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Preface

This publication is devoted to the theory of product integral, its history and applica-
tions. The text represents an English translation of my dissertation with numerous
corrections and several complements.

The definition of product integral appeared for the first time in the work of Vito
Volterra at the end of the 19th century. Although it is a rather elementary concept,
it is almost unknown among mathematicians.

Whereas the ordinary integral of a function a provides a solution of the equation

y'(x) = a(z),

the product integral helps us to find solutions of the equation

y'(x) = a(x)y(x).

The function a can be a scalar function, but product integration is most useful
when ¢ is a matrix function; in the latter case, y is a vector function and the above
equation represents in fact a system of linear differential equations of the first order.

Volterra was trying (on the whole successfully) to create analogy of infinitesimal
calculus for the product integral. However, his first papers didn’t meet with a great
response. Only the development of Lebesgue integral and the birth of functional
analysis in the 20th century was followed by the revival of interest in product
integration. The attempts to generalize the notion of product integral followed
two directions: Product integration of matrix functions whose entries are not Rie-
mann integrable, and integration of more general objects than matrix functions
(e.g. operator-valued functions).

In the 1930’s, the ideas of Volterra were taken up by Ludwig Schlesinger, who elab-
orated Volterra’s results and introduced the notion of Lebesgue product integral.
Approximately at the same time, a Czech mathematician and physicist Bohuslav
Hostinsky proposed a definition of product integral for functions whose values are
integral operators on the space of continuous functions.

New approaches to ordinary integration were often followed by similar theories of
product integration; one of the aims of this work is to document this progress.
It can be also used as an introductory textbook of product integration. Most of
the text should be comprehensible to everyone with a good knowledge of calculus.
Parts of Section 1.1 and Section 2.8 require a basic knowledge of analytic functions
in complex domain, but both may be skipped. Sections 3.5 to 3.8 assume that the
reader is familiar with the basics of Lebesgue integration theory, and Chapters 4
and 5 use some elementary facts from functional analysis.

Almost every text about product integration contains references to the works of
V. Volterra, B. Hostinsky, L. Schlesinger and P. Masani, who have strongly in-
fluenced the present state of product integration theory. The largest part of this
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publication is devoted to the discussion of their work. There were also other pio-
neers of product integration such as G. Rasch and G. Birkhoff, whose works [GR]
and [GB] didn’t have such a great influence and will not be treated here. The
readers with a deeper interest in product integration should consult the monograph
[DF], which includes an exhausting list of references.

All theorems and proofs that were taken over from another work include a reference
to the original source. However, especially the results of V. Volterra were reformu-
lated in the language of modern mathematics. Some of his proofs contained gaps,
which I have either filled, or suggested a different proof.

Since the work was originally written in Czech, it includes references to several
Czech monographs and articles; I have also provided a reference to an equivalent
work written in English if possible.

I am indebted especially to professor Stefan Schwabik, who supervised my disserta-
tion on product integration, suggested valuable advices and devoted a lot of time to
me. [ also thank to ing. Tomas Hostinsky, who has kindly provided a photograph
of his grandfather Bohuslav Hostinsky.



Chapter 1

Introduction

This chapter starts with a brief look on the prehistory of product integration;
the first section summarizes some results concerning ordinary differential equations
that were obtained prior the discovery of product integral. The next part provides a
motivation for the definition of product integral, and the last two sections describe
simple applications of product integration in physics and in probability theory.

1.1 Ordinary differential equations in the 19th century

The notion of product integral was introduced by Vito Volterra in connection with
the differential equation of the n-th order

y™ (@) + pr(x)y " (@) + -+ pu(a)y(z) = g(2). (1.1.1)

Such an equation can be converted (see Example 2.5.5) into a system of n linear
differential equations of the first order

yi(z) = Zau(m)yj(x) +bi(x), i=1,...,n,

which can be also written in the vector form
Y (2) = A(2)y(z) + b(o). (1.1.2)

Volterra was initially interested in solving this equation in the real domain: Given
the functions A : [a,b] — R™*"™ (where R"*" denotes the set of all real n x n
matrices) and b : [a,b] — R", we have to find all solutions y : [a,b] — R" of the
system (1.1.2). Later Volterra considered also the complex case, where y : G — C",
A:G—=C"™" and b: G — C", where G C C and C"*" denotes the set of all
n X n matrices with complex entries.

To be able to appreciate Volterra’s results, let’s have a brief look on the theory of
Equations (1.1.1) and (1.1.2) as developed at the end of the 19th century. A more
detailed discussion can be found e.g. in the book [KI] (Chapters 21 and 29).

A large amount of problems in physics and in geometry leads to differential equa-
tions; mathematicians were thus forced to solve differential equations already since
the invention of infinitesimal calculus. The solutions of many differential equations
have been obtained (often in an ingenious way) in a closed form, i.e. expressed as
combinations of elementary functions.

Leonhard Euler proposed a method for solving Equation (1.1.1) in case when the
p; are constants. Substituting y(z) = exp(Az) in the corresponding homogeneous
equation yields the characteristic equation

)\7L+p1)\"_1+"'+pn20~
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If the equation has n distinct real roots, then we have obtained a fundamental
system of solutions. Euler knew how to proceed even in the case of multiple or
complex roots and was also able to solve inhomogeneous equations. The well-known
method of finding a particular solution using the variation of constants (which
works even in the case of non-constant coefficients) was introduced by Joseph Louis
Lagrange.

More complicated equations of the form (1.1.1) can be often solved using the power
series method: Assuming that the solution can be expressed as y(z) = > o an(z—
x0)™ and substituting to the differential equation we obtain a recurrence relation for
the coefficients a,,. Of course, this procedure works only in case when the solution
can be indeed expressed as a power series. Consequently, mathematicians began to
be interested in the problems of existence of solutions.

The pioneering result was due to Augustin Louis Cauchy, who proved in 1820’s the
existence of a solution of the equation

y'(2) = f(z,y(x))

y(0) = 10 (1.1.3)

under the assumption that f and % are continuous functions. The statement is
also true for vector functions y, and thus the linear Equation (1.1.2) is a special
case of the Equation (1.1.3). Rudolf Lipschitz later replaced the assumption of
continuity of %;jj by a weaker condition

[1f (2, 91) — f(z,y2) |l < K- lyr — yal|

(now known as the Lipschitz condition).

Today, the existence and uniqueness of solution of Equation (1.1.3) is usually proved
using the Banach fixed point theorem: We put

y1(z) = Yo +/ f(t,yo)dt,
Yn(2) = Yo +/ fltyn1(t))dt, n>2.

If f is continuous and satisfies the Lipschitz condition, then the successive approx-
imations {y,}>2, converge to a function y which solves Equation (1.1.3). The
method of successive approximations was already known to Joseph Liouville and
was used by Emile Picard.

Around 1840 Cauchy proved the existence of a solution of Equation (1.1.3) in
complex domain using the so-called majorant method (see [VJ, EH]). We are looking
for the solution of Equation (1.1.3) in the neighbourhood of a point z¢ € C; the
solution is a holomorphic function and thus can be expressed in the form

o0

y(x) =Y calw — )" (1.1.4)

n=0
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in a certain neighbourhood of z¢. Suppose that f is holomorphic for |z — z¢| < a
and |y — yo| < b, i.e. that

o0

fla,y) = ai@ —z0)'(y — yo)- (1.1.5)

1,j=0

Substituting the power series (1.1.4) and (1.1.5) to Equation (1.1.3) gives an equa-
tion for the unknown coefficients c,; it is however necessary to prove that the
function (1.1.4) converges in the neighbourhood of zy. We put

M = sup{|f(x,y)|, |* — 0| < a, |y — yo| < b}

and define
Aij = %,
- : , M
F(z,y) = 1-;0 Az —20)' (y — wo)’ = RSPy Ty —yyS (1.1.6)

The coeflicients a;; can be expressed using the Cauchy’s integral formula

1 9t
%ij = ) B f‘ = / / I( %) p dydz,
ij! Ozt oyd 2771 (z — x9) ” (y —yo)it

where ¢, is a circle centered at z( with radius a > 0 and ¢y is a circle centered at
yo with radius b > 0. The last equation leads to the estimate |a;;| < A;j, i.e. the
infinite series (1.1.6) is a majorant to the series (1.1.5). Cauchy proved that there
exists a solution of the equation

Y'(x) = F(x,Y(x))

o0

that can be expressed in the form Y (x) = >° " C\,(z — 20)" in a neighbourhood
of xg and such that |c,| < C,,. Consequently the series (1.1.4) is also convergent in
a neighbourhood of .

In particular, for the system of linear equations (1.1.2) Cauchy arrived at the fol-
lowing result:

Theorem 1.1.1. Consider functions a;;, b; (i, = 1,...,n) that are holomorphic
in the disk B(zg,r) = {z € C;|x — x¢| < r}. Then there exists exactly one system
of functions

m):y?+zci,j($_$o)i (i=1,...,n)
=1

defined in B(xzg,r) that satisfies

Zam ) + bi(=),

yz(xo) = ?JL ’



where 49,...,y% € C are given numbers.

As a consequence we obtain the following theorem concerning linear differential
equations of the n-th order:

Theorem 1.1.2. Consider functions p1, ..., py, g that are holomorphic in the disk
B(zg,r) = {z € C;lxz — 29| < r}. Then there exists exactly one holomorphic
function

fe o)
y(x) =Y crlw — o)
k=0
defined in B(xg,r) that satisfies the differential equation

y ™ (@) + pr(2)y" V(@) + -+ pal2)y(e) = g(x)

and the initial conditions

o -1
Y(@0) = yo, ¥ (0) = Y- -,y D (wo) = y§" Y,

where yo, Y0, - - - ,y(()nfl) € C are given complex numbers.

Thus we see that the solutions of Equation (1.1.1), whose coefficients p1,...,pn, ¢
are holomorphic functions, can be indeed obtained by the power series method.

However, it is often necessary to solve Equation (1.1.1) in case when the coefficients
P1,---,Pn,q have an isolated singularity. For example, separation of variables in
the wave partial differential equation leads to the Bessel equation

n2

1
" L 12 _ O,
V@4 v+ (125 ) v
whose coefficients have a singularity at 0. Similarly, separation of variables in the

Laplace equation gives the Legendre differential equation

2z, n(n+1)
717x2y(w)+ 1— a2

Yy’ () y(z) =0

with singularities at —1 and 1.

The behaviour of solutions in the neighbourhood of a singularity has been stud-
ied by Bernhard Riemann and after 1865 also by Lazarus Fuchs. Consider the
homogeneous equation

Y (@) + pr(@)y" Y (@) + -+ pal@)y(a) = 0 (1.17)

in the neighbourhood of an isolated singularity at xq € C; we assume that the
functions p; are holomorphic in the ring P(zo,R) = {z € C;0 < |z — zo| < 7}.
If we choose an arbitrary a € P(xg, R), then the functions p; are holomorphic
in U(a,r) (where r = |a — x¢|), and Equation (1.1.7) has n linearly independent
holomorphic solutions y1, ...,y in U(a,r). We now continue these functions along
the circle

o(t) = zo + (a — zp) exp(it), t € [0, 27]
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centered at xo and passing through a. We thus obtain a different system of solutions

Yi,...,Y, in U(a,r). Since both systems are fundamental, we must have Y; =
Z?:l M;jy;, or in the matrix notation Y = My. By a clever choice of the system
Y1,--.,Yn it can be achieved that M is a Jordan matrix. Using these facts, Fuchs

was able to prove the existence of a fundamental system of solutions of Equation
(1.1.7) in P(zo, R) that consists of analytic functions of the form

(z — o)™ (h(x) + @1 (2) log(z — o) + - + ¢}, (x) log™ (z — x0)) ,

1 =1,...,n, where @i are holomorphic functions in P(zg, R) and \; € C is such
that exp(2mi);) is an eigenvalue of M with multiplicity n;.

Moreover, if p; has a pole of order at most i at xo for ¢ € {1,...,n}, then the
Fuchs theorem guarantees that ¢], has a pole (i.e. not an essential singularity) at
xo. This result implies that Equation (1.1.7) has at least one solution in the form
y(@) = (x — 20)" > pep ak(z — z0)"; the numbers r and aj, can be calculated by
substituting the solution to Equation (1.1.7) (this is the Frobenius method).

We have now recapitulated some basic facts from the theory of ordinary differential
equations. In later chapters we will see that many of them can be also obtained
using the theory of product integration.

1.2 Motivation to the definition of product integral

The theory of product integral is rather unknown among mathematicians. The
following text should provide a motivation for the following chapters.

We consider the ordinary differential equation
y'(t) = ft,y(t)) (1.2.1)
y(a) = yo 1.2.2

where f : [a,b] x R" — R" is a given function. Thus, we are seeking a solution
y : [a,b] — R"™ that satisfies (1.2.1) on [a, b] (one-sided derivatives are taken at the
endpoints of [a, b]) as well as the initial condition (1.2.2).

An approximate solution can be obtained using the Euler method, which is based
on the observation that for small At,

y(t + At) = y(t) +y' ()AL = y(t) + f(t, y(t))At.
We choose a partition D :a =1ty < t; < --- < t,, = b of interval [a, b] and put

Yo
(t1) = y(to) + f(to,y(to)) Aty
y(ty) + f(t1, y(t1))Ats

y(tm) = y(tm—l) + f(tm—lvy(tm—l))Atmv

7



where At; = t; —t;—1, i = 1,...,m. We expect that the finer partition D we
choose, the better approximation we get (provided that f is a “well-behaved”,
e.g. continuous, function).

We now turn to the special case f(t,y(t)) = A(t)y(t), where A(t) € R"™" is a
square matrix for every t € [a,b]. The Euler method applied to the linear equation

(t) = At)y(t)

(
y(@) = 10 (1.2.3)

yields

y(tr) = (I+A( 0)At1)y(to) = (I + A(to)At1)yo,
y(ta) = (I+A( 1)At)y(t1) = (I + A(t1)At2)(I + A(to) Aty1)yo,

y(tm) = (1 + A(tm—1)Atm) - (I + A(t1) Ata) (I + A(to) Aty)yo,
where I denotes the identity matrix. Put
P(A,D) = (I + A(tm-1)Atg) -+ (I + A(t1)At2)(I + A(to)Aty).

Provided the entires of A are continuous functions, it is possible to prove (as will
be done in the following chapters) that, if v(D) — 0 (where v(D) = max{At;,i =
1,...,m}), then P(A, D) converges to a certain matrix; this matrix will be denoted
by the symbol

b
H(I + A(z) dz)

and will be called the left product integral of the matrix function A over the interval
[a, b]. Moreover, the function

satisfies

Consequently, the vector function
t

y(t) = [ [T + A(z) dz) yo

a

is the solution of Equation (1.2.3).



1.3 Product integration in physics

The following example shows that product integration also finds applications out-
side mathematical analysis, particularly in fluid mechanics (a more general treat-
ment is given in [DF]).

Consider a fluid whose motion is described by a function S : [to,#;1] x R® — R?;
the value S(¢,x) corresponds to the position (at the moment ¢) of the particle that
was at position x at the moment to. Thus, for every ¢ € [to,¢1], S can be viewed as
an operator on R?; we emphasize this fact by writing S(¢)(x) instead of S(t,z).
If = is a position of a certain particle at the moment ¢, it will move to S(t + At) -
S(t)~Y(z) (where - denotes the composition of two operators) during the interval
[t,t + At]. Consequently, its instantaneous velocity at the moment ¢ is given by

V(t)(z) = lim St+At)-St)z) —x <

. S{+AY)-SH)T -1
g, HESET )@

At—0 At

where I denotes the identity operator. The velocity V() is an operator on R3 for
every t € [to, t1]; in the following chapters it will be called the left derivative of the
operator S.

Given the velocity operator V', how to reconstruct the position operator S? For
small At we have

S(t+ At)(z) = (I + V(£)AL) - S(t)(x).

If we choose a sufficiently fine partition D : tg = ug < uy < --- < uy, = t of interval
[to, t], we obtain

S(O)@) = (I + V(1) Auga) - (I +V(up) Aur) (@),

where Au; = u; —u;—1,4=1,...,m. The above product (or composition) resem-
bles the product encountered in the previous section. Indeed, passing to the limit
v(D) — 0, we see that S is the left product integral of operator V, i.e.

t

St) =]+ V(u)du), tE€ [to,ts].

to

In a certain sense, the left derivative and the left product integral are inverse
operations.

1.4 Product integration in probability theory

Some results of probability theory can be elegantly expressed in the language of
product integration. We present two examples concerning survival analysis and
Markov processes; both are inspired by [Gil].

Example 1.4.1. Let T be a non-negative continuous random variable with dis-
tribution function F'(t) = P(T < t) and probability density function f(t) = F’(t).

9



For example, T' can be interpreted as the service life of a certain component (or the
length of life of a person etc.). The probability of failure in the interval [¢,¢ + At]
is

Pt <T <t+ At) = F(t+ At) — F(t).

‘We remind that the survival function is defined as
St)=1—F()=P(T >t)
and the failure rate (or the hazard rate) is

_fe_ e S d

a(t) = SO "IioFw - Sm ElogS(t). (1.4.1)

The name “failure rate” stems from the fact that

Pt<T<t+At|T>t) . Pt<T<t+At)

A, At aimo P(T>0)A
_ oy FOHAY - F(@) (1)
= A smar — ~s@ @

i.e. for small At, the conditional probability of failure during the interval [¢, ¢+ At]
is approximately a(t)At.

Given the function a, Equation (1.4.1) tells us how to calculate S:

t
S(t) = exp (—/ a(u) du> . (1.4.2)
0
We can also proceed in a different way: If we choose an arbitrary partition
D:0=thg<t1 < - <ty =t,
then

St)=P(T >t)=P(T >t)P(T>t1|T >t0) - P(T >t |T > tm_1) =
P(T>t;|T>tiq)=][Q-P(T<t:|T >t 1))
1 i=1

L

(2

In case the partition is sufficiently fine, the last product is approximately equal to

m

[ = agtat).

i=1

This product is similar to the one used in the definition of left product integral, but
the factors are reversed. Its limit for v(D) — 0 is called the right product integral
of the function —a on interval [0, ¢] and will be denoted by the symbol

S(t) = (1 —a(u)du) []- (1.4.3)
0

10



Comparing Equations (1.4.2) and (1.4.3) we obtain the result

t

(1 - a(u)du) [ = exp <— /01t a(u) du),

0

which will be proved in Chapter 2 (see Example 2.5.6). The product integral
representation of S has the advantage that it can be intuitively viewed as the
product of probabilities 1 — a(u)du that correspond to infinitesimal intervals of
length du.

The last example corresponds in fact to a simple Markov process with two states s;
(“the component is operating”) and ss (“the component is broken”). The process
starts in the state s; and goes over to the state ss at time 7. We now generalize our
calculation to Markov processes with more than two states; before that we recall
the definition of a Markov process.

A stochastic process X on interval [0,00) is a random function ¢ — X (¢), where
X (¢) is a random variable for every t € [0,00). We say that the process is in the
state X (t) at time ¢. A Markov process is a stochastic process such that the range
of X is either finite or countably infinite and such that for every choice of numbers
neN,n>1,0<t <ty <--- <ty, we have

P(X(tn)zx“X(tn,l)IIL'",1, . ,X(tl)le) = P(X(t") =$n‘X(tn,1)=£L‘",1),

where z1,...,x, are arbitrary states (i.e. values from the range of X). The above
condition means that the conditional probability distribution of the process at time
t,, depends only on the last observation at ¢,,_; and not on the whole history.

Example 1.4.2. Let {X(¢);t > 0} be a Markov process with a finite number of
states S = {s1,...,s,}. For example, we can imagine that X (¢) determines the
number of patients in physician’s waiting room (whose capacity is of course finite).

Suppose that the limit
P(X(t+ At) =55 | X(t) = s5)

() = i
a”]( ) Atl_l;%_"_ At
exists for every 4,5 = 1,...,n, i # j and for every ¢ € [0,00). The number a;;(t) is

called the transition rate from state i to state j at time ¢. For sufficiently small At
we have

P(X(t+ At) = s;| X(t) = 81) = ai;(t)At, i # 7, (1.4.4)
P(X(t+At) =5 | X(1) = 8:) = 1= ai;(t)AL. (1.4.5)
J#i

We also define
a”(t):—Za”(t), izl,...,n
i
and denote A(t) = {a;;(t)}}';—;. Given the matrix A, we are interested in calculat-
ing the probabilities
pi(t) = P(X(t) =s;), t€[0,00),i=1,...,n,

11



and
pij(s,t) = P(X(t) =s;1X(s)=s;), 0<s<t, i,j=1,...,n

The total probability theorem gives
pi(t) = pi(0)pi; (0, 1).
i=1

The probabilities p;(0), ¢ = 1,...,n are usually given and it is thus sufficient
to calculate the probabilities p;;(0,t), or generally p;;(s,t). Putting P(s,t) =
{pij(s,t)}}';=1 we can rewrite Equations (1.4.4) and (1.4.5) to the matrix form

P(t,t + At) =T+ A(t)At (1.4.6)

for sufficiently small At.

Using the total probability theorem once more we obtain

n
pij(s,u) = Zpik(S»t)pkj (t,u), (1.4.7)
k=1
for0<s<t<wu,i,j=1,...,n. Thisis equivalent to the matrix equation
P(s,u) = P(s,t)P(t,u). (1.4.8)
If we choose a sufficiently fine partition s = uy < w3 < -+ < u,, = t of interval

[s,t], then Equations (1.4.6) and (1.4.8) imply

m m

P(s,t) = [[ P(ui-1,wi) = (T + A(us) Auy).

i=1 i=1

Passing to the limit for (D) — 0 we obtain a matrix which is called the right
product integral of the function A over interval [s, ¢]:

t

P(s,t) = (I + A(u)du) [ ] -

S

The last result can be again intuitively interpreted as the product of matrices
I + A(u)du which correspond to transition probabilities in the infinitesimal time
intervals of length du.
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Chapter 2

The origins of product integration

The notion of product integral has been introduced by Vito Volterra at the end of
the 19th century. We start with a short biography of this eminent Italian mathe-
matician and then proceed to discuss his work on product integration.

Vito Volterra was born at Ancona on 3rd May 1860. His father died two years
later; Vito moved in with his mother Angelica to Alfonso, Angelica’s brother, who
supported them and was like a boy’s father. Because of their financial situation,
Angelica and Alfonso didn’t want Vito to study his favourite subject, mathematics,
at university, but eventually Edoardo Almagia, Angelica’s cousin and a railroad
engineer, helped to persuade them. An important role was also played by Volterra’s
teacher Roiti, who secured him a place of assistant in a physical laboratory.

Vito Volterra!

In 1878 Volterra entered the University of Pisa; among his professors was the fa-
mous Ulisse Dini. In 1879 he passed the examination to Scuola Normale Superiore
of Pisa. Under the influence of Enrico Betti, his interest shifted towards mathe-
matical physics. In 1882 he offered a thesis on hydrodynamics, graduated doctor
of physics and became Betti’s assistent. Shortly after, in 1883, the young Volterra
won the competition for the vacant chair of rational mechanics and was promoted

1 Photo from [McT)]
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to professor of the University of Pisa. After Betti’s death he took over his course in
mathematical physics. In 1893 he moved to the University of Turin, but eventually
settled in Rome in 1900. The same year he married Virginia Almagia (the daughter
of Edoardo Almagia).

During the first quarter of the 20th century Volterra not only represented the
leading figure of Italian mathematics, but also became involved in politics and was
nominated a Senator of the Kingdom in 1905.

When Italy entered the world war in 1915, Volterra volunteered the Army Corps
of Engineers and engaged himself in perfecting of airships and firing from them; he
also promoted the collaboration with French and English scientists. After the end
of the war he returned to scientific work and teaching at the university.

Volterra strongly opposed the Mussolini regime which came to power in 1922. As
one of the few professors who refused to take an oath of loyalty imposed by the
fascists in 1931, he was forced to leave the University of Rome and other scien-
tific institutions. After then he spent a lot of time abroad (giving lectures e.g. in
France, Spain, Czechoslovakia or Romania) and also at his country house in Ar-
iccia. Volterra, who was of Jewish descent, was also affected by the antisemitic
racial laws of 1938. Although he began to suffer from phlebitis, he still devoted
himself actively to mathematics. He died in isolation on 11th October 1940 without
a greater interest of Italian scientific community.

Despite the fact that Volterra is best known as a mathematician, he was a man of
universal interests and devoted himself also to physics, biology and economy. His
mathematical research often had origins in physical problems. Volterra was also
an enthusiastic bibliophile and his collection, which reached nearly seven thousand
volumes and is now deposited in the United States, included rare copies of scientific
papers e.g. by Galileo, Brahe, Tartaglia, Fermat etc. The monograph [JG] contains
a wealth of information about Volterra’s life and times.

Volterra’s name is closely connected with integral equations. He contributed the
method of successive approximations for solving integral equations of the second
kind, and also noted that an integral equation might be considered as a limiting
case of a system of algebraic linear equations; this observation was later utilized by
Ivar Fredholm (see also the introduction to Chapter 4).

His investigations in calculus of variations led him to the study of functionals (he
called them “functions of lines”); in fact he built a complete calculus including
the definitions of continuity, derivative and integral of a functional. Volterra’s
pioneering work on integral equations and functionals is often regarded as the dawn
of functional analysis. An overview of his achievements in this field can be obtained
from the book [VV5].

Volterra was also one of the founders of mathematical biology. The motivation
came from his son-in-law Umberto D’Ancona, who was studying the statistics of
Adriatic fishery. He posed to Volterra the problem of explaining the relative in-
crease of predator fishes, as compared with their prey, during the period of First
World War (see e.g. [MB]). Volterra interpreted this phenomenon with the help of
mathematical models of struggle between two species; from mathematical point of

14



view, the models were combinations of differential and integral equations. Volterra’s
correspondence concerning mathematical biology was published in the book [IG].

A more detailed description of Volterra’s activites (his work on partial differential
equations, theory of elasticity) can be found in the biographies [All, JG] and also
in the books [IG, VV5]. An interesting account of Italian mathematics and its
intertwining with politics in the first half of the 20th century is given in [GN].

2.1 Product integration in the work of Vito Volterra

Volterra’s first work devoted to product integration [VV1] was published in 1887
and was written in Italian. It introduces the two basic concepts of the multiplicative
calculus, namely the derivative of a matrix function and the product integral. The
topics discussed in [VV1] are essentially the same as in Sections 2.3 to 2.6 of the
present chapter. The publication [VV1] was followed by a second part [VV2] printed
in 1902, which is concerned mainly with matrix functions of a complex variable. It
includes results which are recapitulated in Sections 2.7 and 2.8, and also a treatment
of product integration on Riemann surfaces. Volterra also published two short
Italian notes, [VV3] from 1887 and [VV4] from 1888, which summarize the results
of [VV1, VV2] but don’t include proofs.

Volterra’s final treatment of product integration is represented by the book Opéra-
tions infinitésimales linéaires [VH] written together with a Czech mathematician
Bohuslav Hostinsky. The publication appeared in the series Collection de mono-
graphies sur la théorie des fonctions directed by Emile Borel in 1938.

More than two hundred pages of [VH] are divided into eighteen chapters. The
first fifteen chapters represent a French translation of [VV1, VV2] with only small
changes and complements. The remaining three chapters, whose author is Bohuslav
Hostinsky, will be discussed in Chapter 4.

As Volterra notes in the book’s preface, the publication of [VH] was motivated
by the results obtained by Bohuslav Hostinsky, as well as by an increased interest
in matrix theory among mathematicians and physicists. As the bibliography of
[VH] suggests, Volterra was already aware of the papers [LS1, LS2] by Ludwig
Schlesinger, who linked up to Volterra’s first works (see Chapter 3).

The book [VH] is rather difficult to read for contemporary mathematicians. One
of the reasons is a somewhat cumbersome notation. For example, Volterra uses the
same symbol to denote additive as well as multiplicative integration: The sign [
applied to a matrix function denotes the product integral, while the same sign ap-
plied to a scalar function stands for the ordinary (additive) integral. Calculations
with matrices are usually written out for individual entries, whereas using the ma-
trix notation would have greatly simplified the proofs. Moreover, Volterra didn’t
hesitate to calculate with infinitesimal quantities, he interchanges the order of sum-
mation and integration or the order of partial derivatives without any justification
etc. The conditions under which individual theorems hold (e.g. continuity or differ-
entiability of the given functions) are often omitted and must be deduced from the
proof. This is certainly surprising, since the rigorous foundations of mathematical
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analysis were already laid out at the end of the 19th century, and even Volterra
contributed to them during his studies by providing an example of a function which
is not Riemann integrable but has an antiderivative.

The following sections summarize Volterra’s achievements in the field of product
integration. Our discussion is based on the text from [VH], but the results are
stated in the language of contemporary mathematics (with occasional comments on
Volterra’s notation). Proofs of most theorems are also included; they are generally
based on Volterra’s original proofs except for a few cases where his calculations
with infinitesimal quantities were replaced by a different, rigorous argument.

2.2 Basic results of matrix theory

The first four chapters of the book [VH] recapitulate some basic results of matrix
theory. Most of them are now taught in linear algebra courses and we repeat
only some of them for reader’s convenience, as we will refer to them in subsequent
chapters.

Volterra refers to matrices as to substitutions, because they can be used to represent
a linear change of variables. A composition of two substitutions then corresponds
to multiplication of matrices: If

n n
! - . "o - !
T, = E ajjr; and xp = E b”xj,
j=1 7j=1

then
n
"o . X
Ty = E CijTj,
j=1

where

3

cij = ) birar;, (2.2.1).
-1

ol

We will use the symbol R™*" to denote the set of all square matrices with n rows
and n columns. If

A={aij}i =1, B=A{bi}i =1, C=A{ci}ij=

we can write Equation (2.2.1) in the form C' = B - A.

A matrix A = {a;;}}';_; is called regular if it has a nonzero determinant. If
i € {1,...,n}, the theorem on expansion by minors gives
aip -+ Qin n
det [ 1 | =) andu, (2.2.2)
an1 e Ann k=1
where

Ag = (1) 0y,
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is the so-called cofactor corresponding to minor M;y; the minor is defined as the
determinant of a matrix obtained from A by deleting the i-th row and k-th column.
Since the determinant of a matrix with two or more identical rows is zero, it follows
that

n
ZajkAik = §;;det A. (2.2.3)
k=1
for each pair of numbers 4, j € {1,...,n}; recall that ¢;; is the Kronecker symbol
5o 1=,
Y10 ifd# .

If we thus define the matrix

then Equation (2.2.3) yields

where
10 0
0 1 0
I=1. . . .
00 --- 1

is the identity matrix. The matrix A~! is called the inverse of A.

The definition of matrix multiplication gives the following rule for multiplication of
block matrices:

Theorem 2.2.1.1 Consider a matrix that is partitioned into m? square blocks Ajj
and a matrix partitioned into m? square blocks B;; such that A;; has the same

dimensions as B;; for every ¢, € {1,...,m}. Then
Ain o A B -+ Bim Cu -+ Cim

where Czk = Zj A”Bjk

We will be often dealing with block diagonal matrices, i.e. with matrices of the form

A, 0 - 0
0 Ay -~ 0
0 0 - A,

L [VH], p. 27
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composed of smaller square matrices Ay, As, ..., A,,; Volterra denotes such a matrix
by the symbols

(A4 A, oo S[[A4y,
=1

but we don’t follow his notation.

The following theorem expresses the fact that every square matrix can be trans-
formed to a certain canonical form called the Jordan normal form. Volterra proves
the theorem by induction on the dimension of the matrix; we refer the reader to
any good linear algebra textbook.

Theorem 2.2.2.! To every matrix A € R"*" there exist matrices C,.J € R"*"
such that

A=Cc"tjC
and J has the form
J 0 -+ 0 A 0 0 0
0 Jp -~ 0 1 N 0 0
J = . . , where J; =
o 0 - Jn 0 0 - 1 N
and {A1,..., A} are (not necessarily distinct) eigenvalues of A.

Recall that if A = C~!BC for some regular matrix C, then the matrices A, B are
called similar. Thus the previous theorem says that every square matrix is similar
to a certain Jordan matrix.

The next two theorems concern the properties of block diagonal matrices and are
simple consequences of Theorem 2.2.1.

Theorem 2.2.3. If A; is a square matrix of the same dimensions as B; for every
i€{l,...,m}, then

A, 0 - 0 B, 0 - 0 AB, 0 - 0
0 Ay - 0 0 By -~ 0 0  AyB, 0
0 0 - A, 0 0 - By 0 0 - AnBn

Theorem 2.2.4. The inverse of a block diagonal matrix composed of invertible
matrices Aq, ..., A, is equal to

A 0 - 0N Y /AT 0 -0
0 Ay -+ 0 0 Ayt - 0
o 0 - A, 0 0o - Al

L [VH], p. 20-24
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2.3 Derivative of a matrix function

In this section we focus on first of the basic operations of Volterra’s matrix calculus,
which is the derivative of a matrix function.

A matrix function A : [a,b] — R™*" will be called differentiable at a point = € (a, b)
if all the entries a;j, i,j € {1,...,n} of A are differentiable at z; in this case we
denote

A/(a:) = {a;j(x)};tj:l'
We also define A’(z) for the endpoints z = a and = = b as the matrix of the
corresponding one-sided derivatives (provided they exist).
Definition 2.3.1. Let A : [a,b] — R"*" be a matrix function that is differentiable
and regular at a point x € [a,b]. We define the left derivative of A at x as
d o 1 A+ An)AT () - T
4 A0 = AT = S As

and the right derivative of A at x as

Volterra doesn’t use the matrix notation and instead writes out the individual

entries:
d B . "L ag(z + Ax) — agp(x)
4z 19} = {AI;IEOZ Ae o An@(

k=1

Axz—0

{aik}% = { lim 3 Api(x) ak; (z + AAm; — ay;(z) } 7
k=1

where {A;;}7,_, denote the entries of A~'. He also defines the left differential as

d{ay;} = Az + dv)A(z) ' =T+ A'(2)A(z) ' dz = {&j + Z al,(x)Ajk(z) d:r}
k=1

and the right differential as

{aij}d = A(z) ' A(z +dz) = I + A(z) ' A'(z) dz = {51;]- + ZAkq;(x)a;Cj(m) dm} ,
k=1

where dz is an infinitesimal quantity. Both differentials are considered as matrices
that differ infinitesimally from the identity matrix.
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1
2

Volterra uses infinitesimal quantities without any scruples, which sometimes leads
to very unreadable proofs. This is also the case of the following theorem; Volterra’s
justification has been replaced by a rigorous proof.

Theorem 2.3.2.1 If A, B : [a,b] — R™" are differentiable and regular matrix
functions at z € [a,b], then

d d d iy d d .
E(AB)_aA—FA(@B)A _A<Ad$+de>A :

d d d d d
AB)—=B— +B'(A—|B=B'(A—+—B)B
( )dﬂc dr ' ( dw) ( e ) ’

where all derivatives are taken at the given point x.

Proof. The definition of the left derivative gives
4 AB) = (AB)(AB) ! = (A'B+ AB)B 1A ' = A/A~' + AB'B~147},
dx

where the expression on the right hand side is equal to

d d
—A+A|—B)A!
et (dx > ’

but can be also transformed to the form

AATTA A+ AB'B™1A 1 = A Ai + iB AL
dr dz

The second part is proved in a similar way. O

Corollary 2.3.3.2 Consider a matrix function A : [a,b] — R™*™ that is differen-
tiable and regular on [a,b]. Then for an arbitrary regular matrix C € R"*" we
have

d d
(A0 =~ A

The corollary can be expressed like this: The left derivative of a matriz function
doesn’t change, if the function is multiplied by a constant matrix from right. It is
also easy to prove a dual statement: The right derivative of a matriz function doesn’t
change, if the function is multiplied by a constant matriz from left. Symbolically
written,

d d
CA)— =A—.
( )dm dz
As Volterra notes, this is a general principle: Each statement concerning matrix

functions remains true, if we replace all occurences of the word “left” by the word

[VH], p. 43
[VH], p. 39
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1
2
3

“right” and vice versa. A precise formulation and justification of this duality prin-
ciple is due to P. R. Masani and will be given in Chapter 5, Remark 5.2.2.

Theorem 2.3.4.1 If A : [a,b] — R™™" is differentiable and regular at = € [a, b],

then

d o1y 494 -nd _ d
dm(A )= Adﬂc7 (4 )dx_ dmA’

where all derivatives are taken at the given point z.

Proof. Differentiating the equation AA~! = I yields A’A~! + A(A~!) = 0, and
consequently (A7) = —A~1A’A~!. The statement follows easily. O

Corollary 2.3.5.2 If A, B : [a,b] — R™*™ are differentiable and regular matrix
functions at x € [a,b], then

d

dz

d d
—1py _ a-1 _
(A—"B)=A (de dzA) A,

d d d
AB HY—=B|(A— - B— B!
( )dac ( dx dx) ’

where all derivatives are taken at the given point z.

Proof. A simple consequence of Theorems 2.3.2 and 2.3.4. ]

Theorem 2.3.6.% Consider functions A, B : [a,b] — R"*" that are differentiable
and regular on [a,b]. If

d d

—A=—B

dx dx
on [a,b], then there exists a matrix C' € R"*" such that B(z) = A(z)C for every
x € [a,b].

Proof. Define C(x) = A~1(x)B(z) for z € [a,b]. Corollary 2.3.5 gives

d L/ d d
C0=4 <£B— £A>A_o,

which implies that 0 = C’(z) for every z € [a,b]. This means that C' is a constant
function. U

A combination of Theorem 2.3.6 and Corollary 2.3.3 leads to the following state-
ment: Two matriz functions have the same left derivative on a given interval, if
and only if one of the functions is obtained by multiplying the other by a constant
matriz from right. This is the fundamental theorem of Volterra’s differential cal-
culus; a dual statement is again obtained by interchanging the words “left” and

[VH], p. 41
[VH], p. 44
[VH], p. 46
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“right”. Both statements represent an analogy of the well-known theorem: Two
functions have the same derivative if and only if they differ by a constant.

Theorem 2.3.7.! Consider a matrix function A : [a,b] — R™™" that is differen-
tiable and regular on [a,b]. Then for an arbitrary regular matrix C € R™" we

have 4 4
a _ a 1
dx(CA) C (dxA> c.

Proof. A simple consequence of Theorem 2.3.2. O

Theorem 2.3.8. Let A : [a,b] - R™™" be a matrix function of the form

Az(x) 0 o 0
0 Ag(x) -+ 0
Az) = : . . ;
0 0 s Ag(z)
where Aq, ..., Ay are square matrix functions. If
d
& 1(1})237(15), =1, kK,
then
Bi(x) 0 0
= Alz) =
dz (-73) . . .
0 0 -+ By(x)

Proof. The statement follows from the definition of left derivative and from The-
orems 2.2.3 and 2.2.4. |

2.4 Product integral of a matrix function

n

Consider a matrix function A : [a,b] — R"*" with entries {a;;}};_;.

tagged partition

For every

D:a=t <6<t <6< Stpo1 <& <t =0
of interval [a, b] with division points ¢; and tags &; we denote
Ati :tifti,flg = 1,...7m,

v(D) = max At;.

L [VH], p. 41
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We also put

P(A,D) = [T+ A€)AL) = (I + AEn)Aln) - (I + A(E)Al),

i=m

m

P*(A, D) = [+ A(&)At) = (I + A(§)AR) -+ (T + A(mn) Ab).

i=1

Volterra now defines the left integral of A as the matrix

b
/a {aij} = U(II%ILOP(A»D)

(in case the limit exists) and the right integral as

{a} /j: lim P*(A,D)

v(D)—0

(again if the limit exists). Volterra isn’t very precise about the meaning of the limit
taken with respect to partitions; we make the following agreement:

If M (D) is a matrix which is dependent on the choice of a tagged partition D of
interval [a, b], then the equality

lim M(D)=M
v(D)—0

means that for every ¢ > 0 there exists § > 0 such that |M(D);; — M;;| < ¢ for
every tagged partition D of interval [a, b] satisfying v(D) < § and foré,j = 1,...,n.

The following definition also introduces a different notation to better distinguish
between ordinary and product integrals.

Definition 2.4.1. Consider function A : [a,b] — R™*". If the limit

lim P(A,D) or lim P*(A,D)
v(D)—0 v(D)—0

exists, it is called the left (or right) product integral of A over the interval [a, b].
We use the notation

b

I+A = lim P(A,D
];[( +A@d) = lm P(A D)
for the left product integral and
b
(I + A(t)dt) H = V(%?LOP (A, D)
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for the right product integral.

We note that in the case when the upper limit of integration coincides with the
lower limit, then

[10+ A0 = (1 + awan ] - 1.

In the subsequent text we use the following convention: A function A : [a,b] —
R"*" is called Riemann integrable, if its entries a;; are Riemann integrable func-
tions on [a,b]. In this case we put

n

/;A@ it { [ (1) dt}_.

ij=1

We will often encounter integrals of the type

// / Ar) ey - day.

These integrals should be interpreted as iterated integrals, where z; € [a,b] and
x; € |a,xiq1) fori € {1,...,k —1}.

Lemma 2.4.2. Let A: [a,b] = R™*" be a Riemann integrable function such that
A(x)A(y) = A(y)A(x) for every =,y € [a,b]. Then

/ / / A(zq)dzy - day, =
/ / / (zg) - A(xy)dwy - -+ day
for every k € N.

Proof. If P(k) denotes all permutations of the set {1,...,k} and
M7r = {(131, s »xk) € [a»b]k7 Tr(1) < Tr(2) <...< x‘fr(k)}

for every m € P(k), then

// / (zk) - Alz1)dzy - day =
Z // / ~o-Azr)day - - dag.

weP (k)

The assumption of commutativity implies

// /M (zg) -+ A1) day - dxk—// / A(z1)day -+ dag



for every permutation m € P(k), which completes the proof. O

Theorem 2.4.3.1 If A : [a,b] -+ R™ " is a Riemann integrable function, then
both product integrals exist and

H(I+A ) d) _I+Z// / A(zy)dzy - - - day,
(I+A(5L‘)d$)1§[_1+§/ab/;k---/a“A(xl)'--A(xk)dxl-‘-dxk.

Proof. Volterra’s proof goes as follows: Expanding the product P(A, D) gives

—-

(I +A()AL) =1+ Z Do Al A)AL, - Aty

7 k=1 \1<i;<---<ip<m

)
3

Volterra now argues that for (D) — 0 we obtain

> AG)AL, —>/ (1) da1,

1<i1<m

Z A(S’Lz) (511 AtllAtlg _>// .1‘1 d$1 dl‘g,

1<i1<ia<m

and generally

ST A A AL, - Aly, / / / Alwg) -+ A(wr) day -« dag

1<ig < <ip<m

for every k € {1,...,m}. Using the fact that m — oo for v(D) — 0, Volterra
arrived at the result

H(I+A ) da) 71+Z// / A(zy)dzy - - - day.

The proof for the right product integral is carried out in a similar way. ]

The infinite series expressing the value of the product integrals are often referred
to as the Peano series. They were discussed by Giuseppe Peano in his paper [GP)]
from 1888 dealing with systems of linear differential equations.

Remark 2.4.4. The proof of Theorem 2.4.3 given by Volterra is somewhat unsat-
isfactory. First, he didn’t justify that

ST A A AL, - Aty / / / Alwg) -+ A(wr) day -« dag

1<ig < <ip<m

1 [VH], p. 49-52
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for (D) — 0. This can be done as follows: Define
XE={(z1,...,ap) eRMa <z <29 < <3, < b}

and let x* be the characteristic function of the set X*. Then

D)—0
viD)=0, L T <m

— lim Z Aglk ANy G ) A - AL, =

.....

:/b// A(zg) - A(z)x(21, ..y 2p) doy - - day, =
/a/a / A(wy) -+ A(wy) day - - da.

The second problem is that Volterra didn’t explain the equality

v(D)—0 . .
k=11<i1 <<, <m

k=1 1<ip < <ip<m
We postpone its justification to Chapter 5, Lemma 5.5.9.

Theorem 2.4.5.1 If A : [a,b] — R"*" is a Riemann integrable function, then the
infinite series

H(I+A t)dt) —I+Z// / A(zy)dzy - - - day,
(I + A(t)dt) —I—i—Z// / A(zg) day - - - day,

converge absolutely and uniformly for x € [a, b].

Proof. We give only the proof for the first series: Its sum is a matrix whose (i, j)-th
entry is the number

OO

Z // / aip, (o) - -ag_y j(zr)dey ---dag | (24.1)

kl, lk_1=1

L [VH], p. 51-52
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The functions a;; are Riemann integrable, therefore bounded: There exists a posi-
tive number M € R such that |a;;(t)] < M fori,j € {1,...,n} and t € [a,b]. Using
Lemma 2.4.2 we obtain the estimate

Z // / Qg1 lk cap, lj(xl)dml . dlk <

,,,,, le_1=1

nk= le// / day - dmkféi(nM(Z'_ v))

for every x € [a, b]. Since

i l (’I’LM(b — a))k _ len]bl(b—a)
“n k! n ’

we see that (according to the Weierstrass M-test) the infinite series (2.4.1) converges
uniformly and absolutely on [a, b]. O

Theorem 2.4.6.1 If A : [a,c] - R™™" is a Riemann integrable function, then

C

b
[+ A(x)dz) = H(I—i—A(mdx HI+A

and
c b c
(I+A(x)da) [ = T+ A(@)da) [[- (T + A(@) do) [ |
a a b

for every ¢ € [a, b].

Proof. Take two sequences of tagged partitions {D}}7°, of interval [a,b] and
{D3#}2, of interval [b, c] such that

lim v(D}) = lim v(D?) = 0.
k—o0 k—o00

If we put D, = D} U D2, we obtain a sequence of tagged partitions {Djy}7° ; of
interval [a, ¢] such that limy_,o, v(Dy) = 0. Consequently

c

[+ A(z)dz) = Jim P(A,Dy) = lim P(4, D?)- lim P(A,D}) =
. k—oo k—o0

c

b
= [+ A(@) da) - ] (7 + A(2)

b a

The second part is proved in the same way. [

L [VH], p. 54-56
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Remark 2.4.7. Volterra also offers a different proof of Theorem 2.4.6, which goes
as follows!: Denote

D(i):{xERi;agmlg...gxigc}’

D(ji)={reRa<a < - <w;<b<mj <o <z <c}

for each pair of numbers i € N and j € {0,...,i}. Clearly

D(i) = D(0,4) U (U D(i— j.i—j) x D(O,j)) U D(i, 1) (2.4.2)

Jj=1

for every 7 € N. We have

H(1+A ) dz) —I—i—Z/ A(z1) dy -+ day,

D(i,i)

H(I—|—A ) dx) —I—|—Z/ A(zy)dzy - - - da;.

D(0,9)

Since both infinite series converge absolutely, their product is equal to the Cauchy
product:

c b
[1U + A(z) da) [J(7 + A(=) d) _1+Z/ A(zy)day - - dwi+
b

a D (i)

o0

+ / A(z;) - A(zy)dxy - - - da+
> o) (i) -+ Az1) da

o)
>
i=1

i—1
= (Z </D<o,j) Al) e dm)do ”dxj) |

Jj=1

: (/ A(l’ij)"'A(Jfl)dl'l"'dIij)) -
D(i—j,i—j)

c

=1+ Z/ A(zy)dxy -+ -da; = H(I + A(z) dx)

a

(we have used Equation (2.4.2)).

If @ and b are two real numbers such that a < b, we usually define

[o=L

28
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The following definition assigns a meaning to product integral whose lower limit is
greater than its upper limit.

Definition 2.4.8. For any function A : [a,b] — R"*" we define

a m b
[[0+A®a) = lim [0 -A@E)AL) = (- A®)d) ]
b i=1 a
and ) ,
(I+A@®d) [ = Lm0 - A)at) = [T - A a),
b i=m a

provided that the integrals on the right hand sides exist.
Corollary 2.4.9. If A: [a,b] — R"*" is a Riemann integrable function, then

[0+ Atyan =1 // / A(a) - Aey) day - day,

b

(I—&—A(t)dt)li[ // / Ay day - - - day.

The following statement represents a generalized version of Theorem 2.4.6.
Theorem 2.4.10.1 If A : [p,q] — R"*" is a Riemann integrable function, then

c c b
[[U+ A@)da) =[] + A(z) da) - [ [(2 + A(2)
a b a
c b c
(I+A)dz) [ = (I—I—Am)dx)H (I+A(x)da) [ |
a b

for every a,b,c € [p,q].

Proof. If a < b < ¢, then the statement reduces to Theorem 2.4.6. Let’s have a
look at the case b < a = ¢: Denote

E(i)={zeR5b<a1 < - <wx;<aand a>wxj4 > >z >b}

for each pair of numbers i € N and j € {0,...,7}. A simple observation reveals
that

for every i € N and j € {1,...,i — 1}. We also assert that

E(0,i))UE(@2,i))U---=E(1,i) UE3,i)U--- (2.4.4)

1 [VH], p. 56-58
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for every ¢ € N. Indeed, if = € R’ is a member of the union on the left side, then
x € E(2k,1) for some k. If 2k < i and xo, < zap41, then x € E(2k+1,4). If 2k =i,
or 2k < i and zag41 < Ty, then z € F(2k — 1,i). In any case, x is a member of
the union on the right side; the reverse inclusion is proved similarly.

Now, the Peano series expansions might be written as

H(I+A ) dx) —I+Z/ c Aw) day - - - da,

E(i9)

b

[+ Az) dz) —I+Z [E(O) Alzy) - A(z) dzy - - da;

a

(we have used Corollary 2.4.9). Since both infinite series converge absolutely, their
product is equal to the Cauchy product:

ﬁ([—l—A(m)dx) H(I+A ) dz) —I+Z/( S < A(zg) dxy - - da+
b l'l

+ / x1)- - A(z;) day - - - doi+
Z o Az1) (i) dzy

+Z(Z (/E(N) A(zy) - - A(zg) day drk> .

. ((_Dzj /E(O’ij) A(xl) e A(xiij) dzy--- dl‘ij)) =

:1+ZZ(—1)H‘/ Ay Alwg) day - da,

i=1 j=0 B9
where the last equality is a consequence of Equation (2.4.3). Equation (2.4.4)
implies
i
Z(q)i-j/ Azy) -+ A(xg)day - -da; = 0
= B(3.)

for every positive number ¢, which proves that

[+ A@@)dz) - [ + A(z) dz) = 1.

We see that our statement is true is even in the case b > a = c.

The remaining cases are now simple to check: For example, if a < ¢ < b, then

c c b c
[[U7+ A@)da) =[] + A(z) da) - [[(I+ A(2)da) - [](T + A(z) da) =
a b c a
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b c

=+ Ax)dz) [[-(I + A(z) da) [ ] -

a b

The prove the second part, we calculate

a

b
I+ Az da:H HI Az = [0 - A@@)da) - JJ(T - A(z) dz) =

b

= (I + A(x)dz) H (I + A( ac)dac)H

O
Corollary 2.4.11. If A : [a,b] — R™™" is a Riemann integrable function, then

ﬁ(I+A (HI+A ) ;

a

N
(I+A(x)da) [[ = ((1 + A(z) dz) H) .

b a

Theorem 2.4.12.1 If A : [a,b] — R™" is a Riemann integrable function, then

the functions .

Y(x) = [J(I+ A(t)dt),

a

Z(x) = (I + A(t)dt) H

satisfy the integral equations

for every x € [a, b].
Proof. Theorem 2.4.3 implies

AR)Y(t) +Z// / Axg) - Alzy) day - -day. (2.4.5)

L [VH], p. 52-53
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The Peano series converges uniformly and the entries of A are bounded, therefore
the series (2.4.5) also converges uniformly for ¢ € [a,b] and might be integrated
term by term to obtain

/a S AW () dt = / A dr+

+g /:/at/:k-~-/;2A(t)A(mk)~--A(x1)dxl--~drkdt—Y(m)—I.

The other integral equation is deduced similarly. [

2.5 Continuous matrix functions

Volterra is now ready to state and prove the fundamental theorem of calculus for
product integral. Recall that the ordinary fundamental theorem has two parts:

1) If f is a continuous function on [a, b], then the function F(z) = [ f(t) dt satisfies
F'(z) = f(z) for every x € [a, b].

2) If f is a continuous function on [a,b] and F its antiderivative, then

b
/ f(t)dt = F(b) — F(a).

The function faz f(t) dt is usually referred to as the indefinite integral of f; similarly,
the functions [ [ (I + A(t) dt) and (I + A(t) dt) [} are called the indefinite product
integrals of A.

Before proceeding to the fundamental theorem we make the following agreement:
A matrix function A : [a,b] — R"*" is called continuous, if the entries a;; of A are
continuous functions on [a, b].

Theorem 2.5.1.1 If A : [a,b] — R"*" is a continuous matrix function, then the
indefinite product integrals

Y(z) = ﬁ([ +A(t)dt) and Z(z) = (I + A(t)dt) ﬁ

satisfy the equations

for every x € [a, b].
Proof. The required statement is easily deduced by differentiating the integral
equations obtained in Theorem 2.4.12. ]

L [VH], p. 60-61

32



The differential equations from the previous theorem can be rewritten in the form

% [0+ A@de) = A@), (T+A@® ) ] % — Aw),

which closely resembles the first part of the ordinary fundamental theorem. We see
that the left (or right) derivative is in a certain sense inverse operation to the left
(or right) product integral.

Remark 2.5.2. A function Y : [a,b] — R™*" is a solution of the equation
Yi(x) = A(@)Y (2), = € a,b]

and satisfies Y'(a) = I if and only if Y solves the integral equation
x
Y(z)= I+/ A)Y (t)dt, x € [a,b]. (2.5.1)
This is a special type of equation of the form

) = 1)+ [ Ko ar

which is today called the Volterra’s integral equation of the second kind. Volterra
proved (see e.g. [Kl, VV4]) that such equations may be solved by the method of
successive approximations; in case of Equation (2.5.1) we obtain the solution

Y(:r)—]—i—li /ab/am~~~/:2A(xk)---A(x1)dx1~~-d:ck,

which is exactly the Peano series.

Theorem 2.5.3.! Consider a continuous matrix function 4 : [a,b] — R™ ™. If
there exists a function Y : [a,b] — R"*™ such that

d

Y (@) = A()

for every x € [a,b], then

b
[+ A@)da) =Y ()Y (a) "

a
Similarly, if there exists a function Z : [a,b] — R™*" such that

d

Z(@) - = Al)

L [VH], p. 62-63
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for every x € [a,b], then
b
(I+ A(x)da) [ = 2(a) " Z(b).

Proof. We prove the first part: The functions [[ (I + A(t) d¢) and Y (z) have the
same left derivative for every = € [a,b]. Theorem 2.3.6 implies the existence of a
matrix C such that

ﬁ(] FA®) ) = Y (2)C

for every z € [a,b]. Substituting x = a yields C = Y (a)~!. U
Theorem 2.5.4.1 If A : [a,b] — R"*™ is a continuous function, then the function

x

Y(x) = [[(I+ A(t)dt)

a

is the fundamental matrix of the system of differential equations
yi(z) = Z a;j(x)y;(z), i=1,...,n. (2.5.2)
j=1

Proof. Let y* denote the k-th column of Y, i.e.

T

y*(@) = [[U + A dr) - e

a

where e, is the k-th vector from the canonical basis of R™. Theorem 2.5.1 implies
that each of the vector functions y*, k = 1,...,n yields a solution of the system
(2.5.2). Since y*(a) = e, the system of functions {y*}7_, is linearly independent
and represents a fundamental set of solutions of the system (2.5.2). [l

Example 2.5.5.2 Volterra now shows the familiar method of converting a linear
differential equation of the n-th order

Yy (@) = pr(@)y" (@) + pa(a)y" 2 (@) + - 4 pal@)y(@)

to a system of equations of the first order. If we introduce the functions zy = v,

21 = 24, 22 = Z},...,2n—1 = Z_o, then the above given n-th order equation is
equivalent to the system of equations written in matrix form as
20 0 1 0 --- 0 20
21 0 0 1 - 0 21
2, 0 0 0 s 1 Zp—2
Zilfl Pn Pn—1 DPn-—2 R 5| Zn—1
[VH], p. 69
[VH], p. 70
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The fundamental matrix of this system can be calculated using the product integral
and the solution of the original equation (which corresponds to the function zp)
is represented by the first column of the matrix (we obtain a set of n linearly
independent solutions).

Example 2.5.6. If n = 1, then the function A : [a,b] — R™*" is in fact a scalar
function, and we usually write HZ(I + A(t) dt) instead of HZ(I + A(t)dt). Using
Theorem 2.4.3 and Lemma 2.4.2 we obtain

y(z) = lj[(1+A(t)dt) = 1+§;;I (/:A(t)dt>k = exp </a

which is indeed a solution of the differential equation y'(x) = A(z)y(x) and satisfies
yla) =1.
Example 2.5.7.1 Recall that if A € R™*", then the exponential of A is defined as

xT

A(t) dt) ,

expA=) (2.5.3).
k=0
The fundamental matrix of the system of equations
n
yi(x) = Zaijyj(m), i=1,...,n
j=1
is given by

T o b rxy T2
Y(x)zH(I—l—Adt)zI-FZ// / AFday - day =
a k=1 a a a

o0
(1’ — a)kAk _ (z—a)A
TH) =
k=1
(we have used Theorem 2.4.3 and Lemma 2.4.2), which is a well-known result from
the theory of differential equations. We also remark that a similar calculation leads
to the relation

x

(I+Adt) [[=e""4 z€lab].

a

Example 2.5.8.2 Volterra is also interested in actually calculating the matrix

eA(@=a)  Convert A to the Jordan normal form
J 0 -+ 0 Ai 0 0
0o Jy -+ 0 1\ 0 O
A=Cc7 | . T . | C, where J; =
0o 0 - Ji 0 0 --- 1 XN\
[VH], p. 70-71
[VH], p. 66-68
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forie {1,...,k}. If

eri® 0 0 0 0
et Mmoo 0 00
S;(x) = 2 N Lo A

is a square matrix which has the same dimensions as .J;, it is easily verified that

Si(l')71 = Si(*l'),

d 1 -1 _ 7
5i(w) = Si(e) Sila) ™ = T

Applying Theorem 2.3.8 to matrix

Sy (x) 0 e 0
0 Sa(xz) .- 0
S(x) = . . :
0 0 Sk(l‘)
we obtain
Ji 0 0
d 0 J2 0
0 0 Ji
and Theorem 2.3.7 gives
Ji 0 0
— (C71s =C! C=A
0 0 - Ji

Theorem 2.3.6 implies the existence of a matrix D € R™™ such that @94 =
C~15(z)D for every x € [a, b]; substituting z = a yields D = S(a)~1C.

Remark 2.5.9. Volterra gives no indication how to “guess” the calculation in the
previous example. We may proceed as follows: Let again A = C~1JC, where

J 0 - 0 A 0 0 0
0 Jo - 0 1 A - 00
J= . > . |, o=
0 0 - Ji 0 0 - 1 N

The definition of matrix exponential implies
exp(Az) = exp(C~1JzC) = C ' exp(Jz)C

36



for every « € R and it suffices to calculate exp(Jz). We see that

Ao 0 0 0 0 0 0 0

0 N 0 0 10 0 0
Jix==x . . +ax| . .

0 0 0 X 0 0 10

It is easy to calculate an arbitrary power of the matrices on the right hand side (the
second one is a nilpotent matrix); the definition of matrix exponential then gives

eN® 0 0 - 00
%6)‘”” eli® o -~ 00
exp(Jlx) = 127?6)\1‘30 %6>\iz e)\ZuT 0 0 s
exp(J1x) 0 0
0 exp(J2x) 0
exp(Jx) = i
0 0 -+ exp(Jyx)

Theorem 2.5.10.! If A : [a,b] — R™™" is a continuous function and ¢ : [¢,d] —
[a, b] a continuously differentiable function such that ¢(c) = a and ¢(d) = b, then

b d
[1U + A(@) da) = T + A(e(t)¢/ (t) dt).

Proof. Define

x

Y(x) = [](T+ A(t) dt)

a

for every x € [a,b]. Then

%(Y 0) =Y'(p()P' (DY (o(t) ™" = Alp()#' (1)

for every ¢ € [¢,d]. The fundamental theorem for product integral gives

b d
[T+ A(@) dz) = Y ()Y ()" = Y((d))Y ((c)) ™" = [[(T + A((1) ' (¢) dt).
O
1 [VH], p. 65
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Theorem 2.5.11.1 If A : [a,b] — R™™" is a continuous function, then

b b n
det <H(I + A(z) dx)) = exp (/ Zaii(m) dm) .
a @ =1

Proof. Denote
x

Y(z) =[]+ A®)dt), € a,b].

a

The determinant of Y (z) might be interpreted as a function of the n? entries y;;(z),
i,j € {1,...,n}. The chain rule therefore gives

(detY)'(z) =) Myij(ﬂc)-

=1 ayij
Formula (2.2.2) for the expansion of determinant by minors implies

O(detY)

=Y,
ayij U

and consequently

(detY)’ Z yi; (@ = Y au(@)yr;(2)Yi(2) =

3,7=1 i,7,k=1

n

= Z aik ()i (z) det Y (z) = Za”( )) det Y(x)

i,7,k=1

(we have used Theorem 2.5.1 and Equation (2.2.3)). However, the differential

equation
(det Y)'( <Z aii(z )det Y (z)
has a unique solution that satisfies
detY(a) =det I = 1.

It is given by

det Y (z) = exp (/L Za”(t) dt) , x € la,b].
o =1

L [VH], p. 61-62
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Theorem 2.5.12.! If A : [a,b] — R™*" is a continuous function and C' € R"*" a
regular matrix, then

b b
[[u+Cc 1 A@)Cde) = ¢ [T + A(z) dz)C

Proof. Define

xT

Y(z) =[]+ A@)dt)

a

for every = € [a,b]. Theorem 2.3.7 gives

%(C‘lY) _ ¢t (

d

C=C1AC,
dx)

and therefore

b b
[[U+C 1 A@)Cde) = CY(0)(C'Y (a) ™ = C U + A=) da)C.

a

2.6 Multivariable calculus

In this section we turn our attention to matrix functions of several variables, i.e. to
functions 4 : R™ — R™*", where m,n € N. We introduce the notation

Zw-{5mw) .

aIk 8:ck ij=1

provided the necessary partial derivatives exist.

Definition 2.6.1. Let G be a domain in R™ and x € G. Consider a function
A: G — R™" that is regular at = and such that ‘9“: () exists. We define the left
partial derivative of A at x with respect to the k-th variable as

d 9A
—A A ().
a0 = 5, @A @)

Remark 2.6.2. Volterra also introduces the left differential of A as the matrix

dA = A(ml + dxla s T + d‘rm)Ail(‘T17 et 7'7:Tn) = I + Z (iA(x)) d.:L'k;7
1 d.Z'k

(2.6.1)

1 [VH], p. 63
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which differs infinitesimally from the identity matrix. He also claims that
m d
dA = I —A d
kl;[l < + (drk (m)) xk) )

since the product of infinitesimal quantities can be neglected.

Recall the following well-known theorem of multivariable calculus: If f1,..., f :
R™ — R are functions that have continuous partial derivatives with respect to all
variables, then the following statements are equivalent:

(1) ThereexistsafunctionF:R'”—)Rsuchthatg—f;:fi fori=1,...,m.
ofi  0f; .y .

2) L — L —0fori,j=1,...,m, .

()amj B2, or i, j m, i # j

Volterra proceeds to the formulation of a similar theorem concerning left derivatives.

Definition 2.6.3. Let A, B : R™ — R"™*" be matrix functions that possess partial
derivatives with respect to the i-th and j-th variable. We define

A(A,B)yr.a, = % - % + BA- AB,
i i

Volterra’s proof of the following lemma has been slightly modified to make it more
readable. We also require the equality of mixed partial derivatives, whereas Volterra
supposes that the mixed derivatives can be interchanged without any comment.
Lemma 2.6.4.! Let m € N, 4,5 € {1,...,m}, i # j. Let G be an open set in R
and z € G. Consider a pair of matrix functions X,Y : G — R™*" that possess
partial derivatives with respect to x; and z; at z, and a function S : G — R™*"
that satisfies

d
dxiS(x) = X(z), (2.6.2)
028 028

al'ial’j = a:tjal'l v

Then the equality

0 (o, d o
o <s <Y - dxjs) s) = STIAX, Y )0, S

holds at the point x.

Proof. Using the formula for the derivative of an inverse matrix and the assumption
(2.6.2) we calculate

951 d 08 ., d

L [VH], p. 81
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= -S71X (Y - is) S =51 (fXY +X (i )) s,
d.I‘j dl’j

0 d )4 0 ([0S
-1 YV — — — g1 o Y o1 —

_ga (0¥ S o 08057\ o

_ S71 (87}/ _ a(XS) 571 as S*lﬁ‘gfl) S _

further

al'i 89@ Bx]- al‘l

oY 0X d d
_ o1 _o0x (4 ) _ [ 4 _
=5 <<9~’L'i Ox; * (dl'j S> (dl'j S) X) 8

=61 al,aix,)( ig — iSX S,
8951- (%cj dacj dl’j
and finally

d a8 d d
-1 _ 4 _ o1 _ 4 _ o1 _ (9
S ( dz, S> oz, S <Y dz, ) Xs==5 <YX <dxj S> X> S.

The product rule for differentiation gives (using the previous three equations)

0 (o d o d oYy  0xX
(5 (i) s) s (o () o

J

-X (is) - <i > X+YX - <%s) X) S=S5T"AX,Y)a, ;S

dz; dx; x;

|
Theorem 2.6.5.! If By,...,B,, : R — R™*" are continuously differentiable
with respect to all variables, then the following statements are equivalent:
(1) There exists a function A : R™ — R"™*" such that B, = ﬁkA fork=1,...,m.
(2) A(Bi, Bj)e, o, =0fori,j=1,...,m, i # j.
Proof. We start with the implication (1) = (2):

0B; 0B; _ 0 (04, .\ _ 0 (04, ) _
81}j 81’1 - (%Jj (9.%‘7 a$l al'j a

_i(@A) . 0A90A7? 0 <8A) 1 0A9ATT

85% al‘j 781)1‘

1 [VH], p. 78-85
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0A 0A™Y QA 9A! 0A  _,0A 0A 0A
- ETT TIZZ A T2 A 22 A = BB, — BB
81'2- an 81']' (’)xz 811 8.Tj + 693]- 811 J J

(statement (1) implies that the mixed partial derivatives of A are continuous, and
therefore interchangeable).

The reverse implication (2) = (1) is first proved for m = 2: Suppose that the
function A : R? — R™ " from (2) exists. Choose zo € R and define

T

S(x,y) = [[ + Bi(t.y) dt).

Zo

Then d d
—S=B=—A
dx YAz
which implies the existence of a matrix function 7' : R — R"*" such that A(z,y) =

S(z,y)T(y) (T is independent on z). We calculate

dr_digaygy_g1(d, 4 _gi(p 4
T =g =s (dyA dys)sfs <B2 dys)s.

We now relax the assumption that the function A exists; the function on the right
hand side of the last equation is nevertheless independent on z, because Lemma
2.6.4 gives

d _ d _
% (S 1 (BQ - @S) S) = S IA(Bl, Bg)xﬁys = 0
Thus we define

Yy

() =] (1 + 5 Y a,t) (Bg(x,t) - din(m, t)) S(a,1) dt)

Yo

(where z is arbitrary) and A = ST. Since

d d d
and d d d d
— = — = — o -1 =
dyA dy(ST) dyS—i— S <dyT) S By,

the proof is finished; we now proceed to the case m > 2 by induction: Choose
2o € R and define

z1

S, m) = [[U + Bi(t, 2, ... 2 ).

Zo
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If the function A : R™ — R™™" exists, we must have

d d
— S=B=-—A
dl’lS ! dIl

and consequently
Ax1, ... xm) = S(x1, .-, 2m)T (22, ..., T)

for some matrix function 7 : R™~! — R™ ™. Then
d T d

dre :dek(SflA):S*l (Bk—i5> S, k=2,...,m.

dl‘k

We now relax the assumption that the function A exists and define
1 d
Uk:S Bk——S S, k:2,...,m.
dxk

Each of these functions Uy, is indeed independent on z1, because Lemma 2.6.4 gives

AUy, _1
9k G IA(By. By)a, 2.5 = 0.
o, S ( 1, k) 1, A,S 0

Since

AU Uj)grm; = ST'A(Bi, Bi)gyn; S =0, 4,5=2,...,m,

the induction hypothesis implies the existence of a function 7" of m — 1 variables
Zo, ..., Ty such that

v k=2 . .m
dl’k
We now let A = ST and obtain
d d d
—A=—(ST)=—S5=8B
dxl dxl( ) dl‘l !
and d d d d
— A=—(8T)=—S+S(—T)|S'=B
dxy, dxk( ) dxy, * (dl'k ) g
for k =2,...,m, which completes the proof. ]

Remark 2.6.6. Volterra’s proof of Theorem 2.6.5 contains a deficiency: We have
applied Lemma 2.6.4 to the function

1

S, xm) = [[I+ Bi(t,za,... 2) dt)

xo
without verifying that

925 2= 925 (
c’):ric')xl - 61’18:61

z), 1€{2,...,m}.
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This equality follows from the well-known theorem of multivariable calculus pro-

vided the derivatives % exist in some neighbourhood of z for every i € {1,...,m},
and the derivatives '
028
()

0x10x;
are continuous at z for every i € {2,...,m}. We have

S

Z2 _B

8(131 !
and consequently

0*S 0B
8$18$i o (9.1‘1‘7

which is a continuous function for every ¢ € {2,...,m}. The existence of the
derivatives % for i € {2,...,m} is certainly not obvious but follows from Theorem

3.6.14 on différentiating the product integral with respect to a parameter, which
will be proved in Chapter 3.

Remark 2.6.7. An analogy of Theorem 2.6.5 holds also for right derivatives; the
condition A(Bj, Bj)z,.»; = 0 must be replaced by A*(B;, Bj)s, «; = 0, where

0B 0A
— — + AB — BA.
8952- an +

AY(A, Boi oy =

The second fundamental notion of multivariable calculus is the contour integral.
While Volterra introduces only product integrals along a contour ¢ in R?, which
he denotes by

/Xdac-Ydy7
©

we give a general definition for curves in R™; we also use a different notation.

We will always consider curves that are given using a parametrization ¢ : [a,b] —
R™ that is piecewise continuously differentiable, which means that ¢’ (z) exists for
x € (a,b], ¢/, (x) exists for x € [a,b), and ¢’ (x) = ¢/ () except a finite number of
points in (a,b).

The image of the curve is then defined as
(0) = ¢(la,b]) = {(t); t € [a,b]}.

Definition 2.6.8. Consider a piecewise continuously differentiable function ¢ :
[a,b] — R™ and a system of m matrix functions By, ..., By, : (p) — R"*™. The
contour product integral of these functions along ¢ is defined as

b
[[U+BLdz1+ -+ By dagn) = [JUHBLo)@1 () + -+ + Bu (1)), (1)) dt).

7 a
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Given an arbitrary curve ¢ : [a,b] — R™, we define the curve —¢ as

(=)(t) = (1), t € [b, —a].

This curve has the same image as the original curve, but is traversed in the opposite
direction.

For any pair of curves ¢; : [a1,b1] = R™, ¢g : [ag,bs] — R™ such that ¢q(by) =
p2(as) we define the composite curve ¢ + 2 by

B (1), t € la1,bi],
(1 +2)(t) = {i;(f — b1 +az), telb,b+by—as).

Theorem 2.6.9.! Contour product integral has the following properties:

(1) If 1 + w2 is a curve obtained by joining two curves ; and @9, then

I[ G+Biday+- + B dam) =
©1+p2

= H(I +Bydz; +---+ By, dx'rn) ' H(I +Bydz; +---+ By, dxm)-
(2] ®1

(2) If —¢ is a curve obtained by reversing the orientation of ¢, then

-1
[[+ Bidzy +-- + By day,) = (H(I+ Bydzy +---+ By, d:rm)> .

—¢ @
Proof. Let ¢; : [a1,b1] = R™, @3 : [az,b2] = R™. Then

[[¢Z+ Bidzy + -+ + By day) =
-

bi+ba—asz

[T T+ Bilolt = b1+ a2)pi(t) + - + Bnlp(t — b + a2))¢l, (£)) dt)-
b1

by
T+ Bi(e@)@i (1) + - -+ + Bu(p() 7, (1)) dt).

The change of variables Theorem 2.5.10 gives

b1+b2—az

[T G+ Bulp(t = b1 +a2)ph (8) + - + Bu(p(t — b1 + a2))e),, (1)) dt) =
by
L [VH], p. 91
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ba
= [1U + (Bule®)@1 () + - - + Brlip(t)) 2, (1)) db),

az

which proves the first statement. The second one is also a direct consequence of
Theorem 2.5.10. Note that the change of variables theorem was proved only for
continuously differentiable functions, while our contours are piecewise continuously
differentiable. It is however always possible to partition the integration interval in
such a way that the integrated functions are continuously differentiable on every
subinterval. [l

Definition 2.6.10. Let G be a subset of R™ and By,...,B,, : G — R"*". The
contour product integral [[(I + By dz1 + - -+ + By, dz,y,) is called path-independent
in G if

[[Z+ Bidzy+ -+ + By day) = [[(I+ Bidzy + -+ + By day)
2 P

for each pair of curves ¢, ¥ : [a,b] — G such that p(a) = ¢(a) and ¢(b) = ¥(b).

Using Theorem 2.6.9 it is easy to see that the contour product integral is path-
independent in G if and only if

[[Z+Bidey+-- + B day) =1
©

for every closed curve ¢ in G.
As already mentioned, Volterra is concerned especially with curves in R?. His effort
is directed towards proving the following theorem:

Theorem 2.6.11.! Let G be a simply connected domain in R?. Consider a pair
of functions 4, B : G — R™" such that A(A, B),, = 0 at every point of G. Then

[[U+Ade+Bdy) =1
%]

for every piecewise continuously differentiable closed curve ¢ in G.

Although Volterra’s proof is somewhat incomplete, we try to indicate its main steps
in the rest of the section. Theorem 2.6.11 is of great importance for Volterra as
he uses it to prove an analogue of Cauchy theorem for product integral in complex
domain; this topic will be discussed in the next section.

Definition 2.6.12. A set S in R? is called simple in the z-direction, if the set
SNn{(x,y0); * € R} is connected for every yo € R. Similarly, S is simple in the
y-direction, if the set S N {(x0,y); y € R} is connected for every xy € R.

1 [VH], p. 95
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Equivalently said, the intersection of S and a line parallel to the x-axis (or the
y-axis) is either an interval (possibly degenerated to a single point), or an empty
set.

Definition 2.6.13. Let F be a closed bounded subset of R? that is simple in the
x-direction. For every y € R denote

mr = {y € R; there exists x € R such that (z,y) € G}. (2.6.3)
Further, for every y € np let

xa(y) = inf{x; (z,y) € F}, ap(y) =sup{z; (x,y) € F}.

The meaning of these symbols is illustrated by the following figure. Note that the
segment [z4(y),zp(y)] X {y} is contained in F for every y € mp, i.e. the set F is
enclosed between the graphs of the functions y — z4(y) and y — z5(y), y € 7.

A |

Definition 2.6.14. Let F be a closed bounded subset of R? that is simple in the
a-direction. The double product integral of a continuous function A : F — R"*"
is defined as

sup g z5(y)
H(I+A(x7y) drdy) = H (I+ (/ Az, y) dx) dy) :

F inf g a(y)

Before proceeding to the next theorem we recall that a Jordan curve is a closed
curve with no self-intersections. Formally written, it is a curve with parametrization
¢ : [a,b] — R? that is injective on [a, b) and ¢(a) = ¢(b). It is known that a Jordan
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1
2

curve divides the plane in two components — the interior and the exterior of ¢. In
the following text we denote the interior of ¢ by Int .

Theorem 2.6.15.! Consider a piecewise continuously differentiable Jordan curve
¢ : [a,b] — R? such that the set F' = (¢)UInt ¢ is simple in the z-direction. Assume
that ¢ starts at a point C' = (cg, ¢y) such that ¢, = inf 7 and ¢, = z4(cy). Denote

z (za(v)y)
Sy = [[ T+Xtyd) J[ (I+Xdz+Ydy),
za(y) C

where the second integral is taken over that part of ¢ that joins the points C' and
(za(y),y) (see the figure below).

(za(y),y)

c
Let G be an open neighbourhood of the set F'. Then the equation

[[U+Xdz+Ydy) =]+ STAX,Y), S dzdy)
(] F

holds for each pair of continuously differentiable functions X,Y : G — R™*".

Theorem 2.6.15 might be regarded as an analogy of Green’s theorem, since it pro-
vides a relationship between the double product integral over F' and the contour
product integral over the boundary of F. The proof in [VH] is somewhat obscure
(mainly because of Volterra’s calculations with infinitesimal quantities) and will
not be reproduced here. A statement similar to Theorem 2.6.15 will be proved in
Chapter 3, Theorem 3.7.4.

Theorem 2.6.16.%2 Consider a piecewise continuously differentiable Jordan curve
¢ ¢ [a,b] — R? such that the set F = (p) UInty is simple in the z-direction.
Let G be an open neighbourhood of the set F. If A, B : G — R"*" is a pair of
continuously differentiable functions such that A(A, B),, = 0 at every point of G,
then

[[U+Ade+Bdy)=1.

©

[VH], p. 92-94
[VH], p. 95
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Proof. Let C = (¢, ¢) be the point such that ¢, = inf 7p and ¢, = za(c,). If A

is the starting point of ¢, we may write ¢ = 1 + 2, where 7 is the part
curve between the points A, C' and (5 is the part between C, A provided we
along ¢ in direction of its orientation.

Y2

C

Theorem 2.6.15 gives

H (I+Ade+Bdy) =1,
p2tp1

and consequently

[[U+Ade+Bdy)= [ U+ Ade+Bdy) =

© p1tp2

=[[¢+Ade+Bdy) J[ (I+Ada+ Bdy) (H(I+Adx+de))

P2 w2t+p1 (2]

of the
travel

=1

O

Remark 2.6.17. In case the set G in statement of the last theorem is simple both
in the x direction and in the y direction, there is a simpler alternative proof of
Theorem 2.6.16. It is based on Theorem 2.6.5, which we proved for G = R?, but
the proof is exactly the same also for sets G which are simple in z as well as in y

direction. Consequently, the assumption A(A, B);, = 0 and Theorem 2.6.5
the existence of a function T : G — R? such that

Alwy) = 3 T@y), Bl = 3 T(w)

for every (z,y) € G. Thus for arbitrary closed curve ¢ : [a,b] = G we have

d d
I+ A B = I+—T —T =
1;[( + Adz + Bdy) 1;[ ( +t dz + Q dy)

imply

b
= I 1+ (G e T 4100+ o) T () )=
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> d
= H <I+ a(T o ©)(t) dt) = T(ap(b))T(@(a))fl 7

Both the statement and its proof is easily generalized to the case of curves in R™,
m > 2.
Volterra now comes to the justification of Theorem 2.6.12: Let G be a simply

connected domain in R? and A, B : G — R"*" such that A(A, B),, = 0 at every
point of G. We have to verify that

[[U+Ade+Bdy) =1 (2.6.4)

for every piecewise continuously differentiable closed curve ¢ in G. Theorem 2.6.16
ensures that the statement is true, if the set F' = (¢) U Int ¢ is simple in the z-
direction. Volterra first notes that it remains true, if F' can be split by a curve in
two parts each of which is simple in the z-direction.

©2d Pla

T

P2 ©1b

P2b Plc

Indeed, using the notation from the above figure, if 1 = Y14 + Y16 + ©1c + P14 and
P2 = P2a + P2b + P2c + P2d, then

[[t+Adz+Bdy) =1, [0 +Adz+Bdy) =1,

¥1 P2

and thus

[[ ¢+ 4de+Bdy) = [T+ Ade + Bdy) - [[(I + Ade + Bdy) = I.

©w1t+p2 ©2 w1

Now if S denotes the initial point of ¢, then

[[U+Ade+Bdy) =
%)
T S
=[[¢+Ade+Bdy)- [ I+Adz+Bdy)-[[(I + Ada+ Bdy) =1,
S ©p1+p2 T
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where Hg denotes the contour product integral taken along the part of ¢ that
connects the points S, T, and H; is taken along the same curve with reversed
orientation (it is thus the inverse matrix of []5).

By induction it follows that (2.6.4) holds if the set F' = () UInt ¢ can be decom-
posed into a finite number of subsets which are simple in the z-direction. Volterra
now states that this is possible for every curve ¢ in consideration, and so Theorem
2.6.12 is proved. He however gave no justification of the last statement, so his proof
remains incomplete.

2.7 Product integration in complex domain

So far we have been concerned with real matrix functions defined on a real interval,
i.e. with functions A : [a,b] — R"*™. Most of our results can be, without greater
effort, generalized to complex-valued matrix functions, i.e. to functions A : [a,b] —
C™* "™, However, in the following two sections, we will focus our interest to matrix
functions of a complex variable, i.e. A : G — C™*", where G is a subset of the
complex plane.

A matrix function A = {ajk};f w—1 Will be called differentiable at a point z € C, if
its entries aj;, are differentiable at that point. We will use the notation

A'(2) = {aj(2)}] =1

The function A is called holomorphic in an open domain G C C, if it is differentiable
everywhere in G.

Definition 2.7.1. The left derivative of a complex matrix function A at a point

z € C is defined as

d / -1
SA= (A7),

provided that A is differentiable and regular at the point z.

Each matrix function A of a complex variable z might be interpreted as a function
of two real variables x, y, where z = x + iy. The Cauchy-Riemann equation states
that

()= iy = 104

o oyt

thus the left derivative satisfies

d d 1d
PPl LR N R

provided all the derivatives exist.

We now proceed to the definition of product integral along a contour in the complex
domain. We again restrict ourselves to contours with a piecewise continuously
differentiable parametrization ¢ : [a,b] — C, i.e. ¢’ (z) exists for all x € (a,b],

o1



¢’ () exists for all = € [a,b), and ¢’ (z) = ¢/, () except a finite number of points
in (a,b).

Definition 2.7.2. Let ¢ : [a,b] — C be a piecewise continuously differentiable con-
tour in the complex plane and A a matrix function which is defined and continuous
on (). The left product integral along ¢ is defined as

b

[+ Az) dz) = [ + A(e(0)¢/ (t) dt). (2.7.1)

] a
As Volterra remarks, the left contour product integral is equal to the limit

lim P(A, D),
v(D)—0

where D is a tagged partition of [a, b] with division points t;, tags & € [ti—1, ;] and

1

P(A,D) = T (I + Alp(&))(e(t:) — o(ti-1)))- (2.7.2)

i=m

Instead of our J[ (I + A(z) dz) he uses the notation fw A(z)dz.
The product integral [[,(I+A(z) dz) can be converted to a contour product integral
taken along a contour ¢ in R? with the parametrization

2(t) = (Re ¢(t),Im ©(t)), t€[a,b].
Indeed, define A;(z,y) = A(xz +iy) and Az(z,y) = iA(x + iy). Then

b

[I( +A@z) dz) = [T + Ap(t)' (1) dt) =

[} a

b
T + (Aup())Re @' (1) + As((1)Tm ¢/ (1)) dt),
thus
[1¢ + A(z) dz) = [ + Az + iy) dz + iA(z + iy) dy). (2.7.3)

® @

The following theorem is an analogy of Theorem 2.6.9. It can be proved directly in
the same way as Theorem 2.6.9, or alternatively by using the relation (2.7.3) and
applying Theorem 2.6.9.

Theorem 2.7.3.' The left contour product integral has the following properties:

1 [VH], p. 107
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(1) If ¢1 + w2 is a curve obtained by joining two curves ; and @9, then

II G+ AR d2) =[]+ A(z)d2) - [T+ A(2) da).

p1te2 £1

(2) If —¢ is a curve obtained by reversing the orientation of ¢, then

H(I+ A(z)dz) = (H(I—I—A(z)dz)) .

— ®

Our interest in product integral of a matrix function A : [a,b] — R™*" stems
from the fact that it provides a solution of the differential equation (or a system of
equations)

y'(z) = A(@)y(z),
where y : [a,b] — R". The situation is similar in the complex domain: Since
the contour product integral is a limit of the products (2.7.2), we expect that the
solution of the differential equation

y'(2) = A(2)y(2)

that satisfies y(z0) = yo will be given by

y(z) = (H(I + A(w) dw)) Yo,

©

where ¢ : [a,b] — C is a contour connecting the points zy and z. However, this
definition of y is correct only if the product integral is independent on the choice
of a particular contour, i.e. if

H(I + A(2)dz) = H(I + A(z) dz),

® Y

whenever ¢ and v are two curves with the same initial points and the same end-
points. From Theorem 2.7.3 we see that [[,. _, (I + A(z)dz) should be the
identity matrix. Equivalently said,

[[U+AR)dz) =1

©

should hold for every closed contour .

Volterra proves that the last condition is satisfied in every simply connected do-
main G provided that the function A is holomorphic in G. He first uses the formula
(2.7.3) to convert the integral in complex domain to an integral in R*. Then, since

A(A,iA),, = ‘?—f - % TiAA — AiA =0,
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Theorem 2.6.11 implies that the contour product integral along any closed curve
in G is equal to the identity matrix. Because we didn’t prove Theorem 2.6.11, we
offer a different justification taken over from [DF].

Theorem 2.7.4.! If G C C is a simply connected domain and A : G — C"*"
a holomorphic function in G, then the contour product integral of A is path-
independent in G.

Proof. Let ¢ : [a,b] — G be a curve in G. We expand the product integral of A
along ¢ to the Peano series

b

[10 +AG) d2) =[]0+ AGp)¢' (1) db) =

] a

b b pto
1+ [ A dr [ [T AR (e () derdta 4
This infinite series might be written as

»(b)

H(I +A(z)dz) =1+ / A(z)dz + /W(b)/z2 A(z2)A(z1)dz1 dzg + - -

(a) e(a) Jo(a)

where the contour integrals are all taken along ¢ (or its initial segment). However,
since ordinary contour integrals of holomorphic functions are path-independent
in G, the sum of the infinite series depends only on the endpoints of . ]
In case the product integral is path-independent in a given domain G, we will

occasionally use the symbol
z2

[+ A(z) dz)

Z1

to denote product integral taken along an arbitrary curve in G with initial point z;
and endpoint zs.

Volterra now claims that if G is a simply connected domain and A is a holomorphic
matrix function in G, then the function

z

Y(z) = H(I + A(w) dw)

Z0

provides a solution of the differential equation Y'(z) = A(2)Y(z) in G.

Theorem 2.7.5. If G C C is a simply connected domain and A : G — C™*" a
holomorphic function in G, then the function

V() = (H(I + Afw) dw))

20

1 [DF], p. 62-63
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satisfies Y'(z) = A(2)Y (2) in G.

Proof. The statement is obtained by differentiating the series

z

H(I + A(w)dw) =T+ /Z A(w) dw + /2 /w2 A(wa)A(wy) dwy dwg + -+ -

20 20

with respect to z. [

Corollary 2.7.6. Let G C C be a simply connected domain and 4 : G — C™*"
a holomorphic function. If zy € G and yo € C", then the function y : G — C"

defined by
y(z) = <H(I + A(w)dw)> Yo

satisfies y'(2) = A(2)y(2) in G and y(20) = yo.

Theorem 2.7.7.! Let G C C be a domain and A : G — C"*" a holomorphic
matrix function in G. If ¢1,p9 : [a,b] — G are two positively oriented Jordan
curves such that o1 C Int ¢ and Int s\ Int o; C G, then

[1U+A(z)dz) and [](I+ A(2)dz)

are similar matrices.

Proof. We introduce two disjoint auxiliary segments 11, 12 that connect the curves
1, 2 (see the figure).

Y1 = P1a T L1,
P2 = P + P2

¥2a

Theorem 2.7.4 gives

[[I+A@) d2) - ]+ A(2) d2) - (H(I + A(2) dz)) = <H(I +A(2) dz)>

P2a Y1 Pla P2

1 [VH], p. 114-116
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and

(H(I+A(z)dz)) -(H(.H—A(z)dz)) JIE+Az) dz) = T[T+ A(2) dz).

P1b U1 P26 P2

Multiplying the first equality by the second from left yields

(H(I + A(2) dz)) . (H(I + A(2) dz)) JJa+A(z) dz) - T + A(2) d2)-

Y1 Y1 ®2b P2a

JT+ Az) dz) - <H(I+A(z) dz)) =1,

Y1 Pla

which can be simplified to

(H(I—i—A(z)dz)) JJI+AR) d2) [ [T+ A(z) d2) = [JU+A(2) d2). (2.7.4)

Y1 P2 Y1 P1

O

Remark 2.7.8. Volterra offers a slightly different proof of the previous theorem:
From Theorem 2.7.4 he deduces that

(H(I+A(z)dz)> ~<H(I+A(z)dz)> JJa+AR) d2) [JT+A(z) dz) =1,

©2 1 P2 P1

which implies (2.7.4). This argument is however incorrect, because the domain
bounded by %1 + @2 — Y1 — @2 need not be simply connected.

Definition 2.7.9. Let R > 0, G = {z € C;0 < |z — 20| < R}. Suppose A: G —
C"™*™ is holomorphic in G. Let ¢ : [a,b] — G be a positively oriented Jordan curve,
2o € Int . Then

[[U+ A(z)dz) = cac,

%]

where J is certain Jordan matrix, which is, according to Theorem 2.7.7, independent
on the choice of ¢. This Jordan matrix is called the residue of A at the point zg.

Example 2.7.10.!1 We calculate the residue of a matrix function

T(z) = + B(z)

Z— 20

U [VH], p. 117-120
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at the point zy, where A € C™*" and B is a matrix function holomorphic in the
neighbourhood U(zg, R) of point z;. We take the product integral along the circle
or(t) =z + re’, t €[0,2n], r < R and obtain

27
[T +7T(z)dz) = [[(T +iA+ ire" B(zo + re') dt).
@r 0

Volterra suggests the following procedure (which is however not fully correct, see
Remark 2.7.11): Since iA4 + ire? B(zg + re®) — iA for r — 0, we have

27

[[UZ+7T(2)dz) — [J(I+iAd).
0

Pr

The integrals [, (I+7'(2)dz), r € (0, R), are all similar to a single Jordan matrix.
Their limit HEW(I +iAdt) is thus similar to the same matrix and it is sufficient to

find its Jordan normal form. By the way, this integral is equal to e2™*4, giving an
analogy of the residue theorem:
The matrix H(I +T(2)dz) is similar to e2™4, (2.7.5)
or
Consider the Jordan normal form of A:
A, 0 -+ 0 A 0 0 0
0 A --- 0 1A 0 0
A=C"1 . . . | C, where A; = .
0 0 - A 0 0 - 1 )
Using the result of Example 2.5.8 we obtain
S1(27) 0 e 0
2m 0 Sa(2m) - 0
[[Uz+iadty=c , . . )
o : : " :
Si0) 0 -0 - Si2r) 0 -0
0 Sa2(0) - 0 0 Sa(2m) - 0
071 . . . . = 071 . . . C7
0 0 <o SE(0) 0 0 <o Sp(2m)
where ,
(131/\3‘2? 0 0 ... 0 0
%ei)\jw ei)\Jw 0 ... 0 0
Sj (l’) = z? eiA]z ! AT ei/\jz 0 0
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is a square matrix of the same dimensions as A;. The Jordan normal form of the
matrix

Sy(2r) 0 -0
0 Se(2r) -+ 0
0 0 - Sp(2m)

and therefore also the demanded residue, is

Vi 0 -~ 0 e2miA; 0 0 0
0 Vo -~ 0 1 e2miN; L. 0
. . , where V; = : : . : .
0 0 . Vk 0 0 o1 e27‘ri)\]

is a square matrix of the same dimensions as S;.

Remark 2.7.11. The calculation from the previous example contains two defi-
ciencies: First, Volterra interchanges the order of limit and product integral to
obtain

27 27
. . it it _ .
711_1;[(1) 1;[([ +iA +ire" B(zo +re’)dt) = 1;[([ +iAdt)

without any further comment. However, the convergence i A+ire® B(zg+re') — iA
for 7 — 0 is uniform and in this case, as we will prove in Chapter 5, Theorem 5.6.4,
the statement is in fact true.

The second deficiency is more serious. Volterra seems to have assumed that if some
matrices S(r), r € (0, R) (in our case S(r) is the product integral taken along ¢,.),
are all similar to a single Jordan matrix J, then lim,_,o S(r) is also similar to J.
This statement is incorrect, as demonstrated by the example

st= (1 9):
(i %)

. (10
}%S(T)_(O 1)

isn’t. The mentioned statement can be proved only under additional assumptions
on S(r). For example, if the matrices S(r), » > 0, have n distinct eigenvalues
ALy ..., Ap, then the limit matrix lim,_,¢ S(r) has the same eigenvalues, because

where S(r) is similar to

for r > 0, but

det(S(0) — M) = Tim det(S(r) = AL) = (A= A1)+ (A = Ay).

58



This means that all the matrices S(r), r > 0, are similar to a single Jordan matrix

A0 0 0
0 A 0 0
0 0 0 A,

A more detailed discussion of the residue theorem for product integral can be found
in the book [DF]; for example, if the set

g(A) —o(A) = {\ — A2; A1 and )\, are eigenvalues of matrix A}

doesn’t contain any positive integers, then the statement (2.7.5) is shown to be
true.

2.8 Linear differential equations at a singular point

In this section we assume that the reader is familiar with the basics of the theory
of analytic functions (see e.g. [EH] or [VJ]). We are interested in studying the
differential equation

Y'(2) = A(2)Y (2), (2.8.1)

where the function A is holomorphic in the ring P(zp, R) = {z € C;0 < |z — 20| <
R} and R > 0. If we choose z1 € P(z9, R) and denote r = min(|z1 — 20|, R—|z1—20]),

then the function :

Yi(2) = [[(T + A(w) dw)

Z1

provides a solution of (2.8.1) in B(z1,7) = {2 € C;|z — z1| < r}; the product inte-
gral is path-independent, because A is holomorphic in U(zy,r). The holomorphic
function Y; can be continued along an arbitrary curve ¢ v P(zg, R); this procedure
leads to a (multiple-valued) analytic function ), which will be denoted by

Y(z) =[] + A(w) dw), z € P(z, R).
If the element (z1,Y1) € Y is continued along a curve ¢ in P(zp, R) to an element
(22,Y2) € Y (we write this as (21, Y1) (22, Y2)), then (using Yi(z1) = I)
Ya(z) = [[(T + A(w) dw) - Yi(z1) = [[(T + A(w) dw).
©

[

Let ¢ be the circle with center zy which passes through the point z, i.e.
o(t) = z0 + (21 — 20) exp(it), t € [0,2m].
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If (21,Y2) € Y is the element such that (z1,Y7) i(zl, Y2), then

d d

vi=Sy,=4

dz ' dz? ()
for 2 € B(z1,r). Consequently, there is a matrix C € C"*" such that Y(2) =
Yi1(z) - C. Substituting z = z; gives

C =[J( + A(w) dw).

[

Volterra refers! to the point zo as point de ramification abélien of the analytic
function ); this means that it is the branch point of ), but not of its derivative A,
which is a single-valued function. Volterra proceeds to prove that ) can be written
in the form

V=358,

where S is single-valued in P(zg, R) and Sy is an analytic function that is uniquely
determined by the matrix C' =[] (I + A(w) dw).
Here is the proof?: We write C = M ~1TM, where T is a Jordan matrix. Then

7 0 - 0 2T 0 .. 0 0

0 17, --- 0 1 e2mN ... 0
r=1. . . .| kdeTj = : : S : :

0 0 - T, 0 0 cee 1 e2miA

where we have expressed the eigenvalues of T" in the form exp(2mi);); this is cer-
tainly possible as the matrices C' and consequently also T are regular, and thus
have nonzero eigenvalues. We now define the analytic function

V(z) = H (I+ - ﬁzo dw) ., z€ P(z,R),

zZ1

where
v 0 -~ 0 Aj 0 0 0
0 Uy --- 0 1A 0 0
U= . . . . and Uj =
0 0 - Uy 0 0 - 1 )
and U; has the same dimensions as T; for j € {1,...,k}. Consider a function

element (z1, V1) of V; what happens if we continue it along the circle ¢? As in the
case of function ) we obtain the result

(217‘/1)£>(217V1 D)7

[VH], p. 121
[VH], p. 122-124
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where

27
U
D= = ; .
H <I+ Py dw) H(I—I—szw)
© 0
In Example 2.7.10 we have calculated the result
Sy (27) 0 0
0 Sa(2m) - 0
D = S(2r)-S(0)"! = S(2n) = , , ) _ ,
0 0 Sk(2m)
where )
gngjI 0 0 ... 0 0
%eiAjI ei)\jz 0 ..o 0 0
S](I) = %ei)\jx %ei)\jx ei)\jm 0 0

The matrix D is similar to the Jordan matrix 7'; thus
D =N"1TN,

and consequently
(21, V1) B(z1, WN TN,

(21, Y1) 2 (21, YA M 'TM).
We now consider the analytic function
S1(2) = V()M INV(z)~*
and continue its element along ¢:
(21, iIMINVY 520, iM ' TMM 'N(ViN"'TN) ™) = (21, i M NV,

Thus the analytic function S; is in fact single-valued in P(z, R). The proof is
finished by putting
Sa(2) = V(z)N"t M.

Consequently
Y=8"5

and Ss is uniquely determined by the matrix C.

We now briefly turn our attention to the analytic function V. Assume that

P
(Zly Vvl) %(Zv ‘/2)7
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where ¢ : [a,b] = P(z9, R), ¥(a) = z1, ¥(b) = z. It is known from complex analysis
that given the curve ¢, we can find a function a function g : [a,b] — C such that

exp(g(t)) = (1) — 20,

for every t € [a,b]; g is a continuous branch of logarithm of the function ¢ — zo.
For convenience we will use the notation

g(t) =log(¢(t) — z0)
with the understanding that g is defined as above. We also have
Y'(t)
"(#) =
g'(t) o0 =2

for every ¢ € [a,b]. We now calculate

Va(z) :1;[ (I+ Zio dz> :ﬁ <I+mw’(t)dt>.

a

Substituting v = g(t) gives

g(b)
Va(2) = [T + U dv) = S(g(b))S(g(a)) ™,
g(a)
where
S1(2) 0 e 0
0 Sa(z) --- 0
S(z) = . : , :
0 0 s Sk(2)
is a block diagonal matrix composed of the matrices
eMi? 0 0 0 0
RN L 00
SJ(Z) = %Teka %GAjZ e/\]z 0 0

Consequently, the solution of Equation (2.8.1), i.e. the analytic function ), can be
expressed as

V(2) = 81(2)8a(2) = 81(2)5(g(b))S(g(a)) ' N~ M, (2.8.2)
where

S(g(b)) = S(log(z — 20)),
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5, (log(z — 20)) =

(2 — o) 0 0 0 0
(z — 20)Mlog(z — 20) (z — zo)N 0 00
2
= (z—20)% log” (z=20) (QZ!_ZO) (z — 29)Mlog(z — 20) (2 — 20)N 0 0

The above result can be applied to obtain the general form of solution of the
differential equation

Y™ (2) + pr(2)y "I (2) + -+ pal2)y(2) = 0, (2.8.3)

where the functions p; are holomorphic in P(zg, R). We have seen that this equation
of the n-th order is easily converted to a system of linear differential equations of
first order, which can be written in the vector form as

where A is a holomorphic matrix function in P(zp, R). The fundamental matrix of
this system is given by (2.8.2); the first row of this matrix then yields the funda-
mental system of solutions (composed of n analytic functions) of Equation (2.8.3).
From the form of Equation (2.8.2) we infer that every solution of Equation (2.8.3)
can be expressed as a linear combination of analytic functions of the form

(2 = 200 (£h(2) + ¢l (2) 10g(z = 20) + -+ + @}, () log™ (= - 20) ),

where goi are holomorphic functions in P(z, R).

Thus we see that Volterra was able to obtain the result of Lazarus Fuchs (see
Chapter 1) using the theory of product integration. The next chapters of Volterra’s
book [VH] are concerned with the study of analytic functions on Riemann surfaces;
the topic is rather special and we don’t follow Volterra’s treatment here.
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Chapter 3

Lebesgue product integration

While it is sufficient to use the Riemann integral in applications, it is rather un-
satisfactory from the viewpoint of theoretical mathematics. The generalization of
Riemann integral due to Henri Lebesgue is based on the notion of measure. The
problem of extending Volterra’s definition of product integral in a similar way has
been solved by Ludwig Schlesinger.

Volterra’s and Schlesinger’s works differ in yet another way: Volterra did not worry
about using infinitesimal quantities, and it is not always easy to translate his ideas
into the language of modern mathematics. Schlesinger’s proofs are rather precise
and can be read without greater effort except for occasionally strange notation. The
foundations of mathematical analysis in 1930’s were firmer than in 1887; moreover,
Schlesinger inclined towards theoretical mathematics, as opposed to Volterra, who
always kept applications in mind.

Ludwig Schlesinger®

Schlesinger’s biographies can be found in [Lex, McT]: Ludwig (Lajos in Hungarian)
Schlesinger was born on the 1st November 1864 in a Hungarian town Trnava (Nagys-
zombat), which now belongs to Slovakia. He studied mathematics and physics at
the universities of Heidelberg and Berlin, where he received a doctorate in 1887.

1 Photo from [McT)]
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The advisors of his thesis (which was concerned with homogeneous linear differ-
ential equations of the fourth order) were Lazarus Fuchs (who later became his
father-in-law) and Leopold Kronecker. T'wo years later Schlesinger became an as-
sociate professor in Berlin and in 1897 an invited professor at the University of
Bonn. During the years 1897 to 1911 he served as an ordinary professor and also as
the head of the department of higher mathematics at the University of Kolozsvar
(now Cluj in Romania). In 1911 he moved to Giessen in Germany where he con-
tinued to teach until his retirement in 1930. Ludwig Schlesinger died on the 16th
December 1933.

Schlesinger devoted himself especially to complex function theory and linear dif-
ferential equations; he also made valuable contributions to the history of mathe-
matics. He translated Descartes’ Geometrie into German, and was one of the orga-
nizers of the centenary festivities dedicated to the hundredth anniversary of Janos
Bolyai, one of the pioneers of non-Euclidean geometry. The most important works
of Schlesinger include Handbuch der Theorie der linearen Differentialgleichungen
(1895-98), J. Bolyai in Memoriam (1902), Vorlesungen dber lineare Differential-
gleichungen (1908) and Raum, Zeit und Relativitatstheorie (1920).

Schlesinger’s paper on product integration called Neue Grundlagen fir einen In-
finitesimalkalkul der Matrizen [LS1] was published in 1931. The author links up to
Volterra’s theory of product integral. He starts with the Riemann-type definition
and establishes the basic properties of the product integral. His proofs are nev-
ertheless original — while Volterra proved most of his statements using the Peano
series expansion, Schlesinger prefers the “c — §” proofs. He then proceeds to define
the Lebesgue product integral (as a limit of product integrals of step functions) and
explores its properties.

A continuation of this paper appeared in 1932 under the title Weitere Beitrdige zum
Infinitesimalkalkul der Matrizen [LS2]. Schlesinger again studies the properties of
Lebesgue product integral and is also concerned with contour product integration
in R? and in C.

This chapter summarizes the most important results from both Schlesinger’s papers;
the final section then presents a generalization of Schlesinger’s definition of the
Lebesgue product integral.

3.1 Riemann integrable matrix functions

When dealing with product integral we need to work with sequences of matrices and
their limits. Volterra was mainly working with the individual entries of the matrices
and convergence of a sequence of matrices was for him equivalent to convergence
of all entries.

Schlesinger chooses a different approach: He defines the norm of a matrix A =

{aij}?,j=1 by
[A]=n | max |ai;]-

He also mentions another norm

Q4 = max{|\|; X is an eigenvalue of A}
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and states that

The second inequality is obvious, the first is proved in [LS1]!.
Schlesinger’s norm [A] has the nice property that [A - B] < [A] - [B] for every
A, B € R™", but its disadvantage is that [I] = n. In the following text we will
use the operator norm

[A]l = sup{[| Az[); [l=] <1},

where ||Az| and ||z|| denote the Euclidean norms of vectors Az, * € R". This
simplifies Schlesinger’s proofs slightly, because ||I|| = 1 and

[A- Bl < [[All-|1B]]

still holds for every A, B € R"*". It should be noted that the space R"*" is
finite-dimensional, therefore it doesn’t matter which norm we choose since they are
all equivalent.

The convergence of a sequence of matrices and the limit of a matrix function is now
defined in a standard way using the norm introduced above.

For an arbitrary matrix function A : [a,b] — R™*" and a tagged partition
D:ia=t <& <t1 << <tp1 SEm<tm=0>

of interval [a,b] with division points ¢; and tags & we denote
P(A,D) = [ (T + Ag)Aty),
k=1

where Aty =t —tp_1.

Schlesinger is now interested in the limit value of P(A, D) as the lengths of the
intervals [t_1,tx] approach zero (if the limit exists independently on the choice
of & € [trk—1,tk]). Clearly, the limit is nothing else than Volterra’s right product
integral.

Definition 3.1.1. Consider function A : [a,b] — R"*". In case the limit

lim P(A,D)
v(D)—0

exists, it is called the product integral of function A on interval [a,b] and denoted

by the symbol
b

(I+Awda) -

a

1 [LS1], p. 34-35
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Remark 3.1.2. Schlesinger in fact defines the product integral as the limit of the
products

where Y0 is an arbitrary regular matrix (which plays the role of an “integration
constant”). In the following text we assume for simplicity that Y° = I. Also,
instead of Schlesinger’s notation

b
N
(I + A(z)de
we use the symbol (I + A(x)dz) HZ to denote the product integral.
Lemma 3.1.3.1 Let A1, As, ..., A,, € R™™" be arbitrary matrices. Then

(I + AL + Ag) - (I + Ap)|| < exp (Z IAkII) :

Proof. A simple consequence of the inequalities
1T+ Agll <1+ [[Axl < exp || Ag]-

O

Corollary 3.1.4.2 If ||A(x)|| < M for every = € [a,b], then |P(A, D)|| < eM(®—4)
for every tagged partition D of interval [a, b].

Corollary 3.1.5. If the function A : [a,b] — R™*" is product integrable and
|A(x)|| < M for every z € [a,b], then

b

(I+A(@)da) [

a

< eM(b—a).

Schlesinger’s first task is to prove the existence of product integral for Riemann
integrable matrix functions, i.e. functions A : [a,b] — R"*" whose entries a;; are
Riemann integrable on [a,b]. The proof is substantially different from the proof
given by Volterra; the technique is similar to Cauchy’s proof of the existence of

f; f for a continuous function f (see [CE, SS]).

Definition 3.1.6. Consider function A : [a,b] — R"*"™ and let [c,d] C [a,b]. The
oscillation of A on interval [c,d] is the number

osc(4, [¢,d]) = sup{[|A(&1) — A(&)[; &1,&2 € [e,d]}

[LS1], p. 37
[LS1], p. 38
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The following characterization of Riemann integrable function will be needed in
subsequent proofs:

Lemma 3.1.7. If A: [a,b] - R™" is a Riemann integrable function, then

m

lim osc(A, [tk—1,tx]) Aty = 0.
v(D)—0 =

Proof. The statement follows easily from Darboux’s definition of the Riemann
integral which is based on upper and lower sums; it is in fact equivalent to Riemann
integrability of the given function (see e.g. [Sch2]). O

Definition 3.1.8. We say that a tagged partition D’ is a refinement of a tagged
partition D (we write D’ < D), if every division point of D is also a division point
of D' (no condition being imposed on the tags).

Lemma 3.1.9.% Let the function A4 : [a,b] — R™*™ be such that ||A(z)|| < M for
every x € [a,b]. Then for every pair of tagged partitions D, D’ of interval [a, b] such
that D’ < D we have

IP(A, D) = P(A,D")[| < M= “(0sc(A, [th—1, tx]) Aty + (MALg)%eMA),
k=1

where t;, i = 0,...,m are division points of the partition D.

Proof. Let the partition D consist of division points and tags
D:a=t<§E <t << Sty K <ty =0

First, we refine it only on the subinterval [tx_1, ], i.e. we consider a partition D*
which contains division points and tags

1 =ug<m Sup-- Sy S S =y
and coincides with the partition D on the rest of interval [a,b]. Then

k—1

[T+ A@)at)

i=1

IP(A,D*) = P(A, D)|| <

l m
NI+ Ampawy) — 1 — A@)atd|-|| TT @+ A€)at)|).
=t i=k+1
We estimate
k—1 .
[T +a@at)| | TT (1+A)an)| < e
=1 i=k+1

1 [LS1], p. 39-41
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and

l l
HI+A n)Au;) — I — A(&)Aty|| < Z A(&)) Ay || +

l
+ Z Z A(n’ﬁ) o A(n,«p)Auh cee Au,«p S

p=2 1<r <--<rp<l

l
< osc(A, [tg—1,te]) Aty + Z Z MP Auy, -+ Auy, =

p=2 1<r;<---<rp<l

l l
= osc(A, [te—r, tr]) Aty + [[ (1 + MAu) — 1> MAu; <
j=1 =1

< 0sc(A, [tr_1,tr]) Atp+eMA% —1-MAt, < osc(A, [ty_1, tr]) Atp+(MAL,)2eMA

Therefore we conclude that
|IP(A,D) — P(A,D")|| < eM(b_“)(osc(A7 [tk—1,tr]) At + (MAtk)2eMAtk).

Now, since the given partition D’ can be obtained from D by successively refining
the subintervals [to, t1], ..., [tm—1,tm], we obtain

IP(A, D) = P(A, D] < M- ‘1)Z(OSC [temr, te]) Aty + (MAL)eMA),
k=1
U
Corollary 3.1.10.! Consider a Riemann integrable function A : [a,b] — R™*".
Then for every € > 0 there exists § > 0 such that

|P(A,D)— P(A,D")| <e

whenever v(D) < § and D' < D.
Proof. The statement follows from the previous lemma, Lemma 3.1.7 and the

estimate

m m
Z(MAtk)ZeMAtk, < Z/(D)MZGMV(D) Z Aty = (b— a)V(D)MQe]Mu(D).
k=1 k=1

1 [LS1], p. 39-41
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Theorem 3.1.11.1 The product integral (I+A(z) dx) HZ exists for every Riemann
integrable function A4 : [a,b] — R™*".

Proof. Take € > 0. Corollary 3.1.10 guarantees the existence of a 6 > 0 such that
|P(A,D) — P(A,D")|| <&/2

whenever v(D) < § and D’ < D. Consider a pair of tagged partitions Dy, Ds of
interval [a, b] satisfying v(D;) < 6 and v(Ds) < §. These partitions have a common
refinement, i.e. a partition D such that D < Dy, D < Dy (the tags in D can be
chosen arbitrarily). Then

[P(A, D1) — P(A, Da)|| < [|[P(A, D1) — P(A, D)|| + ||[P(A, D) = P(A, Dy)|| <e.

We have proved that every Riemann integrable function A : [a,b] — R"*" satisfies
a certain Cauchy condition and this is also the end of Schlesinger’s proof; the
existence of product integral follows from the Cauchy condition in the same way as
in the analoguous theorem for the ordinary Riemann integral (see e.g. [Sch2]). [

Theorem 3.1.12.2 Consider a Riemann integrable function A : [a,b] — R™*™. If
¢ € [a, b, then

b c b
(I+A(x)da) [[= U+ A@)da) [[- (I + A(z) da) [ -

Proof. As Schlesinger remarks, the proof follows directly from the definition of
product integral (see the proof in Chapter 2). [

3.2 Matrix exponential function

Let A : [a,b] - R™ " be a constant function. If D,, is a partition of [a,b] to m
subintervals of length (b — a)/m, then

P(A,D,,) = <I+ b_“A) .
m

Since v(D,,) — 0 as m — oo, we have

b m
b—a
I+ A =1l I A = eb—0)A,
(I + A(x) dx) || im ( + - ) e

m—r0o0
a
The last equality follows from the fact that e4 = lim,, ,oo(I + A/m)™ for every
A € R™"; recall that the matrix exponential was defined in Chapter 2 using the
series

[e o] Am
A _ E

m=0
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Lemma 3.2.1. If A;,..., A,, e R"*" and By,...,B,, € R"*", then

m m m 1—1 m
i=1 i=1 i=1 \j=1 j=it+1
Proof.
ﬁAi_ﬁBi :i(Bl“'Bi—lAi'“Am — By BiAi1- Ap) =
i=1 i=1 =1
m i—1 m
=> B;- (A4 —Bi)- [] 4
i=1 \j=1 j=it+1

O

Theorem 3.2.2.! Consider a Riemann integrable function A : [a,b] — R™™™.
Then

m m b

I Ag)Ate — T+ A(&)At,) = (I + A(t)dt .
i ILe u<5?lo,€:f + A(&r)Aty) = (I + A(t) )1;[

Proof. Since every Riemann integrable function is bounded, we have ||A(x)|| < M
for some M € R and for every = € [a,b]. The definition of matrix exponential
(3.2.1) implies

eACKAL _ (T4 A At < (IlA At )2l ACINALE < (A A )2eM Atk
( (&) Ate)|| < (1AGK) | ALE) <( k)

for k=1,...,m. According to Lemma 3.2.1,

ACDA _ TT(T + A& At)
k=1
m j—1 m
= D TIU + AR Aty) - (e2@2 — T — A(g)Aty) - [ e @2 ]| <
Jj=1 \k=1 k=j+1

m m
< e]\,{(bfa)z "eA(g_;)Atj —I—A(gj)At]-H < M(b—a) pp2 Z(At )2MAL <
j=1

j=1

< eI\/I(b—a)]\421/(13)6M1/(D) Z Atj _ (b _ a)eM(b_a)sz(D)eM”(D).
j=1

1 [LS1), p. 42
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By choosing a sufficiently fine partition D of [a, b], the last expression can be made
arbitrarily small. O

Definition 3.2.3. The trace of a matrix A = {a;;}}';_; is the number
TrA= Z Q5.
i=1

Theorem 3.2.4.! If A : [a,b] - R™™" is a Riemann integrable function, then

b b
det ((I+ A(z)dzx) H> = exp (/ Tr A(z) dx) .

a

Proof.

m

b m
det | (I + A(z)dz =det | i ACOAL ) — i det eAlER)A —
e (( + A(z)dzx) H) e (V(ér)n_)()klle i, et e

a k=1

m

m b
= lim eTr AR At — (gr)n exp(ZTrA(fk)Afk> =€XP</ TrA(:c)dx)
v —0
k=1 a

v(D)—0 pater}
(we have used a theorem from linear algebra: det exp A = exp Tr A). [l

Remark 3.2.5. This formula (sometimes called the Jacobi formula) appeared
already in Volterra’s work. Schlesinger employs a different proof and his statement
is also more general — it requires only the Riemann integrability of A, in contrast
to Volterra’s assumption that A is continuous.

Corollary 3.2.6. If A: [a,b] - R"™" is a Riemann integrable function, then the
product integral (I + A(x)dx) HZ is a regular matrix.

Recall that Volterra has also assigned meaning to product integrals whose lower
limit is greater than the upper limit; his definition for the right integral was

a 1

(I+A®d)[[= lim (I — A(&) Aty).

D
5 v(D)—0 Pt

If A is Riemann integrable, we know that this is equivalent to

a 1

I+A®)d) [ = 1 —A)AL
(I + A1) )l;[ Jim T e

1 [LS1], p. 43-44
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Thus

m 1
I= 1l Al&r) Aty . —AE)AL |
([l 1

k=m

m 1
= lim H eAER)A iy e~ A A
v(D)—0 v(D)—0
k=1 k=m
b a
(IT+AWa) [[-a+Aman]].

a b

which proves that (I+ A(t) dt) [T, is the inverse matrix of (I+A(t) dt) Hz; compare
with Volterra’s proof of Theorem 2.4.10.

3.3 The indefinite product integral

Schlesinger now proceeds to study the properties of the indefinite product integral,
i.e. of the function Y (z) = (I + A(¢)dt) [];.

Theorem 3.3.1.1 If A : [a,b] - R™™™ is Riemann integrable, then the function
Y (z) = (I + A(t)dt) [I% is continuous on [a, b].

Proof. We prove the right-continuity of Y at zg € [a,b); continuity from left is
proved similarly. Let 29 < xg + h < b. The function A is bounded: ||A(z)| < M
for some M € R. We now employ the inequality from Lemma 3.1.9. Let D’ be a
partition of interval [zg,zo + h]. Then

|1 + A(zo)h — P(A,D")|| < eM"(0sc(A, [z, zo + h])h + (Mh)2eMM).

Passing to the limit ¥(D") — 0 we obtain

zo+h
I+ A(zo)h — (I 4+ A(t) dt) H < eM(osc(A, [z, mo + h))h + (Mh)2eMh),
o
which implies
zo+h
Jim, (7+ A(t) dt) ];[ =1

Therefore

zo+h
Jim (¥ (0 + h) = Y (20)) = ¥ (o) ((I +Aman [ 1) = 0.

1 [LS1], p. 44-46
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Theorem 3.3.2.1 If A : [a,b] - R™™" is Riemann integrable, then the function

x

Y(x)=(I+A@t)d) ][],

a

satisfies the integral equation

Y(z)=1+ / Y(t)A(t)dt, z € [a,b].

Proof. It is sufficient to prove the statement for z = b. Let
D: aztoﬁfl <t <L <<t SSmStMZb

be a tagged partition of interval [a, b]. We define

k
vh=TJU+A@E)AL), k=0,...,m.

i=1

Then
yE —yht = yvhlAg )AL, k=1,...,m. (3.3.1)

Since Y? = I and Y™ = P(A, D), adding the equalities (3.3.1) for k = 1,...,m
yields

m

P(A,D)—1=> Y"1 A(&) Aty
k=1

The function A is bounded: |A(x)|| < M for some M € R. We estimate

Y(b) -1 —/b Y (t)A(t)dt)| < [[Y(b) — P(A, D)||+

P(A,D) -1~ /bY(t)A(t) dt|| < ||[Y (b) — P(4, D)||+

a

iyk P =Y (tro1) A(ER) Aty || + i(Y(tk_l)—Y(gk))A(gk)Atk T
k=1 k=1
i A(&r) Aty — /bY(t)A(t) dt||. (3.3.2)
k= a

1 [LS1], p. 46-47
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Using the inequalities

m

> (WET = Y (1)) A(Sk) At

k=1

m
<MY YR =Y ()| At <
k=1

m
< MZeM(bfa)Atk Z osc(A, [tj_1,t;])At; + (MAt;)2eMA0) | <

k=1
< MeME=a)p Zosc [ti—1,t;])At; + M?vy(D)eMv(P)

(we have used Lemma 3.1.9) and

m

Z (tr—1) — Y (&)) A(&r) Aty

k=1

< MZOSC tk 1,tkDAtk7
k=1

we see that all terms on the right-hand side of (3.3.2) can be made arbitrarily small
if the partition D is sufficiently fine. |

Corollary 3.3.3.1 If A : [a,b] — R"*" is continuous, then the function

Y(x) = (I + A(t) dt) f[

provides a solution of the differential equation

and satisfies the initial condition Y (a) = I.

Remark 3.3.4. The function Y is therefore the fundamental matrix of the system

=> aji(x)y;(x), i=1,....n.
j=1

Schlesinger uses the notation D,Y (x) = A(z), where
D,Y =YY,

i.e. D, is exactly Volterra’s right derivative of a matrix function.

3.4 Product integral inequalities

In this section we summarize various inequalities that will be useful later.

1 [LS1], p. 47-48
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Lemma 3.4.1.1 If A: [a,b] - R"*" is a Riemann integrable function, then

b
< exp ( / 1A dx) .

b
(I+A(x)da) ][]

Proof. Lemma 3.1.3 implies that

m

[+ A)an)

=1

< exp (Z IA(si)IIAti)

i=1

for every tagged partition D of interval [a, b]; the proof is completed by passing to
the limit v(D) — 0. U

Lemma 3.4.2.2 Let m € N, Ay, B, € R"*" for every k =1,...,m. Then

[T +Be) - []U + Ap)|| < exp (Z |Ak||) (exp (Z | By, — Ak|> - 1> .
k=1 k=1 k=1 k=1
Proof. Define
k k
vE=T[u+4), z¥=]]I+B), k=0,....m
=1 =1

(where the empty product for k£ = 0 equals the identity matrix). Then
Yh_yhl —yhelg,
Zk _ zk=1 _ gk-1p,
for k =1,...,m. This implies
ZF — vk = (zF1 YOI+ By) + Ey, (3.4.1)

where
E, =Y Y(B, — Ap).

Applying the equality (3.4.1) m times on the difference Z" — Y™ we obtain

m—1
Zm Y™ = Z Ex(I+ Biy1)---(I+ Bp) + Ep.
k=1
[LS1], p. 51
[LS1], p. 52-53

7



We also estimate

i=1

k—1
[ Ex|| < exp (Z IIAiII) 1B — Al

(the empty sum for k = 0 equals zero),

m—1 k—1 m
1Zm=y™| <Y exp (Z llAill) |1Be — A - exp ( > (IBi = Aill + |Ai||)> +

k=1 i=1 i=k+1

m—1
+exp <Z |Az|> ”Bm - AmH =

i=1

m—1 m
= exp [ >[4 IBk—AkH'eXp( > IIBi—AiII) +

k=1 i#k i=k+1

m—1
+exp (Z IAi|> [ Bm — Am|| <

i=1

i (i |Ai|> 1B — Ad -exp< S 1B —AZ-||),

=1 i=k+1

Since
| Bx — Axll < exp (||[Bx — Axll) —

we conclude that

=[z"=Y"| <

m m
H I+ By)— H (I + Ap)

< oxp (i n ||)i<exp 1Be— Axl) — 1) exp<z . A|>>

k=1 i=k+1

b @ |Ai|) i ( (2 1B: - 4, |) - (i 15 - Ai|>> -

xp (z ||Ai|) <exp (z 1B - Ain) _ 1) |
=1 =1
1

Corollary 3.4.3.1 If A, B : [a,b] — R™*" are Riemann integrable functions, then

b b

(I+B(x)da) [[-(7 + Az H

a

1 [LS1], p. 53
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< exp (/ Az |dx> <eXp </ |B(x x)|da:> —1).

Proof. The previous lemma ensures that for every tagged partition D of interval
[a, b] we have

s

|P(B, D) = P(A, D)|| =

(I + B(&R)Aty) — H (I + A(&)Aty)
k=1

k=1
< exp <Z ||A(€k-)||Atk> <exp (Z I1B(&k) — Sk)lAtk> - 1) :
k=1
The proof is completed by passing to the limit v(D) — 0. [l

Remark 3.4.4. Lemma 3.4.2 is not present in Schlesinger’s work, he proves directly
the Corollary 3.4.3; our presentation is perhaps more readable.

3.5 Lebesgue product integral

The most valuable contribution of Schlesinger’s paper is his generalized definition
of product integral which is applicable to all matrix functions with bounded and
measurable (i.e. bounded Lebesgue integrable) entries.

From a historical point of view, such a generalization certainly wasn’t a straightfor-
ward one. Recall the original Lebesgue’s definition: To compute the integral f; f
of a bounded measurable function f : [a,b] — [m, M], we choose a partition

D:m=mg<mi <---<my=M,

then form the sets

Eo = {z € [a,b]; f(z) =m},
Ej = {CL S [(I,,b}; mj;—1 < f(«fﬂ) < mj}7 .] =1,.. Y2

and compute the lower and upper sums
P P
S(va) :mONO'Fijfluja S(faD) :mOIUIO"i'ij/LJV (351)
j=1 j=1
where p; = pu(E;) is the Lebesgue measure of the set E;. Since

S(£.D) = s(£.D) = Y (m; —m;_1)u; < v(D)(b — a),

Jj=1
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the sums in (3.5.1) approach a common limit as v(D) — 0 and we define

b
/Qf(m)dmzy(gl)aos(f,D): lim  S(f, D).

v(D)—0

Similar procedure cannot be used to define product integral of a matrix function
A :[a,b] — R™™, because R"*™ is not an ordered set. Schlesinger was instead
inspired by an equivalent definition of Lebesgue integral which is due to Friedrich
Riesz (see [FR, KZ]): A bounded function f : [a,b] — R is integrable, if and only if
there exists a uniformly bounded sequence of step (i.e. piecewise-constant) functions
{fn}32 such that f, — f almost everywhere on [a, b]; in this case,

/ab flz)dz = nh_)rrgo /ab fu(x)de.

To proceed to the definition of product integral we first recall that (see Theorem
3.2.2)

b m
I+ Ax)d = i Altk) At
(I + A(x) JJ)H e U
a k=1
for every Riemann integrable function A : [a,b] — R™*". The product on the right
side might be interpreted as

b

[[ @2 =@+ Ap@)yan) I,

k=1 a

where Ap is a step function defined by
Ap(t) = A(&), t€ (th—1,tk)

(the values A(ty), k = 0,...,m, might be chosen arbitrarily). If {Dy}2, is a
sequence of tagged partitions of [a,d] such that limy oo v(Dy) = 0, it is easily
proved that
lim Ap, (t) = A(t) (3.5.2)
k—o00
at every point ¢ € [a, b] at which A is continuous. Since Riemann integrable func-
tions are continuous almost everywhere, the Equation (3.5.2) holds a.e. on [a, b].
We are therefore led to the following generalized definition of product integral:

b b
(I + A(z)dx) H = leII;C(I + Ap(x)dz) H,

where {A}72, is a suitably chosen sequence of matrix step functions that converge
to A almost everywhere.
Definition 3.5.1. A function A : [a,b] — R™™" is called a step function if there
exist numbers

a=ty<t1 < - <tp,=>b
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such that A is a constant function on every interval (tx_1,tx), k =1,...,m.

Clearly, a matrix function A = {aij}ﬁjzl is a step function if and only if all the
entries a;; are step functions.

Definition 3.5.2. A sequence of functions Ay : [a,b] — R™*", k € N, is called
uniformly bounded if there exists a number M € R such that ||Ag(z)|| < M for
every k € N and every z € [a, b].

Definition 3.5.3. A function A : [a,b] — R™*" is called measurable if all the
entries a;; are measurable functions.

Lemma 3.5.4. Let Ay, : [a,b] — R™™", k € N, be a uniformly bounded sequence
of measurable functions such that

lim Ag(z) = A(x)

k—o0

a.e. on [a,b]. Then Aj;, — A in the norm of the space L1, i.e.

b
lim |Ak(xz) — A(z)||dz = 0.
k—oo [,

Proof. Choose ¢ > 0. As ||Ax(z)| < M for every k € N and every x € [a,b], we
can estimate

b
/ [Ak(2) — A(z)|| de < e(b — a) + 2M p({z; || A (z) — A()[| = €}).

1

The convergence A, — A a.e. implies convergence in measure', i.e. for every € > 0

we have
kllrgo p({z; |A(z) — Ag(z)|| > €}) = 0.
Therefore b
lim / [|Ax(z) — A(z)|| dz < e(b—a)
k—o0 a
for every € > 0. .

Theorem 3.5.5.2 Let Ay, : [a,b] — R"*", k € N, be a sequence of step functions
such that

b
Jim / 14w (z) — A(z)| dz = 0.
k—o0 a

Then the limit ,

(I+ Ap(z)da) ]

a

lim
k—o0

[IR], Proposition 8.3.3, p. 256
[LS1], p. 55-56
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exists and is independent on the choice of the sequence {A;}72 ;.

Proof. We verify that (I + Ak(x)dx)Hz is a Cauchy sequence. According to
Corollary 3.4.3 we have

<

(I + Az)da) [[~(T + Am(z) d2) [ |

a

< exp (/ HAm(x)H dZE> (eXp (/ HAl(x) - Am(x)H d(L') - 1) :

The assumption of our theorem implies that the sequence of numbers jf | A ()| dz
is bounded and that

b
lim /HAl(a:)fAm(a:)de:O,

l,m—o0

which proves the existence of the limit. To verify the uniqueness consider two
sequences of step functions { A}, { By} that satisfy the assumption of the theorem.
We construct a sequence {Cy}, where Cor_1 = Ay and Co, = Bg. Then Cy — A
a.e. and

b
lim/ 1Cw(z) — A()] dz = 0,
k— o0 a

which means that limy_, (I + Ck(z)dz) HZ exists. Every subsequence of {C}}
must have the same limit, therefore

b b
Jim (I + Ay () dz) I1= Jim (I + By () dz) 1T

a

O

Definition 3.5.6. Consider function 4 : [a,b] — R"*". Assume there exists a
uniformly bounded sequence of step functions Ay, : [a,b] — R™*"™ such that

lim Ag(z) = A(z)

k—o0
a.e. on [a,b]. Then the function A is called product integrable and we define

b b
(I+A)dz) ][] = Jim (I + Ay(x) dx) I

a

We use the symbol L*([a,b], R"*") to denote the set of all product integrable
functions.

Remark 3.5.7. The correctness of the previous definition is guaranteed by Lemma
3.5.4 and Theorem 3.5.5. Every function A € L*([a, b], R"*") is clearly bounded
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and measurable (step functions are measurable and the limit of measurable func-
tions is again measurable). Assume on the contrary that A : [a,b] — R™*" is a
measurable function on [a, b] such that

laij(x)|| < M, =z€lab], i,j=1,...,n.

There exists! a sequence of step functions {Ax}3°, which converge to A in the
L' norm. This sequence contains? a subsequence {Bj}?°, of matrix functions
By = {b};}};=, such that B, — A a.e. on [a,b]. Without loss of generality we
can assume that the sequence {Bj}72 , is uniformly bounded (otherwise consider
the functions min(max(—M, bfj), M)). We have thus found a uniformly bounded
sequence of step functions which converge to A a.e. on [a, b]. This means that

L*([a,b], R™"™) = {A: [a,b] — R™™"; A is measurable and bounded} .

Schlesinger remarks that it is possible to further extend the definition of product
integral to encompass all matrix functions with Lebesgue integrable (not necessarily
bounded) entries, but he doesn’t give any details. We return to this question at
the end of the chapter.

3.6 Properties of Lebesgue product integral

After having defined the Lebesgue product integral in [LS1], Schlesinger carefully
studies its properties. Interesting results may be found also in [LS2].

Lemma 3.6.1. Assume that {A4;}7°; is a uniformly bounded sequence of functions
from L*([a,b], R"*™), and that Ay — A a. e. on [a,b]. Then

b b
[ 1A@ds = tim [ 4@ d.
a k—o00 a

Proof. According to the Lebesgue’s dominated convergence theorem,

b b b
lim / |Ai(z)] dz = / lim | Ay (2)] do = / | Az)] dz
k—o0 a a k—o0 a

(we have used continuity of the norm). O

Corollary 3.6.2. Inequalities 3.4.1 and 3.4.3 are satisfied for all step functions.

As a consequence of the previous lemma we see they are valid even for functions
from L*([a,b], R"*™).

The next statement represents a dominated convergence theorem for the Lebesgue
product integral.

[RG], Corollary 3.29, p. 47
[IR], Theorem 8.4.14, p. 267, and Theorem 8.3.6, p. 257
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Theorem 3.6.3.1 Assume that {4;}%°, is a uniformly bounded sequence of func-
tions from L*([a,b], R™*™) such that Ay — A a. e. on [a,b]. Then

b b
(I+A)d2) [ = Jim (I + Ag(x) dz) 1T

a

Proof. The function A is measurable and bounded, therefore A € L*([a,b], R"*™).
To complete the proof we use Corollary 3.4.3 in the form

b b
(I+A(x)da) [[-(I+ Ar(z)da) [ ]|| <
b b
exp </ |A(z)]] dx) (exp </ |Ak(z) — A(z)|| dgg) — 1)
and Lemma 3.5.4. 0

Remark 3.6.4. The previous theorem holds also for Riemann product integral
in case we add an extra assumption that the limit function A is Riemann product
integrable.

Definition 3.6.5. If M is a measurable subset of [a,b] and A € L*([a,b], R"*"),

we define
b

(I + A(x)dz) [[ = (T + xar(2)Ax) do) [ |

M a
(where xas is the characteristic function of the set M).
The previous definition is correct, because the product /A is obviously a mea-
surable bounded function.

Remark 3.6.6. The following theorem is proved in the theory of Lebesgue inte-
gral?: For every f € L([a,b]) and every ¢ > 0 there exists § > 0 such that

o

whenever M is a measurable subset of [a,b] and (M) < 6. Schlesinger proceeds
to prove an analoguous theorem for the product integral (he speaks about “total
continuity”).

<e

Theorem 3.6.7.3 For every A € L*([a,b],R"*™) and every ¢ > 0 there exists
0 > 0 such that

<e€

(I+A(@)da) [[-1
M

[LS1], p. 57-58
[RG], theorem 3.26, p. 46
[LS1], p. 59
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whenever M is a measurable subset of [a,b] and p(M) < 6.
Proof. Substituting B = 0 to Corollary 3.4.3 we obtain

gem(AﬂAuwm)Gw(Aﬂmumm)—Q7

which completes the proof (see Remark 3.6.6). [

(I+A(x)da) [[-1

M

Schlesinger now turns his attention to the indefinite product integral. Recall that
if f € L'([a,b]), then the indefinite integral

F(x):/xf(t)dt, 2 € o]

is an absolutely continuous function and F’(x) = f(z) a. e. on [a, b]. Before looking
at a product analogy of this theorem we state the following lemma.

Lemma 3.6.8. If A € L*([a,b], R"*"), then

1 x+h
lim — |A(t) — A(z)||dt = 0

h—0

for almost all x € (a,b).
Proof. If f € L'([a,b]), then!

li !
hlg%)h

h
Alﬂx+ﬂ—f@N&:0

for almost all « € (a,b) (every such z is called the Lebesgue point of f). Applying
this equality to the entries of A we obtain

x+h

1 o1 R
i [ A0 At = Jim = [ A+ ) - A@) =0

for almost all z € (a,b). |
Theorem 3.6.9.2 If A € L*([a,b],R™*"), then the indefinite integral

xX

V()= +At)d)]].

a

satisfies Y ~1(2)Y’(x) = A(x) for almost all x € [a, b].

Proof. According to the definition of derivative,

YY) = tim Y- (x)Y(; +h -1

[IR], Theorem 6.3.2, p. 194
[LS1], p. 60-61
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We now prove that

Y '@)Y(@+h) -1 1 i
Jim . = lim o <(1 + A(t) dt) 1;[ —1) = A(z) (3.6.1)

for almost all € [a, b]; the procedure is similar for the limit from left. We estimate

1 z+h 1 o+h
7 ((I + A(t) dt) H —I) — A(z) 7 <(1 + A(t) dt) H _eA(x)h>

x x

< +

1 N AF(z)h* s, .
+ Ez% & ((I+A ) dt) H A@R N || A(2)||?|h]eA@IR
k=2

Since ||A(z)|| < M for some M € R, the Corollary 3.4.3 yields

1 z+h z+h Pan)
Hh <(I+A(t) dt) H A(:c)h) H H ((I+A t) dt) H —I + A(z) dt) H)

< ﬁeXp ( |A(x)]] dt) (exp < |A@®) — A(z)]| dt) — 1) —

oo

1 z+h k
= x4 3 (/ |A<t>—A<x>||dt> <

(3.6.2)

1 x+h
< exp(Mh) <|h| / |A(t)A(m)|dt+(2M)2hexp(2Mh)>. (3.6.3)

Equations (3.6.2), (3.6.3), and Lemma 3.6.8 imply Equation (3.6.1). O

Remark 3.6.10. In the previous theorem we have tacitly assumed that the matrix
xr
Y(z)= (T +A)d) ]
a

is regular for every x € [a,b]. Schlesinger proved it only for A € R([a,b],R™™")
(see Corollary 3.2.6), but the proof is easily adjusted to A € L*([a,b], R™*"):

If {Ar}72, is a uniformly bounded sequence of step functions such that A, — A
a. e. on [a, b, then (using 3.2.4 and Lebesgue’s dominated convergence theorem)

b b b
det(I + A(t)dt) [ ] = det Jim (I + Ay(t) dt) 1= Jim det (7 + Ay(t) dt) H
—00

b b
= klim exp (/ Tr Ak (¢) dt) = exp (/ Tr A(t) dt) > 0.
—00 a a

86



1
2

Theorem 3.6.11.1 If A € L*([a,b], R"*"), then

(I+A(x)dx)li[—l+§ /ab/:k--~/:2A(x1)~-~A(xk)da:1-~-dxk

(where the integrals on the right side are taken in the sense of Lebesgue).

Proof. Let {A;}72, be a uniformly bounded sequence of step functions such that
A — A a. e. on [a,b]. Every function Ay is associated with a partition

Diia=ty <ty <. <ty =b
such that
Ak(x) = A?v T € (t§717t§)

According to the definition of Lebesgue product integral,

b b m(k)
(I + A(z) dx) H = kli_)n;@([ + Ag(z) dx) H = kli)ngo H exp(A?At?).
a a Jj=1

Schlesinger proves? first that the product integral might be also calculated as

b m(k)
= I k Ak
(I 4+ A(z) dz) H = lim ];[1 (I 4+ AFALF), (3.6.4)
provided that
klim v(Dy) =0 (3.6.5)
—00

(which can be assumed without loss of generality); note that if (3.6.5) is not satis-
fied, (3.6.4) need not hold (consider A = Ay, = I and the partitions a = t§ < t¥ =b
for every k € N). Schlesinger’s proof of (3.6.4) seems too complicated and even
faulty; we instead argue similarly as in the proof of Theorem 3.2.2: Take a positive
number M such ||Ag(z)|| < M for every k € N and z € [a,b]. Then

exp(A¥AHE) — T — AFALE|| < (MAH)?MAY

for every k € N and j = 1,...,m(k). According to Lemma 3.2.1,

m(k) m(k)
[T expabadh) — T 7+ Abadh)|| =
j=1 j=1

m(k) [j—1 m(k)

= 1> [ JTU + ArAtf) - (exp(AFALy) — T — AFALS) - ] exp(AFAt})

j=1 \i=1 I=j+1

IN

[LS2], p. 487
[LS2], p. 485-486

87



< eM(b—a) Z Hexp(A?Atf) —1I-— A?At?“ < M=a) 2 Z (At?)zeMAt;? <

j=1 j=1
m(k)

< M=) A2y ( Dy )My (Pr) Z Ath = M=) N2y (Dy)eMV PR (b — a).
j=1

This completes the proof of (3.6.4). Schlesinger now states that

m(k) m(k)
H(I—&—AkAtk )=T+Y > Ab AR AR AR

s=1 1<i; <---<is<m(k)

and concludes the proof saying that

. k k Ak ko_
klingo Z AF AR AR A =
1<is < <ia <mi(k)

/ / / A(zs)dxy - - dag

The last step perhaps deserves a better explanation: Denote
X°={(z1,...,25) ER5a <11 <2 <+ < x5 < b},

and

Xp = U [tin—1stin] X [tip—1,ti] X - X [ta -1, 8],
1<iy < <ig <m(k)

where s and k are arbitrary positive integers. If x* and x; denote the characteristic
functions of X*® and X}, then x7 — x° for kK — oco. Consequently

. k k k k _
klggo Z AF AR AR A =
1<ig < <is<m(k)

:klinolo/ / / Ap() - Ap(zs)xi (21, -y as) day - dag =
:/a / / Azy) - Alws)x* (w1, .., w5) day - - dag =
/ / / A(z,) dzy - - - dag

(we have used the dominated convergence theorem). Il

Remark 3.6.12. The deficiency in the previous proof is that Schlesinger didn’t
justify the equality

lim |1+ ) > Al AR A LA ] =

s=1 1<i1 < <is<m(k)
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: k k k k
I+ lim > AF AR ALE AR
s=1 1<iy < <is <m(k)

We have already encountered a similar inaccuracy when discussing Volterra’s proof
of the Peano series expansion theorem for product integral; see also Masani’s proof
of Theorem 5.5.10.

Remark 3.6.13. Recall that, according to Theorem 2.3.5, the right derivative of
a matrix function satisfies

(CD~ 1)— =D (C’— — Dddm) DL

Consider two continuous matrix functions A, B defined on [a, b]. Using the previous
formula and also the convention that

(I + A(t)dt) H - <(1 + A(t)dt) f[)

Y T

for y > x, we infer the equality

z b
<(1 + B(t)dt) [ (I + A(¢) dt) H) di =
b x

T b
= (I + A@t)dt) [[(B(z) — A(x))(I + At)dt) [ |
b x

for every z € [a, b]. Denoting S(z) = (I + A(t)dt) [[; we obtain

T b
<(1 + B(t)dt) T[] + Ar) dt) H) % = S(2)(B(z) — A(x))S~}(2),

b T
and consequently (since the left hand side is equal to I for = = b)

x b

(I+B(t)dt) [JI+ A@)dt) [[ = T+ SH)(B() — At))S~(t) dt) ﬁ :
b

b x
Substituting = a and inverting both sides of the equation yields

a b b

I+ A d) [[U+ B a) [[ =T+ SH(BE) - Ap)S~ @) dt) [ (3.6.6)

b a a

A similar theorem (concerning the left product integral) was already present in
Volterra’s work!. Schlesinger proves? that the statement remains true even if A,
B € L*(Ja,b], R™™™). The proof is rather technical and we don’t reproduce it here.

1 [VH], p. 85-86
2 [LS2], p. 488-489
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Theorem 3.6.14.1 Let A : [a,b] x [c,d] — R"*™ be such that the integral

b

P(t) = (I + A(z,t)da) [ |

a

exists for every t € [c,d] and that

A
G| <o weai e e,
for some M € R. Then

b
PG =POP0 = [ S@05 @05

where S(z,t) = (I + A(u,t) du) [];.

Proof. The definition of derivative gives

a b
i 1
PTHOP (1) = lim o | (T + A(x,t) dz) 1;[]+Axt+hde ~I].

a

Using Equation (3.6.6) we convert the above limit to

h—0 h

b
lim © ((I +S(x,t)(A(z, t+ h) — Az, 1)) S (a,t) dz) [ | —1> .

a

Expanding the product integral to Peano series (see Theorem 3.6.11) we obtain

1 S b Tk T2
}ng%)hkzl/a/a /a A(x1,t,h) - A(wg, t, h) day - - - day, (3.6.7)

where

Az, t,h) = S(z,t)(A(z,t + h) — Az, 1))S ™ (z,1).

As the Peano series converges uniformly (the Weierstrass M-test, see Theorem
2.4.5), we can interchange the order of limit and summation. According to the
mean value theorem there is a £(h) € [t,¢ + h] such that

Az, t+h) —
h

] - [en o

The dominated convergence theorem therefore implies

b

b
lim }ll A(zq,t,h)dey = / lim Azt h)

dwl =
h—0 h—0 h

a

1 [LS2], p. 490-491
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b
94
:/ S(e1,0) 5 (01,0)8 ™ (1) das,

and for k > 2
%ﬂr})h// / A(xy,t,h) - Az, t,h)dey - - - day, =

t,h A t,h
// / fl}g})(hkl (xlf;’ ) (Ith )>dm1...das;§:0a

which completes the proof. ]

The following statement generalizes Theorem 2.5.12; Schlesinger replaces Volterra’s
assumption A € C([a,b], R"*™) by a weaker condition A € L*([a,b], R"*™).

Theorem 3.6.15.1 If A € L*([a,b],R"*") and C € R™*" is a regular matrix,
then

(I+CIA(J*)C’dxH C NI + A(z) dz) Hc

Proof. Since (C~1AC)* = C~1A*C for every k € N, we have
exp(C1AC) = O~ exp(A)C.

If A is a step function, then

b m
(I +C A(2)Cda) [] = [ e A€0a =

a i=1

=C [0 = NI + A(z) da) Hc
i=1
In the general case when A € L*([a, b], R™™"™), we rewrite the above equation with
simple functions Ay in place of A, and then pass to the limit k¥ — co. [

3.7 Double and contour product integrals

A considerable part of the paper [LS2] is devoted to double and contour product
integrals (in R? as well as in C). Probably the most remarkable achievement is
Schlesinger’s proof of the “Green’s theorem” for product integral, which is repro-
duced in the following text.

Definition 3.7.1. Let G be the rectangle [a,b] x [¢,d] in R* and A: G — R™ ™ a
matrix function on G. The double product integral of A over G is defined as

b d
(I + A(x,y) dxdy)H = <I+ (/ Az, y) das) dy) H,

G c

1 [LS2], p. 489
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provided both integrals on the right hand side exist (in the sense of Lebesgue).

Definition 3.7.2. Let G be the rectangle [a,b] x [¢,d] in R* and P,Q : G — R"*"
continuous functions on G. We denote

Ue,y) = (I + P(t,0) an) T[T + QG 1y dt) [ .

T(z,y) = (I +Qa.t)dt) [ [ + P(t,y)dt) [

for every = € [a,b], y € [c,d]. The contour product integral over the boundary of
rectangle G is defined as the matrix

(I + P(x,y)dz + Q(z,y) dy) [ [ = U, )T(b,d) " (3.7.1)
oG

Remark 3.7.3. Schlesinger refers to the matrices U(b,d) and T'(b,d) as to the
“integral over the lower step” and “integral over the upper step” of the rectangle G.
They are clearly a special case of the contour product integral as defined by Volterra
(see definition 2.6.8); the matrix (3.7.1) corresponds to the value of contour product
integral along the (anticlockwise oriented) boundary of G.

Theorem 3.7.4.1 Let G be the rectangle [a,b] x [¢,d] in R? and P,Q : G — R™*"
continuous matrix functions on G. Assume that the derivatives

opr 0@
oy’ Oz

exist and are continuous on G. Then

(I+ P(x,y)de+ Qz,y)dy) [[=I + T A*(P,Q) - T ' dzdy) [ [.

G G
where 00 op
A*(P, =—~ - _— +PQ-QP
(P.Q) =5~ oyt Q—QP,

T(r,y) = (I + Qa,t)dt) [[(T + P(t, ) dt) [

a

Proof. A simple calculation reveals that (compare to Lemma 2.6.4)

* —1_a _ i —
T -A*(P,Q)-T _%<T<Q Tdy>T 1).

1 [LS2], p. 496-497
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Taking the product integral over G we obtain

(I+T-A(P,Q)-T ' dady) [[ =
G

_ (1+ [T(x,y) (Q(m) - T(w)diy) T(m)lr dy) I e

a c

According to the rules for differentiating a product of functions (see Theorem 2.3.2),

d

Td—y = (I +P(ty)dt) [[Qa.v)(I + P(t,y)dt) []+ ((1 + P(t,y)dt) H) d%.

a

Theorem 3.6.14 on differentiating the product integral with respect to a parameter

yields
: -\ d
111_1111 <(I—|— P(t,y)dt) 1:[) Q- 0,

and consequently
d
lim T'— = Q(a, y). (3.7.3)

T—a Yy

The equalities (3.7.2) and (3.7.3) imply

(I+T-A(P,Q)- T dedy) [[ =
G

_ (1 + lim <T(x,y) (Q(a:,y) - T(w)%) T(%y)fl) dy) ﬁ _

c
d
d -1
~ iy (14 7o) (Q@a) - T ) T 0) [T 70
z—b dy P
(we have used Theorem 3.6.3 on interchanging the order of limit and integral). For
every z € [a, b] we have

T(x,y)d% — (T, d)"T(z,)) diy

and also

Yy

T, d) Tz, y) = (I +T(a, u)d% du) ];[ - (1 + (T(a,d) T (z, w) % du) li[ .

Using Theorem 3.6.15 and Equation (3.6.6) we arrive at

(147 (@) = T3, ) Tlo) ) f[ — T(z,d)
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d

. (I + T, d)~ Tz, ) (Q(% y)— (T2, d) " T(x. 1)) d%) (@, y) Tz, d) dy) I

c

T(x,d)™" =T(x,d) <I + (T(z,d)"'T(z,y)) d% dy) 1T
d

d d
'(I + Q(l’, y) dy) H T(Jt, d)71 = T(l‘, d) T($7 d)ilT(ma C)(I + Q(:U, y) dy) H '

d
T(x,d)™" = T(x,e)(I+ Qz,y)dy) [ [ T(z,d)~".

c

Finally, Equation (3.7.4) gives

d
(I+T-A%(P,Q) T 'dxdy) H = Jljlil}) <T(m,c)([ + Q(z,y)dy) H T(m,d)_1> =
G c

d
=T(b,e)I +Qb,y)dy) [[ T(b.d)™" = (I + P(z,y) de + Q(z,y) dy) [ | -
c oG

O

Remark 3.7.5. The previous theorem represents an analogy of Green’s theorem
for the product integral; we have already encountered a similar statement when
discussing Volterra’s work. Volterra’s analogy of the curl operator was

P
A(PQ) = 52 - 5+ QP - PO,

while Schlesinger’s curl has the form

P
(P =52 -5+ PQ-@P

The reason is that Volterra stated his theorem for the left product integral, while
Schlesinger was concerned with the right product integral (see Theorem 2.6.15 and
Remark 2.6.7). Whereas Volterra worked with a simply connected domain G (see
definition 2.6.12), Schlesinger considers only rectangles.

Consider functions P, @) that satisfy assumptions of Theorem 3.7.4 and such that
A*(P,Q)=0 (3.7.5)

everywhere in G. Then

(I+ P(z,y)dz + Q(z,y)dy) [[ =1,
oG
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which in consequence means that the values of contour product integral over the
lower step and over the upper step are the same. Schlesinger then denotes the
common value of the matrices U(z,y) and T(z,y) (see definition 3.7.2) by the
symbol

(b7d)
(I+ P(x,y)dz + Qz,y)dy) [] -
(a,c)
Clearly
(z,y) d d
(I + P(u,v)du+ Q(u,v) dv) [ 5 = Ty g = Play),

(asc)

(z,y)

(I + P(u,v)du + Q(u,v) dv) H diy = U(x7y)diy = Q(z,y).
(a,c)

Schlesinger now proceeds to define product integral along a contour and shows
that (in a simply connected domain) the condition (3.7.5) implies that the value
of product integral depends only on the endpoints of the contour. His method is
almost the same as Volterra’s and we don’t repeat it here.

At the end of paper [LS2] Schlesinger treats matrix functions of a complex variable.
He defines the contour product integral in complex domain and recapitulates the
results proved earlier by Volterra (theorems 2.7.4, 2.7.7, and 2.7.6).

3.8 Generalization of Schlesinger’s definition

Thanks to the definition proposed by Ludwig Schlesinger it is possible to extend
the class of product integrable functions and to work with bounded measurable
functions instead of Riemann integrable functions. At this place we remind the
notation

L*([a,b], R™™) = {A: [a,b] — R™™"; A is measurable and bounded} .

Schlesinger was aware that his definition might be extended to all matrix functions
with Lebesgue integrable (not necessarily bounded) entries, i. e. to the class

b
L([a,b], R™") = {A : [a, b] = R™™ (L)/ A dt < oo} ,

where the symbol (L) emphasizes that we are dealing with the Lebesgue integral.
Clearly L* C L. If {A,}72 is a uniformly bounded sequence of functions which
converge to A almost everywhere, then according to lemma 3.5.4

b
lim [|A; — A1 = lim / |Ak(xz) — A(z)| dz = 0,
k—o00 k—o0 a
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i.e. Aj, converge to A also in the norm of space L([a,b],R"*™). Taking account of
Theorem 3.5.5 it is natural to state the following definition.

Definition 3.8.1. A function A : [a,b] — R"*" is called product integrable if
there exists a sequence of step functions {A;}32 ; such that

k—o0

We define
b b

(I+Am)dt) [ = Jim (1 + Ay(t) dt) 1T

a

Remark 3.8.2. The correctness of the previous definition is ensured by theorem
3.5.5. Since step functions belong to the space L([a, b], R"*™), which is complete,
every product integrable function also belongs to this space. Moreover, step func-
tions form a dense subset in this space!, and therefore (I + A(t)dt) HZ exists iff
A € L([a, b, R™™), i. e. iff the integral (L) f: A(t) dt exists.

Interested readers are referred to the book [DF] for more details about the theory
of product integral based on definition 3.8.1. As an interesting example we present
the proof of theorem on differentiating the product integral with respect to the
upper bound of integration. We start with a preliminary lemma (which follows also
from Theorem 3.3.2, but we don’t want to use it as we are seeking another way to
prove it).

Lemma 3.8.3. If A: [a,b] = R"*" is a step function, then

Y(z)=1+ /z Y(®)A(t)dt, =z € [a,b].

Proof. There exist a partition a = ty < t; < --- < t,, = b and matrices
A1, ..., A, € R"™ such that

A(SL‘) =Ag, z€ (tk—lvtk)~

Then

Y(I) _ ([ + A(t) dt) H _ 6A1(t2_t1) . eAk—1(tk—l—tk—2)€Ak(l‘—tk—1)

a

for every x € [tg—1,tx]. The function Y is continuous on [a,b] and differentiable
except a finite number of points; we have

Y'(z) = Y(z)A(z) (3.8.1)

1 [RG], Corollary 3.29, p. 47
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for x € [a,b]\{t0,t1,-..,tm}. This implies

Y()=1+ / Y(t)A(t)dt, z € [a,b].

a

O

Theorem 3.8.4.! Consider function A € L([a,b], R"*"). For every z € [a,b] the
integral

Y(z)= T+ At [] (3.8.2)
exists and the function Y satisfies the equation

Y(z)=1+ / “YWAW dt, e lab. (3.8.3)

Proof. Let Ay : [a,b] = R"™", k € N be a sequence of step functions such that
b
lim A — A1 = lim / | Ax(t) — A(t)|| dt = 0. (3.8.4)
k—oo k—oo [,

Then clearly
lim/ 1AR() — A()|| dt =0, € [a,b],
k— o0 a

i. e. the definition (3.8.2) is correct. Denote

x

Yi(z) = (I + Ap(t)dt) H

a

Because Ay are step functions, Lemma 3.8.3 implies

xX

Yi(e) = T+ / Vi) Au(t) dt, = € [a,b]. (3.8.5)

a

According to Corollary 3.4.3,

b b
[Yi(2) = Yin(2)]| < exp </ IIAz(t)IIdt) (exp (/ [Ai(t) = Am ()] dt) - 1) =

= exp || Af|1 (exp [|Ai(t) — Am(8)][1 — 1)

From Equation (3.8.4) we see that {A4;}72; is a bounded and Cauchy sequence
with respect to the norm | - ||;. The previous inequality therefore implies that Yy
converge uniformly to Y, i. e.

IYi =Yoo = sup [|[Yi(z) =Y (z)]| = 0 prok — oc.

z€[a,b]

! [DF], p. 54-55
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‘We now estimate
/ Yk Ak dt,/ Y dtH < HYkAk — YA”l <

<NV = Y) Al + 1Y (Ax = Dlls < Akl lY% =Yoo + [1(Ax = DI ]Y [loo,

and consequently

Jim V() Ap(t) dt — / “Yawat

a

The equality (3.8.3) is obtained by passing to the limit in equation (3.8.5). [l
Corollary 3.8.5. If A € L([a,b], R"*"), then the function

x

Y(z) =T+ A d) [, «€lab],

a

is absolutely continuous on [a,b] and
Y(2)™t Y/ (x) = A(2)
almost everywhere on [a, b].

Remark 3.8.6. In our proof of the previous theorem we have employed Schlesin-
ger’s estimate from Corollary 3.4.3, whose proof is somewhat laborious. The authors
of [DF] instead make use of a different inequality, which is easier to demonstrate.
Let A, B : [a,b] = R"™™" be two step functions. Denoting

T

Y(x) = (I + A(t) dt) H Z(@) = (I+Byan [,

a

we see that the function Y Z~! is continuous on [a,b] and differentiable except a
finite number of points. Using Equation (3.8.1) we calculate

Yz Y=Yz'tv+y@ZY=yy Yz '-YZ' 22 ' =Y(A-B)Z !,
and consequently
Y(@)Z - (2) = I +/ (YZ Y ()t = I +/ Y()(A(t) — B()Z-1(t) dt.

Multiplying this equation by Z from right and substituting x = b we obtain

(I+ At dtH (I+B(t dt)H Y (b) — Z(b)| <

b
S/ Y @1 - I1A@®) = B@I - 127 @)l de - [ 20)] < eIPlel4la - By,

(we have used Lemma 3.4.1 to estimate || Y ()|, [|Z~1(t)|| and || Z(b)||). The meaning
of the last inequality is similar to the meaning of inequality from Corollary 3.4.3:
“If two step functions A, B are close with respect to the norm || -||1, then the values
of their product integrals are also close to each other.”
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Chapter 4

Operator-valued functions

In the previous chapters we have encountered various definitions of product integral
of a matrix function A : [a,b] — R™ ™. It is known that every n x n matrix
represents a linear transformation on the space R", and that the composition of
two linear transformations corresponds to multiplication of their matrices.

It is thus natural to ask whether it is possible to define the product integral of a
function A defined on [a, b] whose values are operators on a certain (possibly infinite-
dimensional) vector space X. This pioneering idea (although in a less general scope)
can be already found in the second part of the book [VH| written by Bohuslav
Hostinsky. He studies certain special linear operators on the space of continuous
functions (he calls them “linear functional transformations”) and calculates their
product integrals as well as their left and right derivatives. Hostinsky imagines a
function as a vector with infinitely many coordinates; the linear operator on R"
given by

n
Yi = E Qi T 5
j=1

then goes over to the operator on continuous functions given by

y(t) = / " At u)a(u) du.

This idea was not a new one — already Volterra noted! that integral equations can be
treated as limiting cases of systems of linear algebraic equations. His observation
was also later used by Ivar Fredholm, who obtained the solution of an integral
equation as a limit of the solutions of linear algebraic equations.

Bohuslav Hostinsky was born on the 5th December 1884 in Prague. He stud-
ied mathematics and physics at the philosophical faculty of Charles University in
Prague and obtained his doctoral degree in 1907 (his dissertation thesis was devoted
to geometry). He spent a short time as a high school teacher and visited Paris in
1908-09 (he cooperated especially with Gaston Darboux). Since 1912 he gave lec-
tures as privatdozent at the philosophical faculty in Prague and was promoted to
professor of theoretical physics at the faculty of natural sciences in Brno in 1920;
he held this position until his death on the 12th April 1951.

1 [K1], Chapter 45
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Bohuslav Hostinsky"

Hostinsky initially devoted himself to pure mathematics, especially to differential
geometry. However, his interest gradually moved to theoretical physics, in particu-
lar to the kinetic theory of gases (being influenced mainly by Borel, Ehrenfest and
Poincaré). Of course, this discipline requires a good knowledge of probability the-
ory; Hostinsky is considered one of the pioneers of the theory of Markov processes
and their application in physics. Apart from that he also worked on differential
and integral equations and is known for his critical attitude towards the theory of
relativity. A good overview of the life and work of Bohuslav Hostinsky is given in
[Ber].

4.1 Integral operators

In the following discussion we focus our attention to the space C([p, ¢]) of continuous
functions defined on [p,q]. Every mapping T : C([p,q]) — C([p,q]) is called an
operator on C([p, q]); we will often write T'f instead of T'(f). The operator is called
linear if

T(afi +bf2) = aT(f1) +0T(f2)

for each pair of functions f1, f2 € C([p, ¢]) and each pair of numbers a,b € R. The
inverse operator of T, which is denoted by T, satisfies

YT =TT () =1 (4.1.1)

for every function f € C([p,q]); note that the inverse operator need not always
exist. The last equation can be shortened to

TV.T=T.T'=7

)

I Photo provided by Tomas Hostinsky
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where - denotes the composition of operators and I is the identity operator, which
satisfies I f = f for every function f.

Bohuslav Hostinsky was concerned especially with integral operators of the first
kind

Tf(z) = /'q K (2. 9)f(y) dy

and with the operators of the second kind
q
Tf(a) = f(o) + [ K(o.)f () dy,
P

where the function K (the so-called kernel) is continuous on [p,g] X [p,q]. Thus
if f € C([p,q]), then also T'f € C([p,q]). These operators play an important role
in the theory of integral equations and have been studied by Vito Volterra, Ivar
Fredholm, David Hilbert and others since the end of the 19th century (see [KI],
Chapter 45).

Hostinsky starts' with a recapitulation of the basic properties of the integral oper-
ators. If K(z,y) = 0 for y > x, we obtain either the Volterra operator of the first
kind

x
Tf@) = [ K)iw) .
p
or the Volterra operator of the second kind

T4) = @)+ [ K@iy

Composition of two integral operators of the second kind

T5(0) = @)+ [ KaGe)f(0) do,

1) = £+ [ Kalo)f )

produces another operator of the second kind

(T T)f@) = 1)+ [ ) )

whose kernel is

J(z,y) = Ki(z,y) + Ka(z,y) + /q Ko(z,2)K1(2,y) dz. (4.1.2)

1 [VH], p. 182-186
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An important question is the existence of inverse operators (which corresponds to
solvability of the corresponding integral equations). The Volterra operator of the
second kind always has an inverse operator

(@) = 1)+ [ N i),

which is again a Volterra operator of the second kind whose kernel N(z,y) (usually
called the resolvent kernel) can be found using the method of successive approx-
imations. Several sufficient conditions are known for the existence of the inverse
operator to the Fredholm operator of the second kind; we do not dwell into the
details and only mention that the inverse operator is again a Fredholm operator of
the second kind

T f(x) = / N(z,y)f(y)dy,

with a kernel N(z,y). Equations (4.1.1) and (4.1.2) imply that the kernel satisfies
q

K(z,y)+ N(z,y) = / K(z,t)N(t,y) t:—/ N(z,t)K(t,y)dt. (4.1.3)
P

Generally, the operators of the first kind need not have an inverse operator.

4.2 Product integral of an operator-valued function

We now assume that the integral operator kernel depends on a parameter u € [a, b]:
q
7)) = £@) + [ Ko ) dy
P

Thus T is a function defined on [a, b] whose values are operators on (C([p, ¢)).

Hostinsky now proceeds! to calculate its left derivative. He doesn’t state any def-
inition, but his calculation follows Volterra’s definition of the left derivative of a
matrix function. Assume that K is continuous on [p, ] X [p, ¢] X [a, b] and that the
derivative

0K

%(m, Y, u)

exists and is continuous for every u € [a,b] and z,y € [p,q]. We choose a partic-
ular u € [a,b] and assume that the inverse operator T !(u) exists. According to
Equation (4.1.2), the kernel of the operator T'(u + Au) - T~1(u) is

q
J(,you, Au) = K (2, y,u+ Au) + N(z,y,u) + / K (o tu+ Au)N(t,y, u) df =
P

:K(x,y,u+Au) —K(x,y,u)—I—K(x,y,u)—i—N(x,y,u)—i—

1 [VH], p. 186-188
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q
+/ K(x,t,u+ Au)N(t,y,u)dt =
P

q
:K(m,y,u—l—Au)—K(m,y,u)—F/ (K(z,t,u + Au) — K(x,t,u)) N(t,y,u)dt
P

(we have used Equation (4.1.3)). Denote

J(x,y,u, Au)
M(z,y,u) = ligo AL =
= - (z,y,u / ey ——(z,t,u)N(t,y,u)dt. (4.2.1)

According to Bohuslav Hostinsky, the left derivative of T" at u is an operator of the
second kind whose kernel is M (z,y,u). By a similar method he deduces that the
right derivative of T at u is an operator of the second kind with the kernel

. oK a oK
M) = o) + [Nt Gyt
p

These statements are somewhat confusing, because the left derivative should be the
operator
lim T(u+ Au) - T Hu) -1
Au—0 Au

)

which is an operator of the first kind with kernel M (z,y, ). Similarly, the right
derivative should be rather

- 1 . —
lim T Huw) - T(u+ Au) ’
Au—0 Au

i.e. an operator of the first kind with kernel M*(x,y, u).

The next problem tackled by Hostinsky is the calculation of the left integral of the
operator-valued function

7)) = f(a) + | " Ky u)f(y) dy.

We again assume that the function K is continuous on [p,q] X [p,q] X [a,b]. As in
the case of derivatives, Hostinsky provides no definition and starts' directly with
the calculation, which is again somewhat strange: He chooses a tagged partition
D:ia=ty<ty < - <tm=0b,& € [ti—1,t;], and forms the operator

T(gm)Atm o T(gl)Atlv

1 [VH], p. 188-191
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where At; = t; — t;_1. He now claims it is an operator of the second kind, which
is not true. The correct procedure that he probably has in mind is to take the
operator-valued function

q
Sf(@) = [ Kl 0f ) dy
p
and to form the operator
P(S,D) = (I 4 S(&m)Atm) - (I + S(&1)At),
which is an operator of the second kind with the kernel
m q q
Z Z / / K(z,21,&,)  K(2s-1,9, &, )At;, -~ Aty dzy -+ - dzs g
s=1 1<i;<--<ig<m P p

(we have used Equation (4.1.2)). Passing to the limit for v(D) — 0 we calculate
that the left product integral of the function S is an operator of the second kind
with the kernel

L(z,y,a,b) = (4.2.2)

Z/ / / / / K SC 21, K(zs,l,y,tl)dtl---dtsdzl--~dzs,1.

In a similar way can calculate the right product integral of S, which is obtained as
the limit of operators

PS8, D) = (I +5(&)At) - (I + 5(&m)Atm)
for v(D) — 0; the result is an operator of the second kind with the kernel

R(z,y,a,b) = (4.2.3)

© q q b pts 2
= E // / / K(x,z1,t1) - K(2s—1,y,ts)dty - - dtsdzg - - dzs—_1.
s=17p p Ja Ja a

In analogy with product integrals of matrix functions we use the symbols

b b
[[z+S@adt) and (1+S@)an]]

to denote the left and right product integrals, respectively. Let us briefly summarize
their properties:

If the operator-valued function S is defined on [a,c] and b € [a, ¢], then?

c c b
[[z+sway =T+ S ay- T[T+ S db).
a b a

! [VH], p. 193
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The left side of the last equality represents an operator of the second kind whose
kernel is L(x,y, a, c), while the right side is a composition of two second-kind oper-
ators with kernels L(z,y,a,b) and L(z,y,b, c). Thus according to Equation (4.1.2)
we have

q
Lizga.c) = Ly.ad) + L b, + [ LozboLlipabds (42.4)
P
Similarly, the right integral satisfies

c

b c
(I+Sway[[=a+s@an[[-T+swan]],
a a b
and we consequently

q
R(I7y7avc) = R(I7y7a7b) +R(l’,y7b7 C) + / R(l’,Z,CL, b)R(Z7y7b7 C) dZ (425)

p

Hostinsky next demonstrates! that the derivative and the integral are reverse op-
erations; this means that if we consider the left (right) integral as a function of its
upper bound, then its left (right) derivative is the original function.

If f is an arbitrary continuous function, then

lim /Cf = f(b).

c—=b [y,

Using this result and the definition of L we conclude

L
lim ('r7 y7 b7 C)

=K b
c—b c—b (x’% )

(the series in the definition of L is uniformly convergent and we can interchange
the order of limit and summation). Consequently, Equation (4.2.4) gives

8L($7y7a’ab) : L(x,y,a,c)fL(:L‘,y,mb)
——=—"2 = lim =
ob c—b c—b
1 q
= lim <L(35,y,b7 c) —|—/ L(z,z,b,¢)L(z,y,a,b) dz) =
c—bec—b p

q
= K(x,y,b) + / K(z,z,b)L(z,y,a,b)dz.
p

If Np(z,vy, a,b) is the resolvent kernel corresponding to L(z,y, a,b), then, according
to Equation (4.2.1), the left derivative of the left integral of function S is an operator
of the first kind with kernel

oL 10L
7(3373/7@7@ +/ 7(([77570/7 b)NL(t7y7aa b) dt =
ab b

1 [VH], p. 199-200
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q
= K(z,y,b) —|—/ K(z,z,b)L(z,y,a,b)dz+
P

a a
+/ (K(m,t, b) +/ K(x,z,b)L(z,t,a,b) dz> N(t,y,a,b)dt = K(x,y,b)
P P

(we have applied Equation (4.1.3) to functions L and Np), which completes the
proof.

Finally let us note that in case when S is a constant function, i.e. if the kernel K
does not depend on u, we obtain

(b _9,“)5 K*(z,y), (4.2.6)

L(z,y,a,b) = R(z,y,a,b) = >

s=1

where

q q
Ks(x,y):/ / K(x,21)K(21,22) - K(25-1,y)dz1 - - - dzs_1.
P P

Remark 4.2.1. There exists a close relationship between the formulas derived by
Hostinsky and those obtained by Volterra. Recall that if A : [a,b] — R™" is a
continuous matrix function, then

b
[[+ A®)dt) = I+ L(a,b),

a

where L(a,b) is a matrix with components
o0 n bopte  pto
Lij(a,b) :Z Z // / Qiyzy (L) @z, () dty - dit
s=1 \21,.025-1=1 V4 7@ @
This resembles Equation (4.2.2) — the only difference is that in (4.2.2) we integrate

over interval [p,q] instead of taking a sum over {1,...,n}. Similarly, the right
integral of a matrix function satisfies

b
(I+A@)dt) [ =1+ R(a,b),

where

which is an analogy of Equation (4.2.3).
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Also the formula

(&

c b
[T+ A@dn) =]+ A an) [T + At d
b

a a

implies
I+ L(a,c) = (I + L(b,¢))(I + L(a,b)),

i.e. the components satisfy
Lij(a,c) = Li;j(a,b) + Li;(b,c) + i L;.(b,c)L. j(a,b).
z=1
In a similar way we obtain that the components of the right integral satisfy
Rij(a,c) = R;j(a,b) + Rij(b,c) + zn:Ri,z(a, bR ;(b,c).
z=1

These relations resemble Equations (4.2.4) and (4.2.5).

Remark 4.2.2. Product integration of operator-valued functions can be used to
solve certain integro-differential equations. Hostinsky considers! the equation

afwt /K:vyf(y,)

whose kernel is independent of ¢; as he remarks, its solution was found by Volterra
(without using product integration) in 1914. More generally, we can consider the
integro-differential equation

with the initial condition

f(z,to) = fo(z), z € [p,ql.

This equation can be rewritten using the operator notation to

where S(t) is an integral operator of the first kind for every ¢. Thus, for small A¢
we have

F(t+ At) = f(t) + AtS@E)f() = (I + S@E)AL)f(t).

L [VH, p. 192]
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Arguing similarly as in the case of matrix functions, we conclude that

t

F&) =T + S(w) du) fo,

to

fmw=h@+/3@@mwmw&

However, the effort of Bohuslav Hostinsky is not primarily directed towards integro-
differential equations. He shows that the right product integral kernel R(z,y,a,b)
can be used to obtain the solution of a certain differential equation known from the
work of Jacques Hadamard.

The last chapter of [VH] is devoted to integral operators of the first kind. By an
appropriate choice of the kernel, Hostinsky is able to produce infinitesimal operators
of the first kind, i.e. operators that differ infinitesimally from the identity operator
(thus the kernel is something like the Dirac d-function). The composition of such
infinitesimal operators leads to an operator whose kernel K provides a solution of
the equation

a
K(m,y,u,v):/ K(x,z,u,w)K(z,y,w,v) dz.
P

This equation is known as the Chapman or Chapman-Kolmogorov equation and
is often encountered in the theory of stochastic processes (see also Section 1.4 and
Equation (1.4.7), which represents a discrete version of the Chapman equation).
The topic is rather special and we don’t discuss it here.

4.3 General definition of product integral

Although Hostinsky is interested only in integral operators on the space C([p, q]),
it is possible to work more generally with linear operators on an arbitrary Banach
space X. Before proceeding to the corresponding definitions we recall that the
norm of a linear operator 7" on the space X is defined as

1T = sup{[[T(2)[; [l=[l = 1}.

Let £(X) denote the space of all bounded linear operators on X, i.e. operators
whose norm is finite; £(X) is a normed vector space.

Definition 4.3.1. Let X be a Banach space, A : [a,b] = L(X), t € [a,b]. Assume
that A(t)~! exists. We define the left and right derivatives of A at ¢ as

d A+ AT T
a0 = lim h ’

d . A@W)TTA(t+h) -1
AW G = fm h ’



provided the limits exist. Of course, at the endpoints of [a,b] we require only the
existence of the corresponding one-sided limits.

To every function A : [a,b] — L£(X) and every tagged partition
D:ia=ty<t; <--- <tm:b7 fz S [ti—lyt’i]7

we assign the operators

P(A7 D) = H (I + A(gl)Atz) = (1 + A(£7rL)At7rL) e (I + A(gl)Atl)v

i=m

m

P*(A,D) = [[(T + A(&)AL) = (I + A()A) - (I + A(m) Aty,).

i=1

Definition 4.3.2. Consider function A4 : [a,b] — L(X). The left and right product
integrals of A are the operators

b

[+ Ay dt) = V(gr)io P(A, D),

b
I+ A(t)dt = i P*(A,D
(T+A@) )]:[ Jim  P*(4,D),
provided the limits exist.

Example 4.3.3. Recall that for every A € £(X) we define the exponential e/ €

L(X) by
mAn
A _ el
¢ _Zo n!’

where A® = I is the identity operator, A = A and A"*! = A" . A for every n € N.
It can be proved (see Theorem 5.5.11) that

b b
[I+Adt) = 1+ Adt) [] = e

(the special case for integral operators with a constant kernel follows also from
Equation (4.2.6)).

We state the next theorem without proof; a more general version will be proved in
Chapter 5 (see Theorem 5.6.2).

Theorem 4.3.4. Let A : [a,b] — L£(X) be a continuous function. Then the

functions
¢

V() =[] + A(u) du),

a
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t

Z(t) = (I + A(u)du) ]|

satisfy

for every t € [a, b].

Definition 4.3.2 represents a straightforward generalization of the Riemann product
integral as defined by Volterra. In the following chapter we provide an even more
general definition applicable to functions A : [a,b] — X, where X is a Banach
algebra. It is also possible to proceed in a different way and try to generalize the
Lebesgue product integral from Chapter 3; the following paragraphs outline this
possibility.

Definition 4.3.5. A function A : [a,b] — £(X) is called a step function if there
exists a partition a =ty < t; < --- < t,, = b and operators Aj,..., 4, € L(X)
such that A(t) = A; for t € (ti—1,t;), ¢ = 1,...,m. For such a step function we

define
b

[[z+Aw)d H eAiltimtion),

a

b m
(I+A@)dt) [[ =] .
a i=1

Definition 4.3.6. A function A : [a,b] — L£(X) is called product integrable if
there exists a sequence of step functions A,, : [a,b] — £(X), n € N such that

lim ( / |An(t) — A(t)||dt =0

TL*}OO

(where (L) denotes the Lebesgue integral of a real function). We then define

b b
[T+ A®dt) = lim [+ Ane) ar),

b

b
(I+Am)d) [ = lim (I+ Ay (t)dt) II-

a

The method from Chapter 3 can be again used to show that the value of product
integral does not depend on the choice of a particular sequence of step functions
{A,}52 ;. The above defined integral is called the Lebesgue product integral or the
Bochner product integral; the class of integrable functions is larger as compared
to Definition 4.3.2. More information about this type of product integral can be
found in [DF, Schl].
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Chapter 5

Product integration in Banach algebras

A final treatment of Riemann product integration is given in the article [Mas] by
Pesi Rustom Masani; it was published in 1947. Consider a matrix-valued function
f:]a,b] = R™ "™ and recall that Volterra defined the product integral of f as the

limit of products
1

P(f,D) = [ (T + f(&)Ax)

k=m

corresponding to tagged partitions D of interval [a,b]. This definition is also ap-
plicable to operator-valued functions f : [a,b] — L(X), where £(X) is the space of
all bounded linear operators on a Banach space X. It is just sufficient to replace
multiplication by composition of operators in the definition of P(f, D); the role of
identity matrix is now played by the identity operator I.

Masani’s intent was to define the product integral of a function f : [a,b] — X
for the most general space X possible. Let X be a normed vector space equipped
with the operation of multiplication. Assuming there is a vector 1 € X such that
l-z=x-1=uxfor every z € X and ||1]| = 1, we let

1
P(f,D) = [] @+ f(&)Azy),
k=m

where D is an arbitrary tagged partition of [a,b]. We would like to define the
product integral as the limit

b

[T+ r@ay = U(lgr)n_m P(f,D).

a

To obtain a reasonable theory it is necessary that the space X is complete, i.e. it
is a Banach space.

Before giving an overview of Masani’s result let’s start with a short biography (see
also [PRM, IMS]). Pesi Rustom Masani was born in Bombay, 1919. He obtained
his doctoral degree at Harvard in 1946; the thesis concerned product integration
in Banach algebras and it was supervised by Garrett Birkhoff !. During the years
1948-58 Masani held the chairs of professor of mathematics and science researcher
in Bombay and then he returned to the United States. In the 1970’s he accepted
the position at the University of Pittsburgh. Masani was active in mathematics
even after his retirement in 1989. He died in Pittsburgh on the 15th October 1999.

1 G. Birkhoff also devoted himself to product integration, see [GB].
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Pesi R. Masani®

Masani contributed to the development of integration theory, functional analysis,
theory of probability and mathematical statistics. The appendix in [DF] written by
Masani also concerns product integration. He collaborated with Norbert Wiener
and edited his collected works after Wiener’s death. Masani was also interested in
history, philosophy, theology and politics.

5.1 Riemann-Graves integral

We begin with a brief recapitulation of facts concerning integration of vector-valued
functions (see also [Mas]). The notion of Graves integral is a direct generalization
of Riemann integral and was presented by Lawrence M. Graves in 1927.

Let X be a Banach space, f : [a,b] = X. To every tagged partition D : a =ty <

t1 <+ <ty = b of interval [a,b] with tags & € [ti—1,t], i = 1,...,m we assign
the sum
m
S(f,D)=>_ f(&)At,
i=1

where At; = t; — t;—1. We recall that if T(D) € X is a vector dependent on the
choice of a tagged partition D, then

lim T(D)=T
v(D)—0

means that to every ¢ > 0 there is 6 > 0 such that ||7(D) — T'|| < € for every
partition D of [a,b] such that v(D) < 4.

Definition 5.1.1. A function f : [a,b] — X is called integrable if

lim S(f,D)=S;

v(D)—0

! Photo from http://www.york.ac.uk/depts/maths/histstat/people/
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for some Sy € X. We speak of Riemann-Graves integral of function f on [a, ] and
denote Sy = f: f(t)dt.
The following theorem provides additional two equivalent characterizations of inte-

grable functions; recall that the notation D’ < D means that the partition D’ is a
refinement of partition D (see Definition 3.1.8).

Theorem 5.1.2. Let f : [a,b] — X. The following statements are equivalent:

1) f is integrable and fab f(t)dt = Sy.

2) Every sequence of partitions {D,}5%; of [a,b] such that v(D,) — 0 satisfies
lim,, o0 S(f, D) = S

3) For every € > 0 there is a partition D, of [a, b] such that |S(f, D) — S¢|| < € for
every D < D..

The proof proceeds in the same way as in the case when f is a real function. The
rest of this section summarizes the basic results concerning the Riemann-Graves
integral; again, the proofs can be carried out in the classical way.

Theorem 5.1.3. Let f : [a,b] — X. Then the following statements are equivalent:

1) f is integrable.
2) For every € > 0 there exists 0 > 0 such that ||S(f, D1) — S(f, D2)|| < € whenever
D; and D, are tagged partitions of [a, b] satisfying v(D1) < §, v(D2) < 6.

Theorem 5.1.4. If f : [a,b] — X is an integrable function, then it is bounded and

/ab F(t)dt

Theorem 5.1.5. Let f : [a,b] — X. If the integral fab f(t)dt exists and if [¢,d] C
[a, b], then the integral fcd f(t) dt exists as well.

< (b—a) sup [f@)]

te(a,b]

Theorem 5.1.6. Let f : [a,¢] = X, a < b < ¢. Suppose that the integrals
f; f(t)dt and [, f(t)dt exists. Then the integral [7 f(t)dt also exists and

/acf(t)dt_/abf(t)dt+/bcf(t)dt.

The following two statements generalize the fundamental theorem of calculus to the
case of vector-valued functions f : [a,b] — X. The derivative of such a function is
of course defined as

f(@) — f (o)

T—x0 T — X

provided the limit exists (in the case when z( is one of the boundary points of
[a, b] we require only existence of the corresponding one-sided limit). Since X is a
normed space, the last equation means that

f(z) = f(@o)

Tr — X

lim
T—x0

- 1w =0,
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Theorem 5.1.7. Let f : [a,b] = X be integrable and put F(z) = [ f(¢)dt. If f
is continuous at zg € [a,b], then F'(zo) = f(zo).

Theorem 5.1.8. Let F' : [a,b] — X and F'(t) = f(t) for every ¢ € [a,b]. If f is an
integrable function, then

b
/ (&) dt = F(b) — F(a).

Theorem 5.1.9. Let f,g: [a,b] — X be integrable functions, «, 8 € R. Then

b b b
[@so+sgnat=a [ ayar+s [ g

The set of all integrable functions is thus a vector space; it is interesting to note that
if the space X is equipped with the operation of multiplication (i.e. it is a Banach
algebra, see the next section), then a product of two integrable functions need not
be an integrable function. Another surprising fact concerning the Riemann-Graves
integral is that every bounded function which is almost everywhere continuous is
also integrable, but the converse statement is no longer true (it holds only in finite-
dimensional spaces X).

5.2 Definition of product integral

Masani turns his attention to the product analogy of the Riemann-Graves integral.
In the sequel we assume that X is a Banach algebra (Masani uses the term normed
ring), i.e. that

1) X is a Banach space,

2) X is an associative algebra with a unit vector 1 € X, ||1]| =1,

3) llz - yll < llzlllly]l for every =,y € X.

The second condition means that for every pair x,y € X the product z -y € X is
defined, that the multiplication is associative and that there exists a vector 1 € X
such that 1-2 =2 -1 = z for every € X and |/1|| = 1; we use the same symbol
1 to denote the unit vector of X as well as the number 1 € R; the meaning should
be always clear from the context.

Let f : [a,b] — X. To every partition D of [a,b] we assign the product

1

P(f,D) = [T+ f(&)At) = (14 f(Em)Atw) -+~ (1 + f(E1)Aty).

i=m

Definition 5.2.1. A function f : [a,b] — X is called product integrable if there is
a vector Py € X such that for every € > 0 there exists a partition D, of [a, b] such
that

I1P(f, D) = Pyl <&
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whenever D < D.. The vector Py is called the (left) product integral of f and we
use the notation HZ(I + f(t)dt) = Py.

Remark 5.2.2. Masani also defines the right product integral as the limit of the
products

m

P(f,D) =[]+ f(&)At) = (L+ f(EDAL) - (L4 f(Em) Ati),

=1

which are obtained by reversing the order of factors in P(f, D). Masani uses the
symbols

b~ [
/ (1+ f(t)db), / (1+ f(t)dt)

to denote left and right product integrals. As he remarks, it is sufficient to study ei-
ther the left integral or the right integral, respectively. This is because the following
principle of duality holds:

To every Banach algebra X there is a dual algebra X* which is identical with X
except the operation of multiplication: We define the product x - y in X* as the
vector y - x, where the last multiplication is carried out in X. Every statement C
about Banach algebra X has a corresponding dual statement C*, which is obtained
by reversing the order of all products in C'. Consequently, every occurence of the
term “left product integral” must be replaced by “right product integral” and vice
versa. A dual statement C* is true in X* if and only if C is true in X. In case C'
is true in every Banach algebra, the same can be said of C*.

Theorem 5.2.3.1 Let f : [a,b] — X be a bounded function. The following
statements are equivalent:

1) f is product integrable and HZ(l + f(t)dt) = Py.

2) Every sequence of partitions {D,,}2°; of interval [a,b] such that v(D,) — 0
satisfies lim,,_,oc P(f, Dy) = Py.

3) limV(D)—>0 P(f,D) = Py.

Proof. The equivalence of statements 2) and 3) is proved in the same way as in
the case of ordinary integral. Assume that 3) holds, i.e. to every € > 0 there exists
0 > 0 such that |P(f, D) — P¢|| < € for every partition D of interval [a,b] which
satisfies ¥(D) < ¢. Let D, be such a partition. Then for every D < D. we have
v(D) < v(D.) < 0, and therefore ||P(f, D) — Py|| < ¢; thus we have proved the
implication 3) = 1). Masani gives only a brief indication of the proof of 1) = 3),
details are left to the reader; boundedness of f is important here. [l

The following theorem represents a “Cauchy condition” for the existence of product
integral.

Theorem 5.2.4. Let f : [a,b] — X be bounded. The following statements are
equivalent:

! [Mas], p. 157-159
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1
2
3

1) f is product integrable.

2) To every € > 0 there is a partition D, such that |P(f,D) — P(f,D.)| < ¢
whenever D < D,.

3) To every € > 0 there exists § > 0 such that ||P(f, D1) — P(f, D2)|| < € whenever
Dy, D5 are partitions of [a, b] satisfying v(D1) < §, v(D2) < 4.

Proof. The equivalence of statements 1) and 2) is proved in the same way as in the
case of ordinary integral. The statement 3) is clearly equivalent to the statement
3) of the previous theorem. O

5.3 Useful inequalities

We now present five inequalities which will be useful later. Masani didn’t prove the
first three; we have however met the first two in Chapter 3 — see the Lemmas 3.1.3
and 3.4.2. Although we have proved them only for matrices, the proofs are valid
even for elements of an arbitrary Banach algebra X.

Lemma 5.3.1.) Let 2, € X for k=1,...,m. Then

[[0+20) <ew (Zmn) .
k=1 k=1

Lemma 5.3.2.2 Let z;,y, € X for k=1,...,m. Then

[T+ H (1+yr)|| < exp (Z |Ik||> (expz ek —yill = 1> :
k=1 k=1 = k=1

Lemma 5.3.3.3 Let , € X for k=1,...,m. Then

<o (VZ ||xk|) -

k=1

(1+xk)—1

s

k=1

Proof. Elementary calculation yields

m

[[a+a)-1

k=1

m

Z Z iy, <

J=1 \1<ip < <i;<m

m

Yozl eyl | =

1,eyi =1

m m
<> Yo il eyl Z

1
=1 \1<i;<---<i;<m J

[Mas], p. 153
[Mas], p. 154
[Mas], p. 153
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1
2

=y F(le\l + oo [lzml])) < exp <Z Il’k|> - L
j=1""

k=1
|
Lemma 5.3.4.! Let z, € X for k=1,...,m. Then
m m m
[T+ - (l—i—Zxk) < (epoHxH—l)lekH'
k=1 k=1 k=1
Proof. The statement is a simple consequence of the inequality
k=1 k=1 k=1 j=k+1
and Lemma 5.3.3. |
Lemma 5.3.5.2 Let m,n € N, u,v,z,yx € X, ||z, |Jyx| < 1/2 for every j =
1,....,mand k=1,...,n. Then
m n
[Ta+a) (-0 H 1+ yk)|| = exp | -2 ZII%II +Z lyll | | llw—ll-
j=1 k=1 j=1 k=1
Proof. Define f(t) = ¢?* —te?* — 1. Then
flt)y=e*(1—2t) >0, tel0,1/2],
and therefore
e —te* —1=f(t)> f(0)=0, te(0,1/2].
We get
1—t>e? tel0,1/2].
Now let z,w € X, ||z|| < 1/2. Then
[wll < flw+2 - wl| + [z w]| < (1 +2) - wl]|+ 2] - [w],
which implies
11+ 2) - wl| = [Jwl|(1 = [|lz]]) = [Jw]| exp(=2|z{)- (5.3.1)

For y € X, ||ly|]| < 1/2 we obtain in a similar way

Jwll < fJw+w -yl + lw -yl < llw- T+ Y+l - wl,

[Mas], p. 153
[Mas], p. 152-153
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1
2

[w-(L+ )l = lwl( = 1lyl}) = lwl exp(=2]yl)- (5-3.2)

To complete the proof it is sufficient to use m times the Inequality (5.3.1) and n
times the Inequality (5.3.2). O

5.4 Properties of product integral
This section summarizes the basic properties of product integrable functions. We
first prove that every product integrable function is necessarily bounded.

Lemma 5.4.1.1 To every A : [a,b] — (0,00) there exists a tagged partition
D:ia=ty<ti <---<ty,=0>0, & € [tz‘,l,ti}, such that ¢; —t;_1 < A(fl)

Proof. The system of intervals {(t — A(t)/2,¢t + A(t)/2), t € [a,b]} forms an open
covering of [a,b] and the result follows from the Heine-Borel theorem. It is also a
simple consequence of Cousin’s lemma (see [Sch2], p. 55 or [RG], Lemma 9.2). []

Theorem 5.4.2.2 Every product integrable function f is bounded and

b

[T+ £t ar)

a

< exp <(b —a) sup |f(t)|) :

tefa,b
Proof. Assume that f is not bounded. Choose N € N and ¢ > 0. Define

o Jmin@, @l F(@) DY) (| F(@)] > o,
Al) = {5 if f(z) = 0.

According to Lemma 5.4.1 there exists a tagged partition D :a =ty <t; < - - <
tm = b, fz € [tifl, ti], such that

ti—tin < A(E). (5.4.1)

Clearly v(D) < 4. Since f is not bounded, we can find a sequence of points
{z,}2, from [a,b] such that z, — = € [a,b] and || f(z,)|| > n. There must be a
point y € {z,,}72;, which lies in the same interval [t;_1,¢;] as the point z and such
that

1<i<m

1f (W) = fF@) = [f I = I1f @) = N - <exp(—m)- min (t; —fi—1)>_ :

Let Dy and D be tagged partitions that are obtained from D by replacing the tag
& by x and y, respectively. Then, according to Lemma 5.3.5 and Inequality (5.4.1),

1P(f, D)= P(f, Do)l = exp [ =2 1F (€It = tin) |1 (@)= f(W)II(E; —t;-1) >
i

[Mas], p. 162
[Mas], p. 163
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= exp(—m)|[|f(z) = fF(W)II(t; —tj-1) = N.

Since v(D1) = v(D2) = v(D) < §, the number § can be arbitrarily small and N
arbitrarily large, we arrive at a contradiction with Theorem 5.2.4. The second part
of the theorem is easily proved using Lemma 5.3.1, which guarantees that

I1P(f, D)|| < exp (Z 1F (€It — ti—l)) < exp <(b —a) sup If(t)|>

i— te(a,b]
for every tagged partition D of [a, b]. |

Theorem 5.4.3.1 Assume that HZ(l + f(t)dt) exists. If [¢,d] C [a,b], then
Hg(l + f(t) dt) exists as well.

Proof. Denote M = sup;c(, 4 [|f(t)|| < co. Let D1, D> be tagged partitions of
[¢,d], Da a tagged partition of [a, ] satisfying v(Da) < 1/(2M) and Dp a tagged
partition of [d,b] satisfying v(Dpg) < 1/(2M). Letting

Di=DysUDyUDg, D3=DsUDsUDg,
we obtain (using Lemma 5.3.5)

I1P(f, D7) = P(f, D3)|| = [|P(f, D) (P(f, D1) — P(f, D2)) P(f, Da)ll =

= exp (—2 > &) - tz’l)) IP(f, D1) = P(f, D2)| =

DaUDg
> exp(=2M (b — a))[|P(f, D) — P(f, D2)|;

therefore
[P(f, D1) — P(f, D2)|| < exp(2M (b — a))||P(f, DT) — P(f, D3]

Because f is product integrable, to every € > 0 there is a tagged partition D} of
interval [a, b] such that

3

|P(f,D*) = P(f.DZ)| < exp(2M(b—a))

whenever D* < D?. Without loss of generality assume that D} = D4 U D, U Dp,
where D4 is a partition of [a, ¢] satisfying v(D4) < 1/(2M), D. is a partition of
[e,d] and Dp is a partition of [d,b] satisfying v(Dp) < 1/(2M). If D < D., we
construct the partition D* = D4 U D U Dg. Then

I1P(f, D) = P(f, De)|| < exp(2M (b — a)) || P(f, D*) — P(f, D)|| <e.

! [Mas], p. 163-165
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Theorem 5.4.4.! Ifa < b < c and the integrals HZ(I—&—f(t) dt) and [;(1+ f(¢) dt)
exist, then the integral []; (1 + f(¢)dt) exists as well and

c

c b
[T+ r@ae =TJa+ reydn - [+ £@)
b

a a

Proof. Masani’s proof is somewhat incomplete; we present a modified version.
The assumptions imply the existence of a tagged partition D} of [a,b] and a tagged
partition D? of [b, ] such that

b

P(f,D") - [T+ f(t)do)

a

<e,

c

P(f,D%) =[]+ f(t)d)

b

whenever D! < D! and D? < D2. Let D, = D! U D2. Then every tagged partition
D < D, can be written as D = D! U D2, where D! < D! and D? < D%. We have

P(f, D) = P(f,D?)- P(f,D') and

b
H(1+f tyde)- [Ja+ f(t)d

a

+

b
P(f,D? (P(f, DY - T+ r@ dt))

b

(P(f, D*) -+ r@ dt)) [+ r@ay
b

a
S( +e)5+a

which completes the proof. [

b

[T+ r@)ar)

a

C

[T+ r@)an)

b

Statements similar to Theorem 5.4.4 have already appeared in the work of Volterra
and Schlesinger. Their versions are however less general: They assume that f is
Riemann integrable on [a,c|, which implies the existence of product integral on
[a, ¢] and the rest of the proof is trivial. Masani on the other hand proves that the
existence of product integral on [a, b] and on [b, ¢] implies the existence of product
integral on [a, ¢]. The same remark also applies to Theorem 5.4.3. In the following
section we prove that the product integral exists if and only if the function is

! [Mas], p. 165
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(Riemann-Graves) integrable; the proof of this fact is nevertheless based on the use
of Theorem 5.4.3.

Lemma 5.4.5. Every z € X such that |z — 1|] < 1 has an inverse element and

oo

= Z(l —z)"

n=0

Proof. The condition ||z — 1| < 1 implies that the infinite series given above is
absolutely convergent; let 2~! be defined as the sum of that series. If

k

=y (1-a)",

n=0

then sp1 =14+ (1 —2) s, =145, (1 —x).
Passing to the limit kK — oo we obtain

rl=14+1-2)- 2 =1+2"1 (1 -2,
ie. ozt z=x-271=1 O

Theorem 5.4.6.1 If f : [a,b] — X is a product integrable function, then HZ(l +
f(t)dt) is an invertible element of the Banach algebra X.

Proof. Denote M = sup,¢(, ) [ f(t)]| < co. Choose § > 0 such that exp(Md) < 2
and a partition D : a =tg < t; < --+ < t;;, = b such that v(D) < 4. Then

b

[Ta+rwan=1]] H (1+ f(t) (5.4.2)

a i=mt;_1

Lemma 5.3.3 implies that for every i = 1,...,m

[T+ £ de) — 1)) < exp(M(t: — t: 1)) 1< 1,

ti—1

ie. [[,; ,(1+ f(t)dt) is (according to Lemma 5.4.5) an invertible element of the
algebra X. As a consequence of (5.4.2) we obtain

-1

<H<1+f<t>dt>> 1110+ sman

a =1 ti—1

! [Mas], p. 165-166
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5.5 Integrable and product integrable functions

Masani now proceeds to prove an important theorem which states that the classes
of integrable and product integrable functions coincide. The fact that the existence
of Riemann integral implies the existence of product integral was already known to
Volterra; the reverse implication appears for the first time in Masani’s paper.

Lemma 5.5.1. Let f : [a,b] — X be a bounded function. For every ¢ > 0 there
exists 6 > 0 such that if [¢,d] C [a,b], d— ¢ < § and D is a tagged partition of [c, d],
then
[P(f, D) = (14 5(f, D))|| < e(d—c).
Proof. Denote M = sup;c(, ) || f(t)||. Choose ¢ > 0 such that
(exp(Mé) — 1) < e/M.

Then according to Lemma 5.3.4

1P(f, D) = (1 +S(f, D)l < (exp(M(d = ¢)) = )M (d — ¢) < e(d — ¢).

Definition 5.5.2. Let Y C X. The diameter of the set Y is the number

diam Y = sup{||y1 — v2|l; v1,92 € Y}.

The convex closure of Y is the set

k k
conv Y = {Zaiyi,; keN,y, €Y, o ZO,Zai—l}.

i=1 i=1

Theorem 5.5.3.1 If Y C X, then

diam conv Y = diam Y.

Proof. The proof is not difficult, although it’s not included in Masani’s paper.
Since Y C conv Y, it is sufficient to prove that

diam conv Y < diam Y.

Let ¢!, 4% € conv Y,
l m
v' =D awl, v =) B,
i=1 j=1

! [Mas], p. 159
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1
2

whereyil,y?-6Y,i:1,..,,l,j:1,...,m,

l m
ZO@; = ZBJ =1.
i=1 j=1

Then

m ! l m I m
Iy =2 = > 8; <Zaiyil)—2ai S B2 H_ Y sy <
j=1 i=1 j=1 i=1 j=1

I m

!
< Ziaiﬂjﬂy} — yj2|| < ZZaiﬁj diam Y = diam Y.
i=1 j=1

i=1 j=1
[l

Lemma 5.5.4.1 Let f : [a,b] — X be a product integrable function. Then for
every € > 0 there is a partition D: a =1ty <t; < - <tym—1 <t = b such that

1

1
[T+ ran) - TT @+ fm)Ak)
k=m

i=m
for every choice of &,n; € [ti—1,ti], 1 =1,.
Proof. Follows from Theorem 5.2.4. [l

Remark 5.5.5. Masani notes that the reverse implication is not valid; his coun-
terexample is
0 if x =0,
flx)=1< 1/ ifx e (0,1/2),
-2 ifzel/2,1].
Taking the partition tg = 0 < t; = 1/2 < t3 = 1 we obtain

1

H(l + f(&)At) =

=2

for every choice of &; € [t;—1,t;], but f is not product integrable (because it is not
bounded).

Lemma 5.5.6.2 Consider function f : [a,b] — X. Assume that for every ¢ > 0
there is a partition D, : a =ty <t; < -+ <tn_1 < t, = b such that

D&)A =Y fni) At
i=1 i=1

[Mas], p. 160-161
[Mas], p. 159-160

123



for every choice of &;,n; € [ti—1,t;]. Then f is an integrable function.

Proof. If we introduce the notation

Zf([tifl,ti])Ati = {Z f(gv) i) §1 [ i—1; ]} 5
i=1 i=1

then the assumption of the lemma might be written as

diam (i f([tl_l,tz])Atz> <e.

To prove that f is integrable it is sufficient to verify that for every partition D < D,
which consists of division points

tia =t <t <. <thup=t, i=1,...,n

and for every choice of &/ € [ti_,t%], n; € [ti—1,;] we have

|P(f, D)~ P(f.D.)] = ZZ FENAE =S Fn)At| < =.
i=1 j=1 i—1

But
n_m(i) n_m(i) z' n
;g fEHAats = ;JZI At f(€H)AL; € cony (;f([til,ti])Ati>7
and the proof is completed by using Theorem 5.5.3. |

Theorem 5.5.7.! Every product integrable function f : [a,b] — X is integrable.
Proof. We verify that the assumption of Theorem 5.5.6 is fulfilled. According to
Lemma 5.5.1 it is possible to choose numbers a = s < 51 < -+ < Sp_1 < S, = b
in such a way that

(k Sk— 1)

1P DY) = (48U D) < 55—

for every tagged partition Dy, of interval [si_1,sk]. Since f is product integrable
on [sk_1, Sk, there exists (according to Lemma 5.5.4) a partition

k k Kk
Sk—lzto <t1<"'<tm(k)25k

such that
1 1 ( _s )
[T a+rehat)— TT @+ fehadh| < o=
i=m(k) i=m(k) ( N a)

! [Mas], p. 167-169
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for every choice of &F,nF € [tF_|,F]. For such ¢¥, 1% we have

Zf )AL — me )AL < {1+ D fEna) = I a+ fehaeh)|| +

i=1 i=m(k)

1 1
+ TT @+ rehag) =TT @+ rahae)| +
i=m(k) i=m(k)
m(k) i E(Sk _ Skfl)
+ H L+ fm)Ath) — [ 1+ Y ff)Aat) ST h—a
i=m(k) k=1

Adding these inequalities for £ = 1,...,n and using the triangle inequality leads to

n m(k) n m(k)
DD HEHAL =Y fh AL <.
k=1 i=1 k=1 k=1

This means that the partition D can be chosen as

a=1t5<tp <. <thgy=ty<--<tho

m(n71):t8<t?< )_b

m(n

O

We now follow Masani’s proof of the reverse implication which says that every
integrable function is also product integrable and that the product integral might
be expressed using the Peano series. As we know, the history of the theorem can
be traced back to Volterra (in the case X = R™*™). Masani was probably the first
one to give a rigorous proof.

We will be working with tagged partitions D : a = ¢ < {1 < -+ < tyyp) = b,
& € [ti—1,ti). For every n < m(D) we define

T.(f, D) = > F(&) - f(&i )AL, - AL,

m(D)>i1>i9> >0, >1

and
T(va):Tl(va)++Tm(D)(f7D)

We state the following lemma without proof; see Remark 2.4.4 for the proof in the
finite-dimensional case (the difficulty in the general case is hidden in the fact that
the product of two integrable functions need not be integrable).

Lemma 5.5.8.1 Let f : [a,b] — X be an integrable function, n € N. Then the
limit T, (f) = lim,(py—o Tn(f, D) exists and

Tn(f)—/ab/:lm/atn1f(t1)~»f(tn)dtn~-‘dt1.

! [Mas], p. 174-176
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N =

Masani refers to the following lemma as to the extension of Tannery’s theorem.

Lemma 5.5.9.! Consider function f : [a,b] — X and assume that the following
conditions are satisfied:

1) There exists T,,(f) = lim,(p)y—o Tn(f, D) for every n € N.

2) M,, = supp, | T.(f, D)|| < oo for every n € N, where the supremum is taken over
all partitions D of interval [a,b] which consist of at least n division points.

3) The series Y .-, M, is convergent.

Then -
T(f)= lim T(f,D)=>Y Tu(f).

v(D)—0

Proof. The series T(f) = >..—, T,,(f) is convergent, because ||T,,(f)| < M, for
every n € N. We will prove that T'(f) = lim,(py—,0 T(f, D). Choose £ > 0. There
exists a number n(e) € N such that

i Mk-<€/3.

k=n(e)+1

According to the first assumption, there exists a 6 > 0 such that

€
Ti(f, D) — T < k=1,...,n(),
(.0 = Tl < 35 n(e)
for every tagged partition D of [a,b] that satisfies v(D) < §. Without loss of
generality we assume that ¢ is so small that D consists of at least n(e) division
points, i.e. T1(f, D), ..., Ty (f, D) are well defined. Now for every tagged partition
D that satisfies (D) < § we estimate

m(D) n(e)

175, D) = T(H) = || 3 1. D) = S 1) < STk, D) = TP+
k=1 k=1 k=1
m(D) 00 - 0o
X ImGEDIE Y IR <nE) g +2 Y Mi<e
k=n(e)+1 k=n(e)+1 k=n(e)+1

O

Theorem 5.5.10.2 Let f : [a,b] — X be an integrable function. Then f is also
product integrable and

b

[[a+rmdy =1+ Tu(f).

a n=1

[Mas], p. 189-191
[Mas], p. 176-177
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Proof. Denote M = sup,(, 4 || f()|| < co. For every partition D of interval [a, ]
we have
P(f,D)=1+1T(f,D),

b
[[a+reay =1+ V(ll'l)r)n_)OT(f, D),

a

(b—a)"M"

IT(f, D) < =0,

3 (b_% — exp(M(b—a)) — 1 < .
n=1 :

The statement of the theorem is therefore a consequence of the preceding two
lemmas. O

We have proved that a function is product integrable if and only if it is integrable.
Thus, in the rest of this chapter we use the terms “integrable” and “product inte-
grable” as synonyms.

Theorem 5.5.11.1 Let f : [a,b] — X be an integrable function. Suppose that
f(x)- f(y) = f(y) - f(x) for each pair z,y € X. Then

b

b
[T+ £ dt) = exp (/ f(®) dt) .

a

Proof. A simple consequence of Theorem 5.5.10 and the equality

/ab /atl m/:”l Ft) - fltp) dty - dty = % (/abf(t) dt>n

(see Lemma 2.4.2). |

5.6 Additional properties of product integral

This section is devoted to Masani’s versions of the fundamental theorem of calculus,
the uniform convergence theorem, and the change of variables theorem.

Theorem 5.6.1.%2 Let f : [a,b] — X be an integrable function. Denote

y(@) = [+ ft)dt), o€ ab].

[Mas], p. 179
[Mas], p. 178

N =
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Then
Y(z) = 1+/’f(t)Y(t) at, zelab). (5.6.1)

Proof. Using Theorem 5.5.10 we obtain

Y(t)=1+ /tf(tl)dtl + /t /t1 Ft1) f(te) dtadty +---. (5.6.2)

‘/:/atl"'/atn_l F(ty) - ftn)dt, - dty

the series (5.6.2) is uniformly convergent. Because f is bounded, the series

Since
(b—a)"M™

<
- n!

I

t x t1
sy =50+ [ rsean+ [ [T s se) dnan +o
is also uniformly convergent and might be integrated term by term on [a, z]; per-
forming this step leads to Equation (5.6.1). [

Corollary 5.6.2.1 If f: [a,b] — X is a continuous function, then

for every x € [a, b].

The previous corollary represents an analogy of the formula

4 / " f(t)dt = f(a)

(see Theorem 5.1.7). Also the Newton-Leibniz formula

b
/ f'(@)dt = £(b) — f(a)

(see Theorem 5.1.8) has the following product analogy (whose proof we omit).

Theorem 5.6.3.2 Assume that Z : [a,b] — X satisfies Z'(x)Z(z)"! = f(z) for

every z € [a,b]. Then
b

[T+ f@wyan = zw)z() !

a

provided the function f is integrable.

1 [Mas], p. 181
2 [Mas|, p. 182
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The next theorem establishes a criterion for interchanging the order of limit and
product integral, i.e. for the formula

b

b
Jim [T+ fa(ydt) = JTA + lim fo(t) do).

a

We have already encountered such a criterion in Chapter 3 when discussing the
Lebesgue product integral; Schlesinger’s statement represented in fact a product
analogy of the Lebesgue dominated convergence theorem. Masani’s theorem con-
cerns the Riemann product integral and requires uniform convergence to perform
the interchange of limit and integral.

Theorem 5.6.4.% Let {f,}°2; be a sequence of integrable functions which con-
verge uniformly to function f on interval [a,b]. Then

b

b
[T+ r@dn = lim TTQ+ fu() dt).

a

Proof. The existence of HZ(l—i— f(t) dt) follows from the fact that the limit of a uni-
formly convergent sequence of integrable functions is again an integrable function.
For an arbitrary tagged partition D we can use Lemma 5.3.2 to estimate

HP(.faD) - P(fm )” < eXp(M(bfa (exp <Z Hf §1 fn gz)HAt) > )

where M = sup;¢(, 4 [|f(t)[|. Choose € > 0 and find a corresponding o > 0 such
that
exp(M(b—a)) - (exp(eo(b—a)) — 1) < &/3.

Let no € N be such that ||f(¢t) — fn(t)]| < €0 for every t € [a,b] and n > ng. The
partition D can be chosen so that the inequalities

b

P(f,D) - [T+ f(t)do)

a

b
<e/3, |[P(fn, D)= [J(1+ fu(t) dt)|| < /3

a

hold. Then for every n > ng we have

b

[T+ fu) H(1 + f(t)dt)|| <

a

b

[T+ @ ar) - P,

a

b

P(.fnaD) - H(l + fn(t) dt)

a

+||P(f, D) = P(fn, D)

! [Mas], p. 171
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Masani also proved a generalized version of the change of variables theorem for the
product integral (compare to Theorem 2.5.10); we state it without proof.

Theorem 5.6.5.1 Let f : [a,b] — X be an integrable function, ¢ : [a, 8] — [a, b]
increasing, ¢(a) = a, p(B) =b. If ¢’ exists and is integrable on [a, b], then

b B
[T+ @) = T+ Fle(w)¢ (u) du).

! [Mas], p. 187-188
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Chapter 6

Kurzweil and McShane product integrals

The introduction of Lebesgue integration signified a revolution in mathematical
analysis: Every Riemann integrable function is also Lebesgue integrable, but the
class of functions having Lebesgue integral is considerably larger.

However, there exist functions f which are Newton integrable and

b
) / £(t)dt = F(b) - F(a),

where I’ is an antiderivative of f, but the Lebesgue integral (L) fab f(t) dt does not
exist. Consider for example the function

2) = x?sin(1/22) if 2 € (0,1],
F() {0 if x = 0.

This function has a derivative F'(x) = f(x) for every = € [0,1] and

2) = J 2zsin(1/2%) — (2/x) cos(1/2?) if z € (0,1],
/(@) {0 ifz=0.

The function f is therefore Newton integrable and

N)/O F(t)dt = F(1) — F(0).

If we denote

1 1
for every k € N, then
by b 1
/a il | [ dr = 1700 - Flaol = G

which implies that
1 oo
|f(t)| dt = 0.
/0 kX:: k+ 1/2

The Lebesgue integral (L fo t) dt therefore does not exist.

Jaroslav Kurzweil (and later independently Ralph Henstock) introduced a new def-
inition of integral which avoids the above mentioned drawback of the Lebesgue
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integral. The Kurzweil integral (also known as the gauge integral or the Henstock-
Kurzweil integral) encompasses the Newton and Lebesgue (and consequently also
Riemann) integrals. Another benefit is that the definition of Kurzweil integral is ob-
tained by a gentle modification of Riemann’s definition and is considerably simpler
than Lebesgue’s definition.

Jaroslav Kurzweilt Edward J. McShane?

The definition of integral due to E. J. McShane is similar to Kurzweil’s definition
and in fact represents an equivalent definition of Lebesgue integral.

In this chapter we first summarize the definitions of Kurzweil and McShane in-
tegrals; in the second part we turn our attention to product analogies of these
integrals. The proofs in this chapter are often omitted and may be found in the
original papers (the references are included).

6.1 Kurzweil and McShane integrals

A finite collection of point-interval pairs D = {([ti—1,:], &)}, is called an M-
partition of interval [a, b] if

a=ty<t1 <---<ty,=0>h,
& €layd], i=1,...,m.
A K-partition is a M-partition which moreover satisfies

fi < [tz;l,ti], t=1,...,m.

Given a function A : [a,b] — (0,00) (the so-called gauge on [a, b]), a partition D is
called A-fine if

[ti1,ti] C (& — A(&), &+ A&)), i=1,...,m.

1 Photo taken by S. Schwabik
2 Photo from [McT]
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For a given function f on [a,b] and a M-partition D of [a,b] denote
S(f,D) = Zf(fi)(ti —ti—1).
i=1

Definition 6.1.1. Let X be a Banach space. A vector Sy € X is called the
Kurzweil (McShane) integral of function f : [a,b] — X if for every € > 0 there is a
gauge A : [a,b] — (0,00) such that

IS(f, D) = Syl < e

for every A-fine K-partition (M-partition) D of interval [a, b]. We define
b b
(K)/ ft)dt =Sy or (M)/ f(t)dt = Sy, respectively.
a a

We state the following theorems without proofs; they can be found (together with
more information about the Kurzweil, McShane and Bochner integrals) in the
book [SY]; other good sources are [Sch2, RG].

Theorem 6.1.2. Let X be a Banach space. Then every McShane integrable
function f : [a,b] — X is also Kurzweil integrable (but not vice versa) and

b b
() [ foyae=0n) [ po.

Theorem 6.1.3. Let X be a Banach space. Then every Lebesgue (Bochner)
integrable function f : [a,b] — X is also McShane integrable and

b b
<m/fmw:m/fw&

The converse statement holds if and only if X is a finite-dimensional space.

6.2 Product integrals and their properties

We now proceed to the definitions of Kurzweil and McShane product integrals. The
definition of Kurzweil product integral appeared for the first time in the paper [JK];
the authors speak about the Perron product integral and use the notation

(PP) /b(l +A() dt).

a

The McShane product integral was studied in [Schl, SS].
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For the sake of simplicity we confine our exposition only to matrix functions A :
[a,b] = R™ "™ instead of working with operator-valued functions 4 : [a,b] — L(X)
or even with functions A : [a,b] — X with values in a Banach algebra X. For an
arbitrary M-partition D of [a,b] and a matrix function A : [a,b] — R"*"™ denote

HI+A§z Ll))

i=m

Definition 6.2.1. Consider function A : [a,b] — R™*". A matrix P4 € R"*" is
called the Kurzweil (McShane) product integral of A if for every e > 0 there is a
gauge A : [a,b] — (0,00) such that

|P(A, D) — Pa|| <e
for every A-fine K-partition (M-partition) D of interval [a, b]. We define

b b
(K) H(I + A(t)dt) = P4, or H I+ A(t = P4, respectively.

a a

We also denote

b
P([a,b], R™*™) = {A :fa,b] = RV (K) (T + At do) exists} ,

a

b
P([a,b], R™™) = {A :la, b)) — R™™; (M) H(I+A(t) dt) exists}.

a
The right product integrals can be introduced using the products

m

P*(A,D) =[] + A(&)(ti — ti-1)),
i=1
but we limit our discussion to the left integrals.

Example 6.2.2. Assume that the Riemann product integral (R) [[%(I + A(t) dt)
exists, i.e. for every € > 0 we can find § > 0 such that

b

P(A,D) - [[(T + A(t) dt)

a

<e€

for every partition D of [a,b] which such that v(D) < 4. If we put
0
A(:L') = 57 T e [a’a b]:
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then every A-fine K-partition D of [a, b] satisfies v(D) < §. This means that the
Kurzweil product integral of A exists and

b
H(I+A(t )dt) = (R) [J(T + A()d

a

Example 6.2.3. Consider the function
_ [—1/z ifx e (0,1],
f ={ 0 ifz=0.

It can be proved (see [SS]) that
1
M)T]Q+ f(z)dz) =0.
0

It is worth noting that neither the Riemann integral (R) H(l)(l + f(x)dz) nor the
Lebesgue integral (L) H(l)(l + f(z) dx) exist; this follows e.g. from Theorem 6.2.10.
Theorem 6.2.4.! Consider function A : [a,b] — R™*". Then the following
conditions are equivalent:

1) The integral (K) HZ(I + A(t) dt) exists and is invertible.
2) There exists an invertible matrix P4 such that for every £ > 0 there is a gauge
A : [a,b] = (0,00) such that

1
H A& Ei—tiz) _ P4

i=m

whenever D = {([ti—1,t], &)}, is a A-fine K-partition of [a, b].

If one of these conditions is fulfilled, then

b
K)[J(I+A)dt) =

A similar statement holds also for McShane product integral.

Theorem 6.2.5. Consider function A : [a,b] — R. The integral (K) f: A(t) dt

exists if and only if the integral (K) HZ(I + A(t) dt) exists and is different from
zero. In this case the following equality holds:

b b
K) T+ A@) df) = exp <(K)/ A1) dt) .

a

! [JK], p. 651, and [SS]
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A similar statement holds also for McShane product integral.

Proof. Assume that (K) ff A(t)dt = S, exists and choose ¢ > 0. Since the
exponential function is continuous at the point S4, there is a § > 0 such that

’e"?fes“’ <e, x€(S4—19,54+9). (6.2.1)
Let A : [a,b] — (0,00) be a gauge such that
|S(A, D) — Sa|l <6

for every A-fine K-partition of interval [a,b]. Each of these partitions satisfies

1
H A (ti—tiz1) _ oSa| — <&
i=m

‘GS(A,D) _ Sa

and using Theorem 6.2.4 we obtain

b

b
() T] (1 + At) df) = exp <(K) / A1) dt) .

a

The reverse implication is proved in a similar way using the equality

1
S(A,D) = log (H eA(gi)(ti—ti1)> .

O

Remark 6.2.6. The previous theorem no longer holds for matrix functions A :
[a,b] — R™". Jaroslav Kurzweil and Jii{ Jarnik constructed! two functions A, B :
[—1,1] — R?*? such that

(K) /1 A(t) dt exists, (K) H(I + A(t) dt) doesn’t exist,
(K) / " B(t)dt does’t exist, (K) ﬁ(] + B(t) dt) exists.
1 -1

Theorem 6.2.7. Every McShane product integrable function is also Kurzweil
product integrable (but not vice versa) and

b b
(K) ] + Aty dt) = (M) [ (I + At) dt).

a

1 [JK], p. 658
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1
2

Proof. The inclusion M P C KP follows from the fact that every K-partition is
also a M-partition; the equality of the two product integrals is then obvious. We
only have to prove that M P # K P. For an arbitrary function f : [a,b] — R denote

Ap(t) =1 f(b),

where I is the identity matrix of order n (Ay is therefore a matrix-valued function
on [a,b]). Then evidently

P(A,D)=1-P(f,D)
for every partition D of [a,b] and Ay is product integrable (in the Kurzweil or
McShane sense) if and only if f is product integrable. Theorem 6.1.2 guarantees
the existence of a function f : [a,b] — R that is Kurzweil integrable, but not
McShane integrable; then (according to Theorem 6.2.5) the corresponding function

Af ¢ [a,b] — R™™ is Kurzweil product integrable, but not McShane product
integrable. O

Theorem 6.2.8.1 Consider function 4 : [a,b] — R ™. Suppose that the integral
(M) HZ(I + A(t) dt) exists and is invertible. Then for every z € (a,b) the integral

Y(x) = (M) ][I+ A(t)dt)

exists as well and the function Y satisfies
Y'(z) = A(z)Y (2)

almost everywhere on [a, b].

Remark 6.2.9. In Chapter 3 we have defined the Lebesgue (or Bochner) product

integral (L) HZ(I +A(t) dt); the definition was based on the approximation of A by a
sequence of step functions which converge to A in the norm of space L([a, b], R™*™).
The following theorem describes the relationship between McShane and Lebesgue
product integrals.

Theorem 6.2.10.2 Consider function 4 : [a,b] — R™*". The following conditions
are equivalent:

1) A is Lebesgue (Bochner) integrable.
2) The McShane product integral (M) HZ(I + A(t) dt) exists and is invertible.

If one of these conditions is fulfilled, then

b b
(M) [+ A@)dt) = (L) [T + A(t) dv).

[JK], p. 652-656 and [SS]
[Schi], p. 329-334 and [SS]
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Remark 6.2.11. We conclude this chapter by comparing the classes of functions
which are integrable according to different definitions presented in the previous
text.

Let R, L, M and K be the classes of all functions A : [a,b] — R"*™ which are
integrable in the sense of Riemann, Lebesgue, McShane and Kurzweil, respectively.
In a similar way let RP and LP denote the classes of Riemann product integrable
and Lebesgue product integrable functions. Instead of working with the classes K P
and M P it is more convenient to concentrate on the classes

b
KP* = {A 2 a, ] = R™™; (K) H(I + A(t) dt) exists and is invertible} ,

a

a

b
MP* = {A 2 a, ] = R™™; (M) H(I + A(t) dt) exists and is invertible} .

The following diagram shows the inclusions between the above mentioned classes.

Rc L =M CK
= = = #
RP C LP = MP* C KP*
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Chapter 7

Complements

This final chapter contains additional remarks on product integration theory. The
topics discussed here complement the previous chapters; however, most proofs are
omitted and the text is intended only to arouse reader’s interest (references to other
works are included).

7.1 Variation of constants

Product integral enables us to express solution of the differential equation

y'(x) = A(x)y(z), x € [a,b],

where A : [a,b] = R"™" y: [a,b] — R". The fundamental matrix of this system is

. z(x) o z(2)
Z(x) = [ + A(t)dt) = L :
. @) - )
and its columns
z} ()
zi(z) = : , i=1,...,n (7.1.1)

thus provide a fundamental system of solutions.

We now focus our attention to the inhomogeneous equation

y'(x) = A()y(z) + f(z), x € [a,b],

y(@) = 1. (7.1.2)

A method for solving this system using product integral (based on the well-known
method of variation of constants) was first proposed by G. Rasch in the paper [GR];
it can be also found in the monograph [DF].

We assume that the functions A : [a,b] — R"*™ and f : [a,b] — R™ are continuous,
and we try to find the solution of (7.1.2) in the form

y(x) = Zzl x)ei(x (7.1.3)

i=1

where ¢; : [a,b] = R, i =1,...,n are certain unknown functions. If we denote



then the equations (7.1.1) and (7.1.3) imply
y(x) = Z(x)c(2).
We obtain
y'(x) = Z'(x)e(z) + Z(2)c (2) = A(2) Z(x)c(x) + Z(2)c (z) = A(x)y(z)+ Z(2)c (),

and using Equation (7.1.2)
f(@) = Z(x)d (x).
Consequently
d(w) = Z(x)" f(2),

c(a) = Z(a)""y(a) = yo,

which implies
xr

o(z) = 9o + / Z(6)71 (1) dt.

The solution of the system (7.1.2) is thus given by the explicit formula

T

) = Z(o)ela) = Zho + 2(a) [ 20 f(0) e =

a

x

=1+ A@) dt)yo + ﬁ([ + A(t) dt) /T (ﬁ([ + A(s) ds)f(t)> dt =

a t

=TI+ A@ tyyo + / ’ (H(I + A(s) ds) f(t)) dt.

t

We summarize the result: The solution of the inhomogeneous system (7.1.2) has

the form .

y(z) = zi(@)es(@),

i=1
where z1,...,2, : [a,b] =& R" is the fundamental system of solutions of the cor-
responding homogeneous equation, the functions ¢; : [a,b] = R, ¢ = 1,...,n are

continuously differentiable and satisfy

n

> di(@)zi(x) = f(x), € [a,b).

i=1

7.2 Equivalent definitions of product integral

Consider a tagged partition D : a = tg < 1 < -+ < tm = b, & € [ti—1,ti],
i = 1,...,m. Ludwig Schlesinger proved (see Theorem 3.2.2) that the product
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integral of a Riemann integrable function A : [a,b] — R™*™ can be calculated not
only as

b 1
1:[<I +AM)d) = lm (anu + A(&)Am),

but also as

a

b
T+ At = i AlEr) Atk
H( + ( ) u(51)n—>0 (H ¢

The equivalence of these definitions can be intuitively explained using the fact that
MO — 1 4 A(&) Aty + O((At)?),

and the terms of order (At)? and higher do not change the value of the integral. We
have also encountered a similar theorem applicable to the Kurzweil and McShane
integrals (see Theorem 6.2.4).

We now proceed to a more general theorem concerning equivalent definitions of
product integral, which was given in [DF].

Definition 7.2.1. A function

= chzk (7.2.1)
k=0

is called admissible, if the series (7.2.1) has a positive radius of convergence r > 0
and

fO)=co=1, f(0)=c; =1

For example, the functions z — expz, z+— 1+ z and z — (1 —2)~
For every matrix A € R"*" such that ||A|| < r we put

oo
= Z CkAk.
k=0

1 are admissible.

Theorem 7.2.2.1 If f is an admissible function and A : [a, b] — R"*™ a continuous
matrix function, then

b

[+ A@yat) = V(g%(H F(A(& Atk)

a

According to the previous theorem, the product integral of a function A can be

defined as the limit .
lim | | A At
o 1) 0 (k f( (fk) k)) )

1 [DF], p. 50-53
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where f is an admissible function. Product integral defined in this way is usually
denoted by the symbol HZ F(A®¥) dt), e.g.

b b b
[[z+Aw®)ydr), e, ]I - Aw)dn)?

etc. The integral HZ eAMdt js taken as a primary definition in the monograph
[DF]. We note that it is possible to prove an analogy of Theorem 7.2.2 even for the
Kurzweil and McShane product integrals (see [JK, Schl]).

7.3 Riemann-Stieltjes product integral

Consider two functions f,g : [a,b] — R. Then the ordinary Riemann-Stieltjes
integral is defined as the limit

m

b
/ f@)dg@) = Tim 3 FEN () — oltir)), (73.1)

Dj—0
V(D)0

where D : a = tg < t; < -+ < t,, = b is a tagged partition of [a,b] with tags
& € [ti—1,ti], i =1,...,m (provided the limit exists). This integral was introduced
in 1894 by Thomas Jan Stieltjes (see [Kl], Chapters 44 and 47), who was working
with continuous functions f and non-decreasing functions g. Later in 1909 Friedrich
Riesz discovered that the Stieltjes integral can be used to represent continuous linear
functionals on the space C([a, b]). Also, if g(z) = x, we obtain the ordinary Riemann
integral.

Assume that the function g is of bounded variation, i.e. that

sup {Z lg(t:) — g(ti—1)|} < 00,

where the supremum is taken over all partitions a = tg < t; < -+ < t,, = b of
interval [a,b]. Then (see e.g. [RG]) the Riemann-Stieltjes integral exists for every
continuous function f.

In particular, if f is continuous and g is a step function defined as

9= 91X[to,t1) T 92X[t1,t2) T+ Im—1X[tm—2,tm-1) T ImX[tm—1,tm]>

where a =tg <t;1 <+ <tm =0, g1,...,9m € R and xps denotes the characteris-
tic function of a set M, then

b
/ f(l') dg(:L’) = f(tl)(QQ - 91) +oe f(tm—l)(gm - gm—l)~
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Now consider a matrix function A : [a,b] — R™™". The product analogy of
Riemann-Stieltjes integral can be defined as

b 1
[[7+dA®) = lim (I 4 A(t;) — A(ti_1)) (7.3.2)

D)—0
a v(D)—~ =m

(see e.g. [Sch3, GJ, Gil, DN]), or even more generally as

b

[T+ raaw) = tim T+ €AW - Ati),

where f : [a,b] = R (see the entry “Product integral” in [EM]). We now present
some basic statements concerning the Riemann-Stieltjes product integral (7.3.2).
Product integrals of the type (7.3.2) are encountered in survival analysis (when
working with the cumulative hazard A(t) = fot a(s)ds instead of the hazard rate
a(t); see Example 1.4.1) and in the theory of Markov processes (when working with
cumulative intensities A;;(t) = fot aij(s)ds for i # j and Au(t) = — 30, Aij(t)
instead of the transition rates a;;(t); see Example 1.4.2).

A sufficient condition for the existence of the limit (7.3.2) is again that the variation
of A is finite. A different sufficient condition (see [DN]) says that the product
integral exists provided A is continuous and its p-variation is finite for some p €

(0,2), i.e.
sup {Z | A(t:) — A(ti_1)|7’} < 00,

where the supremum is again taken over all partitions a = tp <t; < -+ <t,, =b
of interval [a, b].

If A:[a,b] - R™" is a step function defined as
A= AiX(to,t) + A2X[tr 1) T F A 1X [t it 1) T Am X[t _1 ]

where a =ty <t; < --- <t, =band Ay,..., A, € R"™", then

b
[T +dA®) = (T + Ap = A1) - (T + Ay — Ay). (7.3.3)

Thus, if A,_1 — Ay = I for some k =2,...,m, then

b

[[z+dA®) =o,

a

i.e. the product integral need not be a regular matrix. Equation (7.3.3) also suggests
that the indefinite product integral

Y(x) =[] +dA®), €[],

a
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need not be a continuous function.

If A:[a,b] — R™ " is a continuously differentiable function, it can be proved that

b b
[[+dAw) =] + A1) db).

As we have seen in the previous chapters, the Riemann product integral provides
a solution of the differential equation

y'(z) = A(z)y(x),
y(a) = yo,

or the equivalent integral equation

y(r) —yo = /I A(t)y(t) de.

Similarly, the Riemann-Stieltjes product integral can be used as a tool for solving
the generalized differential equation

dy(z) = dA(z)y(z),
y(a) = yo,

or the equivalent integral equation

y(z) — yo = / " dA(tu(t).

The details are given in the paper [Sch3].

There exists a definition of product integral (see [JK, Schl, Sch3]) that generalizes
both the Riemann and Riemann-Stieltjes product integrals: Consider a mapping V'
that assigns a square matrix of order n to every point-interval pair (&, [z, y]), where
[z,y] C [a,b] and £ € [z,y]. We define

b 1
1:[ V(t,dt) = V(gr)riozlz'[m V(& [tio1, i),

provided the limit exists. The choice

V(& [2,y]) = T+ A(§)(y — )

leads to the Riemann product integral, whereas

gives the Riemann-Stieltjes product integral.

We note that it is also possible to define the Kurzweil-Stieltjes and McShane-
Stieltjes product integrals (see [Sch3]), whose definitions are based on the notion
of A-fine M-partitions and K-partitions (see Chapter 6); these integrals generalize
the notion of Riemann-Stieltjes product integral.
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