﬂv)_>(t7u7p)7 p:: Fv(tﬂlLV/U)

is a diffeomorphism. The Legendre transform of F' with respect to v is then
well-defined by

H(t,u,p) := pev — F(t,u,v) (t,u,v) = E;l(t, U, p), (3.37)

and is called the Hamiltonian corresponding to F'. As we saw in Chapter 2,
we have

F(t,u,v) + H(t,u,p) = pev, p = F,(t,u,v), (3.38)
v = Hp(ta pr), 'C;i‘l = CH; (339)

and, trivially,

Fy(t,u,v) + H(t,u,p) =0, Fu(t,u,v) + H,(t,u,p) =0.  (3.40)
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a. Hamilton equations

If u: [a,b] — RY is an extremal of

b
F(u) ::/ F(t,u(t),u'(t)) dt,

then the curve e(t) = (t,u(t),v(t)), v(t) := u/(t), in the phase space
[a,b] x RY x RY solves the Euler-Lagrange system

Wiy =v),  LRe) = Fulew) (3.41)
If w(t) := Lr(e(t)) is the image of the curve e(t) in the co-phase space

w(t) == (tu(t),p(t),  p(t) = Fult, u(t),v(t)),

or, equivalently,
e(t) = Lz (n(1) = L (n(1)),

then e(t) solves the Euler-Lagrange system if and only if 7(¢) solves the
system of 2N first order differential equations

u' = H:D(ta pr), p/ = —Hu(t, uvp)a (3'42)

called the Hamilton equations. When the Legendre transform is invertible
we therefore obtain an equivalent description of extremals. In particular,
every mechanical or optical system may be described equivalently by the
Lagrangian or by the Hamiltonian formalism (at least when the Legendre
transform is a diffeomorphism).

In terms of Hamiltonian equations, more than on a single solution, the
emphasis is on discussing the family of solutions, that is, the Hamiltonian
flux and its geometric features. This naturally leads to topics such as
symplectic geometry, first integrals, complete integrable systems and ergodic
theory. Of course, we shall not discuss these topics and we confine ourselves
to presenting some of the simple and old formalism.

For instance, notice that

%H(t,u(t),p(t)) =H,+ Hyou' + Hyep = %H(t,u(t),u’(t))

if (u(t),p(t)) solves Hamilton equations. For autonomous systems, i.e.,
when F' does not depend explicitly on time, the quantity H(u(t), p(t))
is constant along the trajectories of the motion or, in other words, the
trajectory (u(t),p(t)) is on a level surface H(u,p) = const, and one says
that H(u,p) is a first integral of the motion.
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b. Liouville’s theorem

By setting z(t) := (u(t),p(t))T € R?Y, Hamilton’s system takes the form
2(t) = X (t,2(t)) with X (¢, 2) := (Hp(t, 2), —Hy(t, 2))T. Since

div X(t,2) = (,%Hp(t, z) + ng(_Hu)(t7 z)=0.

We infer from Paragraph 2.6.h of [GM4] the following.

3.55 Theorem (Liouville). The Hamiltonian fluz preserves the volumes.

A first consequence is that the Hamiltonian flux cannot be asymptoti-
cally stable. A second consequence is that the following recurrence theorem
of Poincaré applies to the flux of an autonomous Hamiltonian system for
which only a bounded region is accessible.

3.56 Theorem. Let g be a one-to-one continuous map that preserves the
volumes. Suppose that g(2) C Q for a bounded domain Q. Then for every
neighborhood U of any point in Q there is a point x € U that returns
into U after some time. More precisely, g"x € U for some n > 0; here

gt =gogo---0g.

Proof. Since U, g(U),g?*(U), ..., g"(U) :=gogo---0g(U) have the same volume and
|| < oo, there are k and ¢, k > ¢, such that

" U)Ng'U)#0,  hence " HU)NU #0,

ie,z€Uand gk~ tz cU. [}

c. Hamilton—Jacobi equation

Consider a Mayer field, i.e., a field of extremals with N degrees of free-
dom with slope field P(x,u) and eikonal S(¢,u) solving Carathéodory’s
equations

{St(t,u) =(F —veF,)(t,u,P(t,u)), (3.43)

Su(t,u) = Fy(z,u, P(x,u)).
By introducing the dual slope field
P(t,u) == F(t, u, P(t, u)),
we have P(t,u) = Hp(t,u,9(t,u)) and Carathéodory’s equations can be
written in terms of the dual slope field

{stu, u) = —H(t,u,9(t, ), (3.44)
Su (t, U) = M’(ta u)v

i.e., the eikonal solves the first order partial differential equation, called
Hamilton—Jacobi equation,
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Sy + H(t,u, Sy) = 0. (3.45)

Actually, S is the eikonal of a Mayer field if and only if it solves the
Hamilton—Jacobi equation. In fact, assuming that S solves (3.45) and set-
ting ¥ (t,u) := S, (t,u), the couple (S,v) solves (3.44) and, if P(t,v) :=
Hy(z,u,¢¥(z,u)), then S solves (3.43).

d. Poincaré—Cartan integral

Hamilton’s system is the Euler-Lagrange equation of an integral; more pre-
cisely, Hamilton’s canonical equations are the Euler-Lagrange equations
of the Poincaré—Cartan integral

b
6(u.p) = [ (p(t)dl;f) — (1, u(t), p(0) .

In fact, G(( f G(t, (u,p), (v, p')) dt with integrand

G(t, (u,p), (v,q)) == pv — H(t,u,p),
and its Euler—-Lagrange equations are

{((Gn' — Gu)(t,u,p, ' p) =0,

((GQ)/ - Gp)(ta u,p, u/ap/) = Oa
i.e.,
{u'(t) = Hy(t,u.p),
p/(t) = _Hu(t7uap)

3.57 Remark. To bring some light on the origin of the integral G, we
introduce the differential 1-form of Cartan

Ky = pidu’ — H(t,u,p) dt.
If F(t,u,v) and H(t,u,p) are the Legendre transform of each other and
vp = (F — veF,)dt + Ly du’
is the Beltrami 1-form associated to F', we have
YF = £f}CH equivalently Ky = EﬁvL.

If A(t) := (t,u(t),p(t)) is a curve in the co-phase space and e(t) =
(t,u(t),m(t)) is its Legendre transform via H, e(t) = Lp'(h(t)) =
Lir(h(D) = (t,u(t), v(t)), v(t) = Hy(t, u(t),p(t)), we have

WKy = e®(LEKH) = e yp,

hence
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/IG#WFZ/Ih#ICH or /e%:/hiCH.
/E'YL #/IF(t“(t)aU/(t))da

but, if v = v/, or, equivalently, if

In general,

e#wi=07 Wi::dui_vidtv i:]-v"'aNa

then

[ty = [vn = [ K= [ (o @-Heuw.o0) .

e. Cyclic variables

A variable u’ is said to be ignorable or cyclic for H(t,u,p) if H,:(t,u,p) =
0. In this case p; = 0, i.e., p;(t) = const and the integration of the Hamilton
system (3.42) is reduced to the integration of a system of 2N — 1 equations,
and, actually, to the integration of a system of 2N — 2 equations plus the
subsequent integration of a first order ordinary differential equation.

We can therefore reduce the global and/or explicit integrability of a
Hamiltonian system to the search of cyclic variables.

3.58 4. If H = H(u,p) and all variables are cyclic, H,; = 0, i.e., H = H(p), then
p' = —Hy, =0 and p;(t) = J; Vi =1,..., N, where J; are constants; from u' = Hy(p)
we then conclude

ut(t) = wit + B, Wi(t) = Hyp, (J) (3.46)
for suitable constants 3; and J = (J1, J2,..., JN).

When the u'’s are angular variables, i.e., for instance, the motion in Cartesian
coordinates has the form z’(t) = (Cos(u (), sm(ui (t))), then (3.46) describes periodic
motions with angular velocities w = (w1, w3, ..., wy). The variables (u?) are called
angular variables and the J;’s the action variables. Of course, the action-angle variables
are useful when treating periodic motions or perturbations of periodic motions. .

In principle, cyclic variables correspond to symmetries of the system
and, in fact, they arise in a sort of dual formulation of Noether’s theorem.
If F and H are connected by the Legendre transform, the variable u* is
cyclic for H if and only if F (¢, u,u’) = 0 for all curves u. In this case,
using the Euler-Lagrange equation

d / _ /
gy For (G u(t), w' (1) = Fur (8, ult), w'(t)),

We find that 4p o (tu(t),u (t)) vanishes for all extremals, consequently,
F,, (t,u(t (i 3 is conbtant in t for all extremals, i.e., is a first integral.
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Theory of Systems of Raye: By W. R. Hamilion, Professr of
Astromomy in the University of Dublin.

Read Dec, 3, 1814.*
INTRODUCTION,

THOSE who have hitherto written upon the properties of Systems
of Rays, have confined themselves for the most part to the conside-
ration of those particular systems, which are produced by ordinary
reflexion and refraction at plane surfaces and at sarfaces of revo.
lution, Malus, indeed, in his Traité D'Optigue, has considered
the subject in a more general manner, and has made some valuable
remarks upom systems of rays, disposed in any manner in space,
or issuing from any given surface according 1o any given law ; but
besides that those remarks are far from exhansting the subject,
Malus appears to me to have committed some important errors, in
the application of his theory to the systems produced by combina.
tions of mirrors and lenses.  And with the exception of this auther,
I am not aware that any one has hitherto sought to investigate, in
all their generality, the properties of optical systems ; much les to
establish principles respecting systems of rays in general, which
alnllhenpplnh\em:on]ylnlhulhny af light, bat abo 1o that
of pund and of beat. To establish such principles, and to inves-
tigate such properties is the aim of the following esay. I hope
that mathematiclans will find its results and reasonings interesting,
and that they will pardon any defects which they may perceive in
the execution of so abstract and extensive a design,

Dhreratens.
e 107,
* Bl (b paper wia frt voud bokrs the Acodemy, rorious delars bume occummed, whick
pommpaed the pristing usil the prvsest Sina. | have arailed syl of these delaye, 12 i
s derelopemtns uad applicasions of my Theory, which weed, | ihoughe, be waeful.

'CONTENTS.

Parr Finst: On Ordinary Systems of Reflected Rays.

Pant Secown: On Ordinary Systems of Refracted Rays.

Part Tump: On Extraordinary Systems, and Systems of Rays
in general,

PART FIRST. ON ORDINARY SYSTEMS OF REFLECTED RAYS.
L. Asalytic expresrions of the L of Ordinsry Refesion.

T wem of the cosises of the angles which an incidest aad & reflected may, messured fom
the mirrer, make with any sssumed line, ls equal 10 the cosine of the asgle which the mormal
10 the msioe malkes with the same Eoe, sultipled by twios the cosse of incidence ; this theorem
determines immedacely the angles which a reflected ray makes wih thrve rectangular axer,
anmm*kmw@dﬁmﬂmmm
mirvoe. . Amlg

wdu.mam-manmumpudmmmm

nw&wp\a‘nﬂ} wwmwww
plane minor, XS

1L Thesry of Foosl Mirrors.

A Focal Mirvor it ooe which would reflecs to & given point the rays of & gives symem | d&
ferenatial equation of sech mirors,

In order that ﬁmmhm d»hdl-nq- -h pqndn-na.
warface,

mum.mmm -m M%‘Mbﬂpﬂhmb’

T Tomd Mol the Kursppe of ot res of ikt~ . . 0

Figure 3.15. Two pages from Theory of Systems of Rays by William R. Hamilton (1805—
1865) published in Transactions of the Irish Academy.

f. Hamilton’s approach to geometrical optics

First, it is convenient to hint briefly at Hamilton’s approach in the context
of optical instruments, that was transferred to mechanics mainly by Jacobi.

Given a nonnegative Lagrangian F(¢,u,p) : [a,b] x RN x RY — R, for
every couple of points P = (£,7) and P = (t,x), t < t, in [a,b] x R, we
define the function

o t
distp (P, P) := inf{[ F(t,¢,¢)dt ’ ¢: 4 —RY,
t

@.CE) =P, (t.¢() = P},

called the principal function of Hamilton.
The principal function of Hamilton

W (t,z,t,x) = distp((t,T), (t, 7)),

defined for (%,7), (t,x) € [a,b] x RN, T < t, may be regarded as the value
function or action of the path of a particle in a mechanical system de-
scribed by the Lagrangian L, or, in case the Lagrangian describes an op-
tical system, as the time needed by a ray to go from P to P. Hamilton
was the first to realize that the system associated to L is fully described
by W and that all solutions can be obtained from W. In fact, he showed
that the following equations hold for W: Let

y = Ly(t,z,2'(t)), Y= L,(t, 7,2/ (1))
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Supplement to an Essay on the Theory of Syster
WILLIAM R. HAMILTON, A. B., M. R.
Soc. Lond., Hop. M. Soc. Arts for Scotland
fessor of Astronomy in the University of Dt
Astronomer of Ireland.

Read April 26, 1630,

INTRODUCTION.

Tue present suppl ins some develop!

Mathematical Optics, which was proposed by me
volume of the Transactions of this Academy. A
view, the geometrical properties of an optical systen
straight or curved, whether ordinary or extrao

Second Supplement to an Essay on the Theory of Systems of Rays.
By WILLIAM R. HAMILTON, Royal Astronomer of Ireland,

Fe. fe.
Read October 25, 1830,

INTRODUCTION.

Tuxpmsem““' ins the integ: of some partial
differential equations, to which I have been conducted by the view
of mathematical optics, proposed in my former memoirs. Accord-
ing to that view, the geometrical properties of an optical system of

1 by analyti hods, from the form of one

Ao,

rays, may be

deduced by analytic methods, from one fund
characteristic function: the formula being an expre
ation which the definite integral, called action, re

----- function; of which the partial differential coeffi-
cients of the first order, taken with respect to the three rectangular

coordinates of any proposed point of the system, are, in the case of

199

coordinates of its limits vary ; and the characterist

this integral itself, considered as depending on t

Although this view was stated, and the formula

Table of Contents prefixed to my preceding Memoi

stration was not given in the part already publishi
g

ordinary light, equal to the index of refraction of the medium, mul-

tiplied by the cosines of the angles which the ray passing through

the point makes with the axes of coordinates: and as these cosines

are connected by the known relation that the sum of their squares is
VOL. XVI. P

Figure 3.16. Two pages from Supplements to the Essay on the Theory of Systems of
Rays by William R. Hamilton (1805-1865).

be the canonical moments of the extremal z(¢) at times ¢ and 7, respectively.
Then we have

HGzy (3.47)

<
S~—"
I

Assuming that the extremal through (,7) and (¢,z) is embedded in a
Mayer field with eikonal S, we can easily prove (3.47). In fact, in this case

W(t,z,t,x) = S(t,z) — S(t,7),
S solves the Hamilton—Jacobi equation and S (¢, z) is the dual slope field,
St(tv "T) = _H(ta (E(t), S:E(ta ‘T(t)))a
Sa(t,x(t)) = Lo(t, x(t), 2/ (),
see (3.44). Consequently, for £ and T fixed and varying (¢, ), we get
yzsm(t,x)zwx(z,f,t,x), Wt:St:_H(t7x7S$)
and similarly for the other equations in (3.47), by keeping (¢, ) fixed and
varying (t,T).

The equations in (3.47) can be used in two different ways. Suppose
we know at time t the position a and we specify at the same instant
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(t, )

S S

Figure 3.17. The scheme of William R. Hamilton (1805-1865).

the velocity v of an extremal or, equivalently, the canonical momentum,
b := Ly(t,a,v). Then the equation b = —Wz(¢,a,t,z) allows us to find z
as a function of (¢,a,b), x = z(t,a,b) and then to compute the canonical
momentum (¢, z(¢,a,b)). Inserting = = z(t,a,b) in y = W,(¢,a,t,x), we

see that
{x(t) = (t,a,b), (3.48)
y(t) = Wa(t,a,t, z(t))

is a solution of Hamilton’s equations. In other words, the system associated
to the Lagrangian F' or the Hamilton H, or, even better, the solution of
Hamilton’s equations can be obtained from W in an algebraic way and by
differentiation.

Another way of looking at (3.47) is as a couple (z(t, a,b),
y(t,a,b)) that for every t yield a family of transformations ¢(a,b) =
(z(t,a,b),y(t,a,b)) that describe the Hamiltonian flux. Actually, the sys-
tem is fully described if we are able to reconstruct all solutions of Hamil-
ton’s equations, i.e., a family depending on 2N parameters of solutions
of Hamilton’s equations. To do this, we need a nondegeneracy condition
first emphasized by Carl Jacobi (1804-1851). Observe that for a fixed ¢,
E(t,z,a) := W(t,a,t,x) = S(t,x) — S(t,a) is a family of eikonals with N
parameters, hence a family of solutions of the Hamilton—Jacobi equations,

y=E.(t,x,a), b= —E,(t,z,a).

3.59 Definition. We say that a function ¢ of class C? o(t,z,a), where
r = (', 2%,...,2V), a = (a1, as,..., an) and X € R, defined on an
open set of R x RNV x RN is a complete integral of the Hamilton-Jacobi
equation with Hamiltonian H if for each a, the function (t,x) — ¢(t,z,a)

is a solution of the Hamilton-Jacobi equations

and )
0y



3.2 The Classical Hamiltonian Formalism 201

3.60 Theorem (Jacobi). Let ¢ be a complete integral of Hamilton—
Jacobi equation (3.50). Then we can find a family of independent solutions
of the canonical equations

x/ = Hp(i‘,ﬂ?,])),
p/ = _Ha:(ta x,p)

depending on 2N parameters a = (ay,...,ay) and b = (b',... ") by
solving in (x(t),p(t)) the system

p(t) = sz(tV €, a)’ (3 51)
b= —p.(t,z,a).
Proof. First, we notice that because of the assumptions we can solve ¢q(t, z,a) = —b.

We need to prove that (z(t), p(t)) solves the Hamilton equations. It is so since for each
a, the function ¢(t, z, a) solves the Hamilton—Jacobi equation and ¢, is the dual of the
slope field of a Mayer field. Or, more directly, differentiating with respect to z*, we find

Put + Hpy @i + Hyi =0, (3.52)

hence
_ i i i
0=Hyixg, + ¢rziTa; + Hpy P pkqi®a,

= Hz7a:f17 + %cpaj + Hyp, %gpzkaj = Hz7a:f17
Next, we differentiate (3.49) with respect to a; to find

Pta; + Hpp@pieq, =0
and the second of (3.51) with respect to ¢ to find

5075(11‘ + Soaizk' (xk)/ =0.

The last equations yield Hp, = (z*)’ because of (3.50). Finally, from the first of (3.51)
we get

p/ = Pit + Prighk (xk)/ = Pgit + HPk Parigh
that, together with (3.52), yields p; = —H . O

3.2.2 Canonical transformations

We now illustrate, although briefly, a fundamental component of Hamilto-
nian formalism that finds its natural evolution in the symplectic geometry.
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VORLESUNGEN UBER DYNAMIK

o

C. G J. JACOBI

NEBST
FONF HINTERLASSENEN ABHANDLUNGEN DESSELREN

MERAUBOEOEREN

e

A CLEBSCH.

UNTER BEFORDKRUNG DER KONIOLICH PREUSSIBOHEN AKADKMIE
DER WISSENBCHAFTEN.

= =

BERLIN

Figure 3.18. Carl Jacobi (1804-1851) 1500,

and the frontispiece of his Vorlesungen
uber Dynamik.
a. Canonical transformations
Consider an autonomous Hamiltonian system
By introducing the column vector z := (x,y)” and the special symplectic
matric

0 Idn

J .= ’
—Idy 0

and denoting by H, = VH(z) = DH(z)" the gradient of the function H,
the equations in (3.53) can be written as

7 =JDH(2)" = JH,(2). (3.54)
First, we want to find sufficient conditions so that a transformation w :

RV — R2N ¢ — (€), maps a Hamiltonian system into the transformed
Hamiltonian system H o u. If

2(t) = u(C®),  K(C) = H(u(()),

we have
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Since J? = —1d, we write (3.54) as —Jz’ = H.(z) and conclude that
z =u(((t)) is a solution of (3.54) if and only if —JDu(¢)¢’ = H,(u(¢)) or,
equivalently,

~Du(Q)"IDu(¢)¢" = K(u).

In conclusion,
¢ =JK(C)

if and only if the transformation fulfills

DuTIDu = J.

3.61 Definition. A (2N) x (2N) matriz A is called symplectic if
ATJA =1. (3.55)

A transformation u : R*N — u(z) € R*N is called a canonical transforma-
tion if its Jacobian matrix is symplectic,

Du(2)"IDu(z) =J  Vze R, (3.56)

3.62 Remark. We notice the following:

(i) The (2N) x (2N) symplectic matrices have determinant £1 and form
a subgroup of the linear group GL(2N, R), called the symplectic group
and denoted by Sp(IV,R); moreover, one sees that the transpose and
the inverse of a symplectic matrix are symplectic.

(ii) The canonical transformations are local diffeomorphisms, but, in
general, they are not global diffeomorphisms; for instance, the map
(&n) eR* = (z,y) €R?

v S (e - 20, 2= g2,

1 1
Y1 = |§|72 (51771 - 52772)’ Y2 = |£|—2 (517]2 o 527]1)

is canonical but is not a global diffeomorphism.

(iii) One can show that the transformations that preserve the Hamilto-
nian structure of an autonomous system are the generalized canonical
transformations characterized by the condition

Du(2)TIDu(z) = \J Vz e R?V,

where )\ is a nonzero constant.
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The canonical transformations can be characterized in several equiva-
lent ways that we briefly present omitting the proofs of equivalence.
First, we introduce the differential 1-form of Poincaré 8 = (¢, x,y) on
R x RY x RV ‘
0 = y;da’ in R x RY x RV,

with differential ‘
w:=df =dy; N dx*,

see Chapter 4, called the symplectic form, and the 1-form of Cartan
Ky=yde! —Hdt=0—-Hdt inRxRY xRN

with differential
dKyg = w — dH A dt.

One can show that w is a canonical transformation if and only if
uw=w. (3.57)

In other words, all canonical transformations are the only transformations
that preserve the symplectic form,

dY; NdX" = dy; A dx’ if (z,y) =u(X,Y).

3.63 €. Using the Stokes formula, see Chapter 4, infer from (3.57) that the canonical
transformations preserve the surface integral |, g w for all 2-surfaces S.

3.64 Exact canonical transformations. In terms of the Poincaré 1-
form @ we have w = df, hence (3.57) amounts to

df = w = u¥w = u”df = du™#,

that is to
d(§ — u®0) = 0.

We can therefore state that, in a simply connected domain, u is canonical
if and only if there exists ¢ such that

w0 = 0 + dip. (3.58)

Transformations for which (3.58) holds are called ezact canonical trans-
formations with generator 1. They preserve the line integral f,y 0 for all

closed lines 7.

3.65 Canonical maps parametrized by time. Let u be a canonical
map, H a Hamiltonian function, and set U(t,z) := (t,u(z)) and H :=
U#H. It is easily seen that

U# K = Ky + dy,

Ky and K7 being the Cartan forms associated to H and H, respectively.
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It is convenient to consider 1-parameter families {u’} of exact canonical
maps with generators {1'}, i.e., such that

(W)#0 =0 +dyt vt
In this case, if

U(t,z) = (t,u(2) = (t, X(t,2,9),Y (t,2,9)),  W(t,2) =¢'(2),

one sees that
U#Kg = Ky + dp (3.59)

and that every Hamiltonian system

T = H?(tvag)a yl = _Hf(tvfa y)
pulls back to a Hamiltonian system
o = Hy(t,2,y), y =—Hy(t,2,y)
where
oY

H:= U#F+E— YeX,; (3.60)

moreover, a generic transformation U is a canonical transformation if and

only if (3.59) holds for some 1), H and H being related by (3.60).

3.66 Lagrange’s parentheses. The Lagrange parentheses of a trans-
formation u(z,y) = (X (z,y), Y (x,y)) are defined by

[xi,xk] = Y:I;LXTIG‘ - YTszz',
[yuyk] = Yinyk - Ykayw
[yi7xk] = —[xk’ yi] = Y;/in’“ — kaXyi.

One proves that the transformation u is a canonical transformation if and
only if - . )
[z*, 2] = 0, [yi, yr] =0, [ys, 2] = 6;. (3.61)

3.67 Hamilton flows. Consider the autonomous Hamiltonian system
X'=H,(X,Y), Y' = -H,(X,Y)
with initial conditions X (0,z,y) =« and Y (0, z,y) = y and denote by
u'(@,y) = (X(t,2,y),Y(t,2,y))

its integral flux. It is easily seen that Lagrange’s parentheses of u! are
constant in time. Since the flux is the identity for ¢t = 0, we deduce

[xiv xk] =0, [Z/i, yk] =0, [yiv xk] = 65

for t = 0, hence for all ¢ > 0; consequently, the Hamiltonian flux {u'}
defines a 1-parameter family of canonical maps. The converse is also true:
FEvery 1-parameter family of canonical maps is the Hamiltonian fluz of a
suitable autonomous Hamiltonian.
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3.68 Poisson’s parentheses. The Poisson parenthesis of two functions
f(t,z) and g(t,2), z € R?V | is the symplectic product of the gradients of

the two functions IfNT 9
_ (9] o9
{f:9} = (82) J(Bz)'
If z = (z,y) € R*, then

gy O 00 00 s
95 B Oy;  Ox' Oy;

In terms of Poisson’s parentheses, Hamilton’s equations can be written as
vi={yiH}, (") ={a" H}.

More generally, for every solution z(t) of 2/ = JH,(z) and every observable
F:R?N R, ie., every function F : R?V — R, we have

d
SF(() = {FHY;

consequently, an observable is a first integral, i.e., is constant along the
Hamiltonian flux if and only if its Poisson’s parenthesis with the Hamilto-
nian vanishes. Moreover, the identities

{"T?axk} = {yiayk} =0, {xiVyj} = _{yj"ri} = 5;

hold for the fundamental parentheses {x*, 2"}, {y:,yr} and {z*, yr }. Notice
that, in general, for F': R x R2V — R we have

d oF
SEF(t, (1) = St 2(0) + {F H

t

Canonical maps can be characterized in terms of Poisson’s parentheses.
One proves that the following claims are equivalent:

(i) The transformation ¢ — u*({) is canonical.
(ii) For every couple of functions f and g we have {f, g}ou’ = {foul,go
u'}.

(iii) The fundamental parentheses are preserved by u'.

Finally, it is easy to show that for Poisson’s parentheses the following
Jacobi’s identity holds

{f’ {g’ h}} + {g’ {h7f}} + {h7 {f7 g}} = 0.

This yields, in particular, the following theorem.

3.69 Theorem (Poisson). The parenthesis {f,g} of two first integrals
of an autonomous Hamiltonian system is again a first integral.
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3.70 Remark. Poisson’s theorem might suggest that we can easily pro-
duce as many first integrals as we want, but this is not the case: Completely
integrable systems are quite rare. The torus of completely integrable sys-
tems may disappear for Hamiltonian small perturbations. The celebrated
Kolmogorov—Arnold—Moser theory gives sufficient conditions in order for
an invariant torus to be preserved for small perturbations.

3.71 Jacobi’s method. Finally, we shall show how Jacobi’s theorem
can be reinterpreted in terms of canonical maps and how canonical maps
can be generated from a given function.

In the proof of Jacobi’s theorem we saw that, given a function S(¢, z, a)
with det Suy (¢, z,a) # 0, we can define, at least locally, a map (¢,a,b) —
Ul(t,a,b),

U(t,a,b) = (t, X (t,a,b),Y(t,a,b)),

by choosing z = X (¢, a,b) so that
Sa(t, X(t),a) = —b
and then computing
Y(t,a,b) := Sy(t, X (t,a,b),a).

If
U(t,a,b) := S5(t, X(t,a,b),a),

then for fixed ¢ we have
Y; DX — bjda® = d¥.

According to the above, U(x,y) := U(t,z,y) is an exact canonical map
and each Hamiltonian H (¢, z,y) is transformed into the new Hamiltonian
K(t,a,b) given by

K=HtX,Y)+ U, +YeX,
and every solution (a(t),b(t)) of
a' = Ky(t,a,b), b = —K,(t,a,b)
is mapped into a solution (x(t), y(t)) of
o' = Hy(tz,y), y =—Hai(t,z,y)

and vice versa. If for each a the function (t,z) — S(¢,x,a) is a solution of
the Hamilton—Jacobi equation

St + H(t, Z, Sr) = 0,
then

W= S (t, X,a) + Syi(t, X, a) X" = —H(t, X,Y)+ Y X"
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Figure 3.19. Wave fronts.

hence H(t,X,Y) is transformed into the Hamiltonian K (¢,a,b) = 0.
Therefore U'(X,Y) transforms the initial Hamiltonian system into the

Hamiltonian system
a =0, b =0.

The proof of Jacobi’s theorem consists, therefore, in finding a canonical
map that rectifies the Hamiltonian flux.

As a consequence, if we can find N first integrals, i.e., a complete
integral of the Hamilton—Jacobi equation, the corresponding Hamiltonian
system is completely integrable. One shows that this is always possible
in a neighborhood of a nonsingular point (via a canonical map), but not
globally.

b. Analytic mechanics and Schrédinger equations
Let H(z,y) be a Hamiltonian with N degrees of freedom and S be the
eikonal of one of its Mayer fields. Since H is independent of time, S(¢,x)
has the form

S(t,x) = W(z) — Et,

where W : R™ — R and E € R, see Exercise 3.81. As we have seen, the
level lines of S(t,x),

My o = {x ‘ S(t,z) = a},

are the “fronts of propagation” of the extremals of the field and, for fixed
«, the velocity of the surfaces M; := M, , measured along the normal to
the surface is P
v(x) = s Wa ().
(W ()]
In fact, if (t) is a curve with x(t) € M, i.e., W(x(t)) — Et = o and with
2'(t) L My, then
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hence |2/(t)| = E/|Wy(x)|.
Suppose now that we see the front of propagation of the eikonal as
surfaces of constant phase of waves of the type

¢ = oe L =), (3.62)

possibly with variable amplitude 1)pe(*), that move with the same land-
scape and velocity. Since the surfaces of constant phase are

Nt:{xERN’L(x)—ctz,B},

from M; = Ny for all ¢t we infer that L(z) — ct is a function of W (x) — Et,
see Chapter 5 of [GM4]. Since {M,} and {N;} move with the same normal
velocity, L(z) — ¢t and W (z) — Et have to be proportional,

Liz)—ct = %(W(x) _Bt), heR h>0.

Therefore, we conclude that the surfaces with constant phase of waves of
the type

d) = ¢06A(1)+i%(W(w)fEt) (363)

with arbitrary A(z) and h > 0 describe the trajectories of a Hamiltonian
system.

The waves in (3.63) solve various partial differential equations. We can
compute, for example,

1 T
Ad= (Wl +2(2 A0 e We = AW) + (|4, + A4)) 6,

9 E
i _E(b’ (3.64)
82¢) E?

A

by eliminating, globally or partially, the terms containing ¢.
For example, we have

1
A+ ﬁ(wmz +2ih(W, e Ay + AW) + h*(AA + IA.TIQ))% =0.

When h — 0, this converges to the linear wave equation with velocity
equal to the velocity of propagation of the wave front

1 E
A(b - ﬁ(ﬁtt = 07 n(ﬁ) = m

In this way, for h — 0 we find the geometric optics.
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2
3.72 Example. For a material point of mass m with Hamiltonian H(z,y) := \2y77|n +
V(z), the reduced Hamilton—Jacobi equation, see Exercise 3.81, is

[We(z)| = V2mE — V(z),

thus (3.64) becomes, if we neglect the terms in h¢ and h?¢, the Schrédinger equation
of ondulatory mechanics

h2
——Ap+ V(z)p = FE ¢,
2m

or, noticing that ¢ = 71'% ¢, the Schrédinger equation
n A¢p+ V(x)p 'haqS
- =ih—.

2m ot

3.3 Exercises
3.73 §. Study the equation

u’ !
<7) =H in]-1,1[, HeR.

V14 (u)?
3.74 §. Consider the functional
2
FO) = [\ @02+ sin? o d,
#1

that represents the length of a curve 8 = 0(¢), v1 < ¢ < @2, on the unit sphere of
R3 in polar coordinates (¢, #). Show that for () := arcsin ¢, the conservation law of
energy holds, although 6(¢p) is not an extremal.

3.75 9. Let (z(s),y(s)) be the arc length parametrization of a curve through the origin
and symmetric with respect to the z-axis and with y(s) > 0 for 0 < s < £/2, ¢ being its
total length. The area enclosed by the curve is

0/2
A::2/ y(lf(y/)Q)l/2 ds.
0

Using the law of conservation of energy, prove that A is maximal if the curve is the
circle (x — £/(27))? + y? = £2/(47). Find the same result in polar coordinates.

3.76 9 Obstacle problems. Suppose we want to minimize the area of the graph of a
function in © x R with prescribed boundary and constrained to stay above an obstacle
given by the graph of a function ¢, i.e.,

/\/1+|Du|2dz, ulgq = @, u > in Q.
Q
Prove that the Euler-Lagrange equilibrium equation is replaced by the inequality

DuD(v —
ub(v —w) >0 Vv with v =0 on 99 and v > v in Q.

—— aX
o VIt|Du?Z @
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3.77 § Variational inequalities. Let K be a convex set in the space C;(Q,RN).
Show that the condition of vanishing of the first variation for

/ F(z,u, Du)dz — min, u € K,
Q
is replaced by

/ <Fp(z, u, Du)D(v — u) + Fy(z,u, Du)(v — u)) dr >0 Yu € K.
Q

3.78 4. Show that every extremal of f; F(z,u) dz with F(z,p) convex in p for every
fixed z is a minimizer (among the functions with the same boundary values).

3.79 9. Show the following;:
(i) X(z,y) =y, Y(z,y) = —x is an exact canonical map with generator ¢ (z,y) :=
z ey, whereas for N = 1, the map (z,y) — (y, ) is not a canonical transforma-
tion.
(ii) (POINCARE TRANSFORM) For N = 1 the map

X(z,y) := vz cos(2y), Y (z,y) := Vzsin(2y)
is an exact canonical transformation with generator ¥ (z,y) = %z(sin(4y) — 4y).
(iii) (LEVI-CIVITA TRANSFORMATION) For N = 3 the map

y
X(z,y) = |y|Pz —2zey,  Y(z,y) =E

is an exact canonical transformation with generator i (z,y) := -2z ey.

3.80 § Harmonic oscillator. The equation of the harmonic oscillator is ="/ + w?x =
2 2
0. Tt is the Euler-Lagrange equation for the Lagrangian L(t,z,v) := - — “5- and
Hamiltonian H(z,y) := yev — L(t, x,v), y = Ly(t, z,v), i.e.,
w

Hiz,y) = 5@ +17),

and the corresponding Hamiltonian system is

7’ = wy,

Yy = —wz.

Show that the canonical Poincaré transformation x = v/27 cos ¢, y = V27 sin ¢ trans-
forms the system into

T =0, @ = —w.

3.81 § Reduced Hamilton—Jacobi equation. Consider an autonomous Hamilto-
nian H(q,p) and let S(t,q) be a solution of the associated Hamilton—Jacobi equation.
Show that S(t,q) = W(q) + Et, where E € R and W satisfies the reduced Hamilton—

Jacobi equation
ow
H<q, —) —E.

9q
[Hint. Since H is independent of ¢, the conservation of energy holds:
oS
H(q7 7)) =F,
dq

ie., S(t,q) = S(t,q, E) and H(q, 33 (t,¢,E)) = E/]
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3.82 9. Consider a material point of mass m, moving (subject to a conservative field
with potential V(z)) on a line. The Hamiltonian of the system is

2
H(z,p) = o~ +V()

and its reduced Hamilton—Jacobi equation is

! (%V:) YV(2) = E

that can be easily integrated:
xr
W (e, E) = \/2m/ VE V(e de.
0

The generated canonical map is then

8W 2m(E — V(a:))
% Vil 5vw
where =t — tgp. We thus find
TP —
(= V(z))

see Section 6.3 of [GMI].

3.83 9. Show that if 2’ = Jz, then |z| = const.



4. Differential Forms

In this chapter we present Stokes’s theorem and Poincaré’s lemma in the
general setting of differential forms and illustrate some of the relevant
applications of the theory of differential k-forms.

4.1 Multivectors and Covectors

4.1.1 The exterior algebra

We begin by illustrating some basic elements of the so-called exterior al-
gebra over a vector space.

a. Alternating bilinear maps, antisymmetric matrices and
2-vectors

Let V and Z be two vector spaces over R. A map f : V xV — Z,
f = f(z,y), that is linear on each factor is called a bilinear map. If
(e1, €2,..., €,) is a basis of V, then f is uniquely determined by the n?
values {f(e;,e;)}. In fact, if x = Y | 2'e; and y = Y ;- y'e;, we have

fley) =YY ayr'y!,  ayi= f(eie)). (4.1)

i=1 j=1

We say that the bilinear map f(z,y) is alternating if f(z,y) = —f(y, )

Va,y € V or, equivalently, if the matrix A := (a;;), ai; = f(es e;), is
antisymmetric, i.e., if AT = —A. In this case the map f is identified by
the values a;; with i < j since, for x = Y"1 2'e; and y = Y_i" | y'e;, we
have

flay)= ) aya'y

i,j=1,n

. . o (4.2)
= aya'y + Y agay’ =) ay(a'y — a7y,
i<j i>j i<j
Formula (4.2) hints at the following three facts:
M. Giaquinta and G. Modica, Mathematical Analysis, Foundations and Advanced 213
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(i) An alternating bilinear map defines in a natural way a linear map on
a space of dimension

#{@)li<i}f= @ = (Z)

(ii) Given two vectors x and y, we may consider a new object, called a
2-vector denoted by = Ay with coordinates {(z'y? —x7y*)}i<;, so that
all alternating bilinear maps act linearly on these objects.

(iii) The map (z,y) — zAy := {2y —27y'},<; from R™ into R?, ¢ := (}),
is alternating, i.e., t Ay = —y A z.

4.1 Definition. Let V' be a vector space of dimension n. The vector space
AoV of 2-vectors of V' is a vector space of dimension (g), together with an
alternating bilinear map -N-: VXV — AoV, the image of which generates
AV, For x,y € V we call © Ay the exterior product of x and y.

Let (e1, ea, ..., e,) be a basis of V. Since the 2-vectors
{e,;/\ej ii=1....m, i<j}
span A,V and are (g), they form a basis of AoV, i.e.,
AV = {f = Zcijei Aej e R}.
i<j

Clearly, if g : AoV — Z is a linear map, then the map (z,y) — g(z Ay)
from V x V into Z is bilinear and alternating. The converse is also true.

4.2 Theorem. LetV be a vector space of dimension n. For every alternat-
ing bilinear map f :V xV — Z there is a unique linear map g : AoV — Z
such that

flz,y) =g(xAy)  Va,yeV.

Proof. Since e; A ej, i < j, form a basis of A2V whenever (e1, e2, ..., en) is a basis of
V, it suffices to specify the values of g : A2V — Z on them

gle; Nej) = f(ei,ej), i< j. (4.3)
Then f(z,y) = g(x Ay) Yo,y € V because f is alternating, compare (4.2), and z Ay =
i@y —aIy)ei Nej if =300 ate; and y =371 yle;. O

At first sight, the definition of A,V appears as ambiguous since the
definition of exterior product is not uniquely specified. However, from The-
orem 4.2 we get the following.

4.3 Proposition. Let V' be a vector space of dimension n and let 71, ms :
V xV — AV be two alternating bilinear maps on V. Then mo = ¢ o m
for some linear isomorphism ¢ of AJV .
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Proof. According to Theorem 4.2 there exist g1, g2 : A2V — A2V such that
Ty = gomy, 71 = homy on V xV,

hence
79 = gohomy, m =hogom onV x V.

Since the images of 71 and m2 span A2V, it follows that goh = ho g = Ida,v, i.e.,
g = h™1, that is, g is a linear isomorphism. [}

Consequently, not specifying the exterior product on V' is equivalent to
defining A,V apart from a linear isomorphism. In terms of bases, Proposi-
tion 4.3 tells us that, if (e1, ea, ..., e,) is a basis of V, choosing an exterior
product is equivalent to choosing a basis in AoV that we name (e; Ae;)i<;.

Summing up, the 2-vectors in A;R? have (;) = 3 components and can
be written as

E=aeyNe,+bez Ne,+cez ey, a,b,c €R,
where
ey Ney = —e; N\ ey, ex Ney = —e, N\ ey, €x N\ ey = —€y N ey,

whereas every 2-alternating map, f : R* x R® — Z, uniquely defines a
linear map g : AoR® — R such that g(x Ay) = f(x,y) Yo,y € R®.

b. k-alternating maps

We may generalize the previous construction to alternating k-linear maps.
First, let us describe k-linear alternating maps in coordinates.

4.4 Permutations and signature. Let S be a finite set. A permuta-
tion of S is a bijective map of S onto itself. Let us denote the set of all
permutations of S by P(S). Then #P(S) = k! if S has k elements.

A transposition of o = (aq, qa,..., ai) is a permutation that inter-
changes two distinct elements and leaves the others fixed. It is easy to see
that every permutation o of S may be obtained as compositions of succes-
sive transpositions of S. Although there are several ways of doing this, the
parity of the number n of transpositions that compose o depends only on
0. The signature of o is then defined as (—1)" and, with some impropriety
of language, is denoted by (—1)7.

4.5 Example. The signature of each transposition is clearly —1. If S = {1, 2, 3}, then
the signature of the permutation (1,2,3) — (3,2,1) is —1, whereas the signature of the
permutation (1,2,3) — (3,1,2) is +1.

4.6 Multiindices. Let S be a subset of {1,2,...,n}. Denote by |S| the
cardinality of S. A multiindex of length k, k > 2, in {1,...,n} or, simply,
a k-multiinder, is an increasing k-tuple of numbers between 1 and n,

a:(alaa27"'7ak)a 1§O{1<O[2<"'<O{k§n7
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and we denote by S(«) := {aq, s, ..., ax} the set of values of . Similarly,
a l-multiindex is a number between 1 and n that, however, we denote by ¢
instead of (7); moreover, let us introduce a unique 0-multiindex of length 0
denoted 0. Finally, let us notice that there is no k-multiindex in {1,...,n}
if & > n.

For k > 0, we denote the set of k-multiindices by I(k,n). Since I(k,n) is
in a one-to-one correspondence to the subsets of {1,...,n} with k elements,
we have

#I(k,n) = (Z) vk, n.
In particular, #1(0,n) =1, #I1(k,n) =0if k > n.

Notice that a k-tuple 8 = (81, B2,..., Bg) of {1,...,n} either has at
least two coincident elements or all elements are distinct. The last case
happens if and only if we may order in increasing order the components
of B, that is, there is a = (a1, aa,..., ai) € I(k,n) and a permutation o
of a (or better of the set S(«) := {a1, ag,..., ai}) such that 8 = o(«).

Given a = (a1, ag,..., ar) € I(k,n), we denote by @ the unique
(n — k)-multiindex 8 € I(n — k,n) such that S(5) = {1,...,n} \ S(a). In
particular, @ = a, 0 = (1,2,...,n), and

i=(1,2...i—1,i+1,....,n) if1<i<n.

Finally, we denote by o(«, @) the signature of the permutation that
reorders the n-tuple (o, @) to (1,2,...,n).

Let V and Z be vector spaces. Amap f:VF =V xVx-.-xV = Z,
f = f(x1, xa,..., x), is said to be k-linear if it is linear on each factor.
Clearly, if V has dimension n and (e, ea,..., e,) is a basis of V, then
f is completely defined by its values on the n* k-tuples (e, , €i,, - -, €i, ),
ije{l,...,n},j=1,... k.

4.7 Definition. A map f : VF — Z, f = f(x1, x2,..., 1), k > 2, is
said to be k-alternating if it is k-linear and alternating, i.e.,

flra,. oo @,y xg) = —f(T1, 0, @, Ty, Tg) (4.4)

for all x1, xo,..., 2, €V.

4.8 Proposition. Let f : V¥ — Z be k-linear. The following claims are
equivalent:

(i) f is alternating.
(i) f(x1,...,2k) =0 for every k-tuple (x1, x2, ..., Tx) with ©; = x; for
some i # j.
(iil) f(x1,...,2k) = 0 for every k-tuple of vectors (x1, xa,..., xk) that
are linearly dependent.

In particular, there are no nonzero k-alternating maps on a vector space
of dimension n when k > n.
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Proof. (i) = (ii). The proof is trivial. (ii) = (iii). Assume, for instance, that z1 =
Sk, aFxy. Then

n n
f(Zazxi,xzw -~7In) — Zoﬂf(xi:x?w .. ,In) = 0.
=2 =2

(iii) = (i). Let ¢ # j. The vectors
Tlyee s &5+ T,y Ti + T, ..., Tk

are linearly dependent, hence

0:f(a:l,...,a:i+a:j,...,zi+z]-,...,a:k)
=f(z1, .., @iy, @iy xp) + f(T1, . @y, @, Ty
+f(:01,..,,:Ci,,,.,xj,..,,xk)+f(gc1,.,.,xj,,.,,xi,.,.,xk)

= flz1, .., @iy &g, xp) F f(T1, T, T, D)
a
Let o = (a1, ag, ..., ai) € I(k,n) and let o be a permutation of a. If

B =oc(a) = (81, Ba,--., Bk), it follows from (4.4) that

f(‘rﬁl""’xﬁk) = (—1)”f(1’a1,...71'ak) (45)
if f:V? — Z is k-alternating. In particular, if (e, ea,..., e,) is a basis

of V, every k-alternating map on V is uniquely defined by its values on
the k-tuples

(N S o= (o1, ag,..., ax) € I(k,n).

4.9 Determinant. k-alternating maps are strongly related to the notion
of determinant of a matrix, as we shall soon see in detail. Let us recall that
the determinant of a matrix A = (A;) € My, is the number

detA:= > (—1)7ATTAP .- AT, (4.6)
c€P({1,...,n})

and that, as it is easily seen,

(i) the determinant is an n-alternating map of the columns of A,
(ii) we have
det AT = det A.

c. k-vectors

4.10 Definition. Let V be a vector space of dimension n and let 2 < k.
The vector space V' of k-vectors is a vector space AV of dimension (Z)
together with a k-alternating map

(v1, Vo, ooy V) —> VI AV A Aug

from VF to ALV with image that spans ALV, called the exterior product
of k wvectors.
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As for 2-vectors, the following holds.

4.11 Theorem. Let V be a vector space of dimension n. For every k-
alternating map f : V¥ — Z with values in a vector space Z there exists a
unique linear map g : AV — Z such that f(v1, va,..., vg) = g(vi Ava A
RNV U]{?)'

4.12 Proposition. Let V' be a vector space of dimension n. If w,ms :
VF — ALV are two exterior products on V., then there exists an isomor-
phism g : AV — AV such that mo = vy o my.

Thus, not specifying the exterior product of k-vectors is equivalent
to defining AV apart from an isomorphism. This makes Definition 4.10
consistent. This can be summed up in the following theorem.

4.13 Theorem (Universal property). Let V be a finite-dimensional
vector space. There exist (and are unique up to isomorphisms) a vector
space AV and a k-alternating map - A---A-: VF — ALV with the follow-
ing property: For every k-alternating map f : V¥ — Z there is a unique
linear map g : Ai, V- — Z such that f(x1, xa,..., xx) = g(x1 Axa A+ - - Axy)
Vai, x2,..., xp € V.

We conclude with the following proposition.

4.14 Proposition. Let {v1, vs,..., vi} be vectors in V. Then vy A va A
~o Avg =0 if and only if v1, va, ..., v; are linearly dependent.
Proof. Since A is alternating, vi Awva A --- Avg = 0 if vy, va,..., v, are linearly de-
pendent by Proposition 4.8. Let us prove the converse by contradiction. Suppose that
v1, v2,..., vk are linearly independent and let (e1, ea, ..., e,) be a basis of V such that
e; =v; Vi=1,...,k. Since the k-vectors

€a 1 =e€a; Nt Neay, a€ I(k,n),

form a basis of AV, we would have vi Ava A+ Avg = e1r Aea A---ANep # 0, a
contradiction. 0

d. k-vectors in coordinates

Let us compute in coordinates the exterior product of k-vectors. Let V be
a vector space of dimension n, let (e1, es,..., e,) be a basis of V' and let
v1, Va2,..., U, be n vectors of V. Let A = (aZ) be the n x n matrix with
the coordinates of vy, vs,..., v, in the basis ey, e, ..., €, as columns,
v, = 2?21 a{ej. For all o, 8 € I(k,n), a = (a1, ag,..., o) and f =
(81, B2, ..., Bi), we denote by

MJ(A)

the determinant of the k& x k submatrix of A of the elements of A that are
in the rows 1, B2,..., Bk and in the columns a1, ..., a; of A. Of course,

Mg(A) = det A.. For convenience, we also set MJ(A) = 1.
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Differeﬂtial Manfredo P. do Carmo
Forms with Differential Forms
Applications and Applications
to the Physical

Sciences

/ @ Springer-Verlag

Harley Flanders

Figure 4.1. Two introductory books on the theory of differential forms.

4.15 Proposition. We have

Vg Ao AUg, = Z MP(A)ep (4.7)
Bel(k,n)
for every a = (a1, o, ..., ag) € I(k,n) where

eg:=eg, Neg, N---Neg,.

Proof. From the linearity,

Vay N+ ANay, = Z all qJ2 ...aifkejllbu/\ejk. (4.8)

aq Ta
J1seendp=1l,en

Consider the k-tuple of indices (j1,...,Jk). If two indices agree, then ej; A--- Aej, =

0. Otherwise ji,...,Jji are distinct. Let 8 € I(k,n) be the increasing reordering of

(j1,---,Jk) and let o be the permutation such that (ji,...,jx) = o(8), then, by (4.5),
ej, N Nej, = (—l)aeﬁ.

Thus, on account of (4.6) and (4.8), we conclude that

Vay Ao Avay = ( > (—1)"agll...agg)eﬂz S ME(A)es.

Bel(k,n) SoceP(S(8)) BeI(k,n)
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e. The exterior algebra and the exterior product

Let V be a vector space of dimension n and let us consider the vector
spaces AV, k > 0, defined by

AoV =R, MV =V, ARV :={0} for k > n,

where for 2 < k < n, A,V is the space of k-vectors of V.
We extend the family of exterior products of 2,3, ... vectors of V to a
family of bilinear maps

ALV x ALV — Ah+;€V, (a, 5) = aANp, (4.9)

called the exterior product of multivectors defined for 0 < h,k < n
follows. If h or kK = 0, then A\Aa = a A X := Ao if h,k > 1, - A -
ARV x AV — R is the unique bilinear map characterized by

(Oq Nag A\ - -/\ah)/\(ﬂl ABa A~ - /\ﬂk) =aiAag A -Aap ABLAPBa A+ APk
It is not difficult to see that the exterior product of multivectors

(i) is bilinear,

(ii) is associative,

(iii) a A B = (=) B A« if a € I(h,n), B € I(k,n), that is, is anticom-
mutative if A and k are both odd and commutative otherwise.

The family of vector spaces {ArV }x>0 and the corresponding family of
exterior products - A-: ARV x AV — Ap1V form the exterior algebra of
the vector space V.

f. k-covectors
Let V be a finite-dimensional vector space and V* its dual. Recall that, if
(e1, €2,..., €,) is a basis of V and (x!, 22,..., 2™) are the coordinates of a
point x € V' with respect to (e, €a, ..., e,), then the coordinate functions
VR, z— 2. .., 2~ 2", denoted also as dz', ..., dz", are linear maps
that span V*. Since

da'(e;) =6,  Vi,j=1,....n, (4.10)

(dxt,... dx™) is the basis of V*, called the dual basis of (e1, ea,..., €,).
In particular, the map <, >: V* x V — R given by

<l,v>:={(v) (4.11)
is a duality between V and V*, i.e., the following hold:

(i) < £,v > is bilinear.
(il) < ¢,v >=0 Yo implies £ = 0.
(i) < 4,v >=0 V¢ implies v = 0.
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Furthermore, if x = Y. | 2'e; and £ = 3" | £;dx’, then < {,x >:= {(z) =
Diy it

Finally, let us recall Einstein’s index convention, the indices of the
components of a vector are up and the indices of the components of a
linear map (with respect to the dual basis) are down. It is convenient to
arrange the components of a vector as columns and the components of

a linear map as a row vector, so that if £ = (¢1, la,..., £,) € V* and
x=(zb 22,..., 2")T € V then < ¢, 2 >= fz where the product fz is row
by column.

4.16 Definition. Let V' be a finite-dimensional vector space, let V* be its
dual and 2 < k < n:=dimV. A k-vector of V* is called a k-covector of
V. The vector space of k-covectors of V' is denoted by

ARV = AV
We also set A°V =R, A'V = V* and, for k > n, A,V = {0}.

4.17 Duality between A,V and AFV. The map V** x V¥ — R given
by

(wh, w2, .0, wP), (v1, va, ...y o)) = det < Wi, vj >,

where < ; > is the duality between V and V*| is (2k)-linear and alternating

on each factor, therefore, it induces a bilinear map <, >: A*V x A,V = R
characterized by

<WAWEA AW v Avg A Ay >i= det(< wi,vj >) (4.12)

fwl Aw? A AwF e AV and vy Ava A~ Av € AV
If (dzt,...,dx™) is the dual basis in V* of the basis (e1, €, ..., €,) of
V, the covectors dz® = dz® A---Adx®*, o € I(k,n), form a basis of A*V;
moreover, Vo, 5 € I(k,n), we have
< dz®, eg >=det ( <dz*,eg, > ) =03.
J

1,

Consequently, (4.12) is a duality between AV and AFV, and if w =
D aet(hen) Wadz® and v =37 1 ) V¥€q, we have

<w,v>= Z wat? < dx®,ep >= Z wav®.

a,Bel(k,n) a€cl(k,n)
4.18 k-covectors in coordinates. Let (eg,...,e,) be a basis of a vec-
tor space V and (dx!,...,dz") be its dual basis in V*. Let wh o wh
be l-covectors in V* and let A = (aj) be the n x n matrix with

rows the coordinates of w!, w? ..., w", in the basis (dx!,...da"), i.e.,
wi =y 5y alde? =3 (AT)ida’. Then, compare (4.7),

WA AW = Z ME(AT)dxﬁ Vo € I(k,n). (4.13)
BeI(k,n)
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g. Linear transformations

4.19 Exterior power. Let V' and W be vector spaces of dimension n
and N, respectively, and let k£ be an integer with & > 1. For every linear
map ¢ : V — W, the transformation

(v1, vy .oy V) = O(v1) A P(ua) A+ A P(ug)

defines a k-alternating map from V* into AW, consequently, a linear map
Apd : AV — AW characterized by

Akd(v1 Ava A< Avg) := d(v1) A+ - Ao (vg) Yy, va, ..., v € V. (4.14)
Of course, A1¢p = ¢ and Axp = 0 for k > n. If we set Ag¢p = Id, we can

then write
Anirkd(EAN) = Apo(€) A Aro(n) (4.15)

Ve e AWV, Vn € AV, Vh, k> 0.
It is easily seen that for linear maps between finite-dimensional spaces
¢o:V—>Wand ¢ : W — Z and for k > 0 we have

Ak:(¢ o (ﬁ) = Ak¢ o Akd) (416)
4.20 9. Let ¢ : V — W be a linear map and {v1, va,..., v} C V. Then Apop(vi A
v2 A -+ Avg) = 0 if and only if the vectors ¢(v1), ..., ¢(vx) are linearly dependent.

4.21 Adjoint map. Recall that for every linear map ¢ : V. — W be-
tween finite-dimensional spaces the formal adjoint is defined as the map
o* : W* — V* given by

< ¢ (w*),v >=< w*, p(v) > Yo eV, Yw* € W*

where < , > denotes accordingly the dualities between V and V* and W
and W*, see (4.11).

If A is the matrix associated to ¢ with respect to bases (e1, ea, ..., ey)
in Vand (f1, fa2,..., fn) in W, then the matrix B associated to ¢* in the
corresponding dual bases (dz',...,dz"™) of V* and (dy',...,dy") of W*
is AT, In fact, the elements of the jth column of B are the coordinates of
¢*(dz?), therefore

B! =< ¢"(d2?),e; >=<da’, ¢(e;) >= A].

4.22 Exterior power of the adjoint. If ¢ : V — W is linear and k >

1, the map
(wla w2a"'a wk) — ¢*(w1) AREE A¢*(wk)

is k-alternating on W** with values in A*V, consequently, it defines a
unique linear map AF¢ : A¥IV — A*V characterized by

ARG AW A Awk) = ¢gF (W) A - A BT (WF).

If we set A% = Id in R, for all h, k > 0 we have
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AFEGw A Q) = AMp(w) ANRG(C)  Vw e AMV, V¢ e ARV (4.17)
and for linear maps ¢ : R® — RY and ¢ : RN — RM|
AF(1p o @) = AFp o AFep. (4.18)

Moreover, the map AF¢ : A¥IW — A*V is the formal adjoint of Ay :
ALV — AW with respect to the induced dualities between AV and A*V
and between AW and A*WW given by (4.12). In fact,

< AP AWEA AW kL AR A AN Es

=< (WA A (W), v Avg Ao Ay >

= det < ¢*(w'),v; >=det < W', d(vj) >

=< W AW A AWF G A A fug) >

=< wl/\wz/\---/\wk,Ak(b(vl Avg A=+ Avg) > .
4.23 Exterior power in coordinates. Let V and W be two finite-
dimensional vector spaces, (e1, €a, ..., e,)abasisin V and (f1, fo,..., fn)
a basis in W. Let (dz!,...,dz") and (dy*,...,dy") be the corresponding

dual bases in V* and W*. If A € My, is the matrix associated to the
linear map ¢ : V' — W, then

N .
(€:) = ZA?fj,
ZA%W Z (AT)!da.
Jj=1

It follows from (4.7) that

Aflea) = > MJ(A
BeI(k,N)

Arfldy™)y = > MEIAT)da".
pBel(k,n)

(4.19)

4.24 Example. Let ¢ : R? — R3 be a linear map and let

be the matrix associated to ¢ in the bases (e, e2) of R? and (f1, f2, f3) of R3. Then

Ai1p(er) :=afi+bf2+cfs, Aip(e2) :=d fi +efa+ f f3,
A2¢(61 A 62) = (ae — bd) f1Nfa+ (af — dc) f1iNfa3+ (bf - ce) fa N f3.
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h. The determinant

The formalism we have introduced is useful for dealing with the properties
of the determinant avoiding indices and permutations. Let us begin with
an intrinsic definition of determinant of a linear map ¢ : V — V.

If dimV = n, we have dim A,V = 1, hence there is a unique number,
called the determinant of ¢ and denoted by det ¢ such that

Apd(v1 Avg A+ Awvp) = (det @) vg Avg A=+ Ay, (4.20)

for every vy, va, ..., v, € V. Clearly, det ¢ does not depend either on the
coordinates or the choice of the exterior product: It is a characteristic of the
linear map ¢. Moreover, according to (4.19), if ¢ : R — R", ¢(x) := Az,
then

Apdp(vi Ava A+ Awvy) = (det A)vy Avg A+ Ay, (4.21)

i.e., det o = det A, where A is the matrix associated to ¢ once the basis
of V is chosen.

4.25 Binet’s formula. Let A and B be two n x n matrices and let
¢(z) = Az and ¥(y) := By. Then ¢ o ¢(x) = BAx and, therefore, the
equality

An(d} © ¢) =Ayp oAy

in (4.18) rewrites in terms of matrices, according to (4.21), as Binet’s
formula
det(AB) = det A det B.

The associative property of the exterior product
Apd(vr Ava A- - Avg) = Ag(vr, v2, .0y UR) ANk (k1 A- - Avy) (4.22)

Yvi, v2,..., v, € V, yields Laplace’s formula for the determinant of a
matrix:

4.26 Theorem (Laplace’s formula). Let A € M, ,(R). For B,y €
I(k,n) we have

Opydet A =0 (B,8) > o(a,@)M§(A) MZ(A). (4.23)
acl(k,n)

Proof. According to (4.19),

Agdleg) = > Mg(A)ea,

acl(k,n)

An—kqb(eV) = Z M%(A)e‘f‘)

Tel(n—k,n)

hence
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And(eg Ney) = Apdleg) A Ap_rd(es)
= > > M§(A)MI(A)ea Aer
acl(kn)rel(n—k,n)
> M§A)MI(A)ea Aew

acl(k,n)

( Z a(a,E)Mg(A)Mg(A))el/\ez/\~~~/\en.
acl(k,n)

On the other hand eg A e = 0 if b # v, and

An(ep Neg) = o(B, B)An(wr Awz A+~ Awn) =det Aer Aez A--- Aen.

O

4.27 Remark. When 3| = 1,say 8 =j € {1,...,n}, Laplace’s formula
yields the development of the determinant in terms of the cofactors along
the column j,

SjdetA= > (1) ASM(A) = (Acof A)j,
a€l(k,n)

if (cof A)! := (-1)1‘HM§(A).

4.28 Remark (det A = det AT). Finally, from (4.21) we infer that the
equality det A = det AT is equivalent to the fact that A™¢ is the formal
adjoint of A,¢ for the map ¢(x) := Ax. In fact, from (4.19)

Apdler Aea A+ Ney) = d(er) A+ A dlen)
=(det A)es Aea A+ Aep,
A"¢(dxt A+ Ada™) = ¢*(dat) A -+ A ¢F(da™)
= (det AT)dz! A--- Ada™.

i. Inner product of multivectors

Let V be a finite-dimensional space with an inner product ( | ). Then the
Riesz isomorphism R : V' — V* given by R(v)(w) := (v|w) is well-defined,
and we may set

5'77 =< AkR(g)a n> vé-a ne Aku

. . (4.24)

we( :=<w,AN"R(() > Yw,( € A"V.
From (4.12) and (4.14), recalling also that the k x k matrix G = (g;;),
gij = v; ev; , is positive definite if and only if (v1, v, ..., vy) are linearly
independent, we then infer the following proposition.



226 4. Differential Forms

4.29 Proposition. The bilinear maps in (4.24) define two inner products
respectively in AV and AV, and we have

(Vi Ava A= Avg)e(w Awa A+ Awy) = det(v; sw; ),

o 4.25

W AWEA AR e AP A ADF) = det(wien). (4.25)

In particular, if (eq, es,..., €,) is an orthonormal basis of V', then the
dual basis (dz?,...,dz™) is orthonormal in V* and the bases (€a)act(kn)

in AxV and (dz®)aer(p,n) in A*V are orthonormal. It follows that

g: Z (506(1)6(17 w = Z (w.da:a)da:a

acl(k,n) a€cl(k,n)

for all ¢ € A,V and € A*V, and

6= el = > |€eeal,
a€cl(k,n)

W := wew = Z |wedz® |
a€cl(k,n)

j- The Jacobian and the Cauchy—Binet formula

Let us give a simple and interesting geometric interpretation of (4.25).
Let us consider R® and RN, N > n, with the standard inner products
and orthonormal bases (e, eq,..., e,) and (f1, fo,..., fn), respectively.
Let T be a N x n matrix and denote by v; € RY the jth column of T,
1 < j < n. Since

V; o Vj Z(TTT)U Vi,j:l,...,n,
(4.25) yields

2
AT = v Avg A Awy
AnT" = Jor vy Y (4.26)

= (L AvaA---Avp)e(vr Avg A--- Avy,) = det(TTT).

In particular, ker T = {0} if and only if A,,T = 0. On the other hand,
(4.19) yields

v Avg A Avg = T(er) A+ A Teg)
= MT(erNesA--Nep) = > MG (T)fs

acl(k,N)
and, since f1, fo,..., fn are orthonormal,

2 2
vi A s /\---/\vk‘ - ¥ ‘Mg7___7k)(T)’ . (4.27)
acl(k,N)



4.1 Multivectors and Covectors 227

By a comparison of (4.26) and (4.27) with k = n we then infer the Cauchy—
Binet formula

2

det(TTT) = Y ’Mﬁmn)(T) . (4.28)
acl(n,N)
4.30 Example. Let A € M3 2(R),
a b
A=|c df,
e f
and let
b
u = V= d
f

be the two columns of A. Set
E:=|ul?> =a? +b% + 2,
F := (ul|v) = ab+ cd + ef,
G = v|2 =b%+d? + f2.
Then (4.26) yields
det(ATA) =det (¥ I} = pa— P2
F G

On the other hand, I(2,3) = {(1,2), (2,3), (1, 3)}, thus, if we set

— ALY _ [a b — A28 _ [c d — A3 _ [a b
B'—A<1,2)—<C d>’ C‘—Au,z)—(e f>’ D‘—Au,z)—(e Nk

the Cauchy-Binet formula states that

det(AT A) = (det B)? + (det C)? + (det D)2.

4.1.2 Subspaces and k-vectors

a. Simple vectors

Let V' be a vector space of dimension n and k < n. A k-vector £ € A,V is
said to be simple if there exist vy, va,..., vy € V such that £ = v; Avg A
-+« Avg. Since A¢, A € R, is simple if £ is simple, the simple vectors form
a cone of A, V.

Clearly, 0-vectors, 1-vectors and n-vectors in A,V are simple. Moreover,
the following holds, see (iii) of Proposition 4.34,

4.31 Proposition. If dimV = n, then all (n — 1)-vectors are simple.

The following example shows that not all k-vectors are simple.
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Figure 4.2. Frontispieces of two celebrated monographs.

4.32 Example. Let (e1,e2,e3,e4) be the standard basis of R%. The 2-vector & :=
e1 ANea+e3Aeqg € AaR? is not simple. Otherwise &€ = v1 A va for some v1,v2 € V. Since
&ENE =0, we would then have

2e1 Nea Nez Neqa =0,

a contradiction.

Actually, one can show that there exist nonsimple k-vectors in A,V if
and only if dimV >4 and 2 <k <n — 2.

b. Simple vectors and k-subspaces

In addition to being useful in describing the properties of the determinant,
the k-vectors of a vector space V are useful in dealing with subspaces of
dimension k of V.

Let V be a vector space of dimension n and let vy, va,..., vx € V,
k < n. As we noticed in Proposition 4.14, v1 A v A - -+ A v} is nonzero if
and only if vy, vg, ..., v are linearly independent. Consequently, to every
simple and nonzero k-vector & = v; Ava A-- - Avg, we may and do associate
the k-dimensional subspace of V'

Span(§) := Span{vl7 Vo,. .., vk}

and we have

Span(§) = {v ev ‘ ENv = O}. (4.29)
Furthermore, if (v, va,..., vg) and (wi, wa,..., wg) are two k-tuples
of linearly independent vectors of V, we have Span{vi, ve,..., vp} =

Span{wy, wa, ..., wg} if and only if
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Vi AV A Avgp = Awyp Awa A A wg for some A #0.  (4.30)

In fact, if V' := Span{vi, va,..., vx} = Span{wi, wa,..., wy}, then
(v1, V2, ..., vg) and (wy, wa,..., wy) are two bases for V', and, because
of (4.20), we have

VI AV N AV = Awy Awae A -+ - A\ wg,

where A # 0 is the determinant of the matrix that changes the basis
from (wy, wa,..., wg) to (vi, ve,..., vk). Conversely, if v1 A vy A -+ A
vy = Awp Awg A - Awy, for some X # 0, then Span{vy, va,..., vp} =
Span{ws, wa, ..., wg} according to (4.29).

Summing up, the linear subspaces of dimension k of V are in a one-
to-one correspondence with the lines through the origin in AgR™ generated
by the nonzero simple vectors & = vy Avg A\ -+ A vg.

c. Orientation and simple k-vectors

Let ¢ : V — V be a linear isomorphism. We say that ¢ preserves the
orientation if det¢ > 0 and reverses the orientation if det¢ < 0. Re-
calling that a basis is an ordered set of vectors, we say that two bases
(v1, va, ..., vg) and (w1, wa,..., wi) of V have the same orientation (re-
spectively the opposite orientation) if the map that changes coordinates
from one basis to the other preserves (respectively reverses) the orien-

tation. Accordingly, the choice of an ordered basis (v1, va,..., vg) of V
fixes the orientation, and any other basis (w1, wa, ..., wy) has either the
orientation of (v1, va,..., vg) or the opposite orientation.

Since according to (4.30),
Wy Awg A=~ ANwp = Avy Avg A -+ A Vg,

where A is the determinant of the map that maps the basis (v1, v, ..., vk)
on (wy, wa,..., wx), we may identify an oriented k-plane, i.e., a k-plane
with a selected ordered basis (v1, v, ..., vg) on it, with one of the two half-
lines in AV through 0 generated by the simple vector wi A wg A -+ - A wy.

If V is a Euclidean space, we have a norm on A;V, hence the two

multiples of & = w; A wa A -+ A wg of unit norm 1 describe the two
possible orientations of Span(vy, va, ..., vg). This motivates the following
definition.

4.33 Definition. Let V be a vector space of dimension n endowed with an
inner product and let P be a k-subspace of V' and & # 0 a simple k-vector
that spans P,

P:{veV‘vAsz}.
Then the two k-vectors ££/|€| are the orientations of P. If (v1, va,. .., vk)
is a basis of P, then the orientation fixed by (vi, va, ..., vk) is the k-vector

v1 Avg A A\ Vg
|’U1/\112/\"'/\'Uk;|.
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We conclude noticing that the set of oriented, k-dimensional subspaces
of V is in a one-to-one correspondence with the k-dimensional Grassman-
nian of V' defined by

Gr(V) == {g €AV ‘g simple, |¢| = 1}.

According to the above, G (V') is a proper subset of (the unit sphere of)
AV ifdmV=n>4and2<k<n-—2.

4.1.3 Vector product and Hodge operator

a. Hodge operator

Let V be a vector space of dimension n, endowed with an inner product
and oriented by the choice of an n-vector p € A,V with |p| = 1, and
let 0 < k < n. Since dim A,V = 1, the map ¢t — tu is an isomorphism
between R and A, V. The bilinear map (£,1) — £ An from AV x A,V
into A,V then yields a bilinear map a : AV x A, _;V — R defined by

EAn=a(&n)p.

By Riesz’s theorem, there is a linear map * : AV — A, _;V, called the
Hodge operator, such that a(§,n) = (%) en, i.e.,

EAn=((x€)en)p Ve € AV, Ve A, V. (4.31)

Of course, Hodge’s operator depends on the choices of the inner product
and of the orientation u of V' (x changes sign if we change the orientation
of V).

By replacing V' with V* and p with the dual n-form Q € A"V, we may
define the Hodge operator on covectors * : A¥V — A"~*V . By definition

EAn=:(xEem)pu VE e AV, ne N1V,

4.32
WwAC=:(*we()Q Vw € APV, n e A"V (4.32)

Before computing a few formulas, it is convenient to make the action
of Hodge’s operator on an orthonormal basis (e1, ea, ..., e,) of V explicit.
For all « € I(k,n) and 8 € I(n — k,n) we have

(*eqeeg )t =eq Neg = 0 s
ola,@)er Nea A-+-Ne, if =7,

(*dxaodajﬁ)Q:dxa/\dlﬁ: 0 lfﬁ#a’
ola,@)dzt A---Nda™ if B=a

hence
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keq =0(, @) eg < er A Nep, L >,
xde® = o(a,@)da® < dz* A--- Ada", Q> .

In particular, if we choose as orientation the one induced by the orthonor-
mal basis (e1, €2, ..., €,),1.., it := e;AeaA---Aey, then Q = dz'A- - -Adz"
and

(4.33)

xeq = o, @) eg, *dz® = o(a, @) dz”. (4.34)

4.34 Proposition. We have the following:

(i) *1 = p, *xu = 1.
(ii) The Hodge operators * : AV — A,V and * : A*V — A7FV,
0 < k < n, are isomorphisms
* (x6) = (=DF P wee AV,

4.35
¥ (xw) = (=1)*" Py vw e APV (4:35)

(iil) € € AV is simple if and only if € € A,—V is simple.
(iv) If € € ALV is simple and nonzero, then Span(§) and Span(x€) are
perpendicular, actually supplementary.

Proof. (i) is trivial.
(ii) If (e1, e2,..., en) is an orthonormal basis of V', we have
x(xeq) = oo, @) xeg < er Aea A+ Aep, b >
=o(a,a)o(@ a)eq < e1ANea A+ Aep, j >>
=o(o, @)o(@, a) ea.

We need k(n — k) transpositions to permute (o, @) into (&, c), hence o(a,a) =
a(a, @) (=1)k (k) Similarly we show that * % w = (=1)k(n—k)¢,

(iii) and (iv). Let £ € ALV be simple and nonzero. By choosing an orthonormal basis
(e1, €2,..., en) of V such that £ = Xei Aea A--- A ey for some A\ # 0, we have

xE=Ax(et Nea AN---Neg) = epp1N--Nep <erANexA---ANep, L >

and this proves (iii) and (iv). O
From (ii) of Proposition 4.34 we infer for all £, 1 € AV, Yw,( € AFV

nA*E = (=DM g nn = (Eon) p,
xwAC=(=1)FR A xw = (we)Q,
Eenp = (x§) e (¥1) (4.36)
we( = (xw)e(x(),
<w,x€ >= (=1)FOF) <y € >
and

ENKE= €2 p=|EPp, wAxw = [w? Q= xw*Q,

&l =1[*¢&l, |w| = [ wl,

€ A xE] = €)%, w A x| = |w].
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4.35 Example. Consider R with the standard orientation induced by (ez,ey,ez).
Then #% = (—1)¥G—k) = 41 Vk =0,1,2,3 and

* e = ey N ez, *ey = —eg N ez, *ez = ez N ey,
*dr = dy N dz, *dy = —dx N dz, xdz = dx A dy.

b. Vector product

In terms of Hodge’s operator we may define the wvector product in R3.

4.36 Definition. Let V' be a vector space of dimension n endowed with
an inner product and oriented by p € A,V with |u| = 1, and let * be
the associated Hodge operator on A,_1V. The vector product of (n — 1)
vectors vy, Va, ..., Un—1 € V denoted by vy X -+ X v,_1 18 defined to be the
1-vector

v X o X vp_ = k(01 Avg A Avp_1).

We readily infer the following from (4.36):

(1) |1)1 Xoeee xvn_1| = |1}1 /\UQ/\"'/\Un_ll.

(ii) w1 X -+ X v,—1 is nonzero if and only if vy, ve,..., v,—1 are lin-
early independent and in this case v X - -+ X v,—1 is perpendicular to
Span{vy, va,..., Un_1}.

(iii) We have

v Ava A Avp_1 A (01 ><-~-xvn,l):|Ul/\112/\-~-/\vn,1|2,u.

In particular, if vy, vo,..., v,_1 are linearly independent, the basis
(V1,0 Upo1, U1 X oo X Up1)
has the same orientation of (e1, ea,..., €,).

4.37 Example. Let V = R3, (e1,e2,e3) be the standard basis of R3, and p = e1 A
e2 N es. Then

e] X eg 1= *(61 A 62) = e3,
e] X ez 1= *(61 A 63) = —e2,

e2 X e3 :=*(e2 N e3) =ej.

4.38 9. Let L : R® — R"1 be a linear map and LT = [L1|L2| . |Ln]. Show that

Rank L = n—1if and only if L1 X La X -+ X Ln, # 0 and, in this case, L1 X La X -+ X Ly,
spans ker L.
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4.2 Integration of Differential
k-Forms

4.2.1 Differential k-forms

Let Q C R™. A differential k-form (for short, a k-form) w in Q C R™ is a
map w : Q — AFR™. Thus, if k = 0, w is a function w : Q@ — R; if k > n
trivially w(z) = 0 Va, and for 1 < k < n, with respect to the basis of A¥R"
we can write

w(x) = Z weo () dz?, Vo € Q,

a€cl(k,n)

(Wa)a being the components of w with respect to the chosen basis (dz®),,.
We say that w is of class C° if its components are functions of class C*.

a. Exterior differential

The special structure of AyR™ and the notion of exterior differential dis-
tinguish k-forms from maps into a vector space of dimension (2)

Let Q C R™ be an open set. The ezterior differential of a k-form w of
class C* is defined as the (k + 1)-form dw of class C° given by

dw(z) = Z Zn: %(m) da’ A dx®.

a€l(k,n) =1

4.39 Example. In R3 the following hold:
(i) If k=0 and w(z): Q — AR = R, then
dw(z) = wp dz + wy dy + w: dz,

i.e, dw(z) is the differential of the function w at x.
(ii) If k =1 and w(z) = adz + bdy + cdz, then

dw(z) = (cy —bz)dy Ndz + (cz — az)dx ANdz + (by — ay) dz A dy.
(iii) If k=2 and w = Adx Ady + Bdx Adz+ Cdy A dz, then
A 9B 9C

dw = (Efafy+%>dx/\dy/\dz,

(iv) For every 3-form w, we have dw = 0.

4.40 Proposition. We have the following:

(i) Ifw is a O-form of class C*, then dw(z) = >\, %(m) dzt.
(ii) If k> n and w is a k-form of class C*, then dw(x) = 0 V.
(iii) d is linear: For k-forms w and n of class C*, k > 0, and A\, € R,
we have d(Aw + un) = Ndw + pdn.
(iv) If w and n are respectively a h-form and a k-form of class C*, h, k >
0, then d(w An) = dw An+ (=1)"w A dn.
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(v) If w is of class C?, then d(dw) = 0.
Proof. (i), (ii) and (iii) are trivial.

(iv) fw= ZaGI(h,n) wadz® and n = ZBEI(k,n) npdz?, then

n

dlwAn) = Z Z Z (Wamg)yi dzt A dz® A daP

i=1a€l(h,n)pBel(k,n)

i Z Z (Wa)ying dzt A dz® A daP

i=1a€l(h,n)pBel(k,n)
1)hz Z Z o (1) yi dz® A dzt A daP
i=1aecl(h,n) Bel(k,n)
=dw Adn+ (=1)"w A dn.
V) Ifw =73 crnn) wadz®, then

dw) = d(zn: ST (Wa)gidat A d:r:"‘)

i=1laecl(h,n)

Dwe D2wa i . o
- Z ) Z (axiaxj B 8x18xi)dx Adal A da
a€cl(h,n) 1717:?.17;”

=0
by Schwarz’s theorem, see [GM4]. O

4.41 Remark. As seen, property (iv), d(dw) = 0, amounts to the equality
of the mixed second derivatives of the components of w. It is a source of
several “integrability conditions” in the theory of PDE’s and in differential
geometry, see e.g., the proof of Poincaré’s lemma, Theorem 4.75.

b. Pull-back of differential forms

The structure of exterior algebra on the spaces {A*R"} explicitly shows
up in several issues, as for instance when dealing with the inverse image
of a k-form.

Let U ¢ R” and Q C RY be open sets and let ¢ : U — Q, ¢ =
(¢, ¢2,..., &), amap of class C'. As usual, denote by d¢(u) : R — RV
the linear tangent map to ¢ at u. Given a differential k-form w of class C*

on Q C RV,
w= Z W (z)dz®,
a€l(k,N)

the pull-back or inverse image of w is the differential k-form in U C R"
defined for every u € U by

w(p(u)) if k=0,

o*w(u) =<0 if k> min(n, N),
S r0) @ 0() 6% (1) A -+ A o™ (a)
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if 1 <k < min(n, N). If we introduce the exterior power of d¢(u), that is
for 1 <k <n,

AF(dg(u))(dz®) := dg™ (u) A -+ A dg™* (u),

and A%(dg(u)) = 1d, we have

PFww) = > wald(u)A* (do(u))(de®)
a€l(k,N) (4.37)

- Ak(d¢(u))(w(¢(u)))

i.e., 7 w(u) is the k-covector in AxR™ image of w(p(u)) through AF(de,).
We can compute explicitly the components of ¢#w by means of (4.19):
If D¢ (u) is the Jacobian of ¢ at u in a given basis, then

¢Folw) = Y wald(w)A"(deu)(da®)

a€l(k,n)
= > ( > wa(¢(u))Mg(D¢(u))>duﬂ.
Bel(k,n) “a€cl(k,N)

4.42 Remark. Notice that for a k-form w of class C", r > 1, and a map
¢ of class C*, s > 1, 7w is of class min(r,s — 1) if k > 0 and of class
min(r, s) if k = 0.

4.43 Proposition. Let U C R"” and V. C RYN be open sets and let ¢ :
U — V be a map of class C*. Then the following hold:

(i) ¢* is linear.
(ii) For a k-form w and an h-form n on V with continuous coefficients,
we have ¢7 (w A n) = 7w A ¢7n.
(iii) If w is a k-form of class C?, k > 0, and ¢ is of class C?, then d¢*w
and ¢7 (dw) have continuous coefficients and d¢™w = ¢7 dw.

Proof. (i) is trivial. (ii) follows from (4.17) and (4.37).
(iii). Since d? = 0, we have
d(dp™t A -+ - Ndp™k) =0,

consequently, for

w= Z wa (z)dz®

acl(k,N)

we have
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dpFw=">" deumcxwwuwdwmro

a€l(k,N)i=1 Ou

> Zzg— a%j(u)duiAdqsalAmAdqsak

a€l(k,N)i=1j=1

3 Za“’—‘”(qsu) dp Ndg®1 A+ A do,

acl(k,N)j=1
= ¢% (dw).

4.2.2 The area formula on submanifolds

In connection with the definition and the properties of the integral of a
differential k-form on a k-submanifold or, more generally, on the injective
image of a k-submanifold, the area formula or the change of variable for-
mula (that we discussed in [GM4] and will be proved in Theorem 5.100,
and that we restate for the reader’s convenience) plays an important role.
We recall that a nonempty set X C R™ is a k-dimensional submanifold
of R™ if X is locally diffeomorphic to an open set of R*. More precisely,
X is a k-submanifold of R™ if for every point © € X there exist an open
set Q, C R™, an open set U, C R* and a diffeomorphism ¢, : U, —
0, N X, see [GM4]. Of course, we may refine the open covering {Q;},cx
to a denumerable subcovering, indeed a denumerable and locally finite
subcovering!. Consequently, we may associate to the system of local charts
a decomposition of unity {o;}
(i) oy € C (),
(ili) >,y =1on X.
The k-submanifolds we have just defined are usually called subman-

ifolds without boundary; but since we shall not discuss manifolds with
boundary in details, we stick to with our submanifold notation.

a. The area formula

Let ¢ : U C R¥ = R™, n > k, be a map of class C' defined on the open set
U. Choose orthonormal coordinates in R* and R” and let (e1, €2y..., €k)
be the chosen basis in R*. Set, for u € U

J(Dé(w)) = det(Dp(u) D(u))/2 = [AL(D(u))(er Aes A+ Aey)]
and

I The claim is trivial if X is compact. For the general case, see e.g., M. Berger, B. Gaus-
tiaux, Géometrie différentielle: variétés, courbes et surfaces, Presses Universitaires
de France, Paris, 1992, p. 117.
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R:= {u c U‘ Rank D(u) = k} - {u eU ’ J(Dé(u)) # o}.

4.44 Theorem (Change of variable formula in R™). Let f : U — R
be LF-measurable. Then the following hold:
(i) The function
F():= Y f(u)

uER
P(u)=x

is H*-measurable in R™.

(ii) F is H*-summable if and only if u — f(u)J(D¢(u)) is summable in
U.

(iii) The change of variable formula holds:

/ F) (Do) du= [ F(z)dH* ().
U oU)

In particular, it follows that

/ 9(d(u))J(DP(u)) du = / g(z) dH* (z) (4.38)
U

n

for every H*-measurable function in R"V, and, taking as g the characteristic
function of ¢(U \ R), we get that the set

U\ R) = o({ueU|sDsw) =0})

is a null set.

b. The area formula on submanifolds

Let X C R™ be a k-submanifold of R®, k < n,and let ¢ : X — RN, N >k,
be a map of class C'. Let £ : X — AxR” be a H*-measurable field of unit
k-vectors on X that spans Tan, X for H*-a.e. . Introduce the Jacobian
of pat x € X

J(Do(x)) = |4 Do(x) (¢())]

and consider the regular points of ¢,

R:= {m cx ‘ J(Do(z)) # 0},
and for v: X — R set

V(y) := Z v(z), y € RN,
rER
¢(@)=y
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4.45 Theorem (Change of variables formula). Let v : X — R be a
HE-measurable function. Then V is H*-measurable in RN and V is H*-
summable if and only if x +— v(z)|A,Dé(z)(E(x))| is HF -summable in X.
Moreover,

L/ (@) (Do) dH* (@) = [ V) dH ().  (439)
X P(X)

Proof. The claim follows from Theorem 4.44. using local coordinates and a partition of
unity.

Choose a locally finite open cover {§2;}, open sets U; C R* and diffeomorphisms
wi + Ui = Q; N X. Choose an orthonormal basis (e1, e, ..., e;) in each U; and let
i i=¢pow;:U; — RY. Then

ApDypi(u)(er Aea A--- Aeg) = Mu)é(z),
ApDyi(u)(er Aea A -+ Aeg) = A Do) (A(w)é(2)),

where x := ¢;(u), hence

J(Dy;(u)) = [ApDepi(u)(er Nea A+ Aeg)
= [ADo(x)(§ ()| [Ak(Dpis(u)(er Aea A+ Aeg)l (4.40)
= J(Dg(x)) J(Depi(u)).

Let vi(z) := a;(z)v(z) and

Vi) = D wvil@) = > wilpi(u)
d)?-re)iy qui)iiy

where R; = goi_l(R). The area formula (4.38) applied to the maps v;(z)J(D¢(z))

and V;(z) yields that v;(@;(u))J (Dd(w; (u)))J (Dy;(u)) is L¥-measurable if and only if
v;(z)J(Dé(z)) is HF-measurable if and only if V; is H*-measurable and

[ i) I Dolei) I Dei) de @) = [ vl (Do(e) dit o)

U; Q;nx
(4.41)
and
[ weinrouiw)dctw = [ Vit ant ) (4.42)
U; RN
hence, because of (4.40)
[ w@imoe)ant@ = [ Vi) ant .
Q;nx RN
Summing on ¢, the claim follows. [}

As a consequence of the area formula, we get a Sard-type theorem, see
Theorem 5.55 of [GM4]: The image of the set of nonregular points of a C*
map defined on a C' k-submanifold of R™ is a null set:

H*(¢(X \ R)) =0.
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4.2.3 The oriented integral

In this subsection we introduce the oriented integral of a differential k-
form over suitable k-dimensional sets of R™, k& < n, such as oriented
(sub)manifolds and C! injective images of oriented manifolds.

Essentially, the oriented integral of a k-form is defined once we are
given

(i) an H*-measurable set S C R”,
(i) a field € : S — AxR™ of H*-measurable k-vectors with |¢(z)| = 1 for
HF ae zeS.

Indeed, if w is a k-form with #*-summable coefficients on S, [¢ [w|dH* <
400, then the integral of w over S in the direction & is

H(8,6)(w) = /S < w(@), &) > dHE(x).

Of course, the integral depends on the chosen direction field. Sometimes
the ambiguous notation

/ w:=1(8,6)(w) = / < w(x),E(x) > dHF (x) (4.43)
S S

is used specifying the direction field in the context in which the notation
appears. As stated, w is summable on S if

/ |w(z)| dH" (z) < +o0;
we say that it is summable on S along € if
/|<w 2) > | dHM(z) < +o0,

i.e., if the component of w in the direction ¢ is summable on S. Notice the
following:

(i) We have
| <w(@),é(x) > | < fw(@)[[E(2)] < |w(z)] Vo es,

hence
[ 1< w@e@) > a1t < [ fota)) areta

i.e., w is H*-summable on S along any direction if the coefficients of
w are summable on S.

(ii) Every continuous k-form w on an open set U is bounded on S if
S cc U and bounded, and H*-summable on S if S cC U and
HE(S) < +o0.

Let us discuss some interesting cases of the natural and tacitly under-
stood choice of the direction field €.
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a. Oriented open sets in R¥

Consider R” oriented by an orthonormal basis (e, es, ..., ex). Choose the
constant n-vector
et Neg N\ Aeg.

Since £F = H*, see Theorem 6.75, (4.43) defines the oriented integral over
an LF-measurable set U C R* of a k-form as

/wi:/ <w(x),er Aeg A--- Ae > dLF(x).
U U

Of course, the symbol wa is ambiguous since its value depends on the
orientation of R¥.

b. Oriented k-submanifolds of R™

4.46 Definition. A k-submanifold X of R™ is said to be orientable if there
is a continuous field £ : X — ARR™ of unit k-vectors such that £(x) orients
Tan, X Vo € X, i.e., &(z) is simple, |{(x)] =1 and Span({(x)) = Tan, X
Ve € X. We say that £ : X — AgR™ orients X.

We notice the following:

(i) If R™ is oriented by an orthonormal basis (e1, ea, ..., e,), then every
open set 2 C R™ is a n-submanifold of R™ oriented by ey Aea A- - - Aey,.
(ii) If X is orientable and connected, there are exactly two possible ori-
entations of X', one opposite the other.
(iii) There exist nonorientable submanifolds, as for instance, the Mobius
strip.

Let X be a k-submanifold of class C! oriented by & : X — A,R™. Since
X is a denumerable union of compacts, X is H*-measurable. Therefore,
(4.43) defines the oriented integral of a k-form w with summable coefficients
over an oriented k-submanifold X oriented by & as

/Xw::/x<w(x),§(x) > dH"(z).

Notice the ambiguity of the symbol |  w that does not specify the depen-
dence on the orienting field £ on X.

c. Admissible open sets

Recall, see Chapter 2 of [GM4], that a bounded open set Q C R™ is said
to be admissible if its boundary is H" !-measurable with finite H"~!-
measure and decomposes as 0 = RUN, where R is a (n — 1)-submanifold
and N is a closed set with H"~1(N) = 0.

We now define an “orientation” on Of. First, recall that if R # (),
we may consider the field of exterior unit normal vectors to Q vg(x) at
xr € R and notice that vz(z) is continuous on R and H"~!-measurable.
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Moreover, such a field is in fact uniquely defined H"~'-a.e. on 0f2. In fact,
if 90 = RUN = Ry U Ny with H"1(N) = H""1(N;) =0 and R and R,
being submanifolds of R™, then vg(x) = vg,(z) for all z € RN Ry since
RNR; is open both in R and Ry and H"~1(02\ RNR;) = 0. Therefore, the
orientation of €2 uniquely defines the field of exterior unit normal vectors
to 092,

vo(z) == vr(z) H" ! ae. x € ON. (4.44)

Now, if * is the Hodge operator associated to the orientation of R™,
again (4.43) allows us to define the oriented (by the exterior normal) in-
tegral of an (n — 1)-form with summable coefficients on 92,

fo = [ < mior > o,

where vq is given by (4.44). Of course, the symbol |, 9o w depends only on
w, 0N and implicitly on the orientation of R™.

4.47 . Let us compute in local coordinates the oriented integral of an
(n—1)-form on the boundary of an admissible domain. Let (e, e2, ..., €,)
be an orthonormal basis that orients R™. If v(z) = Y., v'e; is the exterior

vector field and w := Z?’:l(—l)i’lwi(az)d/x\i, 2 we have

n n

<w(z), () > dH" " (z) (4.45)

Z wi(@)v' () dH" (). (4.46)
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d. Immersions and C?! images of an open set

Let ¢ : U € RF — R”, n > k, be an injective map of class C!, U open.
Fix an orientation on U by choosing a basis (e1, ea, ..., e) in R¥.

Since U is the denumerable union of compact sets, p(U) is HF-
measurable.

We now define an orientation on ¢(U) as follows. Let R™ be oriented
by the choice of a basis, and let Dy(u) be the Jacobian matrix of ¢ at
u € U and

2 dzt = dz' and é; = e
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Figure 4.3. Two pages from two papers by Erich K&hler (1906-2000).

J(Dg(u)) = (det(Dip(u) Dp(u))) /2.
We have J(Dy)(u) # 0 if and only if Rank Dp(u) = k and
|7 (Dg(x))| = det(Dy(x)" De())
= [Dg(er) A+ ADe(er)?
= [Ax(Dyp(z))(er Aeg A - -

(4.47)
A en)|2.
Now, we set

R:= {u € U‘ RankDy(u) = k},

so that ¢|g is an injective immersion. Then ¢ is a local homeomorphism,

¢~ p(R) — R is continuous, and p(R) has a tangent plane Tan, ¢(R)
at every x € p(R) defined as

Tan, ¢(R) := Im Dep(u), u=p (),

of dimension k. The field a : p(R) — AxR™,

0
a_;pk(u)7

Tan, ¢(R) since the

Oy
81

is nonzero, continuous and simple and Span(a(z)) =

vectors 5 5 9
14 14 ¥
aul (U), au2 (U), auk ('LL)

form a basis of Im Dp(u). Consequently, the field of k-vectors

a(x) .= Ay(Dp(u))(er ANea A+ Aeg) =

(u) A
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£(z) = (4.48)

orients Tan, ¢(R). Notice that & depends on the chosen orientation of R¥.

On the other hand, from the Sard type theorem, see Theorem 5.55 of
[GM4], (or from the area formula that implies it, compare Chapter 2 of
[GM4] and Theorem 4.44), we infer

HM(p(U) \ ¢(R)) = H" (p(U \ R)) = 0.

Therefore, ¢ is H*-measurable and H*-a.e. defined on ¢(U): ¢ is by defi-
nition the orientation on ¢(U) induced by U.

Then, again by means of (4.43), we define the oriented integral over
©(U) oriented by the orientation induced by U of a H*-summable k-form
w as

/ w :z/ <w(x),&(z) > dH (x), (4.49)
»(U) »(U)

where ¢ is given by (4.48). Notice that the integral depends on the orien-
tation of U.

e. C! images of oriented submanifolds

Let © be an open set of R and ¢ : Q — RY be an injective map of class
C1; also, let k < min(n, N) and

S=XUN ccq,

where X is a k-submanifold of R™ oriented by a continuous field n : X —
ARR™ of k-vectors and H*(N') = 0. Examples of S are given by open sets
of R™ for k = n and boundaries of admissible open sets for £k =n — 1.

Since H*(N) = 0, the unit n-vector field 1 that orients X is defined H*-
a.e. on S and is H*-measurable. Moreover, we may think of 7 as the unit
vector that orients S since it does not depend on the decomposition of S for
HF-a.ex € S.Infact, if S = X1UN; = ALUN, with HF (V) = HF(N) =0
and X and X5 are k-submanifolds of R™ oriented in such a way that X}
and X have the same orientation on X; N Xy, then H*(S\ (X1 NAL)) = 0.

Since ¢ maps compact sets into compact sets and H*-null sets into
HE-null sets, ¢(S) is HF¥-measurable and H*(4(N)) = 0.

We now define an orientation on ¢(.S) as follows. Introduce the tangen-
tial Jacobian to X at u € X,

J(D¢(u)) = [Ax(Do(u))(n(w))|,
and consider the regular values of ¢,
R:= {u ex ‘ J(Dé(w)) # 0}.

For each u € X, choose an orthonormal basis (v1, va,..., vg) of Tan, X
that orients Tan, X as 7, i.e., n(u) = vy Ava A--- Avg. Then for x = ¢(u)
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a(z) = A (Do(u))(n(u)) = % A A %(u)

is nonzero if and only if u € R; consequently,

(4.50)

orients Tan, ¢(R) Vo € ¢(R). Furthermore, the unit field © — £(z) is
continuous on ¢(R), in fact, the map = +— u := ¢~!(u) is continuous in
#(R) since ¢ is continuous and injective in the compact set S O R. In
particular, £(x) is H*-measurable.

Finally, Theorem 4.45 implies the Sard-type property

H"(0(5) \ 9(R)) = H"(o(X \ R)) = 0.

Therefore, the field ¢ in (4.50) is well-defined H*-a.e. on ¢(9). It is referred
to as the orientation on ¢(S) induced by the orientation on S.

Again, by means of (4.43), we define the oriented integral of a differen-
tial k-form with summable coefficients on ¢(S) oriented by the orientation
induced by the orientation of S as

/ w ::/ <w(x), &(x) > dH (x),
#(S) #(S5)

where for HF-a.e. , £(x) is defined by (4.50). As previously, the symbol
/ 5(5) W is ambiguous since it does not explicitly show the dependence on

the orientation of X.

4.2.4 Integration and pull-back

A rewriting of the area formula yields also the interplay of integration and
pull-back of differential forms.

4.48 Proposition. Let U be an oriented open set of R*¥, ¢ : U — R™ be
an injective C map and let ¢(U) be oriented by the orientation induced by
the orientation of U. Then for every differential k-form that is summable
on ¢(U), the pull-back ¢ w is summable in U and

/¢<U> “ /U¢>#w-

Proof. Let (e1, e2,..., ex) be a basis that orients R*, a(u) := Ap(D¢(u))(e1 A ez A
-+ Aeg), and J(Do(u)) = |a(u)| and

Ri={ue U‘ J(De(u)) # 0}
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Then £(y) = IZEZ;I’ u = ¢~ (y) € R, is the induced orientation on ¢(S). By applying

the area formula to

0 otherwise

Flu) = {<‘”(¢(“)) oy > HueR,

we find the following:

(i) If wis H¥-summable on ¢(U), then w(p(u))J(Dp(u)) is HF-summable in U; hence
¢#w is summable as

|67 (u)] = [A* (D (u))w(d(w))]| < J(D(u)) [w(d(w))].
(ii) Since
< dFwlu),er Aea A+ Aeg, > =< AF(Do(u))(w(d(w))), e1 Aea A--- Aey >
=< w(¢(u)), a(u) >,
we deduce that ¢p#w(u) =0 if u ¢ R and
#w = #UJ u), e € e € U = w u alu U
[ oto= [ <otomenennea>du= [ <w@w)aw>ad
a(u)
lee(w)|
:/ <w(y),&(y) > dH* (y) :/ w.
#(U) #(U)

- / < w(d(w), > J(Dé(u)) du

O

Similarly, using the change of variable formula on submanifolds, we get
the following theorem.

4.49 Theorem. Let Q be an open set of R and ¢ : Q — RN be a C*
map. Suppose that S CC € is such that S := X UN where H¥(N') = 0 and
X is an oriented k-submanifold of R™. Assume that ¢(S) has the induced
orientation. Then for every H*-summable k-form w on ¢(S), ¢7w is HF-

summable on S and
/qﬁ - /(5‘ d)
(S)

4.50 9. A differential k-form w defined in R™ \ {0} is said to be radial if R#w = w for
every orthogonal R with det R = 1. Show the following:
(i) A 1-form is radial if and only if w(z) = f(r)dr, r = |z|, i.e., if and only if w is
the pull-back of a 1-form on R4 by means of the map = — |z|.
(ii) w is radial if and only if *w is radial.
(iii) A (n — 1)-form is radial if and only if it has the form

HEIDDCI cidat. (4.51)
i=1

[Hint. (1) Let w := > | w;(z)da’ in R™ \ {0}. Notice that w is radial if and only if for
the field Q := (w;(z)), we have Q(Rz) = RQ(z) Vz for all matrices R with det R = 1.
Infer that Q(x)ex = f(|z|) and that the derivatives of Q in the tangential directions to
the unit sphere vanish, concluding that w = f(r) dr. Conversely, if w = f(r) dr, compute
R#w using for instance Laplace’s formulas for the determinant.]
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4.51 Example (Volume form on S"~! C R"). Letw be the (n—1)-form in R™\{0}
defined by

n

w(z) = Z(—l)i_1 z—idzl

= |z|™
Show that
(i) dw =0 in R™\ {0},
(i) fgn—rw=H""1(S"T1),
(iii) if w(z) := x/|z| is the retraction on S™~1, then 7#w = w in R™ \ {0}.

[Hint. In fact, (i) follows by computing
n _
dw = ZD (lxln)dz A Adae™ =

Moreover, the (n — 1)-vector that orients S~ at € S®~! is £(x) := *x. Therefore,
see (4.46),

n n
<w(x),{(z) >=< Zzidzi,z;tiei >=z|? =1,
i=1 i=1
hence
/ w:/ <w, &> dHM T =Hr (s,
Ssn—1 Sn—1

ie. (ii).
In order to prove (iii), notice that w is radial, see Exercise 4.50. Then, since the retrac-

tion m on S™~! commutes with the rotations, infer that 7# (xw) is also radial and, by
Exercise 4.50, that

fr) & i—1, i
1 Zd 'L.
*w) o ; 1) atde

Differentiating,

0=r#dw = d(r#w) = ZD(f(T)> LA Ade” f(r)d LA A da®

1=1

from which f/(r) = 0 Vr, i.e., f(r) = C or, equivalently, 7#w = C w. Finally, since = is
the identity on S"~!, conclude that C' = 1]

4.52 . We may compute the integral of a differential k-form on X by means
of local coordinates. In order to do so, we choose a locally finite open cover
{§;}, open sets U; C RF and diffeomorphisms ¢; : U; — Q; N X. Choose
on each U; the orientation & induced by X' N€; and let {«;} be a partition
of unity relative to the covering {€;}. From Proposition 4.48 we infer that
every H*-summable differential k-form on X

/Xw:zi:/xaiw:g:/ﬂmxaiw:;/m @?(aiw). (4.52)
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4.3 Stokes’s Theorem

4.3.1 The theorem

Stokes’s theorem is the version of the fundamental theorem of calculus for
differential forms.

4.53 Theorem (Stokes, I). Let U be an admissible (in particular, U is
bounded and H"~1(OU) < 00) open set of R¥ (thought as oriented by R¥ ).
and let OU be the boundary of U oriented by the exterior normal vector to
U and the orientation of R*. Then

%km:iéUw (4.53)

for every (k—1)-form of class C* in an open neighborhood of U. Moreover,
if ¢ : U — RN is an injective map of class C' in a neighborhood of
U, and the images ¢(U) and ¢(0U) take the orientations induced by the
orientations of U and OU , respectively, then

/ dw = / w (4.54)
o(U) a¢(U)

for any (k — 1)-form w of class C* in a neighborhood of ¢(U).

Proof. Let (e1, e2,..., e;) be an orthonormal basis in RF so that £ :=e; Aea A---Aey

is the orientation of RF and let v = (1/1, v l/k) be the exterior unit normal field

to OU. Every (n — 1)-form on U writes as w = Zﬁzl(fl)iflwigx\i where w; € C1(D),

hence, see (4.46),
k
w= wirt dH
S = oy

On the other hand,

/dw:/ <dw,e1 ANex A+ Nep > dLF
U U

n
Ow;
:/Z Z_<dx1/\~~~/\dxk,e1/\62/\~~/\ek>dx
Ui:laxl

" Bw;
- /U Z Oxt de.

i=1

Claim (4.53) then follows, or rather is equivalent to the Gauss-Green formulas.
Let us prove (4.54). If ¢ is of class C? in an open neighborhood of ¢(U), then ¢#w
is of class C'! in an open neighborhood of U and d(¢#w) = ¢#(dw); (4.53) then yields

/U o du = /U d(¢*w) = /@ ot (4.55)

If ¢ is only of class C', we proceed by approximation. Let {¢e}, ¢e : RF — RN,
be a family of mollifying of ¢ converging to ¢ in C' norm. Since the pull-back involves
only the first derivatives of ¢, we have
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oFw = ptw,  oFdw — ¢Fdw
uniformly on U. If we now write (4.55) for ¢e and pass to the limit as ¢ — 0, we conclude
that (4.55) holds for ¢.

Finally, w is H*-summable on ¢(U) and dw is H*~'-summable on ¢(dU) since ¢(U)
and ¢(0U) are bounded and of finite measure. Thus, Theorem 4.49 and (4.55) then yield

Juon®= 1,2 00= [y 7= ]

4.54 Theorem (Stokes, II). Let X be a compact and oriented k-sub-
manifold of class C* in RN with H¥(X) < co. For every (k — 1)-form w
of class C' in an open neighborhood of X we have

/X dw = 0. (4.56)

Moreover, if ¢ : X — RN s of class C*, then for every (n — 1)-form n of
class C in a neighborhood of ¢(X), we have

/ dn = 0.
B(X)

Proof. Let A be an open bounded set containing & and on which w is of class C!. Let
{Q;} be a finite covering of X with open connected sets ©; C A, and for every 4, let B;
be a ball in R* and let @; : B; CR™ — Q; N X be a diffeomorphism. We orient each B?
in such a way that the induced orientation on X' N€; is the orientation of X. Let {c; } be
a partition of unity associated to {€;}. Then >, o; =1, hence >, doy; =d(3_, ;) =0

in X. Consequently,
Z a;dw = Z d(a;w) in X.
i i
By integration

Adwz/}{Zaidw:/){Zd(aiw)

and, since the {«;} are finitely many, from (4.54) we infer

/«vdw:/xzi:d(%w Z/ (i) = Z/wB) o) Z/amm w=0

each a; vanishing near the boundary 9(Q; N X') = 9p;(B;).
If ¢ is of class C2 in an open neighborhood of X, then ¢#n is of class C! in an
open neighborhood of X and ¢# (dn) = d(¢#n). Consequently, from (4.56) we have

/¢#(dn):/ d(¢*w) = 0. (4.57)
X X

If ¢ is only of class C, we proceed by approximation as in the proof of Theorem 4.53
to get (4.57). The claim then follows from (4.57) and Theorem 4.49. O
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4.3.2 Some applications

a. Piola’s identities
Let A € M, »,(R) be a matrix; for 4,j = 1,...,n denote by M(A)% the

determinant of the submatrix of A obtained by deleting row ¢ and column
j. We arrange them in a matrix, the matriz of cofactors cof(A) defined by

cof (AL := (—1)" M(A)

J [

so that Laplace’s formulas read as

A cof(A) = det A Id.

4.55 Proposition (Piola’s identities). Let Q2 be an open set in R™ and
let f:Q — R"™ be a map of class C1 (). ThenVi=1,...,n

n

ZDj(cofo)g =0 in Q.

Jj=1
Proof. Let (e1, ea2,..., en) be an orthonormal basis in R™. Reordering the components
of f = (f',...,f") we may assume i = 1. An integration by parts yields for all ¢ €
Cee (),
—/ > " Dj(cof Df)]pdx = / > (cof Df)]Djepda = / > Ajcof(A)] da
Qi =1 i1
J J J
= / det A dx
Q
=/ <detAdz' A---Adz",e1 Aea A+ Aep > dx
Q
where
Dy
2
A = Df
Df™

On the other hand,
det Adz! A Ada™ =do ANdf2 A - Adf™ =d(o Adf? A AdFT),

hence by Stokes’s theorem

/ <detAda:1/\~~~/\da:",e1/\ez/\~~~/\en>dz:/ ONdfEA- AT =0.
Q o

Consequently,
n
/ Z Dj(cofo){wdx =0
Qi

and the claim follows since ¢ € CZ° () is arbitrary. O
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b. Brouwer’s fixed point theorem

We discussed Brouwer’s fixed point theorem in [GM3]. Here we deduce it
(in one of its equivalent forms) from Stokes’s theorem.

4.56 Theorem. There is no continuous map f : B(0,1) C R™ — 9B(0, 1)
such that f(z) = x Yo € 0B(0,1).

Proof. Suppose to the contrary that there is such a map f. Smoothing the continuous

function
N 1—¢ £ if 2] <1 —F¢,
o f0ma) W,
T if | >1—c¢,

we find then a function g : B(0,2) — 0B(0,1) of class C* such that g(z) = = on

0B(0,1). The vectors %(x), R a‘z—%(x) are linearly dependent since they belong to
Tang(,) 0B(0, 1) that is (n —1)-dimensional. Consequently, A"Dg(z)) = 0 and 9#n =0
for all n-forms 7. Let w(z) = Y1, (—1)i7! ‘;”‘1,”3:? be the volume (n — 1)-form on

0B(0, 1), From Example 4.51 and Stokes’s theorem we then have

02 H T OBO) = [ w= o= [ dgtw
8B(0,1) 8B(0,1) B(0,1)
= g7 (dw) = 0dz =0,
B(0,1) B(0,1)
a contradiction. 0

c. Brouwer’s degree

Let X and Y be two connected and oriented submanifolds of RY and let
f: X — Ybeamap of class C'. Let £ and 7 be the orientations of X and ),
respectively, let a(x) := A,Df(z)(&(z)), and let R := {z € X' |a(x) # 0}
be the set of regular points of f. Then, as we saw in Section 4.2.3, for all
r€eR

4.57 Definition. With the previous notations, the degree of the map f
aty € Y is the integer

deg(f,y) : =

|

S
—

8
m
=
Kﬁ
—~
&

Il
=
Q
—
8
S~—

I
=
—
Kﬁ
—~
&

—

[
(]
€
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In other words, we count the inverse images x of y in R with sign 41 if
D f(x) preserves the orientation of ) and —1 if D f(z) reverses the orien-
tation of ).

It is readily seen that

(i) deg(f,y) is integer, zero outside f(R),
(ii) deg(f,y) = +1 on f(R) if f is injective and the orientation of f(R)
induced by the orientation of X is that of ).

4.58 Proposition. The function y — deg(f,y) is H*-measurable. More-
over, for every n-form w on Y of class C, the map y — deg(f,y)w(y) is
HE-summable on Y if and only if v +—< fFw(x),&(x) > is summable on
X and

/ fho = / deg(f, ) w(y). (4.59)
X y

Proof. Set
v(z) = {< w(f(z)),¢(z) > ifxzeR,
0

otherwise.

We have
< fFu(@),£(z) >=< w(f(x)), a(z) >=v(z)|An(Df(2))(E(x))| Vo eR

and for all y € f(R)

Vi = > v@)= ) <w(f@) alz)>

flz)=y zER

zER flz)=y
= (wly), > e@nly)) = deg(f,y) < w(y),n(y) > -
f(xf)Zy

The claim is then a trivial application of Theorem 4.45 since

/X<f#w(x)£ > dHF (x /f#

and

/V@wﬁ@:/@%mwmm
y y

4.59 Theorem (Brouwer’s degree). Let X and Y be two oriented, con-
nected and compact n-submanifolds of RN . Let f : X — Y be of class C'.
Then y — deg(f,y) is constant H™-a.e. y € V. In other words, there exists
an integer deg(f) € Z such that for every summable n-form in Y we have

|t = dexts) /y w. (4.60)
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Proof. Tt suffices to prove that deg(f,y) is locally constant for H*-a.e. y € ). Since
YV is connected and deg(f,y) is an integer, it follows that deg(f,y) is constant. Then
(4.60) follows from (4.59).

Let ¢ : U — Q be a diffeomorphism from an open set U C R™ onto a local chart 2
of Y and choose in U an orthonormal basis so that the induced orientation on ) is the
one of Y. By choosing a continuous n-form in ) that is nonzero in €2, the area formula
yields that deg(f,y) is locally summable in Q. If g(z) := deg(f, ¢(z)), 2 € U, then g is
locally summable in U.

For all ¢ € C2(U) and 1 < i < n, we consider the (n —1)-form 7 := qS(z)(—l)i_ld/;i
and using (4.59) and Stokes’s theorem, we compute

) - — —1\# — —1\#
/U 9(2)Did(2) dz /U gdn /Q (o~ 1)*(gdn) /y deg(f, v)(e~ ") (dn)
- / P (dn) = / (o=t o f)* (dn)
X X
= [ et o py#m =o0.
X

From the DuBois-Reymond lemma, Lemma 1.52, we then infer that g(y) is constant in
U, hence deg(f,y) is constant in Q. O

The integer deg(f) defined by (4.58) and satisfying (4.60) is called the
degree of the map f : X — Y. Of course, it depends on X and ) and its
sign depends on the chosen orientations of X and ).

We list some trivial consequences of (4.60) keeping the previous nota-
tions.

(i) If deg(f) # 0, then the set of regular values of f has zero measure in
V. ie. HAV\ F(R)) =0,

(ii) If deg(f) # 0 and R = X, then for all y € Y the equation f(z) =y
has at least a solution x € X.

Moreover, see Proposition 4.79, the degree of two homotopic maps is
the same.

When X =Y = 0B(0,1) C R™, the degree of f is simply Brouwer’s
degree, compare [GM3], for which we have, for instance, the following:

(i) Two maps from a sphere into itself are homotopic if and only if they
have the same degree.

(ii) f:S™ — S™ has a continuous extension to all of B(0,1) C R** if
and only if deg(f) = 0.

d. Gauss-Bonnet’s theorem

Let X be a 2-dimensional submanifold in R* and v : X — R? denote the
field of unit normal vectors that orients X'. Since |v| = 1, v takes values in
S? = {y||y| = 1} and the map v : X — S? that orients X takes the name
of Gauss map. Since |v(z)| = 1 Vz, for every tangent direction a € Tan, X
we find

Q| Q
<

S

Z—(m).u(m) =0 Vo e X,

i=1
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ie., %(Q:) € Tan, ;) S2. Since +v(x) € Ay Tan, (4 52,
Ao(Dv(x))(xv(x)) = k(x) * v(x).

The proportionality factor k(z) is called the Gaussian curvature of X at
x.

If w denotes the volume 2-form of S% we have < w(v(z)), xv(z) >= 1,
hence

< v#(w)(x), *v(z) > =< w(v(x)), A2 (Dv(z))(xv(z)) >
=< w(v(z)), k() xv(z) >

= k(x).

From the constancy of the degree, we then infer the following theorem.

4.60 Theorem (Gauss—Bonnet). The integral of the Gaussian curva-
ture is an integer multiple of 47, more precisely, 4w times the degree of the

Gauss map,
1

= k(x) dH?(z) = deg(v).
T Jx

Proof. In fact, from the above,
/ k(x)d’HQ(z):/ < v (W) (@), () > d?—LQ(z):/ v
X X x

= deg(v) /52 w = 4w deg(v).

e. Linking number

Let X and ) be two boundaryless, compact and nonintersecting oriented
submanifolds in R™ of dimension k and n — k — 1, respectively (for in-
stance, two regular, closed curves without intersections in R?). Consider
the product submanifold X x Y C R?" oriented by &(x) A n(y), where &
and 7 are the fields of k-vectors and (n — k — 1)-vectors that orients X' and
Y, respectively, and the map f: X x Y — S*~! given by

o= L2

The map f is smooth in a neighborhood of & x Y and its degree is called
the linking number of X and Y and is denoted by

link(X,Y) := deg(f).
It follows from (4.60) that

. 1
link(X,)) = W /XXy f#(w)
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y=1(0,1,1)

e

Figure 4.4. Linking of two curves in R3.

where w is the volume (n — 1)-form of S"~!. Notice that the pointwise
definition of the degree in (4.58) yields an explicit formula for computing
the linking number.

4.61 Example. Compute the linking number of the two curves in R3:
~(t) := (cost,sint,0), ¢ € [0, 2n], 4(s) := (0,1 + cos s,sins), s € [0,2n].

Let X and Y be the trajectories oriented by the direction of movement. We need
to compute the degree of the map f: X x Y C R3 x R® — 52 C R3 given by f(z,y) :=

. In order to do it, we use (4.58).

X
ly—=|

Consider the point (0,0,1)7 € S2 C R3 whose unit normal vector that yields the
standard orientation of S2 is (0,0,1)T.

Step 1. First, we look for points (z,y) € R3 x R3 such that

0
r € X, yey and y-e o 0
ly — | 1

We need to find ¢, s € [0, 27 [ such that §(s) —v(t) = (0,0,\)T with XA > 0, i.e.,

—cost

1+ coss—sint | = A > 0.

> O O

sin s

This system of equations has solutions if and only if ¢ = 7/2 and s = 7/2, hence the
couple

0
T=|1], y=11
0 1
is the unique solution of f(x,y) = (0,0,1)T.
Step 2. The unit tangent vector to () at © = (0,1,0)7 is (—1,0,0)T = —e_ 1 and
the unit tangent vector to &(s) at 7 = (0,1,1)T is (0,—1,0)T = —e,2. Therefore, the

unit tangent 2-vector to X x ¥ C R3 x R3 is e,1 A e,2. The transformation matrix of
g(z,y) :=y — x is the 3 x 6 matrix

Dyg(z,y) = —1d +1d )
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and, since 7 — T = (0,0,1)7T,

1 0 O -1 0 0 1 0 O
Df(z,y)=(0 1 0 —1d +1Id =10 -1 0 1 0 O
0 0 O 0 0 0 0 0 O

Since A2Df(ez1 A eyz) is the exterior product of columns 1 and 5 of D f, we find

-1 0 0
A2Df(eyiAe2)=| 0 [Al1]=—x[0
0 0 1

Hence A2Df(e 1 A eyz) #0, i.e., (0,1,1)7 is a regular value for f and f reverses the
orientation of the sphere S2. In conclusion,

link(X,Y) = deg(f) = deg(f, (0,0,1)T) = —1.

Notice that the result is in accord with the intuition: We choose a smooth surface S
with 9S = Y oriented in such a way that S and Y have the same orientation and such
that S intersects X transversally. If ng is the unit normal to S, we count the intersections
with X positively if ¢’ ens > 0 and negatively if ¢ ems < 0, & representing X. The
sum is the linking number of X and ).

Another example is given in Example 4.70.

4.4 Vector Calculus

In this section we develop some calculus for forms, in particular, we see that
the classical differential operators div and rot are suitable combinations
of Hodge’s operators * and of the exterior differentiation operator d.

4.4.1 Codifferential

Consider R™ oriented by the standard basis (eg, e, ..., €,) and endowed
with the standard inner product zey := > " z'y’. Let us denote by
EF(U) the space of k-forms with smooth coefficients on U.

In addition to the operator of exterior differentiation,

weEU) = dwe L),

we introduce the operator of codifferentiation, or codifferential, § : E¥(U) —
EMH(U) by

6= (1) g d x .
Notice that dw = 0 if w is a O-form and that § does not depend on the
orientation because in its composition the % operator appears twice.



256 4. Differential Forms
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1990

Figure 4.5. Frontispieces of two monographs by Hermann Minkowski (1864-1909).

4.62 Example. Let w := Y. ; w; dz® be a 1-form. Then xw = Z?zl(—l)i_lwiit\i
and

d(xw) = (iDM) de' A ... dz",
i=1
dw= (-1 xdxw= iDiwi,
=1

The operator § is called the codifferential operator since d and ¢ are
adjoint to one another. In fact, the following holds.

4.63 Proposition. Let U be an admissible set in R™ and let w and n be
a (k — 1)-form and a k-form in U, respectively, with coefficients of class
C' in a neighborhood of U. Then

/dwondac—i—/wodndx:/ w A (xn).
U U ou

Proof. In fact, compare the formulas in (4.36), we compute
d(w A xn) = dw A *n + (71)k_1w/\d*n
=dw A w4 (=1)F (=) FEDED G A s s dxp
=dw A s+ (=1 DG A xin
= (dwen)dz* A...dz" 4+ (wedn)dz A... da".
Integrating on U and applying Stokes’s theorem, this yields the result at once. O

Of course, if the coefficients of w and n have compact support in U,
the boundary term vanishes. Let us discuss more closely the vanishing of
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the boundary term. Let v(z) denote the unit exterior normal vector to U
at x. Every k-vector decomposes uniquely as

=4 +& Av(), &1 € ARR™, & € ApR™.

Correspondingly, every k-form w in U determines two functions tw and
nw from QU into AxR™ by

<tw, & >=<w,& >, <nw,& >=<w, & AV >,

called the tangential and the normal part of w on OU, respectively. It is
easy to see that

(i) w=tw+nw on U,
(ii) the integral on QU of a differential form depends exclusively on its

tangential part
/ w= / tw, / nw =0, (4.61)
oU oU oUu

smw = t(xw),
(vi) d(nw) =n (dw),
(vil) t(wAn) = t(w) At(n),

In particular,

wA (xn) =t(wA (xn)) =t(w) At(xn) =t(w) A x(nn).

As a consequence of Proposition 4.63 the following holds.

4.64 Corollary. Let w and n be a (k — 1)-form and a k-form of class
C1, respectively, such that either tw(z) = 0 or nn(x) = 0 at every point

x € OU. Then
/dwon +/wo577:0.
U U

4.4.2 Laplace’s operator on forms

By means of the first order operators d and ¢ we define Laplace’s operator
for every k-form w of class C? as

Aw = (dd + dd)w.
Notice that for 0-forms, w = f € C?(U), since §f = 0 we have

Af = o) =3 ;.

i=1
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i.e., the ordinary Laplace’s operator for functions. Proposition 4.63 yields

/ (—Awew)dx = / (|dw|?* + |6w]|?) dz + / (0w A *w +w A *xdw) (4.62)
U U ou

for every k-form of class C? and, when one of the following three conditions
holds:

0 dw =0 and éw = 0 on OU,
o tw=0on U,
o nw=0on JU,

we have

/ (dw A *w + w A dw) = 0.
oU

This is trivial when the first condition holds. When the second or the third
condition holds, it suffices to note that

t(0w A xw + w A *xdw) =t (w A *dw + dw A xw)
=t(w)A*d(nw) +dtw) A (nw).

Under one of the previous boundary conditions, (4.62) then yields
/ (—Awew)dzr = / (|dw|* + |dw]|?) dz. (4.63)
U U

4.65 Definition. We say that a k-form is a solution of the self-dual equa-
tions in U if it solves the first order differential system

dw =0, mn U.
dw=20
We say that w is harmonic if Aw =0 in U.

By applying (4.62) to domains V' CC U, one shows that w is harmonic
if and only if w is of class C? and w solves the self-dual equations dw =
ow = 0.

By means of a computation that we omit, one also shows that if w :=
Zae](k,n) wedz®, then

Aw = Z Aw,g, dx®.

acl(k,n)

It follows that

—Awew)dr = — aAwy d
/U( wew)dr /UEQ waAw. dr
. Owa o me
:/U Ea vaa|2dx_/3(]i_gl Ea waEd,H L
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A comparison with (4.62) then shows that
/(|dw|2—|—|(5w|2)dx and / Z|Vwa|2 dx
U U
differ by a boundary integral and, more precisely,
/ (|dw]? + [5w]?) dz = / S |Ven|? da
U U
i—11 Owl* —~ )

—/BU((Sw/\*w—&—w/\*dw—&-;(—l) 5 Bri dxt ).

4.4.3 Vector calculus in two dimensions

Consider R? with its inner product and oriented by its standard basis
(ex,ey), where e, := (1,0), e, := (0,1). We recall that for a plane field
E = (P,Q) we define

. oP  9Q
divE = VeFE .—%—Fa—y,

0Q J0P
I'OtE—VXE—a—x—a—y

Hodge’s operator * acts on the dual basis (dz, dy) of (ey,e,) as
xdxr = dy, xdy = —dx.

Finally, the isomorphism between vectors and linear maps is represented
in our coordinate system as the identity, i.e., we may identify the vector

E(z,y) = P(z,y) ea + Q(z,y) ey
with components P(x,y) and Q(x,y) with the 1-form
w:= P(z,y)de+ Q(z,y)dy
so that < w,v >= Fev Yv € R2. We then have

{w = P(J),y) dx + Q(J;7y) dy7
*w = P(x,y)dy — Q(z,y) dx

and 5P 8
5w:*d*w=—+—Q=divE,
or 50\ %
dw:(—8—y+£>dx/\dy:rotde/\dy.



260 4. Differential Forms

Notice that the self-dual equations

dw =0, . divE =0,
equivalently
dw =0, rot £ =0,

are the Cauchy—Riemann equations for the complex function

[(2) = P(x,y) —iQ(x,y), z =z + 1y,

and that w and *w are the real and imaginary part, respectively, of the
differential f(z)dz, i.e., f(z)dz = w + i(xw). In conclusion, we may state
that the following facts are equivalent:

(i) f is holomorphic.
(ii) f(z)dz is a holomorphic differential.
(iii) the real part w := R(f(2) dz) of f(z)dz is a solution of the self-dual
equations.
(iv) the imaginary part xw := (f(2)dz) of f(z)dz is a solution of the
self-dual equations.
(v) w:=R(f(z)dz) is a harmonic form.
(vi) *w := $(f(z)dz) is a harmonic form.
(vil) P and —@Q are two conjugate harmonic functions.

4.4.4 Vector calculus in three dimensions

Consider R? with its standard inner product oriented by its standard basis
(ex,€y,€.), where e, := (1,0,0), e, := (0,1,0) and e, = (0,0,1). Recall
that for a field F = (E', E%, E3), we define the divergence and the curl of
the field E, respectively, by

OE! . 0E? n OF?
Ox Oy 0z’

divE = VeFE =

and

€ ey ez
rotE=VxE:=|2 9 9

9z By 0z
E' E? FE3
= (BEy —EJ)e. + (B} — El) ey, + (E, — E})e..

The Hodge * operator acts on the dual basis (dz, dy, dz) of (e, ey, e-)
as

xdr = dy N dz, xdy = —dz Ndz, xdz = dx N\ dy,
xdy \dz = dx, xdr A dz = —dy, xdr ANdy =dz
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(i) Some formulas from vector calculus

V(f+9)=Vf+Vg,
V(fg) = fVg+gVf,
div(F + G) =divF +divG,
div (fF) = fdivF 4+ VfeF,
rot(F 4+ G) = rot F + rot G,
rot(fF) = frot F + Vf X F,
V(FXG)= GerotF — FerotG,
V(FeG)=(FeV)G+ (GeV)F+F xrotG+ G xrotF,
rot(F x G) = FdivG — GdivF + (G e V)F — (Fe V)G,
rot(Vf) =0,
div rot F' = 0,
Af=divV],
AF = Vdiv F — rot(rot F),
V(|F|?) =2(FeV)F 4 2F x rot F,
div(Vf x Vg) =0,
A(fg) = fAg+gAf+2VfeVyg,
HoeFXG =GeHXF = FeGXxXH,
Hoe((FXV)XG) = ((HeoeV)G)eF —(HeV)(VeG),
Fx(GxH)=(FeH)G— (FeG)H.
(ii) Let E : Q C R® — R3 be a field of class C! and © be simply connected.
Then E =V fifrot E =0.

(iii) Let E:Q C R? — R3 be a field of class C* and Q be & contractible. Then
E =rotH if divE = 0.

Figure 4.6. Some useful formulas from vector calculus in R3: f and g are functions and
E,F,G and H are fields.

and
sk = (—1DFCR =41 vk =0,1,2,3.

Since the isomorphism between vectors and covectors in R? in our
coordinates is the identity, we may identify the field

E = El(x7yv2) €x + Ez(xay7z) ey + Eg(x,y,z) €z
of components (E', E?, E3) with the 1-form
w:=EY(x,y,2)de + E*(z,y,2) dy + E3(z,y, 2) dz.

Now,

w=FEYdz + E*>dy + E3 dz,
1 ) 3 (4.64)
xw=F dyNdz— E*dx Ndz+ E°dx N\ dy,

thus
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oOE'  OE%* OF? .
d(*w):((,M + ay + 6Z)dar:/\dy/\dzzdlvEdav/\dy/\dz,

3 Ei
bw=xdrw=>_ o = divE,

i=1

dw = (Eg —Ef) dy Adz + (Eg—E;) dz Adz + (Ej —E;) dz A dy,
* dw = (E;j —EZQ) dx — (Ef —E;) dy + (E; —E;) dz =rot E.

Moreover, the components E', E? and E® of E are harmonic functions if
and only if Aw = 0, or, equivalently,

dw =0, divE =0,
or also
ow =0, rot £ = 0.

4.66 9. Let a,b and c be three vectors in R3. Show that * (a X b)ec = a AbAc. The
scalar (a x b) e c is called the triple product of a,b and c, and its modulus is the volume
of the parallelepiped of sides a, b and c. One sets vol(a, b, c) := (a X b)ec.

4.67 9. Prove some of the formulas in Figure 4.6.

a. Stokes’s theorem in R3

Let U be an admissible open set in R? and Q an open set_in R3, let
¢ : U — Q be a map of class C' in an open neighborhood of U, injective
on U with Jacobian matrix of maximal rank, and let S = ¢(U). Consider
in Q a field E = (B, Ea, E3) : Q — R? of class C1(2) and the associated
1-form w := Ey dz' + By da® + Ez da®. If v : [0,1] — R? is a simple closed
curve that travels QU anticlockwise, i.e., is injective in [0, 1[ and its tangent
vector t(z) orients Tan, OU, then

1 1
[ w= [ catetun0)> di= [ <otuto)0) >
$(8U) 0

0
= L(¢*w,y) = L(w,po7),

ie., f¢(aU) w is the work done by w along the curve ¢ o that travels 0S.
On the other hand, since ¢ has maximal rank

A2D¢(u)(61 A 62) #0 Vo € U,

the 2-vector

_ AoDo(u)(e1 Ae2)
$@) = 1K, Dou)(er A ea)]

orients S = ¢(U) with the orientation induced by U via ¢. If

vs(o) 1= w6(0) = SEIEE G =,
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then xvg(x) = * x £(x) = £(x) and, compare (4.36),
< dw(z),&(x) >=< *dw(z), *¢(x) >= rot E(z) evs(x) .

Stokes’s theorem,

/ w:/ w:/ dw:/<do.),€>d’;‘-[k7
$(8U) $(8U) B(U) s

then reads as circulation or rotation or curl theorem.

L(E,$or) :/ rot Eevg dH>. (4.65)
S

4.68 The curl as circulation of a field. Let E be a vector field of
class C*(Q), 2o € Q, Q being open, and let v be a unit vector. Con-
sider the plane perpendicular to v through zy and oriented by v; for every
e > 0 denote by d. : [0,1] — P the circle B(zg, €) N P oriented by dB (2o, €),
i.e, so that

det[(z — xo) | t(z) |v] > 0.

Then Stokes’s theorem yields
/ (rot Eev)dH? = L(E,J.),
B(zo,e)NP
and, according to the integral mean theorem,

1
rot E(zp) ev = lim — L(F, §.)

e—0 7re2

or, equivalently,
L(E,6.) =7 (rot E(xq)ev) € + o(e?).

In other words, (rot E(z) ® v) me? is the measure at the first order of the
work done by E at the circuit d.. Of course, the work depends on the
orientation of the circuit 0 and takes its maximum (at first order) when
v =rot E(xq)/| rot E(xo)| where it is given by | rot E(z)| me.

4.69 Example. Let us illustrate a new computation of the linking number of two

simple and closed curves v and § in R3. Let w := % | (—1)"~1 ;l‘; dz* be the volume
2-form of S2, g(x,y) ==y —z, z,y € R? and f(x,y) := Iziil’ Then f(z,y) =mog,

7(z) := z/|z|, hence f#w = y#7n#w = g#w, compare Example 4.51. We now compute
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Figure 4.7. The linking number of the two curves in the figure is zero although the two
curves cannot be unlinked.

Fho=o* wZ< 1 a6 0
= 3 OO ) )] e

A (t) — &' (s))  dt Ads

Il
|
[
—
(=9
=
W
N
2
=
o~
=
=
—

vol (8(s) = 4(£)),7'(1), 9'(s))
= — 3 dt A ds,
[6(s) —~(B)]
where vol (a, b, ¢) is the triple product of the vectors a, b and ¢, compare Exercise 4.66.
Since [go w = H?(5?) = 4, we infer

vol (v(s) — 6(¢),~'(s), 8 (¢))
4 link(, ) = / / v(s) — o(8)3 dst

4.70 Example (Ampere’s law). The linking number is strongly related to Ampere’s
law on the circulation of the magnetic field. Suppose that an electric current travels along
a closed regular curve (), t € [0, 1]. A magnetic field is generated and, according to the
Biot—-Savart law, the magnetic field H at = due to the current traveling the infinitesimal
oriented arc dy is proportional to

dy x (z —y)
ly — |3

)

hence the total magnetic flux at  due to the circulation of the electric current in + is

proportional to
1
s)—x
B(x) ::/ Ll x v'(s) ds.
o [v(s)— =
Consequently, the work £ done along a curve § : [0,1] — R3, with disjoint trajectory
from ~ is proportional to

vol (v(s) — 8(t), 7' (s), 8 (t))
/B (£)) +8'(t) dt = /dt/ () — (D)7 o

i.e., compare Example 4.69, L is proportional to the linking number of v and §: this is
the Ampeére law.

One sees that two “unlinked” curves have zero linking, but it is not true in general
that two curves with zero linking number can be unlinked, see Figure 4.7. This shows
that the linking number is more related to work than to the intuitive notion of geometric
link.
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4.71 Example. Let us compute the divergence and the curl of the field

1 _

B(z) := / Lﬂ: x v'(s) ds, z €R3\ ITm~.
o (s)—=l

For z,y € R? we set F(y,x) := ﬁ

Computing the divergence. We have

1 1
VeB(z)= Vo/o F(y(s),z) x v'(s) ds :/0 Ve (F(v(s),x) x 7' (s)) ds.

Now,
Veaxb =sxdx*(x(aAb)) =xd(aAb) =x(da Nb—aAdb).

In our case, a = a(z) = f(v(s),z) and b = +/(s). Consequently, db = 0 but also da = 0.
Therefore, Ve (F(v(s),z) x 7'(s)) = 0 Vs and, by integration, we conclude div B = 0
in R3\ Im~.

Computing the curl. We have
1
(Vx B)@) = [V x (F(r(5).2) x 7/ () ds
0
and recall that
Vx(FxG)=FdivG—GdivF+ (GeV)F — (FeV)G.
Since in our case F' = F(v(s),z) and G = 7/(s), this yields

Vo X (F(v(s),x) X 7' (s)) = v'(s) diva F(y(s), ) + (7'(s) ® Vo ) F(7(s), @)

On the other hand, it is easily seen that

div 4 (M> =0 and VeF(y,z) = =V F(y,x);

[v(s) — x|
therefore,
Va x (F(y(s),2) x7'(s)) = 7' (s) o V& F(z,7(s))
= 7 (5) # Yy F(@,7(5)) = = S F((5), 7).
Hence, we conclude that
1
V x B(z) =— diF(V(S):l‘) ds = F(y(1), z) — F(7(0), z);
0 S

that is, rot B = 0 in R3 \ Im~ because ~ is closed.

4.5 Closed and Exact Forms

The question of whether a closed differential form is exact is deeply con-
nected and actually is one of the formulations of the difficult question of
deciding whether a (k — 1)-dimensional submanifold Q is or is not the
boundary of a k-submanifold. However, it is simpler as it involves only
oriented integrals, i.e., mean properties.
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4.5.1 Poincaré’s lemma

4.72 Definition. Let Q be an open set in R". A k-form w of class C' is
said to be closed in Q if dw = 0. A k-form with continuous coefficients is
said to be exact in Q if there exists a (k — 1)-form o of class C*(Q) such
that w(x) = da(x) Yo € Q. In this case we say that « is a primitive of w
in )

Since d?w = 0, every exact form of class C? is closed. As we saw in [GM4]
Chapter 3, there are closed 1-forms that are not exact, although as we saw
there, if  is simply connected, then all closed 1-forms in 2 are exact in
Q. We now partially extend the previous result to k-forms.

We state a few facts.

4.73 Definition. An open set Q C R™ is said to be contractible if there
exist a continuous map H : [0,1] X Q& — Q and a point xy € Q such that
H(l,z) =2 and H(0,2) = x¢ Va € Q.

In other words, €2 is contractible if and only if the identity map in Q
is homotopic with values in €2 to a constant. We observe that when Q
is contractible, by a suitable procedure of regularization that we do not
discuss here, we may assume that the homotopy H : R x Q — Q is a map
defined in R x Q and of class C*(R x Q).

Let Q be an open set of R® and denote by (e, e1, ea, ..., e,) the stan-
dard basis of R x R™ and by (dt,dz", ..., dz™) its dual basis. Every k-form
w in R x Q may be written uniquely as

w = Z wadr® + Z w(g,pdt A da® =: wy +dt A Nw- (4.66)
a€l(k,n) pBeIl(k—1,n)

Trivially < wy,v1 Ava A--- Avg >=0and < n,,v1 Avg A--- Avg_1 >=0
if one of the {v;} is a multiple of ¢, = (1,0,...,0). We introduce the
homotopy map
K : k-formsin R x Q — (k—1)-forms in
that maps a k-form w in Q X R into the (k — 1)-form K(w) in Q obtained
by integrating along the fiber the form 7, in the decomposition (4.66),
1
< K(w)(@),& >= / < m(ta),E> dt, Ve AR (4.67)
0

Clearly, K (w) is of class C* if w is of class C* for every s > 0. For all t € R
denote by i; the map = — (¢, z) from € into R x Q.

4.74 Proposition. For every k-form w of class C*, s > 1, we have

itw—ifw=dK (W) + K (dw).
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Proof. Since the formula is linear in w, it suffices to prove it for forms of the type
w = f(z,t)dz®, |a| =k, and w:dt/\g(:r;,t)d:r;ﬁ, 1Bl =k -1,
where f and g are of class C!. In the first case,

7]
dw = dt A a—{(m, t)dz® + terms that do not involve dt,

hence for every £ € AgR™

1
<K(dw),£>=/0 %(t,x)dt<dm°‘,§> (4.68)

=(f(1,z) — f(0,2)) < dz™, & >=< i#w — i#w,{ >,
and the claim follows since trivially K (w) vanishes. In the second case,
n .
dw = Zdt A gpida® A dxP,
i=1
hence

< K(dw), & >=§:/0 a—;(t,x)dt <dzi AdzP e > .
i=1

On the other hand, differentiating under the integral sign,

d(Kw) = d(/o1 g(t, ) dt) AdzP = 72 (/01 ;ji (t, :c)dt)dxi Adz®.

It follows that d(Kw) + K (dw) = 0. As i’fﬁw = i#w = 0, we again see that our formula
holds. O

4.75 Theorem (Poincaré’s lemma). Let Q C R™ be contractible with
a smooth homotopy H. Then every closed k-form in ) is exact in Q. More
precisely, for every closed k-form w of class C*, s > 1, the (k — 1)-form
K(H#w) is of class C* and

dK(H*w)=w  in Q. (4.69)

Proof of Theorem 4.75. Let w be a closed k-form in Q that we think of as being ex-
tended to R x Q by extending its coefficients as constant in ¢. Let H : Q x R — Q be the
contraction map and 41,40 : @ — € X R given by i1(z) = (1, ), io(xz) = (0,z). Then

Hoi; = Id on Q, H oip = x0 on £,
hence
w=(Hoi)#w= ifbH#w, 0= (Hoip)#w= i#H#w.

Since dw = 0, we find dH#w = H#(dw) = 0, thus Proposition 4.74 yields w =
z”féH#w = d(K(H#w)) and K(H#w) is a primitive of w. It is easily seen that the
primitive is of class C* if w is of class C* and H is of class C5t1. [}

Notice that (4.69) provides an explicit formula for computing the primitive
of an exact form.
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4.5.2 The homotopy formula

As a consequence of Proposition 4.74 we have the following.

4.76 Theorem (Homotopy formula). Let U C R™ and Q@ C RY be
open sets and ¢, : U — 2 maps of class C*(U) that are homotopic, with
the homotopy map H : [0,1] x U — Q of class C*(R x ). Then for every
k-form w of class C1(Q) we have

7w —yYfw=(do K+ KodH"w.

4.77 Corollary. Let U be an open set in RF, V an open neighborhood of
[0,1] x U in R¥*1, Q an open set in R™ and ¢, : U — Q two maps with
¢ =1 on OU and homotopic by the homotopy H : V — Q of class C*(V)
such that

H(1,z) = ¢(x), H(0,2) =¢(x) Ve e U

and H(t,z) = H(0,z) for every t € [0,1] and x € OU. Then for every
closed k-form w of class C1(€2)

frem e

Proof. In fact, from the homotopy formula, ¢#w —¢#w = d(K H#w) in U with K H#w
of class C1(V). Stokes’s formula then yields

/¢(U)w7 /ww)w = /U(¢>#w —pFw) = /Ud(KH#w) =/, KH%w = 0.

In fact, the last integral vanishes because H(t,x) = H(0,x) is constant in ¢ for all
x € AU, hence the components of the form H#w relative to the differentials containing
dt vanish on OU. O

4.78 Proposition. Let Q be an open set of RN, X a smooth, compact,
boundaryless, oriented k-submanifold of finite measure in R™, and f,g :
X — Q two homotopic maps of class C* with homotopy H :]a,b[x X — €,
Ja,b[>> [0,1], of class C%. Then

Jutte far

for every closed k-form of class C*(2).

Proof. By joining the orthogonal projection onto X, see [GM4], with the homotopy we
may extend H to a C? homotopy to an open neighborhood U C R x R™ of [0,1] x X
into © in such a way that again H(1,z) = f(z) Yo € X and H(0,z) = g(z) Vo € X.
From Proposition 4.74, K H#w is of class C1(U) and

ffw—gfw=dKH*w inU,

hence, integrating and using Stokes’s formula,

/f#w:/g#er/dKH#w:/g#w.
x x x x
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4.79 Proposition (Degree homotopic invariance). Let X and ) be
two smooth, compact, boundaryless, oriented k-dimensional submanifolds
of finite measure of R™ and let f,g : X — Y be two homotopic maps of class
C? in an open neighborhood of [0,1] x X into Y. Then deg(f) = deg(g).

Proof. The k-covector field w on ) dual of the field of k-vectors that orients ) has a
nonzero integral according to the area formula. On the other hand, by means of the
orthogonal projection onto ), w extends to a tubular neighborhood of ) as a smooth
k-form. It then follows from the definition of degree and from Proposition 4.78 that

deg(f)/yw:/Xf#w:/xg#w:deg(g)/yw,

which yields the result at once. O

The invariance of link(X, ) with respect to homotopic transformations
of X and ) that maintain empty intersection now follows at once.

4.80 Proposition. Let X and X' be two k-submanifolds, Y and )’ be
two (n — k — 1)-submanifolds and f : X — X' and g : Y — V' be two
injective maps of class C?. Let A := {(z,y) € Q x Q|y = x}. Suppose
there is a map H : V. — ((Q x Q) \ A) of class C*(V) where V is an open
neighborhood of [0,1] x ((Q x Q) \ A) such that H(1,z,y) = © —y and
H(0,z,y) = f(z) — g(y). Then link(X,Y) = link(X’,)’).

4.81 Definition. Let ) be an open set in R™. A k-submanifold X C Q is
said to be contractible to a set of zero H*-measure in Q if there exists a
map H : V — Q of class C?, V being an open neighborhood of [0,1] x X,
such that H(1,x) = x Yo € X and H({0} x X) has zero HF-measure.

4.82 Proposition. If an oriented k-submanifold X of finite H*-measure
is contractible in Q0 to a set of zero H*-measure, then

/w:()
X

for all k-forms w of class C*(Q).

4.83 Remark. By approximation the results of this subsection extend to
homotopies and maps of class C'*. We do not insist on this point and refer
the reader to Chapter 3 of [GM4].

4.5.3 A theorem by de Rham

We saw in Chapter 3 of [GM4] that the simple connectedness of a domain
), a condition that is weaker than the contractibility of €2, is a necessary
and sufficient condition for the exactness of a closed form or for an irro-
tational field to have a potential in 2. However, the simple connectedness
of the domain does not suffice for a 2-form to be exact.
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4.84 Example. In R", n > 2, consider the field
x
E =—
() P
defined in R™ \ {0} and regular there and the corresponding (n — 1)-form
n Lo —
p— — = i
w:=x*E = Z(fl) W dat.

1=1

One readily sees that dw = 0 in R™ \ {0}. However, w is not exact. Suppose on the
contrary that w = da for some «, then Stokes’s theorem yields

/ w= da =0
Sn—1 Sn—1

and, as we have computed several times,

/ w= KWe kU = H%dﬂn_l S R s
Ssn—1 Ssn—1 Ssn—1 |T|"

If we take into account Poincaré’s lemma, this shows, in particular, that R™ \ {0} is not
contractible if n > 2, whereas it is simply connected if n > 3.

Poincaré’s lemma provides us only a sufficient condition for a closed
form to be exact. A characterization involves the geometry of the domain
and has an integral equivalent?. For instance the following result, that we
do not prove, holds.

4.85 Theorem (de Rham). Let 2 be a bounded domain in R™ with a
smooth boundary. A closed k-form is exact in Q if and only if for every
smooth, compact, boundaryless, oriented k-submanifold Y in Q with finite

measure we have
/ w=20.
y

The following then follows at once.

4.86 Corollary. Let Q be an open set of R™. Suppose that every smooth,
compact, boundaryless, oriented k-submanifold of Q0 is contractible in Q) to
a set of zero H*-measure. Then all closed k-forms in Q are exact in €,

more precisely, all closed k-forms in Q of class C°° have a potential of
class C*°(Q).

4.87 Example (Vector potential). Let Q@ C R3 be a star-shaped domain with re-
spect to the origin so that H(t,z) := tx is a contraction of Q to {0}, and let
w = Z?:l a;(z) dz’ be a closed 1-form in Q, equivalently, the relations

4 4 (%) = a; i (2)
hold for all ¢ and j at every x € Q2. We have

3 Also delicate regularity considerations are involved that we do not want to deal
with. For this reason, all forms in the rest of this chapter are assumed to be smooth,
meaning C°°, if not otherwise stated.
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Figure 4.8. In R3 \ T, every closed and boundaryless 2-submanifold can be deformed
without touching I" to a set of zero 2-dimensional measure. In the figure, T" collapses to
S without touching I'.

3 3 3
H%w(z) = Z a;(tx) d(tz?) = Z a; (tx)z® dt + Z a; (tx)t dzt,
i=1 i=1 i=1
hence

# s ! i
flz) = K(H"w)(z) := ;/0 a;(tx)z" dt

is a primitive of w, df = w, according to (4.69). This can also be proved directly, in fact

1 3

1 3
Dif(z) = /0 (Z a; 4 (te)tz’ + a; (tx)) dt = /O <Zajyzi(tz)tzi +a; (tz)) dt
=1

i=1
1d
:/ — (ta; (tx)) dt = a;(x).
o dt
Similarly, if £ = Ey da' 4+ Eo dx? + E3 dz3 has zero divergence, i.e., compare (4.64), if
w=xE = F1dz? Adz® — Esdx® A dz® + Esda! A dx?
is a closed 2-form in Q, then a := K H#w is a primitive of w. We compute

H%w = By (tz) d(ta?) A d(tz®) — Ex(tz) d(tat) A d(ta®) + Bz (te) d(tz!) A d(tz?)
= E1(tz)(xdt + tdz?) A (dtz® + tdz®) + - - -
=dt A <E1 (tz)t (22 da® — 23 da?) — Es (tx)t (zt dz® — 22 dzt)

+ Es(ta) t(z' da? — o2 d:Cl)> + terms that do not involve dt.
If we set F := (F1, Fa, F3) with

1

Fi(z) ::/ Eq (tz)t dt,
0
1

Pa(z) i= / Ba(ta)t dt,
0
1

Fs(z) = / Bs(tz)t dt,
0

it follows from (4.69) that the 1-form
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afe) = KH"w(z) = F1 (22 da® — 2% da?) — Fa (2! da® — 28 dat)
+ F3 (2t da? — 22 dat)
= (Faz® — F322) dat — (F1a3 — F32b) da? + (Fra? — Faal) dz®

3
= Z(F x x)'da’
i=1
is a primitive of w, dao = w. In other words, the field H(z) = (H1, H2, H3) given by
1
H(z) = / (E(tr) x x) tdt, (4.70)
0

solves the equation rot H = E.

4.88 Proposition. Let 2 C R? be contractible or, more generally, assume
that every boundaryless 2-submanifold of it is contractible to a set of zero
H2-measure. Then the equation rot H = E has a solution in Q of class
C® if and only if E is of class C*° and div E =0 in .

Proof. Consider R? endowed with the standard orthonormal basis so that we can iden-
tify vectors and forms. If E = (E1, Ea, E3) is a vector field and w = Ey dz! + Es dx? +
E3dz? the corresponding 1-form, as we have seen

div E = *d % w, rot £ = *xdw.

If rot H = E and « is the corresponding differential 1-form to H, then xda = w, i.e.,
da = #w, hence 0 = d?a = d(*w). Consequently divE = #d(*w) = 0. Conversely, if
div E = 0 in €, then *w is a closed 2-form in 2, consequently, by de Rham’s theorem
(or Poincaré’s lemma if Q is contractible), there exists a 1-form « such that da = *w,
equivalently, *da = * * w = w. In terms of the associated vector field H associated to
a, i.e., H = (Hy, Ha, H3) with a = Hyda! + Hadx? + Hzdx?, the relation da = *w just
amounts to rot H = E. [}

We emphasize that (4.70) in Example 4.87 yields an explicit formula for
H when 2 is star-shaped with respect to the origin.

4.89 Example. Let ) be the image of a regular smooth curve in R3. Every compact,
boundaryless, oriented 2-submanifold X’ that does not intersect ) is contractible to one
or more lines. Consequently, for every divergence-free field B in R\ ), there is a field
A such that rot A = B in R3\ ).

4.90 Remark. In terms of PDE’s, rot H = F is the following system of
first order PDE’s

OH; OHy

o2 Ox% Ex,

OH, OH .

_83031 - _&Ef = P, in Q. (4.71)
OH, OH,

ot a2

Proposition 4.88 shows that (4.71) has a solution in a contractible open
set € if and only if div E = 0 in © and, in this case, the solution is found
by integration.
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I35,

Figure 4.9. Hermann von Helmholtz (1821-1894) and Hermann Weyl (1885-1955).

4.91 Example. de Rham’s theorem provides a necessary and sufficient condition for
every divergence-free field to have a vector potential. For specific fields, it is often easier
to write down a vector potential.

For instance, in Example 4.71 we showed that the vector field
1 (Y y(s)—=z

B(z) == ——

i Jo val(s)ds, z €R3\ Im~,

where ~(t), t € [0,1], is a regular curve, has zero divergence. Proposition 4.88 grants
us a vector potential on R3 \ Im~ of B, i.e., a field A such that rot A = B. However,
without taking into account de Rham’s theorem, we may observe that if a is a constant
vector and ¢ is a scalar function, then V X (p(z)a) = (V¢) X a and that

(s) -z _ 1
[v(s) — |3 “r(s) — x|
Therefore,
V(s) —= N ST R
R — e O = Ve <@ =V < (g <),

and, integrating,

1 1 , L 1 1 ,
B(x) :/0 Vm X v'(s)ds ——/(; vV x (7|7(s) —x|’y (s)) ds.

Consequently, if
1
1
A(z) = / —————+/(s) ds,
o |v(s) -z
we have rot A =V x A= B in R3\ Im~.

Finally, we state, as a consequence of Proposition 4.88, the decomposi-
tion formula for fields due to Hermann von Helmholtz (1821-1894).

4.92 Theorem (Helmholtz). Let E : Q C R® — R3 be a smooth, say
C>(Q), field and Q a contractible bounded open set with smooth boundary.
There exist f € C(Q,R) and a field H € C>(Q,R3) such that

E=Vf+rotH.
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Proof. In fact, let u : 2 — R be the solution of the Neumann problem

d—u = Fen on 09,
dn

then div (E — Vu) = 0 in £, which one can prove to be of class C°°(2). Because of
Proposition 4.88, there is a field H : Q C R3 — R3 of class C°°(£2) such that

E —Vu=rot H.

{Au —divE inQ,

4.5.4 Hodge’s decomposition formula

For the sake of completeness we state another result of decomposition
for forms in bounded domains with smooth boundaries, not necessarily
contractible. Its proof uses variational techniques, but it is not simple,
thus we refer the reader to the specialized literature.

Let U be a bounded open set in R with smooth boundary. As usual
tw and nw denote the tangential and normal components, respectively, of
a k-form w along U, and we denote by L := L?(U,A,R™) the Hilbert
space of k-forms endowed with the inner product

(w|n) g2 :—/ Zw(,n(, dx.

Define the following subspaces of smooth forms in L:
HE: = {w ‘ Aw =0, t(w) = O},
HEY = {w (w) = 0}7

Imdr { ‘ ta = 0}

b = {0 = d [ =0},

Imér .= {w = 5a‘ta = 0},

Imdy := {w =da ‘ na= 0}.
4.93 Theorem (Hodge—Morrey decomposition theorem). LetU be
a bounded open set with boundary of class C*(U). Then the following hold:
(1) H’j« is finite-dimensional.

(ii) HT, Imdr and Imdp are orthogonal, closed and supplementary on

(iii) (Ide) ={a|da=0, ta=0} in L.
(iv) (Imér)*t = {a|da =0, ta =0} in L.
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Similarly,

(i)
(i)
(iii)

)

(iv

HE; is finite-dimensional.

H’fv, Imdy e Imdy are orthogonal, closed and supplementary in L.
(Imdy)* = {a|da=0, na =0} in L.

(Iméy)*t = {a|da =0, na =0} in L.

4.94 Remark. Let us state a few comments.

(i)

(i)

(iii)

One actually shows that the dimensions of H% and HY; depend in a
very precise way on the geometry of the domain, which we omit to
illustrate. In particular, HY = H%, = {0} if U is contractible.
Denote by £F(U) the space of k-forms of class C*°. Hodge’s decom-
position theorem with some extra work implies that every differential
form w € £F(U) with t(w) = 0 on OU uniquely decomposes in three
orthogonal (in L) components as

w=H +da+§p,

where H is harmonic, a € E¥71(U) and 8 € EFF1(U), and t(H) = 0,
t(a) =0 and t(3) = 0 on 9U. Similarly, every form w € £¥(U) with
n(w) = 0 on OU uniquely decomposes as

w=H +da+4§p,

where H is harmonic, o € E¥~1(U) and 3 € E¥+1(U), and n (H) = 0,
n(a)=0and n(8) =0 on OU.

Suppose dw = 0 and tw=0. Then w € (Imdr
decomposes as

)+ and w uniquely

w=H + da,

where H is harmonic and t(H) = 0 and t(a) = 0 on 9U. It is
remarkable that the obstruction to the exactness of w is the exis-
tence of harmonic forms (and definitively are finitely many!) Simi-
larly, every closed form w with nw = 0 on QU uniquely decomposes
as w = H + da, where H is harmonic and this time n H = 0 and
na=0on oU.

4.5.5 Maxwell equations

The equations of the electromagnetic field in R? involve quite a number of
physical quantities: the electric field E, the magnetic field H, the magnetic
inductance B, the dielectric displacement D, the charge density p and the
field of current density j. These quantities are connected by constitutive
relations, relations that describe the behavior of a material (for instance
E = D and B = H in empty space), by boundary conditions on the
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Figure 4.10. Frontispieces of two collections of works of Charles Coulomb (1736-1806)

and James Clerk Maxwell (1831-1879).

boundary of the domain where these fields are defined and mainly by

Mazwell equations

. 10B
(1) rotE——EW

Faraday’s induction law,

4 10D
.. cp o Ams 10D
(i) ro p j+ Y

(iii) divD = 4mp
(iv) divB =0

Ampere’s law
b

continuity equation,

no magnetic charges.

(4.72)

A convenient way to formulate Maxwell equations is in terms of differ-
ential forms in R?, thinking of time as of a parameter. Let us introduce

the following five differential forms:

wy := Eidat + Eydz? + Egalar:3

wa := Bida? A da® — Bada' A dz® + Bsdz! A da:2,

ws := Hydx' + Hadx® + Hyda®

wy := Dyda® A da® — Doda A da® 4 Dadat A da?),
ws := (jrda® A da® — joda' A da® + jzdx A da?) A dt,

and, if w =) wq(z,t)dz®, set

Ow = % dx®.

ot — Ot

(4.73)
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Maxwell equations then rewrite as

oy — 1992
c Ot
d — 4_7T +1%
Wi oW T U (4.74)
dWQ :0,

dwy = 4dnpdat A da® A da®.

The constitutive relations in the empty space, E = D, H = B, become
wyq = *w1, wy = *ws, and, in absence of charges and currents and for time
independent fields, Maxwell equations write as

dwy =0,
owy; =0,
dws = 0,
dwsz = 0.

Assume, for the sake of simplicity, that 2 is contractible. Since rot E =
0, E has a potential in 2, E = —V¢ and the first two equations of the
electric field become a single second order equation for the potential

—A¢ = 4mp.
Moreover, from div B = 0 we also deduce the existence of a vector potential
A, rot A = B. The equations for the electric potential and the magnetic
potential A are then
_A(b = 47Tp7

4 4.75
—AA + Vdiv A =rotrot A = ?W'] ( )

In the nonstationary case, when fields are time dependent, we may use
differential forms in the space-time R* as follows. Define the 2- and 3-forms
in R*

o = (Byda' + Eyda® + Esda®) A cdt
+ (Byda® A dx® — Badx! A da® + Bada' A da?),
B = —(Hydx' + Hydx?® 4+ Hsdx®) A cdt
+ (D1dz? A dz® — Dadxt A dx® + Dsdzt A dz?),
v = (jrda? A da® — jodat A da® + jadat A da®) Adt — pdat A da® A da?;

then Maxwell equations become a system of two equations corresponding
to (i), (iv) and (ii), (iii), respectively,

do =0, (4.76)
dp + 4ny = 0.
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4.95 Maxwell equations in empty space are self-dual. In empty
space E=D, H=B, j=0, p =0 and v = 0. The differential forms

a := (Erdx' 4+ Eoda?® + Ezdx®) Acdt
+ (Hyda? A da® — Hodz' A da® + Hadx' A da?),
B = —(Hidz' + Hoda® + Hyda®) A cdt
+ (Eyda® A da® — Eydx A da® + Eszdxt A da?).
are quite similar. If we introduce Lorentz metrics in R*,
dz? + dy* + d=? — 2dt?,
i.e., the nondegenerate bilinear form a : R* x R* — R given by
a((z,t), (y,5)) == aty* + 22y? + 23y3 — 3ts,
we may define the Hodge operator relative to the Lorentz metric by
wAn=:a(xw,n)dx ANdy ANdz A cdt.
Now, Hodge’s operator acts on forms as follows:
sdat = —dz' A cdt,
x(dz' A cdt) = c?a;i,

¢ = — Id;
and it is easily seen that § = *xa. If we set da := — x d * v, (4.76) rewrites
in empty space as self-dual equations with respect to the Lorentz metrics
da =0,
oo = 0.

Let us make a few remarks on some consequences of (4.76). The equa-
tion dy = 0 that simply follows differentiating the second of (4.76) is, in
terms of fields, the continuity equation involving currents and charges,

dp
divj+ — =0.
I o
The separation of the equations relative to the electric and magnetic
fields may be performed by means of potentials when we operate in a
domain €2 of the space-time that is contractible. In fact, in this case, there
is a 1-form A such that dA = «. If

A=A de? + Ay da® + As da® + pedt,

A = (Ay, Ag, A3) is called the vector potential and ¢ is called the scalar
potential, The equation dA = « that replaces the first of (4.76) corresponds,
in terms of fields, to the equations
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Figure 4.11. Michael Faraday (1791-1867) and James Clerk Maxwell (1831-1879).

rot A =B,
10A

- -— =E.
Ve c Ot

Replacing in (4.75), we conclude with a system of two second order equa-
tions that are equivalent to Maxwell equations

(4.77)

Ao+ 12divA = —dmp,
c Ot
1 8¢) _ Am,

1 0%A .
2 Ot? V(dIVA + c ot Y

However, the equations in (4.77) are still coupled, but we have a certain
freedom in choosing the potential A. In fact, if d\; = d\s = «, then
d(A1 — A2) =0 and, in a simply connected region, Ay — A2 = df. Replacing
A with A := A + V[, and ¢ with ¢ := ¢ — L2 where f is an arbitrary
function, (4.77) still hold. If we now choose f as a solution of the wave
equation

AA

10%f , 19¢
A age =AY
and we set A := A + V[ and ¢ := ¢ — L4 then
. 199
divA+-— =
v +68t 0,

and the equations in (4.77) decouples into wave equations with velocity of
propagation c:

- 10%
A= e =
-
AR 1 0°A _ dm,

T2 Tt
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Multiple Integrals in the Calculus
of Variations

Chusles B. Moerey, Jr.

o L A }j @
Figure 4.12. William Hodge (1903-1975) Speinges Vel Berkle, Hobdelbary e X otk 1945
and the frontispiece of the monograph

on Calculus of Variations of Charles
Morrey (1907-1984).

4.96 Poynting flux-energy. The Poynting fluz-energy vector is defined
b
' S:= “ExH
" drm

or, in terms of forms, as the field S = (S, S2, S3) such that

Sy da® A dx® — Sydat Adx® + S5 dat Ada? = fwl A ws.
7r
Proposition (Poynting). The following conservative law holds:

1 OB 1 oD
— — eH+ Eej+ —Ee— +divS =0.
4 Ot + ‘]+47r ot td 0

Proof. Taking into account (4.73) and (4.74), it suffices to remark that divS dz' Adz? A
dz® = £d(w! Aws) and compute

10 4 10
d(wll\wg):dwl/\ws,fwl/\dwg:(77£)/\w37w1/\(1w5+7ﬂ)
c Ot c c Ot
1 Owo 47 A 1 /\8014
=———Awz3— —wi Aws — —w1 A ——.
c Ot K c ! STt ot

O

Finally, if D = kE and B = g H, where k and p are constant, called
the dielectric and magnetic permeability of the means, respectively, then
the Poynting theorem takes the form of a continuity equation

ou

5 TdivS=—E.j,
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where 1
wi= (KB + u[HP)
T

is the density of energy of the field.

4.6 Exercises

4.97 9. Let A,B € M, »(R). Prove that

det(A+B)= > o(a,@)o(8, BME(A)MI(B).
a,f
le|=18]

As a special case, apply the result to compute the characteristic polynomial of a matrix

A.

4.98 9 Binet’s formula. Let A, B € M, ,(R). Show that for every couple of multi-
indices o and 8 with 1 < |a| = |8] < b, we have

MEBA) = Y ML BMY (A).
1871=181

4.99 9. Let w; and w2 be two differential forms in Q C R™, w; being closed and wa
being exact. Show that w1 A wsa is exact in .

4.100 § Volume form of a hypersurface. Let f : R® — R be a function of class

C'! and
I o] f(x) = 0}.
Suppose that Df(z) # 0 on I' so that I" is oriented by V f/|V f|. Show that
wn) = [ w
r

where w is the (n — 1)-form

“ . Of —
w = Z(—l)l_lfi dxt.
i=1 Oz

4.101 9. Let w(z) := >0 &' dzi. Show that w is a solution of the self-dual equa-

i=1 [z|™

tions dw = 0 and dw = 0 in R™ \ {0}.

4.102 9. Let E(x) : R™ \ {0} — R be a central field, i.e., E(z) = go(x)ﬁ, where
¢ : R™\{0} — R. Show that E is conservative if and only if F is radial, i.e. p(z) = f(|z]).
4.103 §. Show that

|Du|? = tr(Du)? + | rot u|?,

|rotu|? = |ue rotwu|? + |u X rot ul?,

tr(Du)? — (divw)? = div ((Vu)u — (div u)u).
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4.104 9. Let U be an admissible open set in R"™ and n an (n — 2)-form with C?
coefficients in an open neighborhood of U. Show that

/ dn = 0.
oU



5. Measures and Integration

In this chapter we deal with the construction and the properties of
Lebesgue measure and Lebesgue integral and, more generally, with the
abstract measure and integration theory, providing proofs and details that
we avoided in Chapter 2 of [GM4].

The chapter is organized as follows. In Section 5.1 we present a detailed
construction of Lebesgue’s measure (including measurable sets, Cantor-
type sets and nonmeasurable sets) and Vitali’s characterization of Riemann
integrable functions. We then extend the analysis of the process of con-
struction of Lebesgue’s measure in view of the discussion of general mea-
sures, starting from Carathéodory’s characterization of measurable sets.

In Section 5.2 we deal with integration with respect to a measure and
the two fundamental theorems for the calculus of integral for functions in
several variables, Fubini theorem and the theorem of change of variables
are discussed in Sections 5.3 and 5.4.

5.1 Measures

5.1.1 Set functions and measures

Let us begin with a few definitions. Here X will denote a generic set. We
recall that for a generic subset E of X, E¢ := X\ E denotes the complement
of F in X and P(X) denotes the family of all subsets of X. A family & of
subsets of X is then a subset of P(X), £ C P(X).

A set function on X is a couple (£, ) of a family of subsets £ of X
that contains the empty set and of a nonnegative function p : & — R,
such that u(@) =0. A set function (€, 1) on X is said to be

(i) monotone if for all E, F € £ with E C F, we have u(E) < u(F),
(ii) additive if for every finite family of pairwise disjoint sets E,... Ey €
& with Up By € £, we have ,U,(UkEk) = fozl ,U,(Ek)7
(i) o-additive or countably additive if for every sequence of pairwise
disjoint subsets {Ej} C & with UpEy, € &, we have u(UpE)) =
220:1 /’[’(Ek)a

M. Giaquinta and G. Modica, Mathematical Analysis, Foundations and Advanced 283
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(iv) o-subadditive or countably subadditive if for every family of subsets
{Ey} C € with Uy Ej, € &, we have u(UpEr) < > oo w(Eg).

The symbol >~ 2, u(E}) is the sum of the series of positive terms {p(Ey)}.
Recall, see [GM2], that the sum of a series of positive terms exists finite
or 400 and is invariant under reordering.

5.1 Definition. An outer measure p* on a set X is a set function
(P(X),u*) that is monotone and o-subadditive.

It is convenient to set also a language to denote families of subsets
of a set, that are stable under union, intersection or under passage to
complement. We say that a family A C P(X) of subsets of a set X is an
algebra if ), X € Aand FUF, ENF and E° € A whenever E, F € A.

We say that A is a o-algebra if A is an algebra and for every sequence
of subsets {F;} C A, we also have U, E), and N Fy € A. In other words,
if we operate on sets of a o-algebra with differences, countable unions or
intersections, we get sets of the same o-algebra; we also say that a o-algebra
is closed with respect to differences, countable unions and intersections.

Let A C P(X) be a family of subsets of X. It is readily seen that the
class

B:= ﬂ{C ‘ CDA Cisa U—algebra}

is again a o-algebra, hence the smallest o-algebra containing A. We say
that B is the o-algebra generated by A.

The smallest o-algebra B C P(R™) containing the open sets of R™ is
called the o-algebra of Borel sets.

5.2 q. Let A C P(X) be a family of subsets of X and B the c-algebra generated by
A. Show that

B= {B ‘ B € S for all o-algebra S D A}.

5.3 Definition. A measure on a set X is the couple (€, 1) of a o-algebra
E C P(X) of subsets of X and of a o-additive set function p: € — R,.

We also say that p is a measure on the measurable space (X,E), or
that (X, &, 1) is a measure space.

We explicitly state that, if (€, p) is a measure, then we have the fol-
lowing:

(i) £isao- algebra
(i) u(®) =
(iii) For E, F € & with E C F we have u(E) < u(F).
(IV) If {Ek} C &, then /.L(UkEk) < Zk 1 /.L(Ek)

(v) If {E} C € is a disjoint sequence, then pu(UpEy) = > 72| p(Ey).
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a. Continuity properties of measures

A sequence of subsets {Ej} of X is said to be increasing if Ey C Epiq
Vk and decreasing if By, O Ejy1 Vk. The following theorem of monotone
convergence for measures is a consequence of the countable o-additivity.

5.4 Theorem (Monotone convergence for measures). Let (€, 1) be
a measure on X. We have the following:

(i) If {Ex} is an increasing sequence of sets in &, then limy_, oo p(Ex) =
Uk Ey).

(ii) If {Ex} is a decreasing sequence of sets in & and p(E1) < +o0o, then
limp oo p(Ex) = p(Ni Ek).

Proof. (i) From wu(Ey) < p(UgEy) for every k, the claim is trivial if u(Eg) = 400
for some k. We may therefore assume p(Ey) < oo for all k. We set E := UpE), and

decompose E as
[e o)
E=8B{J ( U @i\ Ek,l)),
k=2

The sets E1 and Ey \ Ex_1, k > 1, are, of course, in £ and pairwise disjoint. Because
of the o-additivity of u, we then have

w(B) = p(Ex) + > (B \ Ex—1) = p(Br) + > ((Ex) — p(Bg-1)) = lim p(Ex).
k=2 k=2

(ii) Since p(E1) < +o0 and Ey C Eq, we have u(Ey) = pw(E1) — u(Eq \ Ey) for all k.
Since {E1 \ Fx} is an increasing sequence of sets, we deduce from (i) that

p(Ey) = lim p(By) = tim p(Br\ Be) = p(JE\ BL) = w(Br) = u(() Br).-
k k

O

5.1.2 Lebesgue’s measure

a. Lebesgue’s outer measure
An n-dimensional interval of extreme points a = (ay,...,a,) and b =
(b1,...,by) in R™ a; < b; Vi, is the semiclosed plurirectangle of R™

n

a; <£L’§bi, 7;:1,...7TL} :H]ai,bi].
i=1

I=1(a,b):= {x eR"

We denote its volume by |I|, and, of course,

n

1] =Tt = as).

i=1

It is convenient to consider semiclosed intervals since they stack nicely; we
can put them along without intersections to form new figures and cover,
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for instance, the whole of R™. The family of intervals of R" is denoted by
7.

Given any subset £ C R™, we cover E by intervals; the sum of the
elementary volumes of these intervals gives us an estimate from above
of the “measure of E”. Allowing denumerable coverings, we then set the
following.

5.5 Definition. The Lebesgue’s outer measure of a subset E C R" is
defined as

L (E) = inf{z || ’Ik eT.EC |/ Ik}.
k=1 k=1

5.6 Theorem. (P(R™),L™) is actually an outer measure in R™. More-
over, L™ (I) is the elementary measure |I| of I, if I is an interval.

Proof. According to the properties of the infimum, clearly £™* is a monotone set
function defined on P(X). Let us prove that £™* is o-subadditive. Consider a fam-
ily {E;} C P(X); it is not restrictive to assume L™*(E;) < oo for all j. For any given
e > 0, for every j we consider a denumerable covering {I,ij)} of E; made by intervals
such that >577 | L”*(I,g”) < L™ (E;j)+¢e277. Then {I;ij)}k,j is a denumerable covering
of U;E; and we have

SIS () < 3 (e +e2t) = 3o +e

k,j j=1 Nk=1 j=1 j=1
ie, L"(U;E;) < Z;’il L™ (Ej) + e. This proves the o-additivity of £™*, € being
arbitrary. Therefore, (P(R™), £L™*) is an outer measure.

Let I be an interval. From the definition of £™* we have £™*(I) < |I|. Given € > 0,
consider a denumerable covering {I;} of Imade by intervals, U2 I D I such that
Srey k| < L™ (I) + e. For each k we choose an interval Jj, that contains strictly Iy
such that |Jg| < |Ix|+€2~%. The family {int(J3)}x is an open covering of the compact
set I, hence there are finitely many indices ki1, k2, ...kxn such that I C UZN:1 int(J,).
Since, of course, |I| < vazl [Ty, |, we have

oo oo oo
<> el <D (Il +e27%) = > el +¢,
k=1 k=1 k=1
L., |I] < £7*(I). O

5.7 9. Prove that a point has zero Lebesgue outer measure. Since the denumerable
union of sets of zero measure has zero outer measure, conclude that the set of rationals
in R, @ C R, has zero Lebesgue outer measure in R.

5.8 9. Prove that the boundary of an interval in R™ has zero £L™* outer measure.

b. On the additivity of L™*

The Lebesgue outer measure has the advantage of being defined on all
subsets of R™. However, it has the disadvantage of not being additive
in general: There are disjoint sets E and F such that L"™(E U F) <
L (E)+ L™ (F), see Corollary 5.22 and Proposition 5.23 below, although,
in general, the following holds.
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5.9 Proposition (Test of Carathéodory). If for E, F C R™ we have
dist(E, F) := inf{|x—y| ’a: ek, ye F} > 0,
then L™ (EUF) = L™(E) + L™ (F).

5.10 9. Prove Proposition 5.9. [Hint. Use the definition of £™* after noticing that if
E = Ui, and § > 0, one can find disjoint intervals I; such that £ = Ujlé, diarn(I;) <4

Vi and 3252 [15] < 3202 [kl

c. Approximation by denumerable unions of intervals:
Measurable sets

5.11 Definition. A subset E C R" is said to be Lebesgue measurable or
L"-measurable or simply measurable if for all € > 0 there is a denumerable
union of intervals P such that

PDOE and  L™(P\FE)<e.

The class of Lebesgue measurable sets is denoted by M. For a measurable
set E we write L"(E) or |E| instead of L™ (E).

The family of measurable sets is quite wide. In fact, sets of zero mea-
sure, to which we shall refer to as zero sets, are measurable. Intervals and
denumerable unions of intervals are also trivially measurable; since every
open set is the union of denumerable many intervals, open sets are mea-
surable, too.

However, there are nonmeasurable sets, see Theorem 5.21. In this re-
spect, we notice that measurability is rather tricky. For instance, for every
set F C R™ with L™ (E) < +o00 and for every € > 0 we find a denumerable
union of intervals P = U I, such that

L7(P) =) || < L™(E) +e.
k=1

Since the outer measure is subadditive, we also know that L£™*(P) <
L™(E) 4+ L™ (P \ E); we have no easy way to infer that £L"*(P \ E) < e.

Finally, notice that Definition 5.11 is quite natural in view of the fol-
lowing claim.

5.12 Proposition. A subset E C R™ with L™ (E) < 400 is measurable

if and only if for all € > 0 there is a finite union of intervals F' such that
L (FAE) < et

The point is that, in general, F' does not contain E and is not contained
in it.
5.13 9. Prove Proposition 5.12.

I Recall that the symmetric difference of two sets A, B C R" is defined by AAB :=
(A\B)U(B\ A).
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d. Measurable sets and additivity

The next theorem together with the simple corollary that follows illus-
trate the structural properties of measurable sets and the behavior of the
Lebesgue outer measure on the family of measurable sets.

5.14 Theorem. The class of Lebesgue measurable sets M is a o-algebra
of subsets of R™ and (M, L") is a measure in R™. Moreover, E is mea-

surable if and only if for all € > 0 there are a closed set F' and an open set
A with F C E C A such that L"(A\ F) < e.

5.15 Corollary. Let E C R™. The following claims are equivalent:

(i) E is Lebesgue measurable.

(ii) For alle > 0 there is an open set A with A D E such that L™ (A\E) <
€.

(iii) For all € > 0 there is a closed set F with F C E C A such that
L(E\F) <e.

(iv) There exists a decreasing sequence of open sets {Ay} containing E
and a zero set N such that E = (N Ar) \ N.

(v) There exists an increasing sequence of closed sets {Fy} contained in
E and a zero set N such that E = (UpFp) UN.

5.16 9. Prove that E is measurable if and only if there is a Borel set B such that
B D E and L™ (B \ E) = 0, or if and only if there is a Borel set C such that C C E
and L™ (E\ C) = 0.

Deduce that M is the o-algebra generated by the open sets (or the intervals) and
the null sets for £™*.

Proof of Theorem 5.14. We outline the proof and leave to the reader the task of com-
pleting it specifying all needed details. We proceed by steps, noticing that we already
know the first three steps.

(i) Sets of zero outer measure are measurable.
(i) Open sets are measurable.

(iii) E is measurable if and only if for all € > 0 there is an open set A DO E with
L' (A\E) <e.

(iv) The denumerable union of measurable sets is measurable. Given € > 0 for each

E},, we choose an open set Ay D Ej, with L™ (A, \ Ei) < €2=F. Then U, Ay, is open,

U A D Up By and En*(UkAk \ UkEk) = [,"*(uk(Ak \ Ek)) <e.

(v) Let {I}} be a finite number of disjoint intervals. We have L™ (UN_ Ij) =
szl L7*(I). For each k, let J be an interval that is strictly contained in [} with

L (I),) = [T| < |Jp|+€27F = L*(J},) +€27F so that the intervals J have a positive

distance from each other. Proposition 5.9 then yields

N

N N
S ) =31l < Sl +e= £ (Udk) +e<em(Ule) +e
k=1 k=1 k

k=1 k

and, € being arbitrary and £™* subadditive, we conclude

N N
Z ﬁn*(fk) = [,n*< U Ik).

k=1 k=1
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(vi) Closed sets are measurable. Let F be a compact set and, for ¢ > 0, let A be an
open set with £L*(A) < L"*(F) + €. Since A\ F is open, we can write A\ F = U I,
where I}, are intervals that do not overlap and L™*(A\ F) < 3>, |Ix|. In order to prove
that F' is measurable, it suffices to show that Y, |I}| < e. We have

A=Fu <Qlk) S FU(QIk)

Since F' and Uf’zllk are disjoint and compact, we infer dist(F,U{VIk) > 0, hence, by
Proposition 5.9,

N

L (A) > L (FU (LAJI,C)) = L"*(F) +£"*(Ulk>

1

and, because of (iv),

lek|_£n*(ulk) < L™(A) - L"(F)<e  VN.

This shows that compact sets are measurable. Since every closed set F'is the denumer-
able union of compact sets, F' = U, Fy, with F}, := {z € F‘ |z| < k}, we conclude that
F = Uy F}, is measurable by (ii).

(vil) The complement of a measurable set is measurable. Assume F is measurable and
for every integer k choose an open set Ay with £ C Ay and £L"* (A \ E) < 1/k. Then

= (Ua) U (E\UAs).
k k
From (iv) and (vi) we infer that Uy Af, is measurable. On the other hand, we have

EC\(UA@) CE\AS = A \E  Vk,
k

hence
£ <E U A;) —0,
k

i.e., E€ is the union of a measurable and a zero set. This shows that E° is measurable.
Of course, claims (iv) and (vii) prove that M is a o-algebra.

(viii) E is measurable if and only if for all € > 0 there is a closed set F contained in
E such that L™*(E \ F) < e. This follows from (iii) applied to E¢ and proves the last
part of the claim.

(ix) The outer measure is o-additive on M. Let {Ej} be a family of disjoint sets.
Assume that they are also bounded. For all k£ we find an open set A; and a closed set
Fy, with Fy, C Ey, C Ag and L™*(Ay \ Fx) < €27 k. Moreover, the sets F}, are compact
and disjoint, thus with positive distance. Proposition 5.9 then implies

(UFk) Zc"*(Fk) VN,

k=1

consequently,

[e<) [e<)

E"*(UEk) >3 L (E) > Z (L™ (By) —e27%) = S L™ (By) — ¢,
k

k=1 k=1 k=1

from which we easily get
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ﬁn*< [j Ek> = i En*(Ek)
k=1 k=1

In the case that the E}’s are not necessarily bounded, it suffices to consider
Ey,j = B0 (Bj \ Bj-1),
where B; is the open ball centered at the origin with radius j and to compute
L (U Ek) =L™ ( U Ek,j) =D _L"(By,)
k k,j k,j
oo oo [e @)
-3 (Zc"*(Ek,j)) =S L (By).
k=1 j=1 k=1
m}

5.17 Definition. The measure (M, L™) is called the n-dimensional Le-
besgue measure in R". For E € M we write L"(E), instead of L™ (E) or
even |E| when the dimension n is clear from the context.

For the reader’s convenience we collect in the next proposition some
of the properties of the Lebesgue measure and Lebesgue measurable sets
that are simple consequences of Theorem 5.14.

5.18 Proposition. We have the following:

(i) 0, R™ are measurable sets.
(ii) If E,F € M, then EUF, E\F, ENF € M and |EUF|+|ENF| =
(i) If E,F e M and E C F, then |E| < |F|.
(iv) If{Ey} C M is a denumerable family of measurable sets, then Uy E},
Nk Er € M and, if moreover the Ey’s are pairwise disjoint, then

’ U Ek:‘ = Z|Ek|'
k=1 =1

(v) Intervals, denumerable unions of intervals, open and closed sets are
measurable.
(vi) E € M if and only if for all € > 0 there is an open set A D E with
LA\ E) <e.
(vil) E € M if and only if for all € > 0 there is a closed set F' C E with
L(E\F) <e.
(viii) If {Ex} C M is increasing, Ex C Eki1 Vk, then limg_, |Fx| =
U, Bil.
(ix) If {Ex} € M is decreasing and |Eq| < 400, then limy_ o |Ex| =
[Mez1 Bl

5.1.3 A few complements

Here we add a few comments about measurability according to Riemann
and Lebesgue.
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a. A Riemann nonintegrable function

We begin by selecting a disjoint and denumerable family of open intervals
in [0, 1] as follows. Fix 0 < o < 1/3 and set Cj := [0,1]. At step 0, we cut
in the center of [0, 1] an open interval Ag ; of length o < 1/3; at step 1, in
the center of each two remaining closed intervals, we cut two open intervals
Ay and Aq 1 of length o/3. By induction, at step k, in the center of each
of the 2* closed intervals that remain from step k we cut 2* open intervals
Agj, j=0,...,2F —1 of length o/3%. Of course, the open intervals Ay ;
are pairwise disjoint,
oo 2F-1

=U U 4

k=0 j=0

is open and, furthermore, A, is dense in [0, 1]. Finally,

oo 2F—1 o
SDIPIFED SR e
k=0 j=0

The set Cp := [0,1] \ A, is clearly compact, measures 1 — 30 according

to Lebesgue’s measure and does not contain intervals. Actually, C, is per-
fect (i.e., all of its points are accumulation points for C,) and it is not
denumerable.

Denote by f: R — R the characteristic function of A,

1 ifzeA,,
fz) = ,
0 ifaxé¢A,.

We claim that f is not Riemann integrable if ¢ < 1/3. In fact, since
f(z) =1 on A, that is dense in [0, 1], the upper Riemann integral of f
is 1. On the other hand, since every minorant of f may differ from zero
only on A,, the lower Riemann integral of f cannot be larger than and,
actually, equal to

oo 2F—1

SO Akl =LY (As) = 30
7=0

k=0

Consequently, f is not Riemann integrable in [0, 1]. We emphasize that f
is the characteristic function of the union of denumerable open intervals
that are pairwise disjoint.

b. Cantor set

We have already discussed the autosimilarity of the Cantor set, see [GM2].
For the reader’s convenience we review the construction.

Let 0 < 6 < 1/2 and Ey := [0, 1]. At step 0, we cut in the center of [0, 1]
the open interval Ay of size (1 — 26) and set Ey := [0,1] \ Ao. At step 1,
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we cut at the center of the two remaining intervals two open intervals A4; o

and A; 1 of length 6(1—26) and set Es := E7 \ (A1,0UA1,1). By induction,

at step k, we cut at the center of the 2¥ remaining closed intervals 2* open
k

intervals Ay ; of length 6% (1 — 26) and set Eyy1 := Ex \ (U7, Ak ;). The

Cantor set Cy is then defined by

05 = mEk
k
or, equivalently, as
0o 2F—1
Cs =10,1]\ As where As = U U A j.
k=0 j=0

By construction, As is an open dense set in [0, 1] made by a disjoint union
of denumerable open intervals, hence

[As] = 2R (1 —26) = 1.
k=0

Therefore, the Cantor set Cs is nonempty, compact with no interior points
and zero measure, |Cs| = 0.

c. Cantor ternary set

In the case § = 1/3, Cs has another description. Represent the numbers in
[0,1] in basis 3, i.e., with digits 0,1 and 2. Tt is readily seen that = € Ay =
Uj Ay ; if and only if the k + 1 digit of = is 1, hence

Chys = {x:i% ar, € {0,2}}.

k=1

In particular, see [GM2], C /3 is not countable.

5.19 9. Show that there are Lebesgue measurable sets that are not Borel sets. [Hint.
The class of Borel sets is generated from the intervals with rational extreme points,
hence it has the power of reals. Parts of the Cantor set C'| /3 are measurable and form
a set with power larger than the power of R, since the cardinality of C7/3 equals the

cardinality of R.]

d. Cantor—Vitali function

The Cantor—Vitali function is in some sense naturally associated to the
ternary set C' := C;/3. With reference to the notation used up to now
we set A := U?ialAk’j, i.e., the union of the intervals cut at step k& and
Ey :=[0,1], Ex41 := Ej;\ Ag. We define f, : [0,1] — [0, 1] as the continuous
function
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Jj+1. . h
fk(ac):wlfxeAh,j,ij,...72 —1L,h=1,...,k

f is linear on each interval of [0, 1]\ Ax. In formula,

o= (3) [ o

By construction, f is piecewise linear, increasing, fr+1 = fr on each Ay ;
and | fi, — frt1| < 27F. In particular, the series Y~ (f — fx—1) converges
uniformly in [0, 1]. If we denote by f the uniform limit of {fi},

flz):= lim fg(x),
k—o0

we then have f(0) =0, f(1) = 1, f is continuous and increasing in [0, 1]
and f is constant on each interval Ay ; of [0,1]\ C. Since each Ay ; is open,
f has zero derivative in [0,1] \ C. Notice that the image of C via f covers
[0, 1] except for the denumerable set {j/2%|j =0,...,2% k> 1}.

Actually, the approximating functions { f} are equi-Hélder-continuous
with exponent « := log2/log3. To prove this, it suffices to show that fj
is Holder-continuous with exponent « in [0,37*]. Since in [0,37%], fy is
linear with slope (3/2)*, we compute for 0 <z <y < 37F

k@)~ el < (3) e~y = (3) o~ —yl”

3\Fk 1\ k(1—a)
< —_— —_— — Oé: -_— @
< (2) (3) |z —y[* = [z —y|*,

as 37% = 1/2. A consequence is that the Cantor—Vitali function is Holder-
continuous with exponent a.

e. Lebesgue nonmeasurable sets

In spite of the generality of the notion of Lebesgue measurable sets, there
still exist nonmeasurable sets in the sense of Lebesgue. Examples are not
constructive and involve the aziom of choice, see [GM2]. This is not for-
tuitous; in fact, Robert Solovay (1938-) has proved that the existence of
a nonmeasurable set implies the validity of the axiom of choice.

First we state the following.

5.20 Lemma. Let E C R be a measurable set with |E| > 0. Then the set
of differences {x —y|x,y € E} contains an open interval | — 4, 48[, § > 0.

Proof. Of course, we may assume that |E| < +o00. Fix € > 0 and let A be an open set
with £ C A and |A| < (1 + €)|E|. We may also assume that A is a denumerable union
of intervals (that are left-open and right-closed) that are disjoint, A = UgIx. We then
set By, := E N Ij. Of course, since E is measurable, |E| = >_77 | |Ey|, and, since
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Figure 5.1. A page from a paper of Giuseppe Vitali (1875-1932) and the frontispiece of
Théorie des Fonctions by Emile Borel (1871-1956).

oo

0< (L+e)|BE|—|Al =D ((L+e)|Bx| - |Li]),
k=1

we can find ke such that |Ey_|(1 4 €) > |Ii_|. If we choose, for instance, ¢ := 1/3,
I :=1I;,_and F := Ej,_, we then have

4
FCl, FCE and |I|§§|F|.

Finally, we choose § := |I|/2 and prove that the translated F® of F by any number d
with |d| < § has points in common with F. In fact, suppose that for some d, 0 < |d| < §,
F and F9 were disjoint, then

3
2|1L7|:|1““|+|1[7”l|:IFUFdISIIIJrIdISIIIJr5:§|II7

which contradicts |I| < 4/3|F|. In other words, we have proved that for all d with |d| < &
there exist z,y € F with |z — y| = d, and this is just the claim of the lemma. O

5.21 Theorem (Vitali). There exist Lebesgue nonmeasurable sets in R.

Proof. We say that x,y € R are equivalent if x — y is rational and denote by & the set
of equivalence classes defined this way. Of course, equivalent classes are disjoint: One is
the class of all rationals and the others have a form such as {z = v/2+r|r € Q}. Each
class is denumerable, while £ has the cardinality of R. According to Zermelo’s axiom
of choice, we may consider a set £ C R consisting of exactly one element from each
distinct equivalence class. Since any two points of E must differ by an irrational, the
numbers in the set A := {z — y|z,y € F} cannot contain an interval; thus, according
to Lemma 5.20, either F is not measurable or |E| = 0. Since the union of the rational
translates of E is all of R, it is excluded that |E| = 0 (as this would imply |R| = 0). We
conclude that E is not measurable. [}
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5.22 Corollary. Any set A C R with £L*(A) > 0 contains a nonmeasur-
able set.

Proof. Let E be Vitali’s nonmeasurable set in the proof of Theorem 5.21 and E" be
the translated of E by r. As in the proof of Theorem 5.21, either | ANE"| =0 or ANE"
is nonmeasurable since A = {z —y|z,y € AN E"} cannot contain an interval. On the
other hand, A clearly decomposes as the denumerable union of disjoint sets

A=JANE.

reQ

Since £1*(A) > 0, AN E" need to be not measurable for some 7. O

Other examples of nonmeasurable sets are available. One that is close
to Vitali’s example is the following: The basis of R as vector space over Q is
nonmeasurable. Zermelo’s axiom is used in order to establish the existence
of a basis of R over Q.

The celebrated Banach—Tarski paradox states that we may split the
unit ball of R? in three disjoint pieces A, B and C, each congruent to the
other (superimposable by means of a rotation and a translation) and each
with (outer) measure equal to the measure of the entire ball. Of course,
the three parts are nonmeasurable.

5.1.4 Abstract measures

a. Measurability according to Carathéodory

A first attempt to define a class M on which an outer measure is additive
is to select all sets F for which the outer measure is indeed additive, i.e.,
the sets F such that

LM(QUE)=L"(E) + L™(Q)
for all subsets 2 that are disjoint from FE, or, equivalently,
LA =L"(ANE)+ LM (AN E®) VA, ADE,

where E° := X \ E. However, we would like M to be a o-algebra. As
proved by Carathéodory, a localization of the previous condition suffices
to characterize Lebesgue measurable sets.

5.23 Proposition (Carathéodory). E is Lebesque measurable if and
only if

LY (ANE) + L™(ANE®) = L™ (A) VA CR", (5.1)

In other words, Lebesgue measurable sets are those which split every set
into pieces that are additive with respect to the outer measure.
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Proof. Suppose E is measurable. For every measurable set I we, of course, have
LY(INE)+ L™M(INE®) =L (1).
In view of the subadditivity of £"*, it suffices to prove
LY(ANE)+ LM (ANE®) < L™(A) VA C R",

in order to prove (5.1). It is not restrictive to assume, furthermore, that £"*(A) < oco.
For every € > 0, we choose a measurable set I such that I D A and £**(I) < L™*(A)+e.
Then

LY(ANE) + L™ (AN E®) < L™ (INE) + L™ (I N E°) < L™ (1) < L™ (A) + ¢

and (5.1) is proved.
Conversely, suppose that (5.1) holds and, moreover, that E is bounded. For every
€ > 0 choose A open with A D E and L™*(A) < L"*(E) + ¢; then (5.1) yields

L™ (A\ E) = L7 (A) — L7 (E) < e,

which implies that E is measurable. We leave the case of E unbounded to the reader
as an exercise. O

Carathéodory’s criterion in (5.1) is important because it characterizes
measurable sets merely in terms of the outer measures and, therefore,
suggests itself as a suitable definition of measurable sets for an arbitrary
outer measure.

5.24 Definition (Carathéodory). Let u* be an outer measure on a set
X. We say that E C X is p*-measurable if

w (A =p (ANE)+ " (AN E°) YA C R™
We denote by M~ the class of p*-measurable sets.

5.25 Theorem. For an outer measure p* on X the class M- of p*-
measurable subsets of X is a o-algebra and (M-, p*) is a measure on
X.

Proof. (i) First we observe that from Carathéodory’s definition of measurable subsets
we may easily infer that

a. p* null sets are p*-measurable,
b. E is p*-measurable if and only if E¢ is p*-measurable,
c. E is p*-measurable if and only if

W(ANE) + u* (AN ES) < i (A)
for all A C X with p*(A) < oo,
d. if E is p*-measurable and A D E and pu*(A \ E) < oo, then p*(E) = p*(A) —
W (A\ E).
(ii) Let us prove that if E, F € M, then EUF, ENF, E\F € M« and p*(EUF) =
w*(E) 4+ p*(F) if, moreover, E and F are disjoint.
Let A C X with p*(A) < co. We have
W AN(EUF)+p" (AN(EUF))
<P ANE)+p" (ANENFE)+ pu* (AN E°NF°)
— (AN E) + 1" (AN E°) = 1 (A),
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hence EU F € M= according to (c) of (i). Since ENF = (E°U F°)° and E\ F =
E N F¢, we also infer that EN F and E\ F € M,». Finally, the addition formula
pw*(EUF) = p*(E) + p*(F) follows from the p*-measurability of E.

(iii) If E1, B2 € My« are disjoint, for Q := AN (E1 U E2) we have QN E; = ANE;
and QN EY = AN E. The measurability of £ then yields

wW(ANEL) +p* (AN E2) =p* (AN (E1 U E3)) VA C X.
(iv) By induction from (ii) and (iii), we conclude that if {Ej} is a disjoint family of
p*-measurable sets, then for all integer N U,ivzlEk € M, and

N N

;L*(AﬁUEk):Zp*(AﬂEk) VA C X.
k=1 k=1

(v) Let us prove that U2 | Ey € M« if By € My« Vk. We may write U Ey as the

union of measurable and disjoint sets

oo
UEr =E1U [ (Brgr \ Ex).
k k=1
Consequently, we may assume that the Ej’s are measurable and pairwise disjoint. For
all integers p and any A C X (iv) yields

pr(an U s+ (an (U B)7) <o,
k=1 k=1
and
P P P
wr(an(Ue)) =w(UMnE) = > wan k),
k=1 k=1 k=1
whereas
AN ( D Ek) CAN ( LPJ Ek) Vp.
k=1 k=1
Therefore,

s

oo

Z/I,*(AﬂEk)+H*<Aﬁ (

k=1 k
and the o-subadditivity finally yields

w(an (U m) +w(an (U =)

Ex)") < u(4)

1

oo oo
c
<> wane)+u(an (U Be)) <u(A).
k=1 k=1
(vi) Let us prove that p* is o-additive on M,~. Let {E}} be a disjoint family of
measurable sets and let p be an integer. According to (iii),
P P o
>t (Er) :M*( U Ek) < ,u*( U Ek),
k=1 k=1 k=1
hence > 77 4 p*(Er) < p* (U3, Ek). The proof is then concluded since the opposite
inequality follows from the o-subadditivity of p*. O

5.26 9. Give an explicit characterization of M, when p is defined by
o wu(A) = # points (possibly co) in A,
o p(A)=1if A# 0 and u(®) = 0.
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: 3
Figure 5.2. Emile Borel (1871-1956) and Constantin Carathéodory (1873-1950).

b. Construction of measures: Method 1
The process that led us to Lebesgue’s measure extends to a more general
setting. Let Z C P(X) be any family of subsets of X that contains the
empty set and let a : Z — R be any set func‘cion_(i.e.7 any map with
a(l) = 0). Define a new set function p* : P(X) — Ry by setting for all
EFEcX

1 (E) = inf{za(m

i=1

WLOE, I € I} (5.2)

(we understand p*(FE) = 400 if there is no sequence {I;} C Z such that
U;L; D E). It is not difficult to prove the following.

5.27 Proposition. p* : P(X) — R is an outer measure on X.

Consequently, by restricting p* to the p*-measurable sets, we define a
measure (M, 1*) in X, see Theorem 5.25. However, in general, we have
the following:

(i) The class of p*-measurable sets may reduce to {0, X }.
(ii) w* might not be in turn an extension of a.
(iii) The sets in Z need not be p*-measurable.

However, in the following important case the previous irregularities do not
occur.

5.28 Definition. A family T C P(X) is called a semiring if O € Z, for
all E and F in T we have ENF € I and we can decompose E \ F as
E\F = Ué\':lfj with pairwise disjoint I € T.

Examples of semirings are trivially the family of intervals in R™ or any
algebra of subsets of a set X. Notice that if F, F' € Z, where 7 is a semiring,
then £ U F = U;I; with pairwise disjoint I; € Z.
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5.29 Theorem. Let oo : T — Ry be a o-additive set function defined on a
semiring T C P(X). Then « is monotone and o-subadditive on T. More-
over, let i* be the outer measure defined by (5.2), M, the corresponding
class of p*-measurable sets and (M-, u*) the measure associated to p*.
We have the following:

(i) p* extends «.
(ii) E is p*-measurable if and only if we have

prINE)+p (INE) < p*(I) (5.3)

for all I € T with p*(I) < 4o0.

(ifl) Z C M,-.

(iv) For all E C X with u*(F) < 400 there is a decreasing sequence of
sets {Fy} each being p*-measurable with p*(Fy) < oo and the union

of elements of I, Fy, = UjI](k), such that E C NgFy, and p* (N Fy) =
p*(E).
Proof. Monotonicity of « is trivial. Let us prove the o-subadditivity of a on Z. In order

to do it, for I, I, € Z, I C Uy, we write I = U Hy, Hy := I, NI € 7 and decompose
Ui Hy as the disjoint union of

P
H1,H2\H1,,..,Hp+1\(U Hk)
k=1

Since 7 is a semiring, each piece of the previous set is a finite union of disjoint sets in
I. Hence I = Uy Hj, is the union of disjoint sets {.J;} C Z, where each J; is contained
in at least one of the Hy = I N I. The o-additivity of a on Z yields
oo oo oo oo
a=a(Un) = at) =3 ( > ath) <D aln) <Y al).
j j k= k=1

j=1 1 J;CIndy k=1

Let now us discuss the properties of p*.

(i) p*(I) < a(l) for all I € T by definition of p*; the o-subadditivity of a yields
a(I) < 3702, a(ly) whenever {I;} C T and I C Ugl,. Hence o(I) < p*(I) and
a(l)=p*(I) for I € T.

(ii) We need to prove that F is measurable if (5.3) holds. Let A C X with p*(A4) < oo
and, for € > 0 let {I} be a sequence in Z with Uyl D A and 372, aIy) < p*(A) +e.
We compute, because of the hypotheses and (i)

p*(ANE) + p* (AN E°) g,u*(UIkﬂE)Jru*(UIkﬁEC)
k k

NE

<> (W e N B) + (1, 0 E9))

k=1

M

wr(Ig) = a(ly) < p*(A) + e
k=1

k=1

Hence FE is p*-measurable.
(iii) Let E € Z. For any I € Z the sets INE € Z and I \ E are unions of finitely many

disjoint sets in Z, consequently (because of the additivity of o), a(INE)+ a(l N E®)
a(I) and, because of (i),
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WUINEY+p " (INEY)=a(INE)+a(lNE)=a(l)=p ).

From (ii) we then conclude that E is p*-measurable.
(iv) Let E C X with p*(E) < +o00. Fork=1,2,..., let {Ij(k>} be sequences of elements
of Z with UjIJ(,k) DEand 3352, a(IJ(-k)) < p*(E)+27F. For Fy, := UjIJ(,k), taking into
account the o-subadditivity of p* and (i), we get

= k = k

p(Fe) < S0 (1) = 3" a(r?) < pt(B) + 278

i=1 i=1
Therefore, p*(Fi) < oo, p*(NiFy) = p*(E), while from (iii) we infer that Fj, is p*-
measurable. ]

5.30 Corollary (Structure of measurable sets). Let o : T — R, be
a o-additive set function defined on a semiring I, let u* be the outer
measure associated to o via (5.2) and let M- denote the family of p*-
measurable sets. If E C X has a finite u* measure, then E is p* -measurable

if and only if
E= (ﬂFk) \ N, (5.4)
k

where p*(N) =0 and {Fy} is a decreasing family of sets that are union of
elements of Z, i.e., Fy41 C Fy and Fy, = UjIj(k), ](k) eT.

Notice that the approximation property (5.4) holds for any set £ C X
that is p*-measurable with pu*(E) < +oo. Finally, notice that the last
restriction is natural, see Exercise 5.31.

5.31 9. Let Z be the family of finite subsets of R and let o : 7 — R4+ be defined
by a(A) := #A. Then p* : P(R) — Ry is the counting measure, p*(A) = #A and
M« =P(R). Show that sets E for which (5.4) holds are at most denumerable.

In fact, the class of sets for which (5.4) holds is slightly larger.

5.32 Definition. Let pu* be an outer measure on X. We say that E C X
is p* o-finite if E is the union of an increasing sequence {Ey} of sets with
finite measure. If X, and consequently each of its subsets, is pu* o-finite,
we say that the outer measure p* is o-finite.

5.33 9. Under the hypotheses of Corollary 5.30, extend the characterization of measur-
ability in terms of the approximation property (5.4) to any E C X that is pu* o-finite.

Deduce that if u* is o-finite, then M+ is the o-algebra generated by 7 and the
null sets of p*.

5.34 9. Let (£,a) be a measure and let p* and M+ be the measure constructed
starting from (€, a) by Method I. Show that p*(NN) = 0 if and only if there exists E € €
such that N C E and «(E) = 0.

Later we shall apply Method I to construct interesting new measures.
Here we notice that it yields an alternative approach to Lebesgue’s measure
with respect to the one in Section 5.1.2.
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5.35 Example (Lebesgue’s measure). Denote by Z the class of left-closed intervals
of R” and by | | : Z — Ry the elementary measure of intervals. Then the definition of
Lebesgue’s outer measure in Definition 5.5 is exactly (5.2), and the following holds.

Proposition. 7 is a semiring and | | : Z — R4 is a o-additive set function on Z.

Proof. 1t is easily seen that Z is a semiring and that the elementary measure | | is finitely
additive. Let us prove that it is o-subadditive. For that, let I and I be intervals with
I = Uy I}, and, for € > 0 and any k denote by Ji an interval centered as [, that contains
strictly I, with |J,| < |I] + €2~%. The family of open sets {int(Jy)}s covers the

compact set I, hence we can select ki1, k2, ...kn such that I C UZN:1 int(Jg,) concluding

¢S]

N [es) [es)
IS 1Tk <D0 16l <D (el 4+ €27%) <7 k| + 26,
i=1 k=1 k=1

k=1

i.e., that | | is o-subadditive on Z.

Suppose now that I = UyIy, where the {I}’s are pairwise disjoint. Of course, by
the o-subadditivity property of | |, |I| < >-72 |Ix|. On the other hand, Uszolk C I for
any integer N. Finite additivity then yields

N N
Sinl=| U< v
k=0 k=0

and, as N — o0, also the opposite inequality > 2 |15 < |1 O

Theorem 5.29 then tells us that Lebesgue’s outer measure £™* is an extension of
the elementary volume measure and that intervals are measurable. As clearly R" is £™*
o-finite, (5.4) characterizes the measurable sets.

c. Construction of measures: Method I1

Here we are interested in constructing measures on a metric space X for
which open sets will be measurable. Denote by B(X) the smallest o-algebra
of subsets of X that contains all open sets. Its elements are called Borel
sets of X. Of course, B(X) is also the smallest o-algebra containing all
closed sets of X.

An outer measure p* on a metric space X is said to be a Borel measure
if Borel sets are p*-measurable, and we say that p* is Borel-reqular if p* is
a Borel measure and for any A C X there is a Borel set B with B D A and
w*(B) = p*(A). Notice that not necessarily p*(B\ A) = 0 except when A
is measurable and p*(A) < +oo.

Borel measures will be discussed in Chapter 6; here we present a method
for their construction. We begin with Carathéodory’s characterization of
Borel measures.

5.36 Theorem (Carathéodory). Let X be a metric space with distance
d. An outer measure pu* in X is a Borel measure if and only if

pf(A) +p*(B) = p*(AUB) VA, B C X with d(A, B) > 0.



302 5. Measures and Integration

Proof. Suppose that p* is a Borel measure. If A, B C X have positive distance, there
is an open set 2 such that A C Q, B C Q¢ and, since €2 is measurable,

1 (A) + " (B) = " (AU B) N Q) + " (AU B) N Q°) = u* (AU B).

Proving the converse is slightly more complicated. Since M« is a o-algebra, it
suffices to prove that closed sets are pu* measurable, i.e.,

p(ANC) +p*(ANCT) < p*(A)
for every closed set C and every set A with p*(A) < 400. Let C := {z € X |d(z,C) <
1/k}. Since d(ANCg, AN C) > 0, we know that
W ANC)+pu"(ANCE) =p (AN (CUCE)) < p*(A).

Therefore the conclusion follows if u*(ANCf) = p*(ANC®). In order to prove this we
notice that, since C is closed,

ANC®=ANCiu | J(ANRy)
j=k

where R;j :={z|1/(j +1) < d(z,C) < 1/5}. The subadditivity of z* then yields

[e o)
WANCE) < i (ANCY) < u* (ANCH + 3 u* (AN Ry)
=k
and the proof is completed if Z;i1 1w (AN R;) < 4o0. To prove the last inequality, we

notice that d(R;, R;) > 0 V4, j, i > j + 2, hence, applying inductively the assumption,
we compute

N

> w (AN Ryy) = p* (ANUN Ryj) < i (A) < +oo,

j=1

N
P (AN Rgj1) = p* (ANUL Raj1) < p (A) < foo.

=1

J
O

Let X be a metric space and (Z, «) a set function. For § > 0 denote by
w5 the outer measure defined for all £ C X by

oo

Wi(E) = inf{Za(Ik) ‘ Ur Iy O B, I € T, diam(ly) < 5}.
k=1

Since ¢ — p3(F) is nondecreasing, we may and do define a new outer
measure p* : P(X) — R given by
*(FE):= 1 5(E).
p(E) = lim p5(E)
We say that p* is the outer measure constructed from o by Method I1.

5.37 Proposition. Let X be a metric space and (Z,«) a set function in
X. Let u* : P(X) — R be the outer measure constructed from (I,a) by
Method II. Then p* is a Borel measure. Moreover, if T C B(X), then u*
is Borel-regular.
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Proof. To prove that pu* is a Borel measure we use Caratéodory’s test in Theorem 5.36.
Let A, B C X with dist(A4, B) > 0 and pu*(AUB) < oo. Suppose that dist(A, B) > 26 >
0. Since pr (AU B) < 400 Vo, for any € > 0 there is a covering {I } of AU B with sets
in T of diameter at most o. {Ij} then splits into a covering {I,} of A and a covering
{I}/} of B and we may compute

e} [e'e]

MU'AUB Z GZZ Ik)+z Illcl 7€>MO'(A)+H0'(B)76'

Letting first ¢ — 0 and then o — 0, we conclude p*(A U B) > p*(A) + p*(B).
Assume now Z C B(X) and let A C X. Without restrictions we may assume that
p*(A) < 4o00. Then for all § > 0 p3(A) < +oo and by the definition of pu}, there is a
Borel set Bs D A with u}(A) = p}(Bs). We may also arrange things in such a way that
Bs C By if 0 < §. By choosing a decreasing sequence 6, — 0, we find an increasing
sequence of Borel sets By, := Bs,, such that pj (A) = pj (Bn). Passing to the limit in

n, we then get p*(A) = p*(B) with B = U, B, that is a Borel set. O

5.2 Measurable Functions and the
Integral

Given a measure (£, ) on a set X, for instance, the Lebesgue measure
(L™ M) in R™, we may construct a corresponding integral with respect
to that measure. To do this we first introduce the notion of £-measurable
functions.

5.2.1 Measurable functions

Let X be a set and £ a o-algebra of subsets of X.

5.38 Definition. We say that f : X — R is E-measurable if for all t € R
the set

Epai= Mt +oo]) = {z € X | () > 1}

belongs to €. The class of E-measurable functions is denoted by Mg or by
M when no confusion may arise.

If £ is the o-algebra M- of the measurable sets of an outer measure p*
and p denotes the restriction of p* to M~ we say that f is pu-measurable
(or simply measurable if 41 is clear from the context) instead of f is M,,--
measurable. If £ = B(X), the o-algebra of Borel sets in a metric space
X, then &-measurable functions are called Borel functions. In particular,
f:R™ - R is Lebesque measurable or L™-measurable (respectively Borel
measurable) if for all ¢ € R the set
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{xeR"

fz) > t}

is £L"-measurable (respectively is a Borel set).

Let E € £. A function f : E C R® — R is said to be &-measurable
in Eif £ €& and{xeFE|f(x) >t} e forall t €R. Notice that f is
E-measurable in E if and only if f is F-measurable in the set space E with
respect to the o-algebra

F = {A|Aee,AcE}.

5.39 9. Show that f is £-measurable in E € £ if and only if its extension to —oo or to
a constant in all of X is £-measurable.

The next proposition collects several equivalent ways of saying that a
function f: X — R is &-measurable.

5.40 Proposition. Let £ be a o-algebra of subsets of a set X and f :
X — R a function. The following claims are equivalent:

(1) f is E-measurable, i.e., Ey, € € for all t.
(ii) {x € X | f(x) >t} €& for allt.

(ii) {zx € X | f(z) <t} €& forallt.

(iv) {z € X | f(z) <t} €& forall t.

(v) For every open set A C R we have f~*(A) € €.
(vi) For every closed set F C R we have f~1(F) € £.
(vii) For every Borel set B C R we have f~Y(B) € £.

Moreover, in (i), (ii), (iii) and (iv) we can replace “for all t” with “for all
t in a dense subset of R”.

Proof. (i) = (ii). Notice that
{xEX‘f(a?) Zt} :fjl{zeX‘f(a:) >t—%};

thus, {z € R" ‘ f(z) > t} € € as intersection of the £-measurable sets {z € X | f(z) >

t—1/n} €é&.
The other implications are proved similarly. We leave them to the reader as exer-
cises. We only prove that

(i) = (vii). For that, first notice that
£ = {z|a < f@) <b} = {£@) > a}\ {12) > b},

hence f~1(I) € & for all intervals I. Since the Borel sets form a o-algebra and for any
family of sets

FHUA) = Uf*l(Ai), FHNAY) = mffl(Ai),
FTHA\B) = N A\ FH(B),

we infer that
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F = {f‘l(B) ‘ B C R is a Borel set}

is a o-algebra contained in £.
Finally, if Z C R is dense in R and Ey; € £ Vt € Z, then for all t € R we choose
{tn} C Z such that t, | t. Since

Ere=JEf,,
n
we conclude that Ey ; is in &, too. [}

5.41 9. Show that there are Lebesgue measurable functions f : R — R and Lebesgue
measurable sets E C R such that f~!(E) is not Lebesgue measurable.

[Hint. Consider the inverse of g(z) := x+ f(x) : [0,1] — [0, 2], f being the Cantor—Vitali
function. Notice that g is invertible with continuous inverse and maps the Cantor set,
which is a zero set, onto a set of positive measure. Recall also that sets of positive
measure always contain nonmeasurable sets.]

a. Families of measurable functions

5.42 Lemma. Let £ be a o-algebra of subsets of a set X and f,g: X — R
be two E-measurable functions. Then {x € X | f(x) > g(x)} € £.

Proof. For every rational r € Q, the set A, :={z € E|f(z) >, g(z) <r} € & is the
intersection of two sets in £. On the other hand,

{a: € E’f(a:) > g(z)} = U Ar,
reQ
hence {z € E| f(x) > g(x)} € € is a denumerable union of sets in £. o

5.43 Proposition. Let X be a set, £ a o-algebra of subsets of X and M
the class of all £-measurable functions. We have the following:

(i) Constant functions are £-measurable; moreover, E € £ if and only if
XE € M.
(ii) Let f,g € M. Then max(f,g), min(f,g) € M; in particular, f1 =
max(f,0), f— = max(—f,0), |f| € M.
(iii) Let f,g € M and o, 8 € R. Then af + g € M.
(iv) Let f,g € M. Then 1/f € M, f> € M and fg € M; in particular,
if [ is E-measurable in E, then f is E-measurable in any F € £
FCE.
) If {fr} € M, then infy fi(z) and sup, fi(z) € M.
(vi) If {fx} C M and fr(x) — f(x) pointwise, then f € M.
i) If {fx} C M, then liminfj_, fr(x) and limsup,,_, . fr(x) € M.
) If f € M and ¢ : R — R is a continuous function, then ¢ o f € M;
in particular, |f| and |f|P, Vp € R, and ef belong to M.

Proof. (i) is trivial.

(ii) For all t € R we have

Emax(f.o)t = Ert|UEBgts  Pumin(r.g)t = Eri[ | Egpt-
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Figure 5.3. Frontispieces of two works by Emile Borel (1871-1956) and Charles de la
Vallée—Poussin (1866-1962), respectively.

(iii) Since for h: X — R we have E_j, ; = {z| h(z) < —t}, Proposition 5.40 yields that
—h € M if and only if h € M. Similarly, if 3 € R and h € M, then Sh € M. In fact,
En/p if B> 0,
if 3=0and t <0,
if =0and t >0,
{z|h(z) <t/B} ifB<O.

Additionally, notice that for h € M we have h(z) + ¢ € M since Egyc s = Eg¢—c Vt.
Hence af, t — Bg € M and

Eopipgr = {zlaf(z) >t—Bg(z)}
for all ¢ € R. The thesis follows from Lemma 5.42.
(iv) We have

Eght =

{z|0< f(z) < 1/t} ift >0,
Ey/pe =9 {z|f(z) >0} if t =0,
{z|f(z) >0} U{f(z) < 1/t} ift<O.

In all cases Ey ¢ ; € €, hence 1/f € M. Moreover, f2 € M since
X ift <0,
By = .
{z| f(z) > VE} U {z| f(z) < =1t} ift>0.

It then follows that fg € M since fg = %((f +9)2 - f2—-g%.
(v) First we prove that

{:Iz‘f(:r) > t} = D [j ﬁi{x’fk(x) >t 1/n}. (5.5)

n=1%=1k=k
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If fi(x) = f(z) and f(z) > ¢, then there exist n € N and k € N such that for all k > k
fu(x) >t+ % In other words, there exist n and k such that

= 1
ve N {z| @ >t+ -},
k=k "
hence

{z‘f(z)>t}c G

n=1%—

o0
m {z ’ fre(x) >t+ l/n}.
1k=k
Conversely, if 2 belongs to the set on the right of (5.5), then there exist n and k such

that for k > k we have fx(z) >t + % Letting k — oo we find f(z) >t + % > t, hence

z € {f(z) > t}.
In words, (5.5) says that for all ¢’s the set {f(x) > t} is a denumerable union of
intersections of sets in &; therefore, {f(z) >t} € £ i.e., f is E-measurable.

(vi) In fact, we have

Eaupy st = U Erts Binty fit = [V Eport-

k k
(vii) By definition
liminf fi(x) = lim inf fx(z), limsup fr(xz) = lim sup fx(z);
k—o0 j—oo k>g k— 00 J—00 k>

the claim then follows from (v) and (vi).
(viii) If A C R is open, then ¢~ 1(A) is open; Proposition 5.40 then yields (¢o f)~1(A) =
o7t A) ee. =

5.44 9. Let &€ be a o-algebra of subsets of a set X. If f,g: X — R are &-measurable,
then
h(z) = {f(:r;) ifxe E,

g(z) ifxe E°

is £-measurable.

b. Approximation by simple functions

Let X be a set and £ a o-algebra of subsets of X. We recall that the
characteristic function of A C X is

1 ifx e A,

xa(w) := .
0 otherwise.
We say that ¢ : X — R is a simple function if it takes finitely many finite
distinct values a1, aso,..., ay. The class of all £-measurable simple func-
tions is denoted by S. Clearly, ¢ € S takes distinct values a1, as,..., an
if and only if

N
SD(‘T) = Z Ak X Ey»
k=1

where Ej, := {z € X |¢p(x) = ai}. Moreover, ¢ is £-measurable if and only
if By € & for all k.



308 5. Measures and Integration

5.45 Lemma. Let X be a set and £ a o-algebra of subsets of X. A non-
negative function f : X — Ry is E-measurable if and only if there exists
a nondecreasing sequence of E-measurable simple functions {pr} such that
vr(x) = f(x) pointwise.

Proof. Let us construct the sequence {pg}.
Let f: X — R be a nonnegative function. For k = 1,2,3,... set By := {z| f(z) >

2k} and for h = 0,1,,...,4F — 1 set By p := {z|h/2F < f(z) < (h+ 1)/2F}, and,
finally, define ¢ : R® — R by

2k ifx € Ey,

o ifx € Ek,h~

Trivially ¢ (x) takes finitely many values. It is not difficult to show that ¢giq(z) >
pi(x) and that pg(z) < f(x) for all z and

4k 1

h
pr(z) = > ?XEk)h(x) +25xp, (z)  VzeX.
h=0

Moreover, o (x) — f(z) pointwise. In fact, if f(z) = 400, then ¢y (z) = 2* Vk, hence
pr(x) = 400 = f(z). On the other hand, if f(z) € R for sufficiently large k, we have
f(z) < 2%, hence z € Ey,p, for some h = 0,1,...,4% — 1. Therefore,

h+1 h 1
f(@) —pr(z) < ok T ok 9k’
and again ¢ (x) — f(x) as k — oo.
To conclude, it remains to show that ¢y, is E-measurable. If f is E-measurable, then
E, € € and Ey j, € € thus, {¢}} is E-measurable. O

c. Null sets

Let (€, ) be a measure on a set X and E € £ We say that a function
f: E — R vanishes p-almost everywhere if for the set N = {x € E| f(x) #
0} € € we have u(N) = 0.

5.46 Definition. Let (€, 1) be a measure on a set X and E € €. A pred-
icate p(z) depending on x € E is said to hold p-almost everywhere in E

or for p-almost every x € E and we write p(x) is true for p-a.e. x € E, if
{z € E|p(z) is false} C N € £ with u(N) = 0.

5.47 9. Let (€, ) be a measure on a set X, let E € £ and let f,g : E — R be two
functions such that f(z) = g(z) for p-a.e. . Show that f is £-measurable if and only
if g is £&-measurable. [Hint. Eq+AEyp; C N. Therefore Eg+ = (Eyy \ N1) U N2 with
p(N1) = p(N2) = 0]

5.48 9. Let (£, 1) be a measure on aset X, let E € £ and f : X — R an £-measurable
function. Show that u({z € E| f(xz) = t}) = 0 except for at most a dense denumerable
set of t’s.
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Figure 5.4. The beginning of two papers by Dimitri Egorov (1869-1931) and Nikolai
Lusin (1883-1950) in which Egorov and Lusin theorems are proved.

d. Lebesgue measurable functions

We now restrict ourselves to £"-measurable functions in R™.

We know that open and closed sets in R™ are £™-measurable. Therefore,
Borel sets and Borel functions are £™-measurable. One then easily infers
that all elementary functions are measurable.

(i) Continuous functions f : R™ — R are Borel functions. In fact, for
any t the set FEy; is open, hence Borel. We have more.

(i) If f + A C R™ — R is continuous in A and A is measurable, then
f is measurable in A. In fact, for any ¢ the set Ey; is open in A,
ie, Ery = QN A, Q being an open set of R". As intersection of
measurable sets, Er; is measurable.

(iii) Lower or upper semicontinuous functions are Borel functions, since
Ey; or, respectively, {f(z) <t} are open sets.

We conclude this section by characterizing Lebesgue measurable func-
tions as continuous functions except on small sets.

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

Proof. Assume that f is &-measurable in E. First, assume |E| = L™ (E) < +oo. For any
integer k, we divide the real line into the denumerable union of intervals I}, ; of length
1/k. The inverse images of these intervals, Ay, ; := f_l(Ik,j) C E, are measurable and
form a partition of £. According to Corollary 5.15, given € > 0 for each j there is a
compact set Ey, ; such that
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Ek’j CAk’j, |Ak,j\Ek,j| <62_k Q_j,

so that [\ U2 By ;| < €27%. Consequently, we find an integer N such that the set
Fy, :=UN | Ey, ; is closed and
|E\ Fi| <e27F.

Next, we notice that for a given k the closed sets Ej, ;, the union of which yields Fy,
are pairwise disjoint. Therefore, if we choose a point y ; € I, ;, the function

9k () = yi,j ifxe FEyy, j=1,...,N

defines a function g : Fx, — R that is piecewise constant, and more precisely constant in
closed and disjoint sets, and, consequently, continuous. Moreover, |gx(z) — f(z)| < 1/k

on Fy. If we set
Fo=(Fk
k

then F' is closed, |E\ F| < 352 |E\ Fi| <372, 27F = ¢ and |gx(x) — f(z)| < 1/k
in F. This allows us to conclude that g — f uniformly in F', hence f|r is continuous.

When |E| = 400, we square R™ with closed cubes {R;} with disjoint interiors and
decompose E as £ = U;E; E; :== EN R;. For each j we have |E;| < 400 and, by the
above, we find a closed set F; C E; such that f|Fj is continuous and |Ej; \ Fj| < €277,
Since the family {F}} is locally finite, ' := U;F} is closed, f|r is continuous and
|[E\ F| <e. O

Taking into account Tietze’s extension theorem, we then deduce the
following.

5.50 Proposition. Let E C R" be measurable and f : E C R* — R
be measurable in E. For any € > 0 there exists a continuous function
ge - E — R such that

C”({x cE ] flz) # ge(ac)}) <e

5.51 9. Show that f: R™ — R is £™-measurable if and only if it agrees £L"-a.e. with a
Borel function.

5.2.2 Lebesgue integral

Given a measure (€, u) on X, there are several equivalent ways of defining
the integral of an £-measurable function. Here we choose a specific path
starting from the integral of simple and £-measurable functions.

If one starts with the Lebesgue measure (M, L"), the resulting integral
is the Lebesgue integral, as already presented in [GM4]. In this case, the
integral of a nonnegative measurable function f : R” — R will agree with
the R"*! Lebesgue measure of the subgraph of f:

/f(:r) de = L+ ({(a:,t) e R™! | f(z) > t}).
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a. Definition of Lebesgue integral

Let X be a set and (€, u) be a measure in X. Denote also by M the class

of the £-measurable functions f : X — R and by S the class of simple
functions that are £-measurable. Recall that a simple function writes as

N
SD(‘T) = Z Ak X Ey s
k=1

where a; # a; for i # j and Ej = {x’gp(m) = ak}. Thus, ¢ is &-
measurable if and only if E}, € £ for all k.

The integral of a nonnegative £-measurable simple function ¢ € S is
then defined as

N
I/t(‘?) = ZakN(Ek),
k=1
where we agree that apu(Fy) = 0 if ap = 0 and u(Ex) = oo.

5.52 9. Show that the integral is a linear functional on S,
Lu(ap + BY) = alu(p) + BLu(¥)  Va,BER, Yo,y €S.

Deduce that if ¢ = Zi\le aixg;, Ei € €, then I(p) = Zi\le a;pu(E;) even if the E;’s
are not pairwise disjoint.

We then define the integral of a measurable and nonnegative function
f: X — R. The idea is the following. As we have seen, f is the pointwise
limit of an increasing sequence {¢y} of £-measurable simple functions.
Therefore, the sequence of the corresponding integrals {I(¢y)} is increas-
ing, hence the limit limy_, o I, (k) exists. One can show that this limit
does not depend on the particular sequence {¢x} that approximates f,
see Beppo Levi’s theorem below. Therefore, it is reasonable to define the
integral of f as the above limit, limg_oo I, (k).

More formally, we proceed as follows. Let f : X — R, be £-measurable
and nonnegative. We define the integral of f with respect to the measure

(E,p) as
[ 5@ auta) = swn{1,(5) | € 5. 6(0) < f(@) v X}
X

For a generic £-measurable function f : X — R, its positive and negative
parts, defined by

fr(@) = max(f(2),0),  f-(z) = max(—f(z),0),

are E-measurable and nonnegative and f(z) = f4(z) — f-(z) Vz. We then
set the following.
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5.53 Definition. Let f : X — R be an E-measurable function. We say
that f is p-integrable if at least one of the integrals [ fi(x)du(z) or
[ f-(z)du(zx) is finite; in this case the Lebesgue integral of f with re-
spect to the measure i s

[ s@adua) = [ f@ duta) = [ 7@ duta

We say that f : X — R is p-summable if both the integrals of fi and f_

are finite.
d 3 dp.
[ r@an@)as [ rau

If £ € £and f: E — R is &-measurable in F, then the extension
f: X — R of f defined by setting f(z) = 0 if = ¢ F is E-measurable.
We say that f is p-integrable in E (respectively u-summable in FE) if fis
p-integrable (respectively p-summable) and define the integral of f in E

N /f ) dpu(z /f ) dyu(

The class of p-summable function on X is denoted by L£!(X,u) or by
LY(X) or £! when no confusion may arise.
The claims collected in the following proposition easily follow.

We often write

5.54 Proposition. Let (€, 1) be a measure on X and E € €. We have
the following:

(i) Lebesgue’s integral extends the integral of £-measurable simple func-
tions, meaning [ ¢(x)du(x) = I,(p) Vp € S.
(ii) If f is integrable on E, then fis mtegmble on every measurable subset

F CE and [, f(z)dp fE x) dp(x).
(iii) Let E,F € & and f : EUF —-R be mtegmble in EUF; then

o ey o

(iv) (j;f|E| = 0, then every function is summable on E and [, f(z) du(z) =
(v) The class of summable functions in E, L*(E, ), is a vector space.
(vi) f is p-summable in E if and only if f is E—measurable and

/ (@) du(z) < +oo.

(vil) Lebesgue’s integral is monotone, i.e., if f,g are p-integrable in E and

[ <g, then
/ f(@) dp(z) < / o) du(2),
E E
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(viii) If f is p-integrable in E, then

’/Ef(x)du(x) S[E|f(x)|du(x).

5.55 9. Let (£,p) be a measure on a set X and let £ € £ and f,g: E — R be two
functions that agree for u-a.e. x € E. Show that

(i) f is integrable if and only if g is integrable,
(ii) f is summable if and only if g is summable.

Moreover, [ fdp= [ggdu.

5.56 9. Let (£, 1) be a measure on a set X and E € £. Show that if f is y-summable
in F and g is measurable with |g(z)| < M for p-a.e. € E, then fg is p-summable in

Eand [ |f(z)g(@) du(z) < M [ [fldp.

5.57 9. If [ f(z)dz = 0 for every ball B centered at points of E, then f(z) = 0
for all x € E.

b. Beppo Levi’s theorem

5.58 Theorem (Beppo Levi). Let (E,u) be a measure on X and let
{fr} be a nondecreasing sequence of nonnegative p-measurable functions
fe : ECX = R. Then f(x) := limg_ 400 fr(x) is p-measurable in E and

[ @ duta) = pim [ (o) duta),

Proof. By extending f to the whole of X by setting f(z) = 0 if x ¢ E°, we reduce
ourselves to proving the claim when E = X.

As pointwise limit of p-measurable functions, f is p-measurable and being fi(z) <
f(z) for every k and every z € X,

tim [ fedo< [ fau
k— o0
The opposite inequality remains to be proved. Let
a:= lim / frdp.
k—oco J B

It is enough to assume a < +oo. Let ¢ be a simple function with ¢ < f and let
0 < B < 1. Consider for k =1,2,... the sets

Ap = {z € X| fu(@) > Bo(@) }.

Clearly, {Ay} is a nondecreasing sequence of p-measurable sets, and we have

ﬂAk¢du=/4kﬂ¢dus/Akfkdus/fkdu. (5.7)

On the other hand, ¢(z) := Zi\le aix B, (x) with B; := {z|é(x) = a;} € £, hence

N N
b dy = ai/ dp ai/ du=/¢du
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as k — oo, by the continuity property of measure p. Therefore, passing to the limit in

(5.7),
B/¢du=ﬁkgngc/4k¢du§a~

When 8 — 1, we then get [¢du < a for all ¢ that is simple and E-measurable with
0 < ¢ < f. This shows that [ fdp < a. O

Fatou’s lemma below is in fact another formulation of Beppo Levi’s
theorem. Lebesgue’s dominated convergence theorem then follows. We only
quote the statement and refer the reader to Section 2.2 of [GM4]: The
proofs there presented work for the Lebesgue integral, but they can be
extended verbatim to the integral with respect to a generic measure (€, u)
on an arbitrary set X.

5.59 Lemma (Fatou). Let (&,p) be a measure on a set X and {fr} a
sequence of nonnegative and E-measurable functions in £ € £. Then

/ liminf f dp < lim inf/ frdp.
g k—oo k—oo Jg

5.60 Theorem (Lebesgue dominated convergence theorem). Let
(&, 1) be a measure on a set X and let {fr} be a sequence of £-measurable
functions in E € £. If

(i) fe(x) = f(x) for p-a.e. x € E,
(ii) there exists a p-summable function ¢ : E — R such that |fr(z)| <
o(x) for all k and for p-a.e. x € E,

then
/E (@) — £(@)] du(z) = 0;

in particular, [y fredp— [ fdp.

c. Linearity of integral

5.61 Proposition. Let (€, ) be a measure in a set X. The integral is a
linear operator, more precisely:

(i) Let E € € and let f,g € LY(E) be either u-summable functions in E
or p-integrable and nonnegative in E. Then

[E(erg)du:[EfduﬂL[Egdu-

(ii) If f is p-integrable in E and X\ € R, then [, A\fdp =X [ fdpu.
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Proof. (i) Assume f, g are E-measurable and nonnegative. According to Lemma 5.45, let

{or}, {¥r} C S be such that @i 1 f, ¥ T g. Then trivially ¢ + 1 T f + g. Moreover,
since the integral is linear on simple and £-measurable functions, I, (¢r) + Iu(Yr) =
I,.(¢r + k). Beppo Levi’s theorem then yields

/(f+g)du=klij;ofu(sok+wk)=klgﬂgofu(wk)+khg1;o1u(wk))=/Efdu+/Egdu~

(ii) Let f,g be p-summable. By decomposing f and g in their positive and negative
parts, we see, again by Lemma 5.45, that there are {¢}, {¢p} C S such that ¢ — f,
Y — g pointwise, |or| < |f], |¥k| < lg|. Therefore ¢y + 1, — f + g pointwise and
lok + Yr| < |f]+ |g|- Moreover, since the integral is linear on simple and £-measurable
functions, I, (k) + Iu(¥r) = Iu(pk + k). Lebesgue’s dominated convergence then
yields

I#(gok)ﬁ/fdu, Iu(wk)a/gdu,
and

Tu(on) + Tu (k) = Tu(on + ) = /(f+g) dy,

hence the first claim.
The second claim of the theorem follows at once from the definition of integral. O

d. Cavalieri formula

5.62 Theorem. Let (&, 1) be a measure on a set X, and E a measurable
set in X, B € £. For every nonnegative £-measurable function f : E C
R™ — R we have

+oo
[ fan= [ uttz € B15(@) > dc ).
E 0

Notice that the function t — u({z € E'| f(x) > t}) is nonincreasing, hence
Riemann integrable on bounded sets.
Proof. Let ¢ be a simple £-measurable nonnegative function, ¢(z) = Z;V: 195X E; ()

where the a;’s are distinct and E; := {z|p(z) = aj} € £ For t > 0 set a;(t) :=
X[0,a;](t). For all t > 0 we have

w({o e x|o@) > 1)) = 3 ay0mE)
j=1

hence

-

(f R ) ()

aju(Ej) = /@ dp,

/ (el > 1) @t

1

J

.

1

J

i.e., the Cavalieri formula holds for the simple £-measurable functions. The general
case follows by approximation, Lemma 5.45 taking into account the continuity of the
measure for increasing sequences of sets and Beppo Levi’s theorem. O
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e. Chebycev’s inequality

Let (€, 1) be a measure on aset X, E € £. For a nonnegative £-measurable
function f : E C X — R and for ¢t > 0, let Ef, := {z € E| f(zx) > t}.
Trivially, ¢ < f(z) on Ey,; the monotonicity of the integral then yields

1
Ef,t

The inequality in (5.8) is very useful in many instances; for this reason it
is referred to with many names: weak estimate, Markov’s inequality and
Chebycev’s inequality. The nonincreasing function ¢ — p(Eyr;) is some-
times called the distribution function of f, see Chapter 9 of [GM2].

f. Null sets and the integral

5.63 Theorem. Let (&, 1) be a measure on a set X, E € & and f : E —
R a nonnegative and p-summable function. Then f(z) < +oo for u-a.e.
rekl.

Proof. Let C := [p f du. According to (5.8), for any k € R we have

u({:{: € E‘f(x) = +oo}> §,u({x € E‘f(x) > k}) < %

Hence p({€ E| f(z) = +o0}) = 0. o

5.64 Theorem. Let (£,p) be a measure on X, E € £ and f: E - R a
nonnegative and £-measurable function. Then fE fdu =0 if and only if
f(x) =0 for p-a.e. z € E.

Proof. Suppose f(z) = 0 for p-a.e. . Then any simple minorant ¢ of f is nonzero only
on sets of zero measure, hence I, (¢) = 0 and, by definition of integral [ f(z) du(z) = 0.

Conversely, from (5.8)
ku({zeB| @) >1/1}) < /E f(z) du(z) = 0,
hence pu({z € E| f(z) > 1/k}) = 0 for all integers k. Since
{e€B|f@) >0} :LkJ{xEE‘f(z) > 1/k}

we conclude, see Proposition 5.18, that u({z € E| f(z) > 0}) = 0. ]

5.65 €. Show that, if f and g are integrable on F and f(z) < g(x) for p-ae. © € E
and [ f(z)dz = [ g(x) dz, then f(z) = g(z) for p-a.e. z € E.
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g. Convergence theorems

Actually, all of the convergence results in Section 2.2 of [GM4] extend ver-
batim to integrals with respect to a generic measure (€, i) on an arbitrary
set X. We only quote the statements, as the relative proofs are trivial
variations of the proofs provided in Section 2.2 of [GM4].

5.66 Proposition (Total convergence of series). Let (£, i) be a mea-
sure on a set X and {fi} be a sequence of nonnegative £-measurable func-
tions fr : £ — R. Then

[ngkdﬂzgéfkd#.

5.67 Theorem (Lebesgue). Let (€, ) be a measure on a set X and let
{fr} be a sequence of E-measurable functions in E such that

> /E (@) dpu() < +oo.

Then the series Y po o fiu(z) converges absolutely for p-a.e. v € E to a
w-summable function f and

f(x) — zp: fe(z)|de — 0 as p — oo. (5.9)
E k=0

In particular,

/Efdu=k§/Efkdu~

5.68 Theorem (Absolute continuity of the integral). Let (€, u) be
a measure on a set X and let f : E — R be p-summable. Then for every
€ > 0 there exists § > 0 such that for every measurable subset F' C E with
p(F) < 8§ we have [, |f|dp < e. Equivalently,

/fdﬂ—>0 as p(E) — 0.
E

5.69 Theorem (Continuity). Let A be a metric space, X a set and
(&, 1) a measure on X. Let f : Ax X — R be such that

(i) for p-a.e. x € X the function t — f(t,x) is continuous in A,
(ii) Vt € A the function x — f(t,x) is p-summable,
(iii) there exists a p-summable function ¢ such that

|f(t,z)| < ¢(x) forallt € A and p-a.e. x € X, (5.10)
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then the function

ﬂﬂ:/f@@m@) te A,

is continuous in A.

5.70 Theorem (Differentiation). Let A be an open set in R¥, X a set
and (€, 1) a measure on X. Denote by t = (t1, ta, ..., tx) the coordinates
in A, andlet f: Ax X =R f= f(t,x) be such that

(i) = — f(t,x) is p-summable for all t € A,
(ii) f has a partial derivative in the variable t; at (t,x) for all t and for

p-a.e. ,
(iii) there exists a u-summable function ¢ such that
of
%(t’ x)‘ < ¢(z) for allt € A and for p-a.e. x. (5.11)
J

Then the function

F(t) := /f(tm) dp(z), te A,

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

OF [ 0f
8_tj(t) = 8_tj(t’ x)du(z)  Vte A

h. Riemann integrable functions

We now restrict ourselves to the special case of the Lebesgue measure
(M, L™) in R™ where M denotes the o-algebra of the £™* measurable sets
and, in fact, to n = 1.

Let f(x), « € [a,b], be a function that is nonnegative, bounded, with
compact support (zero outside an interval [a, b]) and Riemann integrable.
According to the Riemann definition of integral, for any € > 0 there exist
two simple functions p(z) = Zjvzl ajxr;(z) and (x) = Zjvzl bixr, ()
constant on each interval I; such that ¢(z) < f(z) < ¢(z) Vz,

I(p) < Riemann/f(x) dx < 1(v)
and I(¢) — I(p) < € here, the integral of a simple function is given by

N
I(p) = > a5l L]
Denote by SGy 4 the subgraph of f,

SGyfas = {(@:0) [z € 0,0 <t < ()},
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then trivially SGy (a0 C SGy e C SGy [ap and, since SGy 4 and
SGy [a,p) are the union of finitely many intervals, we infer that

L2*(SGyap \ SGlap) < €

Since € is arbitrary, we infer that SGj |, is L™ _measurable, and, on
account of Fubini’s theorem, see Theorem 5.84 below, that f is L£"-
measurable. Moreover, since ¢ and 1 are simple and £™-measurable func-
tions, we also have

I(p) < Lebesgue/f(m) dx < I(v),

thus we can state the following.

5.71 Proposition. If f is Riemann integrable, then f is L™-measurable
and

Riemann/f(m) de = Lebesgue/f(x) dz.

Fubini’s theorem, Theorem 5.84, has been used in the previous argu-
ment to prove that f is £"-measurable. Alternatively, the measurability of
f follows from the following characterization of Riemann integrable func-
tions due to Giuseppe Vitali (1875-1932) in terms of Lebesgue’s measure.

Let f: R — R be a bounded function with compact support (f = 0
outside [a,b]). For k =1,2..., set

My,(z) :== sup f(t)
B(z,1/k)

and
f*(z) == lim Mpg(x) = limsup max(f(t), f(x)).

k— o0 t—x
It is not difficult to prove that

(i) f* is upper semicontinuous and f*(z) > f(x) for all x € R,
(ii) f* is the smallest upper semicontinuous function that is not smaller
than f.

Sometimes f* is called the upper semicontinuous reqularization of f. Sim-
ilarly, one defines the lower semicontinuous reqularization of f,

fe(x) := lim my(z) = ligigf min(f(t), f(x)),

k—o0
where my,(z) := infp(y,1 /1) f(t). Of course,

(i) f is continuous at xo if and only if fi(xo) = f*(x0),

(i) fu(z) < f(2) < f*() Va,

(iil) f.« and f* are L™-measurable.
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Denote by 8¢ the class of elementary simple functions, i.e., piecewise con-
stant functions on intervals and vanishing outside [a, b]. If ¢ € 8¢, ¢ > f
in [a,b] and ¢ is continuous at xg, then p(zo) > suppy, . f(t) for some
r > 0. This yields f*(zo) < ¢(x0), hence f*(z) < ¢(z) at all points of con-
tinuity of ¢ and in conclusion at all points of [a, b] except finitely many. It
follows

/F@ng/w@ﬂx Voe st o> .

Indeed we have
/f*(:r) dz = inf{/gp(m) dx ‘ pesd p> f}

and, similarly,

[ £@yde=sw{ [ pw)dz|pe s, o< 1},

In other words, f is Riemann integrable if and only if

/f*(a:)dx:/f*(x)dx

and, since f, < f*, if and only if f.(z) = f(z) = f*(x) for a.e. z. In
particular, f is £™-measurable and we can readily state the following.

5.72 Theorem (Vitali). A bounded function with compact support is
Riemann integrable if and only if it is continuous at L'-a.e. x € R.

5.73 9. Provide all details to prove the previous claims.
5.74 9. Let f be a measurable function on E and let
*
/ flz)de := inf{/ p(z) dz ‘ o simple, ¢ > f a,e.},
E E
/ f(z)dz = sup{/ p(x)dx ‘ o simple, ¢ < f a.e.}.
*E E
Show that f is integrable if and only if
*
[ @i [ f@)ae
E *
and, in this case, [, f(z)dz = [ f(z)dz = [, f(z) da.
5.75 9. Prove the following claims.

(i) Every lower (upper) semicontinuous function with compact support is an increas-
ing (decreasing) limit of continuous functions fj with compact support, hence f

is measurable and
/f(z)dz: lim /fk(z)dz.
k— o0

(ii) f is Lebesgue integrable if and only if for all € > 0 there are lower and upper
semicontinuous functions, respectively g and h, such that

g<f<h and /(h(x) —g(z))dx <e.
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5.3 Product Spaces and Measures

In this section we discuss the construction of product measures and how
to compute the corresponding integrals by means of iterated integrals. We
first consider the special case of the Lebesgue measure in R™ spaces.

a. R™ spaces and Lebesgue measures
We begin with the following lemma.

5.76 Lemma (Products). Let E be a measurable set in R™ and L > 0.
Then the sets Ex|0,L[, E x [0,L], Ex]0,L] and E x [0, L[ are £L""!-
measurable and

LYE)=L-L"(E).

Proof. Let us prove that £x]0, L[ is £L*t!-measurable if F is £?-measurable. The other
claims are proved similarly.

(1) The claim is true if E = I is an interval, an open interval or a closed interval of
R™. If I is an interval, Ix]0, L] is an interval in R®T! and |Ix]0,L] = L - |I]. On the
other hand, Ix]0, L[ differs from Ix]0, L] possibly for some face of its boundary, hence
for a zero set. Thus, Ix]0, L[ is measurable and [Ix]0, L[| = L |I|. A similar argument
works for I open or closed.

(ii) If the claim holds for disjoint sets E and F, then it holds for EUF, and if it holds
for E and F and E C F, then it holds for F'\ E.

(iii) Let E = UjEj be the increasing union of measurable sets E; and the claim holds
for each Ej, then the claim holds for E. In fact, Ex]0,L[= U;(E;x]0,L[) and the
increasing union of measurable sets is measurable. Passing to the limit we also have

|Ex]0,L[| = lim |E;x]0,L]| = L lim |E;| = L|E|.
J— o0 Jj—oo

From (i), (ii) and (iii) the claim holds when F is open, compact or a denumerable union
of closed sets.

(vi) The claim holds if E is a zero set. In fact, for all € > 0 there is an open set A D FE
with |A| < e. Hence Ex]0,L[C Ax]0, L and, on account of (i) and (iii),

LHY(EX]0,L]) < |Ax]0, L[| = L|A| < Le.

Since € is arbitrary, we conclude that |Ex]0, L[| = 0.

(vii) Finally, since every measurable set agrees with a denumerable union of closed sets
apart from a zero set, again (ii) yields that the claim holds for all measurable sets E. O

5.77 4. Show that E := R*~! x {0} C R™ has zero n-dimensional Lebesgue measure.
5.78 9. Show that for all A C R” we have £L("tD*(A x [0, L]) = L L™*(A).

5.79 9. Prove the following theorem.

Theorem. Suppose that E C R™ is L"-measurable and F C RF is L*¥-measurable.
g’hZL:Eg)F C R x R* is L7TF_measurable and L"TF(E x F) = L*(E)L*(F). (Here

Finally, show that £L("TR)*(E x F) = L™ (E)LF*(F) if at least one of E or F is
measurable.
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5.80 Theorem. Let f : E C R™ — R be a nonnegative measurable func-
tion defined in the measurable set E. Then the subgraph of f

SGye = {(w,t) \ rEB, 0<t< f(x)}
is L7 -measurable and
/ f(x)dz = L™ (SGy.k). (5.12)
E

Proof of Theorem 5.80. We divide the proof into two steps.

(i) The claim is true if f is simple and E = R™. For a measurable subset F' in R™
LMTY(F[x[0,a]) = a- L™(F) = / axr(z)dz,
R’IL

according to Lemma 5.76. Consequently, from the additivity of the (n + 1)-dimensional
measure we readily infer that whenever ¢ € S, ¢(z) = Zf\;1 a;E;, then SG, rn is
L™+ _measurable and

n n
LSO, gn) = ZE”'H(EZ- x [0,a;]) = ZaiL"(Ei) = / p(z)dz
=1 i=1 R™
by the additivity of the £7*t!-measure and the definition of integral.

(ii) When f: E C R® — R is a generic nonnegative measurable function, we think of
f as defined on the whole R™ setting f(z) = 0 is © ¢ E. According to Lemma 5.45,
we find a nondecreasing sequence of simple functions {¢g} such that @i 1 f pointwise.
Thus, {SG,, e} is a nondecreasing sequence of sets in R™*1 and

SnyE = UkSG(pk,,E~

Thus, SG; g is L™t _measurable and, from (i), the continuity property of measures
and Beppo Levi’s theorem, we conclude

£rtisa = lim £"t(s@ =1l / d:/ dz.
(5Gy,p) = lim (SGgy,p) = lim | erde Ef(ft) z

O

5.81 €. Let f : E — R be a measurable function on the measurable set £ C R"™. Show
that the set

{(z,y) cER"xR|z€EE, y<f(a:)}

is L7 1-measurable. [Hint. Decompose f as f = f+ — f— and apply Theorem 5.80 to
fref-]

5.82 9. Prove the following statement.
Proposition. Let f : E C R® — R be a nonnegative and measurable function on E.

Then
/E f(@)de = suijj (,ing 7@)1Esl

where the supremum is taken among all partitions {E;} of E into finitely many disjoint
measurable sets.
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Eq

\J

Figure 5.5. A slice E; of E over z.

b. Fubini’s theorem

In this paragraph we show how an n-dimensional integral can be computed
by means of n 1-dimensional integrations.
Given a set E in R"** and a point € R™, we denote by

E, = {y € RF ’ (x,y) € E}
the slice of F over x translated into the coordinate plane R¥, see Figure 5.5.

5.83 Theorem (Fubini). Let E be a L -measurable set in R"T*. Then
the following hold:

(i) For a.e. x the slice E, C R¥ is L*- measurable.

(ii) The function x — LF(E,), x € R", is L"-measurable on R™.

(iii) We have

LR E)= | LHE,)dr.
]R”L

The theorem, which on smooth sets E appears to be natural and even triv-
ial, states that, under the assumption “FE measurable”, i.e., approximable
in measure £"** by unions of intervals of dimension n + k, almost all of
its slices F, are approximable by unions of intervals of dimension k.

Proof. The proof consists in proving the claim for sets of increasing generality by means
of the continuity property of measure and integral.

Step 1. The claim holds if E is an interval. Trivially, every interval I C R*tF is a
product I = R x S, where R C R™ and S C RF are intervals and £"t*(R x S) =
L"(R)LF(S). For z € R™ the slice I, C RF is then

S ifx €R,

()  otherwise,

I, =

hence I, is LF_-measurable. Moreover,

L£k(S) ifxz €R,

0 otherwise.

£ (1) =

Therefore & — L£F(I,), x € R™, is a simple function, thus £"-measurable and



324 5. Measures and Integration

XXXV L
(33). SUGLT INTEGRALL MULTIPLL

(71} 8U UN TEOREMA
RELATIVO AGLI INTEGRALL DOI'PIL({Y)

Bem. Lo . 55, 1303, p. 68

1. Mi oeenperi qm |Iﬂ:|| ums-uh superficiali di nma fumeione

i B + aramai necessario in questo online

i rma-l el Lmesirk ') 1] teorema, che
it : Nel 1907 jo avero enunciato in questi Hemdiconti un tearema
&1 dwe varieMli ¥, 3, Nwilala o (K- che riduce il caleolo di un integride superficiale a quello di oo

witati, infegrabile in wn'area I del pinso (r, g}, allors si ba eewpre: integrale dopplo (iterst

= 5 i In una Nota rece

frizs .f.-_.ﬂ-r, ll,ru.,-r,—.J.hjju..M.. iz

i ey i A b s

i inteada Uelcments d'area di ') dnto un teorema, che & afailo cquivale

1 resto won emsenzinle] cialo seltanlo o

- rout, appure Credo qulu
ToRELLL :

ome dak ot Una fuxsions f(x,y) mirarabile rupérficiaimente, per cei erisra

b0 enusviate II teoressa reciproco, senui
a

duvere riprodarre qai 1

2, Introturremo dso definizioal : u aggregatn i [as [ 1rem,mia.
pusnti el plano (e, g} & linermente misurabile, s ogni ses fnerse i !

# islegrabile swperficialmeate ; ¢ per oo vale o

Iﬁfﬂh:l‘:=jf!u-!i‘”! =f‘:=|rrﬂl-!="-

(1) Pervenate alf Aeculemis il 13 laglio 1913

Figure 5.6. Two pages from the Opere Scelte by Guido Fubini (1879-1943) dealing with
iterated integrals.

LF(I)de = £F(S)L™(R) = LT (R x S).
Rn

Step 2. If the claim holds for disjoint measurable sets E and F', then it holds for EUF'.
In fact, (EU F); = FE, U Fy is then L£F-measurable for a.e. z € R, the function
xz — LF(EUF),;) = LF(Ey,) + LF(Fy) is £L™-measurable and the equality (iii) for
E U F follows adding (iii) for F and F'.

Step 3. If the claim holds for measurable sets E and F with E C F, then it holds for
F\ E. One proceeds similarly to Step 2.

Step 4. If E = U; E; is the union of a nondecreasing sequence {E;} of measurable sets
and the claim holds for each Ej, then the claim holds for E. Since for every j the sets
Ej . are LF-measurable for £"-a.e. x, and the j’s are denumerable, we deduce that for
L"-a.e. x, all of the sets £, are LF-measurable. Then E., that is equal to Ui Ej 2,
is LF-measurable for £L"-a.e. x. Moreover, £*(E;) = limj_, oo LF(E; ) for L -ae. z,
hence x — LF(E;) is £L™-measurable. Finally, because of Beppo Levi’s theorem

LVTR(E) = hm LrHRE;) = 11m - LE(Ej ) de = /Rn LF(Ey) de.

A consequence of Steps 1, 2, 3 and 4 is that the theorem holds if F is open or a
denumerable union of closed sets.
Step 5. The claim holds if L% (E) = 0. In this case, F is contained in the intersection of
a denumerable and decreasing family of open sets A;, E C A =N, A;, with LrTE(A) =
0. We may also assume that £"+k(A1) < +4o0; as the theorem holds for A; that is
open,

LF(A1 g)dz = L"TFE(A) < +oo.
Rn

Therefore £k(A17z) < 400 for L™-a.e. x, consequently, since A, = ﬂ]‘?‘;lAj,z for a.e. x,

£E(AL) = lim £F(A;,)  for LM-ae.
J—ro0
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and, by Beppo Levi’s theorem,

0=L"TF(A) = lim £"T*(A;) = lim £r(A; ) de :/ LF(AL) d,
RTL

Jj—o0 Jj—o0 R"

that is £F(A;) = 0 for L™-a.e. z.
Since E C A, also £¥(E,) = 0 for a.e.  and the function © — £¥(FE,) vanishes
a.e.. Trivially,

ck(Ez)d:U:/ 0de = 0= L T*(E).

R™ R™

Step 6. Since a measurable set F is a disjoint union of denumerable family of closed sets
and of a set of zero measure, we see from the above that the theorem holds for E. O

5.84 Theorem (Fubini). Let E C R™ be an L™-measurable set and f :
E — R a nonnegative function. Then f is measurable in E if and only if
its subgraph in E x R is L -measurable; in this case

n+l = z) dx.
£ (SGy ) = /E f(z)d

Proof. In Theorem 5.80 we saw that the subgraph SG g of f is L™ _measurable and
LY(SGy g) = / f(z)dz
E

if f is measurable in E. It remains to prove that f is measurable if SGy g is L£ntl
measurable. For all ¢ > 0

Ef’z:{zEE‘f(a:)>t}:{z€R”,

(l‘,t) € SnyE} = (SGf’E)t; (5.13)

Theorem 5.83 then yields that Ey ; is £™-measurable for Ll-a.e. t. Consequently, Efy
is L™-measurable for all ¢, see Proposition 5.40. [}

5.85 Theorem (Repeated integration). Let f : E C R*™* — R be an
integrable function in a measurable set E, and for x € R" let B, := {y €
R* | (z,y) € E}. Then the following hold:

(i) For a.e. x, the slice E, is LF-measurable and the function y
¢z (y) == f(z,y) is LF-measurable on E,.
(i1) The function

x—>/ f(z,y)dy, r € R",
By

18 L™-measurable.

(iii) We have
[tenia= [ ([ swpa)i.
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Proof. Assume in addition that f be nonnegative. Consider the subgraph of f in
IR'rz+k+17

SGpp = {(z.y,H) €R" x R* xR (2,9) € B,0 < t < f(z,)},
and, for x € R™ the subgraph of ¢z (y) := f(z,y), y € Fa,
G, 5, = {(ut) € R xR|y € Bs, 0<t < f(a,9)} = (G p)a-

Fubini’s theorem, Theorem 5.83, yields the following:

(i) Es is £F-measurable and SG,, , is £L¥T!'-measurable for a.e. z.
(ii) = — L*Y(SGy, B,), * € R™, is L™-measurable.
(iii) We have

En+k+1(SGf,E) — /

LFYSGy,, B, ) dx.
R’n,

Theorem 5.84 then allows one to read (i), (ii) and (iii) above as the statement.

For generic f, it suffices to decompose f as f = f4 — f— and apply the above. [}

Fubini’s theorem allows us to compute a multiple integral as iterated
simple integrals, the order of integration being irrelevant. For instance,

//Ef(x,y)dxdy:/(/& f(x,y)dy> dr,
| t@wazay = [ ( 5 f(w)dw) dy,

where E, = {y|(z,y) € E} and E, = {z|(z,y) € E} both hold. More
generally, we have the following.

5.86 Theorem (Tonelli). Let f: E C R"** — R be an integrable func-
tion, and let (z,y), x € R", y € R¥ be the coordinates in R"T*. The three
integrals

[ (L s@a)a [ ([ sewi)a
//Ef(x,y)dxdy

Notice that it is not assumed that the three integrals are finite but that f
as function of n + k variables is integrable. The following example shows
that the integrability assumption of f cannot be omitted.

and

are well-defined and equal.
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I 7@ |13

I 7 | 1(2)

Figure 5.7. Tllustrations (a) and (b) of Example 5.87.

5.87 Example. Let aj, :=1—2"% and I}, :=]ap_1, ax]x]ap_1,ax] be the sequence of
squares in I := [0,1] x [0, 1] shown in (a) of Figure 5.7. We now divide each I} in four

squares ]£1> I£2>, Ilig) and I;:l) as in (b) of Figure 5.7 and define f : I — R by setting

1 (1) (3)
f(@,9) { IR N

i if(my) € o,

if (z,y) € Uply and f(z,y) =0 in I\ Uglg. It is readily seen that

1 1
/ F@y)dy =0 Ve, / f(z,y) dz =0,
0 (0]

hence
1 1 1 1
/ dx/ f(frfyy)dyz/ dy/ f(z,y)de = 0.
0 0 0 0
However,
oo o) 1
[[#r@wdety=3" [ frpdoty=3" 3 =+oc
d k=171Tk 1 2

and, similarly, [[, f— (z,y) dedy = +oo.

c. Product measures and repeated integration

We shall now deal with Fubini’s theorem in the general abstract setting.

Let (€, 1) and (F,v) be two measures on X and Y. Consider the set
function (Z, A) in the Cartesian product X x Y, where Z is the family of
“rectangles”

I::{A:EXF’EGS, Fe]—"}

and X : T — R, is defined by A\(A x B) := u(A)v(B). It is readily seen
that Z is a semiring and that X\ is o-additive on Z. In fact, if E x F =
Uk(Ex X Fy), E,E, € €, F, F}, € F, then

xe(@)xr(y) =Y xe,(@)xr ) VreX, yeY;
k=1

by Beppo Levi’s theorem, integrating on Y, we get
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ZI/ Fk XE'k Va € X,
k=1
and, integrating on X,
AE x F) i= f(EY(F) = 3 u(Bw(Fy).
k=1

The product measure of (€, ) and (F,v) is, by definition, the measure
1 X v constructed from (Z,\) by Method I.

Since the set function A is o-additive, we infer, see Theorem 5.29 and
Corollary 5.30, the following:

(i) For any p-measurable set A C X and any v-measurable set B C Y
we have

(uxv)(Ax B)=AAx B)=u(A)v(B).

(ii) The rectangles in Z are p X v measurable.
(iii) Aset E C X xY is (u x v) is o-finite if and only if

E =N, F;\ N, (5.14)

where (4 X v)(N) = 0 and {F;} is a nondecreasing sequence of (p X
v)-measurable sets with (p x v)(F;) < 400, each of which is the
disjoint union of products A x B with A p-measurable in X and B
v-measurable in Y.

5.88 €. Show that £ x £F = £7F in R x R*.

5.89 9. Let u be an outer measure on X and let f : X — Ry be a p-summable
function. Show that the subgraph of f,

SGp={(@nex xR’O <t<f@},
is u X L£'-measurable and
px LY(SGy) = /Xf(l‘) dp
[Hint. First assume that f is simple.]

Fubini’s theorem then holds for the product measure p x v. Let A C
X x Y. For x € A the slice A, of A over zx is the subset of Y

A, = {er’(x,y) EA}.

5.90 Theorem (Fubini). Let u and v be two outer measures in X and
Y, respectively, and let pu x v be the product measure of p and v on X X Y.
Suppose that A C X XY is (u X v)-measurable and (pu X v) o-finite. Then
the following hold:

(i) A, is v-measurable for u-a.e. v € X.
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(ii) x — v(A,) is a p-measurable function.
(iil) We have
(ux )(4) = [ v(A,) duta).

X

5.91 Example. The assumption that A is u X v o-finite cannot be removed in general.
For instance, consider the case in which X =Y = R, 4 = £! and v is the counting
measure. Let S := {(z,z)|z € [0,1]} and let f(z,y) = xs(x,y) be its characteristic
function. Since S is closed, S belongs to the smallest o-algebra generated by intervals
that in our case are sets A x B with A C R L!-measurable and B any set. Now
ux v(S) = oo but

/d/.L/de:/olld.l‘:l, /dl//fd,u:/OIOdV:O,

thus S is not u X v o-finite.
Proof. The proof is a rewriting of the proof of Fubini’s theorem for Lebesgue’s measure.

We include it for the reader’s convenience.

Step 1. The claim holds if I = E X F' is a rectangle with E € £ and F € F. For x € X
the slice I, C Y is

F ifz€E,

(0 otherwise,

I =
hence I is v-measurable for z € X. Moreover,

v(F) ifx€eE,
0 otherwise.

hence z — v(I), x € X, is a simple function, and, finally,
[ o) dia) = o(PulE) = ME x F) = (u x o)D),

Step 2. If the claim holds for A and B disjoint, then it holds for A U B. In fact,
(AU B)z = Az U B is v-measurable for all z, v((AU B)z) = v(Az) + v(Bz) is p-
measurable, and we get (iii) for AU B.

Step 3. Inductively we find the following: If the claim holds for a sequence of disjoint
sets Ay, it holds for Uf;lAk for all N.

Step 4. If A= U;Aj is the union of a nondecreasing sequence of sets A; C X XY and
the claim holds for every Aj;, then it holds for A, too. Since for each j the sets A; , are
v-measurable for p-a.e. z and the set of j’s is denumerable, we deduce that for u-a.e. ©
all the sets A; , are v-measurable. Therefore, Ay = U;A; , is v-measurable for p-a.e. x.
By continuity, v(Ag) = limj o0 v(Aj o) for p-a.e. z, hence © — v(Ay) is p-measurable.
Finally, by Beppo Levi’s theorem

(1 x )(A4) = Jim (ux0)(4)) = lim [ v(4;0)duta) = [ v(4s) duta),

Step 5. If the theorem holds for a nonincreasing sequence {A;} of sets with pxv(A;) <
400, then it holds for A := ﬂj‘?ilA]- too. Since Ay = N;A;, and the A, are v-
measurable for p-a.e. x € X, A, is v-measurable for py-a.e. x € X. From the assumption,
in particular,

[ vn) dute) = (u x ) (an) < +oc,
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hence v(A1,z) < 400 for p-a.e. x. Therefore, by continuity, we infer

U(Ar) = V(N Aj0) = lim v(A; )
J—00

for p-a.e. * € X, thus concluding that z — v(Az) is p-measurable. Beppo Levi’s
theorem finally yields

(X v)(A) = Jim (4 x v)(4)) = lim | (A} ) du(z)

j—ro0 j—oo Jx
:/ lim v(Ajz) du(x) :/ v(Az) du(z).
X ] X

Step 6. The claim holds if p x v(A) = 0. In this case, A C NB;, B; = U;(E;; X Fyj),
E;j € €, Fjj € F, B; D Biy1 Vi and (u x v)(B;) < 1/i. From the above, the claim
holds for each B; and for B := N;B;, hence

[ (B dute) = (u x () =0

Therefore v(Bz) = 0 p-a.e. ¢ € X. Since Az C Bg, also Az has zero v-measure for
p-a.e. x € X, hence E, is v-measurable for p-a.e. ¢ € X, x — v(FEz) is p-measurable
and

[ v du@) = [ odut) =0 = (ux ).
b'e b'e
Summing up, as in the case of Lebesgue’s measure, we conclude the proof. O

5.92 9. Going through the proof of Fubini’s theorem, show that if p, v are Borel mea-
sures on X and Y and if A is a Borel set, then A, is Borel for all x € X.

5.93 Definition. Let pu be an outer measure on X. A function f : X — R
is said to be p o-finite if the set {x € X | f(x) # 0} is u o-finite.

5.94 Theorem (Fubini). Let (£,p) and (F,v) be two measures on X
and Y, respectively. If f: X xY — R is (u X v)-integrable and if

{@y)| F@.y) # 0}

is (u X v) o-finite, then y — f(z,y) is v-integrable for p-a.e. v € X,
x— [, f(z,y)dv(y) is p-integrable and we have

[ @ dix e = [ duo) [ s ).

Proof. If f is the characteristic function of a measurable and denumerable p X v finite
set, we are back to Fubini’s theorem, Theorem 5.90. Consequently, the theorem holds
for p x v-simple functions with p X v o-finite level sets.

Suppose now that f is nonnegative and let {¢y } be the sequence of simple functions
in Theorem 5.29. Then the ¢ ’s are simple, p X v-measurable with g X v o-finite level
sets. Since the theorem holds for each ¢, we see that it holds for f by applying the
monotone convergence theorem of Beppo Levi. As usual, the general case then follows
by splitting f into its positive and negative parts. O



5.4 Change of Variable in Lebesgue’s Integral 331

5.95 Corollary (Tonelli). Let (€,u) and (F,v) be two measures on X

and Y, respectively. If f : X xY — R is (u x v)-summable, then the
following hold:

(i) y — f(z,y) is v-summable for p-a.e. x € X.
(ii) z — [y f(z,y)dv(y) is p-summable.
(iil) We have

[ e ey = [ duw) [ ) i),
Proof. In fact, a p X v-summable function is p X v-integrable and p X v o-finite. O

We shall return to Fubini’s theorem for Radon measures in Sec-
tion 6.2.5.

5.4 Change of Variable in Lebesgue’s
Integral

This topic may be dealt with in several degrees of difficulties. Here we only
deal with injective maps ¢ : A C R® — R" of class C*(A), A open.

a. Invariance under orthogonal transformations

5.96 Theorem. Let T : R" — R" be a linear map. T maps measurable
sets into measurable sets and

LM(T(E)) = |detT| L™ (E) VE C R". (5.15)
In particular, Lebesque’s measure is invariant under orthogonal transfor-
mations.

Proof. Clear by intuition, (5.15) is not a one-line proof.

(i) First we prove that there is a constant ¢(7") depending on 7" such that

LY(T(E)) =c(T) L™ (E) VE C R". (5.16)
For that, we observe that in computing £"*(E) we may just consider denumerable
coverings of E made of cubes with sides parallel to the axes, that is,

LM(E) = inf{z Q| ’ U Qr D E, Qp Cubes},
k=1

We also notice that each cube @ of the covering is congruent to Q1 := [0, 1]", that
has volume 1 and that the outer measure is invariant under translations and positively
homogeneous of degree n, i.e., if Q@ = zo + AQ1, then |Q| = L™(Q) = A"L"(Q1) and

LM(T(Q)) = L™ (T (o) + AT(Q1)) = L™ (AT (Q1)) = A" L™ (T(Q1)),
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hence (T
LrT(Q) = o(T) £MQ),  where  oT) = £ L(@1)
L7(Q1)
for each cube @ with sides parallel to the axes. We then readily infer that
LM(T(A)) = c(T) L™ (A) for any open set A (5.17)
and
L'(T(E)) <c(T)L"™(E) for any set £ C R". (5.18)

We now prove that ¢(T)L™"*(E) < L™ (T(FE)). Of course, we may and do assume
that £"*(T'(E)) < oco. For € > 0 we choose an open set B such that B D T(E) and
L™ (B) < L™(T(E)) + e. Then T~1(B) is open, T~1(B) D E and, because of (5.17),
o(T) L™ (B) < o(T) L™ (T™H(B)) = L™ (T(T~H(B))) = L™ (B) < L™ (T(E)) +e.

This proves the inequality and therefore (5.16).

(ii) Let U : R™ — R™ be an orthogonal transformation. U maps the unit ball into itself,
hence, putting E = B(0,1) in (5.16), we find ¢(U) = 1, i.e., L"(U(E)) = L™ (E): L™*
is invariant under orthogonal transformations.

(iii) Finally, let us prove that ¢(T") = |det T'| for any linear map 7. Using the singular
value decomposition of 7', we write T" as T' = USV, where U and V are orthogonal and
S is diagonal with entries the singular values p1, p2, ..., un of T, the square roots of

the eigenvalues of T*T'. S acts as a dilatation with factors ui, p2,..., un in the axes
directions. In particular, S transforms intervals into intervals and trivially

£7(S(D) = gz -+ pn £7(1) = | det(T*T)[V/2 £7(1) = | det T| £7(1),
hence, by (5.16), L"*(S(FE)) = | det T| L™*(FE) VE C R™. Finally, from (ii)
LT () = L™ (U(S(V(E))) = L™ (S(V(E)))
= |detT| L™ (V(E)) = |det T| L™*(E).

(iv) It remains to prove that T'(E) is measurable if E is measurable. This is a conse-
quence of Proposition 5.98. [}

5.97 4. Let S be the convex hull of n+ 1 points xg,...,z, € R™ and let A be the
n X n matrix with i-tuple column the vector x; — zo. Show that £™(S) = | det A|.

b. Measurable maps and Lipschitz maps

5.98 Proposition. Fvery locally Lipschitz map maps null sets into null
sets and measurable sets into measurable sets.

Proof. A continuous function f: R™ — R™ maps compact sets into compact sets, each
closed set is union of a denumerable family of compact sets and f(UgpEy) = U f(Eg).
Therefore, we readily conclude that a continuous function maps denumerable unions of
closed sets into denumerable unions of closed sets. Consequently, f(E) is measurable
if F is closed. The theorem is completely proved because of the structure theorem for
measurable sets if we show that locally Lipschitz maps map null sets into null sets.
Fix a cube K in R™ and denote by L the Lipschitz constant of f in K so that

[f(z) = f(y)| < Lrlz -yl Vz,y € K.

A cube I of side r in K has diameter of length ry/n. Since f is Lipschitz, f(I) has
diameter at most ry/n Lg, hence it is contained in a cube of side rv/n Lk, and in
conclusion, £™*(f(I)) < n™/2L%r" =n™/2L7% L7*(]), ie.,
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LY(F(ENK)) <na™2L% L (ENK)  VYECR™ (5.19)

In particular, we have proved that for fixed K, f(E N K) has zero measure if F is a null
set. By choosing an increasing sequence of cubes {K;} so that R" = U; K, we conclude
that f(E) = U; f(E U Kj) is a null set if E is a null set. O

In particular, functions of class C'' map null sets into null sets. We no-
tice that this is no longer true for continuous, or even a-Hélder-continuous
functions with 0 < a < 1.

5.99 Example. Cantor—Vitali f : [0,1] — [0, 1], see Section 5.1.3, maps the ternary
Cantor set C, for which £'(C) =0, into f(C) = [0,1]\ {y = k/2" |k =0,...,2", n =
0,1,...} for which £}(f(C)) = 1. Recall that f is a-Holder-continuous with exponent
log 2
log 3"

o=

c. The area formula

5.100 Theorem. Let A be an open set in R™ and let ¢ : A — R™ be a
map of class C*(A) and injective. For any measurable set E C A, p(E) is
measurable and

£7(p(E)) = /E | det Dy()] da. (5.20)

Of course, the claim holds for U; £} if it holds for each E; C A. Moreover,
we also know that it holds if |E| = 0, see Proposition 5.98. Therefore
it suffices for the claim to be proved to assume that E is a closed cube
contained in A.

The proof consists in approximating ¢ by piecewise linear maps and
controlling the errors. Let I C A be compact, and for xg € I denote by

Q(zo, 1) := {:r eR"

lat —ah| <7, i:L...,n}

the cube of sides r with sides parallel to the axes centered at x(. Finally,
denote by L : R — R"™ the affine linear map

L(z) := ¢(z0) + Dy (zo)(x — o).

5.101 Lemma. Suppose p : A — R"™ is a diffeomorphism onto its image
and let I C A be compact. For each T with 0 < 7 < 1 there exists § > 0
such that for all xo € I and all p, 0 < p < §, we have

L(Q(xo, (1 —7)p)) C ¢(Q(z0,p)) C L(Q(wo, (1 +7)p)).

Proof. Introduce the norm |z|eo := max{z® |z = (21, 22,..., ™)}, so that € Q(zo, p)
if and only if |z — 20| < p. Since ¢ € C1(A), the mean value theorem yields

¢'(z) — L'(z) = (D' (§) — Dy'(z0))(z — z0)

for some ¢ = (&1, &2,..., €M) in the segment joining 2o and z (assuming that the
segment joining x to zo is contained in A). Therefore, since I CC A, for all € > 0 there
is a § > 0 such that

lo(x) = L(z)]oo < €|z — 2000 (5.21)
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whenever zg € I and z € Q(zo, ).
On the other hand, since ¢ : A — R" is a diffeomorphism and [ is strictly contained
in A, we find a constant v > 0 such that

vie —yloo <lp(@) = e(W)locs vz —yloo <[L(x) = L(y)]oo (5.22)

for all z,y in a neighborhood of I. For x € A, define 1 := x1(z) := L™ (¢(z)). Fix
now 0 < 7 < 1 and choose € = v7. Then, from (5.21) and (5.22), we infer the existence
of § > 0 such that if 0 < p < 6 and = € Q(z0, p), then

vlzr — zloo < |L(21) = L(2)|oo = |@(z) — L()]oo < 7|2 — T0loo < v7p,
hence
|21 — 20loo < |71 — 2]oo + |7 — Toloo < <T+ 1)p.

In other words, ¢(Q(zo,p)) C L(Q(zo, (14 7)p))-
We proceed similarly to prove the other inclusion. In fact, let z1 := z1(z) =
@ 1(L(x)). Fix 0 < 7 < 1 and choose € = v7Z=. Then there exists § > 0 such that for

0<p<édandz € Q(xo, (1 —7)p), we have

T

vizr = aleo < @(@1) = @)oo = [L(2) = (2)]oo < €l = zooo Svi—— (1= T)p,
hence
[£1 — 20|00 < |71 — @loo + | — Toloo < (1 =T+ T)p = p.
This proves that L(Q(zo, (1 —7)p)) C »(Q(z0, p))- O

Proof of Theorem 5.100. (i) Suppose that ¢ : A — R™ is a diffeomorphism. Given a
cube Q@ = Q(zo, p), we denote by Q_, and Q- the cubes centered at zo with sides
(1 — 7)p and (1 + 7)p, respectively. For 7 with 0 < 7 < 1 and for any cube @ small
enough with center in I, Lemma 5.101 yields

LMLQ-7)) < LM(»(Q)) < L™(L(Q7))
and, since L is affine, we find
(1 —7)"det Dep(z0)| L™(Q) < L™ (0(Q)) < (1 +7)"|det Dep(zo)| L(Q)
if we take into account (5.15). On the other hand, since Dy(x) is continuous, for suffi-
ciently small cubes we have
1

@) /Q |det Do(x)| dz — 7 < |det Dp(z0)| < C";CQ)/Q | det Do(z)| dx + T,

Ln

hence

(1—rym (/Q| det De(z)| da — TL"(Q))

< LMp(Q) < (1 +7)" ( /Q | det Dig(a) dx+7c”(cz>).

Covering I with sufficiently small cubes with disjoint interiors and summing the previous
inequalities, we then conclude

(1—rm (/I| det D(x)| dz — T|I|)

< Lp()) < (14 7)" ( [ 1@t Dy dz +T|f|).

Letting 7 to zero yields the theorem under the extra assumption that ¢ : A — R™ is a
diffeomorphism.
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(ii) In the general case, set N := {z € A| det Dp(z) = 0}. Of course A\ N is open and
the implicit function theorem tells us that ¢ : A\ N — R™ is a local diffeomorphism,
hence a diffeomorphism since ¢ is injective. From the first part of the proof we then
infer

L (@(E\N)) = /E\N|det Dy(z)| dx = /E|det Dy(z)| dx.

On the other hand, ¢(E) \ ¢(E \ N) C ¢(N) and |¢(N)| = 0 because Theorem 3.12 of
[GM4], thus L™ (p(E)) = L™(p(E \ N)). This concludes the proof. O

d. Change of variables in multiple integrals
As a consequence of the area formula we get the following.

5.102 Theorem (Change of variables formula). Let ¢ : A — R"™ be
a map of class C* and injective in an open set A. If E C A is measurable,
then o(E) is measurable. Moreover, f : E — R is integrable in o(FE) if
and only if f o p(z)|det Dy(x)| is integrable in E, and in this case

fly) dy = / £(p(x))| det Dip(z) | . (5.23)
w(E) E

Proof. The theorem holds if f is the characteristic function of a measurable set, since it
reduces to the area formula. By linearity, it holds for simple functions. As a consequence
of Beppo Levi’s theorem, it holds for nonnegative measurable function by passing to
the limit on increasing sequences of simple functions, and, finally, it holds for general
f’s by decomposing them into their positive and negative parts. [}

5.103 Remark. In specific situations (polar coordinates, etc.), a slight
extension of Theorem 5.102 is convenient. Let ¢ : A C R®™ — R"™ be of
class C*(A), A open, and let E C A be a measurable set. Suppose ¢ is
injective on an open set B C F with |E \ B| = 0. Then the change of
variable formula (5.23), and, consequently, the area formula (5.20) hold on
E.

5.5 Exercises

5.104 q. Let £ C P(X) be a o-algebra of subsets of X and let {E;} C £. Define

koo A
hirg%,ngi — LJI q E;, h?iigp E; = q LJk E;
i i=14i=

and show that liminf; o E;, limsup,_, ., E; € €. Moreover, if (£, ) is a measure in
X, show that
p(liminf E;) < liminf p(E;), limsup p(E;) < p(limsup E;).
i— 00 i— 00 i—00 i—00
[Hint. Notice that liminf; ., E; is the set of points that are in all the E;’s except for a
finite number and that limsup,_, . F; is the set of points of X that belong to infinitely
many F;’s.]
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5.105 9 Regularity property of measures. Show that the Lebesgue outer measure
has the following regularity property.

Proposition (Regularity). Let E C R™ be a set. For each ¢ > 0 there is an open set
A D E such that L™ (A) < L™ (E) + €, hence

LM(E) = inf{ﬁ"*(A) ‘ A open, AD E}
Prove then the following.

Corollary. For each set EE C R™ there exists a set F' that is a denumerable intersection
of open sets such that FF D E and L™ (F) = L™*(E).

[Hint. It is not restrictive to assume that E has finite outer measure. Cover E with a
denumerable family of intervals P = Uil with > 72 |[Ii| < L™ (E) + ¢; and for all
k consider an open interval Jy centered as I and homothetic to Iy such that |Jg| <
|| + €27 ]

5.106 §. Let E and F be two measurable sets. Show that |[EUF|+|ENF| = |E|+|F|.

5.107 9. Define the inner measure of E by
LYE) = sup{|F| ’ F closed, F C E}

Under the assumption L7 (E) < 400, show that E is measurable if and only if L} (E) =
L (E).

5.108 9. In Proposition 5.18 the hypothesis that at least one of the Ej’s has finite
measure cannot be omitted. Consider the cases Ej, =]k, +00o[C R and Ej := R"\ B(0, k),
k integer.

5.109 9. Show that for any increasing sequence { Ay} of sets not necessarily measurable
we have limy_, oo L"*(Ag) = L™ (Ui Ag). [Hint. For each k consider a measurable set

5.110 9. Show that there are decreasing families of {Ej} of subsets of R™ with
L"*(E) < 400 such that

C"*( D Ek) < iﬁn*(Ek) and Jim L7 (Ey) > L”*( ﬁ Ek)
k=1 k=1 e k=1

5.111 §. Show a measurable set that is mapped into a nonmeasurable set by a contin-
uous function. [Hint. Choose as the map the Cantor—Vitali function.]

5.112 q. (vii) of Proposition 5.40 can be used to define the class of measurable func-
tions with values in R¥: f : E C R™ — RF is measurable if E is measurable and f~1(A)
is measurable for every Borel set A in RF. Show that f : E C R™ — RF is measurable
if and only if all its components f1,..., f¥ : E — R are measurable.

5.113 q. Construct a measurable set E C [0, 1] with the following property: For any
subinterval I C [0,1], both I N E and I \ E have positive measure. [Hint. Consider
a Cantor set Cy, 0 < 1/3, and on each interval of its complement construct another
Cantor set and continue this way.]
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5.114 q. Show measurable functions f and g for which go f is not measurable. [Hint.
Choose as f the inverse function of  + F(z) where F(z) is the Cantor-Vitali function
and as g the characteristic function of a suitable set E.]

5.115 9. Let A:={z € R|z = >}, 2k, o € {0,4}}. Show that [A] = 0.

5.116 9. Let (£, 1) be a measure on a set X and p : X — Ry be a nonnegative and
p-summable function. Show that (£, v), where v is defined by

uE) = [ p@)du).  Bee.

is a measure on X. Moreover, show that

[ @@ = [ i@ dutz)
E E
for every £-measurable and nonnegative function.

5.117 q Functions with discrete range. Let (€, ) be a measure on a set 2 and let
f: Q2 — R be a nonnegative measurable function with a discrete range, i.e., that takes
at most denumerable many values as, for instance, if 2 is denumerable. Show that

/Q f(@) du(z) = gam({w | £@) = ai}) + (+oo)u({o | f(2) = +o0})
where (+00) - p({ | f(x) = +00}) = 0 when p({z | f = +o0}) = 0.

5.118 ¢ Probability on a denumerable set. Let (£, ) be a measure on a denu-
merable set Q with density p(z) := p({z}) and let f : @ — R be a nonnegative
E-measurable function that may take the value +oco. Show that

/Q f(@) du(@) = 3 f@)p(@).

zeQ

5.119 § The Dirac’s delta. Let Q be a set and zg € Q. The function 6z, : P(Q2) —
]R7

1 if A
510(14): I xo € A,

0 otherwise,

called the Dirac’s delta® at xo, is a probability measure on Q. Show that
[ 1@ e @) = f(a0)

5.120 § Sum of measures. Let (£, a) and (€, B) be two measures in 2 and let A € R.
Show that o+ 8 : £ — Ry and Aa : £ — Ry given by (a + 8)(E) = «(E) + B(E) and
(M) (E) = Aa(F) VE € &, define two measures in € and

/Q f(@) (o + B)(dz) = /Q f(z) a(dz) + /Q o) B(dx),
/ F(z) (Ma)(da) = A / f(z) o(dz).
Q Q

for all £&-measurable and nonnegative f.

2 Paul Dirac (1902-1984).
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5.121 Example (Counting measure). Let Q be a set and H°(A) := #{z |z € A}
the counting measure in Q. Show that (P(Q2), HO) is a measure, and

/Q f@) HOdz) = 3 (@)

zEQ

for all f that is nonzero only on finitely many points.



6. Hausdorff and Radon
Measures

In this chapter we present the fundamental theorems of measure theory,
such as the Lebesgue—Besicovitch differentiation theorem, the Stieltjes—
Lebesgue theory of integral, the fundamental properties of Hausdorff mea-
sures and the general area and coarea formulas.

6.1 Abstract Measures

6.1.1 Positive Borel Measures

Let X be a metric space. A relevant class of measures in X are the Borel-
reqular measures, see Chapter 5. The Lebesgue measure in R” is an exam-
ple of Borel-regular measure. As we have seen, Method II of construction
of measures produces Borel-regular measures. In the following, it is under-
stood that Borel measures are defined on the o-algebra of Borel sets B(X);
we then write simply p instead of (B(X), ) to denote a Borel measure on
X.

Borel sets are quite complicated if compared to open sets that are
simply denumerable unions of closed cubes with disjoint interiors. However,
the following holds.

6.1 Theorem. Let p be a finite Borel measure on a metric space X. For
each Borel set E C B(X) we have

W(E) = inf{u(A) ‘ ASE, A open}, (6.1)
w(E) = sup{,u(F) ‘ FCE, F closed}. (6.2)
Proof. Consider the family

A= {E Borel‘ (6.1) holds true for E}

Of course, A contains the family of open sets. We prove that A is closed under de-
numerable unions and intersections. Let {E;} C A and, for ¢ > 0 and j = 1,2,...,

M. Giaquinta and G. Modica, Mathematical Analysis, Foundations and Advanced 339
Techniques for Functions of Several Variables, DOI 10.1007/978-0-8176-8310-8 6,
© Springer Science+Business Media, LLC 2012
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let Aj be open sets with A; D Ej and u(A;) < p(Ej) + €277, that we rewrite as
u(Aj\ Ej) < €277 since Ej and A; are measurable with finite measure. Since

(U (Um) cUas . (Na) N (N15) €U\ B,

J

J

we infer

WANU;E) <€, p(B\N;E;) <e¢ (6.3)
where A := U;jA; and B := N;A;. Since A is open and A D U;Ej, the first of (6.3)
yields U;E; € A. On the other hand, Cn := ﬁévzlA]- is open, contains N; E; and by
the second of (6.3), u(Cn \ N; E;) < 2e¢ for sufficiently large N. Therefore N; E; € A.

Moreover, since every closed set is the intersection of a denumerable family of open
sets, A also contains all closed sets. In particular, the family

j::{AeA, ACeA}

is a o-algebra that contains the family of open sets. Consequently, A D A D B(X) and
(6.1) holds for all Borel sets of X.
Since (6.2) for E is (6.1) for E¢, the proof is concluded. O

The following theorem slightly extends Theorem 6.1.

6.2 Proposition. Let p be a Borel-reqular measure on a metric space X .

(i) If E is a subset of X with E C U;V; where {V;} is an increasing
sequence of open sets with p(V;) < +oo, then

w(E) = inf{u(A) ‘ ADE, A open}. (6.4)
(ii) If E is p-measurable and p-o-finite, then
w(E) = sup{,u(F) ‘ FCE, F closed}. (6.5)

When p satisfies the conclusion of (i) of Proposition 6.2, we say that u
is outer-regular. Additionally, if u satisfies the conclusion (ii) of Proposi-
tion 6.2, one says that u is inner-regular. Before proving the proposition,
we introduce a notation: Given a measure p in X and A C X, the restric-
tion of u to A is the measure

pLAE):=uANE) VECX. (6.6)

It is easily seen that the p-measurable sets are uL A-measurable (A need
not be p-measurable), L A is a Borel measure if p is Borel-regular and
either A is p-measurable with p(A) < oo or A is a Borel set.

Proof of Proposition 6.2. Since p is Borel-regular, without loss of generality we may
assume that F is a Borel set.

(i) We may assume p(E) < 4oo otherwise (6.4) is trivial. The measures p L Vj are
Borel and p L V;(X) = u(Vj) < +00. Theorem 6.1 then yields that for any € > 0 there
are open sets A; with A; D E and pL V;(A4; \ E) < €277. The set A := U;(A; NVj)
is open, A D E and, by the subadditivity of u,
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[e'e]

u((A; NV \ E) < Z Vi(Aj\E) <e.

H(AN\ B) = pu(U;((4; N V5) \ B)) <

'MS

<
Il
-

(ii) The claim easily follows applying (ii) of Theorem 6.1 to the measure p L E if u(E) <
+oo. If W(E) = 400 and E = U;E; with E; measurable and u(E;) < 400, then for
every € > 0 and every j there exists a closed set F; with Fj; C Ej and p(E;\F;) < e2779.
The set F':= U;F} is contained in E and

(B F) < u(U; (B \ Fy)) _Z_ n(E; \ Fy) < e,

hence for N sufficiently large, G := UN_| F} is closed and u(E \ Gy) < 2. O

a. Lusin theorem

The approximability in measure of u-measurable sets by open and closed
sets translates into the following approximability property for y-measurable
functions.

6.3 Theorem (Lusin). Let p be a Borel-regular and finite measure in
a metric space X and f : X — R a p-measurable function. For any p-
measurable set A C X and any € > 0 there is a closed set F' C A such that
Jir is continuous and u(A\ F) < e.

Proof. For any integer k, we divide the real line in a denumerable union of intervals I, ;
of length 1/k. The inverse images Ay j := f~1(I), ;) N A € £ define then a measurable
partition of A, and, according to Proposition 6.2, for any € > 0 and any j there is a
closed set Ej ; with

E,j C Agj, 1Ak \ Egj) < e27%277,

so that p(A\ U2 By j) < €27k, Consequently, there is an integer N such that Fj, :=
Uf;lEk,j is closed and

WA\ Fp) < e27F.
Notice that for each k the closed sets Ej ;, the union of which is Fy, are pairwise
disjoint. We now choose a point yy, ; € I, ; for each j and set

9k (%) = Y ifr € By, j=1,...,N,

defining in this way a function g : Fr — R that is constant on disjoint closed sets
hence continuous. Furthermore, we have |gx(z) — f(x)| < 1/k on Fj. If we now define

F=()Fk
k

we have the following: F is closed, p(A\ F) < S°02, u(A\ Fy) < €372, 27% = € and
lgr(z) — f(#)| < 1/k in F. Consequently, as k — o0, g, — f uniformly on F" and f|p is
continuous. O

Notice that the maps {gr} constructed in the proof of Theorem 6.3 are
such that infx f < gr(z) <supy f Vz € X.
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6.4 9 Dirac measure. The set function in R™

1 ifzge A
By (A) = Proes gcry,
0 ifxg ¢ A,

defines a finite Borel-regular measure in R"”, called the Dirac measure concentrated at
zo. Interpret Lusin theorem for the Dirac measure at zero.

Recalling Tietze’s theorem, see [GM3], we infer at once the following.

6.5 Corollary. Let X be a metric space, p a Borel-regular measure in X,
f: X = R a pu-measurable function and A C X a p-measurable set with
1w(A) < +oo. For any € > 0 there is a continuous function g : X — R such
that

lglloo.x < |Iflleox  and u({x €A ‘ flz) # g(a:)}) <e

Here || f||co,x is the essential-sup-norm of f, i.e.,

esssupy f = |[fllox = inf{t | n({z | |f(2)] > t}) =0},

6.1.2 Radon measures in R"

6.6 Definition. A Radon measure in a metric space X is a Borel-reqular
measure that is inner-regular,

w(E) = sup{,u(K) ‘K CE, K compact} VE € B(X), (6.7)

and locally finite.

Since R™ is a denumerable union of open sets with compact closure,
trivially, any Borel-regular measure in R™ that is finite on compacts sets
is a Radon measure, and R™ is a denumerable union of open sets with
finite p-measure. Therefore, (i) of Proposition 6.2 applies and we infer the
following.

6.7 Proposition. If u is a Borel-reqular measure finite on compact sets
in R™, then p is locally finite and

w(E) = sup{ﬂ(K) ‘ KCE, K compact} VE € B(X),
(6.8)
wE) = inf{u(A) ’A DFE, A open} VE C R".

6.8 §. Prove that a measure ¢ in R™ is a Radon measure if and only if p is Borel-regular
and o-finite.
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a. Support

We say that a measure (€, p) is concentrated on E if E € £ and u(E°) =
0. We notice that not necessarily is there a minimal set in which p is
concentrated: Think of Lebesgue’s measure in R.

The support of a Borel measure in R" is defined as the set

Fo= {x e R" | w(B(z, 7)) > 0 Vr > 0}

and denoted by spt p. Trivially, x ¢ spt p if and only if there is r, > 0 such
that pu(B(z,r,)) = 0; consequently, (spt u)¢ is open with u((spt p)¢) = 0
and spt p is the smallest closed set F' for which u(F¢) = 0. Notice that
w((spt w)€) = 0 if p is a Radon measure. In fact, any compact set K
contained in the open set (spt 44)¢ can be covered by finitely many balls of
zero measure, and p is inner-regular.

6.9 9. Show that spt L™ = R™.

6.10 9 Dirac’s measure. Show that sptd., = {zo}.

b. Lusin theorem for Radon measures

The following two theorems are variants of Lusin’s theorem for Radon
measures.

6.11 Corollary (Lusin). Let u be a Borel-regular measure in R™, f :
R™ — R a p-measurable function and A C R™ a p-measurable set with
u(A) < oo. For any € > 0 there is a compact set I' C A such that f|x is
continuous and p(A\ K) < €.

Proof. Apply Lusin’s Theorem 6.3 to find a closed set F' such that f|F is continuous
and p(A\ F) < ¢, and observe that in R™ every closed set is a denumerable union of
compact sets. Since p is finite, we find then a compact set K C F with u(F \ K) < ¢,
concluding that f|x is continuous and p(A\ K) < 2e. ]

6.12 Corollary. Let u be a Radon measure in R™ and let f : R™ — R
be a p-measurable function that vanishes outside a set of finite measure.
For any € > 0 there is a continuous function g : R® — R with compact
support such that

9lloczr < Iflcn and  p{z| f@) £ g@)} <

Proof. We know that there is an open set A with finite measure that contains spt f.
Corollary 6.11 yields a compact set K C A such that f| is continuous and u(A\K) < e.
In order to conclude the proof, it suffices to extend the continuous function

- f(x) ifx e K,
Ty =4 7@
0 ifx € A°
defined on K U A€ to a continuous function g : R™ — R via Tietze’s theorem. [}
6.13 9. Let u be a Radon measure in R™. Prove that C¢(R™) is dense in LP(R™, p),

1 < p < oo. [Hint. Approximate f € LP(R"™, 1) with a bounded function with compact
support.]
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c. Riesz’s theorem

Measures are deeply related to linear functionals on linear spaces.
A family L of functions f : X — R on a set X is called a lattice of
functions.

(i) If f,g € L and ¢ > 0, then f + g, cf, inf(f,g) and inf(f,c) are
functions in L.
(ii) If f,ge L and f <g, then g— f € L.

The family of £-measurable functions (€ being a o-algebra on X) and the
space of continuous functions in a topological space X are examples of
lattices of functions. Moreover, if L is a lattice of functions on X, so is the
subset LT :={f e L|f>0}.

Let (&,u) be a measure on X and let L C L£'(X,p) be a family of
summable functions on X. As we have seen, ¢ — [, @ du, ¢ € L, defines
a linear operator that is continuous for the p-a.e. increasing convergence.
Indeed such a property characterizes the integral completely. In fact, one
can prove the following.

6.14 Theorem (Riesz). Let L be a lattice of functions on X and let
A: X — R be a linear functional such that the following hold:

(i) Vf,g € L and ¢ > 0 we have A(f + g) = A(f) + Mg) and X(cf) =
A(S).
(i) T fae L and £ <., then MJ) < Mo,
(i) If {fx} € L, f € L and {fr} converges increasingly to f, then
A(fr) = AS)-

Then there is a measure (E,p) on X such that every function in L is
E-measurable and \(f) = fX fdup forall f € L.

We shall not prove this theorem!. We confine ourselves to discussing
the case of linear, monotone and continuous functionals on continuous
functions in R"™. First, let us recall some notation and notice a few facts.

We denote by C.(R™) the class of continuous functions with compact
support in R™ and with Cp(R™) its completion with respect to the uniform
norm || ||o,rn. Of course, Cy(R™) is a Banach space with the uniform norm.
Furthermore, since the uniform limit of continuous functions produces a
continuous function, it is not difficult to show that f belongs to Co(R™) if
and only if f is continuous and for any € > 0 there exists a compact set K
such that || f]|oc, ke < €.

Recall that a linear map L : Co(R") — R is continuous on Co(R™) if
and only if there is a constant K > 0 such that |L(f)| < K ||f]|co,gn. The
norm of L is then defined as

LI} = it { K[ |L()] < K| lloo o Vf € Co(R™)}

I The interested reader may refer to, for example, H. Federer, Geometric Measure
Theory, Springer-Verlag, 1969, Section 2.5.2.
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or, equivalently, as

LI = sup{Z(£) | £ € Co®"), || llowin < 1};

therefore, L : Co(R™) — R is continuous on Cy(R™) if and only if ||L|| < oo.
Let p be a finite Radon measure. The functional

LU= | fa)dn

is linear on Cy(R™), positive, meaning that L(f) > 0 if f > 0, and contin-
uous on Cp(R™), since

LS [ 11di < 1 o eR),
In particular, ||L|| < p(R™).

6.15 Theorem (Riesz). Let L : Co(R™) — R be a linear, positive and
continuous functional on Co(R™). There exists a unique Borel-reqular and
finite measure p such that

L) = [ fdu I €Co®),
Rn
Furthermore, n(R™) = ||L||.
Proof. Denote by A the family of open sets in R™. For A € A, set

¢(4) = sup{L() | 1 € Co®R™), 0 < f(@) < xal@)}

and let p be the outer measure obtained from (A, ) by Method I of construction of
measures,

w(E) = inf{i{(Ai) Ui Ai DB, A; open} = inf{((A) ’ ADE, A open},
i=1

We now prove that (B(R™), u) is the measure p in the claim.
(i) Trivially, u = ¢ on A. Therefore,

H(R™) = C(R") = sup{L(f) | f € Co®™),0< f@) <1} = ILIl,  (69)

in particular, u is finite.

(ii) p is a Borel measure. It is easily seen that ( is finitely additive on .A. Consider
two generic sets F and F in R™ with d(E, F) > 0. For any given ¢ > 0, we find open
sets A and B with A D E, BD F, ANB =0 and (AU B) < u(F UF) + €. Hence,
¢(A)+¢(B) =¢(AUB) and

W(EUF) > C(AUB) — e = C(A) + ((B) — € > p(E) + u(F) — ¢,
concluding, € being arbitrary,

WEUF) = p(E) + p(F)
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if £ and F' have positive distance. The Carathéodory test, Theorem 5.36, implies then
that p is a Borel measure.

(iii) p is a Borel-regular measure. In fact, if E C R™ is a generic set and {Aj} a family
of open sets with Ay D E and u(Ag) < pu(E) + 1/k, we have pu(NgAg) = p(E).

(iv) L(f) < Jgn fdu for all nonnegative f € Co(R™). Of course, functions in Co(R™)
are bounded. Set b := || f||oo,rn. Given € with 0 < € < 1, choose an integer k£ > 1/¢ and
divide the interval | — b/k,b+ b/k] into k + 2 closed on the right intervals

E; = {z‘yz < f(z) < yi+1}
of length 1/k, where y; = %z’, i =—1,0,...,k+ 1. Clearly, {E;} is a partition of R™.
Moreover, for € with 0 < € < 1, choose an open set V; with E; C V; C E; U Ej41
and p(Vi) < p(E;) + m The family {V;} is a pointwise finite covering of R™, and
there is a partition of unity associated to it, see [GM4], i.e., functions h; € Cc(V;) with
0 < hy(z) < xv; (z) and Y, hy(x) = 1. Consequently,

k—1 k—1 k—1 k—1
L =L( D0 hif) = 30 Lhif) < 3 virallhi) € 37 wiron(V)
i=—1 i=—1 i=—1 i=—1
k—1

b €
< Z; (yi + 2E> (N(Ez) + m)
k-t k-1 b . k—1
< ‘Z yin(Ei) + 2be > p(E;) + 2 + S w

i=—1 i=—1 K(k+1) - k(k+1) 27

< fd,u—i—e(Qb,u(IR”)—i—Zb—l— 1),
R”L

hence L(f) < fﬂg fdp if f is nonnegative.
(v) L(f) = [gn [ du for all f € Co(R™). It suffices to prove

Mﬁﬁéﬁ@t ¥f € Co(R™), (6.10)

since the required equality follows by applying (6.10) to f and —f.

Since by the Lusin theorem Cp(R™) is dense in L!(R™, p), it follows from (iv) that
L extends of a linear functional L : L' (X, 1) = R continuous on L'(X, ). Choosing
{on} C Co(R™) such that @, 1 1, Beppo Levi’s theorem yields L(¢n) — L(1) and,
since trivially L(pn) < ||L]] < L(1), we get

L(1) = ||L|| = p(R™).

Let f € Co(R™); then for some constant ¢, f + ¢ is nonnegative, and, consequently,
by (iv) and the above,

L) =L(f) = L(f + ¢) — L(c) = L(f +c) — cL(1)

S/(Hc)duf/cdu:/fdw

(vi) Finally, let us prove uniqueness of the measure p. Let g1 and po fulfill the thesis
of the theorem and let £ C R™. Since p; and p2 are Borel-regular and finite, hence
Radon measures, there exists a compact set C and an open set A such that C C E C A
and (A \ C) < e. Furthermore, it is not restrictive to assume that A is bounded. The
function (. A°
fz) = _ dz, A%
d(z, A°) + d(z, C)
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is, of course, continuous and with compact support and we have
p1(E) —e < p(K) < /fdm =L(f) = /fduz < p2(A) < p2(B) + e

Exchanging p1 and p2, we then conclude that |pu1(E) — p2(E)| < 2eforalle >0. O

6.2 Differentiation of Measures

In this section we discuss the following. Let f : R” — R be a nonnegative
and measurable function. The function

MA) = /Af(a:) do (6.11)

defines trivially a new measure in R™ for which Lebesgue measurable sets
are A-measurable. It is easily seen that A uniquely determines f for a.e. x;
we would like to have an explicit formula for f in terms of A.
We also characterize measures A in R™ that can be written as in (6.11).
Finally, we discuss how to compare two measures A and p in R™.

6.2.1 Differentiation of Lebesgue integral

Let f : R” — R be a nonnegative and measurable function and let A be
the Borel-regular measure

AA) = /A o) da. (6.12)

In this subsection we characterize f in terms of \.
We know that if f is continuous at z, the integral mean value theorem
yields

B 1 L
P IB@ ol |B<x7r>|/3<m,r)f W) dy = f(z).

If f is merely locally summable, the number

dA . AB(x,r))
agn @) = e
if it exists, is called the Radon—Nikodym derivative, or simply the derivative
at x of the measure A in (6.12) with respect to the measure £".
In this subsection we prove the following.
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Figure 6.1. The first page of the doctorate thesis of Henri Lebesgue (1875-1941) that
appeared in 1902, and an essay on the hystorical developments of Lebesgue’s integral.

6.16 Theorem (Vitali-Lebesgue). Let f be a nonnegative and locally
summable function and let X be defined by (6.11). Then ddﬁ—’\n(x) exists, is
finite and ddﬁ—’\n(x) = f(x) for L™-a.e. x.

The proof is based on the notion of the Hardy-Littlewood maximal
function and is quite robust with respect to the family of averaging sets.
Later, see Section 6.2.4, we shall present the classical proof that uses the
celebrated Vitali covering theorem.

a. Maximal function

Let f : R® — R be a function in L'(R"). The Hardy-Littlewood mazimal
function of f is the function
1
Mf@)i=swp— [ |f)ldy, weR,
r>0 |B(‘T’ 7‘)| B(z,r)

Clearly, M f(x) is nonnegative, depends only on the a.e. equivalence class
of f and is upper semicontinuous since the integral means are continuous
functions of the radius. Moreover, if f € L*°(R™), then M f € L*(R")
and || M flos < [|fl]oo-

6.17 9. Show that if f € £}(R™) and is nonzero on a set of positive measure, then
Mf(xz) > ¢/|z|™ for || > 1 where ¢ is a constant independent of x. In particular,
Mf(z) ¢ L' (R™).

Results on the differentiation of integrals for noncontinuous functions
are granted on suitable selections of coverings. Here, the following lemma
will suffice.
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6.18 Lemma. Let X be a metric space with distance d and let B =
{B(z,r(x))} be a covering with open balls of a compact set K C X. We
may select from B a finite and disjoint family of balls B' := {B(x;,7i) }i=1.N
such that K C UN. B(z;, 3r;).

Proof. Since K is compact, we may and do assume that B is a finite covering of K. We
order the balls in B according to decreasing radii and iteratively select disjoint balls by
choosing first a ball By of maximal radius, then a ball Bz of maximal radius among
the balls that do not intersect Bj, a ball B3 of maximal radius among the balls of
the covering that do not intersect B1 U Ba and so on. In other words, at each step we
choose a ball of maximum radius among the avalaible balls and then remove all balls
that intersect it.

The family B’ := {Bi,..., By} of the selected balls have the properties stated in
the lemma. In fact, B’ is a disjoint family of balls and, if B(x,r) € B is a nonselected ball,
then B(z,r) intersects at least a ball B; € B’ with r; > r, hence d(z, ;) < r+r; < 2r;.
If follows that B(x,r) C B(x;,3r;) and, in conclusion, K C UgegB C U;.Vle(z]-,Zirj).

m}

The key information on maximal functions that follows from the argu-
ment in Lemma 6.18 is contained in the following estimate known as the
weak (1 — 1) estimate or Hardy-Littlewood weak estimate.

6.19 Proposition (Hardy—Littlewood). Let f € L'(R™). For allt > 0
we have

{ ’Mf >t}‘<7/ \f ()] da. (6.13)

Proof. Let K be a compact set contained in {M f(x) > t}. For all z € K there exists a
ball B(z,r(x)) such that

1
|B(z,7(2))| JB(z,r(x))

The family B = {B(z,r(z))}zex is a covering of K with open balls for which
Lemma 6.18 yields a finite subfamily {B(z;,r;)} of disjoint balls such that K C

UN_, B(z;,3r;). Consequently, |K| < 3" Zé\;l |B(xj,r;)| and

=1
|K|<3“Z|Bxg,m|<—2/( | |dy<—/ W)l dy
Zj,Tj

since the balls are disjoint. Since K C {x | M f(x) > t} is arbitrary, the claim is proved.
O

[f()ldy > t.

b. Differentiation of Lebesgue’s integral

6.20 Theorem (Lebesgue). Let f € LP(E), 1 < p < 400, where E is a
measurable set in R™. For L™-a.e. x € E we have

1
|B($ T)I EnB(x,r)
In particular, for a.e. v € R™
1

|B(£L’7 T)| ENB(xz,r)

I[f(y) = f@)Pdy — 0 asr — 0.

fly)dy — f(x) asr — 0.
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Then Theorem 6.16 follows.
Proof. First we notice that it suffices to prove the theorem for functions f € LP(R"™).
In fact, if f € LP(E), then fxg € LP(R™), hence from
1
Ir=ypmmmevi [fw)xe() — fl@)xe ()P dy — 0
|B($,T)| B(z,r)
for a.e. x € R™, we have, in particular,
1
Ir=ysmmei lfWxeW) — f(@)xe (@) dy — 0,
|B(z,m)| JEAB(@,"

that is,

_ ~ )P
B EﬁB(z,r)lf(y)XE(y) f@)Pdy =0

for a.e. x € E.
Assume f € LP(R™) and set

1/p
V(f,2) = limsup ( F@) — F@)IP dy)

|B($7T)| B(z,r)
We shall prove that V(f,z) = 0 for a.e. z € R™. This is true if f : R™ — R is also

continuous. In fact, the integral mean theorem yields

! P
1B@ )] /e [f(y) — f(@)|P dy < <OSCB(I,T) f) ;

hence
V(f,z) < limsup oscp(y ) f = 0.
+

r—0

It f is not continuous, by the density theorem, Theorem 1.25, there is a sequence
of continuous and p-summable functions ¢y : R™” — R such that ||f — ¢r||p — 0. Now

[f(y) — f@)] < 1f W) —ex@)] + lex ) — e(@)] + |or(@) — f(2)],
hence

V(f,z) < 1f(@) — er@)] + Ve, )

1 1/p
+1i —_— - Pd )
11:1jgp(|B(z7r)| ) If(¥) — er@)I” dy (6.14)

1/p

< 1f(@) = er(@) + (M(f - exl")(@))
Notice that V(pg,z) = 0 since ¢y is continuous. For a given ¢ > 0, (6.14) yields
{a|vir.0)> e} < o] 10f —eu)@)? > S} U{o|len@) - 1@ > 5}

From (6.13) we infer

| s = onmy@n'? > £} < 225 [ 17— ay

and from Chebichev’s inequality
{oler@) 1@ > | = [{elen@ = r@1 > @2r}[ < 5 [ 17— enpa.

We then conclude
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2P(3" + 1
< %/V*S@dey Vk.

Letting & — oo, we conclude |[{z |V (f,z) > €}| = 0, and, since ¢ is arbitrary,

{I‘V(f,:t) > e}

{z‘V(f,a:) > 0}‘ :jgn;o

{a:‘V(f,a:) > %}‘ =0.

6.21 Example. If f € L'(] — 1,1[), for a.e. z €] — 1, 1[, we have
) 1 x+r
tim [ fw) dy = ().

r—0t+ 27

c. Some variants of Lebesgue differentiation

The previous argument is sufficiently robust to allow us to infer variants of
Lebesgue’s theorem. Not only averages over balls converge almost every-
where: We can replace balls by cubes or even other families. For instance,
assume that A is a bounded set of positive measure, say

AC B(0,100) CR",  |A| =c|Bl.

For allz € R™,r > 0 and A, , := x+r A we clearly have A, , C B(x,1007)
and |Ay | = ™ |A| = ¢r™ By = ¢|B(z,r)|. The following analogous of
Lebesgue’s theorem holds.

6.22 Theorem. Let f € LP(E), E C R™. For a.e. v € E we have
1

A, B |f(y) — f(z)[Pdy — 0 per r — 0.
z,r| JENA,,,

Proof. As previously, we may assume f € LP(R™) and for z € R™ set
) 1 1/p
Vatfia) =timsw ([ 1)~ @ ay)
r—0 |Az,rl Ag.r
We get
» 1/p
Valf,2) < (Ma(lf = exl")@) 7 +1f(2) = ex (@),
where for g € L' (R™) we have set
1
Malg,a)i=sup —— [ Jg(w)]dy.
>0 |Az,rl Ag.r

The proof then follows the same path of the proof of Theorem 6.20, provided we prove
a Hardy—Littlewood inequality for the modified maximal function M4, i.e.,

{elmar@ >} < S [ a0 (6.15)

for some constant C' independent of f and t. For that, we notice that

1 / 1 1
— fWldy £ = ——— f()l dy
|Azﬂ"| Am‘rl ( )l |B(zv7’)| B(z,lOOr)l ( )l

- F)ldy

C
1
< -
C |B(z,1007)| JB(z,100 r)
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with C' = ¢(100)~™. It follows that M4 f(z) < éMf(a:)7 hence {x|Maf(z) > t} C
{z| M f(xz) > Ct} and therefore, by (6.15),

{e]Mas@)> 1} <

[o] Ms) >Ct}’ < %/}R fW)ldy Ve o0.

6.23 9. Let f € L'(R). Show that for a.e. z € R

r—0t 7T

T 0
lim 1/0 f(z+t)dt:Tlirg+%/7rf(z+t)dt:f(x)
and
1 2r
lim — flz+t)dt = f(x).

r—0t 1 Jp

6.24 9. For f € L' (R") set Mf(z) = SUPQ54 \T%l fQ |f(y)| dy, where the supremum

is taken among all cubes containing z with sides parallel to the axes. Show that there
exists a constant ¢ = ¢(n) such that for all f € L'(R™) and t > 0

{e|mr@ >} <% [ irwlan

Deduce that, if f € LY (E), E C R™, p > 1, then for a.e. € E we have

loc
1
lim — - P dy = 0.
%1'30 ] /Elef(y) f@)|Pdy=0

6.25 9. Let E C R™ be a measurable set and « € R™. The upper density, lower density
and density of E at x is respectively defined as

ENB ENB
0" (B, 2) = limsup EOB@ O g (g 4y i i OB 7]
r—0 |B(x, )] r—0 |B(z,7)]|
and .
n
0(E,z) := lim w
b (B

Show that

(i) 0*(E,z), 0+(E,z) are measurable functions, actually Borel functions,
(ii) 6(E,z) =1 for a.e. z € E and 0(E,z) =0 for a.e. x € E°.

d. Lebesgue’s points

The following theorem allows us to identify a representative in each equiv-
alence class of functions in L*.

6.26 Definition. Let f: E C R" — R be a summable function in E. The

Lebesgue points of f are the points of the set

JX € R such that
1

|B(1.7 T)| ENB(x,r)

L‘f::{ereR”

[F(y) = Al dy —0}.
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The set £; and the function A(x) : £L; — R depend on the a.e. equivalence
class of f and not on f directly. The function \(z) : L; — R is called the
Lebesgue representative of f.

6.27 Theorem. If A : L; — R is the Lebesgue representative of f, then
IR*\ Lf| =0, i.e, f(x) = Azx) for ae. z.

6.28 ¥. Prove Theorem 6.27.

6.2.2 Radon—Nikodym theorem

In this subsection we deal with a comparison argument between two mea-
sures. As a byproduct, we characterize the measures \ for which a differ-
entiation formula such as (6.11) holds.

6.29 Definition. Two measures (u,E) and (v,€) on X are said to be
mutually singular if there is E € £ such that u(E) = 0 and v(E°) = 0.
We say that (v,E) is absolutely continuous with respect to (u,&), and we
write v < p if v(E) = 0 whenever u(E) = 0.

6.30 Example. The measure u(A) = [, fdC™, f € L*(R™), f > 0, is absolutely
continuous with respect to Lebesgue’s measure £™. The Dirac measure at 0,

50(A) 1 if0e A4,
0(A) ==
0 ifog A

is singular with respect to £". In fact, for Z := R™ \ {0}, we have §po(Z) = 0 and
£7(Z°) = 0.

6.31 Proposition. Let A, \o, it : X — R be three measures in X. We
have the following:

(i) If f is nonnegative, p-measurable and v(E) = [ f dp, then v << p.
i) If My L pwand Ao L, then Ay + Ao L p.

i) If M < poand Ay < p, then Ay + Ao < .

v) If My € Ao and Ao L p, then Ay L p.

v) If My < poand Ay L u, then Ay = 0.

.~

(
(

=

6.32 9. Prove Proposition 6.31.

6.33 Proposition. Let (A, &) and (i, E) be two measures and suppose that
(N, E) is finite. Then (X, &) is absolutely continuous with respect to (u,E)
if and only if for all € > 0 there exists 6 > 0 such that for all E € £ with
H(E) < 0 we have A\(E) < e.
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Figure 6.2. Otto Nikodym (1887-1974) and Thomas Jan Stieltjes (1856-1894).

Proof. Suppose A < p. Assume by contradiction that for ¢ > 0 and for a sequence
{Ey} C € we have u(Ey) < 27% and A\(E)) > €. Then for E :=nN¥ U, Ej €& we

have -
w(E) = lim u( U )< lim Z“(E

and, since A is finite,
oo
ANE) = i ( ) > limi N>
(E) k;n;oA U_EJ 7hjrgl£f)\(BJ)7e
k=3
a contradiction. The converse is trivial. [}

6.34 9. In Proposition 6.33 it is essential that (A, &) is finite. Show that Proposi-
tion 6.33 does not hold for A(A) := [, f(t)dL'(t) and pu(A) := L1(A) for a suitable
choice of f € L} (R).

6.35 Theorem. Let (A, &) and (i, E) be two o-finite measures in X . Then
there is a unique decomposition of A as a sum of two measures A = \*+ \*
with \* < g and X° L p.

More precisely, there exists an E-measurable and nonnegative function
0 with 0(z) < +oo for p-a.e. x such that setting Z = {x|0(x) = o0},
we have u(Z) =0 and

:/ 0du,  N(E)=MENnZ) VEEcE. (6.16)
E

Proof. The ideas in the following proof go back to von Neumann.

Step 1. As usual, it easy to see, using the standard exhaustion argument, that is suffices
to prove the theorem under the extra assumption that p and A are finite. In fact, if 4 and
X are only o-finite, we may then assume that there exists a disjoint sequence {E} C &
with p(Eg), A(Ey) < oo such that X = U Ey. By applying the theorem to A L Ej and
n L Ey for each k, we find a nonnegative £-measurable function 6 : Fr — R such that
if Z) = {x € Ey|0(x) = 400}, then pu(Z) =0 and AL Ep = A} + \;, where
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A‘,:(E):/EmE Opdu,  N(E) = AEN Zg).
k

Summing in k£ one gets the Lebesgue decomposition formula for A with respect to pu.

Step 2. From now on we shall assume that A and p are finite. The linear functional
L(¢) := [¢dX is continuous on L2?(X, p+ ) since

|L<sa>|s/X|<p|dxsA(X)l/Q(/XnoFdA)WsA(X)lﬂ(/xwﬁcz(xw))lﬂ.

Therefore, Riesz’s theorem yields g € L2(X,  + \) such that

/sod/\ = L(¢) = (¢lg)2,u41 = /sogd(/\Jru)

/so(l —g)dx= /sog dp (6.17)

for every ¢ € L?(X,p + \), in particular, for all bounded and £-measurable ¢ since A
and p are finite.

Equation (6.17) for ¢ equal to the characteristic function of the sets {z | g(z) < 0},
{z|g(z) > 1} and {x | g(x) = 1} yields respectively 0 < g(z) and g(z) < 1 for (A+p)-a.e.
z, and g(z) < 1 for p-a.e. x.

Step 3. Let
Z :={z|g(z) = 1}, A(E) :=AXANZ° and N(E):=XENZ).
Trivially, A* L p since pu(Z) = 0 and A%(Z¢) = 0. Moreover, if u(N) = 0, again by
(6.17),
/ (1fg)d)\:/XNan(lfg)d)\:/ gdu = 0.
NNZe NNZe¢

Since g < 1 on Z€, we then conclude that A*(E) = A(N N Z¢) = 0.

Step 4. Let ¢ be E-measurable and nonnegative. For any integer n, we get from (6.17)

/w(igk)(lfg)ﬁ:/sog(ég’“) dp,

k=0

hence Beppo Levi’s theorem yields, as n — oo,

/ godxz/@idp,.
ze 1—g

In conclusion, setting 0 := ﬁ, we have

Z:{x’&(:{:):oo} and )\a(E):)\(EﬁZC):/EH(x)du.

Step 5. Let us prove the uniqueness of the Lebesgue decomposition of A with respect to
.

Suppose A = A% + A° = Al 4+ A2 with A, A! <« pand A2 L pu, A° L p. Let
B and Bj be such that pu(B) = p(B1) = 0 and A3(B°) = A%(B§) = 0. For A € &
and A C B U By, since u(A) = 0 and A\, A\! < pu necessarily A%(A4) = A (A4) =0
hence A®*(A) = A(A) = A2(A). If A C B° N B¢, then necessarily A*(A4) = A2(4) =0
Consequently, for all A € £

A2(A) = A2(AN(BUB1)) + A2(AN(B°N BY))
=X(AN(BUB1)) + X(AN (BN BY)) = A*(A),

ie., A* = A2, Tt follows that A\%(A) = Al (A) for all A with A\(4) < +oo, and since X is
o-finite, we conclude that A\@ = A1, [}

)
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6.36 Corollary. Let (A, E) and (i, E) be two o-finite measures in X . Then
A < pif and only if there exists an £-measurable and nonnegative function
0 with 0(x) < +00 p-a.e. such that

)\(E):/EQd;h VE € €. (6.18)

Proof. Consider E € £ such that pu(E) = 0. If (6.18) holds, then A(E) = 0 by the
definition of integral. This proves that A < u. Conversely, assume that A\ < p. The
uniqueness of the Lebesgue decomposition of A\ yields A* = XA and A\* = 0. Therefore
(6.18) follows from Theorem 6.35. O

If (A &) and (u, &) are two o-finite measures, we write A\ = 0 u or
dX\ = 0 du instead of (6.18). Of course, (6.18) implies that

/gpdz\z/(p@du

for all nonnegative and £-measurable functions ¢, by the usual procedure,
using simple functions and Beppo Levi’s theorem. A trivial consequence
is the chain rule for the Radon—Nikodym derivatives: If dv = pd\ and
dX = 0du, then dy = pfdy since for £ € &

v(E) = /XEpd/\ = /XEpHdu-

6.2.3 Doubling measures in metric spaces

a. Differentiation of the integral

6.37 Definition. Let X be a metric space with distance d and let p be
a measure in X. Denote by B(x,r) = {y € X |d(z,y) < r}. We say
that @ has the doubling property if there is a constant C > 0 such that
w(B(z,2r)) < Cu(B(z,r)) Yo € X, ¥r > 0.

Trivially, g is doubling if and only if there exists a constant C’ such
that w(B(z,5r)) < C'u(B(z,r)) Vo € X, Vr > 0.

Going through the proof of the weak-type estimate for the Hardy—
Littlewood function, Proposition 6.19, it clearly appears that the only
properties of L™ that enter the proof are (i) L™ is a Radon measure and
(ii) £™ has the doubling property. Therefore, assuming that p is a Radon
measure, the same proof yields the following.

6.38 Proposition. Let u be a measure on a metric space X satisfying the
doubling property and f € L, .(X). Define the mazimal function of f with
respect to 1 at © € sptpu by

M, f(x) := sup

1
ity o VO (619
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Then, for anyt > 0,
C
u({z esptn|Muf@) > 1)) <= |l dnty). (6.20)

The proof follows the same line of the proof of Proposition 6.19 if y is a
Radon measure with the doubling property. In the general case, a slight
improvement in the covering argument is needed.

Let us describe the needed covering argument. If B is a ball in X, we

denote by r(B) the radius of B and by B the ball with the same center as
B and radius five times r(B),

B := B(z,57) if B = B(x,r).

If B is a family of balls of X, we denote by B the family {B(z,57)| B(x,r) €
B}.

6.39 Lemma. Let X be a metric space and let B be a family of balls in
X with bounded diameters,

sup{r(B) ’ Be B} < 400

(it is irrelevant whether the balls are open or closed). Then there exists a
subfamily B' of Bof disjoint balls such that for any B € B there is B' € B’

such that BN B’ # () and B C B’. Consequently,

UBc U B

BeB BeB’

Proof. When B is denumerable, we can order the balls of B in a sequence of decreasing
radii and inductively select the subfamily as in Lemma 6.18. As, in general, X need not
be separable, one proceeds similarly using the axiom of choice. Let

By = {B € B’RQ*’H <r(B) < Rrh}

where R := sup{r ‘ B(z,r) € B}. By Zorn’s lemma there is a maximal set of disjoint

balls Bj, C Bo. We define inductively B} as the maximal set of disjoint balls in
h—1
{BeBh’BmC:QVCeujle;}.

The set B’ := U2 B} has the requested properties. In fact, the balls in B’ are disjoint
as for each h the balls in B’ are disjoint and also disjoint from the balls previously
chosen in B for 7 =0,. — 1. On the other hand, if B € By \ B/, then B meets a ball

B’ € B’ of radius at least R2_h_1, hence B C B'. It follows that UpegB C Upgcps B.
[m]
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Proof of Proposition 6.38. We can assume that [y |f(y)|du(y) < oo, otherwise there
is nothing to prove. For z € spt p and R > 0, set

1
M, rf(z) = O<SEER W(B(z,) /B<m> [f(y)| du(y)

and consider the set
Mg := {a: € sptu ’ M, rf(x) > t}.

For any x € Apg there is a ball B(z,r(z)) with r(z) < R such that u(B(z,r(z))) <
% fB(I () |f(y)| du(y). Let B be the family of such balls. Lemma 6.39 yields a disjoint

subfamily B’ C B such that B isa covering of Mpg. Using also the doubling property
of p, we then get

M) < Y wB) <0 Y uB < S Y [ 1@l dutw) < £ [ 1w,

BeB’ BepB’! BepB’!

where C' depends on the doubling constant of y. Finally, since R is arbitrary, we find

,u({x € spt,u‘MMf(:L‘) > t}) = Rh_{l(l)oli(MR) < %/X [f ()| dy.
m}

Following the same path of the proof of Theorem 6.20, taking also into
account Proposition 6.38, we get the following.

6.40 Theorem. Let X be a metric space with distance d, let u be a mea-
sure on X with the doubling property and let f € LP(X,pn), 1 < p < 4o0.
For p-a.e. © € spt u we have

1

w(B(z,r)) = f@)l? as +.
w(B(x,r)) /B(m)lf(y) f(@)P du(y) — 0 0

b. Differentiation of measures

Let A and p be o-finite measures on a metric space X and let A = A*4+\° be
the Lebesgue decomposition of A\ with respect to p. From Theorem 6.35
we infer that A(E) = [6@dp for some non-negative, p-a.e. finite and &-
measurable function § and \*(E) = A(EN.J), where J = {z|0(z)+ = oo}.
However, the density function 6 is obtained with a global argument;
a pointwise description of # is likely to be more useful in analytic and
geometric applications. We deal precisely with this aspect of the Lebesgue
decomposition in the following sections. Here we restrict ourselves to the
case in which A\ and p are Radon measures and p has the doubling property.
For x € spt u we define

(2 = Tim sup 2 B@0)) ) Tim i AB @ 0)
DM Me) 1p%O*p M(B(aj,p))’ DH Al@) 1p%0+f ,u(B(x,p))’

and if DY A(x) = D, Az) at € sptp, the common value is called the
Radon—Nikodym derivative at x of A with respect to p and denoted by

(@),
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dX

DA ) = tim MB@.0)
dp p—0t W(B(z, p))

Since closed balls can be approximated by open balls and conversely,

the upper and lower derivatives of A with respect to p do not change if we
replace closed balls with open balls. Since

>

+ — 1 Z
DiA(x) = lim sup

b
k=00 g<p<i/k M

B
B

T
B(x
B

>

DA@) = klggo o<}>rif1/k W

(B(,p))
(B(, p))
(B(z,p))
(B(z,p))’

we have the following.
6.41 Proposition. The functions Dl‘f/\ and D\ are Borel functions.

6.42 Theorem. Let A\ and p be two Radon measures on a metric space
X and let A = \* + \*® be the Lebesgue decomposition of \ with respect to
. Assume that p has the doubling property. Then for p-a.e. x the Radon—
Nikodym derivative of A\* with respect to i exists, is finite and

dX®
M(E) = (z) du(x) VE € B(X).
e dp
If moreover, X = U;X; where X; are open with \(X;) < 400, then
for p-a.e. x, ‘id—f(x) exists, is finite and ‘g—’:(x) = 0. Consequently, Z—l);(x)
exists and is finite for p-a.e. x € X. Moreover, we have
M(E)=XENJ) VE € B(X)

where J := (spt 1)° U {x € spt u| Df N(z) = +o0}.

6.43 Lemma. Let A\ and p be two Borel measures in a metric space X.
Assume that p has the doubling property. If

EC{ € spt i MB
X S msup ———————
PERT S0P (B )

then there is a constant C' such that
W(E) < %inf{/\(A) ‘ AD E,A open}. (6.21)

In particular, u(E) < %/\(E) for any Borel set E C X if X is outer-regular.

Proof. Without loss of generality we may assume that A is an open set in X such that
A D E and A(A) < 4+o0. For any x € E, there is a ball B(z,r;) with r; < 1 such that
B(z,ry) C A and tu(B(z,re)) < M B(z,re)). Let B be the collection of these balls.
Lemma 6.39 yields a disjoint family B’ C B such that B’ covers E. Therefore,

B < S pE)<C Y wBm <SS am) < S,

BeB’ BeB’ BeB’
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Actually, one can get u(E) < +inf{\(4)| A D E, A open}.

Proof of Theorem 6.42. (i) From Theorem 6.35, A\ decomposes uniquely as A = A% + \®
and there exists a nonnegative py-measurable function 6 with 6 < +o0o p-a.e. such that

)\a(E):/ 0dpu, N(E)=XENZ).
E
Since A is locally finite and 6 € L} (X, u), Lebesgue’s differentiation theorem, Theo-

loc
rem 6.16, yields, in turn, that

AY(B(z, 7))

0@ = B (B )

for p-a.e. z, ie., %(z) exists and is finite for p-a.e. z € X.

(ii) We now prove that %(m) =0 for p a.e. z € X. To this purpose, for t > 0, set
By = {a: € spt ’ D:AS(a:) > t}.

Of course, u(Er) = p(Ey N J) + u(Ey N JC), p(Ey N J) =0 and A*(E; N J¢) = 0. Since,
by assumption, A\® is an outer-regular Borel measure, see Proposition 6.2, we can apply
Lemma 6.43 with A := A%, and E := E; N J¢ to get tu(Ey N J°) < A5(Ey N J¢) = 0.

Therefore u(E¢) = 0. Since t is arbitrary, %(m) =0 for p-ae. z € X.
(iii) From (i) and (ii)

drs
dp

dA? d\? dA
0(z) = — ()= — () + )= —I(z
@)= 5@ =@+ T = @
for p-a.e. x € X.
(iv) Finally, let us prove that AL J L p. Let K C J Nspt u be compact. Then for any
t > 0 we have
K C Fy := {CE € sptp ’ D:)\(CC) > t}.
Since by assumption A is an outer-regular Borel measure, we can apply Lemma 6.43 to

find tpu(K) < CA(K), hence u(K) = 0 if we let t — co. Taking the supremum in K, we
conclude that p(J) = 0. On the other hand, AL J(J¢) = A(JNJ¢) =0. O

c. Monotone functions
d. Stieltjes—Lebesgue’s integral

Let h: R — R be a bounded and monotone function that, to be definite,
we assume nondecreasing. The function h has left and right limits A(z™)
and h(z™) respectively, at each point z, and h(z™) < h(z) < h(z™);
moreover, h is continuous at z if and only if A has no jump at z, i.e.,
h(z™) = h(z™) = h(z). Since for every integer k there are only finitely
many points where h has a jump larger than 1/k, the discontinuity points
of h are at most denumerable.

Let A : R — R be a nondecreasing, nonnegative and bounded function
that, moreover, is left-continuous. Starting from the semiring of left-closed
and right-open intervals,

I= {[a,b[‘a<b},
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and the nonnegative set function o : Z — R defined by a([a,b]) :=
h(b) — h(a), we construct a measure (M, uy) by means of Method 1, i.e.,
we set for E C R

yin(E) = inf{i(h(bk) — ha) | E € Uglar, bk[}.

k=1

It is easily seen that « is finitely additive and subadditive. Moreover, the
following holds.

6.44 Proposition. Leth : R — R be nondecreasing, nonnegative, bounded
and left-continuous. Then the set function a([a,b]) := h(b) — h(a) defined
in the class of left-closed and right-open intervals is o-additive.

Proof. Let {I;} C Z, I; = [z;,y;[, be a disjoint covering of I = [a,b[. From the finite
additivity we infer

ia([i) S a(]).
=1

Let us prove the opposite inequality. For ¢ > 0, let {0;} be such that h(xz; — ;) >
h(z;) — e€27*. The open intervals |x; — d;,y;[ form an open covering of [a,b — €], hence
finitely many among them cover again [a,b — €[. Therefore, by the finite additivity,

N

N oo
h(b—e) = h(a) <> (hlyi,) — hwi, —6:) = > (i) +€27%) <> a(l;) + e
i=1

k=1 k=1

When ¢ tends to 0, we conclude

a(l) = h(b) — h(a) < 3" ally).

=1

O

6.45 Example. If h is not left-continuous, the set function a : Z — R, a([a,b[) :=
h(b) — h(a) is not, in general, subadditive. For instance, for 0 < a < 1, set
0 if —1<t<0,
h(t)=qa ift=0,
1 ifo<t<1.

I T ={[~,—547[}; U0, 1], clearly Urez! = [~1,1[, but

1=h(1) — h(-1) = a(ulez 1) >3 al) =h(1) —h(0)=1-a
IeT

as soon as a > 0.

Because of Proposition 6.44, we get from Theorem 5.29 that uj agrees
with o on Z, pp([a,b]) = h(b) — h(a), and that the Borel sets are pp-
measurable, so that p; is a finite Borel measure in R, called the Stieltjes—
Lebesgue measure associated to h. The corresponding integral denoted by
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/@dh 5:/90th

is called the Stieltjes—Lebesgue integral with respect to h.

The same considerations apply also to nondecreasing, nonnegative and
bounded functions that, moreoever, are right-continuous. In this case one
may start with the class J := {]a,b]|a < b} of left-open and right-closed
intervals and with a(]a, b]) := h(b) —h(a). If now h : R — R is an arbitrary
nondecreasing, bounded and nonnegative function, by changing h in at
most a denumerable set of points, one gets two nondecreasing, nonnegative
and bounded functions labeled h’ and h” that are respectively left- and
right-continuous. It is easy to see that the corresponding measures py, and
pp constructed by Method I agree. We refer to them as the Lebesgue—
Stieltjes measure associated to the nondecreasing function h.

6.46 Theorem (Vitali). Let h: R — R be a nondecreasing, nonnegative
and bounded function. Then h is differentiable at a.e. v € R, ' is Borel
measurable and

in(E) = [ Wia)do s i (B), i L L (6.22)
E
In particular, ' € L*(R), h' is nonnegative and
y
0< / h'(z) dz < h(y) — h(x) Vo < y.

Proof. Let X\ be the Stieltjes—Lebesgue measure associated to h, let A = A% 4+ A% be its
Lebesgue decomposition with respect to £1, g € L!(R) be such that A\*(E) = [ g(z) dz
and Z := {z|g = 400} so that |Z]| =0 and \*(E) = A\(E N Z).

(i) From the differentiation theorem for integrals, if A C B(0,1), |A| > ¢|B(0,1)| and
Ag,r =z + 1A, we have

for £'-a.e. z € R.

(ii) For t > 0, set
(B ,
E .= {z lirnsupM > t}.
r—0 2r

Of course, E; = (Ey N Z) U (Ey N Z€) and therefore |E; N Z| = 0 and A*(E; N Z€) =
0. Applying Lemma 6.43 with X\ := \°, p = £! and E := E; N Z¢, it follows that
|E¢ N Z¢| =0, from which we deduce that |E| = 0. Since t is arbitrary,

(B
imsup 2 B@ ) _
r—0 2r
for Ll-a.e. z € X and, since Az, C B(z,r) and |Az,»| > Cr, we also have
. A (Ag,r)
limsup —————= =
r—0 |Az,r|

for Ll-a.e. x € R.
(iii) From (i) and (ii) we infer that
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g(x) — lim .U’h(Az,r)
r=0 |Ag,r]
exists finite for £!-a.e. 2 € R. If we now choose Ay » := [z, +7[ and Ay r = [z — 1, 2],
we find
h —h
o) = tim P trD A <)
r—0+ T r—0t r
g(z) = lim tnlle =,z = lim Mz =) = hiz)
r—0~" T r—0— T
for a.e. x, i.e., h is differentiable and g(x) = h'(z) for Ll-a.e. € R. O

6.47 9. Let h be nondecreasing, nonnegative, bounded and left-continuous. Prove that
2 dyn, = h(b) — h(a) and py,({a}) = h(a™) — h(a—).

6.48 9. For z € R, let ha(Y) = X|o,4+00[(¥)- Show that py, is the Dirac measure d at
z. Consequently, for every function f : R — R we have

/ @) dun () = ().

6.49 Theorem (Integration by parts). Let f : R — R be of class
CY(R) and let h be nondecreasing, nonnegative and left-continuous. Then

b
/ PR+ [ ) = FOR) - f@h@

[a,

Proof. Consider the procuct measure pp(z) X £1(y) on R? and let F := {(z,y) €
[a, b[X[a, b] ‘ a <y < z}. Fubini’s theorem yields the equalities

@ xct = /[a,b[ ( / "W dy) dyun () = /[ayb[u(x)—f(a))duh(x)

- /[ , J@ @) ~ @ RO ~ h@),
b b
/ / £ () dpun, x £ = / £ ) dyan (. b)) = / F@)(h(b) — h(y)) dy
E a a
b
_— / P W)h(y) dy + hB)(F) — f(a)),
hence the conclusion. [m]

6.50 9. If f is measurable, then ¢(t) := L™ ({z||f| > t}) is nonincreasing and right-
continuous. Show that [ [f|PdL™(x) = — [;° tPd¢(t). [Hint. Use Cavalieri’s formula
and integrate by parts.]

A function f : R — R has bounded variation in [a, b] if its total variation
in [a,b] defined by

Vab(f) = sup{Z|f(xk+1) — flzp)||a =20 < x1,...,2N = b}
k
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is finite. A function with bounded variation f can be written as f = f.—f_
where f; and f_ are nondecreasing and with bounded variations, simply by
taking fi := V(). In particular, from Vitali’s theorem, Theorem 6.46, we
infer that every function with bounded total variation is a.e. differentiable.
However, notice that, generally, the fundamental theorem of calculus does
not hold for even continuous functions with bounded variation.

6.51 Example. Let C C [0, 1] be the ternary Cantor’s set and f : [0,1] — [0, 1] the
Cantor—Vitali function, see Chapter 5. As we have seen f is nondecreasing, f([0,1]) =
[0,1] and f is constant in each of the open intervals Ay, ; in which [0, 1]\C is decomposed.
It follows that ps(Ay ;) =0 and pus([0,1]\ C) =0, i.e., sptuy C C. Since |C| =0, uy
and L' are mutually singular. Additionally, py is singular with respect to the counting
measure, in fact, py({z}) = 0 Vz € [0, 1] since f is continuous.

Finally, since f’(z) = 0 for a.e. = € [0, 1], the fundamental theorem of calculus does
not hold:

1
1= f(1)— f(0) # /0 @) dt =o.

e. Absolutely continuous functions

A function f: R — R is said to be absolutely continuous if for all € > 0
there is a § > 0 such that whenever {z)} and {y;} are such that > - | |z, —
yr| < 8, then D27 |f(xx) — f(yk)| < e Of course, absolutely continuous
functions are uniformly continuous and map zero sets into zero sets; of
course, Lipschitz functions are absolutely continuous.

Notice that Holder-continuous functions with exponent a@ < 1 are not
absolutely continuous, in general. For instance, the Cantor—Vitali function,
which is Holder-continuous, see Section 5.1.3, maps the Cantor ternary set,
which is of zero measure, onto a set of positive measure.

As a consequence of Lebesgue’s absolute continuity theorem, for every
g € L'(R) the function

is absolutely continuous. We now prove that a function is absolutely con-
tinuous if and only if the fundamental theorem of calculus holds for it.

6.52 Theorem (Vitali). A function f : [a,b] — R is absolutely con-
tinuous in [a,b] if and only if f is differentiable for a.e. x € |[a,b],
7'(z) € L\(fo,b]) and

Yy
) - 1@ = [ Fo)ds VayeR o<y

It is readily seen that an absolutely continuous function in [a,b] has
finite total variation in [a, b]. Moreover, the following holds.

6.53 Lemma. If f : [a,b] — R is absolutely continuous, then x — V=(f)
is absolutely continuous in [a,b], too.
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Proof. For € > 01let 6 > 0 and let {z}, {yr} C [a,b] be such that >, |z —yr| < &
and >, |f(zr) — f(yr)| < €. Since the bounded variation of f is finite, for k = 1,2...,n

(B) ¢ o) (k) _

we can find a subdivision 3 = ¢} - < ¢p, =Yg of [k, ys] such that

pr—1

VEE(f) < Z £ = £ + e

Since 377, |c§?1 — cgk)| < 6, we have

Zvy’“(f <ete,

hence Y-p_y Vo (f) — Va* () < 2e. 0

Proof of Theorem 6.52. Let p4, p— be the Stieltjes—Lebesgue measures associated to
f+ and f_ given by

fel@)=VE(), f-@) = Ve - f=),

respectively. From the absolute continuity of f4 and f_ we infer that py (E) = p—(E) =
0 if |E| = 0, i.e., u4+ and pu_ are absolutely continuous measures with respect to £1.
From Theorem 6.46 we then infer that fi and f_ are differentiable for a.e. x € R, that
f+, f— are locally summable and that

Yy
Fo@) = f1(@) = s (fo, ) = / (@) do
Iy
Fo @) = f- (@) = p [z ) = / 1. (z) da.
The proof is completed, as f = f+ — f—. [}

Since Lipschitz-continuous functions are absolutely continuous, we can
state the following.

6.54 Corollary. Let f : R — R be Lipschitz-continuous with Lipschitz
constant L. Then f is differentiable at a.e. x € R, f'(x) is measurable,
Lip(f) = |f'lor and, for x <y, we have

F) = ) = [ ) as

Here || f||oo,r := esssup,ep | f'(t)].
Another consequence of Vitali’s theorem, Theorem 6.52, is the follow-

ing.

6.55 Proposition (Integration by parts). Let f and g be two abso-
lutely continuous functions in [a,b]. Then

b b
/ f'(x) g(x) dzw = f(b)g(b) — f(a)g(a) — / ft)g'(t) dt
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f. Rectifiable curves

A curve v : [a,b] — R" is said to be rectifiable if v(t) is continuous and
with bounded variation. In this case, by Theorem 6.52, 7/ (t) exists for £!-
a.e. t and |y/(t)| € L*([a,b]). In turn, the arclength s(t) := fg |7/ (s)| ds is
absolutely continuous, too, and s'(t) = |y/(t)| for L -a.e. t € [a, b]. Because
of Vitali’s theorems, Theorems 6.46 and 6.52, we have the following.

6.56 Theorem (Tonelli). Let~ : [a,b] — R™ be a rectifiable curve. Then
v is differentiable for L'-a.e. t € [a,b] and the following inequality holds
for the length L of ~v(t):

b
L> / (1) dt

with equality if and only if the components of v(t) are absolutely continuous
functions.

g. Lipschitz functions in R™

We recall that a map f: X — Y between two metric spaces is said to be
Lipschitz-continuous if there is a constant L > 0 such that

dy (f(x), f(y)) < Ldx(z,y)  Va,yeX. (6.23)

The best constant for which (6.23) holds is called the Lipschitz constant
of f and is denoted by Lip(f), or Lip(f, X) if we want to emphasize the
domain.

In many respects, Lipschitz-continuous functions are easier to handle
than C' functions; for instance, we need only the metric structure to de-
fine them, and if f and ¢ are Lipschitz-continuous with real values, then
max(f,g), min(f,g) and |f| are Lipschitz-continuous, too. Moreover, an
extension theorem holds.

6.57 Theorem (Kirszbraun). Let X be a metric space, A C X and let
[+ A— R be a Lipschitz-continuous function and L:=Lip(f,A). Then the
functions

o~ ~

f(@) = inf (f(y) + Ld(z,y)),  f(z):=sup(f(y) — Ld(z,y)) (6.24)

yeA yeA

extend f to the whole of X with Lip(]?7 X)= Lip(]’”v7 X) = Lip(f, A).
Proof. We have

Floz) = Flar) = sup it (f(n) + Ld(er,91) = f(u2) = Ld(e,12)

< sup (Ld($17y2)—Ld($27y2))
y2 €A

< Ld(z1,x2).

The proof for fis similar. [}
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Figure 6.3. Frontispieces of two monographs that deal with the differentiation theory.

6.58 9. Let f: A C R™ — R be a Lipschitz-continuous function with Lipschitz con-
stant L := Lip(f, A). Show that if g : R® — R is any Lipschitz extension of f to the
whole of R™ with Lipschitz constant not greater than L, then

flz) < glz) < flw) Vo eR"
where d and f are defined in (6.24).

The previous theorem allows one to extend a Lipschitz function f :

AC X = R" n>1, to the whole of X with Lip(f, X) < /n Lip(f, A).
Actually, with a nonelementary construction, f can be extended to the

whole of X with the same Lipschitz constant, Lz’p(]/‘\, X) = Lip(f, A).

6.59 Theorem (Rademacher). Let f : R™ — R be a Lipschitz function.
Then f is differentiable at L™-a.e. point x € R™, its Jacobian matriz is
measurable and Lip(f) = esssup,cgn |Df(2)].

Proof. Let v € S7~1 be a direction and let A, be the set of points in R™ at which the
derivative of f in the direction v does not exist. Since %(x) exists at points in which
the Borel functions limsup,_,q M and liminf;_,o £ GH'“; I agree, A, is
a Borel set. For any 2 € R™ and v € S”7 1, t 5 ¢g,(t) := f(z + tv) is a Lipschitz
function on R, hence is differentiable for a.e. t. In other words, the intersection of A,

with a line parallel to v has zero measure. Moreover, Lip(¢az,1) = esssup,eg [ , ()]
Fubini’s theorem then yields that A, has zero measure, i.e.,

O )y Tt )= 500
o @) < Lan(s)

exists for a.e. x € R",

(6.25)

and
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9]
Lip(f) = sup Lip(¢z,v) = SUP €SS SUD;, ggn €5 SUP ;R ’ 81{ (x + tl/)’
x,v
of (6.26)
= supesssu n | == (2
upesssupcgn | 57 (2)|

for a.e. x € R™.
Now, for every ¢ € CL(R™)

f(z+hv) = f(z) _ p(z) — oz — hv)
- — p(z)de = /n Y

notice that we have used Fubini’s theorem and the absolute continuity of f to integrate
by parts, see Proposition 6.55. Hence, letting h — 0, because of Lebesgue’s dominated
convergence theorem and (6.25),

/%Lpdx /faso de, /Djfwdx:,/fpjgpdx, vj

and therefore,

/—god /fg—fdx /f veVep)d Z/fl/]D]cpdz

= vieD,fde= | o(veVf)dz.
3 [renisia= |

Since ¢ is arbitrary, we conclude

f(z) dz;

0,
8—f(z) = veVf(x) for a.e. x € R™ (6.27)
v
and, from (6.25) and (6.26),
Lip(f) = IV oo rn- (6.28)
The differentiability of f a.e.. remains to be proved. Let {v1,v2,...} be a denumer-

able dense set of S®~1 and let
of . of
Ag = {2| V@), S f (@) exists and 2 f(2) = v e Vf (@), [V (@)] < L},
3l/k 311
L := Lip(f). From (6.25), (6.27) and (6.28), if A := Ny Ay, we have |A°| =0 5 f(a:)

vpeVf(z) Ve € Aand all k=1,2,..., and |V f(z)| < L.
We now prove that f is differentiable at every 2 € A. For x € A, v € S™~ ! and

h > 0, we set
h) —
Q(z,v,h) = M — veVf(z).
Clearly, for z € A and v,v’ € S*~! and h > 0, we have
1Q(z,v,h) = Q(z,v, h)| < (n+ 1) L|v -/ (6.29)
Given € > 0, we now choose p large enough so that for every v € S"~! we have
v — k| < m for some k € {1,...,p}. (6.30)

As limy,_,0 Q(z, v, h) = 0 VI, we can find § > 0 such that
1Q(x, vg, b)) <§ for 0 < h<éandke{l,... p} (6.31)

On the other hand, |Q(z,v, h)| < |Q(z, vk, h)| + |Q(z,v, h) — Q(x, v, h)|, therefore, we
conclude from (6.29), (6.30) and (6.31) that

€ €
vvh <z 5=
Qb < 5+ 5

whenever 0 < h < & uniformly with respect to v € S?~!. This proves the theorem. 0O
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6.2.4 Differentiation of measures in R"

The differentiation theorem for Radon measures with respect to a doubling
measure, Theorem 6.42, was first proved by Vitali for Radon measures
in R with respect to £' with a direct argument which uses neither the
Lebesgue-Nikodym theorem nor Lusin’s theorem. His proof is grounded
on a covering argument and on taking into account the homogeneity of the
measure with respect to dilations, see Theorem 6.66.

In the middle of the twentieth century, Abram Besicovitch (1891-1970)
proved a much stronger covering theorem. The Vitali covering property
and, consequently, the differentiability of measures in R™ extend this way
to arbitrary Radon measures.

a. The Besicovitch and Vitali covering theorems

6.60 Theorem (Besicovitch). Let £ > 1 and n € N, n > 1. There is
a constant c(n, ) with the following property: For any E C R™ and any
bounded function r : E — R there is a denumerable subset X C E that
decomposes as disjoint union X = U2, X; such that the following hold:

(i) F C Uzex int(B(z,r(x))).
(ii) The family {B(ax, ng))} N is disjoint.
re
(iii) Ewvery ball B(a,r(a)), a € Xp,, meets at most c(n, ) balls B(x,r(z))
with x € X;, j < h.

(iv) Every point of R™ lies in at most ¢(n,£) balls B(xz,r(x)), x € X.
(v) The X;’s are finite sets if E is bounded.

Here B(x,r(x)) denotes the round closed ball centered at x of radius r(x).

Proof. If E is denumerable, the selection principle is as follows. First order the balls in
a sequence of decreasing radii. Take the first one and, inductively, assuming that Bp,,
..., Bn,, have already been selected, choose as By, the first ball B; such that j > ny
and does not meet the centers of By, ..., Bn, .
Since, in general, E is not denumerable, one proceeds using the axiom of choice.?
Let M := sup,¢cp r(z). Define for j =0,1,...

E; = {z cE ‘ ITIM < r(z) < K’jM},

and setting X_1 = ), inductively we define for j =0,1,... X; C E; in such a way that
X :=U;X; has the requested properties. Suppose X0,X1,...,X;_1 have been defined,
and let C; be the class of all denumerable subsets Y of E; \U;<; Uzex, B(x,7(x)), such
that )
ly —y'| > 7771 M.

Clearly, C; is partially ordered by inclusion and every chain Y1 C Y2 C --- in C; has
maximal element U;Y;. Zorn’s lemma then yields the existence of a maximal element
X, in C;. Let us collect the properties of the points of X = U; X;. If z, 2’ € X, @ # 2/,
then

2 Taken from E. Bombieri, Notes on Geometric Measure Theory, unpublished, Pisa,
1974.
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x| >3t
o —a'| 2 677 M, _ (6.32)
LITIM < r(x),r(2') < €79 M;

ifx € Xj, 2’ € Xp, and j < h, then

|z — 2’| > max(r(z), r(z')),
073N < p(2) < 073 M, (6.33)
M < () < 0P ML

We divide the proof in five steps.

(i) We have Ej C Ugex; int B(z,7(z)). In fact, if y € Ej \ Ugex; int B(z, r(z)), then

ly—z| > r(z) > €771 M for allz € X, consequently X;U{y} € C;, and this contradicts
the maximality of X;.

(ii) If y € B(z,r(z)/(20)) N B(z',r(z")/(2¢)), then |/ —z| < |z —y| + |2/ —y| <

% + %zé/) < %max(r(m),r(m’)). However, this contradicts (6.32) if z and z’ are in

the same X or (6.33) if z and 2’ belong to different Xj;.
(iii) Fix h and for any a € X}, let

X(a) = {z € UjenX; ’B(:L‘,r(x)) N Bla,r(a)) #0}.
We prove that
card (X (a) N X;) < c1(n, £) Vj < h,

card{j < h—l‘X(a)ﬂX]- #@} < ec2(n, ),

with constants c¢; and co independent of h. It follows that card X(a) < c¢(n,f) =
c1 (77,,[) (CQ(TL,Z) + 1)
Let 2,2’ € X(a) N Xj, j < h. Then
|z —a/| > 7771 M,
o — al < (@) +r(a) < 2079 M,
|#" —a| <r(2') +7r(a) < 207 M.

Thus, the number of points in X(a) N X; is at most the number of points in B(0, 2)
that have distance at least 1/¢, hence

card (X (a) N X;) < c1(n, £).
Notice that c¢i(n,£) is increasing with £ and does not depend on h.

If now {z;} € X(a) N X;, ¢ < h —1, since a € X and z; € X;, we have

; 1
rla) <OTPM < TTIM < Zr(zi) Vi<h-—1,

hence 1
r(a) < 5, min_ r(@:)
and Vi,j <h -1
|z — x| > max(r(x;),r(x;)),
(00) > o2 —al = (@)

Therefore, if x and z’ are two points chosen among the x;’s,
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x — 2’| > max(r(z),r(z’)) > max(|z — al, |z’ — a|) — r(a)
1
> max(|z — al, |z’ — al) — 7 min(|z — al, |2’ — al).

Assuming that |z — a| > |2/ — a|, we then conclude

jo—a'| e —a _ 1
' —a
|z" — al e
hence
Tr—a x—a‘ilz—z )< 1 1 )
|z —a|l |2/ —al |z’ — al |2/ —al |z —al
!
— 2| = |z — 1
>w+121,,>0,
|z’ — a L

It follows that the number of x;’s is not larger than the number of points of S™”~1 with
distance at least 1 — 1/¢, hence it is not larger than a constant c2(n,¢) independent of
h that this time is decreasing with ¢. In conclusion,

card{j < h—l‘X(a)ﬂX]- 760} < c2(n,?),

and (iii) is completely proved.
(iv) This follows from (iii).
(v) If E is bounded, all X; are finite by definition. O

6.61 Corollary (Besicovitch). Let E C R™ be a bounded set and let
r: E — R be a bounded function. There is a denumerable subset X C E
and a constant c(n) such that

(i) F C Ugex int(B(z,r(x))),
(i1) the family {B(x,r(z))}zex decomposes in at most c(n) subfamilies
of disjoint balls.

Proof. By choosing ¢ = 2 in Theorem 6.60, we find a denumerable subset X C E
that is a disjoint union of finite sets X = UX; with property (i) such that each ball
B(a,r(a)) with a € X} meets at most c(n) balls B(z,r(x)), x € X;, j < h. We order
the centers in a sequence {x;} first enumerating the points in Xo, then those in X7 and
so on. Suppose that inductively we have inserted the balls B(x, r(z)) with the first j —1
centers in p families B1, ... By of disjoint balls. We put the next ball B; := B(zj,r(x;))
in the first family By, for which {B;} U By, is again a disjoint family or we start a new
family Bp41 with B;. This second alternative holds if B; meets at least p balls with
preceding indices, but by construction p < ¢(n). O

6.62 Remark. Going through the proof of Theorem 6.60, one can see
that the theorem still works if the balls are open or, with a slightly dif-
ferent proof, if we replace balls with cubes. We notice instead that the
boundedness of r : E — R is essential: Conclusion (ii) does not hold if

= [0,1] C€ R and r(z) = 2|z|; one cannot replace centered intervals
B(z,r) with half-intervals. If A =]0,1[ and B(x,r) := [z,2 + 1[, conclu-
sions (i) and (ii) cannot hold at the same time.

6.63 Definition. Let F be a family of closed subsets of a metric space X .
We say that F covers finely A C X if for any x € A and for any ¢ > 0
there is an F € F with x € F and diameter(F) < e.
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6.64 Theorem (Vitali). Fvery Radon measure pu in R™ has the following
property: If A C R™ is a bounded Borel set and F is a family of closed balls
that finely covers A, then there is a disjoint denumerable subfamily F' C F

such that
pA\[JF) =0,

where we shorten | Jge 7 B in UF'.

Proof. Let c(n) be the constant in Besicovitch’s theorem and let § := 1 — (2¢(n))~!.
Set Fo := F and Ag := A. For one of the denumerable families By of disjoint balls in
the thesis of Besicovitch’s theorem, Corollary 6.61, we have

H(A n UBo) > 261(71)#(14),

consequently, if we set A1 := A\ |JBo, we have p(A1) < 6 u(A). Since |J Bo is compact,
the family

Fi={BeF|BnJB =0}

is again a fine covering of A;, and we can repeat the argument for A; and Fj in place
of Ap and Fp, respectively. By induction, one contructs for k = 1,2,... a set Ay and
a subfamily By of disjoint balls of F that are pairwise disjoint and also disjoint of the
balls in the families Bg, Bi, ... Bi_1, such that

Appr = A\ B, (Ags1) < Sp(Ag).

Therefore, if F' := U By, we have
n(ANUF) <u(Nax) =0
k
O

Theorem 6.64 was first proved by Giuseppe Vitali (1875-1932) for
Lebesgue’s measure £' in R with a much simpler proof grounded on the
selection algorithm of Lemma 6.18 and taking into account the homogene-
ity of the measure with respect to dilations. The same proof by Vitali
works for Borel-regular measures in metric spaces with the doubling prop-
erty. For the reader’s convenience, we present a proof of Theorem 6.64 that
works for doubling measures in metric spaces and that avoids the use of
Besicovitch’s covering argument.

Recall the notations of Lemma 6.39.

6.65 Proposition. Lat A be a bounded Borel set in a metric space X
and B be a family of closed balls of bounded diameters that finely covers
A C X. Then there exists a subfamily B’ of B with the following property:
For every finite choice of elements By, ... By € B, we have

aUsce U B

i=1 BeB\{B1,,Bn}
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Proof. Let B’ be the family chosen as in Lemma 6.39 and z € A\ UzNlei. Since B
finely covers A and X \ UzNlei is open, there exist B € B with x € B such that
BN (UY,Bj) =0, and S € B’ that meets B and S O B. S may be none of the
Bl,...,BN,henceateUBegr\{Bl,“,,BN}E. [}

Proof of Theorem 6.6/ for doubling measures. Let £ be an open set such that 2 D A
and p(2) < 4+oo. The family of closed balls with bounded diameters

B:= {BGF‘BCQ, diam(B) < 1}

finely covers A. By Proposition 6.65, there is a subfamily of disjoint balls B’ C B such
that for any finite choice of By, ..., B, € B/,

P
AANUB.c U B
k=1 BeB’
B#B1,,Bp

Since Y pepr #(B) < p(2) < 400, we have p(B) > 0 for at most denumerable many of
them. Let 7' = {By} be the family of these balls. For any integer n we then have

n
A\ U By C U E,
k=1 BeB/
B#Bj,---Bp

hence
n(ANUB)C X wB<c > wB=C Y B,
k=1 BeB’ BeB’/ k=n+1
B#Bq,---Bp, B#B1,---Bp
thus concluding that ,u,(A \ U]—") = 0 since Y52, p(Bg) < pu(Q) < 4o00. O

b. Radon—Nikodym’s derivative
Let 1 and A be two Radon measures R™. For x € spt i let

(2 = Tim sup 2 B@0)) ) Tim i AB @ 0)
Dixa) =limsup g0y DA =tmint Sy

and if DfX(z) = D, A(x)z € spt p, let
dA . AB(z,p))

5= B )

be the common value, that is called the Radon—Nikodym derivative of A
with respect to u at x.

Recall that Df{)\ and DA are Borel functions and that they do not
change if we replace the open balls used to define them with closed balls.

6.66 Theorem (Lebesgue—Besicovitch). Let A and p be two Radon
measures in R™. Then for u-a.e. x € spt u the Radon—Nikodym derivative
B
X AB@p)
dp r=0 (B, p))
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exists and is finite. Moreover, if
I = (Sptﬂ)c U {CE € spt ‘ D;)\(gp) = +OO}7

AL I is singular with respect to p and

\E) = [ T dusALIE)

for every Borel set E C R™.

In order to prove the theorem, we first state the following two lemmas.

6.67 Lemma. Let \ and p be two Radon measures in R™, let t > 0 and
let £ C sptp be a Borel set.

(i) If DiAx) >t Vo € E, then A(E) > tu(E).

(ii) If Dy AN(x) <t Vz € E, then \(E) < tu(E).
Proof. (i) We may and do assume that E is bounded, For ¢ > 0 let A D F be an
open set with compact closure such that A O E and pu(A \ E) < e. For each z € E
we consider the family B of closed balls B(z,r) with « € E and B(z,r) C A such that
(t — €)u(B(z,7)) < XN(B(z,7)). It is easily seen that B finely covers E. Vitali’s theorem

provides us with a disjoint denumerable subfamily B’ C B such that pu(E \ |UB’) = 0.
Consequently, we have

(t—uE)<(t—e) > uB)< > AB) <AMA) <ANE)+e
BeB’ BeB’

and letting € — 0, we have the thesis.

(i) This is proved as in (i) using Vitali’s theorem for the measure . O
6.68 Lemma. Let A and p be two Radon measures in R™ and let
I:= {avespt,u‘D;)\(av)=—|—o<>}7 J —{xesptu‘DJr)\ ):+oo}.

Then pu(J) =0 and AL J is singular with respect to u. Moreover, I C J,
AL is singular with respect to pu, AL I is absolutely continuous with
respect to | and

A({x € sptp ’ D, \Nz) = O}) =0. (6.34)
Proof. Of course, I C J and for
Jp = {a: € spt i ’ D;’)\(z) > t},
t > 0, (i) of Lemma 6.67 yields ¢t u(J¢) < A(R™). For ¢ — 400 we conclude u(J) = 0,
hence X L J is singular with respect to pu.
We now prove that A L 1€ is absolutely continuous with respect to pu. Given B with
w(B) =0, Lemma 6.67 yields A(BNI;) < tu(B) =0 for all ¢ > 0, where
It :={x € spt | D,y AN(z) < t},

hence A(B N I€) = 0. Finally, (6.34) follows from (ii) of Lemma 6.67. O
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Proof of Theorem 6.66. First, assume that A and p are finite and set A% := A L I€ and

A% = AL I. We have A = A* + A% and, according to Lemma 6.68, \* is singular with

respect to p, and A is absolutely continuous with respect to p. It suffices then to prove

that the Radon-Nikodym derivative of A with respect to p exists for p-a.e. € spt p\ I.
To prove this, we set

(R - + —(E) = -
AH(E) = /Emeu @) dp,  A~(E) = /Enswa“ () dp

and show that AT (E) < A%(E) < A~ (E) for every Borel set E from which we clearly
infer that D \(z) = D;; A(z) € R for p-a.e. = € spt u and A\*(E) = Iz % du.
Given a Borel set E, t > 1 and m € Z, we set

Eum = {ermIC

D A(x) e]tm,tm+1]}

and Eoo := {erﬁIC

D;f)\(:r;) = +oo}, We have

AT (Em) <t u(Em) <tNEm) = tA(Em),

whereas, according to Lemma 6.68, u(Foo) = 0, hence AT (Es) = 0. Summing on
m € Z we obtain

AT(E) = > AT (Em) <t Y A (Em) <tAY(E)
meZ meZ

and, for t — 1, we infer AT (E) < A*(E). Similarly, for
E™ = {z cE\I ’ Dy A(z) e]tm,tm“]},
we infer
tTINYE™) = tTINE™) < tTu(E™) < A7 (E).
Since by Lemma 6.68 we have A({z € spt u| Dy, A(z) = 0}) = 0, we conclude
tTIANE) =t Y OAYE™) < Y AT(E™) S AT (E)
meZ meZ

that yields A*(E) < A~ (E) when t — 1. The theorem is then proved when A and p are
finite.

To prove the theorem in the general case, it suffices to decompose R™ as R" = Uy, X},
where the X} are open and bounded sets. [}

6.2.5 Disintegration of measures

In this subsection we state and prove a generalization of Fubini’s theorem
to Radon measures.

6.69 Example. Let p: R2 — R be a summable function in R? with nonzero integral.
Fubini’s theorem yields that o(z) := [ p(z,y) dL! (y) exists for a.e. x € R, is finite and

nonzero and summable. Moreover, for any nonnegative Borel function ¢ on R? we have

[, el oty oy = [ ( == d£1<y>)a(z>dz. (6.35)

o(x)

If v denotes the Radon measure dv(z, y) := p(z, y) dL?(z,y), then the measure p := m4v
on R defined by myuv(A) := v(A X R) is just du(z) = o(x) dz. If for a.e. x € R we set
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veyi= [ 228 agiy),  acs®,

o(x)

then v, is a finite Radon measure with v;(R) = 1 and (6.35) writes as

et = [ ([ o) ). (6:36)

This is the disintegration formula for v with respect to the z-variable.

The above can be done for general measures.

6.70 Theorem (Disintegration of measures). Let v be a finite Radon
measure on R™ x R™, n,m > 1, let m : R™ x R™ — R™ be the orthogonal
projection of the first factor, w(x,y) = x and let p = wypv be the projection
of v into R™ defined as the finite Borel measure (A) = myv(A) == v(A x
R™), A € B(R™). Then for p-a.e. x there exists a finite Borel measure v,
on R™ such that the following hold:

(i) For any B € B(Y) the function x — vy(B) is p-measurable.
(ii) For p-a.e. x we have

. v(B(z,r) x B)

P 0(B(r,r) x R7)’

in particular, v, is a probability measure, v,(R™) = 1.
(iii) For any A € B(X) and any B € B(Y) we have

v(Ax B) = /AVJE(B) dp(x).

Consequently, if f € LY(X x Y,v), then the following hold:

(i) For p-a.e. x € X the function y — f(x,y) is vy-measurable.
(ii) z = [ f(z,y) dvy(y) belongs to L*(X, ).
(iii) We have

/Xxyf(a:,y) du(x,y)Z/X (/Yf(a;,y) dym(y)> du(z).

Proof. For any B € B(Y') we consider the measure
vp(A) :=v(A x B), A€ B(X).

Trivially, v << p and, according to Besicovitch’s differentiation theorem, the following
hold:

(i) There is a set Ng C X with u(Np) = 0 such that for any ¢ Np there exists

d
h(z, B) = dL’f(x) €R  with 0<h(z,B) <1

(ii) The function x — h(z, B) is p-measurable.
(iii) For any A C B(X)

v(Ax B) = /A h(z, B) du(z).
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Moreover, h(z, B) = 0 for any « ¢ Np if v(R™ x B) =0 and, if {B;} C B(R™) is a
disjoint family with B = U; B;, then

hp(z) = hp,(x) VzgNpU|JNs,. (6.37)
i=1 !

k3

Denote by R the family of half-intervals R with vertices of rational coordinates
in R™. Of course, R is denumerable and the set N := Urcr Ng has zero p-measure.
Additionally, for x ¢ N, h(z, R) is defined for all R € R. It is easy to see that the set
function az : R — R, az(R) := h(z, R) is o-additive on R. Let v; be the measure
constructed by Method I from (R, az). Again by (6.37), for any B € B

vz (B) = h(z, B) forx ¢ NUNp,

consequently p-a.e.. It follows that for any B € B(R™) the function = — vp(z) is
p-measurable and for A € B(X) and B € B(Y) we have

v(Ax B) = /AVZ(B) du(z).

The other claims easily follow, by writing f = f+ — f— and approximating fy and f_
with simple functions. [}

6.71 Remark. In Probability, the above leads to the definition of con-
ditional distribution. Let X and Y be two random variables (i.e., two &-
measurable functions) on a probability space (2, &, P) and let Px and Py
be their distributions, respectively. Denote by Px y their joint distribu-
tion, which is a nonzero finite Radon measure in X x Y. If v := Pxy,
then 1 = myv = Px. Then Theorem 6.70 yields

[ etwars = [ ( [ew) dum@)) 0Py ()

For p-a.e. x the finite Radon measure v, on R is called the conditional
distribution of Y with respect to X at x and is usually denoted by Py | x—z)
from which derives the formula

PO € )= [ P xeoy(4) dPx (o).

6.3 Hausdorff Measures

In this section we discuss Hausdorff measures in R™, that allow us to
measure “k-dimensional sets in R™” similar to k-dimensional submanifolds
in R™.

Given s € R, s > 0, we set

7.‘_3/2

T T(1+5/2)

Wsg -
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Figure 6.4. A poster for the celebration of Felix Hausdorff (1869-1942) in Bonn and the
first page of one of his papers.

recalling that ws = £°(B(0,1)) for integer s’s, B(0,1) being the unit s-
dimensional ball in R®. We consider the set function

a(E) = ;ij(diam E)*, EecPR),

and construct starting from (P(R™), «) a Borel measure H*® by means of
Method II of construction, i.e., we define for any § > 0

Hi(E) = inf{(;ij Z(diam E;)*

j=1

E;, diam(E;) < (5}

and set
S(F):= 1
H(E) = lim Hi(E),
(notice that § — H3(FE) is nondecreasing). It is not difficult to check the
following:

(i) H3(F) < 400, § > 0, for any bounded set E.

(ii) H§(E) is an outer measure.

(iii) In general, Borel sets are not measurable for #3, 6 > 0 (for instance,
the line y = 0 in R? is not H}-measurable for any § > 0).

(iv) HY is the counting measure.

(v) H?® is not a Radon measure, since, in general, it is not finite on com-
pact sets; for instance, if E has nonempty interior and s < n, then
H?*(FE) = +o0; for similar reasons, H® in general is not o-finite.
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(vi) Since the definition of H3(E) involves only the diameters of the sets of
the covering of E, we may require that the covering is made by closed
sets or convex and closed sets and even of open sets, since a closed
set is the intersection of open sets with slightly larger diameters.

We may simplify even further and allow only coverings of E by balls

’Hg)sph(E) = inf{ws Zr; iB(zj,r;) rj < 5}

j=1
and
gph(E) = }141)% Hg,sph(E)'
H,n(E) is again a Borel-regular measure, called the spherical Hausdorff

measure. However, if, for instance, F is an equilateral triangle in R? with
diameter less than 6, then Hj ., (E) > Hj(E), and, in general, one sees
that H* and H7,, are different, although they agree on “sufficiently reg-
ular sets”. This way we have at least two different ways of measuring
s-dimensional sets in R", s < n. Finally, it is easily seen that these two
measures that do not agree are in fact comparable: Since for every set
E C R"” there exists a ball B that contains F and has diameter less than
2diam(£), we see at once that H*(E) < HS,, (E) < 2°H*(E) VE € B(R").

The following proposition collects some of the elementary properties of
Hausdorff measures H?.

6.72 Proposition. The Hausdorff measure H?® is Borel-reqular; further-
more, H® L E is a Radon measure if H*(E) < 4+00. Moreover, the following
hold:

(i) H® is invariant under translation and rotation, and is positively ho-
mogeneous of degree s,

H(z+ R(E)) = H(E),  HAE)=NH(E)

if R : R™ — R" is linear and RTR = 1d.

(ii) H* =0 if s > n.

(iii) If 0 < s < t < m, then Ht < H*. More precisely, H'(E) > 0 implies
H*(E) = +o00 and H*(E) < oo implies H!(E) = 0.
(iv) H*(F) =0 if and only if H: (FE) = 0.

(v) If f : R™ = R¥ is a Lipschitz map, then LF(f(E)) < (Lipf)* H*(E).
Proof. By construction, see Proposition 6.2, H® is a Borel-regular measure, while triv-
ially H® L E is a Radon measure if H*(E) < oco.

(i) This simply follows from the definition of .

(ii) Let s > n and let @ be a cube of side 1. Since @ can be covered by p™ cubes of side
1/p, we infer for § > /n/p that H3(Q) < wQQ_Q(f/p) " < ¢(n, s)p™ %, hence for
p — oo, we get H*(Q) = 0. It follows that H®(R") =
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(iii) Since (diam E)* < (diam E)*6*~5 if diam E < §, we get H(E) < §'~5H3(E). The
claim follows at once letting § — 0.

(iv) Clearly H5 (E) < H®(E), hence Hi (E) = 0 if H*(E) = 0. Conversely, suppose
that H5 (E) = 0. For any € €]0, 1[ we can find a denumerable covering {E;} of E with
diam(E;) < 2r; and ws Z;i1 rj < e. Since the supremum of the r;’s can be estimated

by (e/ws)Y/*, we get
Hyo(B) <o with §(e) :=2(e/ws)"/*

and, letting € — 0, we infer H*(E) = 0.

(v) From diam(f(E)) < Lip(f) diam(E) we get HF(f(E)) < Lip(f) H*(E). The claim
then follows since H* = £* in R¥, see Theorem 6.75 below. [}

6.73 Remark. In aless formal way, (iv) can be stated as follows: H*(E) =
0 if and only if for any € > 0 there exists a sequence of open sets {E;}
such that E C U;E; and Z;‘;l (diam F;)*® < e.

We notice that (v) is convenient in order to estimate from below the
Hausdorff measure H® of a set. To get an upper estimate, one usually
estimates H3(E) by suitably choosing a covering of E.

The conclusion (iii) of Proposition 6.72 implies that for £ C R, H*(E)
is finite and nonzero at most for a unique value of s, 0 < s < n. This
motivates the following.

6.74 Definition. Let F C R™. The Hausdorff dimension of E' is the num-
ber in [0,n] given by

dimy (E) : = sup{s | H?(E) > 0} = sup{s | H*(E) = —|—oo}
= inf{s | H*(E) < oo} = inf{s |H®(E) = 0}.

Of course, the four different ways of defining dimy (F) agree because of
(iii) of Proposition 6.72 that also implies that if 0 < H*(E) < 400, then
dimy (F) = s. Notice, however, that not necessarily 0 < H*(E) < 400 if
dimy (F) = s.

6.75 Theorem. In R™ we have H" = H} = L™ V§ > 0.

Proof. We first prove that L™ (E) < HF (E) for any § > 0. Of course, it is not restrictive
to assume HY(E) < +oo. Consider a generic covering {E;} of E with diam(Ej;) < 9.
From the isodiametric inequality, see [GM4], we have

[e'e]

LE) <Y L™M(E;) <wp2™™ > (diam Ej)",
j=1 j=1

hence, by taking the infimum among all coverings, we get L™ (E) < H}(E) Vé > 0.
Proving the opposite inequality is more complicated. First we notice that it suffices
to prove that H"(E) < L™(E) for bounded sets E. In this case, as in (ii) of Proposi-
tion 6.72, we see that H™ is a Radon measure that has the doubling property by the
n-homogeneity and the invariance under translations. Given 6 > 0 and A D E with
L7(A) < L™(E) + ¢, Vitali’s covering theorem, Theorem 6.64, yields a covering of E
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made of closed and disjoint closed balls B(z;,r;) with z; € E, r; <6, B(zi,m;) C A
and H"(E \ U;B(z;,7;)) = 0. From the subadditivity of H§ we infer

HR(E) < S OHR(Beir) Swn S i = 3 L7(Bleiyr) < L7(A) < L(E) +e,
i=1 i=1 i=1

and, letting first 6 — 0 and then € — 0, we conclude the proof. [}

We notice that in R", we have, instead, H*® # Hj if s <n and 0 > 0.

6.3.1 Densities

a. Densities and Hausdorff measures

The Radon—Nikodym derivative of a Borel measure with respect to a Haus-
dorff measure is meaningless since H*(B(x,r)) = +oo Vs < n Va and
Vr > 0. A suitable replacement is the so-called s-dimensional density.

Let A be a Borel measure in R™ and 0 < s < n. The upper s-dimensional
density and the lower s-dimensional density of \ at x are defined by

0" (0, ) o= timsup 2BET) oy ) o i BTN

r—0 s r—=0 rs

respectively. If the two values agree, the common value

0° (0, z) := lim 2EET)

r—0 rs

is called the s-density of \ at x. In the previous definitions it is irrelevant
whether the balls are open or closed. Again, arguing as in Proposition 6.41,
we have the following.

6.76 Proposition. Let A : R™ — R be a Borel measure in R™. The func-
tions x +— 0*°(\,x) and x — 05(\,x) are Borel functions.

As for Radon measures, the following result is very useful in many
instances that we shall not discuss here.

6.77 Theorem. Let A be a Borel-reqular measure, E C R™ and t > 0.

(i) If (N, z) > t for all x € E, then t H*(E) < A(A) for any open set
A D E. In particular, if X is a Radon measure, then

tHE(E) < \(E).

(i) If 6°*(\,z) <t Va € E, then \(E) < 2t H*(E).
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Proof. (i) We may and do assume A(A) finite and ¢ > 0. Fix § > 0; the family
B:= {B(z,r) ‘ B(z,r) closed, z € E, 0 <r <§/2, B(z,7) C A, \(B(z,r) > twsrs}

finely covers E. Let B’ be the subfamily selected according to Proposition 6.65. Since
XMANB(z,5r)) > 0 for any B = B(z,r) € B’, B’ is denumerable since each ball B € B’
has positive radius, and A(B) > 0. Let B/ = {Bn}, Bn := B(zn,Tn), be the family of
these balls. It follows that

n oo
H3(E) <ws Y i +5%ws > 75 (6.38)
=1 i=n+1

On the other hand,
1
ws Zr <= Z)\ (zi,74)) < )\(UZB(xi,ri)) < ;)\(A) < 400,
hence, letting n — oo in (6.38),

HS(E)<wsZT < A(A)
=1

The last part of claim (i) follows since every Radon measure in R™ is outer-regular,
see Proposition 6.2.

(ii) We decompose E as E = Ui E) with
Ej = {z €E ‘ A(B(z, 7)) < twer® Vr €]0, l/k[}.
Clearly, E;, C Ej41, hence A(Eg) — A(E) (even if the E}’s are nonmeasurable). It
suffices then to prove
AMEg) < 2°tH® (Ek) Vk=1,2,...

For this, fix § < 1/(2k) and consider a covering of E with sets {C;} with diam(C};) < §
and such that C; N Ey, # 0. Let B(xj,r;) be a ball with center in Ej, N C; and radius
r; := diam(C}) that contains C;. Then r; < 1/k and

AE) < AU;Ch) <Y OAC)) <> AMB(aj,75)

j=1 j=1
oo oo
< tws Z’I’JS =tws Z(diaij)S.
j=1 j=1
By taking the infimum on the coverings we finally get
ANE) < 25t Hi(E) < 25t H*(E).
m}

6.78 Corollary. Let \ be a Borel-regular measure in R™ and let 0 < s <
n. Then the following hold:

(i) If X is finite on R™, then 0*°(\,x) < +o00 for H®-a.e. x € R".
(ii) If X is a Radon measure and A\(E) = 0, then 6°(\,x) = 0 for H®-a.e.
rekl.
(iii) If E is A-measurable and A(E) < oo, then 0°(A\L E,x) = 0 for H*-
a.e.z € R"\ E.
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(iv) If E is A-measurable and A(E) < oo, then 27° < 0**(E,z) < 1 for
H?-a.e. v € F.

Proof. (i) If Ay := {x|0*5(\,z) > t}, we have H5(As) < %)\(]R”) and the claim follows
for t — +oo0.

(ii) Since A is Radon, then for each ¢ > 0, for
By = {a: € B0\ z) > t}

we have H*(E;) < tA(By) = 0, hence {z|60*5(\,z) > 0} has zero H5-measure.

(iii) Define Ay := {x € E°|0*(A\L E,z) > t} for t > 0. It suffices to prove that
H?(A¢) = 0 for all t > 0. Conclusion (i) of Theorem 6.77 yields

tHI(A) <AL E(A) = AENA)

for all open sets A that contain E€. Since E is A-measurable and with finite measure
then A L F is a finite Borel measure, hence outer-regular, see Theorem 6.1. Therefore,

tHE(Ay) < inf{A L E(A)|AD E°, A open} = \L E(E®) = 0.

(iv) Since E has finite measure, H° L E is a Radon measure, hence for C; := {z €
E|0**(E,x) > t} we have t H*(Cy) < H® L E(Ct) = H?(Ct). It follows H®(Ct) = 0 if
t > 1 since H*(Ct) < oo.
Similarly, if E; := {z € E|0*°(E, z) < t}, then (ii) of Theorem 6.77 yields
HE(Er) = H° L E(Er) < 2°tH* (Ey),
ie., H*(Et) = 01if t < 27° since H*(Et) < +oo. o

6.79 4. Let E C R™. The upper and lower s-densities of E at a point x are defined by
0*°(E,z) := 0*°(H° L E,x), 0;(E,x):=0(H° L E,x),
respectively. Suppose that F is H°® measurable and H*(E) < 4o00. Show that

0°(E,z) =0 for H*-a.e. z € R™ \ E.

6.4 Area and Coarea Formulas

We conclude this chapter by proving two important formulas, the so-called
area and coarea formulas. The formulas hold true for Lipschitz maps, but
in the sequel we restrict ourselves to the case of C' maps.



384 6. Hausdorff and Radon Measures

Die Grandiehren der
i i PROCEEDINGS

in
Band 153 oF
THE CENTRE FOR MATHEMATICAL AMALYSIS

Herbert Federer AUSTRALIAN MATIONAL UNIVERSITY

Geometric Measure Theory
VOLLME 3, 1983

LECTURES ON GEOMETRIC MEASURE THEORY

g. LEON Simon

Springer-Verlag Berlin - Hedelberg - New York
Figure 6.5. Frontispieces of two monographs dealing with geometric measure theory.

6.4.1 The area formula

6.80 Theorem (Area formula). Let Q be an open set in R™, f: Q —
RN, N >n > 1, a map of class C* and A C Q an L"-measurable set.
Then the function
y €RY = HY(AN 1 (y))

that for every y counts the points that are mapped into y is H"™-measurable
and

[Iop@a = [ wantware. 63
where

J(Df)(z) = \/det(Df(x)7 D (x)). (6.40)
In particular,
W) = [ IO @) ds (6.41)
A
if f is injective in A.

The function
y—=H (AN (y) = N(f, A,y)

is called the multiplicity function or Banach indicatriz. Notice that

1) = {y e RY | N (1, A,) # 0}

Since J(DJf) is continuous and nonnegative, the theorem states that
both integrals in (6.39) exist, finite or infinite, and agree.

By approximating a nonnegative function w by simple functions and
using Beppo Levi’s theorem we readily infer the following.
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6.81 Theorem (Formula of change of variables). Let f: Q C R" —
RN, n < N, Q open, be a function of class C* and let u : R® — R be
either a L™-measurable and nonnegative function, or a function such that
lu| J(Df) is summable. Then

y— Y u(x)

z€f~1(y)

is H™-measurable and

/Q w(z) J(Df)(z) dz = /R (X uw) o). (6.42)

z€f~1(y)

In particular, if v : RNV — R is H"-measurable and nonnegative, then

[oG@ i@ = [ cwNE ARG, 643)
A R

Proof. If w = x4 is the characteristic function of a measurable set A, then (6.42) and
(6.39) agree since

> xal@) =HUAN ).
zef~1(y)

By linearity, (6.42) holds for simple functions. If w is measurable and nonnegative, it
is the limit of a nondecreasing sequence of simple functions; passing to the limit, we
infer the result by Beppo Levi’s theorem. If |u|J(Df) is summable, we decompose u as
u =uT —u_ and conclude by subtracting (6.42) for ut e u_. O

Proof of Theorem 6.80. We shall prove the theorem when A CC €. The general case
follows easily by invading €2 with a sequence of compact sets Q CC €2, with Q = UpQy,
Qp C Qpy1, writing the formula for Ay := ANy and passing to the limit.

Let A CC Q. It is not restrictive to assume that f is Lipschitz in €, i.e., there is a
constant L such that |f(z) — f(y)] < L]z —y| Va,y € A.
Step 1. f(A) is H™-measurable. Let {K},} be a sequence of compact sets such that K} C
A, K, C Kpyq and L™(A) = L™(Up K},). Since f is continuous, we have f(UpKj) =
Un f(Kp), hence f(Up K}) is a Borel set as denumerable union of compact sets. Now,

f(A) = f(URKR)U f(A\ULKpR)
and
HU(f(ANYKR)) < L"H"(ANURKR) = L L™ (A\ UpKy) = 0;
therefore, f(A) is the union of a Borel set and of a set of zero H"™ measure, hence f(A)
is ‘H™-measurable.
Step 2.y — HO(AN f~1(y)) is H"-measurable and

[ oans ey ann ) < 1m e, (6.44)
RN

This is proved by constructing a sequence {gi} of functions from RY into R that are
H™-measurable and that converge a.e. to the function y — H°(A N f=1(y)).

Decompose RY into union of cubes {Qf} with disjoint interiors points, sides that
are parallel to the coordinate axes, congruent and with sides of length 2% Set

gr(y) = fo(AﬁQf)(y)’ y € RV,
i=1

Since f(AN Qf) is H"™-measurable for all 7, see Step 1, gi is H"-measurable for all k.
Moreover, gx(y) < gr+1(y) Vy. We now remark the following:
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1. If f=Y(y) N A =0, then gi(y) =0 =H(f1(y) N A) for all k.
2. If HO(A N f~1(y)) < oo, then for sufficiently large k, each point of f~1(y) N A
belongs to exactly one of the cubes Qf, hence

ge(y) =H(AN 1 (y)).

3. It HO(AN fF1(y)) = +oo, trivially limg_, oo gr(y) = +o0.
In conclusion,
gr(y) T H(ANF y)  vyeRN.

Finally, taking into account Beppo Levi’s theorem,

L an o) = tim [ g a )

k—oo

Jim S H(f(ANQE)

< limsup Z L™ L™ (AN QY

k—oo

i
= L" L"(A),
ie., (6.44).
Step 3. Let
B:= {a: € R" ‘ J(Df)(z) > o}
and let ¢ > 1. We now prove the following. There exist a decomposition of B into disjoint
Borel sets {Bj} and injective linear maps T : R"™ — RN such that the following hold:
() fiB; is injective.
. . -1 . —1
(i) Lip(fip, oT; ") <t and Lip(Tjo fz-) < t.
(iii) We have
1
t—n|detTj| < JDf)(x) < t"|detTy| V€ E;. (6.45)

Since Df(zo), xo € B, has maximal rank, the implicit function theorem yields
ro > 0 such that f|p(zq,r,) 18 injective; moreover, if Ty, : R® — RN is the linear
tangent map x +— Df(xo)(z), then Ty, is invertible and D(f o Tz_ol)(O) = Id, hence
LiD(f|B(ag,r0) 00 ) < t Lib(Trg 0 54 yy) < t and (6.45) holds for all z € B(zo, 7o)
possibly for a smaller rg.

In this way, we find a denumerable covering {B(z;,7;)} of B for which (i), (ii) and
(iii) hold with B; := B(z;,r;) and Tj := Ty;. Then, by choosing inductively B :=

B(zy,r1), T1 := Ty, B2 := B(z2,r2) \ B1, T2 := T4, B3 := B(x3z,r(x3)) \ (B1 U B2)
and so on, we find the requested decomposition.

Step 4. Let A C B :={x € R" | J(Df)(x) > 0}, and let {B;}, T} be as in Step 3. If we
set Aj := AN Bj, we have

H™(f(A})) = H"(fip, o T; ' 0 Tj(Aj)) < t"H™(T;(4;)),
H (T3 (A7) = MM (T 0 fi3 o fip, (A7) < VMM (7(Ay),
I OE W) < [ IONE <)
and, because of the area formula for linear maps, Theorem 5.100, we have
H"(T(Az)) = J(T5) £7"(A;)

and, therefore,
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S I(TEN(A) < H(F(A) < (L (Ay),

1

ST (A) < /A J(Df)(@) de < (" J(T)L"(A;).
J

For t — 1, we conclude

J(Df)dz =H"(f(A;))

Aj

and, summing in j, we infer the area formula, since
HO(ANf! ZHO (AN W) =D xpean®)
J
and

L HoAn s w) = SR ay)
J

Step 5. A C {z|J(Df)(z) = 0}. In this case it suffices to prove that H"(f(A)) = 0.

Given € > 0, let g : R = RN x R”, g.(x) := (f(z), ex). Since f(x) is the first factor
of ge and the projection map (z,y) — = has Lipschitz constant 1,

H™(f(A)) < H"(ge(A)).
On the other hand, J(Dge)? = det(DfTDf + ¢21d), hence J(Dg.) and, for ¢ — 0,
J(Dge) — J(Dgo) = J(Df). Step 4 then yields
H(ge(4)) = [ IDgo)@)do— [ I(Dpds =

Step 6. To conclude the proof, it suffices to decompose A as

A= (Am{ ’J(Df —o}) (Am{‘J(Df >o})

and apply Step 4 and Step 5. [}

6.4.2 The coarea formula

6.82 Theorem (Coarea formula). Let f : Q@ — RN, Q C R™ open,
N < n, be a function of class C1(2), and let A C Q be an L™-measurable
function. Then for LN-a.e. y € RN, the set AN f~1(y) is H* V-
measurable, the function y — H" N(AN f~(y)) is LN -measurable and

/ J(Df)(x) dL™ () = / H VAN ) AL (). (6.46)
A RN

Here

J(Df)(z \/det (Df(2)Df(2)T). (6.47)

Again we notice that Theorem 6.82 states that if one of the two integrals
in (6.46) exists, then the other exists too, and they are equal irrespective
of their finiteness.

By an argument similar to that of Theorem 6.81, the following result
can be proved starting from Theorem 6.82.
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6.83 Theorem. Let f: Q C R® — RN, Q open, N < n, be a function of
class C', and let v : Q) — R be a nonnegative and L™-measurable function
or, alternatively, let |u| J(Df) be L™-summable. We have

/ () (D)) dr = /

RN

(/fl(y)u(x) dH”—N(x)> dLN (). (6.48)

Theorems 6.82 and 6.83 may be seen as a “curvilinear” extension of Fu-
bini’s theorem.

By applying (6.46) with A = B := {z € Q| J(Df)(z) = 0}, we infer
HNBNfHy) =0 for LN-a.e. y € RV,

On the other hand, if x € B¢, the implicit function theorem yields an open
neighborhood U, of z in R™ such that U,N f~!(y) is an H"~~-submanifold
of class C! of R™. We can therefore state the following.

6.84 Corollary (Sard-type theorem). Let f : @ ¢ R* — RY, n >
N, be a map of class C*(Q) and let B := {x € Q|J(Df)(z) = 0} =
{z| RankDf(z) < N}. For LN -a.e. y € RN we can decompose f~1(y) as

) = W\ B)U(f(y) N B)

where H* " N(BN f~Y(y)) =0 and f~1(y) \ B is a C' (n-N)-submanifold
of R™.

Proof of Theorem 6.82. We divide the proof in eight steps.

Step 1. We prove the theorem for linear maps of maximal rank. Assume f : R — RY
is a linear map of rank N. From the polar decomposition formula, f = (ffT)/2U*,
where U*U = Idpn and (ff7) is an isomorphism. Therefore, if R® = RN x R?*~N
and 7 : R® — RY denotes the orthogonal projection onto RN, then f = o o7 o R,
where R : R® — R™ is orthogonal and o := (ff7)1/2 : RV — R¥ is an isomorphism.
The invariance of the measure with respect to orthogonal transformations and Fubini’s
theorem then yield

™ (A) = H* (R(A)) = /H"—N (R() () de¥ (2).

Moreover, changing variables in the integral with z = o(y), we get dy = |det o|dz,
consequently,

/H"‘N(R(A) n71(2)) deN (2) = |delta| /H”_N<R(A) N7 lo~(y)) dc (v)

and, since R is orthogonal and R(A) N7~ 1o~ 1(y)) = R(AN f~1(y)), for any y € RN
H N (R naloT () = 1N (A0 w)),

that is,
|det o| H™(A) = /H"—N (AN~ w) de™ ().

The claim then follows, since from RRT = Id and nnl = Idg~, we have J(Df)? =
det(ffT) = | det o|2.
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We now prove the theorem for f € C1(Q). As for the area formula, it suffices to
prove the theorem for A CC €2, and we may assume f Lipschitz in A, i.e.,

[f(x) = fWI < Llz—yl Vr,ye A

for some L > 0.
Step 2. f~1(y) is closed in Q, hence a Borel set, consequently a H"~ N -measurable set.

Step 3. f(A) is LN -measurable. This may be proved as in Step 1 of the proof of Theo-
rem 6.80.

Step 4. We now prove that
/ H N (AN () deN (y) < NN LN e a), (6.49)
RN Wwn

This proves the coarea formula when A is a null set. The symbol f* deserves a definition.
When ¢ : RY — R, we define

/ o(z) deN (x mf{/ ) dx ‘ h measurable, h > go},

Trivially, [* pdz < ["g(z)dz if ¢ < g and [ pdz = [ pdz if ¢ is LN -measurable.
For j = 1,2,... we choose a family of closed ball {BJ }i such that A C U2 BJ
diam B} <1/j, B C Q and > 72, |BZJ| < |A|l+1/j, and we set

diam BZ ) n—N

9l (y) = wn_n ( 5

According to Step 2, the functions gf are £N-measurable. Moreover, for each j, by
choosing as covering of AN f~1(y) the balls B that cover f ~1(y), i.e., those for which
y € f(B]), from the definition of Hausdorff measure we get

diam B? \ n— >
WA W) Swny Y (TR TN ZS i)
=1

) 2
yef(B))

Since the functions gf. are £N-measurable,

/* HNANF () dy = /* hmlanTf/ NAN () dy
RN RN

. o (6.50)
< /]RN hjrglang] dy = ~/]RN lljrglorgf;gf dy
and, applying Fatou’s lemma,
/]RN llJnHllorngg]dy<hmmfZ/ ]dy
N (6.51)
,h]m_gfzodn N(%) HN (f(BI)).

On the other hand, by using the isodiametric inequality, see [GM4], we get

HN(f(BY) < LNcN(B)) < wN(diam#(Bg))N’

hence, joining with (6.50) and (6.51), we conclude
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/ HY N (AN 7 () dy < LV limint > wn ey (St
RN I i 2

oo
= LN NN i ine 3 £ (BY)
J—ro0 -1

Wn

< LN""H;iN‘“‘Wﬁn(A)

Step 5. If A is L™-measurable, the map y — H* N(AN f~1(y)) is L™-measurable.

(i) If A is compact or open, then y — H" N (AN f~1(y)) is a Borel, hence measur-
able, map.
If A is compact and y;, — vy, then AN f~1(y) contains all limit points of A N
f~Y(yn). Consequently, every open covering of A N f~!(y) necessarily covers
AN f~Y(yp) for h sufficiently large, therefore, for any § > 0

limsup Hy N (AN F~ yn)) < HZV(ANFH ().
h—o0
It follows that for any ¢t € R the set
{yer|HNansw) >t}

is closed, i.e., that the map y — ’H?_N(A N f~1(y)) is Borel, actually upper
semicontinuous Vo > 0.

If A is open, then A = U, K}, Kj, C Kp41, Kp, compact. The claim then follows
from the compact case since

H N (AN () = Jim ATV (KL 0 F T ()

(i) If A is an L™ null set, then y — H* N(AN f=1(y)) =0 for LY a.e. y € RN,
Consider a sequence of open sets A; such that A C A;, A;11 C A; Vj and
L™(A;) < 1/j. From Step 3 and Step 4 we infer

/* HN(AN T (y) dy < / TN (A N T () dy < O L7(4)) < %

and, for j — oo,
[uNan T wnay=o
that is, H" N (AN f~1(y)) =0 for LN-a.e. y € RV,
(ili) If A is L™-measurabile, the map y — H" N (AN f~1(y)) is LN -measurable. It

suffices to decompose A as an at most denumerable union of compact sets and of
L"-null sets and apply (i) and (ii) to each term of the decomposition.

Step 6. We prove the coarea formula when A C B where
B:= {x €R" ‘ J(Df)(z) > 0},

Since A is foliated by the smooth submanifods f~!(y), we try to reduce to the coarea
formula for linear maps.
Let I(n — N,n) denote the set of (n — N)-tuples of increasing numbers between

1 and n. For each A = (A1, A2,..., Ap—n) € I(n — N,n) let m)\ be the orthogonal
projection onto the n — N-coordinate plane of coordinates z*1,. .., 2 =N,
1 n—N
wk(zl,...,x"):(zk 2 ).

Since Df(zo) has maximal rank, for every z¢o € B there exists A € I(n — N,n)
such that Ty, = (Df(zo),Dmy\)T is invertible. According to the local invertibility
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theorem, see [GM4], there is an open neighborhood Ug, of xg, such that the function
hx : Ugqg — R™ given by hy(z) := (f(z),7x(x)) is a diffecomorphism with open image,
consequently, g, = Tgc_o1 ohy : Ugzq — R™ is a diffeomorphism. Moreover, Dgy (zo) = Id
since Dhy(xzg) = Ty, Therefore, for t > 1,

Lip(gx) <t,  Lip(gy') <t
and J(Df) ()
—-N T N
LS D)@ D@~ Ve

possibly taking a smaller neighborhood Uy, .

Therefore, see Step 4 of the proof of Theorem 6.80, for any ¢ > 1 there exist a
disjoint family of Borel sets {By}, orthogonal projections 7, onto n — N dimensional
coordinate planes and linear isomorphisms T} : R™ — R"™ of the form (Lg(x), g (x))
with Ly, : R” — R¥ of maximal rank such that the following hold:

(i) B = UgBjg, where {By} is a family of Borel sets,
(ii) for any k the map z — hy(z) := (f(z)), 7x(x)) is a diffeomorphism in a neigh-
borhood of By.
(iii) For any k the map gy := Tlgl ohy, is a diffeomorphism in an open neighborhood
of By, with Lip(gx) < ¢, Lip(g;, ') < t and
tNJ(Lr)J(Dgp)(z) < J(Df)(x) < VI (Ly)J(Dgp)(x) Vo € By (6.52)

Set
Ak = AN Bk,

From the area formula and (6.52), trivially,
EVIL) L @A) < [ TDNE) de <N IL) @A) (653)
k
while, since f(z) = Ly o gi(x), we infer by Step 1 that

I £ (a) = [ Y (a4 0 L) 42 )

(6.54)
= [ (a0 £ @) 2N )
RN
since gi(Ag) N L;l(y) = gr(Ar N f~(y)). On the other hand, for any y € RY
NN (A0 £ ) <HN (9(AR 0 £ )
(6.55)

<N (40 £ ),

since Lip(gx), Lip(gk_l) < t. By integrating (6.55) in y with respect to £V, we then
infer
o [N AN W) dy < (L) [ I(Dg) () de
E A (6.56)
<N [N (A £ ) dy.
RN

The proof is then concluded from (6.53) and (6.56) if we sum in k and let ¢t — 1.

Step 7. We now prove the coarea formula for sets A C B¢ := {z | J(Df)(z) = 0}. For
€ > 0 set

g:R" xRN RV, gl@,w) := f(z) +ew, ze€R™ weRY

7:R* xRN 5 RV, T(z,w) := w, zeR", weRY
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so that Dg(z,w) = Df 4+ eId and J(Dg) < Ce. Since for any w € RY

H N (AN () dy = / H N (AN f y — ew)) dy,
RN RN

we infer

/ H N (AN () dy = = dw/ HN(AN F (y — ew)) dy. (6.57)
RN wN JB(0,1) RN

Next, we notice that if C := A x B(0, 1), we have

) if w ¢ B(0,1),

Cng ty) N7 Hw) = (6.58)
(AN f~YHy — ew)) x {w} if we B(0,1)

for all y, w € RV, In fact, (x,2) € CNg~(y) N7~ (w) if and only if

T €A, z € B(0,1), f@)+ez =y, z=w,
i.e., if and only if

T €A, z=w € B(0,1), fl@) =y —ez,
or if and only if
we B(0,1), (z,2)€(ANf 1y —ew)) x {wh
Returning to (6.57), we now use Fubini’s theorem and Step 5 to get
Lo antoa= = [ ao( [ wNengt oo w)a)

/ HM(CN g_l(y)) dy = / J(Dg) dzdz
RN e}
< sup J(Dg)H"TN(C) < CeH™(A).
c
For € — 0 we conclude that
/ HNANF N y)dy=0= / J(Df)dz.
RN A

Step 8. In the general case, we write A = (ANB)U(ANBC°), where B := {z | J(Df)(z) >
0}. Applying Step 6 to AN B and Step 7 to AN B¢, we conclude the proof. [}

6.5 Exercises

6.85 9 Stereographic projection. Let S™ = {(z,2) € R"® x R||z|? + 22 = 1} be
the unit sphere in R*t1. The stereographic projection of the sphere onto R™ from the
South Pole Ps = ((0,...,0),1) is the map o : S™ — R" given by o((z, 2)) := z/(1 + z),
(z,z) € S™. Show that the inverse of the stereographic projection is the map u : R"* —
S™ C R**1 given by

2 1—|z|2> z €R?

u(z) = <71 m |z|2$7 172 2

If Ai(z),..., An(x) denote the columns of Du(z), show that A;(z)e A;(z) = A2(z)d;;.
Infer that
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1 1

1
J? = Dy = - "
i) = Dt = o

and conclude that
1 1 1
H(S™) = dx = Du|" dx.
(5%) = a7z /Rn A+ |z T a2 /Rnl ul” dz

6.86 9 Kantorovich’s inequality. Let p be a probability measure in [0, 1], let f :
[0,1] — R be a continuous function and let m := inf[g ) f(2) and M := sup|q ;;. Show
that if

0<m< M < +oo,

(s ([ 5) = -

with equality if and only if p is concentrated on the sets {z | f(z) = m} and {z| f(z) =
M} with

then

w(te15@) =m)) = (o] 1@ = My) = 1.
[Hint. Notice that

for all X € [0,1].]
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C. Index

2-vector, 214

a.e., 308

— uniform convergence, 17
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— of a Lagrangian, 97, 157
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almost everywhere, 308
application
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— k-linear, 216
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— bilinear alternating, 213
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area formula
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balance equation, 4
Banach—Tarski paradox, 295
barycentric coordinates, 68
base point, 105
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co-phase space, 194
codifferential, 255
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— Slater, 145
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—— dual, 107
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conformality relations, 183
conjugate exponent, 18
conservation

— angular momentum, 186

— energy, 159, 181, 186, 194
— momentum, 186
conservation law, 185
constitutive equation, 4, 275
constraint

— active, 110
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constraints

— holonomic, 172
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continuity equation, 4
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convex body, 89
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convex optimization
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— Kuhn—Tucker equilibrium conditions,

131
— Lagrangian, 131, 142
— primal problem, 130, 140
— saddle points, 143
— Slater condition, 145
— value function, 140
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curvature functional, 161, 162
— elastic lines, 164, 171
— variations
—— normal, 163
—— tangential, 163
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— minimal energy, 181
— minimal length, 181
— rectifiable, 366

s-density, 381
decomposition of unity, 236
degree, 250, 252

derivative

— co-normal, 155

— Radon—Nikodym, 358, 373
— strong in LP, 33
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— weak in LP, 35
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— Binet formula, 224
— Cauchy-Binet formula, 227
— Laplace formula, 224
differential form
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— Poincaré, 204

— symplectic, 204
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— principle, 33
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energy method, 3, 5, 7
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— Carathéodory, 189
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—— strong form, 152
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— fundamental of simple fluids, 100
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— Hamilton, 194

— Hamilton’s canonical system, 99
— Hamilton—Jacobi, 195
—— complete integral, 200
—— reduced, 211
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— Laplace, 1, 2

—— in a disk, 11

—— in a rectangle, 8
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— parabolic, 5

— Poisson, 2

— Schroédinger, 210
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— Euler-Lagrange, 99

— Kuhn—Tucker, 111, 117
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Euler-Lagrange equation, 98
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example

— Hadamard, 13

— Lebesgue, 166

— Weierstrass, 167
exterior algebra, 213, 220
exterior differential, 233
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— of a convex set, 76
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— algebra, 284

— Borel sets, 301
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Fenchel transform, 138
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— of vectors

—— Helmholtz decomposition, 273

—— Hodge-Morrey decomposition, 274

optimal, 190

— slope, 188

fine covering, 371

first integral, 159
formula
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— Binet, 224

— Cauchy—Binet, 227
— Cavalieri, 315

— change of variables, 335, 385
— coarea, 387

— disintegration, 376
— Fourier inversion, 30
— homotopy, 268

— integration by parts

—— for absolutely continuous functions,
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— Laplace, 224
— Parseval, 31
— Plancherel, 31
— Poisson, 12
— repeated integration, 325
— Tonelli
—— repeated integration, 331
Fourier
— inverse transform, 30



inversion formula, 30
transform, 28, 29, 31

free energy, 157
function

e-regularized, 21
p-summable, 18, 19
absolutely continuous, 37, 364
Banach indicatrix, 384
biharmonic, 161

Borel measurable, 303
Cantor—Vitali, 292, 364
convex, 76

— bipolar, 139

— closure, 135

— effective domain, 133

— polar, 138

— proper, 133

— regularization, 135

convex l.s.c. envelope, 147
distance, 146

— from a convex set, 73
distribution, 316

epigraph, 77, 133

gauge, 146
Hardy-Littlewood maximal, 348
harmonic, 1

holomorphic, 54

indicatrix, 133

integrable, 312

integral p-mean, 23

integral mean, 23

Ls.c., 134

Lebesgue measurable, 309
Lebesgue points, 352
Lebesgue representative, 352
Lipschitz-continuous, 365-367
lower semicontinuous, 134
measurable, 303

of bounded variation, 363
payoff, 127

principal of Hamilton, 198
quasiconvex, 78, 124

rapidly decreasing, 29
saddle point, 124

simple, 307

stereograohic projection, 392
strictly convex, 76, 82
summable, 312

support, 78, 146

game

noncooperative, 128, 129
optimal strategies, 122
payoff, 122

utility function, 122
zero sum game, 122

Gauss map, 252
Grassmannian, 230

Index

gravitational potential, 64

H=1(Q), 46

Haar’s basis, 64
Hadamard’s example, 13
Hamilton

— minimal action principle, 97
— principal function, 198
Hamilton’s equations, 194
Hamiltonian, 98, 157
harmonic functions

— formula of the mean, 12

— maximum principle, 2

— Poisson’s formula, 12
harmonic oscillator, 156, 211
Hausdorff dimension, 380
heat equation, 3
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Helmholtz’s decomposition formula for

fields, 273
Hodge operator, 230
homotopy map, 266
hyperplane
— separating, 69
— support, 69

inequality

— between means, 92

— Chebycev, 316

— discrete Jensen’s, 77, 80, 92
— entropy, 92

— Fenchel, 138

— Hadamard, 93

— Hardy—Littlewood inequality, 348

— Hardy-Littlewood weak estimate, 348

— Holder, 18, 92

— interpolation, 24

— isoperimetric, 38

— Jensen, 24

— Kantorovich, 393

— Markov, 316

— Minkowski, 18, 92

— Poincaré, 40

— Poincaré-Wirtinger, 40
— weak-(1—1), 349

— Young, 92

infinitesimal generator, 178
inner measure, 336

inner variation, 180
integral

— absolute continuity, 317
— along the fiber, 266

— as measure of the subgraph, 322

— functions with discrete range, 337

— invariance under linear transformations,

331
— Lebesgue, 312
— linearity, 314
— Stieltjes—Lebesgue, 361
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—— integration by parts, 363

— with respect to a discrete measure, 337
— with respect to a product measure, 330
— with respect to Dirac’s delta, 337
— with respect to the counting measure,

338

— with respect to the sum of measures,

337
integration by parts

— for absolutely continuous functions,

365
isodiametric
— inequality, 380, 389

Jensen inequality, 24

k-covectors, 221

— norm, 226

k-vectors, 217

— exterior product, 217

— norm, 226

— simple, 227

differential k-form, 233

— Brouwer degree, 251

— closed, 266

— codifferential, 255

— exact, 266

— exterior differential, 233
— harmonic, 258

— Helmholtz decomposition, 273

— Hodge-Morrey decomposition, 274

— inverse image, 234

— linking number, 253

— normal part, 257

— pull-back, 234, 240

— tangential part, 257

— volume of a hypersurface, 281
kinetic energy, 157

s-lower density, 381
Lagrange multiplier, 112, 170
Lagrangian, 97, 157

— null, 188

Laplace’s equation, 1, 2

— weak form, 44

Laplace’s operator

— on forms, 257

Laplacian

— first eigenvalue, 171
lattice, 344

law

— Ampere, 264

— Biot—Savart, 264

Legendre transform, 89, 90
Legendre’s polynomials, 64
lemma

— du Bois—-Reymond, 34, 168
— Farkas, 111

Fatou, 314

fundamental of the calculus of
variations, 33

Poincaré, 267

Sard type, 388

linear programming, 116

admissible solution, 116
dual problem, 117
duality theorem, 118
feasible solution, 116
objective function, 116
optimality, 117

primal problem, 117

linking number, 253
Lorentz’s metric, 278

map

harmonic, 174
homotopy, 266

matrix

cofactor, 225, 249
doubly stochastic, 94
permutation, 94
special symplectic, 202
symplectic, 203

maximum principle

for elliptic equations, 2
for the heat equation, 5

measure, 284

o-finite, 300

absolutely continuous, 353
Borel, 301

Borel-regular, 301, 340
conditional distribution, 377
construction

— Method I, 298

— Method II, 302
counting, 300, 329
derivative, 347

— Radon—-Nikodym, 358, 373
Dirac, 342, 343
disintegration, 376
doubling property, 356
Hausdorff, 378

— s-densities, 381

— spherical, 379
inner-regular, 340, 342
Lebesgue, 290, 301

outer, 284

outer-regular, 340
product, 328

Radon, 342

restriction, 340

singular, 353
Stieltjes—Lebesgue, 361
support, 343

method

energy, 3



— Jacobi, 207

— separation of variables, 7, 8
methods

— direct, 164

— indirect, 164

metric

— Lorentz, 278

minimal surfaces, 183

— parametric, 183
multiindex of length k, 215
multivectors

— Hodge operator, 230

— product

—— exterior, 220

—— scalar, 225

operator
— biharmonic, 161
— codifferentiation, 255
D’Alembert, 6
— Hodge, 230
— Laplace, 1
— eigenvalues, 56
—— eigenvectors, 56
—— on forms, 257
—— variational characterization of
eigenvalues, 57
— monotone, 80
— trace, 43
oriented
— integral of a k-form, 239, 246
— plane, 230
outer measure
— Lebesgue, 286

parabolic equation, 5
parentheses

— fundamental, 206

— Lagrange, 205

— Poisson, 206
Parseval’s formula, 31
permutation, 215

— signature, 215

— transposition, 215
permutation matrix, 94
Piola identities, 249
Plancherel formula, 31
Poincaré—Cartan integral, 196
point

— Lebesgue, 352

— Nash, 129

Poisson’s equation, 2
— weak form, 44
Poisson’s formula, 12
polyhedron, 72
potential

— vector, 278
potential energy, 157

Index

Poynting flux-energy vector, 280
principle

— Hamilton’s minimal action, 97
— Dirichlet, 47-49

— Fermat, 156

— first of thermodynamics, 101
— Hamilton, 157

— Huygens, 192

— second of thermodynamics, 101
problem

— diet, 115

— Dirichlet, 152

—— alternative, 55

—— eigenvvalues, 56

—— weak solution, 49

— investment management, 114
— isoperimetric, 170

— Neumann, 51, 155

—— weak form, 52

— optimal transportation, 115, 120
— with obstacle, 210

product

— exterior, 214, 217

—— multivectors, 220

— triple, 262

— vector, 232

product measure, 328

property

— doubling, 356

— mean, 25

—— for harmonic functions, 12

— universal of exterior product, 218

regularization

— lower semicontinuous, 319
— mollifiers, 21

— upper semicontinuous, 319

Schrédinger’s equation, 210
self-dual equations, 258

set

— p-measurable

—— following Carathéodory, 296
— o-finite, 300

— Borel, 288, 301

— Cantor, 291

— Cantor ternary, 292

— contractible, 266

— convex, 67

— density, 352

— finite cone, 106

— base cone, 106

— function, 283

—— o-additive, 283

—— o-subadditive, 283

—— additive, 283

—— countably additive, 283
—— monotone, 283
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— Lebesgue measurable, 287 — differentiation
— Lebesgue nonmeasurable, 294 —— Lebesgue, 349, 358
— measurable, 296 —— Lebesgue—Besicovitch, 373
—— characterization, 288 —— Lebesgue—Vitali, 348
— null set, 308 —— under the integral sign, 318
— perfect, 291 — duality of linear programming, 118
— polar, 87 — Egorov, 17
— polyhedral, 72, 104 — existence of saddle points of von
— polyhedron, 72, 104 Neumann, 124
— symmetric difference, 287 — Farkas—Minkowski, 108
— zero set, 287 — Federer—-Whitney, 173
Slater condition, 145 — Fredholm alternative, 108
space — Fubini, 323, 325, 328, 330
- L°°, 16 — fundamental of calculus
- LP, 19 —— Lipschitz functions, 365
— Sobolev, 33 — Gauss—Bonnet, 253
Sturm-Liouville, 60 — Gibbs
subdifferential, 79 —— on pure and mixed phases, 103
submanifold — Hardy-Littlewood, 349
— oriented, 240 — Helmholtz, 273
surfaces — Hodge-Morrey, 274
— Gaussian curvature, 253 — integration of series, 317
— minimal, 183 — Jacobi, 201
—— rotationally symmetric, 159 — Kahane-Katznelson, 28
— of prescribed curvature, 155 — Kakutani, 125
symbols — Kirszbraun, 366
— Christoffel — Kolmogorov, 27
—— first kind, 177 — Kuhn—Tucker, 111
—— second kind, 177 — Lebesgue, 317
symplectic form, 204 —— dominated convergence, 314
symplectic group, 203 — Lebesgue decomposition, 354
— Lebesgue’s dominated convergence, 20

tensor — Liouville, 195
— energy-momentum, 180 — Lusin, 309, 341, 343
— Hamilton, 180 — Meyers—Serrin, 36
test — minimax of von Neumann, 124
— Carathéodory, 287 — monotone convergence
—— for measurability, 295 —— for functions, 313
—— for measurability in metric spaces, —— for measures, 285

301 — Motzkin, 75
theorem — Nash, 129
— absolute continuity of the integral, 317  — Noether, 185
— alternative, 54 — Perron—Frobenius, 113
— Beppo Levi, 313 — Poincaré recurrence, 195
— Bernstein, 165 — Poisson, 206
— Birkhoff, 94 — Rademacher, 367
— Brouwer, 250, 251 — Radon—Nikodym, 354
— Brunn—Minkowski, 96 — regularity for 1-dimensional extremals,
— Carathéodory, 72 168
— Carathéodory’s construction, 299 — Rellich, 41
— Carleson, 27 — repeated integration, 330
— circulation, 263 — Riesz, 345
— construction of measures — Sard type, 388
—— Method I, 299 — Stokes, 247, 248
— covering, 349 — Sturm-Liouville eigenvalue problem, 60
—— Besicovitch, 369, 371 — Tonelli
— curl, 263 —— absolutely continuous curves, 366

— de Rham, 270 —— repeated integration, 326
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— total convergence, 317

— Vitali

—— absolute continuity, 364
—— nonmeasurable sets, 294
—— on monotone functions, 362
—— Riemann integrability, 320
— Vitali-Lebesgue, 348

— Weierstrass representation formula, 190
thin plate, 161

total energy, 157

total variation, 363

transform

— Fenchel, 138

— Fourier, 28

— Legendre, 89, 90
transformation

— canonical, 203

—— exact, 204

—— Levi—Civita, 211

—— Poincaré, 211

— generalized canonical, 203
transition matrix, 113

s-upper density, 381

uniqueness

— for the Dirichlet problem, 3

— for the initial value problem, 6
— for the parabolic problem, 5

variable

— cyclic, 197

— slack, 108, 117

variation

— first, 152

— general, 179

— interior, 180

variational inequalities, 211
variational integral, 151

— admissible variations, 154
— extremal, 153

— stationary points, 180

— strongly stationary points, 180
Variational integrals

— integrand, 151
variational integrals

— regularity theorem, 168
vector calculus, 255

vector potential, 278
Vitali’s covering, 371

wave equation, 6
— with viscosity, 15
weak estimate, 316
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