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Preface

The book is a continuation of the textbook [1] and contains lecture mate-
rial of the second part of the course on mathematical analysis, which was read
by the author for several years at the I. I. Vorovich Institute of Mathematics,
Mechanics, and Computer Science of the Southern Federal University (spe-
cialization 01.03.02 — “Applied Mathematics and Computer Science”). The
book includes the following topics: indefinite integral, definite integral and
its geometric applications, improper integral, numerical series, functional se-
quences and series, power series, Fourier series.

Beyond the scope of the course material presented in [1] and this book,
there are topics related to the differential and integral calculus of functions
of many variables.

This book, like the book [1], can be attributed to the category of “short
textbooks”, covering only the material that can usually be given in lectures.
In this respect, it is similar to books [10, 16] and differs from the “detailed
textbooks” that cover the subject with much greater completeness. In par-
ticular, topics related to the integral calculus of functions of one variable are
described in detail in textbooks [4, 6, 8, 11, 14, 18, 19], and topics related to
series theory are included in textbooks [4, 6, 7, 9, 12, 14, 18-20]; moreover,
the theory of Fourier series is often presented separately (see [5, 13, 15]).

Most of the statements in the book are provided with detailed proof; for
a few auxiliary facts taken without proof, references are given to textbooks
in which these facts are proved (the textbook [18] was chosen as the main
source for such references).

Like the book [1], the proposed book has two main features: relationship
with the set of video lectures and the presence of two versions: in Russian and
English (the Russian version of the book [1] is [2]). The noted features and
the additional advantages for the reader resulting from them are described in
detail in the preface to [1]. Books [3, 10, 17] can be mentioned as additional
sources in English that are closest to Russian textbooks.
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The index to the book is composed on the same principles as the index
to [1]: it contains all definitions and theorems; all references to theorems
include their detailed descriptions grouped in the section “Theorem”. In ad-
dition, all theorems and other concepts containing surnames in their titles
are given in the positions corresponding to these surnames. In the electronic
version of the book, page numbers in the index, as well as in the table of
contents, are hyperlinks allowing to go directly to this page.

The initial “Video Lectures” section provides complete information about
the set of video lectures related to the book, including their Internet links.
This information allows the reader to quickly access the required lecture even
in the absence of an electronic version of the book.



Video lectures

If the framed text follows the title of the section or subsection, this means
that a fragment of the video lecture is associated with this section or sub-
section. The framed text consists of three parts: the number of the video
lecture, the time from which this fragment begins, and the duration of this
fragment.

For example, the following text ’2 .1A/00:00 (16:47) \ is located after the
title of the first section of Chapter 1 (the section is devoted to the definition of
the antiderivative and indefinite integral). It means that this topic is discussed

at the very beginning of lecture 2.1A, and the corresponding fragment of the
lecture lasts 16 minutes 47 seconds. The last section of Chapter 20 is the
section devoted to the decreasing rate of Fourier coefficients for differentiable
functions. The correspondent text is ’3.19B/ 33:49 (06:32) \, which means
that this topic is discussed in the lecture 3.19B, starting at 33:49, and the
discussion lasts 6 minutes 32 seconds.

The double numbering of video lectures is due to the fact that they are
taken from two sets with numbers 2 and 3 corresponding to lectures of the
second and third semester; the lectures in each set are numbered starting
from 1.

In the electronic version of the book, all framed texts are hyperlinks. Click-
ing on such text allows you to immediately play the corresponding lecture,
starting from the specified time.

When using the paper version of the book, hyperlinks, of course, are not
available, therefore, an additional information is provided here, which will
allow you to quickly start playing the required video lecture.

All video lectures are available on youtube. com. The first 10 video lectures
belong to set 2 and are the initial lectures of this set (with numbers from 1
to 10); the final 11 video lectures belong to the middle part of set 3 and have
numbers from 9 to 19 in this set. In addition, there is a link to video lecture
2.11A, in which the topic “Curves” ends, and a link to video lecture 3.8B, in
which the topic “Improper integrals” begins. All other video lectures consist
of two parts: A and B. The following list of lectures contains their titles and
short links to each part.
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2.1. Indefinite integral
2.1A: https://youtu.be/661AeLxskVA
2.1B:  https://youtu.be/xzIopklWCDM

2.2. Integration of rational functions
2.2A:  https://youtu.be/aLuD104G8PI
2.2B:  https://youtu.be/pPDPOLv23fk

2.3. Integration of trigonometric and irrational functions
2.3A:  https://youtu.be/_5Maq2J0eHg
2.3B:  https://youtu.be/aSDoNpfUbAs

2.4. Definite integral. Darboux sums
24A: https://youtu.be/TRBKy10knMM
2.4B: https://youtu.be/adgf4Temgug

2.5. Classes of integrable functions
2.5A:  https://youtu.be/oLRSzkV4FLo
2.5B:  https://youtu.be/0XUliFTV26s

2.6. Properties of a definite integral
2.6A: https://youtu.be/VkS-AcA9njQ
2.6B: https://youtu.be/tygGvPGHTps

2.7. Newton—Leibniz formula
2.7A: https://youtu.be/h77yheGoE1I
2.7B: https://youtu.be/FPhuVOZFZZ8

2.8. Calculation of areas
2.8A: https://youtu.be/Yg2rrKjorFs
2.8B: https://youtu.be/sX5r7CP20R0

2.9. Calculation of volumes
2.9A: https://youtu.be/3Vpk5JvFLaM
2.9B: https://youtu.be/6VI320AFKbw

2.10. Vector functions. Calculation of a curve length
2.10A: https://youtu.be/Q6sxEiXVzhc
2.10B: https://youtu.be/xb8oN2tz4Lw

2.11. Metric spaces
2.11A: https://youtu.be/J29z4Sog7WE

3.8. Definition and properties of an improper integral
3.8B: https://youtu.be/3r3u9nmPvQI

3.9. Absolute and conditional convergence of improper integrals
3.9A: https://youtu.be/at_eysCbc_M


https://youtu.be/66lAeLxskVA
https://youtu.be/xzIopk1WCDM
https://youtu.be/aLuD104G8PI
https://youtu.be/pPDP0Lv23fk
https://youtu.be/_5Maq2J0eHg
https://youtu.be/aSDoNpfUbAs
https://youtu.be/TRBKy1OknMM
https://youtu.be/a4gf4Temgug
https://youtu.be/oLRSzkV4FLo
https://youtu.be/OXUliFTV26s
https://youtu.be/VkS-AcA9njQ
https://youtu.be/tygGvPGHTps
https://youtu.be/h77yheGoE1I
https://youtu.be/FPhuVOZFZZ8
https://youtu.be/Yg2rrKjorF8
https://youtu.be/sX5r7CP2oR0
https://youtu.be/3Vpk5JvFLaM
https://youtu.be/6VT320AFKbw
https://youtu.be/Q6sxEiXVzhc
https://youtu.be/xb8oN2tz4Lw
https://youtu.be/J29z4Sog7WE
https://youtu.be/3r3u9nmPvQI
https://youtu.be/at_eysCbc_M
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3.10.

3.11.

3.12.

3.13.

3.14.

3.15.

3.16.

3.17.

3.18.

3.19.

You can create a link that immediately plays the video lecture, starting
from the specified time. Let us describe this additional feature using the
previously mentioned fragment \3. 19B/33:49 (06:32) \ as an example. This
is a fragment of part B of video lecture 3.19B, its short link has the form

3.9B: https://youtu.be/dVh4dk6yr808

Definition and properties of a numerical series, convergence tests
3.10A: https://youtu.be/RulNzgl_hUCk
3.10B:  https://youtu.be/PcIYNHo15_Y

Convergence tests (continuation), alternating series
3.11A: https://youtu.be/ielvgf jqFjM

3.11B:  https://youtu.be/11j-0AwBM5w
Functional sequences and series, uniform convergence
3.12A:  https://youtu.be/v1cYIUpBHGg

3.12B:  https://youtu.be/PRXEFme2sV0

Properties of functional sequences and series
3.13A:  https://youtu.be/pJywld91F0s
3.13B:  https://youtu.be/cyHCvVqlDGw

Power series
3.14A: https://youtu.be/1kbV5-307Ps
3.14B:  https://youtu.be/u0H9-hFgtbM

Properties of power series
3.15A: https://youtu.be/gvKZiJVjOhE
3.15B:  https://youtu.be/JzgBm_z70qI

Taylor series
3.16A: https://youtu.be/jM7_Gc7vThE
3.16B:  https://youtu.be/8Js_D129pX0

Fourier series in Euclidean space
3.17A:  https://youtu.be/yT2KwZh8XVQ
3.17B:  https://youtu.be/vnHwF6qCLRU

Fourier series in the space of integrable functions
3.18A: https://youtu.be/2_hbltefg7U
3.18B: https://youtu.be/yJqsGKaYgmw

Properties of Fourier series for various classes of functions
3.19A: https://youtu.be/Y6£ftBOrijqk
3.19B:  https://youtu.be/5UJfMwB0Opx4

5UJfMwB0Opx4. We need to play a lecture starting at 33:49.


https://youtu.be/dVh4k6yr8O8
https://youtu.be/RuNzgI_hUCk
https://youtu.be/PcIYNHo15_Y
https://youtu.be/ielvgfjqFjM
https://youtu.be/l1j-OAwBM5w
https://youtu.be/vlcY9UpBHGg
https://youtu.be/PRXEFme2sV0
https://youtu.be/pJywld91FOs
https://youtu.be/cyHCvVqlDGw
https://youtu.be/lkbV5-3O7Ps
https://youtu.be/uOH9-hFgtbM
https://youtu.be/gvKZiJVjOhE
https://youtu.be/JzgBm_z7OqI
https://youtu.be/jM7_Gc7vThE
https://youtu.be/8Js_Dl29pX0
https://youtu.be/yT2KwZh8XVQ
https://youtu.be/vnHwF6qCLRU
https://youtu.be/2_hb1tefg7U
https://youtu.be/yJqsGKaYgmw
https://youtu.be/Y6ftB0rijqk
https://youtu.be/5UJfMwBOpx4
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To do this, use the Internet link https://www.youtube.com/watch? spec-
ifying two options after it: a short link to the video lecture (option v=) and the
start time of playback (option t=). The options themselves must be separated
by the & character.

In our case, the full text of the Internet link will be as follows:

https://www.youtube.com/watch?v=5UJfMwBOpx4&t=33m49s

Pay attention to the time format: after the number of minutes, the letter m
is indicated; after the number of seconds, the letter s is indicated. If the
number of seconds is 0, then only the number of minutes can be specified.

A set of hyperlinks to video lectures, which also contains the names of the
corresponding chapters, sections, and subsections of this book, is presented on
the website mmcs.sfedu.ru of the Institute of Mathematics, Mechanics, and
Computer Science of the Southern Federal University (Moodle environment,
link http://edu.mmcs.sfedu.ru/course/view.php?id=271 for the lecture
set 2 and link http://edu.mmcs.sfedu.ru/course/view.php?id=379 for
the lecture set 3). At the top of each specified page, a set of hyperlinks is
displayed with titles in Russian and then in English.


http://edu.mmcs.sfedu.ru/course/view.php?id=271
http://edu.mmcs.sfedu.ru/course/view.php?id=379

1. Antiderivative and indefinite integral

Definition of an antiderivative
and indefinite integral [2.14/00:00 (16:47)]

DEFINITION.

Let the function f be defined on the interval (a, b), where a and b are finite
points or points at infinity. Let the function F' be a differentiable function
on this interval, with F'(z) = f(x) for € (a,b). Then the function F' is
called the antiderivative (or primitive function) of the function f on a given
interval.

The process of finding an antiderivative is called indefinite integration (or
antidifferentiation). If a function has an antiderivative on (a,b), then it is
called integrable on (a,b).

Hereinafter we, as a rule, will not specify interval on which the function is
integrable.

The question arises: how many different antiderivatives exist? Let Fj be
the antiderivative of the function f, that is, F{(x) = f(x). Let Fy(z) =
= Fi(z) + C, where C is a constant. Then the function F, is also the
antiderivative of the function f, since

Fy(z) = (Fi(z) + C) = Fl(z) = f(x).

Therefore, if we add a constant to some antiderivative, then we will also
get a primitive function. So, there exists an infinite number of antiderivatives,
differing from each other by a constant term.

There are no other antiderivatives: all possible antiderivatives can be ob-
tained by adding a constant to some selected antiderivative. Let us formalize
this fact as a theorem.

THEOREM (ON ANTIDERIVATIVES OF A GIVEN FUNCTION).

Let Fy and F3 be antiderivatives of f on (a,b). Then there exists a constant
C € R such that Fy(x) = Fy(z) + C.

PROOF.

We introduce the auxiliary function h(z) = Fy(x) — Fi(z). The function
h(z) is differentiable on (a, b) as the difference of differentiable functions. Let
us find its derivative:


https://www.youtube.com/watch?v=66lAeLxskVA&t=00m01s
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W(x) = (Fy(x) = Fi(z)) = Fy(x) = F{(z) = f(z) — f(x) = 0.
Thus, h'(z) is equal to 0 at any point € (a,b). Then, by corollary 1

of Lagrange’s theorem [1, Ch. 21|, the function h(z) is a constant on the
interval (a,b):

h(z) =C, =z € (a,b).

Therefore, Fy(x) — Fi(x) = C, Fy(z) = Fi(x) + C. O

So, knowing one antiderivative, we can obtain all the other antiderivatives,
since they all differ from the chosen antiderivative by a constant term.

DEFINITION.

The indefinite integral [ f(x)dx of the function f is the set of all its

antiderivatives: if F) is some antiderivative of the function f (that is,
Fi(z) = f(2)), then

/f(w) dr = {Fi(z) +C, C €R}.

The symbol [ is called the integral sign, the function f(z) is called the
integrand, and the expression f(x)dz under the integral sign is called the
element of integration.

As a rule, curly braces are not used and, moreover, it is not indicated
that C' is an arbitrary real constant:

/ F@)de = Fi(z) + C.

Table of indefinite integrals 12.1A/16:47 (12:44) ]

/de:C’.

/Ada::Ax+C, AeR.

xa—kl
Ydr = R\ {-1}.
/33 P=S 0 2>0, acR\{-1}

1

/—da:zln\x\—l—C’, x # 0.

x

To prove the last formula, it suffices to differentiate the superposition
In|z| =Inyo |z| for x # 0:

1 . signr 1
(In|z])" = (Iny)|,_, - (1)) = g, TS =
y=|z

o] @


https://www.youtube.com/watch?v=66lAeLxskVA&t=16m47s
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e"dr =¢e" +C.
al’

a’ dr = +C, a>0, az#1.
Ina

sinxdr = —cosz + C.

cosxdr =sinxz + C.

dr = tanx + C.

(S

dr = arcsinx + C.

V1 — 2?2

1
dx = arctanz + C.

—_

+

8
[\)

shxdx =chx + C.

chxdr =shx + C.

e S S S
8
- -

The simplest properties of an indefinite integral
2.1A/29:31 (09:54), 2.1B/00:00 (02:28)
1. If the function f is integrable, then

([ 1) = s

PROOF.
Let F(zx) be the antlderlvatlve of the function f(x), then

/ fl@)dr) = (F(x) + 0) = F'(z) = f(z). O

2. If the functlon f is differentiable, then

/f’(x) dr = f(z) + C.

PROOF.

In this case, f(x) is one of the antiderivatives of the function f’(x), whence
the formula to be proved follows. [

3. ADDITIVITY OF THE INDEFINITE INTEGRAL.

Let f and g be integrable, then the function f + ¢ is also integrable and
the formula holds:

/(f+g)dx:/fdx+/gdx. (1)



https://www.youtube.com/watch?v=66lAeLxskVA&t=29m31s
https://www.youtube.com/watch?v=xzIopk1WCDM&t=00m01s
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PROOF.

Equality (1) must be interpreted as the equality of two sets. Therefore,
we should prove that the set from the left-hand side of equality (1) is equal
to the set from the right-hand side of (1). Let F' be some antiderivative of
the function f, G' be some antiderivative of the function g. Then F' + G is
the antiderivative of the function f + g, since (F+ G) = F' + G = f + ¢.
Therefore, equality (1) can be rewritten in the form:

F+G+C:(F+Cl)+(G+CQ), C,Cl,CQER.

Obviously, if we choose the constants C7 and CY, that is, if we select some
element of the right-hand set, then this element will also belong to the left-
hand set (we can just put C' = Cy + ().

If we select some element F' 4+ G + C' of the left-hand set, then, by rep-
resenting the constant C' as the sum of two constants C and Cs, we obtain
that this element also belongs to the right-hand set.

Thus, we have proved the equality of these sets. [

4. HOMOGENEITY OF THE INDEFINITE INTEGRAL.

Let f be integrable, a € R, a # 0. Then the function o f is integrable
and the formula holds:

/afda::a/fdx. (2)

Formula (2) means that the constant factor can be taken out of the integral
sign.

The proof is similar to the proof of property 3. [

REMARK.

In the case of @ = 0, formula (2) turns out to be incorrect, as we noted
earlier that [0dx = C.

If we combine the properties of additivity and homogeneity, then we get
the property of linearity.

5. LINEARITY OF THE INDEFINITE INTEGRAL.

Let f and g be integrable, o, 8 € R, with a and  not turning into 0 at
the same time: |a| + |8| # 0. Then the function af + Bg is also integrable
and the formula holds:

/(ozf+59)da::oz/fdx+ﬂ/gdx.

EXAMPLE.

Using the simplest properties of the indefinite integral and the table of
indefinite integrals, one can find the integrals of linear combinations of func-
tions, for example:
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/(5ex+6cosx)dx:5/exda:—|—6/Cosxdx:56x+6sinx—|—0.

To verify the resulting relation, it suffices to differentiate the expression
on the right-hand side.

Change of variables
in an indefinite integral 12.1B/02:28 (13:37) |

THEOREM (ON THE CHANGE OF VARIABLES).
Let f(z) be an integrable function on (a, b) and one of its antiderivatives

is the function F(x). Let o(t) be a differentiable function on the interval
(o, B) and p(t (a b) as t € (a, B). Then

/ flo — Fo(t)) + C. (3)

PROOF.

It is enough for us to verify that the right-hand side of equality (3) is
the antiderivative of the integrand of the left-hand side of (3). We use the
superposition differentiation theorem and the condition that F'(z) = f(x):

(F(@(8)) = F'(@)|oepny #'(8) = F(@)],mpiy ') = F()) ¢ (1).0
REMARK.
Considering that the expression ¢'(t) dt is the differential of the function ¢,
the left-hand side of equality (3) can be written as [ f(¢)dep.
If we assume that ¢ is an independent variable, then equality (3) turns
into the definition of an indefinite integral:

/f@ﬂ@ZFWH%i (4)

However, the proved theorem means that equality (4) also holds for the
case when ¢ is a dependent variable, that is, it represents a differentiable
function of some independent variable (for example, t). In this case, the
expression dy must be understood as the differential of the function.

The noted circumstance is an additional justification for including the
expression dx in the notation of the indefinite integral. It should be noted
that this notation is also convenient for calculating integrals by changing
variables.

AN EXAMPLE OF APPLYING THE VARIABLE CHANGING THEOREM.

Find the integral [ tanx dx:

sin x dx
/tanxd:c:/ )
COS &



https://www.youtube.com/watch?v=xzIopk1WCDM&t=02m28s
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We introduce a new variable: y = cosx. The variable y is the func-
tion ¢ from the variable changing theorem, that is, we can assume that y
depends on z. Then dy is the differential of the function cosz, therefore
dy = —sinx dx. Thus, by virtue of the remark on the variable changing the-
orem, the expression in the numerator of the initial integral can be replaced
with —dy, and the expression in the denominator can be replaced with y. As
a result of changing the variable y = cos x, the initial integral is significantly
simplified and can now be found using the table of indefinite integrals:

/sinxdaz [ —dy dy

Y N e
cos T Yy Y

It remains for us to return to the initial variable x. Finally we obtain

/tanasda: = —In|cosz|+ C.

REMARKS.
1. When finding the last integral, we actually applied the formula (3),
representing the initial integral as follows:

1

/tanxdx = /f(cosx) (cosz) dz, fly) = =

However, when performing a variable change in an indefinite integral, for-
mula (3) is not used. Instead, in the integral, both the initial variable x and

its differential dx are replaced, as was done in the above example.
dx

2. Using a similar change of variable, one can also find the integral | <=.
To do this, take into account that sinz = 2sin 5 cos 5 and additionally trans-
form the resulting expression to obtain the result of differentiation of the
function tan § in it.

3. The resulting formula for the integral [ tanz dz makes sense on any
interval that does not contain points § + 7k, k € Z, that is, points at which

the tangent function is not defined.

Formula of integration by parts

Derivation of the formula
of integration by parts \2.1B/16:05 (07:28) \

The integral of the product of functions is not equal to the product of
the integrals. This is due to the more complicated form of the formula for
differentiating the product, compared with the formula for differentiating the
sum:


https://www.youtube.com/watch?v=xzIopk1WCDM&t=16m05s
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(u(x)v(x))/ = ' (z)v(z) + u(z)v' (z). (5)

Nevertheless, using formula (5) for differentiating the product, we can
obtain the formula of integration by parts, which in some cases allows us to
simplify the calculation of the integral of the product.

Let us express the product u(z)v'(z) from equality (5):

u(x)v' (x) = (u(a:)v(x))/ —u'(z)v(x).

Integrating the last equality and using the linearity of the indefinite inte-
gral (the simplest property 5), we obtain

/u(w)v/(x) dx = /((u(az)v(x))/ — u'(x)v(a:)) dr =
:/@@M@ﬁm_/m@wmm (6)

Given the simplest property 2 of the indefinite integral, we have

/(u(x)v(x))/dx = u(z)v(z) + C.

Since the remaining term [ u/(x)v(z) dx on the right-hand side of equal-
ity (6) also contains an arbitrary constant, we can add the constant C' to
this arbitrary constant and not specify it explicitly. Finally, we obtain the
following formula:

/M@w@wzumw@—/w@m@m.

This formula is called the formula of integration by parts. It holds if the
functions v and v are differentiable and there exists at least one of the integrals
included in it (in this case, there necessarily exists another integral).

So, the formula of integration by parts allows us to express the integral of
the product of the functions v and v in terms of the integral of the product
of v’ and v. It is used in situations where the integral on its right-hand side
is easier to find than the integral on the left-hand side.

The formula of integration by parts can also be written in the following
short form:

/udv:uv—/vdu.

Examples of applying the formula
of integration by parts \2.1B/23:33 (12:42) \

1. Let us find the integral [Inzdz. We put u(z) = Inz, dv = duz,
whence v(z) = z. Then


https://www.youtube.com/watch?v=xzIopk1WCDM&t=23m33s
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/lnxd:p:xlnx—/:p(lnx)'dx:

:xlnx—/x-ldx:ajlnx—/dx:xlnx—x+0.

X

2. Let us find the integral [ e”sinz dz.
We put u(z) = sinz, dv = e* dx, whence v(z) = €*. Then

/ezsinxdx:exsinx—/emcosxdx. (7)

Transform the integral on the right-hand side of (7) by the formula of
integration by parts with u(z) = cosx, v(z) = e:

/em cosrdr = €* cosx—/ex(— sinx) dr = €* cosx+/ex sin x dx.
Substituting the found integral in (7), we obtain
/e” sinzdr = e’sinx — e’ cosx — /ex sinx dx.

So, after completing two integrations by parts, we get the initial integral
[ e*sinz dx. If we denote one of the antiderivatives of the initial integrand
by I(x) and transfer arbitrary constants to the right-hand side of the last
equality, then this equality can be written as follows:

I(x) =€e"(sinz — cosz) — I(x) + C. (8)

Solving equation (8) with respect to I(x), we obtain
x

I(x) = %(sinx —cosx) + 7
The final formula takes the form

xT
/ex sinzx dr = %(Sinx —cosz) + C.

A similar technique can be applied when integrating functions of a more
general form €% sin az and e cos az.

REMARK.

It is also advisable to apply the formula of integration by parts in the
case of an integrand of the form P(z)f(z), where P(z) is a polynomial and
f(z) is a function for which there exists a simple antiderivative (such as sin z,
cosz, a”). In this case, we put u(x) = P(z); as a result of differentiation
of the function u(z), a polynomial of a lesser degree will be obtained. The
integration by parts is again applied to the obtained integral, and the pro-
cess is repeated until the polynomial at the next differentiation turns into
a constant.
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If there is a function Inz in the integrand, we can put u(z) = Inz, since
we obtain a simpler function % after differentiation.

Sometimes it is convenient to apply the formula of integration by parts,
not dividing the integrand into two factors, but setting dv = dz, v(z) = =
(as in example 1).



2. Integration of rational functions

Partial fraction decomposition

of a rational function [2.1B/36:15 (11:49)]
DEFINITION.
The rational function R(x) is the ratio of two polynomials:
P ()
R(z) = :

In studying the question of integrating rational functions, the following
facts from the course of algebra are used.

THEOREM 1 (ON THE FACTORIZATION OF A REAL POLYNOMIAL).

A polynomial @, (z) of degree n with real coefficients can be decomposed
into the following irreducible factors:

Qn(z) = apg(x—c)™ ... (:U—ck)o"“(x2+p1x+q1)ﬁ1 o (332 +pl:c+ql)ﬂl.
(

1)
Here ag is the coefficient of the highest degree of the polynomial Q,(z),
c1, ..., cx are the real roots of the polynomial @Q,,(x) of multiplicity g, . . ., ay,

quadratic factors of the form z? + p;x + ¢; with real coefficients p;, ¢; have
a negative discriminant: p? — 4¢; < 0; each factor (z? + pix + ¢;)% cor-
responds to a pair of complex conjugate roots of the polynomial @, (x) of
multiplicity 8;, © = 1,...,[. In addition, the following relation holds:

a4+ +ap+2(B1+ -+ 6) =n.

THEOREM 2 (ON THE PARTIAL FRACTION DECOMPOSITION OF A REAL
RATIONAL FUNCTION)

Let R(z) be a rational function of the form gzgg and decomposition (1)
takes place for the polynomial @,(x). Then R(z
follows:

) can be represented as

k I B

Bi' +Di'
R(x +ZZ (z— ) +ZZ xu:[;er;i)j' (2)

=1 j=1 i=1 j=1

The term P(x) appears if the degree m of the polynomial P, (z) is greater
than or equal to the degree n of the polynomial @, (). This term P(z) is


https://www.youtube.com/watch?v=xzIopk1WCDM&t=36m15s
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a polynomial of degree m — n obtained by dividing the polynomial P, (z) by
the polynomial @, (x).

For all remaining terms in formula (2) (called partial fractions), the degree
of the numerator is less than the degree of the denominator.

Methods for finding the decomposition
of a rational function 12.2A/00:00 (09:34) |

Consider the following rational function as an example:
52 + 31 + 2
(x — 1222+ 22+ 2)

The degree of its numerator is less than the degree of the denominator,
therefore, the term ]5(x) will not be present in the decomposition. The de-
composition will consist of three partial fractions:

A B Cx+D
F(z) = 1 (x —1)? +x2+2x+2'

It remains for us to find the coefficients of these fractions. To do this,
we can use the so-called method of equating coefficients. Let us reduce the
expression on the right-hand side to a common denominator and equate the
resulting numerators:

50343242 = A(x—1)(2*4+22+2)+B(2* +22+2)+(Cz+D)(z—1)%
(3)

Now we remove parentheses on the right-hand side and group the terms

R(x) =

with the same powers of x:

5% +3r+2=(A+C)2’ + (A+ B —20 + D)2 +
+(2B+C —2D)x + (—2A+ 2B+ D).
Let us equate the coefficients at the same powers of x:

b=A+C,
0=A+B-2C+ D,
3=2B+C—-2D,
2=-2A+4+2B+D.

As a result, we obtained a system of four linear equations in four unknowns.
According to the theorem on the partial fraction decomposition of a rational
function, this system has a solution. Having solved this system, we will find
the required coefficients: A =2, B=2,C =3, D = 2.


https://www.youtube.com/watch?v=aLuD104G8PI&t=00m01s
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There is another way: we can consider the specific values of z. If we put
x = 1 in equality (3), then two terms will disappear in its right-hand side
and the only term will remain. Using this term, we can immediately find the
coefficient B:
5:1943+2=A1-1)(1?+2+2)+ B(1*+2+2)+ (C+ D)(1—1)?
10 =50,
B =2.

This method is convenient if there are no quadratic factors in the factor-
ization of a denominator. However, even in our case, this method allows us
to simplify the resulting system by reducing the number of unknowns:

5=A+C,
—2=A-2C+ D,
—1=C—2D,
—2=-24+D.

Integration of terms in the partial fraction
decomposition of a rational function

Simple cases based on the direct use
of the table of integrals \2.2A/09:34 (06:46) \

After finding the partial fraction decomposition of the rational function,
it remains to integrate separately all the obtained terms.

1. The integral of the polynomial P(z).

This integral is a polynomial whose free term is an arbitrary constant C'.

2. The integral of a partial fraction of the form ﬁ corresponding to
the real root ¢ of multiplicity k.

For k # 1, we have

A A
/<x—c>k i T T

For k = 1, we have

/ A de =Aln|z — |+ C.

r—=cC


https://www.youtube.com/watch?v=aLuD104G8PI&t=09m34s
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Using change of variable \2.2A/16:20 (09:56) \

3. The integral of a partial fraction of the form %, provided that

the discriminant of the quadratic trinomial is less than zero: p* —4q < 0 (this
fraction corresponds to complex conjugate roots of multiplicity k).

Let us transform the polynomial in the denominator by complete the
square:

2 2 2 2
x2+px+q:x2+2x-]—)+(2> —(Z—)) —i—q:(x-i-]—)) —i—q—p—.

2 2 2 2 4
Note that the expression q— p—2 is greater than zero, Since by assumption,
the discriminant p? — 4q is less than zero. Denote ¢ — & = A2,

As a result of the transformation, we decrease the number of variables z
in the integral:

/ (Bx + D) dx _/ (Bx+ D) dx

2 ko 2 ke
(% + px +q) ((z+2)° +A2)

Let us change of variable: ¢t = x+%. Differentials will not change: dt = dx.
This variable changing will further simplify the denominator:

/ (Bx + D) dx _/(B(t——)+D)dt
((z+2)* +A2)" (12 + A2k

Now transform the numerator by grouping the free terms and denoting
the difference D — @ by D’

(B(t - -) + D) dt (Bt +D')dt
/ (2 + A2)k / (2 + A2)F

Let us split the resulting integral into two:

/ (Bt + D') dt _/ Bt dt +/ D' dt
2+ Ak [ (12 4+ A2)E (12 + A2)k
Thus, it remains for us to analyze the integrals of two types: [ &Qi%)k
and f t2+A2

3a. Find the integral [ tQi‘Zz We make the following variable change
in it: y =t 4+ A2 Then dy = 2t dt and as a result we get

/ tdt 1 [dy

The integral on the right-hand side can be found using the same formulas
as the integrals considered in subsection 2.



https://www.youtube.com/watch?v=aLuD104G8PI&t=16m20s
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Using recurrence relation \2.2A/26:16 (12:00) \

3b. Now let us turn to the last integral: [ W

In this case, we perform integration by parts, setting u = (t2+A2)’“ dv = dt,

v =1t

/ a t / 2(—k)t*dt

(12 + A2)F (24 A2)k (12 + A2)k+1
2
~ % e
In the numerator of the last integral, we add and subtract A%
t (t2+ A2 — A% dt
e A

t dt 9 dt
- (£2 + A2)k ""%/ (2 + A2k 2kA /(tQ + A2)k+1

If we denote I} = [ (tb:l#)k, then we can write the resulting relation as
follows:

t
Iy = ——5=
N CEVSL

Express I;.1 in terms of Ij:

1 t
I = 2k — 1)1 ).
L= 50 ((t2+A2)k+( k—1) k)

We have obtained a recurrence relation that allows us to reduce the finding
of the integral Ij,; to I;. Applying it the required number of times, we can
reduce the integral I to the integral I, which can be found explicitly:

I—/ dt _1/ /
TN (L 11 A

A

+2k( A ]k_|_1)

1 t
= A arctanK + C.

Theorem on the integration
of a rational function [2.2B/00:00 (06:08) ]|

Thus, we have shown that all the integrals arising during the integration
of a rational function are expressed in terms of elementary functions and the
following theorem holds.


https://www.youtube.com/watch?v=aLuD104G8PI&t=26m16s
https://www.youtube.com/watch?v=pPDP0Lv23fk&t=00m01s
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THEOREM (ON THE INTEGRATION OF A RATIONAL FUNCTION).

Any rational function can be integrated in elementary functions.

This is an important fact, since there are elementary functions whose in-
tegrals are not expressed in terms of elementary functions. Examples of such
functions are %, Si%, 2

Having proved the theorem on the integration of a rational function, we
can use it to study the integrability of other types of functions. If we can
reduce (for example, by changing a variable) a certain integrand to a rational
function, then we can state that the original function is also integrated in
elementary functions.

REMARK.

When integrating rational functions, we “go beyond” the set of rational
functions, because as a result of integrating rational functions, logarithms

and arctangents can arise.



3. Integration of trigonometric functions

Rational expressions
for trigonometric functions [2.2B/06:08 (03:45) |

DEFINITION.
A polynomial in two variables P(u,v) is a function of the form

P(u,v) = Zn: zm: au'v?.

j=0 i=0
A rational function of two variables R(u,v) is the ratio of polynomials
P(u,v) and Q(u,v) in two variables:
P(u,v)
Q(u,v)
We want to study the integrability of a rational function R(u,v), in
which the trigonometric functions sin x and cos x are indicated as arguments:

R(u,v) =

R(sinz,cosx). This is a wide class of functions containing any arithmetic
combinations of integer (including negative) degrees of trigonometric func-
tions sinx and cos .

It turns out that such functions, like rational functions, can be integrated
in elementary functions.

Universal trigonometric substitution [2.2B/09:53 (04:18)]

To find the integral [ R(sinz,cosx)dxz, we can use the following variable
change, called the universal trigonometric substitution (or tangent half-angle
substitution):

f = tan -
= tan —.
9

This substitution is based on the fact that both sine and cosine are ex-
pressed in terms of the tangent of a half angle:

] 2tan 5 2t

sinx = =
1+tan2§ 1+ 2’
1—tan2% 1 —¢2

cosT = 5 = 5
1+ tan®2 14t


https://www.youtube.com/watch?v=pPDP0Lv23fk&t=06m08s
https://www.youtube.com/watch?v=pPDP0Lv23fk&t=09m53s
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2dt
122
Thus, when using this substitution, both the functions sin x, cos x and the

differential dx are represented as rational functions of the new variable ¢.
Performing such a variable change, we obtain an integral of the following

form:
, 2t 1—1t*\ 2dt
/R(smx,cosx)dx:/R<1+t2, 1+t2) e

The integrand in the right-hand integral, being a superposition of rational

In addition, since arctant = §, we get dx =

functions, is itself a rational function of the argument ¢. Since any rational
function is integrated in elementary functions, we get that the initial integral
can also be integrated in elementary functions.

Features of the use of universal
trigonometric substitution 12.2B/14:11 (15:03) |

When performing a universal trigonometric substitution, a narrowing of
the domain of definition of the integrand can occur, since the function tan §
does not exist for some values of x.

In order to illustrate such a feature, we consider the following integral,
which is defined for all real numbers z: [(sin®x + cos?x) dz. By virtue of
the Pythagorean trigonometric identity, this integral is = + C.

We find this integral using the universal trigonometric substitution:

442 (1 —t3)2\ 2dt
.9 2 — =
/(sm T + Cos x)dx—/<(1+t2>2+(1+t2)2> 1+2

1+ 1+
(1+ t?)%dt dt
ZZ/WZQ 1+t2:2arctant—|—0.

Returning to the initial variable z, we get
/(sim2 x + cos”) dx = 2arctan (tan g) +C.

The resulting expression is not equal to x + C' on the entire real axis: it is
equal to x + C only on the interval (—m, ), since the function arctan x takes
values between —7 and 7. If, for example, we consider the interval (r, 3),
then our function 2arctan(tan %) will also take values from —x to 7; thus,
its graph will be a graph of the linear function x — 2w. We can say that the

graph of the function Qarctan(tan %) on the interval (7, 37) is obtained by


https://www.youtube.com/watch?v=pPDP0Lv23fk&t=14m11s
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shifting to the right by 27 the graph of the same function on the interval
(—m, 7). Using similar shifts, we can obtain graphs of this function on any
interval of the form (—m + 2km, m + 2km), k € Z. We also note that at the
points m + 2k7, k € Z, the function 2 arctan (tan %) is not defined.

Thus, the function 2 arctan (tan %) is a piecewise linear function, it takes

values from — to m and has discontinuities of the first kind at points w42k,
ke Z (Fig. 1).

3m =21 T 0 T 21 3am X

T
Fig. 1. Graph of the function 2 arctan (tan %)

Since the antiderivative must be a differentiable function and there-
fore a continuous function, we obtain that the found representation
2arctan(tan %) + C' of the initial integral makes sense only on intervals
(—m + 2km, 7w + 2k7), k € Z.

However, in the obtained formula, there exists a constant C' that can be
chosen differently on the intervals (—m + 2km, 7 + 2kw), k € Z, on which
antiderivative makes sense. Due to this choice, it is possible to “combine”
parts of a piecewise linear function in such a way as to turn discontinuity
points of the first kind into points of removable discontinuity. This can be
achieved, for example, by setting C' = 0 for the antiderivative on the interval
(—m,m), C = 2x for the antiderivative on the interval (7, 3n), C' = —27 for
the antiderivative on the interval (—3m, —m), etc. (Fig. 2).

Y
2m

-2m - 0 m 2m X

=21

Fig. 2. Combining antiderivative segments
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Having defined a combined antiderivative by continuity at the points
m + 2kw, k € Z, we obtain a linear function x, i. e., one of the initial in-
tegral antiderivatives defined on the entire real axis.

Thus, the universal trigonometric substitution allows us to obtain a repre-
sentation of the initial integral on intervals that do not contain singular points
of the tangent function, but additional transformations are required (related
to the selection of arbitrary terms C' and to the additional definition the ob-
tained function by continuity at its singular points) to get the antiderivatives
defined on the entire real axis (if such antiderivatives exist).

Other types of variable change
for trigonometric expressions

Variable change using the cosine
and sine functions 2.2B/29:14 (08:12), 2.3A/00:00 (15:04)

In some cases, when integrating trigonometric expressions, more simple
change of variable can be used, which does not narrow the domain of definition
of the original expression.

Such types of variable change are possible if the rational function of two
variables R(sin x, cosx) has additional properties.

CASE 1.

Let R(—u,v) = —R(u,v) for any u, v from the domain of definition of this
function. This property is called oddness with respect to the first argument.

In this case, for an integral of the form [ R(sinz,cosx)dz, we can use
a simpler variable change, which reduces it to an integral of a rational func-
tion. To justify such a variable change, we need to analyze the properties of
the function that is an odd function with respect to the first argument.

First, consider the auxiliary function }?(u,v), which is an even function
with respect to the first argument:

R(—u,v) = R(u,v).

Obviously, in such a situation, all powers of the argument u in the func-
tion R have an even degree. This means that the function R(u,v) can be
represented as follows:

R(u,v) = R*(u?,v).

Here R* is a new rational function.


https://www.youtube.com/watch?v=pPDP0Lv23fk&t=29m14s
https://www.youtube.com/watch?v=_5Maq2J0eHg&t=00m01s
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. ~ 2 4 3 . . .
For example, the function R(u,v) = “=45- is an even function with

respect to the first argument and can be represented in the form R*(u?,v),
where R*(y,v) = %@’f“g
Let us return to the initial function R, which is an odd function with

respect to the first argument, and construct the following function:

R(u,v) = B, U).

u

The function being constructed is a rational function and it is an even
function with respect to the first argument because, given the property of the
function R, we have

R(—u,v) = R(—u,v) _ —R(u,v) _ R(u,v) — R(u.v)

—Uu —U u

Since the function R(u,v) is an even function with respect to the first
argument, it can be represented as follows:

R(u,v) = R*(u?,v).
Given the definition of the function R(u,v), we obtain that the expression

—R(Z’U) can also be represented as R*(u?,v):

R(u,v)

o *( 2
" = R"(u”,v).

Therefore, for a rational function R(u,v) which is an odd function with
respect to the first argument, there exists the following representation using
some rational function R*:

R(u,v) = R*(u?, v)u.

Let us return to our integral and rewrite it as follows:
/ R(sinx, cosx)dx = / R*(sin® z, cos x) sin = da.

We make the variable change t = cos z, then dt = — sinx dx. In addition,
sinx = 1 — cos?x = 1 — ¢%. Thus, the initial integral takes the form

/R(sinx,cos x)dr = —/R*(l — %, t)t de.

The function R* and its arguments are rational functions, therefore the
integrand is a rational function and it can be integrated in elementary func-
tions.

Thus, if the function R(u,v) is an odd function with respect to the first
argument, then, for the integral f R(sin x, cos x) dx, we can use the variable
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change t = coszx, and as a result we obtain the integral of the rational
function.

CASE 2.

Let the function R(u,v) be an odd function with respect to the second
argument: R(u, —v) = —R(u,v).

Then, wusing similar reasoning, we can prove that the function
fi(u,v) = M is an even function with respect to the second argument
and therefore it can be represented in the form R*(u, v?). Finally, we obtain
the following representation for R:

R(u,v) = R*(u,v*)v.

In this case, the integral [ R(sinz,cosz)dz takes the form
/ R(sinz,cosx)dr = / R*(sin x, cos® z) cos x d.

For its transformation to the integral of a rational function, we can use
the variable change ¢ = sinx (with dt = cosx dx):

/R(sin x,cosx)dr = /R*(t, 1 —t*)tdx.

REMARK.

Both considered variable changes (¢ = cosz and t = sinx), unlike the
universal trigonometric substitution, do not narrow the domain of definition
of the initial function.

Variable change using the tangent function \2.3A/15:O4 (09:28) \

CASE 3.

Let the function R(u,v) be an even function with respect to both argu-
ments, that is, for any u and v from its domain of definition, the following
relation holds:

R(—u,—v) = R(u,v).
We transform the function R as follows:

R(u,v) = R(E : v,v).

v
The expression on the right-hand side means that the initial function can

be represented as a rational function of the arguments  and v:

~ U
R(u,v) = R(—,v).
v
Since the initial function R is an even function with respect to both argu-
ments, the function R is an even function with respect to the second argument:


https://www.youtube.com/watch?v=_5Maq2J0eHg&t=15m04s
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R(E, —v) = R(;u, —v) = R(—u,—v) = R(u,v) = fi(g,v).

v —v v
Therefore, the function E’(%,v) has the following representation using
some rational function R*:

(%) = (%)

So, we have proved that a function R(u,v), which is an even function with
respect to both arguments, can be represented using some rational function
R* as follows:

R(u,v) = R (%, v2>.

Thus, for the integral [ R(sinz,cosz)dx we can get the following repre-
sentation:

/R(Sinx,cosx) dx = /R"(temx,cos2 x)dx.

In this case, it is convenient to make the variable change ¢ = tan x, then
r = arctant, do = %. In addition, cos?z = 1—|—t21m23: = litQ. Given the
obtained relations, the initial integral takes the form

1 d
/R(sin x,cosx)dr = /R* (t, T t2> 1 +xt2.

So, we can represent the initial integral as the integral of rational function,

although when replacing t = tanx, the domain of definition of the original
function can be narrowed (as in the case of universal trigonometric substitu-
tion ¢ = tan 7). However, the resulting superposition of rational functions is
more simple than the superposition obtained as a result of universal trigono-
metric substitution.

Using multiple variable changes \2.3A/ 24:32 (05:08) \

Any rational function R(u,v) can be represented as the sum of three ra-
tional functions, the first of which is an odd function with respect to the
first argument, the second one is an odd function with respect to the sec-
ond argument, and the third one is an even function with respect to both
arguments. Therefore, to integrate the initial function R(sin x,cosz), we can
represent it in the form of the indicated sum of three functions and apply the
corresponding change of variable described for cases 1, 2, 3 to each of these
functions.

The required representation of the function R(u,v) can be obtained using
the following equality:


https://www.youtube.com/watch?v=_5Maq2J0eHg&t=24m32s
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R(u,v) = R(u,v) —23(—u,v) N R(—wu,v) _QR(_U’ —v)

R(—u, —v) + R(u,v)
+ .
2
It is easy to verify that on the right-hand side of the equality obtained, the
first term R(u’”)_f(_“’v) is a rational function which is an odd function with
respect to the first argument, the second term R(fu’v)ff(*u’*v)
function which is an odd function with respect to the second argument, and
the third term R(_u’_UQ)+R(u’U) is a rational function which is an even function
with respect to both arguments.
For example, if we denote the first term by Ri(u,v) and replace u with
(—u) in it, then we get
Ry(—u,v) = R(—u,v) — R(u,v) _ ~ R(u,v) = R(—u,v) _
2 2
= —Ry(u,v).

This relation means that the function Rj(u,v) is an odd function with
respect to the first argument.

+

is a rational
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Integration of a rational function
with an irrational argument [2.34/29:40 (08:42)]

Let R(u,v) be a rational function, a,b,c,d € R, p € Q. Consider the
following integral:

/R (x (%)p) dz.

This integral contains an irrational function if the exponent p is not an in-
teger: p =14, whereq€ Z, r € N, r > 1.

We also require that the determinant consisting of coefficients a, b, ¢, d be
NONZero:
a b
c d

If condition (1) is violated, then the coefficients a and b will be proportional
axr+b

to the coefficients ¢ and d. In this case, the fraction ¢ will be a constant
and the irrationality in the integrand will disappear. Therefore, this case is

not interesting.
This integral can be transformed, by an appropriate change of variable, to
the integral of a rational function. Let us use the following variable change:

1
t:(ax—kb)r. (2)
cr +d

Then the second argument of the function R takes the form ¢4, i. e., it does

not contain irrationality. It remains for us to express the argument x and the

= ad — bc # 0. (1)

differential dz in terms of the new variable t. We transform equality (2) as
follows:

. ar+b

cr+d
(cx +d)t" = azx + b,

b—dt’

xr = :

ct”" —a

Condition (1) ensures that the terms ¢" on the right-hand side of the equal-
ity obtained do not disappear. Thus, we have obtained that x is expressed as

a rational function of the argument ¢: R (t) = 222



https://www.youtube.com/watch?v=_5Maq2J0eHg&t=29m40s
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Since x = Ry (t), we get that do = R)(t) dt, where R{(t) is also a rational
function (as a derivative of a rational function).
As a result of this variable change, the initial integral takes the form

/R (x <%)p> dr = /R(Rl(t),tq)R’l(t) dt.

The integrand in the right-hand integral is a rational function as a super-
position and a product of rational functions. Therefore, applying the theorem
on integrating a rational function, we obtain that the initial integral can also
be expressed in elementary functions.

Generalization to the case of several irrational

arguments 2.3A/38:22 (05:28), 2.3B/00:00 (03:45)
DEFINITION.
A polynomial in n variables is a function P(xq, o, ..., x,) of the following
form:

mi Mo My,
P(z1,x9,...,2,) = Z Z Fe Z Civigoin L1 T o T
i1 =01i9=0 =0
A rational function of n variables is the ratio of two polynomials in n vari-
ables.
We generalize the previous result on the integration of a rational function
with an irrational argument to the case of a rational function of n+1 variables
containing n irrational arguments with the same bases:

ax + b\P1 sax + b\ P2 ax + b\ rn
R :1:( ) < ) ( ) dz.
cr +d cr +d cr +d
Here pi, p2,...,pn € Q, pi = &, whereq; € Z, 7; € N,y > 1, i =1,...,n.

We require that condition (1) is satisfied for the coefficients a, b, ¢, d.
Let us introduce an auxiliary value s which is the least common multiple

of the numbers r{, 79, ..., 7ry:
s =LCM {ry,ro, ..., 7m0} (3)
Then p;, i = 1,...,n, can be represented as follows:
G4 5 _ ik
r, S Ty s

Here [; = * is an integer by (3).
Thus, we expressed all the numbers p; as fractions with the same denom-
inator s. Perform the following change of variable in the integral:


https://www.youtube.com/watch?v=_5Maq2J0eHg&t=38m22s
https://www.youtube.com/watch?v=aSDoNpfUbAs&t=00m01s
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ar + b
= ( )" 4
cr+d (4)
Then the arguments (g;”j:g)p " of the function R will take the form t%%, that
is, they will not contain irrationality.

Acting in the same way as in the previously considered case, we can ex-

® =

press x from relation (4) as a rational function of the argument ¢:
b — dt?
= = Ri(?).
ct® —a 1)
As a result of this variable change, the initial integral takes the form

/ R (Ru(t), t0h gl ¢l R () dt.

X

The integrand in the resulting integral is a rational function, so this integral
and therefore the initial integral can also be expressed in elementary functions.

Integration of the binomial differential |2.38/03:45 (15:59)|

Consider the following integral (called the integral of the binomial differ-
ential):

/xm(a + bx™)P d.

Here m, n, p are some rational numbers.

Due to the power function z”, this integral differs from the previously
considered one (for which the base of the power function with a rational
exponent was the ratio of linear functions).

Therefore, at the first stage of the transformation, we get rid of the power
function z" by performing the variable change ¢ = 2". Then x = t%,
dxr = %t%_l dt, and the integral takes the form

]. m 1-n 1 m—+1
/xm(a+bx”)pd:€ = —/tn(a+bt)ptn dt = —/t ©a+bt)P dt.

n n

For brevity, we denote the resulting rational exponent mTH — 1 by q. Using
this notation we get

1
/xm(a + bz )P dx = — / t1(a + bt)? dt.
n
Thus, it remains for us to consider the following integral containing rational

exponents p and ¢:

/ £9(a + bt)? dt.


https://www.youtube.com/watch?v=aSDoNpfUbAs&t=03m45s
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There are three simple cases in which a given integral can be transformed
to an integral of a rational function.

CASE l: g€ Z,p=+,r€Z,s€N.

This case has already been analyzed previously. To transform the integral
to the integral of a rational function, it suffices to use the variable change
u = (a+ bt):.

CASE2: p€Z,q=+,r€Z,s€N.

In this case, we use the variable change u = ts.
dt = su*~! du, and we get the integral of a polynomial:

/tq(a + bt)P dt = /u’“(a + buf) s~ du.

CASE 3: pt+q€Z,p=L,reZ,seN
We transform the integral as follows:

/tq(a+bt)p dt = /tpﬂ(%bt)pdt .

We again got the integral considered earlier, since the irrational factor

w =

Then t = u°,

has a base which is a ratio of linear functions. To transform the integral
to the inte;gral of a rational function, it suffices to use the variable change
u = (a—:bt) s

REMARK.

In all other cases, the integral of the binomial differential cannot be rep-
resented as the integral of a rational function. This fact was established by

the Russian mathematician P. L. Chebyshev.

Euler’s substitutions

Three types of Euler’s substitutions \2.3B/19:44 (12:18) \

Let R(u,v) be a rational function of two variables, a,b,c € R, a # 0.
Consider the following integral:

/R (x, Vaz? + br + c) dr. (5)

We exclude from consideration those values of « for which az?+bx+c < 0.
L. Euler showed that the integral (5) can always be transformed to the in-
tegral of a rational function using one of three variable changes called Euler’s

substitutions.
CASE 1: a > 0.
The substitution vax? + bx + ¢ = Var +tis used.



https://www.youtube.com/watch?v=aSDoNpfUbAs&t=19m44s
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Square both sides of the equality:
az? + br + ¢ = ax® + 2v/axt + 2,
br + ¢ = 2/ axt + t2.

The last equality contains only the first power of the variable z, so we can
easily express x through the new variable ¢, resulting in a rational function

Ry (t):

Thus, the initial integral takes the form

/R(m, \/aggQ—l—bx—l—c) dr = /R(Rl(t),\/ERl(t) +1) R (1) dt.

We got the integral of the rational function.

CASE 2: ¢ > 0.

The substitution vaz2 + bx + ¢ = xt + V¢ is used.
When squaring both sides of this equality, we obtain

az? 4+ bxr + ¢ = 2°t* + 2\/ext + ¢,
ax?® + bx = 2%t* + 2/cxt,
ar + b = zt® + 2 /ct.

The last equality contains only the first power of the variable z, which
allows us to express x through the new variable ¢, resulting in a rational
function Ry(t):

2\/ct — b
= —— = Ry(t).
a — t? 2(t)

The initial integral will take the form

/R(x, \/ax2+bx+c) dx = /R(Rg(t),th(t) + /) Ry (t) dt.

We again got the integral of the rational function.

X

CASE 3: the quadratic trinomial axz? 4+ bx + ¢ has real roots, i. e., it can
be represented as follows:

ax® +br +c=alr—a)(r—p), aBER. (6)

Then the substitution vax? + bz + ¢ = (x — )t is used.

We square both sides of this equality and then apply relation (6) on the
left-hand side:

a(r — a)(x - ) = (z — a)*t?,
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alx — B) = (x — a)t’.
The last equality contains only the first power of the variable z, which
allows us to express the variable x through the new variable ¢, resulting in
a rational function Rs(t):

aB — at?
=Tome ~ B

The initial integral takes the form

/ R (x Vaz? +bx+c> dr = / R (Rs(t), (Rs(t) — a)t) Ry (t) dt.

We again got the integral of the rational function.

REMARK.

In each case, we can use one more formula for the corresponding sub-
stitution. For case 1, this is vaxz? + bx + ¢ = Jax — t, for case 2, this is
vaz? +bx + ¢ = xt — \/c, for case 3, this is Vaz? + bx + ¢ = (x — (§)t. For
some types of quadratic trinomials, we can use substitution corresponding to
different cases (for example, if the inequalities a > 0 and ¢ > 0 are satisfied
simultaneously). The choice of a substitution formula is determined by which

X

formula leads to a simpler form of the resulting rational function.

On the possibility of applying Euler’s
substitutions to any quadratic trinomial \2.3B/ 32:02 (08:38) \

It turns out that, for any quadratic trinomial ax? + bz + ¢, at least one of
the three cases listed above necessarily takes place, therefore any integral (5)
can be transformed to the integral of a rational function. Moreover, for any
quadratic trinomial, either case 1 or case 3 takes place. Let us prove this
statement.

Recall that we consider the integral (5) on the set of x such that
ax’ + br + ¢ > 0. In particular, if the entire graph of the parabola
y = ax® + bx + c is located below the OX axis, then it does not make
sense to analyze the integral (5).

Therefore, only the following types for the location of the parabola
y = ax® + bx + c relative to the OX axis are of interest:

1) the entire parabola (or the entire parabola, except for its vertex) is
located above the OX axis (see the left-hand part of Fig. 3);

2) the parabola intersects the OX axis at two points (see the right-hand
part of Fig. 3).


https://www.youtube.com/watch?v=aSDoNpfUbAs&t=32m02s
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Fig. 3. Types of parabola location

For type 2 of parabola location, case 3 of Euler’s substitutions takes place:
the quadratic trinomial has two real roots.

It remains for us to show that, for type 1 of parabola location, case 1 of
Euler’s substitutions necessarily takes place, i. e., a > 0. So, suppose that
the following relation holds for all x € R:

ax® +br +c > 0. (7)
We transform the left-hand side of inequality (7) by complete the square:

(g () - 0))-
o) G- )

Now let us transform the term g — %2:

c b2 B dac — b2

a 4a? 4a?
The denominator of the fraction obtained is greater than zero. The nu-
merator is non-negative, because it is (—D), where D = b* — 4ac is the

discriminant that cannot be positive, since the parabola crosses the OX axis
at no more than one point. Therefore, the term ¢ — %
and can be denoted by AZ2.

Thus, inequality (7) can be rewritten in the form

a<<x+%>2+A2> > 0.

Since the expression in parentheses is non-negative, the coefficient @ must
also be non-negative. Since a # 0 by condition, we finally obtain that a > 0
and case 1 holds.

is also non-negative
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REMARK.

The required result can be obtained more easily without transforming the
original quadratic trinomial. It is enough to note that the term ax?® grows
faster than the term bx as x — oo; this means that the sign of the expression
ax? + bx + c for sufficiently large x is determined by the sign of the term ax?.
Therefore, if the inequality a < 0 holds, then estimate (7) could not be valid

for all z € R.



5. Definite integral and Darboux sums

Definite integral

The problem of finding the area
of a curvilinear trapezoid \2 .4A/00:00 (07:00) \

The basic concepts related to a definite integral can be considered by
the example of the geometric problem of finding the area of a curvilinear
trapezoid.

Let a function f(x) be defined on the segment (closed interval) [a, b] and
taking non-negative values on this segment: f(z) > 0, x € [a, b]. It is required
to find the area of the figure G bounded by the OX axis, the vertical lines
x = a and x = b, and the graph of the function y = f(z). Such a figure is
called a curvilinear trapezoid with the base [a, b] (Fig. 4).

Y
y =1(x)

0 a b X

Fig. 4. Curvilinear trapezoid

How to find the approximate area of a curvilinear trapezoid?

Let us divide the segment [a, b] into smaller segments (not necessarily of
equal length) with endpoints @ = xp < 71 < 23 < -+ < X1 < T, = b.
For brevity, we denote the obtained segments as follows: A; = [x;_1, z;],
t=1,...,n. We also introduce the notation for the length of the segment A;:
AIZ'ZZCZ'—l"Z',l,Z.Z 1,...,?1.

Choose a point &; on each of the segments A;: & € A;, 1 =1,...,n.

Provided that the function f has sufficiently “good” properties, we can
assume that the area of the curvilinear trapezoid with the base A; will be


https://www.youtube.com/watch?v=TRBKy1OknMM&t=00m01s
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close to the area of the rectangle with the same base A; and a height equal
to the value of the function f at the point &;. The area of this rectangle is
f(&)A;.

Summing up the areas of all such rectangles, we get the approximate value
of the area of the initial curvilinear trapezoid: Y . f(&)Ax; (see the left-
hand part of Fig. 5).

Y Y
y = f(x) y =f(x)
T %;,

&) | /f

HIE,) f 1 ff

F1(E,) // |

A1 AZ AS

0 a &% 5% L, X, b X 0 a b X

Fig. 5. Curvilinear trapezoid approximation by a set of rectangles

As the length of segments A; decreases, the resulting union of the rectan-
gles will be even closer to the initial curvilinear trapezoid (see the right-hand
part of Fig. 5).

If the expression Y | f(&)Ax; has a limit as the length of segments A,
unlimitedly decreases (and, accordingly, as the number of points x; unlim-
itedly increases), then it is natural to consider this limit as the area of the
initial curvilinear trapezoid.

It is this limit that is called the definite integral of the function f over the
segment [a, b].

Definition of a definite integral 12.4A/07:00 (14:01) |
DEFINITION.
Let the function f be defined on the segment [a,b]. The partition T of
the segment [a, b] is the ordered set of points z;, i = 0,...,n, which has the

following property:
a=2)0 <1 <Xy < < Tp_1<xp=~>b.

For the segments [z;_1, x;] with endpoints at adjacent points of the parti-
tion T', as well as for their lengths x; —x;_1, we will use the notation introduced
above:

def def .
Ai:[xi_l,xi], Axi:xi_aji—la f[/:l’___’n_


https://www.youtube.com/watch?v=TRBKy1OknMM&t=07m01s
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Obviously, Ax; > 0.
The mesh of the partition T" (notation [(7T)) is the maximum of the lengths
of the segments A;:

UT) = max Ax;.

A sample & constructed on the basis of a partition 7' is an arbitrary set of
points & € A;, i =1,...,n.

The integral sum orp(f,€) of the function f by the partition 7" and the
sample ¢ is the following expression:

or(f,€) £ f(&)Aw;.
i=1

A function f is called Riemann integrable on the segment |a,b] if there
exists a number [ such that

Ve>0 J6>0 VT,U(T) <6, V& |op(f,&) —1I|<e. (1)
Briefly, condition (1) can be written using the limit notation:
I= 1 :
i or(f.€)
The number [ is called the Riemann integral, or the definite integral, of
the function f over the segment [a, b], and it is denoted as follows: fab f(z)du.

So, the Riemann integral of the function f is the limit of the integral sums
or(f,&) as I(T) — 0, V&, if this limit exists:

/f a’:z:d—ef lim  op(f,&).

(T)=0,v¢

In what follows, Riemann integrability and the Riemann integral will be
called simply integrability and integral, respectively.

REMARKS.

1. Although the limit of integral sums used in the definition of the inte-
gral I differs from the usual limit of a function at a point, it is easy to prove,
using condition (1), that this limit satisfies both the theorem on arithmetic
properties of the limit and the theorem on passing to the limit in the inequal-
ities. We will use these theorems in the next chapter to prove the properties
of a definite integral.

2. One can extend the class of integrable functions by giving other def-
initions of integrability. Among such types of integrability, one of the most
important is Lebesque integrability. Lebesgue integrability is not considered
in this book.
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A necessary condition for integrability \2.4A/ 21:01 (11:50) \

THEOREM (A NECESSARY CONDITION FOR INTEGRABILITY).

If the function is integrable on a segment, then it is bounded on this
segment.

PROOF.

Let the function f be integrable on the segment [a,b]. This means that
there exists a number I for which condition (1) is satisfied. In this condition,
we choose the value of ¢, setting it equal to 1. Then there exists a value § > 0
such that the following estimate holds for any partition 7" of the segment [a, b]
satisfying the additional condition [(T") < ¢ and any sample £ constructed on
the basis the partition T

or(f, &) — I < 1. (2)

We select some partition T satisfying the condition I(T") < 4.

Let us prove the statement of the theorem by contradiction: suppose that
the function f is not bounded on [a,b]. This means that it is unbounded on
at least one segment A; associated with the previously selected partition 7T
For definiteness, we assume that such a segment is the segment A;.

From the integral sum op(f,€), we extract the term associated with this
segment:

or(f,€) = f(&) Az + Z f(&)Ax;. (3)

Let us fix all the elements of the sample & except for the first one, i. e., let
us fix the values &9, &3, ..., &,. In this case, the second term on the right-hand
side of equality (3) will be uniquely determined. Denote the value of this term

by A:
A= Z f(&)Az;.
i=2

Then inequality (2) can be transformed as follows:
I—-1<op(f,&) <I+1,
[—1<f(§1)A$1+A<[+1.

In the resulting relation, we move A from the middle part to the left-hand
and right-hand part, after which we divide all parts of the double inequality
by Az (this can be done since Az > 0):

I—1—A I+1—-A
A—a:1<f(£1)<A—xl' (4)


https://www.youtube.com/watch?v=TRBKy1OknMM&t=21m01s
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In this double inequality, all values are fixed except for the point &, which
can vary within the segment A;. Thus, we have obtained that the double
inequality (4) holds for all & € Aj, which implies that the function f is
bounded on the segment A;. But this contradicts our assumption that the
function f is unbounded on this segment. The obtained contradiction proves
the theorem. [

REMARKS.

1. Taking into account this theorem, we will consider only bounded func-
tions hereinafter, not always noting this condition.

2. The converse of the proved theorem is false: if the function is bounded,
then this does not follow that it is integrable. We give a corresponding ex-
ample at the end of this chapter.

Darboux sums and Darboux integrals

Definition of Darboux sums 12.44/32:51 (05:52)]

DEFINITION.

Let the function f be defined and bounded on the segment [a, b].

We choose some partition 1" of this segment and introduce the following
notation:

M; = sup f(x), m;= inf f(x), i=1,...,n.
TEN; reA;

Since the function f is bounded on [a, b], the values M; and m; exist for
alli=1,...,n.

The upper Darbouz sum SF(f) and the lower Darbouz sum Sy (f) are
defined as follows:

S;w_(f) d:ef Z MzAiCZ, Sj_w(f) d:ef Z mZACL’Z
i=1 =1

If it is clear which function f is associated with Darboux sums, then the
short notation S7: and S; can be used for them.

REMARK.

The main difference between Darboux sums and integral sums is that the
notion of sample £ is not used in the definition of Darboux sums: Darboux
sums depend only on the function f itself and the partition 7" of the initial
segment.


https://www.youtube.com/watch?v=TRBKy1OknMM&t=32m51s
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The simplest properties
of Darboux sums 2.4A/38:43 (01:33), 2.4B/00:00 (12:05)

In the formulations of all properties, it is assumed that the function f is
defined and bounded on the segment [a, b].

1. Let T be some partition of the segment [a, b], £ be an arbitrary sample
associated with this partition. Then the following double inequality holds:

Sy (f) < or(f,€) < SE(f). (5)
PROOF.
From the definition of the supremum M; and the infimum m;, it follows
Ve mi < f(6) < M; (6)

Multiply all parts of the double inequality (6) by Az; > 0 and take a sum
of all inequalities for i = 1,..., n:

=1 1=1 1=1

Given the definitions of the integral sum and Darboux sums, we ob-
tain (5). O

2. For a fixed partition T of the segment [a,b], the following relations
hold:

Sr(f) = SlngT(fa §), Sp(f) = HglfUT(fa £).

PROOF.

Let us prove this property for the upper Darboux sum. Given the definition
of supremum, it is necessary to prove two statements:

)VE or(f.€) < SE(P),

2)Ve >0 3¢ or(f,&) > SH(f) —e

Statement 1 has already been proved (see property 1). Let us prove state-
ment 2. From the definition of the supremum M;, it follows

Ve>0 3gen; f&)>M—— (7)

Multiply both sides of inequality (7) by Az; > 0 and take a sum of all
inequalities for i =1, ..., n:

n

; FE)Az > Y Mda, =y ——Ax,

1=1 1=1


https://www.youtube.com/watch?v=TRBKy1OknMM&t=38m43s
https://www.youtube.com/watch?v=a4gf4Temgug&t=00m01s
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Given the definitions of the integral sum and the upper Darboux sum, as
well as the fact that > 7 | 7=Ax; = =3 " Aw; = 7=(b—a) = ¢, we
obtain statement 2.

The property for the lower Darboux sum is proved similarly, using the
definition of the infimum. [J

Darboux sum property related
to refinement of a partition \2 .4B/12:05 (15:11) \

Before stating the next property, we introduce the concept of refinement
of a partition.

DEFINITION.

The partition 75 is called the refinement of the partition T} if any element
of the partition 77 belongs to the partition 75, i. e., 77 C T5. In other words,
the refinement 75 of the partition 77 contains all points of the partition Tj
and possibly some other points of the original segment.

3. If the partition 75 is a refinement of the partition 77, then the following
chain of inequalities holds:

Sy <S5, <87, < Sp (8)

PROOF.

The middle inequality in (8) immediately follows from property 1. Let us
prove the right-hand inequality: S7, < S7.

It is enough for us to consider the case when the refinement 75 of the
partition 77 differs from 77 by only one additional point. The case when there
are several additional points can be reduced to the case with one point if we
add these points to the partition sequentiallyand apply the proved estimate
to the resulting refinements.

So, we assume that the refinement 75 contains one additional point z’:
Ty ={x;,i=0,...,n}, T, =T1U{a’}. For definiteness, we also assume that
e Ayl e, xg <2’ < xy1. We also introduce the following notation:

Al = [zo, 2], Az} =2"—wx, M= sup f(v),

reA]

(= el, A=, M= sw f(z)
xeAY

We need to prove that
Sp, — Sp, > 0. (9)


https://www.youtube.com/watch?v=a4gf4Temgug&t=12m05s
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The indicated Darboux sums contain the coinciding terms M;Ax; for

1 = 2,...,n. After reducing these coinciding terms, the difference S;fl — S;CQ
takes the following form:
Si. =S4, = MiAxy — (MjAzh + M AxY). (10)

Since sup A < sup B for A C B and in our case A] C A; and A} C Ay,
we get
M{ < My, M < M.
Therefore, the right-hand side of equality (10) can be estimated as follows:
MlAilfl — (M{Aﬂ?,l + M{lelll) > MlAiL‘l — (MlALU/l + MlAiUlll)

The right-hand side of the last inequality is 0, since Azy = Az} +Ax]. We
proved the validity of inequality (9) and thereby the validity of the right-hand
inequality in (8).

The left-hand inequality in (8) is proved similarly, by taking into account
the following property of the infimum: inf A > inf B for A C B. [

Darboux sums associated
with different partitions 12.4B/27:16 (05:14) |

4. If T" and T" are some partitions of the segment [a, b], then the estimate
holds:
St < St (11)

Thus, any lower Darboux sum of the function f is less than or equal to
any of its upper Darboux sums.

PROOF.

Consider the union of two given partitions: T"= T U T”. The resulting
partition 7" is a refinement of both the partition 7" and the partition T".
Therefore, applying property 3, we obtain the following chain of inequalities:

St < Sp < S < St (12)

In this case, we applied the left-hand inequality from (8) for 7" and its
refinement 7', the middle inequality from (8) for 7', and the right-hand in-
equality from (8) for 7" and its refinement 7.

Consequently, the boundary terms of the obtained chain of inequalities (12)
satisfy inequality (11). O

Darboux integrals \2.4B/32:30 (07:05) \

5. There exist values I~ (f) = supp Sy (f), IT(f) = infr SF(f) and the
following estimate holds for them:


https://www.youtube.com/watch?v=a4gf4Temgug&t=27m16s
https://www.youtube.com/watch?v=a4gf4Temgug&t=32m30s
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I°(f) < I(f). (13)

PROOF.
Consider the previously proved inequality (11), fix the partition 7" in it,
and consider the arbitrary partition 7" of the segment [a, b] as the partition T":

Sr(f) < S (f)-

This inequality means that the set of all lower Darboux sums over arbitrary
partitions 7" is bounded from above by S7,(f). Therefore, the set of all lower
Darboux sums for the function f is bounded from above, which means that
it has the least upper bound I~(f).

Since the value S5, (f) is the upper bound for the set of all lower Darboux
sums and the value I7(f) is the least upper bound for these sums, we obtain
the following inequality:

I (f) < Sp(f).

In the last inequality, we can assume that 7" is an arbitrary partition
of the segment [a,b]. Therefore, the set of all upper Darboux sums of the
function f over an arbitrary partition 7" is bounded from below by the value
I=(f). So, this set has the greatest lower bound I*(f).

The estimate (13) follows from the fact that the quantity I7(f) is the
lower bound for the set of all upper Darboux sums and the value I7(f) is the
greatest lower bound for these sums.

DEFINITION.

The values I~ (f) and I1(f) are called the lower and upper Darbouz inte-
grals for the function f on the segment [a, b], respectively. Thus, by virtue of
property 5, any bounded function has the lower and upper Darboux integrals
and inequality (13) holds for them.

Integrability criterion in terms of Darboux sums

Formulation of the integrability criterion \2.5A/ 00:00 (09:13) \

THEOREM (INTEGRABILITY CRITERION IN TERMS OF DARBOUX
SUMS).

The function f is integrable on the segment [a, b] if and only if two condi-
tions are satisfied:

1) f is bounded on [a, b],

2)Ve>0 36>0 VT,U(T) <4, S;(f)—5Sr(f)<e.


https://www.youtube.com/watch?v=oLRSzkV4FLo&t=00m01s

5. Definite integral and Darboux sums 53

REMARK.
Condition 2 of the theorem can be written as follows:

Jm (SE(H = S7(f) =0

Proof of necessity \2.5A/O9:13 (09:43) \

Given: the function f is integrable on [a, b]. Prove: conditions 1 and 2 are
satisfied.

The validity of condition 1 follows from the necessary condition for inte-
grability. It remains for us to prove the validity of condition 2.

Since the function f is integrable, the following limit exists:

li = 1.
I(T)lf&vgfffr(f, £)

We choose some value of € > 0. Due to the integrability of the function f,
we obtain

36>0 VT,UT) <6, V& |op(f,€)—1I|< <.

3
Let us show that the choice of the same value d ensures the fulfillment of
condition 2 of the theorem.

(14)

Transform estimate (14) as follows:

I—%<aﬂﬁ@<[+§ (15)

This double estimate is valid for any sample &. Thus, we have lower and
upper bounds for the set of integral sums o (f, &) for a fixed partition 7" and
any sample &.

By property 2 of Darboux sums, we have

Sr(f) = SUp or(f,€), Sp(f) = irglfUTOc: §).

Since the expressions I — 5 and I + £ are, by virtue of (15), the lower
and upper bounds of the integral sums, respectively, and Sz (f) and S7(f)
are, by virtue of property 2 of Darboux sums, the greatest lower bound and
the least upper bound of the integral sums, we obtain the following chain of

inequalities:
£ £
TS <Si( <SP <TH (16)
Since the distance between the internal terms of the triple inequality (16)

cannot exceed the distance between its external terms, the following estimate
follows from this triple inequality:


https://www.youtube.com/watch?v=oLRSzkV4FLo&t=09m13s
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Si(f)=sp<(1+3)-(1-3). (17)

Simplify the right-hand side:

€ 3 2e
I —)—(I——) — o
(7+3 3/ =3 °°
Thus, estimate (17) can be rewritten in the form
Sr(f) = Sr(f) <e.

We obtained an estimate from condition 2 of the theorem. The necessity
1s proven.

Proof of sufficiency \2.5A/18:56 (14:25) \

Given: conditions 1 and 2 are satisfied. Prove: the function f is integrable
on [a, b].

Condition 1 (i. e., the boundedness of the function f) is required only to
guarantee the existence of lower and upper Darboux sums for the function f.

By condition 2, for any € > 0, there exists a value 6 > 0 such that, for all
partitions 7" with mesh [(T") < §, the estimate holds:

Sr(f) = 5r(f) <e. (18)
On the other hand, for any partition 7', by virtue of property 5 of the
Darboux sums, the following triple estimate holds:

St (f) < I (f) <I(f) < SH(f).

This estimate implies the inequality

I'(f) = I"(f) < S7(f) = Sp(f):
Given (18), we obtain

I'(f) =1 (f) <e.

The left-hand side of the resulting inequality does not depend on ¢, there-
fore, this inequality can be true for arbitrary ¢ > 0 only if IT(f)—I—(f) =0,
e, IT(f)=1(f).

Thus, we have proved that, under condition 2 of the theorem, the lower
and upper Darboux integrals coincide. We denote their value by I and show
that the value of I is equal to the integral of the function f on the segment
[a, b], i. e., that the following condition is true:

Ve>0 36>0 VT,UT) <6, V¢ |op(f.€)—1I| <e. (19)


https://www.youtube.com/watch?v=oLRSzkV4FLo&t=18m56s
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We choose the value ¢ > 0 and select the value 6 > 0 from it using

condition 2 of the theorem. Then, for any partition 7' satisfying the condition
[(T) < 9, estimate (18) holds.
Using property 1 of the Darboux sums, we obtain

Ve Sr(f) <or(f,€) < Sr(f):
In addition, by virtue of property 5 of the Darboux sums, we have
St(f) < T < S7(f).

Thus, the values of or(f,&) and I are between the values of S, (f) and
ST (f). Therefore, the following estimate is true:

VE or(f, ) — 1| < Sp(f) — Sr(f)-
Given that S5 (f) — S7(f) < &, we finally get
VE or(f,€) — 1] <e.
We proved that condition (19) is satisfied for the function f; therefore, the

function f is integrable. [

Corollary of the criterion
and an example of a non-integrable function \2.5A/ 33:21 (08:48) \

COROLLARY.

If the function f is integrable on the segment [a, b], then its upper and lower
Darboux integrals coincide and, moreover, they are equal to the integral of
the function f over the segment [a, b].

PROOF.

If the function is integrable, then condition 2 of the theorem is fulfilled
for it, which implies both the coincidence of the upper and lower Darboux
integrals and their equality to the integral of this function (see the proof of
sufficiency). O

REMARK.

It follows from the corollary that if the upper and lower Darboux integrals
are different, then the function is not integrable.

AN EXAMPLE OF A BOUNDED FUNCTION THAT IS NOT INTEGRABLE.

We define the following function, called the Dirichlet function:

1, zeq,
D(x)_{o, z € R\ Q.

Thus, the Dirichlet function is equal to 1 at rational points and is equal
to 0 at irrational points.


https://www.youtube.com/watch?v=oLRSzkV4FLo&t=33m21s
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This function is bounded. However, it is not integrable on any segment
[a, b] of nonzero length. We show this for the segment [0, 1].

It is easy to prove that any segment of nonzero length contains both ra-
tional and irrational numbers. This means that, for any partition 7" of the
segment [0, 1], the following relations hold:

m; = inf D(x) =0, M;=sup D(z)=1.

TEA,; TEN;
Then, for Darboux sums of the Dirichlet function over any partition 1" of
the segment [0, 1], we have

i=1 1=1 1=1

i=1 i=1
Similar relations hold for Darboux integrals:
+ _ - _ _
I"(D) = n%fST(D) = 11%f1 =1,
I~ (D) =supS;(D) =sup0 = 0.
T T

We proved that I~ (D) # I*(D), therefore, the Dirichlet function is not
integrable on the interval [0, 1].



6. Classes of integrable functions.
Properties of a definite integral

Classes of integrable functions

The simplest example of an integrable
function: a constant function ’2.58/00:00 (02205)‘

Consider the constant function f(x) = ¢ and show that it is integrable on
any segment |a, b].
To do this, we calculate the integral sum for the function f on this segment:

op(€) = Zf(gi)mi = cz Az; = c(b—a).

Thus, for any partition T and any sample &, the integral sum takes the
same value, therefore, when passing to the limit as [(T)) — 0, V&, this value
will not change.

We have proved that

/abcdx =c(b—a).

Oscillation of a function and its use
in integrability criterion ’2.5B/02:05 (04:12) ‘

We noted earlier that the condition for integrability criterion in terms of
Darboux sums can be written as follows:
lim (S;) —S;)=0.
l(T)—>O( = 57)
Using the definition of Darboux sums, we can transform an expression
under the limit sign:

n n n

i=1 i=1 i=1
Under the sum sign, the expression M; — m; arises, which determines the
maximum difference of the values of the function f on the segment A;. This


https://www.youtube.com/watch?v=OXUliFTV26s&t=00m01s
https://www.youtube.com/watch?v=OXUliFTV26s&t=02m05s
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characteristic is called the oscillation of the function f on the segment A;
and is denoted by w;(f):

wl(f) g Mz — m;.

Thus, the condition from the criterion of integrability of the function can
be represented as follows:

l&g();w(f) v

REMARK.
It can be proved that the following formula holds for the oscillation of
a function:
alf) = s |7() = f") 1)
:L",iL’”G i
We will use this formula to prove the integrability of the product of func-
tions.

Integrability of continuous functions \2.5B/ 06:17 (13:33) \

THEOREM (INTEGRABILITY THEOREM FOR CONTINUOUS FUNCTIONS).

If the function is continuous on a segment, then it is integrable on this
segment.

REMARK.

Continuity is not a necessary condition for integrability. An integrable
function may have points of discontinuity.

PROOF.

Let the function f be continuous on [a, b]. Let us prove that the conditions
of the integrability criterion are satisfied for it.

Condition 1 of the criterion (boundedness of a function on [a, b]) follows
from the first Weierstrass theorem, which states that any function continuous
on a segment is bounded on this segment.

To prove condition 2 of the criterion, we use Cantor’s theorem, which
states that a function continuous on an segment is uniformly continuous on
this segment.

Let us write the definition of uniform continuity for the function f on the
segment [a, b] in the following form:

Ve>0 36>0 Va',a" €la,b],|a —2"| <9,
£

F) = )] < §)



https://www.youtube.com/watch?v=OXUliFTV26s&t=06m17s
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We choose the value € > 0, select the value § > 0 from (2) and show that
condition 2 of the integrability criterion will be satisfied for the given value 9,
. e., that, for all partitions T" such that {(T') < 4, the estimate S5 — S7 < &
holds.

So, let us choose some partition 7" satisfying the condition [(T") < 4.

Let o/, 2" € A;, where A; is some segment defined by the partition T,
i = 1,...,n. Obviously, [’ — 2”| < Ax;. Considering that the mesh of
the partition [(7T") is the maximum length of the segments A; and, by the
condition, [(T) < §, we obtain the following chain of inequalities:

2" — 2| < Az <UT) < 6.

Therefore, if z',2” € A;, then the inequality |z’ — 2”| < § holds
for these points. Then, by the condition of uniform continuity (2),
|f (@) = f@")] < 5.

Since the points ' and 2" can be arbitrarily selected on the segment A;, we
choose them so that the maximum value of the function f on the segment A;
is reached at the point 2/, and the minimum value of the function f on this
segment is reached at the point 2”. Such points exist by virtue of the second
Weierstrass theorem, which states that a function continuous on the segment
takes its maximum and minimum value:

f(a') = max f(z) = M;, f(2") = min f(z) = m;.
e, TEA,;

Since the estimate |2’ — 2”| < 4 is also valid for these points, which means
that the estimate |f(2") — f(2")| < 7% holds, we obtain

£
|Mz — mz| < m

In this estimate it is not necessary to use the absolute value sign, since the
difference M; — m; is always non-negative.

So, we have proved that if for a given € > 0, we choose the value § > 0
from condition (2), then, for any partition 7" for which I(T") < ¢, the following
relation holds:

M, —m; <

— 1=1,...,n.

Then, for the difference S} — Sz, we get

Sit — 1_1 = i MZAZEZ — imlA:z:Z = i(MZ — ml)Axl <
=1 =1

1=1

il £ £ i £
1=1 i=1
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We got the estimate S;7 — S < . Thus, condition 2 of the integrability
criterion is also satisfied, and, by virtue of this criterion, the function f is
integrable on the segment [a, b]. [

Integrability of monotone functions \2.5B/ 19:50 (10:18) \

THEOREM (INTEGRABILITY THEOREM FOR MONOTONE FUNCTIONS).

If the function is monotone on the segment, then it is integrable on this
segment.

REMARK.

This fact does not follow from the previous theorem, since a monotone
function can have a finite or even infinite number of discontinuity points (of
the first kind).

PROOF.

Let the function f be monotone on the segment [a, b]. For definiteness, we
assume that f is non-decreasing on [a, b]. Let us prove its integrability using
the integrability criterion in terms of Darboux sums.

First, we prove the validity of condition 1 of the criterion, i. e., let us prove
the boundedness of the function f.

Since the function f is non-decreasing, we have

Vi €la,bl fla) < f(z) < f(D).
The resulting double inequality means that the function f is bounded
on [a, b].
Now we prove the validity of condition 2 of the criterion. This condition
can be represented as

lim (Sf —57) =0,

(T)—0
Choose some partition 7T'. Since the function f is non-decreasing, we have
for any segment A;, i =1,...,n,
mi = min f(z) = f(zi), M =max f(z) = f(@:).

Then the difference S;I — S; can be transformed as follows:

n n

i=1 i=1
By the definition of the mesh of the partition, we get Ax; < (7). Since
all factors are non-negative, the following estimate holds:


https://www.youtube.com/watch?v=OXUliFTV26s&t=19m50s

6. Classes of integrable functions. Properties of a definite integral 61

Z(f(xi) — [(zi1)) Az < Z(f(%) — flzi))U(T) =
i=1 i=1
=UT) ) (f(xi) = flzi)).
i=1
We write out the terms of the last sum in the reverse order and reduce

similar terms:
n

Z(f(l“z) - f(ﬂfi—l)) = (f(l“n) - f(l"n—l)) + (f(xn—l) - f(xn—2)> +

i=1
+ (f(il?n—Q) - f(xn—i‘})) +-+ (f($2) - f(xl)) + (f(iUl) - f(ﬂTO)) =
= f(zn) = f(0).
Thus, we obtained the following double inequality (in which we took into
account that o = a, x, = b):
0 < Sf =Sy < (f(b) — fa)U(T).

If we pass to the limit in the resulting double inequality as [(T") — 0, then
the left-hand and right-hand sides of the inequality will be 0; therefore, by
virtue of the theorem on passing to the limit in inequalities, the difference
St — Sz will also be 0.

So, we have proved that condition 2 of the integrability criterion also holds.
By virtue of this criterion, the function f is integrable on the segment [a, b]. CJ

Integral properties associated with integrands

Linearity of a definite integral \2.5B/30:08 (09:46) \

THEOREM 1 (ON LINEARITY OF A DEFINITE INTEGRAL WITH RESPECT
TO THE INTEGRAND).
Let the functions f and g be integrable on the segment [a,b], o, 8 € R.

Then the function o f + ¢ is also integrable on [a, b] and the following equality
holds:

/ab(ozf(a:)Jrﬁg(x)) d:z::a/abf(:c)derﬁ/abg(a:)d:c. (3)

PROOF.
Let us prove this fact using the definition of a definite integral. We write
down the integral sum for the function af + Sg and transform it:


https://www.youtube.com/watch?v=OXUliFTV26s&t=30m08s
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n

or(af +89,6) = Y (af(&) + By(&)) Az =

=1
—a Y f&)Azi+ B g(&)Azi = aor(f,£) + Bor(g, §).
=1 =1

We have obtained the following relation, which is valid for any partition 7'
and any sample &:

or(af + Bg,§) = aor(f, &) + Bor(g,§). (4)

Since, by condition, the functions f and g are integrable on [a, b], the limits
limy () 0ve or(f, §) and limyry 0 ve o7(g, §) exist and are equal to f; f(x)dx
and f; g(x) dz, respectively.

Then the limit on the right-hand side of equality (4), as {(T') — 0, V¢,
exists and equals « fab flz)dx + B fabg(x) dx. Therefore, for the left-hand
side of equality (4), there also exists a limit with the same value. Thus,
we simultaneously proved the integrability of the function af + S¢g and the
validity of formula (3). O

Integrability of the product 12.64/00:00 (16:44)]

THEOREM 2 (ON INTEGRABILITY OF THE PRODUCT OF INTEGRABLE
FUNCTIONS).

Let the functions f and ¢ be integrable on the segment [a,b]. Then the
function fg is also integrable on [a, b].

REMARK.

In this case, we can only establish the fact of integrability, since there is
no formula expressing the integral of the product of functions in terms of the
integrals of the factors.

PROOF.

Let us use the integrability criterion in terms of the oscillation of a function,
which can be formulated as follows: the function f is integrable if and only
if it is bounded and > ; wi(f)Axz; — 0 as [(T) — 0. To find the oscillation
of the function, we apply the formula (1).

First, we note that if the functions f and g are integrable, then they are
bounded on [a, b] due to the necessary integrability condition:

3C>0 Vzelab] [f(2)<C |g(z) <C. ()
Therefore, the product fg is also bounded.


https://www.youtube.com/watch?v=VkS-AcA9njQ&t=00m01s

6. Classes of integrable functions. Properties of a definite integral 63

Taking into account (5), we transform the absolute value of the differ-
ence f(z")g(x") — f(2")g(2") in such a way that it allows us to estimate the
oscillation of the product fg through the oscillations of the factors f and g:

|f(2")g(2") — f(2")g(2")| =
= [f(2")g(z") — f(2")g(2") + f(2")g(z") — f(2")g(2")| <
< |g( ')Hf( ) fE)] + 1 f@")g() — g(2")] <
C(1( ") +1g(a") — g(a")]). (6)

We assume that :U,:c” € A;, 1t =1,...,n. Then, by virtue of (1), we
obtain

[f(@) = f@ < sup [f(2) = f(2")] = wi(f).

' x’eN;

Similarly,

g(2") — g(2")] < wi(g).

Given the estimates obtained, relation (6) can be written in the form

va' 2" e Ay |f(2)g(x)) — f(2")g(a")] < C(wilf) +wilg))-

We have obtained an upper bound for the set of differences of the form
|f(2")g(x") — f(2")g(x")| when 2, 2" € A;. Therefore, this set is bounded
from above and we have the following estimate for its least upper bound:

sup_|f(a)g(a') = f(a)g(a")| < C (i) + wil9))
' x"eN;

The expression on the left-hand side of the last inequality is, by virtue
of (1), an oscillation of the function fg. Thus, the resulting inequality takes
the form

wi(fg) < Clwi(f) +wi(g)).

So, we have estimated the oscillation of the product fg through the oscilla-
tions of the factors. It remains to multiply both sides by Az; and summarize
these inequalities by ¢ = 1,..., n:

Zwi(fg)Azci < C’(Z wi(f)Ax; + Z%(Q)A%)

Since, by condition, the functions f and g are integrable on [a,b], we
obtain, by the necessary condition of the integrability criterion in terms of
the oscillation of the function, that each term on the right-hand side of the
inequality approaches 0 as [(T) — 0.
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Consequently, the quantity indicated on the left side of the inequality also
approaches 0 by virtue of the theorem on passing to the limit in inequalities.
Therefore, by virtue of the sufficient condition for the integrability criterion,
the function fg is integrable on [a, b]. [

Properties associated with integration segments

Integrability on a nested segment 12.6A/16:44 (07:03) ]

THEOREM 3 (ON INTEGRABILITY ON A NESTED SEGMENT).

If the function f is integrable on the segment [a,b], then it is integrable
on any segment [c¢,d] C [a, b)].

PROOF.

It is enough for us to prove, by virtue of the integrability criterion in terms
of the oscillation of the function, that

> wilf)Az; =0, UT) 0. (7)

Here, T' denotes the partition of the segment [c, d]. To make the notation
more clear, we used the partition 7', according to which the segments A; are
constructed, as the summation parameter.

For any partition 7', we can add to it new points in such a way as to
obtain a partition of the original segment [a,b] as a result. We will denote
the resulting partition of the segment [a, b] by 7" and we will use the index k
to indicate the segments obtained for this partition: Ay (such a notation
allows us to distinguish these segments from the segments connected with
the partition 7" and marked with the index 7). We require that the mesh
of the constructed partition 7" coincides with [(T'): I(T") = I(T'). This can
be satisfied by choosing new points so that neighboring points are located at
a distance not exceeding [(T").

If we consider all possible partitions T” constructed on the basis of parti-
tions T" and pass to the limit as [(T") approaches 0, then the mesh of parti-
tions 1" will also approach 0.

Since, by condition, the function f is integrable on [a,b], we obtain, by
virtue of the necessary part of the integrability criterion in terms of the os-
cillation of the function, that

> wi(f)Axzy =0, UT') — 0. (8)

Note that the integrability criterion assumes that the indicated limit rela-
tion is valid for all possible partitions of the interval [a, b]. But if this relation
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is valid for all partitions, then it remains valid for a part of these partitions,
namely, a part that is constructed on the basis of partitions 7' of segment
[, d] as described above.

Since the sum ), wi(f)Az; contains all terms from the sum
> rwi(f)Ax;, as well as some additional non-negative terms, corresponding
to the segments Ay not lying on [c, d], the estimate holds:

D wilHAL < wilf) Ay (9)
T T’

It follows from (8) and (9) that > ,w;(f)Az; — 0 as [(T') — 0. Since,
by construction, [(T") = [(T'), we obtain that relation (7) also holds. O

The first theorem on the additivity of a definite integral
with respect to the integration segment \2.6A/23:47 (06:27) \

THEOREM 4 (THE FIRST THEOREM ON THE ADDITIVITY OF A DEFI-
NITE INTEGRAL WITH RESPECT TO THE INTEGRATION SEGMENT).

Let the function f be integrable on [a, b], ¢ € (a,b) (note that, by virtue of
Theorem 3, this function is integrable on the segments [a, ¢] and [c, b]). Then
the following equality holds:

/abf(x)da::/acf(a:)der/be(x)dx. (10)

PROOF.

Let T" be some partition of the segment [a,c|, T” be some partition of
the segment [c,b]. Then T = T" U T" is a partition of the segment |[a,b].
The partition T" necessarily contains the point ¢ and, in addition, we have
(T)—0asl(T") — 0 and I(T") — 0.

Let & and £’ be the samples corresponding to the partitions 77 and T”.
By & we denote the sample, which is the union of & and &”; this sample
corresponds to the partition 7.

Then, for the integral sums corresponding to the constructed partitions
and samples, the following equality holds:

or(f,&) = or(f,€) + o (f,£").
We pass to the limit as {(77) — 0, V&', and [(T") — 0, V&". By virtue of
the already proved integrability of the function f on [a, c] and [c, b], we obtain

that the right-hand side of the equality approaches [ f(z)dz + [ Cb f(x)dx.
On the other hand, since the function f is integrable on [a, b], we get that
the limit of integral sums exists (and is equal to fab f(x) dx) for any partitions
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whose mesh approaches 0 and for any samples related to these partitions. But
then the same will be true for the part of the possible partitions 7" that are
constructed on the basis of the partitions 7", T" such that [(T") — 0, V&,
and ((T") — 0, V"

Passing to the limit in both sides of the previous equality, we obtain the
proved relation (10). O

REMARK.

The converse statement, which we accept without proof, is also true: if the
function is integrable on the segments [a, ¢] and [c, b], then it is integrable on
the segment [a, b] and equality (10) holds. This fact implies that any function
that has a finite number of discontinuities of the first kind on the segment
[a, b] is integrable on this segment.

The second theorem on the additivity of a definite integral
with respect to the integration segment 2.6A/30:14 (11:39)

DEFINITION.

We assume that the integral of any function defined at a over a segment
of zero length [a, a] is O:

/aaf(x)da:d:dO.

In addition, we define the integral from b to a for a < b as follows:

/baf(yc)alar:d:ef —/abf(a:)dx.

This is a quite natural definition, which follows from the initial definition
of a definite integral if we allow the situation x;_y > x; (for which Az; < 0).

So, we can say that if we swap the limits of integration, then the sign of
the integral changes to the opposite.

THEOREM 5 (THE SECOND THEOREM ON THE ADDITIVITY OF A DEF-
INITE INTEGRAL WITH RESPECT TO THE INTEGRATION SEGMENT).

Let the function f be integrable on [a,b], ¢1,c2,c3 € [a,b]. Then the
equality holds:

/cjsf(:c) dx:/:f(a:) dx+/c:3f(x) da (11)
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PROOF.

Let us prove equality (11) for one of the cases of the location of the points
c1, 2, cg that is different from the case ¢; < co < 3, which is already consid-
ered in Theorem 4.

Let, for example, ¢s < ¢1 < ¢3. By virtue of Theorem 4, we have

/Czcgf(x) dx = /: f(x)de + /Cchf(x) .

In the obtained relation, we transform the integrals so that their limits
correspond to the limits indicated in (11). In this case, we only need to
transform the integral from ¢y to ¢, changing its sign:

/ Fz) dz = — / f(x) dz + / f(x) dz.

If we transfer the integral preceded by a minus sign to another part of the
equality and swap the left-hand and right-hand sides of this equality, then we
obtain (11).

Any other arrangement of points c¢1, ¢y, c3 can be analyzed in a similar
way. For example, for the case c3 < co < ¢1, we have

/0:1 flz)dx = /0:2 f(z)dx + /c:1 f(z) dz,
-/ fo)dz = — / flayda— [ #(z) da.

Multiplying the resulting equality by —1, we obtain (11). It is even easier
to analyze situations in which some points coincide. [

Estimates for integrals

Simple estimates
of integrals 2.6A/41:53 (01:17), 2.6B/00:00 (06:47)

THEOREM 6 (ON THE NON-NEGATIVITY OF THE INTEGRAL OF A NON-
NEGATIVE FUNCTION).
If the function f is integrable on [a,b] and Vx € [a,b] f(x) > 0, then

/bf(a:) dx > 0. (12)

PROOF.
Consider the integral sum for some partition 7" and a sample &:
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or(f,§) =) f(&)Ax;.
i=1
Since Az; > 0 and, by condition, f(&) > 0, all terms of this sum are
non-negative, therefore the integral sum itself is non-negative too:

or(f, &) > 0.

When passing to the limit as {(T') — 0, V&, the sign of the non-strict
inequality is preserved, therefore estimate (12) holds. [J

THEOREM 7 (ON THE COMPARISON OF INTEGRALS).

If the functions f and g are integrable on [a, b] and V& € [a,b] f(z) < g(x),
then

/a ) dr < / o) da. (13)

PROOF.

We use the previously proved Theorems 1 and 6. Let us introduce the
auxiliary function h(z) = g(x) — f(x). Obviously, this function is non-
negative. In addition, by virtue of Theorem 1, this function is integrable;
moreover,

/abh(st:)dx = /abg(a:)dx— /abf(:c)dx.

According to Theorem 6, the left-hand side of the resulting equality is
non-negative:

/ab h(z)dz > 0.

Therefore, the right-hand side is also non-negative, therefore estimate (13)
holds. [J

COROLLARY.

If the function f is integrable on [a,b] and Vz € [a,b] m < f(x) < M for
some m, M € R, then

m(b— a) < / F)de < M(b—a). (14)

PROOF.
Earlier, we established that the constant function f(x) = c¢ is integrable
on any interval and

/abcd:czc(b—a).
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We apply Theorem 7 to the double inequality m < f(z) < M:

/abmdxg/abf(:c)dxg/abMd:c.

Given the formula for the integral of the constant, we obtain rela-
tion (14). O

Integral of a positive continuous function \2.6B/O6:47 (11:25) \

THEOREM & (ON THE INTEGRAL OF A POSITIVE CONTINUOUS FUNC-
TION).
Let the function f be integrable and non-negative on [a,b]. Also sup-

pose that the function f is continuous at the point ¢ € [a, b] and, moreover,
f(c) > 0. Then

/abf(x)dx > 0.

PROOF.

We use the simplest property of a continuous function: if the function is
continuous at the point ¢ and takes a positive value at it, then there exists
a neighborhood of this point at which the function remains positive.

If we denote f(c¢) = D > 0, then it can be argued that there exists
a neighborhood U? such that the estimate f(z) > % holds for any point
x e Ul

We assume that the neighborhood U? lies inside the segment [a,b], and
also that the estimate f(z) > £ is satisfied at the boundary of the neighbor-
hood U? (otherwise, it’s enough to simply reduce the neighborhood). Then
the integral from a to b can be represented as the sum of three integrals:

b c—0
/ f@yde = [ flo)de+

The first and third integrals on the right-hand side are non-negative
by virtue of Theorem 6. Let us turn to the second integral. Since
Vo € [c—d,c+ 6] f(x) > L, applying the corollary of Theorem 7, we
obtain

c+

5 b
f(z)dx + f(z)dz.

c—9 c+o

c+0
D
f(x)dx > —
c—94 2

Thus, the second integral is positive. Therefore, the sum of the three
integrals is also positive. [

(c+d—(c—10))=Dé > 0.


https://www.youtube.com/watch?v=tygGvPGHTps&t=06m47s

70 M. E. Abramyan. Lectures on integral calculus and series theory

COROLLARY.
If the function f is continuous on [a,b] and Vx € [a,b] f(z) < M, then

b
/ f(x)de < M(b— a).

PROOF.

Consider the function h(x) = M — f(x). This function is continu-
ous and positive on [a,b]. Therefore, by the previous theorem, we obtain
fab h(z)dx > 0. To get the required estimate, it remains to use the linearity
of the integral and the formula for the integral of a constant function. [

Properties of the integral
of the absolute value of a function \2.6B/18:12 (16:20) \

THEOREM 9 (ON THE INTEGRAL OF THE ABSOLUTE VALUE OF A FUNC-
TION).

If the function f is integrable on [a, b], then its absolute value |f| is also
1ntegrable on [a, b] and the estimate holds:

dx‘<<b/q|f )| da. (15)

PROOE
First, we prove the integrability of the function |f|. Let us use the lower
bound for the difference [t' — ¢"|:

[ =" = []t] = [¢"]]. (16)

We choose the partition T" of the segment [a, b], choose some segment A;
defined by this partition, and write the estimate (16) for f(2') and f(z”) when
', 2" € A;, swapping the left-hand and right-hand sides of the estimate:

F @] = [f] < [f@@) = F")].

We will argue in the same way as in the proof of the integrability
of the product (see Theorem 2). First, it is obvious that the right-
hand side of the resulting inequality is bounded from above by the value
SUp,/ (") — f(«™)|, which is equal to the oscillation of the function f
on the segment A;. Therefore,

[F @] = £ @) < wilf).

Further, since this estimate is valid for all 2/, " € A;, we find that a similar
estimate holds for the least upper boundary of the left-hand side:
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sup || f () = |f (@")I| < wilf).

' x"eN;

The left-hand side of the last estimate is the oscillation of the function | f|:
wi| 1) < wi(f).

So, we have proved that the oscillation of the absolute value of a function
does not exceed the oscillation of the function itself. It remains for us to mul-
tiply both sides of the resulting estimate by Az; and summarize the resulting
inequalities for ¢ from 1 to n:

=1 1=1

This estimate is valid for an arbitrary partition 7'. Passing to the limit
as [(T) — 0 and taking into account that, by condition, the function f is
integrable on [a, b], we obtain, by virtue of the integrability criterion, that the
right-hand side of the inequality approaches 0. Then, by virtue of the theorem
on passing to the limit in inequalities, the left-hand side also approaches 0;
therefore, due to the same integrability criterion, the function |f| is also
integrable on [a, b]. The first part of the theorem is proved.

Now let us turn to the proof of estimate (15). We choose an arbitrary
partition 7" of the segment [a, b] and a sample &, consider the absolute value
of the integral sum for the function f, and transform it using a generalization
of the triangle inequality [t' + ¢"| < |t/| + |¢”| for the case of n terms:

n

< Z | (&) A;.

1=1

or(£.6)| = |3 F(e)Aw

On the right-hand side, we get the integral sum for the function |f| over
the same partition 7" and the sample £&. Therefore,

lor(f, )| < or(|f].£)-

Since we have already proved that the function |f| is integrable, the lim-
its of the integral sums as [(T') — 0, V&, exist both on the left-hand side
and on the right-hand side. These limits are equal to the integrals of the
corresponding functions and the same estimate holds for them. []

REMARK.

The integrability of the absolute value of a function does not imply the
integrability of the function itself. To prove this statement, it suffices to give
an example. Consider the following function (which can be obtained from the
Dirichlet function by stretching and shifting along the OY axis):
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. 17 S Q:
f(x) _{ ~1, z€R\Q.
This function, like the Dirichlet function, is not integrable on any segment
of positive length, because for any segment [a, b], its upper Darboux integral
s (b —a), and it differs from the lower Darboux integral equal to —(b — a).

At the same time, the absolute value of this function is a constant: |f(z)| = 1,
and the constant is integrable on any interval.

Mean value theorems for definite integrals

The first mean value theorem \2.6B/34:32 (10:39) \

THEOREM 10 (THE FIRST MEAN VALUE THEOREM).

Suppose that the functions f and g are integrable on [a, b] and the following
conditions are satisfied for them:

1) for the function f, a double estimate holds: m < f(x) < M, x € [a, b];

2) the function g preserves the sign on [a,b], i. e., either g(z) > 0 for
x € |a,b] or g(x) <0 for x € [a,b].

Then there exists a value u € [m, M] such that the following equality

holds:
/f 2) dz = /abg(a:)da:. (a7)

PROOF.

First, we consider the case when g(x) > 0 for « € [a, b].

We multiply all the terms of the estimate from condition 1 by g(z). The
signs of inequality will not change, since, by our assumption, the function g
1s non-negative:

mg(z) < f(z)g(x) < Mg(x).

By virtue of Theorem 2, each of the obtained products is an integrable
function. We integrate all the terms of the double inequality from a to b.
By virtue of Theorem 7, the signs of inequality will not change. In addition,
the constants m and M can be taken out of the signs of the integrals:

/ d:z;</f d:p<M/

Thus, we obtain the integral fa g(x) dx on the left-hand and right-hand
sides of the resulting double inequality.
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If f b g(x = 0, then the last double inequality takes the form
0 < f f(x)g(z)dx < 0, which implies that f f(x)g(z)dx = 0. In this
case, equahty (17) is satisfied and any value from the 1nterva1 [m, M] can be
taken as p.

If fab g(x) dx # 0, then we can divide all parts of the double inequality by
this nonzero value. As a result, we get

ff .
fg B

Denote the obtained quotient of integrals by pu:

[ fa)g(a) do
f; g(x)dx

Thus, the double inequality m < u < M holds for p and, in addition,
relation (18) can be transformed to (17) by multiplying both sides of the
equality by fab g(z)dx

So, we have proved the theorem for the case g(z) > 0.

Now suppose that g(z) < 0 for x € [a, b]. Consider the auxiliary function
g(z) = —g(x). The function g(x) is non-negative: g(x) > 0 for = € [a, b] and
the theorem has already been proved for the case of non-negative functions.
Therefore, there exists a value p € [m, M] such that

/ f(x)g(x)dx = /abg(a:)dx.

Let’s get back to the function g(z):

/f ) dz = /ab(—g(:c))dx.

To obtain equality (17), it suffices to put the signs “minus” behind the signs
of the integrals and multiply both sides of the resulting equality by (—1).
Thus, equality (17) is valid for the function g(x) also in the case g(x) < 0. O

(18)

The second and the third
mean value theorems \2.7A/OO:OO (12:56) i

THEOREM 11 (THE SECOND MEAN VALUE THEOREM).

Suppose that the functions f and g are defined on [a, b] and the following
conditions are satisfied for them:

1) the function f is continuous on [a, b] (this condition immediately implies
the integrability of the function f on |[a, b]);
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2) the function ¢ is integrable on [a,b] and preserves the sign on this
segment, i. e., either g(x) > 0 for x € [a,b] or g(x) < 0 for x € [a,b].
Then there exists a point ¢ € [a, b] such that the following equality holds:

/ f(@)g(z) di = f(c) / o(z) da. (19)

PROOF.

We use the already proved Theorem 10, for which all conditions are sat-
isfied. In particular, since the function f is continuous on a segment, for it,
by virtue of the first Weierstrass theorem, there exist numbers m, M € R
such that m < f(z) < M for = € [a,b] (note that the boundedness of the
function f follows not only from the first Weierstrass theorem, but also from
the necessary integrability condition).

As m and M, we can take the values inf,cjoy) f(z) and sup,epy (),
respectively:

m= inf f(x), M = sup f(z).

2€[a,b] w€la,b]

By virtue of Theorem 10, there exists a value p € [m, M| for which equality
(17) holds.

Since the function f is continuous on the segment [a,b], we obtain, by
virtue of the second Weierstrass theorem, that the values of m and M are
reached at some points, i. e., there exist points ¢y, ¢y € [a,b] for which the
equalities f(c1) =m, f(cy) = M hold.

By virtue of the corollary of the intermediate value theorem, for the func-
tion f, there exists a point ¢ lying on a segment with endpoints ¢; and ¢,
in which the function f takes the value u: f(c) = p. Since ¢, o € [a, b], we
obtain that the point ¢ also belongs to the segment |[a, b].

Substituting the value f(c) into (17) instead of u, we get equality (19). O

THEOREM 12 (THE THIRD MEAN VALUE THEOREM).

Let the function f be continuous on [a,b]. Then there exists a point
¢ € [a, b] such that the following equality holds:

/ f(z)dz = f(e)(b - a). (20)

REMARK GEOMETRIC SENSE OF THE THIRD MEAN VALUE THEOREM)

Assume that f(x) > 0 for z € [a,b]. We noted earlier that the value of
a definite integral f; f(x) dx can be interpreted as the area of a curvilinear
trapezoid bounded by the graph y = f(z), the segment of the axis OX,
and the lines x = a and x = b (this fact will be proved later when we give
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a rigorous definition of area). Formula (20) means that there exists a point
¢ € [a,b] for which a rectangle with the base [a, b] and the height f(c) has
an area equal to the area of this curvilinear trapezoid (Fig. 6).

Y
y =1(x)

0 a C b X

Fig. 6. Geometric sense of the third mean value theorem

PROOF.
[t is enough to use the second mean value theorem (Theorem 11) by putting
g(x) = 1 in it. Obviously, in this case the function g(z) preserves the sign.

Then
b b
/g(x)dx:/ dx =b— a.

Substituting the function g(x) = 1 and the found value of the integral
of this function into formula (19), we obtain (20). O



7. Integral with a variable upper limit.
Newton—Leibniz formula

Integral with a variable upper limit

Definition of an integral
with a variable upper limit ’2.7A/12:56 (04:01) ‘

DEFINITION.

Let the function f be integrable on the segment [a,b]. Then, by the inte-
grability theorem on the embedded segment, it is integrable on the segment
la, x] for any x € [a, b]. Therefore, for any x € [a, ], there exists an integral

[ f(t) dt. Denote this integral by F(x):

def/f

The function F(x) is called an integral with a variable upper limit. Obvi-
ously, F'(a) = 0 as an integral over a segment of zero length.

Theorem on the continuity of an integral
with a variable upper limit ’2.7A/16:57 (16:48) ‘

THEOREM 1 (ON THE CONTINUITY OF AN INTEGRAL WITH A VARIABLE
UPPER LIMIT).

For any function f integrable on the segment [a, b], its integral with a vari-
able upper limit F' is a continuous function on this segment.

PROOF.

We choose an arbitrary point zy € [a, b] and prove that the function F'(z)
is continuous at this point. For definiteness, we assume that zy € (a,b).

We want to prove that the limit of the function F'(x) as  — zy is equal
to the value of the function at the point xy:

AlirEO(F(xO + Az) — F(zg)) = 0.

We assume that xy + Az € [a, b]; the increment Az can be both positive
and negative.
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Consider the difference |F(zg + Az) — F(x¢)| and transform it using the
definition of an integral with a variable upper limit and the additivity theorem
for the integral with respect to the integration segment:

/aa:0+Aa: Ft)dt /:0 o dt‘ _
/;Of(t) dt+/:0+mf(t) dt—/:of(t) dt) = /:0+Mf(t) dt‘.

0
If Ax > 0, then the right-hand side of the resulting equality can be esti-
mated using the property of the integral of the absolute value of a function:

/ " ] < / e

Zo Zo
A similar estimate can be obtained for the case Ax < 0; in this case, we

must use the integral f;ﬁ A, |f ()] dt on the right-hand side of the estimate.

If we do not impose additional conditions on Az, then we can write the
following version of the estimate, which is valid for both positive and negative

values of Ax:
ro+AT ro+AT
[ rwal ][ rwla
Since the function f is integrable, it is bounded:
3C >0 Vzelat] |f(z)C.

If we assume that Az > 0, then from the estimate |f(z)| < C, using the
theorem on the comparison of integrals, we obtain the following estimate:

To+Ax To+Ax
/ \f(t)|dt§/ Cdt = CAx

Zo Lo

|F(xg + Azx) — F(x)| =

If we do not impose additional conditions on Az, then we have a similar
estimate containing the absolute value of the integral and the absolute value

of Ax:
To+AT
[ Il < clal

Zo

Indeed, in the case Ax < 0 we get

/xo+m\f(t)|dt’ :/xo f(t)] dt < C(—Ax) = C|Az].

o ro+AT

So, we started with the expression |F'(xy+ Ax) — F(x¢)| and, as a result,
evaluated it from above with the expression C|Ax|:
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|F(zo + Az) — F(x0)| < ClAx|.

If Az approaches 0, then the right-hand side of the resulting estimate also
approaches 0; therefore, by virtue of the theorem on passing to the limit in
inequalities, the left-hand side also approaches 0. We have proved that the
function F' is continuous at an arbitrary point xy € (a, b).

The case when x( coincides with one of the endpoints of the initial segment
is considered similarly, taking into account the fact that in this case the limit
at the endpoints of the segment should be understood as one-sided limit (and
it suffices to consider the positive increment Az for the point a and negative
increment for the point b). [J

Theorem on the differentiability of an integral with a variable
upper limit and a continuous integrand
2.7A/33:45 (13:39), 2.7B/00:00 (04:04)

THEOREM 2 (ON THE DIFFERENTIABILITY OF AN INTEGRAL WITH
A VARIABLE UPPER LIMIT AND A CONTINUOUS INTEGRAND).

If the function f is integrable on the segment [a, b] and continuous at the
point zy € (a,b), then its integral with a variable upper limit F is a differen-
tiable function at the point xy and the formula holds:

F'(w0) = f (o).

REMARKS.

1. It can be proved that the integral with a variable upper limit and an
integrand continuous on [a, b] is a differentiable function also at the endpoints
of the segment [a, b] if, in this case, we consider the one-sided derivative, that
is, one-sided limit of the ratio of the increment of the function to the increment
of the argument. However, we will not need this fact.

2. Theorems 1 and 2 indicate that the integration operation “improves” the
properties of functions: if the original function is integrable, then its integral
with a variable upper limit is a continuous function and if the original function
is continuous, then its integral with a variable upper limit is a differentiable

function.
PROOF.
We need to prove that there exists a limit lima,_o F<x°+A§ J); —F@0) and the

limit value is f(z). In other words, we need to prove that the following
equality holds:
lim (F(:L’o + Azx) — F(x9)
Az—0 Ax

~ f(xo)> ~0.


https://www.youtube.com/watch?v=h77yheGoE1I&t=33m45s
https://www.youtube.com/watch?v=FPhuVOZFZZ8&t=00m01s
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Let us write down what the last equality means in the language e—:

Ve>0 d6>0 VAz |Az| <,

P 2 20 =0 pay)| < 1)

We select some value of € > 0. By condition, the function f is continuous

at the point xy. This means that the following condition is true for the
selected e:

36>0 YAz |Az| <6, |f(zo+Az)— flm)| < g 2)
Let us show that the value 0 from condition (2) also ensures that condi-
tion (1) is satisfied, i. e., that the estimate | f(xo + Az) — f(x0)| < § implies

the validity of the estimate ‘F(xOJFAXQ):_F(xO) — f(xo)‘ < €.

Transform the difference ‘F(“"”AQ_F(%) — f (a:o)| by taking out the factor

and then use the definition of an integral with a variable upper limit:

=(/ " e - / " feydt — flan)ar) | 3)

In the proof of Theorem 1, we have already established that the difference
ffﬁm f(t)dt — [ f(t)dt is an integral from zy to zo + Az. Further, the
factor Az in the last term f(z¢)Ax of expression (3) can be represented as

. To+Ax
the integral fxo
1 ro+AT ro+AT
aal [ wa- s [ ]
|A$‘ Lo i)

Since the obtained integrals have the same integration limits, we can write

the last expression as a single integral of the difference of functions:

[ 0 - sy

This expression can be estimated from above by an expression containing
the integral of the absolute value of the difference of functions:

1 To+AT 1 To+AT
Az /1;0 (f(t) = f(x0)) dt’ < Az /xo |f(t) — f(xo)] CZ)

We did not remove the absolute value sign for the integral, since the value
of Az can be either positive or negative.

Now let us turn to the estimate |f(zo + Az) — f(xo)] < § from (2).
The points xg and xy + Az appearing in this estimate are the limits of the

1
Ax

dt. Thus, expression (3) takes the form
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integral on the right-hand side of (4). Any point ¢ located between z, and
xo+ Az can be represented as xo+ ', where |§'| < |Az|. Since it is assumed
in condition (2) that |Az| < §, we see that the same estimate holds for
10’|: |0'] < 0. This means that, for the point t = xy + ¢, the estimate
|f(t) — f(xo)] < § is also valid.
Thus, the integrand on the right-hand side of (4) is estimated by § for all
points t:
£
1)~ o) < 5.
In this estimate, the “<” sign can be replaced with the “<” sign. Using

the theorem on the comparison of integrals we obtain

1 To+Az To+Az
e t —dt‘ =
(1) - d
1 e To+AT
- - .c dt‘ — s lAe] =S <
[Az| 2 / |Ax\ 2‘ t=5<e

So, we have proved that, for any values of Ax satisfying the condition
|Az| < §, the estimate holds:

Flos80=re) g

This means that condition (1) is satisfied. Therefore, the function F(z)
has a derivative at the point zy and this derivative is equal to f(x). O

Newton—Leibniz formula

Theorems on antiderivatives
for continuous functions 12.7B/04:04 (06:23) ]

THEOREM 3 (ON THE EXISTENCE OF AN ANTIDERIVATIVE FOR A CON-
TINUOUS FUNCTION).

Any function f continuous on [a, b] has an antiderivative on (a,b), which
is an integral with a variable upper limit: F(x f f(t)

PROOF.

Since f is continuous on [a, b], it follows from Theorem 2 that its integral
with a variable upper limit F' is a differentiable function on (a,b) and, for
any point x € (a,b), the equality F'(x) = f(x) is true. We have obtained
that F'(x) satisfies the definition of the antiderivative of the function f(x) for

€ (a,b). O


https://www.youtube.com/watch?v=FPhuVOZFZZ8&t=04m04s
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COROLLARY.

If f is a continuous function on [a, b] and ®(x) is its antiderivative on (a, b),
then this antiderivative can be represented in the following form, where C' is
some constant:

_ / Crdi+ O (5)

PROOF.

By Theorem 3, we obtain that the integral with a variable upper limit
[ f(¢) dt is an antiderivative of the function f. The theorem on antideriva-
tives of a given function states that any two antiderivatives of the function f
are different by some constant term C'. [

Newton—Leibniz formula \2.7B/10:27 (05:55) \

THEOREM 4 (THE FUNDAMENTAL THEOREM OF CALCULUS).

If the function f is continuous on [a,b], ®(z) is a continuous function on
[a,b], and ® is the antiderivative of the function f on (a,b) (a function ®
with the indicated properties exists by virtue of Theorem 3), then

/ f(x) dz = D (b) — D (a). (6)

Formula (6) is called the Newton—Leibniz formula.

REMARKS.

1. The antiderivative (and the indefinite integral) is defined by means of
the differentiation operation, but the definite integral is defined by means
of the limit of integral sums and therefore its definition is not related with
the differentiation operation. Nevertheless, there is a relation between the
operations of differentiation (that is, finding the derivative) and integration
(that is, finding the definite integral), which is established by the Newton—
Leibniz formula. That is why Theorem 4 is called the fundamental theorem
of calculus.

2. The Newton-Leibniz formula (6) allows us to reduce the problem of
finding a definite integral to the problem of finding the antiderivative of an
integrand over a given interval.

3. Formula (6) remains valid for the case a > b.

4. Formula (6) is often written in the following form:

/abf(a:) dx = ®(x) Z


https://www.youtube.com/watch?v=FPhuVOZFZZ8&t=10m27s
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PROOF.

By the corollary of Theorem 3, there exists a constant C' € R such that
the antiderivative ®(x) of the function f(x) is representable in the form (5).
Given this form, we find the values of the antiderivative ®(z) at the endpoints
of the segment |a, b]:

a b
d(a) :/ fydt+C=0C, &) :/ f(t)dt+C.
The difference ®(b) — ®(a) is [ f(t)dt + C — C = [7 f(t)dt. Thus, the
Newton—Leibniz formula is proved, since the value of the integral does not

depend on the choice of a letter for the integration parameter (in this case, =
ort). O

Additional techniques for calculating definite integrals

Change of variables in a definite integral \2.78/16:22 (11:37) \

THEOREM 5 (ON THE CHANGE OF VARIABLES IN A DEFINITE INTE-
GRAL).

Let the function f(z) be continuous on [ayg, by], the function ¢(t) act from
(v, Bo) to (ag, by) and be continuously differentiable on («y, 5y) (this means
that the derivative ¢'(t) is defined and continuous on (ag, 5y)). Let, in addi-
tion, a, 8 € (ap, fo) and p(a) = a, ¢(5) = b (moreover, a,b € (ag, by) due
to the properties of the function ¢(t)).

Then

b g
[ @ = [ 1) @
a «

REMARK.

When using Theorem 5 to transform the integral fab f(x) dz, the function
©(t) arises when we change the previous integration parameter x by the new
parameter t: © = (). In this case, the differentials will be related as follows:
dx = ¢'(t)dt. This is similar to the relation used to change of variables in
an indefinite integral. The only difference from the case of changing vari-
ables in an indefinite integral is that in the case of a definite integral, it is
also necessary to change the integration limits using the relations a = (),

b= o(B).


https://www.youtube.com/watch?v=FPhuVOZFZZ8&t=16m22s
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PROOF.

First, we note that the integrals on the left-hand and right-hand side of (7)
exist, since their integrands are continuous over the entire integration seg-
ment.

Since the function f(x) is continuous on [ag, by, it has an antiderivative
on (a,b) by virtue of Theorem 3. Denote this antiderivative by ®(x).

Let us differentiate the superposition ®(¢(t)), which is defined for

t € (ao, Bo):
(2(6(1)) = @)y #0) = Flo0) 1),

Thus, the superposition @(gp(t)) is the antiderivative for the integrand of
the right-hand side of equality (7) on the interval (ag, fp).

Now we apply the Newton—Leibniz formula for the integrals indicated on
the left-hand side and the right-hand side of (7):

t/f@ﬂ%z@@—¢@%
8

!/fww»ﬂwﬁ=@ww»—¢wm»=@@—¢w»

Since the right-hand sides of the obtained equalities coincide, we conclude
that the left-hand sides coincide too, i. e., that equality (7) holds. O

Corollaries of the theorem on the change
of variables in a definite integral \2.7B/27:59 (09:28) \

1. Let the function f be an odd function defined and continuous on the
segment [—a, a). Then [ f(t)dt =0.

PROOF.

We represent this integral as the sum of the integrals:

/_Zf(t) dt = /_O F(t)dt + /Oaf(t) dt. (8)

In the first integral from the right-hand side of equality (8), we make the
variable change t = —z. Then dt = —dz, the integration limits —a and 0
will change by a and 0, respectively, and this integral will take the form

0 0
| swie= [ (-a) (-an)
Since the function f is odd, the equality f(—z) = —f(z) holds. Thus,


https://www.youtube.com/watch?v=FPhuVOZFZZ8&t=27m59s
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/ao f(=z) (—dx) = /ao(—f(x)) (—dz) = /ao () dz

Now change the integration limits:

[ rwar=- [ s

Substituting this representation for the first integral in the right-hand side

of (8), we obtain

/f da:+/f t)ydt =0. 0O

2. Let the function f be an even function defined and continuous on the
segment [—a,al. Then [* f(¢)dt =2 [} f(t)dt

PROOF.
As in the proof of corollary 1, we represent this integral as the sum of
integrals (8) and make the same variable change t = —x in the first integral

from the right-hand side of (8):

[ swa= s

In this case, the function is even, i. e., f(—z) = f(z), so further transfor-
mations of the integral will be as follows:

[ rencan=- [ = [ e

Substituting this representation for the first integral in the right-hand side
of (8), we obtain the required expression:

/f da:—i—/f dt—2/f t)dt. O

3. Let the function f be a continuous periodic function with period T

Then
VacR / f(t)dt:/o F(t) dt. (9)

Thus, the integral of a periodic function over any segment whose length is
equal to its period T is equal to the integral over the segment [0, 7).

PROOF.

Using the second theorem on the additivity of a definite integral with
respect to the integration segment, we transform the integral faa+T f(t)dt
as follows:



7. Integral with a variable upper limit. Newton—Leibniz formula 85

[ rwa= [ [Crwas [ rwa

In the last integral of the right-hand side of (10), we make the variable
change ©* =t —T. Then dx = dt, the integration limits 7', a + T change
by 0, a, and this integral takes the form

/HTf(t)dt:/Oaf(a:JrT)das:—/aof(erT)dx.

T
Since the function f is periodic with the period T, the equality
f(x +T) = f(z) holds. We got that the third integral on the right-hand
side of (10) is — fao f(z)dz and, in combination with the first integral, gives
the value 0. Thus, equality (10) turns into equality (9). [

Version of the theorem on the change
of variables in a definite integral \2.8A/OO:OO (10:45) \

The theorem on the change of variables in a definite integral considers the
intervals (ag, by) and (o, Bp) containing segments with endpoints a, b and
a, 3, over which the integration is carried out in (7). The purpose of this
formulation is to guarantee the existence of the derivative ¢'(t) at all points
of the integration segment.

If we consider the derivatives defined on the segment, assuming that the
derivatives are calculated as one-sided limits at the endpoints of the segment,
then the condition of the theorem can be simplified by requiring that the
function f(z) is continuous on [a,b], the function () acts from [«, §] to
[a, b] and is continuously differentiable on [a, 8], and the equalities p(a) = a,

©(8) = b hold.

Integration formula by parts
for a definite integral 12.8A/10:45 (04:49) |

THEOREM (ON INTEGRATION BY PARTS OF A DEFINITE INTEGRAL)..

Let the functions u, v be continuously differentiable on the interval (ag, by)
and the segment [a, b] be contained in the interval (ag, by). Then the following
formula holds:

b b
/ wv' dx = uv|2—/ u'v d. (11)

Formula (11) is called the integration formula by parts for a definite inte-
gral. Recall that the expression uv\z means the difference u(b)v(b)—u(a)v(a).


https://www.youtube.com/watch?v=Yg2rrKjorF8&t=00m01s
https://www.youtube.com/watch?v=Yg2rrKjorF8&t=10m45s
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REMARK.

As in the case of the theorem on changing a variable in a definite integral,
if we consider the derivatives defined on the segment, assuming that the
derivatives at the endpoints of the segment are calculated as one-sided limits,
then the condition of the theorem can be simplified by requiring only that
the functions u, v were continuously differentiable on the segment [a, b].

PROOF.

By the formula of the derivative of the product, we have

(u(x)v(x))/ = ' (z)v(z) + u(x)v'(z).

Let us express the product u(x)v'(x) from the last equality:

u(z)v'(x) = (u(x)v(:z:))/ —u'(x)v(z).

The expressions on the left and on the right are continuous functions and
therefore they are integrable. Integrating the left-hand side and the right-
hand side of the equality from a to b and using the linearity of a definite
integral with respect to the integrand, we obtain

/Cbu(x)v’tt)dx ::jéb(u(x)v(x))/dlr—-jéblﬂ(x)v(x)(tr. (12)

Obviously, the function F(z) = wu(z)v(z) is the antiderivative for the
function (u(:z;)v(x)), Then, according to the Newton—Leibniz formula, we
have

Substituting the obtained representation of the integral fab (u(x)v(a:))/ dx
into (12), we get equality (11). O



8. Calculation of areas and volumes

Quadrable figures on a plane

Plane figures. Cell figures 2.8A/15:34 (09:49)

We began the study of definite integrals by formulating the problem of
finding the area of a curvilinear trapezoid. But a strict definition of the area
was not given.

To prove that a definite integral is equal to the area of a curvilinear trape-
zoid, we need, first of all, to define the area for a sufficiently wide class of sets
on the plane. For this we need to introduce a number of auxiliary definitions.

A figure is any nonempty bounded set of points on the plane. Recall that
the boundedness of the set G on the plane means that there exists a circle
that contains all points of the set G.

We define the area of the rectangle 11 with sides parallel to the coordinate
axes as follows: if Il = {(z,y) : a1 <@ < by, ag <y < by}, then the area of
the rectangle (denoted by S(II)) is

S(IT) = (b1 — a1)(by — az). (1)

We will also assume that formula (1) determines the area of the rectangle
even if its boundary (or part of it) does not belong to this rectangle. In
particular, for the rectangle Il = {(z,y) : a1 < x < by, as < y < by}, the area
is also calculated by formula (1). Rectangles can degenerate into segments or
points; the areas of such degenerate rectangles are equal to 0.

A cell figure is a figure (), which can be represented as the union of a finite

number of pairwise disjoint rectangles Il;, 1 = 1, ..., n, with sides parallel to
the coordinate axes:

Q=Jm, IinI=g, i#j
=1

Part of the boundary of the rectangle II; may not belong to this rectangle.
By definition, the area of the cell figure ¢, which is the union of pairwise
disjoint rectangles, is the sum of the areas of these rectangles (notation S(Q)):

$(Q) = ) S(Im).


https://www.youtube.com/watch?v=Yg2rrKjorF8&t=15m34s

88 M. E. Abramyan. Lectures on integral calculus and series theory

This definition of the area of the cell figure is well-posed, since the following
statement can be proved: for any method of splitting the cell figure into
pairwise disjoint rectangles, the sum of the areas of these rectangles will be
equal to the same value.

We also accept the following statement without proof: if the embedding
q¢ C @ holds for the cell figures g and @, then the inequality S(q) < S(Q)
holds for their areas.

Squarable figure and its area 12.84/25:23 (12:33)]

Now we give two basic definitions: the squarable figure and its area.

A figure G is called squarable if, for any € > 0, there exists a pair of cell
figures ¢, @ such that ¢ C G C @ and S(Q) — S(q) < e.

The area of the squarable figure G is the number S(G) satisfying the dou-
ble inequality S(¢) < S(G) < S(Q) for any cell figures ¢, @ such that
qgC G CQ.

REMARK.

Not each bounded set on a plane is a squarable figure. For example, one
can prove that the set of all points with rational coordinates located inside
the square {(z,y) : 0 <z <1, 0 <y <1} is not a squarable figure.

THEOREM (ON THE WELL-POSEDNESS OF THE DEFINITION OF THE
SQUARABLE FIGURE AREA).

If G is a squarable figure, then the number S(G) exists and is unique.

PROOF.

The existence of this number follows from the axiom of continuity. Let A
be the set of areas of all cell figures ¢ embedded in G and let B be the
set of areas of all cell figures ) containing GG. These sets are nonempty.
Since the embedding ¢ C () holds for ¢ and (), we obtain that the estimate
S(q) < S(Q) holds for all S(q) € A and S(Q) € B. Therefore, by virtue
of the axiom of continuity, there exists a number S(G) satisfying the double
estimate S(q) < S(G) < S(Q) for all S(q) € A and S(Q) € B.

Now we prove uniqueness. Let there exist two numbers S” and S” satisfying
the inequalities S(q) < S < S(Q) and S(q) < 5" < S(Q) for any cell
figures ¢,  such that ¢ C G C Q.

Without loss of generality, we can assume that S” < §”. Then the following
chain of inequalities holds:

S(g) <8< 8" <5(Q)

From this chain of inequalities we obtain


https://www.youtube.com/watch?v=Yg2rrKjorF8&t=25m23s
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8" —5"< 5(Q) — S(q). (2)

By the definition of a squarable figure, for any value € > 0, there exists
a pair of cell figures ¢, @ such that ¢ C G C Q and S(Q) — S(q) < . Taking
into account (2), we obtain that the following estimate holds for any € > 0:

S"— 5 <.

Since the last estimate can be fulfilled only for S" = S”, we get that there
exists a unique value S(G) satisfying the definition of the area of the squarable
figure G. I

REMARKS.

1. The existence of the number S(G) can be proved for any figure (not
necessarily squarable one). However, only for the squarable figure it can be
proved that the number S(G) is unique.

2. It can also be proved that the following equalities are valid for the area
of the squarable figure G, (in these equalities cell figures are denoted by ¢

and Q):

S(G) = sup S(g) = inf S(Q).

Criterion for the squarability of a figure \2.8A/37:56 (03:38) \

The following criterion for the squarability of a figure holds (its proof is
given, for example, in [18, Ch.7, Sec.37.1|).

THEOREM (CRITERION FOR THE SQUARABILITY OF A FIGURE).

A figure G is a squarable one if and only if, for any € > 0, there exist
squarable figures ¢, Q such that § € G € Q and S(Q) — S(§) < e.

This criterion differs from the definition of a squarable figure in that the
cell figures ¢ and () are used in the definition, and the squarable figures ¢
and @ are used in the criterion.

REMARK.

Obviously, the area of the squarable figure is non-negative. In addition, it
can be proved that the area of the squarable figure has the following proper-
ties:

1) additivity: the area of the union of any finite number of pairwise disjoint
squarable figures is equal to the sum of the areas of these figures;

2) invariance: the area of the figure does not change when it is shifted,
rotated or reflected.

Now, after introducing all the required definitions and formulating the
necessary statements, we will consider figures of a special kind, prove their
squarability, and find formulas for their area.


https://www.youtube.com/watch?v=Yg2rrKjorF8&t=37m56s
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Area of a curvilinear trapezoid
and area of a curvilinear sector

Theorem on the area of a curvilinear trapezoid:
formulation and proof of squarability \2.8B/OO:OO (13:27) \

THEOREM (ON THE AREA OF A CURVILINEAR TRAPEZOID).
Let the function f be continuous on [a, b] and non-negative on this segment:

f(z) >0, x €[a,b]. Let G be a curvilinear trapezoid defined as follows (see
Fig. 4 in Chapter 5):

G={(r,y):a<z<b 0<y< fx)}.

Then the curvilinear trapezoid G is a squarable figure and its area is
calculated by the formula

b
S(G) = / f(z) da. (3)

PROOF.

1. To prove the squarability of the figure GG, we must show that, for any
e > 0, there exist cell figures ¢ and @) satisfying two conditions: ¢ C G C @)
and S(Q) — S(q) < e.

We will construct cell figures ¢r and Q)7 based on some partition 1" of the
segment [a, b]. For each segment A; of this partition, i = 1,...,n, we define
two numbers:

m; = min f(z), M; = max f(z).
TEA; TEA;

Note that in this case we use the notation min and max instead of inf
and sup, since, by virtue of the second Weierstrass theorem, the continuous
function takes its minimum and maximum value on the segment.

Define the following rectangles:

¢ ={(r,y):xeA;, 0<y<m},

By definition of the area of the rectangle, we get S(¢;) = m;Ax;,
S(Q;) = M;Az;, i = 1,...,n, and the area of these rectangles does not
change if we remove a part of their boundary:.

Now we define the sets ¢r and ()7 as unions of pairwise disjoint rectangles:

n n
o=@ er={Jae:
i=1 i=1


https://www.youtube.com/watch?v=sX5r7CP2oR0&t=00m01s
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The rectangles ¢; and Q; differ from the previously defined rectangles ¢;
and Q; since part of the boundary of ¢; and Q; can be removed. Removing
a part of the boundary is necessary to satisfy the conditions ¢; N g¢; = &,
Q; N Qj = @ for ¢ # j. For definiteness, we can assume that, for any
index ¢ = 2,...,n, the common part of the boundary of the figures ¢;_1, ¢;
(and Q;_1 and @) is removed from the boundary of the figure ¢; (and Q;,
respectively).

By construction, qp and Q)7 are cell figures and its areas are as follows:

Slar) = ZS(@-) = Z 5(qi) = ZmzA%

S(Qr) = Z S(Q;) = Z S(Qi) = Z M Ax;.

Note that the obtained values of the areas coincide with the values of
the lower and upper Darboux sums for the function f and the partition 7"
S(qr) = S7(f), S(Qr) = S (f). The left-hand part of Fig. 7 shows the
figure ¢r and the right-hand part of Fig. 7 shows the figure Q7.

Y Y
y =f(x) y = f(x)
,,Ma
m ™,
Tm, ”M1
tm,
A, | A,| A, A, | A A,
0 a X, X% X b X 0 a X, X% X b X

Fig. 7. A curvilinear trapezoid and the associated cell figures ¢ and Q7

In addition, a double embedding ¢ C G C Q7 holds for the figures gr
and QT-

So, we have constructed two cell figures gy and ()7 on the basis of an
arbitrary partition 1", these figures satisfy the condition g7 C G C @7, and
the following relations hold: S(qr) = S7(f), S(Qr) = S (f).

By the condition of the theorem, the function f is continuous on [a, b] and
therefore is integrable. So, by virtue of the integrability criterion in terms of

Darboux sums, for any € > 0, there exists > 0 such that, for any partition T’
with [(T) < 4, the estimate S (f) — S7(f) < € holds.
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Therefore, for a given € > 0, we can choose a partition 1" such that for the
cell figures gr and (Qp constructed on the basis of this partition and satisfying
the condition qp C G C Qp, the following relation is fulfilled:

S(Qr) — S(ar) = S7(f) = Sy (f) <e

So, we have shown that the set GG is a squarable figure.

Proof of the formula
of the curvilinear trapezoid area \2.8B/13:27 (07:27) \

2. It remains for us to prove formula (3). Recall that the area of
the squarable figure G is the number S(G) satisfying the double inequality
S(q) < S(G) < S(Q) for any cell figures ¢ and @ such that ¢ C G C Q.

In the proof of the integrability criterion, we obtained the following relation
connecting the integral with Darboux sums:

b
| #(a)dn = sup S () = gt S (1),
a T

The last relation can be rewritten using the areas of the cell figures ¢r
and Qr:

b
/ f(z)de = Sup Slgr) =t S(Qr). (4)

Moreover, for all T', the embeddings gr C G C Qr are valid.

Relation (4) means that, for any cell figures qr, @, the double inequality
holds:

S@OS/f@MxéﬂQﬂ (5)

No value A other than f; f(x) dx can satisfy the double inequality (5).

Indeed, if we take A > fabf(x) dx, then, by virtue of (4), the estimate
infr S(Qr) < A will be satisfied for A; therefore, there exists a partition T’
for which the figure Q7 has an area smaller than A: S(Qr) < A. If we take
A< fabf(x) dx, then, by (4), the estimate supy S(qr) > A will be satisfied
for A; therefore, there exists a partition 1" for which the figure g7 has an area
greater than A: S(qr) > A.

Since any numbers A except fab f(x) dz do not satisfy the double inequal-
ity (5), such numbers A also cannot satisfy the more general inequality
S(q) < S(G) < S(Q), where ¢ and ) are arbitrary cell figures satisfying
the condition ¢ C G C Q.


https://www.youtube.com/watch?v=sX5r7CP2oR0&t=13m27s
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On the other hand, the value S(G) exists, since we have already proved

that the curvilinear trapezoid G is a squarable figure. Therefore, the only
possible value for S(G) is the integral fab f(z)dz. O

Theorem on the area of a figure
with two curvilinear boundary parts \2.8B/ 20:54 (05:15) \

The result proved for a curvilinear trapezoid can be generalized to a figure
with two curvilinear parts of the boundary:.

THEOREM (ON THE AREA OF A FIGURE WITH TWO CURVILINEAR
BOUNDARY PARTS).

Let the functions f and g be continuous on [a, b] and satisfy the inequality
f(z) < g(x), € [a,b]. We define the figure G as follows (see the left-hand
part of Fig. 8):

G={(z,y):a<z<b flz)<y<gl)}

Then G is a squarable figure and its area is calculated by the formula

PROOF.

Perform a shift of the figure G in the positive direction of the OY axis
so that its lower curvilinear boundary is located above the OX axis. Such
a shift means that, instead of the functions f and g, we need to consider the
functions f 4+ C and g + C' with the constant C equal, for example, to the
value ‘minzda’b} f(x)’ + 1.

Y Y

0
Fig. 8. The figure bounded by the graphs of two continuous functions
Denote by G’ the figure obtained as a result of the described shift:
G'={(z,y):a<x<b flz)+C <y<gl)+Ch


https://www.youtube.com/watch?v=sX5r7CP2oR0&t=20m54s
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Then the figure G’ can be represented as the difference of two curvilinear
trapezoids (see the right-hand part of Fig. 8):

G'=G,\ Gy,
Gr={(r,y):a<zx<b 0<y< f(x)+C},
Gy={(z,y) :a<2<b,0<y<g(x)+C}

Note that in the definition of the set Gy, we used the strict inequality
y < f(x) + C. However, this modification of the definition of a curvilinear
trapezoid will not affect its squarability and will not change its area.

Using formula (3) from the theorem on the area of a curvilinear trapezoid,
we obtain

S(Gf):/ (f(z) + C) du, S(Gg):/ (9(z) + C) dz.

Now we use the additivity property of an area and the additivity property
of a definite integral with respect to the integrand:

S(G/):S(Gg\Gf):S(Gg)_S(Gf):
b b b
:/ (g(x)-i—C) dx—/ (f(x)—l—C’)dx:/ (g(x)—f(x))da:

It remains for us to notice that, due to the invariance property, the area
of the figure does not change with its shift, therefore S(G) = S(G"). O

Calculation of the area of an ellipse.
Circular sector and curvilinear sector \2.8B/ 26:09 (07:57) \

Find the area of the ellipse G, defined by the equation i—z+z—§ =1 (Fig. 9).

For symmetry reasons, it is enough for us to find the area of the part G; of

the ellipse, which is located in the first coordinate quarter, and multiply it
by 4: S(Gab) == 4S(G1)

a X

Fig. 9. Ellipse


https://www.youtube.com/watch?v=sX5r7CP2oR0&t=26m09s
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The set G; can be described as follows:

2
(h:{( )0<x<a0<y<mu—gﬁ

Therefore, this set is a curvilinear trapezoid and its area is calculated by
the formula,

a 22
5(G1):/ /12y
0

In the resulting integral, we can make the variable change x = asint.
Then dr = acostdt, the integration limits will change to 0 and 7, and the

expression /1 — ? will take the form \/1 —sin®t = cost (when extracting

the square root, we use the plus sign, since the cosine takes non-negative
values on the Segment . Do,

2 b
/ b\/l—x—de—/ abcos?tdt = & (1—|—(3052t)dt:
a

B (t—l— 811"1215) 3
_2 2

Finally we get

REMARK.

In the case a = b = R, we obtain the well-known formula for the area of
the circle Gg: S(GR) = mR?.

Recall also the formula for the area of the circular sector G% with an an-
gle a and a radius R:

2
S(G) = 7R o = %. (6)

DEFINITION.

Let the function f(¢) be defined and continuous on the segment [a, 3],
where 0 < o < 8 < 2m. The curvilinear sector (Fig. 10) is the set G defined
in the polar coordinate system (p, @) as follows:

G={(p,p):a<p<p,0<p< flo)} (7)

This notion is a generalization of the notion of a circular sector; if the
function f is a constant, f(¢) = R, then the corresponding curvilinear sector
is a circular sector with an angle 8 — o and a radius R.
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B \a
0 X

Fig. 10. Curvilinear sector

Theorem on the area of a curvilinear sector:
formulation and proof of squarability \2.9A/OO:OO (15:06) \

THEOREM (ON THE AREA OF A CURVILINEAR SECTOR).

The curvilinear sector G defined by formula (7) for the function f contin-
uous on the segment [« ] is a squarable figure and its area is calculated by
the formula

8
S(G) =5 / f2(x) de. s)

REMARK.

If the function f is constant, i. e., f(p) = R, then formula (8) turns into
formula (6) of the area of the circular sector with an angle 5 — «.

PROOF.

1. In this case, we cannot construct simple cell figures that are “close” to
the initial curvilinear sector. However, we can use simple squarable figures and
then apply the squarability criterion. Such squarable figures can be composed
of circular sectors, for which we have already established the squarability.

Let T be a partition of the segment [«, A]:

a=z)<x < <Xy < Ty =p.

In this case, the segment A;, 7 = 1,...,n, corresponds to various angles ¢
in the range from x;_1 to x;. For each segment A;, we define two numbers:

m; = min f(y), M; =max f(p).
pEA; pEA,

We define the following circular sectors (Fig. 11):
Qi ={(p.0) 1 0 €A, 0< p< M}


https://www.youtube.com/watch?v=3Vpk5JvFLaM&t=00m01s
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By formula (6), we have S(¢;) = im?Ax;, S(Q;) = sM2Az;, i =1,...,n,
and the areas of these sectors will not change if we remove part of their
boundaries.

Now we define the sets gr and Q7 as unions of pairwise disjoint circular
sectors:

n n
o=@ Qr=Jae
i=1 i=1

Y Y
p = f(g) p =f()
0] Qs
°F) Q,
ol Q
B la X 1% I|x B o ix, 1%, |x
0 X 0 X

Fig. 11. Curvilinear sector with a set of auxiliary circular sectors

The sectors ¢; and Q; differ from the previously defined sectors ¢; and @);
since part of the boundary of ¢; and Q; can be removed. For definiteness, we
can assume that, for any index ¢ = 2, ..., n, the common part of the boundary
of the figures ¢;_1, ¢; (and @Q;_1 and Q) is removed from the boundary of the
figure ¢; (and @Q;, respectively).

The figures gr and Q)7 are squarable as a union of squarable figures. The
circular sectors included into them are pairwise disjoint, therefore, due to the
property of area additivity, we obtain

=3 S@) = S = 3 > mia,
1=1 1=1 =1

- is(Qz Zs Qi) = ZM%@
1=1

The obtained values of the areas coincide with the values of the lower
and upper Darboux sums for the function % f? and the partition T
S(ar) = S7(5/7) . S(Qr) = SF(5/7).

In addition, a double embedding ¢ C G C @ holds for the figures qr
and Qr.
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So, we have constructed two squarable figures g7 and ()7 on the basis of
an arbitrary partition 7', these figures satisfy the condition ¢ C G C Qr,
and the following relations hold: S(qr) = Sz (3/%), S(Qr) = 57 (/7).

By the condition of the theorem, the function % f? is continuous on [« 3]
and therefore is integrable. So, by virtue of the integrability criterion in
terms of Darboux sums, for any € > 0, there exists 6 > 0 such that, for any
partition 7 with [(T) < 4, the estimate Sf (1 /%) — S (3/?) < € holds.

Therefore, for a given € > 0, we can choose a partition T such that, for
the squarable figures qr and Q1 constructed on the basis of this partition and
satisfying the condition ¢r C G C @7, the following relation holds:

1 /1
S(Qr) = Star) = S7 (57) = 57 (57) <=
We have proved that, for any € > 0, there exist squarable figures g, )

2
that satisfy the conditions ¢ C G C @, S(Q) — S(q) < €. By virtue of the
squarability criterion, this means that the set GG is a squarable figure.

Proof of the curvilinear sector area formula \2.9A/15:O6 (04:48) \

2. Formula (8) can be proved by the same reasoning as formula (3) from
the theorem on the area of a curvilinear trapezoid, if we replace the segment

a,b] with [a, 8] and the function f with 32 O

Volume calculation

Cubable solids 12.9A/19:54 (11:52)]

As with the study of areas, we begin with auxiliary definitions associated
with sets in three-dimensional space.

A solid is any nonempty bounded set of points in three-dimensional space.

Consider a cuboid (a rectangular parallelepiped) P with edges parallel to
the coordinate axes:

P={(z,y,2) :a1 <x <by, ag <y < by, azg < z < bs}.
The volume of the cuboid P (notation V(P)) is defined as follows:
V(P) = (bl — al)(bg — az)(bg — CL3). (9)
We will also assume that formula (9) determines the volume of the cuboid
even if its boundary (or part of it) does not belong to this cuboid. In partic-

ular, for the cuboid P = {(x,y,2) 1 a1 < x < by, as <y < by, ag < z < bz},
the volume is also calculated by formula (9).


https://www.youtube.com/watch?v=3Vpk5JvFLaM&t=15m06s
https://www.youtube.com/watch?v=3Vpk5JvFLaM&t=19m54s
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A cell solid is a solid (), which can be represented as the union of a finite
number of pairwise disjoint cuboids P;, ¢ = 1,...,n, with edges parallel to
the coordinate axes:

Q:UPi, PNP =2, 1#].
1=1

Part of the boundary of the cuboid P; may not belong to this cuboid.
By definition, the volume of the cell solid ¢, which is the union of pairwise
disjoint cuboids, is the sum of the volumes of these cuboids (notation V(Q)):

V(Q) = va).

This definition of the volume of the cell solid is well-posed, since the fol-
lowing statement can be proved: for any method of dividing the cell solid into
pairwise disjoint cuboids, the sum of the volumes of these cuboids will be the
same value.

Now we give two basic definitions: a cubable solid and its volume.

A solid € is called cubable if, for any € > 0, there exists a pair of cell
solids ¢, @ such that ¢ C Q C Q and V(Q) — V(q) < €.

The volume of a cubable solid €2 is the number V' (€2) satisfying the double
inequality V' (¢) < V(Q) < V(Q) for any cell solids ¢, @ such that ¢ C Q C Q.

THEOREM (ON THE WELL-POSEDNESS OF THE DEFINITION OF THE
CUBABLE SOLID VOLUME).

If © is a cubable solid, then the number V(2) exists and is unique.

The proof of this theorem is similar to the proof of the theorem on the
well-posedness of the definition of the squarable figure area. [

There exists a cubability criterion similar to the squarability criterion given
above, which we also accept without proof.

THEOREM (CRITERION FOR THE CUBABILITY OF A SOLID).

The solid €2 is cubable if and only if, for any € > 0, there exist cubable
solids ¢, @ such that ¢ C Q C Q, V(Q) — V(q) < e.

REMARK.

It can be proved that the volume of the cubable solid has the same addi-
tivity and invariance properties as the area of the squarable figure.

Cylindrical solid and its volume 12.9B/00:00 (13:57)|

DEFINITION.
Let G be some figure located on the coordinate plane OXY . Perform its
shift by the distance h in the positive direction of the OZ axis (Fig. 12).


https://www.youtube.com/watch?v=6VT320AFKbw&t=00m01s
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ZAL

ST
—

G
X
Fig. 12. The cylindrical solid €2

All points through which the figure G passes as a result of the described
shift form a solid €2 called a cylindrical solid with the base G and height h:

Q={(z,y,2) : (z,y) € G, 0 < z < h}.
THEOREM (ON THE VOLUME OF A CYLINDRICAL SOLID).

If the base G of the cylindrical solid €2 is a squarable figure, then the
cylindrical solid €2 is cubable and its volume is calculated by the formula

V(Q2) = S(G)h.
PROOF.

By condition, the base GG is a squarable figure; therefore, for any € > 0,
there exist cell figures ¢ and () that satisfy two conditions:
£
¢CGC@ 5@ =5 <. (10)

We need to prove that, for any € > 0, there exist cell solids ¢ and Q that
satisfy the following conditions:

§CQCQ, V(Q-V(@<e (11)
We choose some € > 0, take cell figures ¢ and @) that satisfy conditions (10),

and construct cell solids ¢ and Q performing a shift of figures ¢ and Q to the
distance h in the positive direction of the OZ axis:

§={(z,y,2) : (z,y) €¢, 0 < 2 < h},
Q={(z,y,2): (z,y) €Q, 0 <z < hi.
As a result, we obtain cylindrical solids, which are obviously cell ones, since
with such a shift any of the pairwise disjoint rectangles II, which form the
cell figure g or @), is transformed into a cuboid with the base IT and height h

and the union of such (pairwise disjoint) cuboids coincides with the solid ¢
or (), respectively.
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Moreover, if the area of the rectangle II is equal to s, then the volume
of the cuboid with the base II and height h will be equal to sh. Thus, the
volume of the cell solid § or Q can be obtained by multiplying the area of its
base (S(q) or S(Q), respectively) by h:

V(q) = S(gh, V(Q) =S5(Q)h. (12)
Obviously, for the constructed cell solids ¢ and Q, the embedding chain
from conditions (11) holds: § € Q C Q. An estimate of the difference
V(Q) — V(§) from (11) can be obtained by multiplying both parts of the
estimate from (10) by h:

S@h=S(@h<7-h  V(@Q-V(@<e

So, we have proved that, for arbitrary € > 0, there exist cell solids ¢ and @Q
that satisfy conditions (11). Therefore, the cylindrical solid €2 is cubable. It
remains to prove the formula for its volume.

By definition of the area of the squarable figure, the value of the area S(G)
satisfies the following double inequality, which is valid for any cell figures ¢
and @) such that ¢ C G C Q:

S(g) < 5(G) < 5(Q). (13)
Moreover, there exists a unique number S(G) satisfying condition (13) for

any q and Q.
Multiply all parts of the double inequality (13) by h:

S(q)h < S(G)h < S(Q)h.

Given the previously obtained relations (12), the last inequality can be
rewritten in the form

V(g) < S(G)h <V(Q). (14)

We get that the value S(G)h is the only value that satisfies the double
inequality (14) for all the cell solids ¢ and @ described above.

Since we have already proved that the solid {2 is cubable, it can
be stated that there exists a number V() satisfying the condition
V(§) < V(Q) < V(Q) for any cell solids ¢ and Q such that § € Q C Q.
Therefore, the only possible value for V(Q2) is S(G)h. O

REMARK.

The simplest case of a cylindrical solid is a circular cylinder Q, p with
height h and a base that is a circle of radius R. The volume of such a circular
cylinder is calculated by the formula

V(Qur) = TR?h. (15)
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Volume of a solid of revolution \2.9B/13:57 (09:58) \

DEFINITION.

Consider a curvilinear trapezoid defined by the continuous function f(x)
on the segment [a,b] (we assume that f(x) > 0) and located on the plane
OXY (thus, the curvilinear part of the trapezoid is a graph y = f(z)). We
will rotate this curvilinear trapezoid around the OX axis. As a result, we get
a three-dimensional solid €2 (Fig. 13) called a solid of revolution:

Q:{(sc,y,z):agxgb,0§\/y2+22§f(56)}. (16)
YA

y=Ax)

O\ |a b;

VA
Fig. 13. The solid of revolution €2

THEOREM (ON THE VOLUME OF A SOLID OF REVOLUTION).

The solid of revolution €2 defined by formula (16) for a function f contin-
uous on a segment [a, b] is a cubable solid and its volume is calculated by the
formula

b
V(Q) = 7r/ f(x) dz. (17)

REMARK.

If the function f is constant, i. e., f(x) = R, then formula (17) turns into
formula (15) of the volume of a circular cylinder with height b — a.

PROOF.

We use the cubability criterion and show that, for any € > 0, there exist
cubable solids ¢ and @ such that ¢ C Q C @ and V(Q) — V(q) < e.

The required cubable solids can be composed of circular cylinders, for
which we have already established cubability and obtained the volume for-
mula (15).

Let T be a partition of the segment [a, b]:

a=xpg <1< < Tp1<xp,=0~>.

For each segment A;, i =1,...,n, we define two numbers:


https://www.youtube.com/watch?v=6VT320AFKbw&t=13m57s
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m; = min f(z), M; = max f(z).

TEA; TEA,;

We define the following circular cylinders (Fig. 14):

g = {(w,y&):wGAi, 0< Vy?+ 22 Smi}»
Qi: {(:U,y,z) :xEAia OS Vy2+22§Mi}'

YA YA

y=Ax) M,

m;

\ i

A o
Ol la| | i X b | x O\ |a

><v

Z Z
Fig. 14. Circular cylinders ¢; and Q);

By formula (15), we have V(g) = mm?Az;, V(Q;) = wM?Ax;,
¢t = 1,...,n, moreover, the volume of these cylinders does not change if
we remove part of their boundaries.

Now we define the sets gr and ()7 as unions of pairwise disjoint circular
cylinders:

n n B
o=@ er={ae
i=1 i=1

The cylinders ¢; and Q; differ from the previously defined cylinders g;
and Q; since part of the boundary of ¢ and Q; can be removed. For defi-
niteness, we can assume that, for any index ¢+ = 2,...,n, the common part
of the boundary of the solids ¢;_; and ¢; (and Q;_1 and Q;) is removed from
the boundary of the solid ¢; (and @, respectively).

The solids g7 and ()7 are cubable as the unions of cubable solids. The
circular cylinders included into them are pairwise disjoint, therefore, due to
the property of volume additivity, we obtain

Vier) =3 V(@) =) _Vla) =7 miAw,

V(Qr) = Z V(Q;) = Z V(Q) = Z M2Az;.
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The obtained values of the volumes coincide with the values of the
lower and upper Darboux sums for the function 7f? and the partition 7"
Vigr) = Sy (v f?), V(Qr) = S} (v f?).

In addition, a double embedding qr C €2 C @7 holds for the solids gr
and QT-

So, we have constructed two cubable solids g7 and ()7 on the basis of an
arbitrary partition 7T, these solids satisfy the condition ¢y C Q C @, and
the following relations hold: V(gr) = Sy (7 f?), V(Qr) = Sf (7f?).

By the condition of the theorem, the function 7 f? is continuous on [a, b]
and therefore is integrable. So, by virtue of the integrability criterion in
terms of Darboux sums, for any € > 0, there exists 6 > 0 such that, for any
partition 7" with I(T) < §, the estimate S;. (7 f?) — Sy (7 f?) < e holds.

Therefore, for a given € > 0, we can choose a partition 1" such that, for
the cubable solids gr and ()7 constructed on the basis of this partition and
satisfying the condition ¢ C 2 C Qr, the following relation is fulfilled:

V(Qr) —Vigr) = St (nf?) = Sp(nf?) <e.

We have shown that, for any € > 0, there exist cubable solids ¢ and @)
that satisfy the conditions ¢ C 2 C @, V(Q) — V(q) < . By virtue of the
cubability criterion, this means that the set €2 is a cubable solid.

Formula (17) can be proved by the same reasoning as formula (3) from the

theorem on the area of a curvilinear trapezoid if we replace the function f
with 7 f2. O

Volume of a solid
with given cross-sectional areas \2.9B/23:55 (05:47) \

In conclusion, we formulate another theorem related to the calculation of
volumes, which we accept without proof (a proof of this theorem is given, for
example, in [18, Ch.7, Sec. 37.2]).

THEOREM (ON THE VOLUME OF A SOLID WITH GIVEN CROSS-
SECTIONAL AREAS).

Let the solid €2 be enclosed between planes that are perpendicular to
the OX axis and intersect this axis at points © = a and x = b (as usual,
we assume that a < b). We denote by G, a cross-section of the solid 2 by the
plane perpendicular to the OX axis and passing through the point = € [a, b]
on this axis (Fig. 15).


https://www.youtube.com/watch?v=6VT320AFKbw&t=23m55s
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YA

Fig. 15. A solid with given cross-sectional areas

Suppose that, for any point = € [a,b], the figure G, is squarable and its
area s() is a continuous function on the segment [a, b]. Suppose, in addition,
that, for any «, 8 € [a, b], the following condition is fulfilled: when projecting
the figures G, and G on a plane perpendicular to the OX axis, we get
figures, one of which is embedded in the other. Then the solid €2 is cubable
and its volume is calculated by the following formula:
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Vector functions and their properties

Vector functions \2.9B/29:42 (04:28) \

DEFINITION.
Any map 7 acting from some set X C R into R3 is called a vector function.

When considering vector functions, we always assume that their domain
of definition X is some segment [« f3].

The name “vector function” means that the value of the vector function
7(t) can be interpreted not only as some point M in three-dimensional space,
but also as a radius vector OM with the origin (0,0,0) as the starting point
and the point M as the ending point.

So, we will interpret the values of the vector function as radius vectors.

To emphasize this fact, we will use the overline sign for the notation of vector
functions.

If all the values of the vector function lie in one plane, then we assume that
it acts in R2 and write its values in the form of a vector with two coordinates.

The limit
of a vector function 2.9B/34:10 (07:39), 2.10A/00:00 (02:14)

DEFINITION.
The vector @ is called the limit of the vector function T(t) as t — to,
to € [a,p], (notation limy . 7(t) = @) if lim;y, [F(t) — @] = 0. Here,

[7(t) — @| denotes the length of the vector 7(¢) — a.

Thus, the limit of the vector function 7(¢) is defined through the limit of
the numerical function |7(¢) — a.


https://www.youtube.com/watch?v=6VT320AFKbw&t=29m42s
https://www.youtube.com/watch?v=6VT320AFKbw&t=34m10s
https://www.youtube.com/watch?v=Q6sxEiXVzhc&t=00m01s
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Convergence criterion of a vector function
in terms of its coordinate functions 12.10A/02:14 (06:17) |

We also introduce the notation of the vector function 7(¢) in the coordinate
form: 7(t) = (z(t),y(t), 2(t)). Here z(t), y(t), z(t) are numerical functions
called coordinate functions, which are defined, like the vector function 7(t),
on the segment [« A].

We formulate and prove a simple theorem that allows us to reduce the
study of the limit of a vector function to the study of the limits of its coordi-
nate functions.

THEOREM (A CRITERION FOR THE CONVERGENCE OF A VECTOR
FUNCTION IN TERMS OF ITS COORDINATE FUNCTIONS).

Let 7(¢) : [, 8] — R be a vector function, 7(t) = (x(t),y(t), 2(t)), let
@ € R? be a vector, @ = (a1, as, az).

The limit of the vector function 7(¢) is equal to @, as t — t, if and only if
the limits of its coordinate functions, as t — %y, are equal to the corresponding
coordinates of the vector a:

<lim 7(t) = d) & (lim x(t) = a1, lim y(t) = ag, lim 2(t) = CL3).

t—to t—to t—to t—to

PROOF.
1. Sufficiency. Let us write the expression |7(t) — @| in coordinate form:

_ _ 2 2 2
F(t) —al = /(o) — )+ () — )+ () - )’ ()
If the limits of the coordinate functions are equal to the coordinates of the

vector @, then each of the differences on the right-hand side of equality (1) ap-
proaches 0, therefore, the left-hand side also approaches 0. By definition, this

means that the vector function 7(¢) approaches the vector @. The sufficiency
is proved.
2. The necessity. Equation (1) yields the estimates

|z(t) — ar| < [7(t) —al,

ly(t) — as| <|7(t) —al,

|2(t) — as| < |r(t) —al.
Thus, if the vector function 7(t) approaches the vector @, then the differ-
ences indicated on the left-hand side of these estimates also approach 0 (by
the theorem on passing to the limit in inequalities) and this is equivalent to

the fact that the coordinate functions approach the corresponding coordinates
of the vector @. The necessity is proved. [


https://www.youtube.com/watch?v=Q6sxEiXVzhc&t=02m14s
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Arithmetic properties of the limit
of vector functions 12.10A/08:31 (05:53) |

THEOREM (ON ARITHMETIC PROPERTIES OF THE LIMIT OF VECTOR
FUNCTIONS).
Let limyy, 71(t) = @, limy_yy, To(t) = b, limy_4, f(t) = .. Then the follow-
ing relations hold:
lim (71 (t) +T2(t)) =a+b,

t—to

lim f(t)71(t) = aa,

t—to

lim (71 (£), 72(t)) = (@,5).

t—1o

In the last equality, (@, b) denotes the scalar product of the vectors @ and b.

PROOF.

We prove the last equality (the other equalities are proved similarly). Let
Fl(t> = (azl(t),yl(t),zz(t)), 1= 1,2, a = (al,ag,ag) , [_) = (bl,bg,bg). Then,
by virtue of the convergence criterion of a vector function in terms of its
coordinate functions, the following limit relations are satisfied:

th_g(l) gjl(t) = ay, tll_)l’% U (t) = a9, th—%}) 21 (t) = as,

lim [EQ(t) = bl, th—g% yg(t) = bg, th—g(l) ZQ(t) = b3. (2)

t—to

Let us write the scalar product in coordinate form:

(F1(1),72(t)) = 1(H)w2(t) + yr(t)ya(t) + 21(t)22(t).

Taking into account the limit relations (2) and the theorem on the arith-
metic properties of the limit of numerical functions, we obtain that the right-
hand side of the resulting equality approaches the expression a1b1+asbs+aszbs.
This expression is the coordinate form of the scalar product (@,b). [

Differentiable vector functions

Continuity and differentiability
of vector functions 12.10A/14:24 (06:37) |

DEFINITION.

The vector function 7(t) is called continuous at the point ¢y € [a, 8] if
limy_y, F(t) = T(t()).

Using the criterion for the convergence of a vector function in terms of
its coordinate functions, it is easy to show that all the properties previously


https://www.youtube.com/watch?v=Q6sxEiXVzhc&t=08m31s
https://www.youtube.com/watch?v=Q6sxEiXVzhc&t=14m24s
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established for continuous numerical functions remain valid for continuous
vector functions.

In particular, arithmetic properties are satisfied for continuous vector func-
tions. One of these properties is the following: if the vector functions 7 (¢) and
To(t) are continuous at the point ty, then their scalar product (71(¢),72(t)) is
a continuous numerical function at the point .

DEFINITION.

If there exists a limit lima o ﬁ (F(t0+A9:) —F(to)) for the vector function
7(t), then this limit is called the derivative of the vector function 7 at the
point ¢y and is denoted by 7 ().

It follows from the criterion for the convergence of a vector function in
terms of its coordinate functions that the derivative of the vector function
7(t) at ty exists if and only if there exist derivatives of its coordinate functions
x(t), y(t), z(t); moreover, the following equality holds:

™ (to) = (2'(to), y'(t0), 7' (t0)).

Therefore, we can give the following definition of the differentiability of
a vector function: a vector function is called differentiable at the point ty if
all its coordinate functions are differentiable at this point.

Arithmetic properties of differentiable
vector functions 12.10A/21:01 (05:13) |

Most of the properties previously established for differentiable numerical
functions remain valid for differentiable vector functions. In particular, arith-
metic properties are fulfilled for them.

THEOREM (ON ARITHMETIC PROPERTIES OF DIFFERENTIABLE VEC-
TOR FUNCTIONS).

Let the vector functions 71, 7o and the numerical function f be differen-
tiable at the point ty. Then the vector functions ¥1+75, fr; and the numerical
function (71, 79) are also differentiable at the point ¢, and the following rela-
tions hold:

(F1(to) + Ta(to)) = 7 (to) + Th(to),
(F(to)T1(to)) = F'(to)Tilto) + f(to)Ti(to),

(Fi(to), Ta(to)) = (Fi(to), Ta(to)) + (Fi(to), Fh(to)).


https://www.youtube.com/watch?v=Q6sxEiXVzhc&t=21m01s
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PROOF.

As in the case of the theorem on the arithmetic properties of the limit
of vector functions, it suffices to use the coordinate representations of all
expressions and take into account that the differentiability of a vector function
is equivalent to the differentiability of its coordinate functions. Let us prove,
for example, the last relation using the same notation for coordinate functions
as in the theorem on arithmetic properties of the limit of vector functions (in
further transformations we omit the argument ¢, for brevity):

(ﬂ(to),@(ﬁo))/ = (2122 + Y192 + 2122), =
= ($1$2)/ + (ylyQ)/ + (2122)/ =
= X\ To + X125 + Yiyo + Y1Yh + 2120 + 2126 =
= (212 + Y192 + 2122) + (2125 + Yih + 2125) =

= (71 (to), Ta(to)) + (F1(to)T5(t0))-
The remaining relations are proved similarly. []

Lagrange’s theorem for vector functions

Violation of the equality from Lagrange’s
theorem in the case of vector functions \2. 10A/26:14 (06:35) \

Not all properties of numerical differentiable functions are satisfied in the
case of vector functions. In particular, the equality from Lagrange’s theorem
for numerical functions does not hold for vector functions.

Recall Lagrange’s theorem for numerical functions. If the function f is
continuous on the segment [a, b] and differentiable on the interval (a,b), then
there exists a point & € (a,b) for which the following equality holds:

f) = f(a) = f(§) (b — a). (3)

This equality, generally speaking, does not hold for differentiable vector
functions. To do this, it is enough to give an example of a vector function for
which this equality is not true.

Consider the vector function 7(t) = (cost,sint), t € [0,2x]. All values
of this vector function lie on one plane, therefore, we use two coordinate
functions to define it.

The endpoints of the vectors 7(¢) lie on the unit circle with the center at
the origin (0,0). The conditions of Lagrange’s theorem related to continuity
and differentiability are satisfied, since they are satisfied for the coordinate
functions cost and sin t.


https://www.youtube.com/watch?v=Q6sxEiXVzhc&t=26m14s

9. Curves and calculating their length 111

Further, 7(0) = 7(27) = (1,0), so the difference 7(27) — 7(0) is a zero
vector. If equality (3) holds for the function 7, then this would mean that
there exists a point £ € (0, 2m) at which the value of the vector function 7(§)
is also equal to the zero vector. But such a point does not exist, since for any
t € (0,2m), we have

7(t)] = |(cos't,sin’ t)| = |(—sint, cost)| = V/sint + cos?t = 1.
Thus, |[7'(t)| # 0 for any ¢ € (0, 27), therefore, equality (3) is not true for

the function 7.

A version of Lagrange’s theorem for vector functions
2.10A/32:49 (10:25), 2.10B/00:00 (03:45)

However, for vector functions, the “weakened” version of Lagrange’s theo-
rem holds, which contains the inequality instead of equality (3).

THEOREM (LAGRANGE’S THEOREM FOR VECTOR FUNCTIONS).

Let the vector function 7(t) be continuous on the segment [a, §] and dif-
ferentiable on the interval («, ). Then there exists a point £ € («, ) for
which the following inequality holds:

7(8) = ()] < [F(E)] (B — ). (4)

PROOF.

We introduce the auxiliary numerical function ¢(t) = (7(8) — 7(a),7(t)).
The function p(t) satisfies all the conditions of Lagrange’s theorem for numer-
ical functions on the segment [, 8] (this follows from the above properties
of continuous and differentiable vector functions). Therefore, there exists
a point £ € («, 8) for which the equality holds:

p(B) = pla) = ¢'(§)(B — ). (5)
Given the definition of the function ¢(¢) and the properties of the scalar
product, the left-hand side of the last equality can be represented as follows:

p(B) — pla) = (7(B) —7(a),7(B)) — (F(B) — (), 7(a)) =
= (F(8) — (), 7(8) = () = [F(B) = T(a)/"

Find the value of ¢'(£) using the formula for the derivative of the scalar
product:


https://www.youtube.com/watch?v=Q6sxEiXVzhc&t=32m49s
https://www.youtube.com/watch?v=xb8oN2tz4Lw&t=00m01s
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Thus, equality (5) can be rewritten in the following form:

[7(8) = F(@)|” = (7(8) —T(), 7'(€)) (8 — ). (6)

Note that since the left-hand side of the equality is non-negative and the
difference 3 — a is positive, the scalar product (F(3) — 7(a),7()) is also
non-negative.

Let us estimate this scalar product from above using the well-known
Cauchy-Bunyakovsky inequality, which means that, for any vectors @ and b,
the estimate ‘(d, 5)‘ < |a| - |b| holds:

(F(8) = 7(), 7(€)) < [F(B) = T()] - [F'(E)]-
This estimate and equality (6) imply the estimate
7(8) = 7(@)]” < [F(8) = ()] - [F(E)] (B — ).

If the value |7(5) — F(«)]| is 0, then the resulting estimate (4) is obviously
satisfied. If the value is not equal to 0, then both sides of the last equality
can be divided by this value and as a result we obtain the estimate (4). O

Curves in three-dimensional space. Rectifiable curves

Simple curves 12.10B/03:45 (05:36) |

DEFINITION.

Let the vector function 7(t) act from [a, 8] to 7([a, 5]) and be contin-
uous and one-to-one. Recall that the one-to-one condition implies that
F(tl) 7£ F(tg) for tl 7& t2.

We denote by M (t) the point that is the endpoint of the radius vector
7(t): 7(t) = OM(t). Then, due to the continuity of the vector function 7(t),
the set of endpoints of the vector function 7(¢), when ¢ changes from « to 3,
will be a continuous line starting at the point M («) and ending at the point
M () and, due to the one-to-one property of the vector function 7(¢), this
line will not have self-intersections. This set of points is called an oriented
simple curve I" specified by a vector function 7 on the segment [«, 5] (Fig. 16):

D= {M(t) : 7(t) = OM(t), t € [, 8]}

The point M («) is called the starting point of the curve I, the point M ()
is called its ending point.
As a rule, we will omit the word “oriented”.


https://www.youtube.com/watch?v=xb8oN2tz4Lw&t=03m45s
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7 A M(OL) M(t)

(1) r

o Y
X
Fig. 16. The oriented simple curve I

REMARK.

If the vector function 7(¢) is not one-to-one, then the line consisting of
points M (t) will have self-intersections. However, if there are a finite set
of such intersections, then this line can always be represented as the union
of a finite number of oriented simple curves, each of which corresponds to
the values of ¢ from some segment [o;, §;] embedded in [a, 8]. Thus, finding
formulas for the length of a simple curve, we can apply these results to a wider
class of curves having a finite number of self-intersections.

Rectifiable curve and its length \2.1OB/O9:21 (07:27) \

Consider a simple curve I' specified by the vector function 7(t) for
t € [, B]. This curve has the starting point A and the ending point B. Let T
be a partition of the segment [o, f]: a =ty <t; < - - <t,—1 <t,=[. The
partition T" corresponds to points on the curve I' as follows: My = M (ty) = A,
My = M(t)), ..., My_y = M(t,_), M, = M(t,) = B.

Consider a polyline (a polygonal chain) with vertices at the points M;,
i=0,...,n (see the left-hand part of Fig. 17). The length L of this polyline
is equal to

Ly =) [MiaM;| =) [F(t;) = T(ti)|-
=1 1=1

M(tn) 2 B

Fig. 17. The simple curve I' and associated polylines


https://www.youtube.com/watch?v=xb8oN2tz4Lw&t=09m21s
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Note that if we add new points to the partition 7', then, due to the triangle
inequality, the length of the polyline can either remain unchanged or increase
(see the right-hand part of Fig. 17).

DEFINITION.

If the set of Ly values for all possible partitions of 1" is bounded from
above, then the curve I is called rectifiable and its length L(I") is defined as
follows:

L(T') = sup Ly.
T

We accept without proof the following important property of the length
of a curve.

THEOREM <ON THE ADDITIVITY OF THE LENGTH OF A CURVE).

If the curve I is rectifiable and some point M’ divides it into two parts I'y

and I'y, then the curves I'y and I'y are also rectifiable and the following relation
holds:

L(T) = L(T) + L(T,).

This property is called the additivity of the curve length. Its proof is given,
for example, in [18, Ch.4, Sec. 22.5].

Properties of continuously differentiable curves

The theorem on the rectifiability
of a continuously differentiable curve \2. 10B/16:48 (10:04) \

It turns out that it is sufficient for the rectifiability of a curve that the vec-
tor function specifying it is continuously differentiable on [, 8]. Recall that
the condition of continuously differentiability means that the vector function
has a continuous derivative.

A curve defined by a continuously differentiable vector function is called
continuously differentiable (or smooth).

THEOREM (ON THE RECTIFIABILITY OF A CONTINUOUSLY DIFFEREN-
TIABLE CURVE).

If the curve I' is specified by the continuously differentiable vector function
7(t) for t € [a, f], then it is rectifiable and the following estimate holds for
its length L(I):

L) < max 7 (t)] - (B — ). (7)


https://www.youtube.com/watch?v=xb8oN2tz4Lw&t=16m48s
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PROOF.
It is enough for us to prove that the value on the right-hand side of (7) is
an upper bound for the length of any polyline associated with the curve I'.

Consider some partition 7" of the segment [a, 3] and the polyline
MyM; ... M, determined by this partition.

Using Lagrange’s theorem for vector functions, we can estimate the length
of the segment M; 1M;, i =1,...,n, as follows:

| M 1 M| = [7(t;) —7(tia)| < [7(&)] (i — tio1).

Here &; is some point lying on the interval (¢;_1, ;).

Since, by condition, the vector function 7(¢) is continuously differentiable,
the vector function 7 () and its absolute value |7 ()| are continuous on [« 5.
Therefore, the function |[7/(¢)| takes its maximum value on the segment [« 5]
and, for any point £ € [a, 5], we obtain

F(€)] < mas [7(0)].

Thus, the following estimate holds for the length |M;_1M;|:

|M; 1 M;| < max [T'(t)] (t; — ti_1).
t€fo,f]
Summarize these inequalities for ¢ = 1,...,n:
n
Z |M;_1 M| < max T (= tia).
t€la,f i=1

On the left-hand side we got the length Ly of the polyline. If we write the
summands of the sum on the right-hand side in the reverse order, then it is
easy to verify that only two summands remain:

n
S (li—tio1) = tu—tu 1+t —tga+o- b —tg = by —tg = B—av
i—1
Consequently, for any partition 7', we get the estimate
Ly < max |F'(t)] (8 — «).
tefor,f]

So, we have proved that the set of all values Ly is bounded from above
by the indicated quantity, which implies both the rectifiability of the I' curve
and the estimate (7), since the obtained upper bound max;c(, g [7'(¢)| (8 — )
cannot be less than the least upper bound of supy Ly equal to L(r). O
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Theorem on the derivative for the length
of the initial part of a curve 12.10B/26:52 (14:04) |

We continue the consideration of continuously differentiable curves. As
before, we assume that the curve I' is specified by a continuously differentiable
vector function 7(¢) defined on [« 5] and this curve has the starting point A
and the ending point B.

For the curve I', we introduce an auxiliary function s() equal to the length
of the part of the curve that starts at A and ends at M (¢). This initial part
of the original curve is rectifiable by virtue of the additivity theorem for the
curve length.

Obviously, s(a) = 0, s(8) = L(I'). In addition, the function s(t) is
increasing.

THEOREM (ON THE DERIVATIVE FOR THE LENGTH OF THE INITIAL
PART OF A CURVE).

For a continuously differentiable curve I'; the function s(t) is also contin-
uously differentiable and, for any point ¢ € [a, 8], the formula holds:

s'(t) = [F(1)]. (8)

PROOF.

We choose some point ty € [, ] and prove formula (8) for this point.
The point ¢y corresponds to the point M (%) on the curve I'. In addition, we
choose some nonzero increment At (which can be both positive and negative)
and consider the point M (ty + At) (Fig. 18).

The part of the curve between the points M (ty) and M(ty + At) has
a length equal to |s(typ + At) — s(tg)|. The difference s(ty + At) — s(to) is
positive if At > 0 and negative if At < 0.

M(l()+Af) B

|S(f()+At)_S(IU)| b

N—1o) |

7"(1‘()+AT)

Fig. 18. Points M (to), M(to + At) of the curve T’

We write the formula for the length of the segment M (tg) M (to + At)
taking into account that the corresponding vector is the difference of the
vectors T(tg + At) and 7(¢):


https://www.youtube.com/watch?v=xb8oN2tz4Lw&t=26m52s
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| M (to) M (to + At)| = [F(to + At) — T(to)].
Since the length of the curve located between the points M(t;) and

M (tg + At) does not exceed the length of the segment M ()M (ty + At),
the following inequality holds:

7 (to + At) — T (to)| < |s(to + At) — s(to)].
By P(At), we denote the segment between the points ¢, and ¢y + At:
P(At) = [to, to + At] if At > 0 and P(At) = [to + At, to] if At <O0.
Using estimate (7) from the previous theorem, we can estimate the value
|s(to + At) — s(tg)| as follows:

At) — < - | Atl.
st + AF) — s(to)| < maxe [7(8)] - A

So, we have a double inequality:

Pt + ) = 7lt0)] < Istto + A = s(to) < mase 70 -]

Since At # 0, we can divide all parts of this double inequality by |At|:
|F(t0 + At) _ F(tO)’ < ‘3(750 + At) - S(tO)’ < max ‘7‘ ( )’ (9)
|At| |At| teP(At)

In the expression on the left, we can move the number At under the sign
of absolute value:

|’I“(t0+At)—’I“t0 o
|At| ‘A

Thus, the left-hand expression is the length of the vector
~ (F(to + At) — T(ty)).

In the expression in the middle part of estimate (9), we can omit the signs
of absolute value, since, as we noted earlier, the expression s(to+ At) — s(tp)
and the increment At have the same signs and therefore their ratio is positive:

|s(to + At) — s(to)|  s(to + At) — s(to)
|At] B At '

Since the function |7 ()| is continuous and therefore, by virtue of the sec-
ond Weierstrass theorem, it takes its maximum value on the segment P(At)
at some point £ € P(At), the expression on the right-hand side of (9) can be
represented as follows:

max [7'(t)| = [7'()].

teP(At)

T(to + At) — T(to)) ‘

Given the indicated transformations, the double inequality (9) takes the
following form:
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B 1 G

If At approaches 0, then the left-hand side of the double inequality (10)
approaches [ ()| (this follows directly from the definition of the derivative
of a vector function). The right-hand side of the double inequality (10) ap-
proaches the same limit, since, as At — 0, the segment P(At) “contracts” to
the point ¢y and therefore the point £ € P(At) also approaches the point .

Thus, both the left-hand side and the right-hand side of the double inequal-
ity (10) approach the same value |[F/(to)|, therefore, by the theorem on passing
to the limit to inequalities, the middle part of inequality also approaches the

(7(to + At) — T(ty)) ’<

same value:

lim

At—0

But the limit indicated on the left is equal to the derivative of the function

s(t) at the point ty. So, we simultaneously proved both the differentiability

of the function s(t) at an arbitrary point ¢y € [«, 5] and the validity of
formula (8) for this point.

The fact that the function s'(¢) is continuous follows from equality (8),

since the function |7 (¢)| has the same property. [

s(to + At) —s(to)
=T (W)l

Versions of the formula for finding the length of a curve

Formula for the length of a curve
specified by a vector function \2. 10B/40:56 (03:02) \

Let us integrate the proved equality (8) from « to 5 (the integrals exist,
since the integrands are continuous):

/ dt/\ ) dt

Since the function s(t) is the antiderivative of the function s'(t), the left-
hand side of the last equality can be transformed by the Newton—Leibniz
formula as follows:

B
/ s'(t)dt = s(8) — s(a) = L(T") — 0 = L(T).

Thus, we have obtained the basic formula for the length of the curve I"
specified by the continuously differentiable vector function 7(¢) on the seg-

ment [a, []:
/\ t)| di. (11)


https://www.youtube.com/watch?v=xb8oN2tz4Lw&t=40m56s
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Formulas for the length of a curve specified
in the Cartesian coordinate system \2.11A/OO:OO (04:25) \

We obtain several versions of formula (11), in which various methods for
specifying the vector function 7(¢) are used.

If the vector function 7(¢) is defined by its coordinate functions
(z(t),y(t), 2(t)), then its derivative can be obtained by differentiating these
coordinate functions: 7(t) = (2/(t),y'(t),7'(¢)). Considering the vector
length formula, we obtain the following version of formula (11):

B
L(T) = / VEm) + () + () dt

Note that if the curve I' is specified by a set of coordinate functions
(m(t),y(t), z(t)) for t € [a, 5], then they say that it is represented in para-
metric form with the parameter ¢.

If the vector function 7(¢) takes values on the plane, then two coordinate
functions are enough to define it: 7(t) = (z(¢),y(t)) (in this case, we can
assume that the points of the curve lie on the plane OXY and their third
coordinate is 0). Therefore, for the length of plane curves represented in
parametric form, we obtain the following formula:

B
L(T) = / VEO) + (@) (12)

A continuously differentiable curve I' on a plane can also be defined as
a graph of some continuously differentiable function: y = f(z), = € |a, f].
This graph consists of points (:U, f (:c)), so the vector function 7(¢) that spec-
ifies the curve I' can be defined as follows: 7(¢) = (¢, f(¢)), t € [, 8]. Since
x(t) =t, y(t) = f(t), the integrand in formula (12) takes the form

\/(x’<t))2 + (Y1) = \/(t’)2 +(F()" = Jl + (f1(1)”.

Substituting this expression into formula (12), we obtain a version of the
formula for the length of a plane curve represented in the form of a graph

y = f(x). In this version, it is convenient to use the variable x as an integra-
tion parameter:

L) = /j \/1 + (f'(x))” da.



https://www.youtube.com/watch?v=J29z4Sog7WE&t=00m01s
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Formula for the length of a curve specified
in the polar coordinate system 12.11A/04:25 (06:33) |

Let us consider one more way of specifying a curve I': when it is represented
as a graph of a function in the polar coordinate system. In this case, the
equation of the graph of the function has the form p = f(¢), ¢ € [a, ],
where p is the distance from the origin, ¢ is the angle from the coordinate
OX axis, and the function f(¢p) is continuously differentiable on [« f].

We start by finding the parametric representation of the I' curve in the
Cartesian coordinate system, i. e., by finding its coordinate functions (),
y(t). To do this, we use the relation between the polar (p, ¢) and the Carte-
sian (x,y) coordinates: x = pcosyp, y = psin . If we take the polar angle ¢
as the parameter, then we get

z(p) = pcosp = f(p)cosp, ylp) = psing = f(p)singp. (13)

In formula (12), the expression (:U’(t))2 + (y'(t))2 is under the root sign.
Replace the argument ¢ with ¢ in this expression, substitute the values z(¢p)
and y(p) defined by formulas (13), and transform the resulting expression by
differentiating the products and applying the formula (a+b)? = a®+ 2ab+ b*:

()" + ()" = ((F() cosp)) + ((f(p)singp))” =
= (f'(¢) cosp + F(9)(cos))* + (' () sing + f()(sinp))” =
= (f'(¢) cosp — f(@)sing)” + (f'(¢)sing + f() cosp)” =
= (f'(¢))" cos? — 2f () f'(12) cos psing + f2(¢) sin® +
+ (f/(9))" sin® ¢ + 2f(0) () cos psin g + f2(ip) cos® o =
= (f'(9)" + F2(p).

At the final stage of the transformations, we twice used the Pythagorean
trigonometric identity sin? ¢ + cos? ¢ = 1.

Substituting the transformed expression into formula (12), we obtain the
formula for the length of the curve represented in the form of a graph p = f(y)
in the polar coordinate system:

/W L4 12 dy
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Tasks leading to the notion

of an improper integral 13.8B/00:00 (04:13) |

Starting to study a definite integral, we considered the problem of finding
the area of a curvilinear trapezoid defined using some continuous function f
on the segment [a,b]. We further proved that to solve this problem, it is
necessary to calculate the integral fab f(x)de.

Now suppose that the function f is defined and continuous on the entire
positive semiaxis OX and it is positive and decreasing on this semiaxis. Is it
possible to determine the area of the infinite region D bounded by the positive
semiaxis OX, the line x = 0, and the graph y = f(x)?

Let us choose some point ¢ > 0 and consider the part of the region D
located to the left of the line x = ¢. This part is a curvilinear trapezoid
defined on the segment [0, ¢] and its area is ®(c) = [ f(z) dx.

As the value of ¢ increases, the area of ®(c¢) will increase too. If there
exists a limit ®(c) as ¢ — +oo, then it is natural to consider this limit as the
area of an infinite region D.

Consider another example. Suppose now that the function f is defined and
continuous on the half-interval (0, b], takes positive values on it and increases
unlimitedly as x — +0.

In this case, we get an infinite region D bounded by the segment [0, 0] of the
axis OX, the lines x = 0 and x = b, and the graph y = f(x). To determine
the area of the region D, we can choose the point ¢ € (0,b) and consider the
part of the region D bounded by the vertical lines x = ¢ and x = b. This
part is a curvilinear trapezoid and its area is ®(c) = fcb f(x)dzx.

If there exists a limit ®(c) as ¢ — +0, then this limit can be considered
as the area of the infinite region D.

These examples show that improper integrals can be of two types: integrals
over an infinite integration interval of a bounded function and integrals over
a finite interval, but of a function that is unbounded on a given interval.
In any of these cases, the passing to limit is used to determine the improper
integral.


https://www.youtube.com/watch?v=3r3u9nmPvQI&t=00m01s
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Definitions of an improper integral

Improper integral
over a semi-infinite interval \3.8B/O4: 13 (10:02) \

DEFINITION 1 (DEFINITION OF AN IMPROPER INTEGRAL OVER A SEMI-
INFINITE INTERVAL).

Let a function f be defined on the set [a,400) and integrable on any
segment [a, c], ¢ > a. If there exists a finite limit of the integral [ f(z)dx
as ¢ — +00, then they say that there exists an improper integral fa+oo f(x)dx
and its value is assumed to be equal to this limit:

+0o0
f(x)dz = hm/f ) d.

a c—+00

In this case, they say that the improper integral f;oo f(x)dx converges.

If the limit lime_, o fac f(x) dz does not exist or is equal to infinity, then
they say that the improper integral fa+oo f(x) dx diverges.

An improper integral over a semi-infinite interval of the form (—oo,b] is
defined in a similar way.

EXAMPLES.

1. Consider the integral fl o aeR

We choose the value ¢ > 1 and ﬁnd the integral over a finite segment:

x—a—H C—a+1 1
c — — 1
/d_x: —a+1|;, —-a+1 —-a+1’ a7 1
xOé
: Inz|] =1Ine, a=1.

The function Inc approaches infinity as ¢ — +o0o0. The function ¢~ **!

approaches infinity as ¢ — 400 if & < 1 and approaches 0 if a > 1. Con-
sequently, the initial improper integral diverges for a < 1 and converges for
a > 1 and, for the converging integral, the formula holds:

+00 dr . C—a-l—l 1 1
— = lim ( ) a > 1.
. Y c=too —a+1 -—a+1 a—1

2. Consider the integral f0+oo e " dx. In this case, for the segment [0, ¢],
we have

C
/ e Vdr = —e_x‘g = —e “+1.
0

Hence,

400
/ e “dr= lim (—e “4+1)=1
0

c—+00
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Improper integral for an unbounded function and the definition
of an improper integral in the general case I3.8B/14: 15 (09:12) I

DEFINITION 2 (DEFINITION OF AN IMPROPER INTEGRAL FOR AN UN-
BOUNDED FUNCTION).

Let the function f be defined on the half-interval [a,b) and integrable on
any segment [a,c|], a < ¢ < b. If there exists a finite limit of the integral
fac f(x)dx as ¢ — b— 0, then they say that there exists an improper integral

ff f(x)dx and its value is assumed to be equal to this limit:

/abf(a:) dr = lim /acf(:c) dx.

c—b—0

In this case, they also say that the improper integral fab f(x) dx converges.
If the limit lim._;_g fac f(z) dz does not exist or is equal to infinity, then

they say that the improper integral fab f(x) dx diverges.

The improper integral for the function defined on the half-interval (a, b] is
defined in a similar way.

EXAMPLE.

Consider the integral fol z—i, a € R. Obviously, for a < 0, this integral is
an usual (proper) integral, since the function xia in this case is defined and
continuous on the entire segment [0, 1] . The value of the integral for a < 0

is equal to
1

1 d.ﬁU B x—OH—I B 1
0 ¢ —a+l|, l1-a
The formula 01 g—ﬁ = ﬁ is also valid for the case a = 0.

For a« > 0, we have an improper integral, since the function zia is un-

bounded in a neighborhood of the point 0. So, we choose the value ¢ € (0,1)
and find the integral over the finite segment:

x—a—I—l 1 1 C—a+1
1 _ _ 1
/d_:v: —a+1|, —-a+1 —-a+1’ a7l
xOé
‘ Inz|! = —Inc, a=1.

The function — In ¢ approaches infinity as ¢ — +0. The function ¢~ **!

approaches infinity as ¢ — 40 if a > 1 and approaches 0 if @ < 1. Con-
sequently, the initial improper integral diverges for o > 1 and converges for

0 < a < 1 and the formula holds for the converging integral:
—a+1

Vdx . 1 c 1
—zhm( — ): , O<a<l
g ¢ —=+0\—a+1 —a+1 l -«
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So, the integral foli—ﬁ exists for @ < 1, it is equal to ﬁ, and, for

0 < a < 1, it must be understood in an improper sense.

In the future, it will be convenient for us to simultaneously consider im-
proper integrals over semi-infinite intervals and improper integrals of un-
bounded functions. So, let us give a general definition of an improper integral.

DEFINITION 3 (THE DEFINITION OF AN IMPROPER INTEGRAL IN THE
GENERAL CASE).

Let the function f be defined on the half-interval [a,b) and integrable on
any segment |a, c], a < ¢ < b. The point b is either finite or equal to +oo. If
there exists a finite limit of the integral facf(:c) dr as ¢ — b — 0, then they

say that there exists an improper integral fab f(x) dx and its value is assumed
to be equal to this limit:

/abf(x)d:pd:ef lim /acf(:p)dx.

c—b—0

In this case, they also say that the improper integral f; f(x) dx converges.
If the limit lim,__g fac f(x)dzx does not exist or is equal to infinity, then

they say that the improper integral f; f(x) dx diverges.

An improper integral with a singularity at the left endpoint a of the in-
tegration interval is defined in a similar way; the left endpoint may be equal
to —o0.

If an improper integral has a singularity at both endpoints of the integra-
tion interval (a,b), then it is considered as the sum of the integrals over the
intervals (a,d| and [d,b) for some point d € (a,b) and is convergent if and
only if improper integrals converge over each of the intervals (a, d] and [d, b).
We return to the discussion of integrals with several singularities at the end
of the next chapter.

Properties of improper integrals

Linearity of the improper integral
with respect to the integrand \3.8B/23:27 (05:12) \

THEOREM 1 (ON THE LINEARITY OF AN IMPROPER INTEGRAL WITH
RESPECT TO INTEGRAND).

Let the functions f and g be defined on [a,b), a, 3 € R. Let there exist
improper integrals f; f(z)dz and fab g(x) dx. Then there exists an improper

integral ff (of(z) + Bg(x)) dz and the following formula holds:


https://www.youtube.com/watch?v=3r3u9nmPvQI&t=23m27s
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[ (@sr+ o) e =a [ s@rar 5 [ gt )

PROOF.

Let ¢ € (a,b). From the definition of the improper integral, we obtain that
there exist integrals [ f(z)dz and [ g(z)dz. Then, due to the linearity of
the usual (proper) definite integral with respect to integrands, the integral
[“(af(x) + Bg(x)) dz also exists and the equality holds:

/ac(ozf(a:)+5g(x))d:c:a/acf(x)da:+5/acgx dx

In the resulting equality, we pass to the limit as ¢ — b — 0. By the
definition of an improper integral, the limits of [ f(z)dz and [ g(z)dx

exist and are equal to f; f(z)dx and f;g(az) dx, respectively. Using the
arithmetic properties of the limit, we obtain that the limit on the left-hand
side also exists and is equal to « fab flz)dx + f;g(:p) dx

Thus, we proved that the integral fab (af (z)+ Bg(x)) da converges and we
also proved formula (1). O

Additivity of an improper integral with respect
to the integration interval and change
of variables in an improper integral \3.8B/28:39 (05:47) \

THEOREM 2 (ON THE ADDITIVITY OF AN IMPROPER INTEGRAL WITH
RESPECT TO THE INTEGRATION INTERVAL).

Let the function f be defined on [a, b) and there exists an improper integral
fab f(z)dz. Then, for any point d € (a,b), the improper integral f g f(x)dx
converges and the equality holds:

/abf(x)d:c:/adf(x)daer/dbf(x)dx

The proof of this theorem is carried out similarly to the proof of Theorem 1,
using the additivity property of the usual definite integral with respect to the
integration segment and arithmetic properties of the limit. [

THEOREM 3 (ON THE CHANGE OF VARIABLES IN AN IMPROPER INTE-
GRAL).

Let the function f be defined on [a, b) and there exists an improper integral
f; f(z)dz. Let the function ¢ act from [« 8) on [a, b), be continuously differ-
entiable on [a, f), ¢/(t) > 0 for t € [a, B), ¢(a) = a and limy_,53_o ©(t) = b.
Then there exists an improper integral faﬁ fe(t)¢'(t) dt and the equality
holds:


https://www.youtube.com/watch?v=3r3u9nmPvQI&t=28m39s
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b B
/ f(x) dz = / £ (0(5)(t) dt. 2)

PROOF!.
Let v € (a, 8). Then, by the theorem on the change of variables in a usual
(proper) definite integral, the equality holds:

©(v) 7y
/ f(x) dz = / 7 (o) (t) dt. (3)

The left-hand side of equality (3) can be represented as a superposition,
where the external function has the argument ¢ and the internal function has
the argument ~:

/ " fayao = ( [ s@de) ot

The conditions of the theorem imply the following limit equalities:
lim, -0 @(y) = b, lim. g facf(x) dor = fabf(x) dx, and ¢(t) # b when
t € |a,B). Thus, all the conditions of the superposition limit theorem
are Satisﬁed and, by virtue of this theorem, the limit of the superposition
f o1 x)dr as v — [ — 0 is equal to the limit of the external function:

. e(7)
yggioa /(@) x_cElI)nO/f dx—/f
Therefore, the limit of the right-hand side of equality (3) as v — 5 — 0
also exists and is equal to fab f(z)du.

Thus, we proved that the improper integral [ f f ()¢ (t) dt converges
and we also obtained formula (2). O

Integration formula by parts for improper integrals.
Theorem on the coincidence of the integral
in the proper and improper sense \3.8B/34:26 (07:19) \

THEOREM 4 (ON INTEGRATION BY PARTS OF AN IMPROPER INTE-
GRAL).

Let the functions v and v be defined and continuously differentiable on
la, b) and there exists a limit lim, ,, u(x)v(x). Then the improper integrals
ff uv’ dxr and ff u'vdx either both converge or both diverge, and if they
converge, then the following relation holds, which is called the integration
formula by parts for improper integrals:

IThere is no proof of this theorem in video lectures.


https://www.youtube.com/watch?v=3r3u9nmPvQI&t=34m26s
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b b
/uv'davz (uv)]Z—/ u'vdw.

In this formula, the notation (uv)\z means the following difference:
lim, ., u(x)v(x) — u(a)v(a).

PROOF.

The proof of this theorem is carried out similarly to the proof of Theorem 1,
using the integration formula by parts for the usual definite integral and
arithmetic properties of the limit. [

THEOREM 5 (ON THE COINCIDENCE OF THE INTEGRAL IN THE PROPER
AND IMPROPER SENSE).

If the function f is defined and integrable on the interval [a,b], then the
following equality holds, where the usual (proper) integral is indicated on the
left-hand side:

/f dx = hmO cf( ) d. (4)

Thus, if a proper integral exists, then it coincides with the corresponding
integral understood in an improper sense (i. e., determined by passing to the
limit).

PROOF.

The integral [* f(z)dz, which is considered as a function ®(c) of the
argument ¢, is an integral with a variable upper limit:

= /acf(x) dx.

Since, by condition, the function f is integrable over the segment [a, b], we
obtain, by virtue of the properties of the integral with a variable upper limit,
that the function ®(c) is continuous on this segment. Hence,

Egio O(c) = (b).

Taking into account the definition of the function ®(c), we obtain the
relation (4). O



11. Absolute and conditional convergence
of improper integrals

Cauchy criterion for the convergence
of an improper integral 13.94/00:00 (10:08) |

THEOREM (CAUCHY CRITERION FOR THE CONVERGENCE OF AN IM-
PROPER INTEGRAL).

Let the function f be defined on the interval [a,b) and there exists the
integral [* f(x)dz for any point ¢ € (a,b). The improper integral fab f(x)dx
converges if and only if the following condition is satisfied:

Ve>0 dBe€(a,b) VI, I'\B<d < <,

x) d:z:’ <e. (1)

o
PROOF.
Let us introduce the auxiliary function ®(c f f(x)dz. According

to the definition of an improper integral, the convergenee of the integral

f; f(z) dz is equivalent to the existence of the limit of the function ®(c) as

c—b—0.

By virtue of the Cauchy criterion for the existence of a function limit, the
limit of ®(c¢) as ¢ — b — 0 exists if and only if the following condition is
satisfied:

Ve>0 3IBe€(ab) VYV, B<d < <b,
|D(") — @()] < e. (2)

Let us transform the difference ®(c”) — &(¢):

(") / f(z da:—/
:/a f(x)der/d f(:z:)dx—/a f(:c)dx:/c/cuf(:c)dsc.

After substituting the found expression for the difference ®(¢") — ®(¢')
into condition (2), we obtain condition (1).


https://www.youtube.com/watch?v=at_eysCbc_M&t=00m01s
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Thus, condition (1) is equivalent to the existence of the limit lim, ;o ®(c)
and the existence of this limit is equivalent to the convergence of the inte-
gral fab f(x) dz, therefore the condition (1) is necessary and sufficient for the
convergence of this integral. [

Absolute convergence
of improper integrals 13.9A/10:08 (06:46) |

DEFINITION.

Let the function f be defined on the interval [a,b). The improper integral
f; f(z) dz is called absolutely convergentif the integral fab |f(x)| dz converges.

THEOREM (ON THE CONVERGENCE OF AN ABSOLUTELY CONVERGENT
INTEGRAL).

If the improper integral fab f(x) dx absolutely converges, then it converges.

REMARK.

The converse is not true: we will show later that a convergent improper in-
tegral is not necessarily absolutely convergent. Thus, the property of absolute
convergence is stronger than the property of usual convergence.

PROOF.

We are given that the integral fab | f(x)| dx converges, and we need to prove

that the integral fab f(x)dx converges.
Since the integral f; | f(x)| dx converges, by the necessary condition of the
Cauchy criterion for improper integrals, we get

Ve>0 dBe(ab) VI, B<d<d <,

/ @) da] <= 3)

Since ¢ < ¢, the last inequality in condition (3) can be rewritten without
specifying the external absolute value sign on the left-hand side:

/ f(@)]dz < e @)
Recall the property of the integral of the absolute value of a function:
() do| < / )| dz. (5)

Est1mates (4) and (5) imply the following estimate:

dm < E. (6)



https://www.youtube.com/watch?v=at_eysCbc_M&t=10m08s
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Thus, we can use (6) as the last inequality in condition (3):

//CH f(x) dx‘ <e.

This means, due to the sufficient condition of the Cauchy criterion for
improper integrals, that the integral f; f(x) dx converges. [

Ve>0 3IBe(a,b) VYV, B<d < <b,

Properties of improper integrals
of non-negative functions

Criterion for the convergence of improper
integrals of non-negative functions \3.9A/16:54 (10:00) \

In this section, we consider improper integrals of non-negative functions.
Since the absolute value of the function is non-negative, all the results ob-
tained in this section can also be used to study the absolute convergence of
improper integrals of functions taking both negative and positive values.

THEOREM (CRITERION FOR THE CONVERGENCE OF IMPROPER INTE-
GRALS OF NON-NEGATIVE FUNCTIONS).

Let a function f be defined on [a,b) and f(x) > 0 for any value = € [a, b).
Suppose that, for any ¢ € [a, b), there exists an integral fac f(x)dz. Then the

improper integral f; f(x) dx converges if and only if the set of values of all
integrals fac f(x) dz is bounded from above:

dM >0 VcéeEa,b) /cf(;c)dng. (7)

PROOF.

We introduce an auxiliary function ®(c) = [7 f(z) dz.

The inequality f(z) > 0, which holds, by condition, for all z € [a,b),
implies the inequality fc(f” f(z)dz > 0 for any ¢, ¢’ € [a, b) such that ¢ < .
Therefore, for ¢ < ’, we have

o) = /;”f(x) dr = /:/f(:c) dr + /;Hf(:v) dr =

= o(d) + /C f(z)dz > ®().

We obtain that, for all ¢ < ¢’, the estimate ®(¢’) < ®(¢”) is true. This
means that the function ®(¢) is non-decreasing on the interval [a, b).

1. Sufficiency. Given: condition (7) is satisfied. Prove: the integral
ff f(x) dx converges.


https://www.youtube.com/watch?v=at_eysCbc_M&t=16m54s
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Condition (7) means that the function ®(c) is bounded from above on
the interval [a,b). Thus, the function ®(c) is non-decreasing and bounded
from above on the interval [a,b), therefore, by virtue of the theorem on the
limit of a monotonous and upper-bounded function, there exists a limit of the
function ®(c) as ¢ — b — 0 (equal to sup.c(, ) P(c)). It remains to note that
the existence of this limit is equivalent to the convergence of the improper
integral f; f(x)dzx. The sufficiency is proven.

2. Necessity. Given: the integral ff f(x)dx converges. Prove: condi-
tion (7) is satisfied.

As noted above, if the integral f; f(x)dx converges, then there exists
a limit lim. ;o ®(c) = M. Since the function ®(c) is non-decreasing, we
obtain that, for all ¢, ¢’ € [a,b) such that ¢ < ¢”, the inequality holds:

o) < o).
In this inequality, we pass to the limit as ¢ — b — 0. By virtue of the

theorem on passing to the limit in the inequalities, the following inequality
holds for any ¢ € [a, b):

o(d) < M.

Substituting the definition of the function ® into this inequality, we obtain
the inequality from condition (7). O

The comparison test \3.9A/26:54 (10:35) \

THEOREM (THE COMPARISON TEST FOR IMPROPER INTEGRALS OF
NON-NEGATIVE FUNCTIONS).

Let the functions f and g be defined on the interval [a, b) and the double
inequality 0 < f(z) < g(x) holds for any = € [a,b). Suppose that, for any
¢ € [a,b), there exist integrals [T f(x) dz and [ g(x) dz. Then the following
two statements are true.

1. If the improper integral fab g(x)dx converges, then the integral
fab f(x)dx also converges.

2. If the improper integral f; f(x) dx diverges, then the integral fj g(x)dx
also diverges.

PROOF.

1. Let the integral fab g(x) dx converge. Then, by the necessary condition
of the previous criterion, we obtain

M >0 Veelab) /Cg(x)dng. (8)


https://www.youtube.com/watch?v=at_eysCbc_M&t=26m54s

132 M. E. Abramyan. Lectures on integral calculus and series theory

Since f(z) < g(z) for all x € [a,b), a similar inequality holds for the
proper integrals:

/ f(a)de < / () dr. (9)

Combining estimates (8) and (9), we obtain

/ f(x)da:ﬁ/ g(z)de < M.

Thus, condition (8) is also satisfied for the integral [ f(x)dx. Therefore,
by virtue of a sufficient part of the previous criterion, the integral f; f(x)dx
converges.

2. Let the integral f; f(z) dx diverge.

If we assume that the integral f; g(x) dx converges, then by the already

proved statement 1, the integral fab f(x) dx should also converge. But this
contradicts the condition. Therefore, the assumption made is false and the
) b )
integral [ g(x)dx diverges. O

REMARK.

Obviously, the theorem remains valid if the functions f and g satisfy the
double inequality 0 < f(z) < Cg(x) with some constant C' > 0 on the
interval [a, b).

Corollary of the comparison test \3.9A/37:29 (04:25) \

COROLLARY.

Let the functions f and g be defined on the interval [a,b) and be non-
negative on this interval. Let f(x) ~ g(x) as © — b — 0. Then the integrals
fab f(z) dx and ffg(;r:) dx either both converge or both diverge.

PROOF?.

The equivalence of the functions f and g as * — b — 0 means that in some
left-hand neighborhood U, of the point b, the relation f(z) = a(x)g(z)
holds, where a(z) — 1 as z — b — 0.

Since lim, ,, o a(z) = 1, we can choose a neighborhood V,~ C U, , in
which the double inequality holds for the function a(x):

1 L 1 !
—5 < alz) <1+ 5

We multiply all parts of this inequality by g(x) and take into account that

the equality f(z) = a(z)g(x) is true in the neighborhood V;

2There is no proof of the corollary in video lectures.
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(1-3)9t@) < atw)gle) < (143 )gla)

S0(a) < f(x) < 5 g(a) (10)

Choosing some value B € V", we obtain that inequality (10) holds for all
x € [B,b).

Suppose that the integral f 5 f(x)dr converges. Then, taking into ac-
count statement 1 of the previous theorem, the remark, and the estimate
g(x) < 2f(z), which follows from the left-hand side of (10), we obtain that the
integral f]g g(x) dz also converges. If we assume that the integral fg g(z)dx
converges, then from the right hand side of (10) (i. e., f(z) < 3g(x)), it
follows that the integral f 5 f(z) dz also converges.

On the other hand, if we assume that the integral [ 12 g(x) dz diverges,
then, taking into account statement 2 of the previous theorem, the remark,
and the estimate g(x) < 2f ( ), Which follows from the left-hand side of (10),
we obtain that the integral f 5 f () dz also diverges, and if we assume that the
integral f 5 f(x) dr diverges, then it follows from the right-hand side of (10)
that the 1ntegral f 5 9(x) dv also diverges.

So, we have proved that the improper integrals f 5 f(x)dz and f oz
either both converge or both diverge. Taking into account the theorem on the
additivity of an improper integral with respect to the integration interval, we
obtain that the same statement holds for the initial integrals fab f(z) dz and

f;g(x) dzx. O

Examples of using the comparison test \3.9B/OO:OO (08:23) \

1. Consider the integral f1+oo ST Iy

For the absolute value of the integrand, the following estimate holds:
sina:‘ < 1

— x2'

2
x
Earlier, we proved that the integral ffLOO L dx converges. Therefore, the

integral [T°822| 4o also converges by the comparison test. And this, in
g 1 ges by

turn, means that the initial integral converges absolutely.
In a similar way, one can prove that absolute convergence holds for the

+00 sinx

integral [, ' dx for any o > 1.
2. Consider the integral f; L dux.

Inz

For any x > 1, the double estimate 0 < Inx < x is valid. It follows that
= < . Earlier, we proved that the integral fl %d:ﬁ diverges. Obviously,
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the integral f;oo % dzx also diverges. Then the initial integral f;oo ﬁ dz also
diverges by the comparison test.
3. Consider the integral f1+oo ———dr, a > 1.

re4sinx
Let us show that the integrand is equivalent to the function x% as r — —+00:

1 «
) orsi ) x . 1
lim er%—hm — = lim ——— =1
r—+oo  — r—4o00 x% +sinx  z—+oo | 4 HBL
xr T
So, we have proved that $a+lsm ~ wia, xr — +00.

Since the integral f1+oo %dw converges for a > 1, we obtain from the
corollary of the comparison test that the initial integral also converges.

Conditional convergence

of improper integrals 13.9B/08:23 (15:56) |

DEFINITION.
The improper integral f; f(z) dx is called conditionally convergent if this

integral converges and the integral f; |f(x)| dx diverges. In other words,
the integral converges conditionally if it converges, but it is not absolutely
convergent.

It is clear that conditional convergence may hold only for integrals whose
integrands change sign.

EXAMPLE.
Consider the integral f1+oo S‘% dx and show that it converges conditionally.

We begin by proving the convergence of this integral and consider the
proper integral with integration limits from 1 to ¢, where ¢ > 1. We use
the integration formula by parts, setting u = %, dv = sinz dx (in this case,
v=—cosz, du = —=%dz):

“sinzx COS T
dr = —
1

i Z 1 Z

¢ “cosx
—/1 5 dz. (11)

The integral | f %% dx converges (moreover, it absolutely converges). This
can be proved by the comparison test (see example 1 from the previous sec-
tion). Thus, the second term on the right-hand side of (11) has a finite limit
as ¢ — +o00. Let us transform the first term:


https://www.youtube.com/watch?v=dVh4k6yr8O8&t=08m23s
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c cosc cosl

COS T

1 c 1

X

The limit of this expression as ¢ — +00 also exists and is equal to cos 1.

Since the right-hand side of equality (11) has a finite limit as ¢ — +o0,
we conclude that the left-hand side also has a finite limit. We have proved

that the integral [, B2 g converges.

sin x

It remains for us to show that the integral fﬁm’ " ‘ dx diverges. We can
move the absolute value sign to the numerator, since the denominator of the
integrand is positive:

T sinx T sin x|
dr = dzx.
1 x 1 r
2

The function |sin x| can be estimated from below by the function sin®x:
|sin z| > sin® x for any z € R. Therefore, for any o > 1, the estimate holds:

sinfz _ |sinz|
< .

r =z
If we prove that the integral f;roo%dx diverges, then the integral

f;roo‘ﬁ%’ dx will diverge as well.

So, it remains for us to prove the divergence of the integral f1+oo % dx.
We consider the proper integral with integration limits from 1 to ¢, where
¢ > 1, and transform it using the formula sin? x = (1 — cos2z):

/Csin2xdx:1/Cl—cos2zzzdx:l/cldx_l/ccos2xdx'
1 i 2 1 X 2 1 o 2 1 i

The second integral on the right-hand side of the last equality converges
to a finite limit as ¢ — +o00. This can be proved using the same method of
integration by parts, which we previously applied in the study of the integral

ffsiﬂ dx.

T

The first integral on the right-hand side equals In|c| and therefore it ap-
proaches +00 as ¢ — +00. Thus, the limit of the right-hand side is 400, so
the limit of the left-hand side is also +00. We have proved that the improper
: +00 sin? :
integral fl = dx diverges.

Therefore, the integral f;roo‘ Sirf’ dx also diverges by the comparison test.

0 sinx
T

The conditional convergence of the initial integral ffr dx is proved.
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Dirichlet’s test for conditional convergence
of an improper integral

Formulation of Dirichlet’s test \3.9B/24: 19 (06:36) \

THEOREM (DIRICHLET’S TEST FOR CONDITIONAL CONVERGENCE OF
AN IMPROPER INTEGRAL).

Let the functions f and g be defined on the interval [a,b) and satisfy the
following conditions:

1) the function f is continuous on [a,b), and the integral [ f(z)dz is
uniformly bounded for all ¢ € (a,b), i.e.,

/Cf(:z:)da:‘ < M;

2) the function ¢ is continuously differentiable on [a,b), and g(c)
monotonously approaches 0 as ¢ — b — 0 (the monotonicity condition means
that ¢'(c) preserves the sign for all ¢ € (a,b)).

AM >0 Vcée (a,b)

Then the improper integral fab f(x)g(x) dx converges (generally speaking,
conditionally).

Proof of Dirichlet’s test \3.9B/30:55 (13:14) \

We introduce an auxiliary function ®(c) = [ f(z)dz. By condition 1,
this function is uniformly bounded on (a, b):

AM >0 Vce (a,b) |P(c)] <M. (12)

In addition, the function ®(c) is differentiable on (a,b) as an integral
with a variable upper limit and the continuous integrand f, and the equality
®'(c) = f(c) holds.

Therefore, the proper integral [ f(z)g(z)dx can be represented in the
following form:

[ s@ateyde = [ @@pgtod

The resulting integral can be transformed by the integration formula by
parts, setting u = g(z), dv = ®'(x) dx, whence v = &(x):

[ @@y ds = 2@ - [ @@y @ d -


https://www.youtube.com/watch?v=dVh4k6yr8O8&t=24m19s
https://www.youtube.com/watch?v=dVh4k6yr8O8&t=30m55s
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Since the function ®(c) is bounded (see (12)) and the function g(c) ap-
proaches 0 as ¢ — b—0 by condition 2, we obtain that the first term ®(c)g(c)
of the right-hand side approaches 0 as ¢ — b — 0. The second term ®(a)g(a)
does not depend on the parameter c.

It remains to show that the integral [ ®(z)g(z) dz also has a finite limit
as ¢ — b — 0, i. e., that the improper integral fab ¢ (z)g'(x) dr converges.

We prove the convergence of the integral fab ®(x)g'(z) dx using the Cauchy
criterion for the convergence of the improper integral.

However, we first use the Cauchy criterion for the existence of a function
limit. By condition 2, the function g(c) has a limit as ¢ — b — 0. By virtue
of the necessary part of the Cauchy criterion for the existence of a function
limit, this means the following:

Ve>0 3IBe(ab) VYV, B<d < <b,

9(c) = 9() < 77 (14)

In inequality (14), we used the constant M from estimate (12).
Accordmg to the Cauchy criterion, to prove the convergence of the integral
f ®(x)g'(z) dz, it suffices to establish the following fact:

Ve>0 dBe(ab) VI, B<d<d <,

/C,C” O (z)g'(z) dx‘ <e. (15)

We choose an arbitrary value e > 0, get the value B € (a,b) from condi-
tion (14), and show that estimate (15) holds for this value B. To do this, we
transform the integral | fcc,// ®(2)g'(z) dz| using the theorem on the integral
of the absolute value of a function and estimate (12):

/! /!

/: (I)(:E)gl(x)dx‘S/C P (2)]|g'(z |da;<M/ )| dz. (16)

Since, by condition 2, the derivative ¢’(z) preserves the sign on (a,b), we
can move the absolute value sign outside the integral sign in the integral

Jo 19 (@)] dz:

/! /!

[ 1g@ldr=|[ g da].

Indeed, if the derivative ¢'(x) is always positive, then the absolute value
can be omitted, and if the derivative ¢’(x) is always negative, then the minus
sign can be taken out of the integral sign, the positive function remains under
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the integral sign, and the external minus can be removed using the external
operation of taking the absolute value.

The integral on the right-hand side of the last equality can be transformed
according to the Newton—Leibniz formula:

[ d@de= gt~ gt),

Thus, the chain of inequalities (16) can be continued as follows:

M/ o)l de < Mlg(e") — g(c)].

Since the values of ¢ and ¢’ are chosen so that condition (14) is satisfied,
the expression M|g(c”) — g(¢)| is estimated by €. Taking into account that
the transformations in the chain of inequalities (16) started with the integral

‘ f <I> da:‘ we finally obtain the estimate

/!

/C/C d(z)g'(x) dx‘ <e

Thus, condition (15) is satisfied. Therefore, by virtue of a sufficient part of
the Cauchy criterion for the convergence of the improper integral, the integral
f O ()¢ (x) dx converges.

We have proved that all terms on the right-hand side of equality (13) have
a finite limit as ¢ — b — 0. This means that the integral [ f(z)g(x) dz also

has a finite limit and therefore the initial improper integral f; f(z)g(x)dx

converges. [l

Integrals with several singularities  [3.104/00:00 (11:35)]

Let the function f be defined on the interval (a,b) and either the end-
points of this interval are points at infinity or the function is unbounded in a
neighborhood of these endpoints (or a combination of these situations takes
place). Then the improper integral f; f(x) dz, which has singularities at both
endpoints of the integration interval, can be represented as the sum of the
improper integrals considered above with unique singularity:

/abf(@ d:z:z/adf(x) d:c+/dbf(x) da. (a7)

Here d is some point belonging to the interval (a,b). If both integrals
on the right-hand side of equality (17) converge, then the initial integral
ff f(x) dx is also convergent and its value is equal to the sum of the values of


https://www.youtube.com/watch?v=RuNzgI_hUCk&t=00m01s
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the integrals on the right-hand side. If at least one integral on the right-hand
side diverges, then the initial integral is divergent too.

The same can be done if the singularity arises at some internal point of the
integration interval. Let the function f be defined on the set [a, b] \ {d} and
be unbounded in a neighborhood of the point d. Then the integral f; f(x)dx
must be understood as an improper integral defined by the same relation (17),
in which the improper integrals on the right-hand side have unique singularity
at the point d.

In this case, given the definition of an improper integral, the value of the
integral f; f(z)dz (provided that it converges) will be equal to the sum of
the following limits:

/abf(ai)d:cz lim /acf(x)dstr lim /c/bf(:l?)da:.

c—d—0 c—d+0

The rate at which the point ¢ approaches d from the left and the rate at
which the point ¢ approaches d from the right are not related in any way:
these limits must be considered independently of each other.

If we define an improper integral with a singularity at one internal point
in this way, then the integral f_ll % dx (with a singularity at 0) will diverge,
since the integral fol % dx diverges:

"1 ! 1
/ —dr = lim —dr = lim (In \x\)‘ = lim (—1In|¢]) = +o0.
0o T e—=+0 /. @ e—+0 € e—+0

Similarly, we can establish that the integral f£)1 % dx also diverges:

1 1 :
/ —dx = lim —dz = lim (In |z|)

1 €T e——0 1 €T e——0

= lim In|e| = —o0.
-1 e—+—0

However, it is easy to see that we would get a finite limit value if this limit
was calculated not for two integrals separately, but simultaneously for the
sum of the integrals f__f % dx + f; % dx as ¢ = +0:

<1 "1
1im</ —da:+/ —dx)z1im(1n|—5|—ln\5\):hm 0=0.

e—+0 1 X x e—+0 e—+0

The main feature here is that the parameter ¢ approaches a singular point
on the left and right at the same rate, which allows us to eliminate two
infinitely growing terms.

Such a type of convergence of an improper integral with a singularity at
an internal point is called convergence in the sense of the principal value. We
give a general definition of this type of convergence.
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DEFINITION.

Let the function f be defined on the set [a,b] \ {d} and be unbounded
in a neighborhood of the point d. The improper integral fabf(a:) dx is
said to converge in the sense of the principal value (or in the sense of the
Cauchy principal value) if there exists a finite limit on the sum of the inte-
grals fad_ef(x) dx + f;ﬁf(x) dr as ¢ — +0. For this limit, the notation

(v. p.) f;f(x) dx is used:
d—e

(v. p.)/:f(x)dzz:dzcf lim( i (x) dx + b f(x)dx)

e——+0 d+e

Thus, the previously obtained result for the integral of the function % on

the segment [—1, 1] can be written as follows:
L1
(v. p.) / —dxr =0
R :
There is an extensive theory related to the convergence of improper inte-

grals in the sense of the Cauchy principal value, but we will not study this
type of convergence in this book.



12. Numerical series

Numerical series: definition and examples

Definition of a numerical series 3.10A/11:35 (05:39)

Recall how the finite sum of terms is written using the summation sym-

bol >

Zak:a1+a2+---+an.
k=1
If the symbol oo is indicated in the notation of the sum instead of the
finite number n, then this notation can be considered as a formal notation of
the sum of an infinite number of terms (such a construction is called a formal
sum):
(0.0

Zak:a1+a2+---+ak+...
k=1
The expression 22021 ay, is called a numerical series, and the value ay, is
called a common term of the series. Thus, the series of numbers Y~ ay is
the formal sum of all elements of the sequence {ax} (the elements are taken
in ascending order of their indices).
Under additional conditions, a specific numerical value (called the sum of

a series) can be associated with a numerical series. Consider the finite sum
n

Sn = Z ag.
k=1

This sum is called the partial sum of the series > ;- ax; it exists for any
number n € R. Thus, we get a sequence of partial sums {S),}.

If there exists a finite limit S of the sequence {S,} as n — oo, then
the numerical series Y, | a is called convergent and the limit S is called the
sum of this numerical series. If the series converges, then its notation >~ ; aj
usually means the value of its sum, i. e., the limit S (just as the notation of

an improper integral means the limit value of usual proper integrals):
(0] n

def .
E ap = lim ar.
n—oo
k=1 k=1


https://www.youtube.com/watch?v=RuNzgI_hUCk&t=11m35s
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If the sequence of partial sums {S,,} has no limit or has an infinite limit,
then the series >~ ay is called divergent; in this case, the sum of the series
is not defined (as well as the value of the divergent improper integral).

We emphasize that, in any case, the notation >~ a; can be considered
as a formal sum of an infinite number of terms, regardless of whether this
formal notation corresponds to some numerical value or not.

As a summation parameter, the symbols ¢ and j are often used along with
the symbol k.

The initial value of the summation parameter does not have to be 1. Series
with a summation parameter starting with 0 are often considered. Obviously,
if the series >~ a; converges, then the series Zzozno ay also converges for
any ng € N.

Example of a numerical series: the sum
of the elements of a geometric progression \3. 10A/17:14 (10:21) \

Let g # 0 be an arbitrary real number. Consider a series with the common
term ¢*:

Y =1+q++ -+ + .
k=0
This series is the formal sum of all terms of the geometric progression
with 1 as the first term and ¢ as the ratio.
Recall the formula for the sum of the initial terms of such a geometric

progression (provided that g # 1):
1 _ qn+1
Sh Z ¢ = .

In this case, Sn denotes the sum of (n + 1) initial terms of the geometric
progression. It is clear that if ¢ = 1, then S, =n + 1.

If |¢| < 1, then lim,,_,« S, = i]. If |g| > 1, then the limit of the sequence
{S,} as n — oo is either infinite or (for ¢ = —1) does not exist (since, for
q = —1, the sequence {q"} has the form {1,—1,1,—1,...} and therefore the
sequence {S,} is equal to {1,0,1,0,...}).

So, if |g] > 1, then the series >~ ¢" diverges, and if |¢| < 1, then the

1

series Y p, ¢* converges and its sum is I

= 1
—q
k=0

This formula is called the formula of the sum of an infinitely decreasing
geometric progression.


https://www.youtube.com/watch?v=RuNzgI_hUCk&t=17m14s
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Cauchy criterion for the convergence of a numerical
series and a necessary condition for its convergence

Cauchy criterion for the convergence
of a numerical series \3.1OA/27:35 (07:57) \

THEOREM (CAUCHY CRITERION FOR THE CONVERGENCE OF A NU-
MERICAL SERIES).

The series -, aj converges if and only if the following condition is sat-
isfied:

m-+p

Ve>0 dNeN Vm>N VpeN ‘Z ak‘<5. (1)

k=m+1
PROOF.

Let S, =Y ,_; a; be a partial sum of the initial series. A series converges
if and only if the sequence of partial sums {5, } is convergent.

For the sequence {S,,}, we write the condition from the Cauchy criterion
for the convergence of a sequence:

Ve>0 INeN Vmy,me >N |[S,, —Snl| <e.

If we put my = m, my = m + p for some p € N, then the last condition
can be rewritten in the following form:

Ve>0 INeN Vm>N VpeN |S,—Snl <e. (2)

Let us transform the difference Sy, 1, —5,, taking into account the formula
for partial sums:

m+p m+p m+p

I M YR SRS S SIS ot
k=m+1 k=m+1

Substituting the obtamed expression for the dlfference S’mﬂg — S, into

condition (2), we obtain condition (1).

So, we have shown that condition (1) is necessary and sufficient for the
convergence of the sequence {5, }, and the convergence of this sequence takes
place if and only if the initial series converges. []

A necessary condition for the convergence
of a numerical series \3.1OA/35:32 (04:58) \

COROLLARY (A NECESSARY CONDITION FOR THE CONVERGENCE
OF A NUMERICAL SERIES).
If the series 21;“;1 aj. converges, then its common term a; approaches zero:


https://www.youtube.com/watch?v=RuNzgI_hUCk&t=27m35s
https://www.youtube.com/watch?v=RuNzgI_hUCk&t=35m32s
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lim A = 0.
k—00

REMARKS.

1. This condition means that if the common term of a series does not
approach 0, then the series is not convergent. Thus, it makes it easy to prove
the divergence of many series. However, it should be emphasized that this
condition is not a sufficient condition for convergence: from the fact that
the common term of a series approaches 0, it does not follow that the series
converges (we will give the corresponding examples later).

2. A similar condition for improper integrals over a semi-infinite inter-
val, generally speaking, does not hold. There exist conditionally convergent
improper integrals of the form f;roo f(z)dx for which the integrand f(z)
does not approach zero as * — —+oo. An example of such an integral is
ffLoo sin e” dx. It is easy to prove the convergence of this integral by changing
the variable ¢t = e*, since, as a result of this changing, the integral will take
the form f;oo Sl dt. At the same time, if the function f(z) is non-negative
and non-increasing on the interval [a, +00), then the convergence of the inte-
gral f;LOO f(x) dxr implies that lim, ,, . f(x) = 0 (this fact follows from the
integral convergence test considered in the next chapter).

PROOF.

Since the initial series converges, condition (1) of the Cauchy criterion
for the convergence of a numerical series is fulfilled for it. We put p = 1
in this condition (this can be done, since it is allowed to take any p € N

in condition (1)):
m+1

Ve>0 INEN VYm>N ‘Zak‘<5. (3)
k=m+1
Since Zzgrll 1@k = Gy, the last inequality takes the form |a,,41| < €.
Thus, condition (3) coincides with the definition (in the language e-NV) of
a convergent sequence {ay} in the case when its limit is 0. [J

Absolutely convergent numerical series and arithmetic
properties of convergent numerical series

Absolutely convergent
numerical series 3.10A/40:30 (01:44), 3.10B/00:00 (03:09)

DEFINITION.
The series > ;- ay absolutely converges if the series Y- | |ag| converges.


https://www.youtube.com/watch?v=RuNzgI_hUCk&t=40m30s
https://www.youtube.com/watch?v=PcIYNHo15_Y&t=00m01s
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THEOREM (ON THE CONVERGENCE OF AN ABSOLUTELY CONVERGENT
NUMERICAL SERIES).

If the series absolutely converges, then it is convergent.

PROOF.

Let the series > -, a; absolutely converge. This means that the series
> ey |ak| converges.

Therefore, by virtue of the necessary part of the Cauchy criterion for the
convergence of a numerical series, condition (1) is satisfied:

m—+p
Ve>0 dNeN Vm>N VpeN Z|ak\<5.
k=m+1

The sum > ;"7 |ag| can be estimated from below using the following

absolute value property (which is a generalization of the triangle inequality
for the case of the sum of n terms):

m-+p m-+p
DI ES SR
k=m+1 k=m+1

Since the right-hand side of the last inequality is bounded from above by ¢,
the same estimate holds for the left-hand side of the inequality:
m—+p
‘ Z ak’ < €.
k=m+1
This inequality coincides with condition (1) of the Cauchy criterion for
the convergence of the numerical series Y .-, ag. Therefore, by virtue of
a sufficient part of the Cauchy criterion, this series converges. []

Arithmetic properties
of convergent numerical series 3.10B/03:09 (08:19)

THEOREM (ON ARITHMETIC PROPERTIES OF CONVERGENT NUMERI-
CAL SERIES).

Let > o~ ar and > ;- by be convergent series with sums S, and Sy, re-
spectively. Let a, 8 € R.

Then the series Y - (aay + Bby) also converges and its sum is a.S, + 55,

Thus, for convergent series, the same arithmetic transformations can be

used as for finite sums:
o0

Z(Qak—l—ﬁbk) = Oziak—l—ﬁibk. (4)
k=1

k=1 k=1


https://www.youtube.com/watch?v=PcIYNHo15_Y&t=03m09s
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In addition, if the initial series converge absolutely, then the series
> oo (cay + Bby) also converges absolutely.

PROOF.

Let us introduce partial sums:

Sy=> ar, Si=) by, Su=» (aay+Bb).
k=1 k=1 k=1
Obviously, for these finite sums, the equality holds:

n n n
Sp =Y (aar+Bby) =ad ap+BY b =asS), + BS).
k=1 k=1 k=1
Since, by condition, lim, .. S/, = S, lim, oS! = S,, we obtain, by
arithmetic properties of the limit of a sequence, that the limit S,, as n — oo
exists and is equal to aS, + £.5,. Thus, we simultaneously proved the con-
vergence of the series Y, (avay, + Sby) and formula (4).
To prove the absolute convergence of the series Y, (aay, + Bbi) in the
case when the initial series absolutely converge, we use the Cauchy criterion.
For a = 8 = 0, the statement is obvious; therefore, we will assume that
la] + 5] # 0. Let us choose the value e > 0. For absolutely convergent
initial series, by virtue of the Cauchy criterion, the following conditions are
satisfied:

m-+p
£
AN e N Vm >N VpEN ‘Cbk|<—,
k; ol + 18
m—+p c
AN, eN Ym>N, VpeN by, < ———.
2 M < R

If we put N = max { Ny, N2}, then the following estimate will be true for
any m > N and p € N:

m-+p m+p
> laar+ 8o < D (lol - Jax + 18] - |bi]) =
k=m+1 k=m-+1
m+p m+p - -
= |af |ax|+8] br] < o] ————=+ ] ———— =«
kzm;rl kzm;rl o] + 151 o] + 18]

So, we have proved that, for the series Y o | |aay + Bbg|, condition (1) of
the Cauchy criterion is fulfilled. Therefore, this series converges, which means
that the series > - (aay, + Bby) converges absolutely. O]



13. Convergence tests for numerical series
with non-negative terms

Comparison test

Criterion for convergence of numerical series
with non-negative terms \3.108/11:28 (07:21) \

THEOREM (CRITERION FOR CONVERGENCE OF NUMERICAL SERIES
WITH NON-NEGATIVE TERMS).

Let all terms of the series Y/~ a; be non-negative:
VkeN a,>0.

Then this series converges if and only if the set of values of its partial sums
> r_q ai is bounded from above:

n
IM>0 YneN Y a <M. (1)
k=1
PROOF.
Consider the sequence of partial sums S, = Y, _; aj. Since all the terms ay,
are non-negative, we obtain that this sequence is non-decreasing:

n+1

n n
VneN S, :Zakz :Zak+an+1 > Zak = Sy
h—1 =1 =1

When studying the limit of a sequence, we proved that a non-decreasing
sequence converges if and only if it is bounded from above.

Thus, the condition (1), which means that the partial sums S, (with non-
negative terms) are bounded from above, is equivalent to the convergence of
the sequence {5}, and the convergence of this sequence is equivalent to the
convergence of the numerical series. [


https://www.youtube.com/watch?v=PcIYNHo15_Y&t=11m28s
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Comparison test for numerical series \3. 10B/18:49 (06:49) \

THEOREM (COMPARISON TEST FOR NUMERICAL SERIES).
Let Y02 ax and Y, by, be series for which the following condition holds:

dmeN ViE>m 0<a, <b..

Then two statements are valid.

1. If the series Y, ; by, converges, then the series Y/~ aj, also converges.

2. If the series Y, | ai diverges, then the series Y o bi also diverges.

PROOF.

Since the convergence of the series Y ; ay, is equivalent to the convergence
of the series Y .- aj and the same fact is true for series with terms by, it is
enough to prove the theorem for the series Y - ag and > .- by, all terms
of which are non-negative and satisfy the inequality a; < by.

1. If the series > .- by converges, then, by the criterion for the conver-
gence of numerical series with non-negative terms, we have

dM >0 VneN,n>m, ZkaM.
k=m

Then, due to the inequality a; < bx, we obtain that a similar estimate is
also valid for partial sums of the series >~ ay:

zn:aké Zn:kaM-
k=m k=m

Therefore, by the same criterion, the series >~ aj converges.

2. Let the series - ay diverge.

If we assume that the series > ;- by converges, then, by already proved
statement 1, the series >~ a should also converge. But this fact contra-
dicts the condition. Therefore, the assumption made is false and the series
> oo, by diverges. O

REMARK.

From the comparison test for numerical series, one can obtain a corollary
similar to the corollary from the comparison test for improper integrals: if, for
all k € N starting from some m, the estimates a > 0, b > 0 are fulfilled and
the limit relation limy o & = 1 holds, then the series Yoo qap and Y7 by
either both converge or both diverge.


https://www.youtube.com/watch?v=PcIYNHo15_Y&t=18m49s
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Integral test of convergence

Formulation of the integral test
of convergence \3.1OB/25:38 (03:55) \

THEOREM (INTEGRAL TEST OF CONVERGENCE).

Let the function f be defined on the set [1,400), be non-negative and
non-increasing, and lim, . f(z) = 0.

Then the improper integral f1+oo f(x)dx and the series > -, f(k) either
both converge or both diverge.

Initial stage of the proof 13.10B/29:33 (07:07) |

We choose the points k,k + 1 € N and assume that the point x € R is
between k and £+ 1: kK < x < k+ 1. Since the function f is non-increasing,
the following double inequality holds:

f(k+1) < f(z) < f(k).
Let us integrate all the terms of the resulting double inequality from &
to k + 1; this operation will not change the sign of inequality:

k+1 k+1 k+1
f(k:+1)/k i< [ (a:)dng(kJrl)/k da.

The integrals on the left-hand and right-hand sides of this double inequality
are equal to 1:

k+1 k+1
/ dx:x’ =k+1—-k=1.
1 k

Thus, the double inequality takes the form
k+1

flk+1) < . () do < f(k).

Now we summarize the inequalities obtained for £k =1,...,n:

SNEIVED S QEVICLEED SHC!

Given the property of additivity of the integral with respect to the inte-
gration interval, the resulting double inequality can be rewritten as follows:

S skt [ sde <35,

k+1


https://www.youtube.com/watch?v=PcIYNHo15_Y&t=25m38s
https://www.youtube.com/watch?v=PcIYNHo15_Y&t=29m33s
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Let us introduce the notation for the partial sum of the series:
Sp = >1_1 f(k). Using this notation, we finally obtain

St — f(1) < /171+ F)dz < S, 2)

The final stage of the proof (3.10B/36:40 (07:13)]

Now we consider various situations related to the convergence or divergence
of the initial integral and series.

1. Let the improper integral f;roo f(x) dx converge. Then, by virtue of the
criterion for the convergence of improper integrals of non-negative functions,
we have

dM >0 Ve>1 /f(a:)d:cﬁM.
1

Using this estimate for the integral and the left-hand side of estimate (2),
we obtain

n+1
St — (1) < / f(x)de < M.

Thus, we have proved that the partial sums of S,, are uniformly bounded:
VneN Sn+1 < M + f(l)
Therefore, by the criterion for the convergence of a numerical series with
non-negative terms, the series Y, ; f(k) converges.
2. Let the series >~ | f(k) converge. Then, by virtue of the criterion for
the convergence of a numerical series with non-negative terms, we have

dIM >0 VneN S5, <M.

Choose an arbitrary real number ¢ > 1 and consider the integral
[{ f(z)dz. For any number ¢ > 1, there exists an integer n such that
¢ < n+ 1. Since the function f(x) is non-negative, the estimate holds:

c n+1
/ flz)dz < f(z)d.
1 1
Using this estimate and the right-hand side of estimate (2), we obtain

c n+1
/f(f)dSUS/ flz)de < S, <M.
1 1
We have proved that the integrals flc f(z) dz are uniformly bounded:
Ve>1 / f(x)dx < M.
1

Therefore, by the criterion for the convergence of improper integrals of
non-negative functions, the integral ffLOO f(x) dx converges.


https://www.youtube.com/watch?v=PcIYNHo15_Y&t=36m40s
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3. Let the series >, f(k) diverge. Assuming that the integral
f1+oo f(z) dx converges, we obtain that, by the result already proved in sec-
tion 1, the series > ;- f(k) should also converge, but this contradicts the
condition. Therefore, the integral diverges.

4. Let the integral ffroo f(x)dx diverge. If we assume that the series
> rey f(k) converges, then, by the result already proved in section 2, the
integral ffLOO f(x) dx must also converge, but this contradicts the condition.
Therefore, the series diverges. []

REMARK.

The limit relation lim, ., f(x) = 0 was not used in the proof. It is
required in order to ensure that the necessary condition for the convergence
of the series > -, f(k) is satisfied, since if this condition is violated, the
series will necessarily diverge (and, as follows from the proof, the integral

[,7%° f(z) do will also diverge).

An example of applying
the integral test of convergence 13.11A/00:00 (04:49) |

Earlier, we found that the improper integral f1+oo mia dx converges for a > 1
and diverges for a < 1. Now we can extend this result to the correspond-
ing series. For a > 0, the function f(z) = x% satisfies all the conditions
of the previous theorem (it is non-negative and monotonously approaches 0
as © — —+o0), therefore, by virtue of of the previous theorem, the series
> pi = converges for v > 1 and diverges for a € (0,1]. For a < 0, the
series Y oo k% also diverges, since, in this case, its common term k% does not
approach 0 as £ — oo and therefore the necessary convergence condition is
not satisfied for the series. Thus, we have proved the following statement.

THEOREM (ON THE CONVERGENCE OF NUMERICAL SERIES WITH COM-
MON TERMS THAT ARE POWER FUNCTIONS).

The numerical series > -, kia converges for a > 1 and diverges for a < 1.

In particular, the series Y-, %, called the harmonic series, diverges.

D’Alembert’s test and Cauchy’s test
for convergence of a numerical series

Formulation of D’Alembert’s test 13.11A/04:49 (04:01)|

The tests considered in this section have no analogues for improper inte-
grals.


https://www.youtube.com/watch?v=ielvgfjqFjM&t=00m01s
https://www.youtube.com/watch?v=ielvgfjqFjM&t=04m49s
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THEOREM (D’ALEMBERT’S TEST FOR CONVERGENCE OF A NUMERI-
CAL SERIES).
Let > 7 ai be a series with positive terms: Vk € N qa;, > 0.
1. Let the following condition be satisfied:
a
g€ (0,1) ImeN Vik>m - <y
ak
Then the series > ;- a; converges.
2. Let the following condition be satisfied:
a
JmeN Vk>m 5 >1,
ag

Then the series > ;- aj diverges.

Proof of D’Alembert’s test \3. 11A/08:50 (08:54) \

1. Consider the terms of the initial series, starting with & = m. By
condition, “2 < ¢, whence

Am+1 S qQm.

The same inequality holds for the term a,,19: @pao < qa,y1. Given the
previous inequality, we obtain

2
Am+2 S qam+1 S q Qm.

Obviously, for the terms a,,+x, k € N, the following estimate holds (which
can be rigorously proved by mathematical induction):

Atk < qkam~ (3)

Consider the series Y 77 | apyx and > 00| ¢Fap,.

The first series can be rewritten in the form > ;2 1 Gk, therefore, it co-
incides with the initial series, from which m first terms are removed. So, if
the series Y -, amk converges, then the initial series also converges, since
the presence or absence of a finite number of initial terms of the series does
not affect its convergence.

The second series can be  transformed as follows:
S d"am = amd e, q". Since, by condition, ¢ € (0,1), we obtain,
by virtue of the formula for the sum of infinite geometric progression, that
the series Y 7~ | ¢" converges.

Considering estimate (3) and applying the comparison test for numerical
series, we obtain that the series > ;- | a4k also converges and therefore the
initial series Y7 | aj converges too.


https://www.youtube.com/watch?v=ielvgfjqFjM&t=08m50s
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2. As in the proof of section 1, we consider the terms of the initial series,
starting with & = m. By condition, “2 > 1, whence

m

Am41 > Q-

Similarly, we obtain the estimate a9 > @41 > a,,. The same estimate
will be valid for all terms a,,, for k € N:

Am+k > Q.

We have obtained that the terms of the initial series, starting with a,,, are
bounded from below by the positive value a,,. This means that the sequence
{ax} cannot approach 0 as kK — oc. Indeed, choosing the number £ > 0 equal
to the minimum of a finite set of positive numbers ay, ao, .. ., a,,, we get that
the e-neighborhood of zero does not contain any element of the sequence
{ax}. But, by the definition of the limit equal to A, any neighborhood of the
point A should contain all elements of the sequence except, perhaps, a finite
number of its initial elements.

Since the necessary convergence condition is not satisfied for the series
> e ag, this series diverges. O

The limit D’Alembert test 13.11A/17:44 (07:23)|

COROLLARY (THE LIMIT D’ALEMBERT TEST).

Let > -, a be a series with positive terms: Vk € N q; > 0. Suppose
that there exists a limit limy_ afl:l = ¢. If ¢ < 1, then the series Y~ ay
converges; if ¢ > 1, then the series diverges.

PROOF.

Using the limit definition in the language e—N, we can write

Ve>0 INeN Vk>N %—q‘q.
k

1. If ¢ < 1, then choosing ¢ = 12;‘] > 0, we get that, for all £ > N, the

inequality aZ—f —q < % holds, from which the estimate follows:

Ag+1 l—gq I+gq /
a—k < q-—+ 7 = 7 =q.

Since ¢ < 1, we obtain that ¢’ < 1, therefore the condition of statement 1
of D’Alembert’s test is satisfied for the initial series. Consequently, the series
converges.

2. If ¢ > 1, then choosing ¢ = q;—l > (0, we get that, for all £ > N, the

inequality GZ—Zl —q > —% holds, from which the estimate follows:


https://www.youtube.com/watch?v=ielvgfjqFjM&t=17m44s
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Af+1 q—1 q+1
— >q— —
ag 2 2

Thus, for the initial series, the condition of statement 2 of D’Alembert’s
test is satisfied, therefore the series diverges. []

REMARKS.

1. If the limit limy_ . GZ“ is 1, then nothing can be said about the con-
vergence or divergence of the series and further investigation is required.

2. If the limit limy_,o, ™ is equal to +oo, then, by similar reasoning, we

aj,
can prove that the series diverges.

> 1.

An example of applying D’Alembert’s test \3. 11A/25:07 (02:48) \

Consider the series Y -, fc—l: Recall that, by definition, it is supposed that
0! = 1. Here x is an arbitrary real number. Denote a; = :,”C—],C and consider the

following limit:

l‘k+1 k+1
s . kDl . k! . x
lim — = lim —— = lim ———— = lim —— =
k—oo  ayp k—o0 % k—oo X (k? + 1)! k—oo k + 1

The limit exists and its value is less than 1, therefore, due to the limit
D’Alembert test, this series converges for any value of the parameter x € R.

REMARK.

In what follows, we prove that the sum of the series -, "Z—I,C is equal to e”.

Cauchy’s test 13.114/27:55 (07:22) |

THEOREM (CAUCHY’S TEST FOR CONVERGENCE OF A NUMERICAL
SERIES).

Let Zzozl ap be a series with non-negative terms: Vk € N a; > 0.

1. Let the following condition be satisfied:

g€ (0,1) dmeN Vk>m ap <gq.

Then the series Y - a; converges.
2. Let the following condition be satisfied:

dmeN Vk>m Jap > 1

Then the series > .- | a; diverges.

PROOF.

1. Consider the terms of the initial series, starting with & = m. By
condition, {/aj < g; let us raise both sides of this inequality to the power of k:

ap < qk. (4)


https://www.youtube.com/watch?v=ielvgfjqFjM&t=25m07s
https://www.youtube.com/watch?v=ielvgfjqFjM&t=27m55s
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Estimate (4) is valid for terms of the series > - ay and >_°  ¢*. Since,
by condition, ¢ € (0, 1), we obtain, by virtue of the formula for the sum of
infinite geometric progression, that the series >~ q" converges.

Taking into account estimate (4) and applying the comparison test for nu-
merical series, we obtain that the series > ;- ay, also converges and therefore
the original series Y~ aj converges too.

2. As in the proof of section 1, we consider the terms of the initial series,
starting with & = m. By condition, /a; > 1. We raise both sides of this
inequality to the power of k:

akzl.

Arguing in the same way as in the proof of section 2 of D’Alembert’s test,
we obtain that the sequence {ay} cannot approach 0 as k — oo, and therefore
the necessary convergence condition is not satisfied for the series Y, | ax. So,
this series diverges. []

COROLLARY (THE LIMIT CAUCHY TEST).

Let Yoo, ax be a series with non-negative terms: Vk € N a5 > 0. Sup-
pose that there exists a limit limy_, ¥/ar = ¢. If ¢ < 1, then the series
> oo, ag converges; if ¢ > 1, then the series diverges.

The proof is carried out in the same way as the proof of the limit
D’Alembert test. [

REMARKS.

1. If the limit limj . {/a; is 1, then nothing can be said about the
convergence or divergence of the series and further investigation is required.

2. If the limit limy_, {/ay is equal to +oo, then we can prove that the
series diverges.

An example of applying Cauchy’s test \3.11A/35:17 (06:06) \

. . 00 1 —k? 1 —k? .
Consider the series Y7, (1+ E) . Denote a; = (1+ E) and consider
the following limit:
1\ —*# 1INk 1
lim /= lim {/(1+3) " =lm (14) ==,
poo VT IS + k Fo00 * k e
In the last step, we used the second remarkable limit limk_m(l + %)k = e.
Thus, the limit lim;_, /aj exists and its value % is less than 1. Therefore,
by virtue of the limit Cauchy test, this series converges.

Note that the series Y 2, (1 + %)_k diverges, since its common term

(1 + %)_k does not approach 0 as k — oo (as shown above, the limit of

the common term is ).


https://www.youtube.com/watch?v=ielvgfjqFjM&t=35m17s

14. Alternating series
and conditional convergence

Alternating series

Definition of conditional convergence,
alternating series, and the Leibniz series \3. 11B/00:00 (04:22) \

DEFINITION 1.

The series Y ;- ay is called conditionally convergent if it converges and
the series Y, |ax| diverges. Thus, a convergent series is called conditionally
convergent if it does not converge absolutely.

Such a situation is possible only when the terms of a series have different
signs.

DEFINITION 2.

A series of the form > 77 (—1)""ay is called an alternating series, if all
elements of the sequence {a;} have the same sign.

DEFINITION 3.

An alternating series >, (—1)"*1qy, is called the Leibniz series, if the
sequence {ay} monotonously approaches zero as k — 0.

REMARKS.

1. When studying Leibniz series of the form > p,(—1)"!a, we assume,
for definiteness, that ay > 0, k¥ € N (in this case, the sequence {a;} is
a non-increasing sequence approaching zero).

2. The “Leibniz se(rie)s;;lnotion is also referred to the alternating series of

~1

a special form ) | ‘52—, which was studied by G.W. Leibniz (he proved

that the sum of this series is equal to 7).

Theorem on the convergence
of the Leibniz series 13.11B/04:22 (11:11)]

THEOREM (ON THE CONVERGENCE OF THE LEIBNIZ SERIES).
The Leibniz series Y pe;(—1)*1a; converges.


https://www.youtube.com/watch?v=l1j-OAwBM5w&t=00m01s
https://www.youtube.com/watch?v=l1j-OAwBM5w&t=04m22s
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PROOF.
Consider the partial sums of the Leibniz series with an even number of
terms:
2n
Son = Z(—l)kﬂak =a; —ay+ a3 — a4+ -+ a1 — A2p. (1)
k=1

We place parentheses on the right-hand side of equality (1) as follows:
Son = (a1 — az) + (a3 — as) + -+ + (azp—1 — azn).

Since the sequence {ax} is non-increasing, we obtain that each expression
in parentheses is non-negative: asy_1 — agr > 0, k = 1,2,... Hence,

S2n—|—2 = S2n + (a2n+1 - a2n+2) > S2n-

This estimate means that the sequence of partial sums {Ss,} is non-
decreasing.
Now we put parentheses in (1) in another way:

Sop = ay — (az - a3) - (CL4 - a5) — = (azn—z - azn—1) — Q2p.

Since, as before, each expression in parentheses is non-negative, we obtain
that the sum Sy, is estimated from above by the value ay:

Son < ay.

Thus, the sequence {Ss,} is not only non-decreasing, but also bounded
from above. Then, by virtue of the convergence theorem for monotone
bounded sequences, the sequence {Ss,} has a finite limit S:

lim Sy, = S.

n—o0
Consider the partial sums of the Leibniz series with an odd number of
terms: Sy,.1. For them, the following equality holds:

Son+1 = Son + Gon+1. (2)

We have already proved that S5, — S as n — oo. In addition, ag,+1 — 0
as n — 00, since by condition ay — 0 as K — oo and thus the subsequence
{agni1} of the sequence {ax} must also converge to this limit by the theorem
on the limit of subsequences of a converging sequence.

Therefore, the right-hand side of equality (2) has a limit .S, so the left-hand
side approaches the same limit.

So, we have proved that Sy, — S as n — oo and Sy,1 — S as n — 0.
This means that the entire sequence {S,,} converges to the limit S, since any
neighborhood of the point S contains all elements of the sequence {S,,} (with
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even and odd indices), with the possible exception of some finite number of
its initial elements.
The convergence of the sequence of partial sums {S,} to a finite limit

means that the corresponding series > ro,(—1)*1a; converges. O
REMARK.
The theorem on the convergence of the Leibniz series guarantees only its

L. . —1)kt1 . .
conditional convergence. For example, the series Y .-, ( ]i is a Leibniz

series, however, we previously established that the harmonic series Y, %,

consisting of absolute values of terms of the initial series, is divergent. In

what follows, we will prove that the sum of the series Y >, (_1]gk+l is equal

to In 2.

Estimation of the Leibniz series
in terms of its partial sums 13.11B/15:33 (14:19) |

THEOREM (ON THE ESTIMATION OF THE LEIBNIZ SERIES IN TERMS
OF ITS PARTIAL SUMS).
Let S°7 (=1)*1a, = S be the Leibniz series and S,, = > _,(—1)*ay
be its partial sums. Then, for any k£ € N, the following estimate holds:
S — Sl < aper. (3)

PROOF.

In the proof of the previous theorem, we established that the sequence
{Sa2,} is non-decreasing and has a limit S. This means that the following
equality holds for all n € N:

Son < S. (4)
On the other hand, the sequence {So,+1} is non-increasing since
Sonp1 = a1 — (ag —ag) — -+ — (azn—2 — a2p-1) — (G20 — G2p41) >
> ay — (ag —az) — - — (a2n-2 — A2n-1) = Sop1.

In addition, its limit is also equal to S. Therefore, the equality holds for
all n € N:

S < Sopt1. (5)
Let us subtract Sy, from both sides of inequality (5):
S — Sap < Sop1 — Son = Aop41- (6)

It follows from inequality (4) that S — Sy, > 0. Therefore, inequality (6)
can be rewritten in the form


https://www.youtube.com/watch?v=l1j-OAwBM5w&t=15m33s
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1S — Son| < agn1-

We have obtained estimate (3) for the case of even k.
Now we turn to inequality (4) and subtract Sy, from both its parts:

Sop — Sop—1 <5 — Sopi.
Since So, — S9,_1 = —a9y,, this inequality can be transformed as follows:
Son—1 — 5 < agy. (7)

[t follows from inequality (5) that Sy,—1 —S > 0. Therefore, inequality (7)
can be rewritten in the form

|Son—1 — S| < agy,.

We have obtained estimate (3) for the case of odd k.
Thus, estimate (3) is proved for all positive integers k. [J

Dirichlet’s test and Abel’s test for conditional
convergence of a numerical series

Dirichlet’s test for conditional convergence
of a numerical series |3.11B/29:52 (04:29), 3.12A/00:00 (03:18)

THEOREM (DIRICHLET’S TEST FOR CONDITIONAL CONVERGENCE OF
A NUMERICAL SERIES).

Let the following conditions be satisfied for the series Y/~ ayby:

1)3IM VneN Y a| <M,

2) b, — 0 as k — oo, {by} is monotone.

Then the series Y - ; apby converges (generally speaking, conditionally).

PROOF?.

Let us show that, for the series Y ., axby, the condition for the Cauchy
criterion for the convergence of a numerical series is fulfilled. For this, we will
obtain an estimate for the sum ’Zk ml akbk| when m,p € N.

F1rst let us transform the sum Zk m1 @by using the auxiliary notation

Zkzl k-

m—+p m—+p m-+p m—+p
g aiby = g (Ar — Ap1)b, = E Aby, — E Ap_1by =
k=m+1 k=m+1 k=m-+1 k=m+1
mA4p+1 m+p
E Ap_1bp—1 — E Ap_1by, =
k=m-+2 k=m-+1

3There is no proof of this theorem in video lectures.


https://www.youtube.com/watch?v=l1j-OAwBM5w&t=29m52s
https://www.youtube.com/watch?v=vlcY9UpBHGg&t=00m01s

160 M. E. Abramyan. Lectures on integral calculus and series theory

m-+p m-+p
= Amipbarep + D Avibior = Y Apcaby = Apbur =
k=m-+2 k=m+42
m-+p
- Am+p m+p Z Ak 1 bk 1= bk) Ambm—H-
k=m+2

Let us estimate the value ‘Zzgz " akbk} using condition 1 of the theorem,
from which it follows that |Ax| < M for k € N:

m—+p m—+p
D abi| = [Awibuy + D Ara(bror = b) = Aubia| <

k=m+1 k=m+2
m+p
< Mlbnagl + M 7 [t = bl + Mo, (8)
k=m+2

Since, by condition 2 of the theorem, the sequence {b;} monotonously
approaches 0, we obtain that all the differences b,_1 — b, have the same sign.
Therefore, in the sum > ;7 , |b_1 — by, the absolute value sign can be
moved outside the sum sign:

m-+p m-+p
> Jbror — byl = ’ > (b1 — bk)’ =
k=m+2 k=m+2

= | (b1 — bmng2) + (b2 — bys) + -+ (Dpgp—1 — binyp)| =

= |bint1 = binapl < |bmga| + byl

Now we substitute the estimate for ’,?:75 4o |br—1 — bi| into inequality (8):
m-+p
S ] < Mgl M bl + yl) + Mo =
k=m+1

- QM(’bmH‘ + |bm+p’)‘

It remains to use the condition b — 0 as £ — oo, which can be written
as follows:

Ve>0 INeN ¥Ym>N VYpeN |bm+p\<ﬁ.
For ‘Z?t{;l akbk}, we finally get
m-+p c
‘ 3 akbk‘ < 2M (|bosa| + |Bos]) <2M(4M 4M) —c.
k=m+1

We have proved that the Cauchy criterion condition is satisfied for the
initial series:
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m—+p
Ve>0 dNeN Vm>N VpeN ‘ Z akbk‘ < €.
k=m+1
Therefore, the series 220:1 arby converges. [
Examples of applying Dirichlet’s test 13.124/03:18 (11:41) |

1. Once again, let us turn to the Leibniz series and write it in the following
form: > 77 (—1)""1b;. By the definition of the Leibniz series, two conditions
are satisfied for the sequence {b;}: b — 0 as k — oo, {by} is monotone.
Thus, the condition 2 of Dirichlet’s test is satisfied for {b;}. Also we can
take the sequence {(—l)k“} as the sequence {a;}. Obviously, this sequence
satisfies condition 1 of Dirichlet’s test:

n
VneN E:@jzu—1+1—1+“¢§1
k=1
Thus, the convergence of the Leibniz series follows directly from the Dirich-
let’s test.
2. Consider the following series: Y, Sh];fx, reR a>0 Ifa>1,
then this series converges absolutely for any x € R, since, in this case, the

absolute value of its common term can be estimated as follows:
‘ sin kx
ka

Earlier, when discussing the integral convergence test, we established that
the series 22021 ki(, converges for a > 1. Therefore, using the comparison test,
we obtain that the series ch;l’sizfx ‘ also converges, which means that the
series >, Sh,;,ffx converges absolutely.

Consider the case a € (0,1] and show that in this case all conditions of
Dirichlet’s test are satisfied for the series Y ,o Sh];fz.

First, we discard the case of x = 2mm, m € Z, since in this case all terms
of the series turn to 0 and therefore the sum of the series is also 0.

We take k% as by, since it is obvious that the sequence {k%} is monotone
(decreasing) and approaches zero as k — oo. We take sin kx as a; and show
that condition 1 of Dirichlet’s test is satisfied for partial sum ", _, sin k.
To do this, we transform this partial sum by multiplying and dividing the
common term by 2sin F (this factor is not equal to 0, since we assume that

r#2mm, meEZ):

1
’<-—.
<

n

2sin kx sin = 1 i x
2 . .
Y - Y 2sinkrsin - 9
2sin £ 2sing =0 D (9)

k=1


https://www.youtube.com/watch?v=vlcY9UpBHGg&t=03m18s
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Let us transform the product of the sines sin kz sin§ according to the
formula 2sin arsin 8 = cos(a — ) — cos(a + S):

- . . X - X X
;QSmkxsm§ = kz_:l (cos(kaz— 5) —cos(ka:+§>> —

x 3 n 3z T T
= COS — — COS — + COS — — COS — + - - -
2 2 2 2
N (2n — 1)x (2n+1)x x (2n+1)x
COS —————— — C0S —————— = COS — — COS ——————
2 2 2 2
Now let wus transform the last difference wusing the formula
_ fta ﬁ .
cosa — cos 3 = 2sin ~5- sin
2 1z 1
cosg — COS% = 2sinw sian—x.

Substituting the resulting expression into the right-hand side of (9), we

finally obtain
. (n—l—l)x s nT
1 1 sin sin &£
S sinkz = - - 2sin W E DT g 1 _ 0T - Sing
— 2 sin % 2 2 sin %

This implies the following estimate for partial sum  ,_, sinkz, n € N:

‘Z smka:’ <

Thus, condltlon 1 of Dlrlchlet’s test is also satisfied, and the series
Sope EL s convergent for av € (0,1]. However, for these values of a,

(o3

‘ Sln

convergence is conditional.

The proof of the absence
of absolute convergence 3.12A/14:59 (06:03)

The fact that the series » -, Sizfx is not absolutely convergent for

a € (0,1] is proved in the same way as a similar fact for the improper inte-

gral ffroo Sig”““ dx. First of all, recall the estimate for the function b”,;f’”, this

estimate is valid for all k and x:
sin kx sin? kx
R
Let us prove that the series Y,
partial sum and transform it as follows:

(10)

sin® kx

diverges. To do this, consider its

n

Zsm kx_zl—COSZk}x:_ 1 1 COSQ]C.T. (1)
2 ko
k=1 k=1



https://www.youtube.com/watch?v=vlcY9UpBHGg&t=14m59s
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The second term on the right-hand side of (11) has a finite limit as n — oo,

since the series Y 7, Cozzkx converges (this fact can be proved in the same
way as the convergence of the series Y-, S”kl#) The first term on the right-
hand side of (11) approaches infinity as n — oo, since the series Y7 =
diverges for a € (0, 1].

Therefore, the right-hand side of equality (11) has an infinite limit as

.2

n — oo, this is also true for the left-hand side, so the series Y -, S“}Cakx
diverges. Using the comparison test, we obtain from estimate (10) that the
series Yy ;|22 | also diverges. So, for a € (0, 1], the initial series Y-, SEL
converges conditionally.

Abel’s test for conditional convergence
of a numerical series 3.12A/21:02 (06:58)

THEOREM (ABEL’S TEST FOR CONDITIONAL CONVERGENCE OF A NU-
MERICAL SERIES).

Let the following conditions be satisfied for a series Y, | axby:

1) the series Y77 | aj converges;

2) the sequence {by} is monotone and bounded.

Then the series Y ;- ; apby converges (generally speaking, conditionally).

REMARK.

If we compare Dirichlet’s test and Abel’ test, then it can be noted that in
Abel’s test, condition 1 is stronger (since the convergence of the corresponding
series is required instead of uniformly boundedness of its partial sums) and
condition 2 is weaker (since it is not necessary that the sequence {bx} had
a zero limit).

PROOF.

By virtue of the theorem on monotone and bounded sequences, the se-
quence {by} has a finite limit: by — ¢ as k — 0.

We transform the partial sum of the initial series as follows:

n n n n
Zakbk :Zak(bk—c+0> = Zak(bk—c)Jcmak- (12)
k=1 k=1 k=1 k=1

The second term on the right-hand side of (12) has a finite limit as n — oo,
since, by condition 1, the series Y/~ ax converges.

The first term on the right-hand side of (12) is a partial sum of the series
> oo q ak(by — ¢), which converges according to Dirichlet’s test. Indeed, con-
dition 1 of Dirichlet’s test follows from condition 1 of Abel’s test, since if the


https://www.youtube.com/watch?v=vlcY9UpBHGg&t=21m02s
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series » ;- ay converges, then its partial sums are uniformly bounded. Con-
dition 2 of Dirichlet’s test follows from condition 2 of Abel’s test and the fact
that limy_ . by = ¢, since in this case the sequence {b; — ¢} monotonously
approaches zero as k — 0o0. So, the first term on the right-hand side of (12)
also has a finite limit.

Therefore, the partial sums > )_; aiby also have a finite limit, and the
initial series converges. []

Additional remarks on absolutely
and conditionally convergent series  [3.124/28:00 (07:07)|

The question arises: will the sum of the convergent series Y, | a; change
if the order of its terms is changed? For example, it is possible to organize the
summation, for which, after each term ay; of the initial series with an odd index
(a1, as,as,...), several terms with even indices will follow, and their amount
will increase by 1 each time (a1 +as+as+as+ag+as+ag+ajgt+antar+...) or
it will double each time (a;+as+asz+ay+agt+as+ag+ag+antag+ar+...).

It turns out that, for an absolutely convergent series, its sum does not
change with any change in the order of its terms. However, for a conditionally
convergent series, this statement is false.

Moreover, if the series conditionally converges, then, by rearranging its
terms, it can be achieved that the resulting series converges to any pre-selected
number A € R or diverges. This fact is called the Riemann theorem on

conditionally convergent series (its proof is given, for example, in [18, Ch.8,
Sec.41.4]).


https://www.youtube.com/watch?v=vlcY9UpBHGg&t=28m01s
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Pointwise and uniform convergence of a functional
sequence and a functional series

Functional sequence and functional series,
their pointwise convergence 3.12A/35:07 (10:52)

DEFINITION.

A functional sequence { f,(x)} is a sequence of functions f,(x) defined on
aset b.

If we choose some point xy € E and substitute it in all the functions f,,(z),
then we get the numerical sequence {f,(xo)}. It is said that the functional
sequence { f,(z)} converges at the point xy € E if the numerical sequence
{fu(z0)} converges.

[t is said that the functional sequence {f,(z)} converges on the set E if
it converges at all points zy € E (notation f,(x) 2N f(z), n = o0). Thus,
the limit of a functional sequence converging on the set E is some function
defined on this set.

A functional series is a series Y, u(x) with terms that are functions
defined on a set E.

If the functional sequence of partial sums S, (z) = > ,_; ui(z) converges
on the set E to the function S(x), then they say that the functional series
> o ug(z) converges on the set E. Moreover, the function S(z) is called
the sum of the convergent functional series y -, ur(x), and in this case the
notation Y~ ux(x) usually means the sum S(x) of the series:

Zuk(:ﬁ) = S(x).
k=1

For functional series, as well as for numerical ones, the concepts of abso-
lute and conditional convergence can be introduced: the series >~ ug(x)
absolutely converges on E if the series Y, | |uy(x)| converges on this set; the
series Y oo, ux(x) conditionally converges on E if it converges on this set but
its convergence is not absolute.


https://www.youtube.com/watch?v=vlcY9UpBHGg&t=35m07s
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The considered type of convergence of functional sequences and series on
some set is called pointwise convergence. The definition of pointwise conver-
gence of the functional sequence {f,(x)} on the set E to the function f(z)
can be written as follows, using the language e—/V:

VeeE Ve>0 dINeN Vn>N |fulz)— f(z)| <e. (1)

However, another type of convergence can be defined for functional se-
quences and series. This type of convergence allows a more detailed study
of the properties of the limits of functional sequences and sums of functional
series.

Uniform convergence
of the functional sequence \3. 12B/00:00 (03:57) \

DEFINITION.
It is said that the functional sequence {f,,(x)} uniformly converges on the

E
set E to the function f(x) (notation f,(x) = f(z), n — o0) if the following
condition is true:

Ve>0 INeN Vn>N VeelE |fulr)— flx)<e (2)

Thus, with uniform convergence, the number N is selected only by the
value of € and does not depend on the choice of the point x € E. Note
that the same differences hold for the concepts of continuity and uniform
continuity of a function on a set (see |1, Ch. 13]).

Criterion for uniform convergence of a functional
sequence in terms of the supremum limit \3. 12B/03:57 (10:28) \

THEOREM (CRITERION FOR UNIFORM CONVERGENCE OF A FUNC-
TIONAL SEQUENCE IN TERMS OF THE SUPREMUM LIMIT).

The functional sequence {f,,(x)} converges uniformly on the set F to the
function f(z) if and only if the following limit relation holds:

Mm sup [ fu(w) = f(z)| = 0. (3)

REMARK.

Relation (3) can be verified if the limit function f(x) has already been
found. Thus, this relation makes it relatively easy to establish both the
presence and absence of uniform convergence, provided that pointwise con-
vergence is already established.


https://www.youtube.com/watch?v=PRXEFme2sV0&t=00m01s
https://www.youtube.com/watch?v=PRXEFme2sV0&t=03m57s
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PROOF.

1. Necessity. Given: condition (2) is satisfied. Prove: the limit relation (3)
holds.

We rewrite condition (2) with a slight change in the last inequality:

Ve>0 3INeN VYn>N VzcE \fn(x)—f(x)|<§. (4)

Since the condition is satisfied for all x € E, we obtain that the set of all
values | f,(x) — f(x)| is bounded from above and § is its upper bound. Since
the supremum is the least upper bound, the following estimate holds:

sup| fu(@) = ()] < 5 <=
el

Thus, condition (4) implies the following condition:

Ve>0 dNeN Vn>N sup|f.(x)— f(x)| <e. (5)
el

We obtained a definition in the language € - N of the fact that the limit
of the sequence {sup,cp|fn(z) — f(x)|} as n — oo is 0. The necessity is
proven.

2. Sufficiency. Given: the limit relation (3) holds. Prove: condition (2) is
satisfied.

Relation (3) can be written in the language e~N in the form (5).

The condition sup,cz | fn(x) — f(2)| < €, by the definition of supremum,
implies an estimate that holds for all z € E:

| fu(z) = f(2)] < sup | folz) — f2)] < e

Replacing in condition (5) the estimate sup,cp |fu(z) — f(x)] < & with
the resulting estimate Vo € E |f,(z) — f(x)| < €, we obtain (2), i. e., the
definition of the uniform convergence of the sequence {f,(z)}. O

Examples of applying the criterion for uniform
convergence of a functional sequence \3 .12B/14:25 (14:47) \

Consider the sequence of functions f,(x) = z™ on the set £ = [0, 1].

Obviously, for any point z € [0, 1), there exists a limit lim,_,,, 2" = 0,
and the limit is 1 for z = 1: lim,_,, 1" = 1 (Fig. 19).


https://www.youtube.com/watch?v=PRXEFme2sV0&t=14m25s
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-

0 1 X

Fig. 19. Graphs y =2", n=1,2,5,25

Thus, the functional sequence {z"} converges on the set [0, 1] to the limit

function
0, z€l0,1),
f(x)_{ 1, r=1

Let us study the question of the uniform convergence of this sequence.
To do this, we use the previously proven criterion and find the limit of the
expression sup,cp | fu(7) — f(2)] = sup,epq [2" — f(z)]. At the point z = 1,
the value of difference |2 — f(z)| is 0 since f(1) = 1. Therefore, it suffices
to find the value of the supremum on the half-interval [0, 1), where f(z) = 0.
Thus, we get the following chain of equalities:

sup |z" — f(z)| = sup |z" — 0] = sup 2"
x€[0,1] z€[0,1) z€[0,1)

For any n € N, the function ™ has the least upper bound 1 on the half-
interval [0, 1), although this value is not reached. This fact follows from the
limit relation lim,_,; " = 1, which means that the function z" takes values
arbitrarily close to 1 on the half-interval [0,1). So, we have proved that the
following relation holds for any n € N:

sup | — f(z)] = 1.
z€[0,1]
When passing to the limit as n — oo, this result will not change:
lim sup |z" — f(z)| = 1.
=09 2¢[0,1]

Thus, the limit is not equal to 0; therefore, by virtue of the criterion, the
convergence of the sequence {x"} on the segment [0, 1] is not uniform.

REMARKS.

1. In what follows, we prove that if a sequence of functions continuous
on the set E converges uniformly on this set to some function f(x), then
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the limit function f(x) is also continuous. This fact immediately implies the
absence of uniform convergence for the considered sequence of functions x"
continuous on the set [0, 1], since its limit function is not continuous (it has
a discontinuity of the first kind at point 1).

2. If we consider the half-interval £ = [0,1), then in this case the se-
quence {z"} will approach the function f(x), which is identically equal to 0.
Thus, the limit function is continuous on the set E. Nevertheless, the con-
vergence on the half-interval [0, 1) is not uniform either, since we have al-
ready established that sup,c( 1) [2" — f(2)] = sup,¢p 1) 2" = 1 and therefore
limy, 00 SUP,c(o ) [2" — f(2)] =1 # 0.

3. If we consider the segment [0, ¢] for ¢ < 1 as the set E, then the sequence
{z"} will converge uniformly on this segment to the function f(z) = 0.
Indeed, in this case we have

sup [z" — f(z)| = sup 2" =¢".
z€(0,q)) z€[0,q]
Since ¢" — 0 as n — 0, we obtain that condition (3) of the criterion is
satisfied, so the convergence of the sequence {z"} is uniform. Convergence

remains uniform even in the case of the half-interval [0, ¢) for g < 1.

Uniform convergence of a functional series
and a criterion for uniform convergence
of a series in terms of the supremum limit |3.12B/29:12 (05:20) |

DEFINITION.
It is sald that the functional series >~ ug(x) converges uniformly

E
on the set E to the function S(x) (notation > 7, ux(x) = S(x)) if
the sequence of partial sums {>,_; uz(z)} converges uniformly to S(z):

E
S up(x) = S(x), n — oo
In the language e~ N, the definition of uniform convergence of a functional
series is as follows. The series > ;- uy(x) converges uniformly on the set F
to the function S(x) if the condition holds:

n
Ve>0 INeN Vn>N VeekE (Zuk(x)—S(x) <e
k=1
Using the previously proved criterion for uniform convergence of a func-
tional sequence, we can immediately obtain a similar criterion for uniform
convergence of a functional series.


https://www.youtube.com/watch?v=PRXEFme2sV0&t=29m12s
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THEOREM (CRITERION FOR UNIFORM CONVERGENCE OF A FUNC-
TIONAL SERIES IN TERMS OF THE SUPREMUM LIMIT).

The functional series Y, | ux(z) converges uniformly on the set E to the
function S(x) if and only if the following limit relation holds:

> up(z) = S(z)| = 0.

lim sup
n—oo el

Cauchy criterion for the uniform convergence
of a functional sequence and a functional series

Formulation of the Cauchy criterion for uniform

convergence of a functional sequence 3.12B/34:32 (04:54)

THEOREM (CAUCHY CRITERION FOR UNIFORM CONVERGENCE
OF A FUNCTIONAL SEQUENCE).

The functional sequence {f,(z)} converges uniformly on the set F if and
only if the following condition is satisfied:

Ve>0 dNeN Vm>N VpeN VzrekF
| fn(2) = fnsp(z)| < e (6)

Proof of the Cauchy criterion for uniform
convergence of a functional sequence \3. 13A/00:00 (10:53) \

1. Necessity. Given: the functional sequence {f,,(x)} converges uniformly
on the set E. Prove: condition (6) is satisfied.

Let the sequence {f,(x)} converge uniformly to the function f(x). We
rewrite the definition of uniform convergence (2) with a slight change in the
last inequality (note that the same version of condition (2) was also used to
prove the necessity for the criterion for uniform convergence in terms of the
supremum limit):

Ve>0 INeN VYn>N VzeE \fn(zc)—f(:z:)\<g.
Then, for any m > N, p € N, z € E, we have

Fnla) = fl)] < 5,

[fmip(@) = fl2)] <

Do ™


https://www.youtube.com/watch?v=PRXEFme2sV0&t=34m32s
https://www.youtube.com/watch?v=pJywld91FOs&t=00m01s
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Let us transform the difference | f,(x) — finip(2)| using the last two esti-
mates:

Fnl@) = Fepl@)] = | fnl) = F(@) + F(2) = frip(a)] <
< |ful@) = F@)] + £ (@) = frip(@)| < S+ 5 =<

Thus, condition (6) is satisfied and the necessity is proven.

2. Sufficiency. Given: condition (6) is satisfied. Prove: the functional
sequence { f,(z)} converges uniformly on the set E.

First, we prove that the sequence { f,,(x)} converges pointwise on the set F.
We choose some value zp € E. From condition (6), we obtain:

Ve>0 dINeN Vm>N VpeN |f.(vo) — fip(x0)| <€

This condition coincides with the Cauchy criterion condition for the con-
vergence of the numerical sequence { f,(xo)}. It follows from this criterion
that the numerical sequence {f,(zo)} has a limit; denote it by f(zy). Since
the choice of xy € FE is arbitrary, we obtain that the functional sequence
{fu(zo)} converges on the set E to some function f(zx). It remains to prove
that the convergence to the function f(x) is uniform.

We rewrite condition (6) with a slight change in the last inequality:

Ve>0 dNeN Vm>N VpeN VxekFE
£

) = Fep(@)] < 5 M)
Since this condition is satisfied for any p € N, we can pass to the limit
as p — oo. Taking into account the pointwise convergence of the sequence
{fn(z)} already proved, we get that f,,+,(x) — f(z). Therefore, the inequal-
ity | fum(z) — fmap(x)| < 5, by virtue of the theorem on passing to the limit

in inequalities, takes the following form:

3
|fm(z) = f(2)] < 5 < €.

Thus, as a result of passing to the limit as p — oo, condition (7) is
transformed as follows:

Ve>0 INeN Vm>N VeelE |fulr)— flx)<e

We obtained a version of condition (2) from the definition of uniform con-
vergence (its only difference from (2) is the use of the symbol m instead of
the symbol n). Therefore, the sequence { f,,(z)} converges uniformly on F to

f(x). O
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Cauchy criterion for uniform convergence
of a functional series 13.13A/10:53 (03:41) |

COROLLARY (CAUCHY CRITERION FOR UNIFORM CONVERGENCE OF
A FUNCTIONAL SERIES).

The functional series >~ ; uy(z) converges uniformly on the set E if and
only if the following condition is satisfied:

Ve>0 dNeN Vm>N VpeN VrxekFk
m—+p
‘ Z uk(x)’ <. (8)
k=m-+1
PROOF.
Consider the sequence of partial sums of the initial series:
{Su(x)} = {Xijw(z)}. The difference |Spip(z) — Sp(x)| for this

sequence can be written as follows:

S 5] =[S )~ )] = | 3 o]

k=m+1

Thus, condition (6) of the Cauchy criterion for uniform convergence of the
functional sequence {S,(z)} coincides with condition (8). Therefore, condi-
tion (8) holds if and only if the sequence {S,(z)} converges uniformly on F.
It remains to note that the uniform convergence of the series Y~  ug(x)
is equivalent to the uniform convergence of the sequence of its partial sums

{Su(z)}. O

Tests of uniform convergence of functional series

Weierstrass test \3. 13A/14:34 (12:01) \

THEOREM (WEIERSTRASS TEST FOR UNIFORM CONVERGENCE
OF A FUNCTIONAL SERIES).

Let the functional series > ;- ux(x) be defined on the set E and the
following condition holds for its terms:

AN ' eN Vk>N VzeFE |u(zr) < a (9)

If the numerical series >~ ; a; converges, then the initial functional series
> oo ug(x) converges absolutely and uniformly on E. In English, this test is
also called the Weierstrass M-test.


https://www.youtube.com/watch?v=pJywld91FOs&t=10m53s
https://www.youtube.com/watch?v=pJywld91FOs&t=14m34s

15. Functional sequences and series 173

PROOF.
Let us write the condition for the Cauchy criterion for a convergent nu-
merical series Y o | aj:
m—+p
Ve>0 IN"eN Vm>N" VpeN Zak<5. (10)
k=m+1
In the last inequality, we do not use the sign of the absolute value operation,
since, by virtue of (9), all terms a; are non-negative.
If we now put N = max{N’, N”} and use condition (9), then, for any
m>N,peN, and x € E, we get

m-+p m-+p
d o lwm@) < Y ar<e
k=m+1 k=m+1

So, we have obtained that the following condition follows from condi-
tions (9) and (10):

Ve>0 dNeN Vm>N VpeN Vzelk

m+p

D fum(z)] <e.

k=m+1

By the Cauchy criterion for uniform convergence of a functional series, this
condition is sufficient for the uniform convergence of the series >~ |ug(z)).
We proved that the initial series Y-, ux(x) converges absolutely on FE.

It remains to note that the convergence of the initial series is uniform.
Indeed, the condition of the Cauchy criterion of uniform convergence is also
satisfied for the initial series, since the following estimate holds:

m—+p m+p
‘Zuk ‘<Z|uk ’<8D
k=m+1 k=m+1
EXAMPLE.
Consider the series > -, 5125“3 . For its common term, the following esti-
mate 1s true:
sin k:x

VEeN VzxelR

e
Since the numerical series Zk:l = converges, we conclude, by the Weier-

strass test, that the functional series » .-, Sh];?kx converges absolutely and
uniformly on the entire real axis R.
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Dirichlet’s test and Abel’s test 13.134/26:35 (07:50) |

THEOREM (DIRICHLET’S TEST FOR UNIFORM CONVERGENCE OF
A FUNCTIONAL SERIES).

Let the functional series Y - ; ug(x)vg(x) be defined on E and the follow-
ing conditions are satisfied for it:

1)3M VneN VzeE Y, ulzx)| <M;

2) vg(x) g 0 as k — 0o, the numerical sequence {vg(z)} is monotone for
any r € F.

Then the series >~ ug(x)vg(x) converges uniformly on E (the conver-
gence is, generally speaking, conditional).

PROOF?,

Introducing the auxiliary notation U, (x) = >_7_; ug(x) and carrying out
the same reasoning as at the beginning of the proof of Dirichlet’s test for
the convergence of a numerical series, we can obtain the following estimate,
which holds for any m,p € N and x € E:

m-+p
> we)ul@)] < 2M (@) + oy @)
k=m+1

Now we use the condition that the sequence {vi(x)} converges uniformly
on the set E to 0, and write this condition in the following form:

Ve>0 INEN VYm>N VpeN Vo€ E |op(z )\<4]‘€w
For ‘Zk m+1uk( ‘ we finally get
m—+p
B> uk<x>vk<w>] < 2M (Ui ()] + [omsp (2)]) <
k=m+1
<2M(f+ 1) =
aM TaMm) T

Thus, we have proved that the condition for uniform convergence on E
from the Cauchy criterion is satisfied for the initial series:

Ve>0 dNeN Vm>N VpeN VzekFE
m—+p

‘ Z uk(x)vk(az)’ <e O

k=m+1
We also give the formulation of Abel’s test for the uniform convergence of

a functional series (for the proof, see, for example, [18, Ch.9, Sec. 42.4]).

4There is no proof of this theorem in video lectures.


https://www.youtube.com/watch?v=pJywld91FOs&t=26m35s
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THEOREM (ABEL'S TEST FOR UNIFORM CONVERGENCE OF A FUNC-
TIONAL SERIES).

Let the functional series >~ ug(x)vg(z) be defined on E and the follow-
ing conditions are satisfied for it:

1) the series Y ,_; ug(x) converges uniformly on £

2) the sequence {vi(x)} is monotone for any x € E and is also uniformly
bounded:

AM >0 VkeN VeeFE |yx) <M.

Then the series > ;- up(x)vg(x) converges uniformly on E (the conver-
gence is, generally speaking, conditional).



16. Properties of uniformly converging
sequences and series

Continuity of the uniform limit

Formulation of the theorem
on the continuity of the uniform limit \3. 13A/34:25 (09:02) \

THEOREM <ON THE CONTINUITY OF THE UNIFORM LIMIT OF A FUNC-
TIONAL SEQUENCE WITH CONTINUOUS ELEMENTS).

Let the functional sequence {f,(x)} converge uniformly on the segment
[a, b] to the function f(x). Suppose that the function f,(z) is continuous on
[a, b] for any n € N. Then the limit function f(z) is also continuous on [a, b].

REMARKS.

1. If the convergence is not uniform, then the statement of the theorem
may not hold. Earlier we gave an example of a sequence of continuous func-
tions {z"}. This sequence is not uniformly convergent on the segment [0, 1],
but converges pointwise on this segment. The limit of this (not uniformly
converging) sequence is a function that has a discontinuity of the first kind
at point 1.

2. This theorem means that, for a uniformly converging sequence of
continuous functions, we can swap two limit operations: as n — oo and
as r — gy, where xz( is some point of the segment [a,b]. Indeed, due to
the continuity of the functions f,(x) and the limit function f(x), we have
limy .y fr(x) = fu(zo), imy—,, f(x) = f(20); due to the convergence of the
functional sequence, we have lim, . f.(z) = f(x), therefore the following
chain of equalities holds:

lim lim f,(z) = nh_{{.lo falzo) = f(zo) = lim f(z) = lim lim f,(z).

n—00 T—Tq T—T0 T—T N—00

We emphasize that the indicated inversion of the limits can be performed
only if the initial sequence of continuous functions is uniformly convergent,
since only uniform convergence ensures the continuity of the limit function.


https://www.youtube.com/watch?v=pJywld91FOs&t=34m25s
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Proof of the theorem
on the continuity of the uniform limit (3.13B/00:00 (13:55)]

[t is enough for us to prove that the limit function f(x) is continuous at
some arbitrarily chosen point zy € [a, b].

Let us give the definition of the function f(x) continuous at the point x
in the language ¢—¢:

Ve>0 J6>0 Vaelab],|z—x <6, |f(x)—f(zo)l<e. (1)

Now we write down the conditions that the initial sequence {f,(x)} sat-
isfies. Firstly, this sequence converges uniformly on the set [a, 0] to the func-
tion f(z). We write this fact in the language e~N for the previously selected
value e:

INeN Van>N Vaelab |fuz)— fla) <<

2
: 2)

We choose some value ng > N. For this value ng and for any x € [a, b],
by virtue of (2), the estimate holds:

Foul@) = f(@)] < = (3)

Since the previously selected point z also belongs to the segment [a, b],
a similar estimate is fulfilled for it:

Funlz0) = flao)] < . (4)

Secondly, by condition, the functions f,, n € N, are continuous at the
point xg. Therefore, the function f,, is also continuous at the point xy. We
write this fact in the language -0 for the previously selected value e:

€
30 >0 Vz€lab],|x—xo| <9, |fn,(T)— fn,(m0)| < 3 (5)

So, we got that, for the chosen value £ > 0, there exists a value § > 0 (spec-
ified in condition (5)) such that estimates (3), (4), and (5) are simultaneously
fulfilled for all = € [a, b], |z — x| < 9.

We transform the expression |f(x) — f(x¢)| using these three estimates:

|f () = flzo)| =
= |f(33) - fno(x) + fno(x) - fno(ajO) + fno(xO) - f(afo)’ <
< |f(113) - fno(x)‘ + ’fno(‘r) - fno(x())’ + |fn0($0) - f(x())‘ <
< §+§+§ =¢€.

Thus, we have shown that condition (1) is satisfied. Therefore, the limit
function f is continuous at an arbitrary point xy of the segment [a, b]. [J


https://www.youtube.com/watch?v=cyHCvVqlDGw&t=00m01s
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Corollary for functional series \3. 13B/13:55 (09:55) \

COROLLARY (ON THE CONTINUITY OF THE SUM OF A UNIFORMLY
CONVERGING FUNCTIONAL SERIES WITH CONTINUOUS TERMS).

Let the series >, ; ug(z) uniformly converge on the segment [a, b] to the
function S(z). Let all terms of the series ug(x) be continuous functions on the
segment [a,b]. Then the sum of the series S(x) is also a continuous function
on this segment.

REMARK.

This corollary can also be interpreted in terms of a swap of two limit
operations. Namely, we choose the point xy € [a, b] and consider the following
limit: limg_yp > 5oy uk(x). This limit is understood as the limit of the sum
of a converging series: lim,,,, S(z).

Since, according to the corollary, the sum S(z) is a continuous function
on [a, b], the last limit is equal to the value of the function S at the point x.
But the value of S(z) is the sum of the series > ;-  ug(zg). If we now use
the continuity of the functions wuy, the last series can be written in the form
> oy limy g ug ().

Removing the intermediate transformations, we obtain the following rela-
tion:

Jlim ; up(x) = ; Jim (). (6)

This relation means that in the case of a uniformly converging series with
continuous terms, the limit as x — xy can be moved under the infinite sum
sign or taken out of it. This makes it possible in some cases to more simply
calculate the limit of the sum of a uniformly converging series: instead of
finding an expression for the sum of the initial functional series and passing
to the limit in this expression (i. e., performing the actions in the left-hand
side of (6)), it often turns out to be easier to find the limit for the terms
of this series and then find the sum of the resulting numerical series (i. e.,
perform the actions in the right-hand side of (6)).

Note also that a special justification of reversing the limit sign and the
summation sign is required only in the case of infinite sums. If we replace
the series with a finite sum of the form >} ; ugx(x) in relation (6), then the
validity of this relation will immediately follow from the fact that the finite
sum of continuous functions is a continuous function.


https://www.youtube.com/watch?v=cyHCvVqlDGw&t=13m55s
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PROOF.

By definition, the function S(z) is the limit of a sequence of partial sums
Sp(z) =3 4_; ur(z). The uniform convergence of the series means that the
sequence {S,(z)} converges to S(z) uniformly on |a, b].

In addition, the partial sum S,,(x) is a continuous function as a finite sum
of continuous functions wuy(x).

So, all the conditions of the previous theorem are satisfied for the sequence
{S,(x)}: it converges uniformly on [a, b] to S(z) and its elements are contin-
uous functions on this segment. Applying this theorem, we obtain that the
limit function S(x) is also continuous on [a, b]. O

Integration of functional sequences and series

Formulation of the theorem
on the integration of a functional sequence \3.13B/23:5O (03:57) \

THEOREM (ON THE INTEGRATION OF A UNIFORMLY CONVERGING
FUNCTIONAL SEQUENCE).

Let the functional sequence {f,(x)} converge uniformly on the segment
[a, b] to the function f(z). Let the function f,(z) be continuous on [a, b] for
any n € N. Let zg € [a,b].

Then the functional sequence { f;} fu(t) dt} is defined on the segment [a, b]

and converges uniformly on this segment to the function ffo f(t)dt
f” [a,b] [
fo(t)dt = f(t)dt, n— oo, (7)
X0 Zo

REMARKS.

1. All the integrals mentioned in the theorem exist, since the integrands
are continuous: the functions f,(x) are continuous by condition, the limit
function f(x) is continuous by virtue of the previous theorem.

2. The result of the theorem can be reformulated in terms of reversing the

limit operation and the integration operation:

i [ty - /f ) dt = /hmfnm

Proof of the theorem
on the integration of a functional sequence \3.13B/27:47 (06:14) \

Let us write the condition for uniform convergence of the initial sequence
{fn(x)} in the language N


https://www.youtube.com/watch?v=cyHCvVqlDGw&t=23m50s
https://www.youtube.com/watch?v=cyHCvVqlDGw&t=27m47s
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Ve>0 INeN Vn>N Vzéea,l
£

fula) = f(@) < . ®

For definiteness, we assume that the estimate xy < x holds.
Consider the difference | [ fat)dt = [ f(t) dt| and transform it as fol-
lows:

/xfn(t)dt_ f”f(t)dt’— (fn() (t))dt‘g

< [ 150 - f()]d.

Lo
We use estimate (8), which is valid for any ¢, since ¢ € [z, z] C [a, b], and
the corollary of the theorem on integration of a positive continuous function:

£ €
[0 = < e <

—a

(b—a)=c.

So, we have proved that the following condition is satisfied for the sequence

{ [ fal®) dt}:

Ve>0 INeN Vn>N Vzéea,l

/ Ful®) dt—/;f(t) dt‘ <e

This means that the sequence { f;; fn(t) dt} converges uniformly on [a, b]
and the limit relation (7) holds. OJ

Formulation of the corollary
on the integration of a functional series \3. 14A/00:00 (08:28) \

COROLLARY (ON THE INTEGRATION OF A UNIFORMLY CONVERGING
FUNCTIONAL SERIES).

Let the series Y, ; ug(z) converge uniformly on the segment [a, b] to the
function S(z). Let all terms of the series uk( ) be continuous functions on the
segment [a, b]. Then the series Y, ; f ug(t) dt converges uniformly on [a, 0]
to the integral fxo S(t) dt for any point g € [a, b].

REMARKS.

1. All the integrals mentioned in the corollary exist because the integrands
are continuous: the functions wug(x) are continuous by condition, the limit
function S(z) is continuous by virtue of the corollary of the theorem on the
continuity of the uniform limit.


https://www.youtube.com/watch?v=lkbV5-3O7Ps&t=00m01s
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2. The result of the corollary can be reformulated in terms of reversing
the operation of infinite summation and the integration operation. If we start
with the integral of the sum of the series ffo (32, u(t)) dt and take into
account that the sum of the series is a function S(¢), then this integral will
take the form f; S(t)dt. But by virtue of the corollary, it is equal to the

sum of the series Y o, fxxo ug(t) dt. Thus, we obtain the following equality:

/ x(iw(t)) i=3 / "t dt. (9)
o k=1 k=1 v "o

This equality means that the sign of the integral can be taken out of
the sign of an infinite sum (or moved under its sign) if the series converges
uniformly. Note that in the case of a finite sum, this property immediately
follows from the additivity property of a definite integral with respect to the
integrand.

Relation (9) allows, in some cases, to simplify finding the integral of the
sum of the series (the left-hand side of equality (9)) if it is easier to integrate
the terms of the initial series at first and then find the sum of the resulting
series. Sometimes relation (9) simplifies finding the sum of a series consisting
of integrals (the right-hand side of (9)) if it is easier to find the sum of a series
containing integrands, and then integrate the found sum.

Proof of the corollary
on the integration of a functional series \3.14A/08:28 (04:38) \

By definition, the function S(z) is the limit of a sequence of partial sums
Sp(x) = > p_jug(z). The uniform convergence of the series means that
the sequence {S,(x)} converges to S(z) uniformly on [a,b]. In addition,
the partial sums of S, (x) are continuous on [a, b] as finite sums of continuous
functions and, by the corollary of the theorem on the continuity of the uniform
limit, the function S(z) is also continuous.

Then the sequence of partial sums o,(z) = >/ _; f;} ug(t) dt can be trans-
formed as follows, using the additivity property of a definite integral with
respect to the integrand:

an(x)zzi:/:uk(odt:/:(zi:uk(t)) dt:/:Sn(t)dt. (10)

Since the sequence {S,(x)} satisfies all the conditions of the theorem on
integrating a uniformly converging functional sequence, we obtain that the

sequence { f;; Sn(t) dt} is also uniformly convergent on [a,b] and its limit


https://www.youtube.com/watch?v=lkbV5-3O7Ps&t=08m28s
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is equal to the function f; S(t)dt. Then the same is true for the sequence
{on(x)} from the left-hand side of equality (10).

Thus, we have proved that the sequence of partial sums
on(x) = Yy f;; ug(t) dt converges uniformly on [a,b] to the function
[, S(t)dt. By definition, this means that the series 7.2, [ uy(t) dt
converges uniformly on [a, b] to the same function. O

Differentiation of functional sequences and series

Formulation of the theorem on the differentiation
of a functional sequence \3. 14A/13:06 (06:39) \

THEOREM <ON DIFFERENTIATION OF A FUNCTIONAL SEQUENCE).

Let the functional sequence {f,(z)} contain continuously differentiable
functions on [a, b].

Let the sequence of derivatives of these functions {f/(z)} converge uni-
formly on [a, b] to some function ¢(z).

Suppose, in addition, that there exists a point zy € [a,b] such that the
numerical sequence { f,,(xg)} converges to some number fj.

Then the functional sequence { f,,(x)} converges uniformly on the segment
[a,b] to the function f(z), the function f(z) is continuously differentiable
on [a, b], and the equality holds:

fi(z) = o(z). (11)
REMARK.
The result of the theorem can be reformulated in terms of reversing the
limit operation and the differentiation operation:

(lm fu(e)) = /() = o) = lim fi ()

n—oo

Such a transformation is valid only if the sequence {f/(z)} is uniformly
convergent.

Proof of the theorem on the differentiation
of a functional sequence 13.14A/19:45 (07:29) |

Since, by condition, the sequence { f/ (z)} converges uniformly to the func-
tion ¢(x) and the functions f/(z) are continuous, we can apply the theorem
on the integration of a uniformly converging functional sequence and obtain,
as a result, the following limit relation:


https://www.youtube.com/watch?v=lkbV5-3O7Ps&t=13m06s
https://www.youtube.com/watch?v=lkbV5-3O7Ps&t=19m45s
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/ fr(t) dt :; cp(t) dt, n — oo. (12)

Here the point xj is Chosen so that the sequence {f,(z¢)} is convergent
(this point exists by condition).

Using the Newton—Leibniz formula, the left-hand side of the limit rela-
tion (12) can be transformed as follows:

/f D dt = fo(x) — fulzo)

Thus, the limit relation (12) can be rewritten in the form

i () = o)) = [ o0yt (13)

n—oo
0

Moreover, the convergence is uniform on [a, b].
We represent the left-hand side of equality (13) in the form of a difference
of limits:

Since the limit on the left-hand side of (14) exists (and is equal to
f;} ©(t) dt) and, by condition, the second limit on the right-hand side of (14)
also exists (and is equal to fj ), we conclude, due to the arithmetic properties
of the limits, that the first limit on the right-hand side also exists and the
equality holds:

lim fn(x) - nlggo(fn(x) - fn(x())) + nlggo fn(x()) - / Qp(t) dt + fo.

n—o0 Zo

In addition, since the sequence {f,(z) — f.(x¢)} converges uniformly on
[a, b] and the sequence {f,(zo)} is a numerical sequence, we obtain that the
sequence { f,(z)} also converges uniformly on [a, b].

So, we have proved the validity of the following limit relation:

@] [
fule) = [ pt)dt + fo, n— oc.

g

[t remains for us to prove that the limit function f(z) = f;} o(t) dt+ fp is
continuously differentiable on [a, b] and equality (11) holds for it. These facts
follow from the properties of an integral with a variable upper limit. Indeed,
the function ¢(x) is continuous on [a, b] as the uniform limit of the sequence
of continuous functions f](x), therefore, the integral with a variable upper
limit of the function ¢(x) is a continuously differentiable function and its
derivative is equal to the integrand o(x):
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P = ([ owar+p) = pla)+0= o). O

Zo

Formulation of the corollary
on the differentiation of a functional series \3. 14A/27:14 (04:20) \

COROLLARY (ON THE DIFFERENTIATION OF A FUNCTIONAL SERIES).

Let all the terms of the functional series Y/~ ux(x) be continuously dif-
ferentiable functions on the segment |a, b].

Let the series >~ ; uj.(x) converge uniformly on [a, b] to the function o(x).

Suppose that there exists a point xy € [a, b] such that the numerical series
> pe u(zo) converges to some number Sp.

Then the series Y, ur(z) converges uniformly on [a,b] to the function
S(x), the sum S(x) is a continuously differentiable function, and the equality

holds:
S'(z) = o(x). (15)

REMARK.

The result of the corollary can be reformulated in terms of reversing the
operation of infinite summation and the differentiation operation. If we start
with a series Y2, u}(t) containing derivatives and take into account that
the sum of this series is a function o(x), which, by virtue of (15) is equal to
S'(x), 1. e., the derivative of the sum of the series Y, | uy(t), then, omitting
the intermediate transformations, we obtain the following equality:

St = (Su) (16)
k=1 k=1

This equality means that the sign of the derivative can be taken out of the
sign of an infinite sum (or moved under its sign) if the series containing the
derivatives converges uniformly. Note that in the case of a finite sum, this
property immediately follows from the arithmetic properties of derivatives.

Relation (16) allows, in some cases, to simplify finding the sum of a series
containing derivatives (the left-hand side of equality (16)) if it is easier to
find the sum of a series containing the initial functions, and then differentiate
this sum. Sometimes this relation simplifies the differentiation of the sum of
a series (the right-hand side of (16)) if it is easier to differentiate the terms
of the initial series at first and then find the sum of the series containing
derivatives.


https://www.youtube.com/watch?v=lkbV5-3O7Ps&t=27m14s
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Proof of the corollary
on the differentiation of a functional series \3.14A/ 31:34 (06:26) \

By the definition of convergence of a series, the function o(x) is the limit
of a sequence of partial sums o, (z) = >__; u}.(z). The uniform convergence
of the series means that the sequence {o,(x)} converges to o(x) uniformly
on [a, b]. In addition, the partial sums o, (x) are continuous on [a, b] as finite
sums of continuous functions.

If we additionally define a sequence of partial sums for the initial series
Sp(z) = > 1 uk(x), then, firstly, these partial sums will be continuously
differentiable functions on [a, b] as finite sums of continuously differentiable
functions, secondly, the relation S/ (x) = o, (z) will be satisfied, by the arith-
metic properties of derivatives, and thirdly, for a point xy € [a, b], the numer-
ical sequence {5, (xg)} will converge to Sy by condition.

Thus, all the conditions of the theorem on the differentiation of functional
sequences are satisfied for the sequence {S,(x)} (in particular, the sequence
{S](z)} converges uniformly to o(x)). Therefore, the sequence {5, (z)} con-
verges uniformly on [a, b] to a continuously differentiable function S(z) and
relation (15) holds for this function. By the definition of a uniformly converg-
ing functional series, we obtain that the initial series Y~ ux(x) converges
uniformly on [a, b] to the function S(z). O


https://www.youtube.com/watch?v=lkbV5-3O7Ps&t=31m34s
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Power series: definition
and Abel’s theorems on its convergence

Definition of a power series \3. 14A/38:00 (03:19) \
DEFINITION.
A power series is a functional series of the form
(0.@]
> er(m =z (1)
k=0
The point zy € R is called the center of the series (1), the numbers ¢, € R
for kK =0,1,2,... are called the coefficients of the series (1), and x is a vari-
able.

Thus, a power series is a functional series whose terms are power functions.
The partial sums S, () of the power series are polynomials of formal degree n:

Sp(x) = Z cr(x — xo)".
k=0

By changing the variables t =  — ¢ (i. e., by performing a shift by x),
we can transform series (1) to the following form (with the original variable
name x):

o
Z ckxk.
k=0
The properties of a series centered at point 0 and a series of general form (1)
are similar, so, in what follows, we will mainly consider power series centered
at zero.

Formulation of the first Abel theorem \3. 14B/00:00 (04:18) \

THEOREM (THE FIRST ABEL THEOREM ON THE CONVERGENCE OF
A POWER SERIES).

If the power series Y~ cpz” converges at © = xg, then it converges ab-
solutely on the interval (—|xg|, |zo|) and converges uniformly on any segment
[—|zo| + 0, |xo| — d] for § > 0.

k


https://www.youtube.com/watch?v=lkbV5-3O7Ps&t=38m01s
https://www.youtube.com/watch?v=uOH9-hFgtbM&t=00m01s
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Proof of the first Abel theorem 13.14B/04:18 (12:36) |

Since the series > pe, cxxf converges, we obtain, by the necessary condition
for the convergence of a numerical series, that cpzf — 0 as k — oo .
Since the sequence {ckxlg} converges, it is bounded:

IM >0 VkeN |cai| <M. (2)

Using estimate (2), let us transform the expression |c;z*| as follows:

x\Fk x |k x |k
ck(—> :1:’5) = \ckxlg\‘— §M’— :
Lo Lo

kl _ o

%5

Denote g = ’xﬁo| We finally get the estimate
lexa®] < Mg, (3)

Let |z| < |xg|. Then ¢ € (0,1) and therefore the series > p-, M¢* is
convergent. Then, by the comparison criterion for numerical series, the se-
ries > pe, |exz®| also converges. So, we have proved that the initial series
S g ek converges absolutely at x when |z] < |z

Note that we cannot state that the series > p-, |cx2*| is uniformly conver-
gent for |z| < |xo| by the Weierstrass convergence criterion, since the value
of ¢ in the expression Mq* from (3) depends on z and therefore it cannot be
argued that the terms |cp2*| of the functional series are uniformly estimated
by terms of a convergent numerical series. However, the required estimate
can be obtained by reducing the initial interval.

Assume that |z| < |zo| — §. In this case, the expression |ciz®| can be
estimated from above as follows:

|Ck:L'k| _ |CI<:$]8| . ’i’k < M‘Qf() - 5‘k‘
L0 L0

Denote gy = |x°x—;5‘ This value does not depend on x and belongs to

the interval (0,1). Thus, the numerical series >~ Mgl does not depend

on x and converges, therefore, due to the Weierstrass convergence criterion,

it follows from the obtained estimate |cp2*| < Mgl that the functional series

> oo leka®| converges uniformly for |z] < |xg| — §. O

Formulation of the second Abel theorem \3.14B/ 16:54 (04:55) \

THEOREM (THE SECOND ABEL THEOREM ON THE CONVERGENCE OF
A POWER SERIES).

For any power series Y r, cx2”, there exists a value R € [0, +00) U {+o00}
such that the series converges absolutely on the interval (— R, R) and diverges
outside the segment [—R, R].


https://www.youtube.com/watch?v=uOH9-hFgtbM&t=04m18s
https://www.youtube.com/watch?v=uOH9-hFgtbM&t=16m54s
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REMARKS.

1. The number R is called the radius of convergence of the power series
> oo cpx®, the interval (—R, R) is called its interval of convergence. In par-
ticular, if R = 0, then the series converges only for x = 0 and the interval of
convergence reduces to a single point 0. If R = 400, then the series converges
for any values of z € R and the interval of convergence coincides with the
entire real axis.

2. By virtue of the first Abel theorem, uniform convergence of a power se-
ries takes place on any segment [a, b] embedded in the interval of convergence
of this power series.

First stage of the proof \3. 14B/21:49 (14:27) \

We introduce the set of non-negative = such that the series Y -, cpa®

converges at these points: K = {a: >0:Y 7, cpxh converges}. This set is
nonempty, since it includes point 0.

If K = {0}, then the statement of the theorem holds for R = 0.

If K # {0}, then two cases are possible.

1. The set K is bounded from above:

dM >0 Vee K z< M.

Then we take the least upper boundary of the set K as R: R = sup K > 0.
Let x € (0, R). By definition of the least upper bound, we get

Ve>0 daxpe K x9>R—-=.

Let € = R;C. For this value of ¢, we get that there exists zy € K such

that o > R — % = % > x. Since xg € K, the series converges at the
point zy and we obtain, according to the first Abel theorem, that the series
converges absolutely on the interval (—zg, ) and therefore at the point z
because 0 < x < (. Since the choice of x € (0, R) is arbitrary, we conclude
that the series converges absolutely on the interval (—R, R).

Now let z > R. If we assume that the series converges at the point x, then
this will contradict the definition of the least upper boundary R, since, for
any point 2’ > 0 at which the series converges, the estimate 2/ < R should
be true. Therefore, the series diverges at any point x > R.

If we consider x < —R and assume that the series converges at x, then,
by the first Abel theorem, the series will converge absolutely at any point 2’
between x and —R and therefore at any point 2" = |2/| € (R, |z|). But we
have already established that the series cannot converge at the point z”” > R.

This means that the series diverges at any point z < —R.


https://www.youtube.com/watch?v=uOH9-hFgtbM&t=21m49s
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So, we have proved the theorem for the case when the set K is bounded
from above.

Second stage of the proof \3.14B/36:16 (04:58) \

2. It remains to consider the case when the set K is not bounded from
above:

VM >0 dzpe K x> M. (4)

Let x > 0. Then, for this value of x, by virtue of (4), there exists a point
xo € K such that the estimate xy > x holds. Since xy € K, the series
converges at the point xy. Therefore, by the first Abel theorem, the series
converges absolutely at the points 2’ when |2/| < zy and therefore at the
chosen point x, as well as at the point —x. Since the choice of the point x is
arbitrary, we conclude that the series converges at all points of the real axis;
therefore, we can take +oo as R. [

REMARK.

The second Abel theorem can be obviously generalized to the case of
power series of the form Y ;_,ck(z — x0)*, where 2y # 0. In this case,
there also exists a radius of convergence R, and the interval of convergence
is (xg — R, zo+ R). This interval of convergence reduces to a single point xg
when R = 0 and coincides with the entire real axis when R = +o0.

After the existence of the radius of convergence R of a power series is
established, we can ask a natural question about how to find this radius. It
turns out that there exists a formula that allows us to determine the value
of the radius of convergence from the coefficients ¢; of a given power series.
However, in order to give this formula, we need to introduce additional con-
cepts related to the sequence limit. The following section is devoted to the
description of these concepts.

Limit inferior and limit superior of a sequence

Partial limits of a sequence \3.14B/41 :14 (05:05) \

From the previously considered properties of subsequences (the Bolzano—
Weierstrass theorem and its corollary given in [1, Ch. 7]), it follows that any
sequence contains a subsequence having a finite or infinite limit. Moreover, if
the initial sequence converges, then all its subsequences converge to the same
limit. If the sequence is not convergent but it is bounded, then a convergent


https://www.youtube.com/watch?v=uOH9-hFgtbM&t=36m16s
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subsequence can be extracted from it. Finally, if a sequence is unbounded,
then a subsequence having an infinite limit can be extracted from it.

So, for any sequence, the set of its subsequences having a finite or infinite
limit is nonempty. Let us define the set K({z,}) of limits of such subse-
quences for the sequence {z,}:

K({z,}) = {x € RU {400, —0c0}: 3 {z,,} kh_)Iilol'nk = ::/;}

For any sequence {z,}, we have K ({z,}) # @.

Elements of the set K({x,}) are called the partial limits of the se-
quence {x,}.

If the sequence {x,} converges to the limit A, then the set K ({z,}) con-
sists of a single element A. For example, K ({+}) = {0}.

When studying sequences, we gave examples of sequences that have no
limit: a, = (—1)" and b, = n{™Y". The elements of the first sequence take
alternating values —1 and 1, and the elements of the second sequence take
values 1, 2, 1/3, 4, 1/5, 6, ..., i. e., elements with odd indices approach 0
and elements with even indices approach +o0o. Thus, K({a,}) = {—1,1},
K({b,}) = {0, +o0}.

Note that one can construct examples of sequences {z,,} such that the set
K ({z,}) contains an infinite number of elements.

Limit superior and limit inferior
of a sequence (3.154/00:00 (08:30)]

DEFINITION.

The limit superior of the sequence {z,} (the notation lim, . x,) is
sup K ({x,}) if the set K ({x,}) is bounded from above. If the set K ({x,}) is
not bounded from above (in particular, if it contains the element +o00), then
the limit superior is equal to +oc.

The limit inferior of the sequence {x,} (the notation lim, , _x,) is called

inf K({z,}) if the set K({z,}) is bounded from below. If the set K ({z,}) is
not bounded from below (in particular, if it contains the element —o0), then
the limit inferior is equal to —oo.

Limit superior and limit inferior exist for all sequences and coincide if and
only if the sequence has a finite limit or an infinite limit 400 or —o0o; in this
case, the usual limit, limit superior, and limit inferior are the same.


https://www.youtube.com/watch?v=gvKZiJVjOhE&t=00m01s
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Cauchy—-Hadamard formula for the radius
of convergence of a power series

Formulation of the Cauchy—-Hadamard
theorem 13.154/08:30 (04:04) |

THEOREM (CAUCHY-HADAMARD THEOREM ON THE RADIUS OF CON-
VERGENCE OF A POWER SERIES).

The radius R of convergence of the power series >~ ¢,z" can be found
by the formula

1 S
R=—, a=lim {/|c,| (5)
«

n—0o0
It is assumed that R = 0 if @« = +00 and R = 400 if @ = 0. Formula (5)
is called the Cauchy—Hadamard formula.
REMARK.
In formula (5), the coeflicients ¢, are considered starting from n = 1, since
a root of degree zero is not defined.

Proof of the Cauchy—Hadamard theorem \3.15A/12:34 (13:25) \

We give a proof for the special case when the sequence {|c,|} has a usual
limit (finite or infinite). The proof for the general case is given, for example,
in [4, Ch. 11, Sec. 380].

So, suppose the sequence {|c,|} has a limit «:

lim /]ca| = @ € RU{+00}. (6)
n—0o0

Let us consider three cases.

. 0 < a < 4o00. In this case, formula (5) does not require special
interpretations.

We want to prove two facts: if |z| < R, then the initial series Y >° , ¢ 2"
converges, if |z| > R, then the initial series diverges.

We choose some point zy and consider the numerical series >~ | |c,z{]
denoting its common term by a,: a, = |c,z(|.

To study the convergence of this series, we use the limit Cauchy test.
Recall its formulation: if there exists a limit lim,,_,~ {/a, = ¢ for the series
> | an, then the series converges if ¢ < 1 and diverges if ¢ > 1.

Let us find the value of ¢, provided that a, = |c,z{| and the limit rela-
tion (6) holds:

g = lim {/|e 2| = lim |zo|/]cn] = |2o| lim /]cn| = |zo| o
n—oo n—0o0

n—oo


https://www.youtube.com/watch?v=gvKZiJVjOhE&t=08m30s
https://www.youtube.com/watch?v=gvKZiJVjOhE&t=12m34s
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Thus, ¢ = |zo| . Therefore, if |zg| < R, i.e., |zg| < %, then ¢ = |zg|a < 1
and, by the limit Cauchy test, the series Y, [c,z{] converges If |zo| > R,
then ¢ = |zg| @ > 1 and, by the same test, the series Y |c,xf| diverges.

Thus, the value R = é is the radius of convergence of the series
> |enxl], and the same result is true for the initial series >~ ¢, (), since,
according to the second Abel theorem, the power series converges absolutely
on the convergence interval.

2. a = 0. We show that in this case R = 400, i. e., the initial series
converges at any point x € R.

We choose some point xg € R, consider the numerical series > |c,xf],
and find the value ¢ for it:

q= hrn v/ |enal| = hrn lxo| A/ |cn| = |0 hrn en| = 0.

Thus, ¢ = O < 1 and, by the limit Cauchy test, the series Y > |c,zf]
converges for any point xp € R. So, the initial series >~ c,x( converges
absolutely for any point g € R and therefore R = +o0.

3. a = 400. We show that in this case R = 0, i. e., the initial series
diverges at any point x # 0.

We choose some point xy # 0, consider the numerical series Y~ |c 2],
and find the value ¢ for it:

q= hm V/|enal| = hm |zo| v/ |cn] = |0 hm V |en| = +oo.

Taking 1nto account the remark on the hmlt Cauchy test in the case
q = +00, we obtain that the series > 7 | |e,zf| diverges for any point zy # 0.
So, the initial series >~ ¢,zf also diverges for any point zy # 0 and there-
fore R =10. [J

Examples of application
of the Cauchy—Hadamard formula \3. 15A/25:59 (09:37) \

1. Consider the power series >~ L. In this case, ¢, = =. Since

lim,, ’\’/g = 1 (see the convergence theorem for the sequence {:/n} in

|1, Ch.5]), we obtain that @« = 1, R = 1. Therefore, this series converges
absolutely for |z| < 1 and diverges for |z| > 1.

Let us analyze the convergence of this series for |z| = 1. In the case of
x =1, we get the harmonic series > -, %, which is divergent. In the case of
r = —1, we get a convergent alternating series Ziil %
Thus, the domain of convergence of the power series y -, % is the half-

interval [—1,1).


https://www.youtube.com/watch?v=gvKZiJVjOhE&t=25m59s
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2. Consider the power series »_°, £—. In this case, the sequence {¢,} is
not convergent. Indeed, let us write out the initial terms of this series:

4 6

OOSU
Z%:_+Z+E+

n=1

We obtain that the coefﬁcient c1 (i. e., the coefficient of the first power
of x) is 0, the coefficient o 1S , the Coefﬁaent c3 is 0, and so on. The formula
for the coefficients ¢,, takes the form

1
—, n =2k,
Cn: n

0, n=2k—1, k=1,2,...

Therefore, the sequence {(L/cn} contains the following elements:

{Ven} = {0,\}5,0,;1,0, \}6}

This sequence has no limit, since there exist an infinite number of elements
of this sequence in any neighborhood of points 0 and 1. We can also say that
the sequence {\/a } has two partial limits: 0 and 1.

However, according to the general Cauchy-Hadamard formula, we can
determine the radius of convergence of a power series if we find the limit
superior of the sequence {W}a which always exists. In our case, the limit
superior is 1; it is the limit of a subsequence containing elements with even

indices:

— 1
lim /¢, = lim = 1.

n—o00 k—oo X 2k

Therefore, by the Cauchy—Hadamard theorem, the radius of convergence
of the series >~ | %~

Note that this series diverges at both endpoints of the convergence interval
(—1,1), since, for the value x = 1 and for the value x = —1, we get the same
series >~ %, which differs from the harmonic series only by the factor %

REMARK.

The Cauchy—Hadamard formula can also be used to find the radius of
convergence R of power series of the form >} cx(z — )¥, where xq # 0,
since the radius of convergence is determined by the coefficients ¢; only and
does not depend on the center xg.

is equal to 1.
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Properties of power series

Continuity of the sum of a power series \3. 15A/35:36 (08:26) \

In all the theorems of this section, we consider the power series

n
Z CkZUk. (7>
k=0

We assume that series (7) has a radius of convergence R > 0 (the case
R = +o0 is also allowed). We denote the sum of this series by S(z). This
sum is defined for all x € (=R, R).

REMARK.

All the results obtained in this section remain valid for power series of the
form >p_, cx(z—x0)*, where 2y # 0. Recall that the convergence interval has
the form (zg — R, xy + R) for such series, where the radius of convergence R
can be found by the Cauchy—Hadamard formula.

THEOREM 1 (ON THE CONTINUITY OF THE SUM OF A POWER SERIES).

The function S(z) is continuous on the convergence interval (—R, R).

PROOF.

Let zyp € (=R, R). Choose a segment [—R + ¢, R — £] containing the
point z( and nested in the convergence interval (—R, R):

rg € [—R+¢e,R—¢] C (—R,R).

As e, we can take . In the case R = +00, we can consider an arbitrary
segment of the real axis containing the point x.

Using the first and second Abel theorems, we obtain that series (7) con-
verges uniformly on the segment [—R + ¢, R — ¢]. In addition, the general
term of the series (7) has the form cza* and therefore is a continuous func-
tion. These two facts imply, by virtue of the theorem on the continuity of

R—|xo|
2

the uniform limit, that the limit function S(x) is continuous on the segment
[—R + €, R — ¢]; therefore, it is continuous at the point xy belonging to this
segment.

Since the point g € (—R, R) was chosen arbitrarily, we obtain that the
function S(z) is continuous on the entire convergence interval (—R, R). O

Integration of a power series 13.15B/00:00 (13:22)|

THEOREM 2 (ON THE INTEGRATION OF A POWER SERIES).
Series (7) can be term-by-term integrated on any segment nested in the
convergence interval (—R, R), i. e., to find the integral of the sum S(x) of


https://www.youtube.com/watch?v=gvKZiJVjOhE&t=35m36s
https://www.youtube.com/watch?v=JzgBm_z7OqI&t=00m01s
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series (7), it suffices to find the sum of the series whose terms are the integrals
of the terms of the initial series. Moreover, the radius of convergence of the
integrated series coincides with the radius of convergence of the initial series.

PROOF.

First, we prove that the radius of convergence R’ of the integrated series
is equal to the radius of convergence R of the initial series (7).

Let || < R. For definiteness, we will perform integration from 0 to .

Consider the following series obtained by term-by-term integration of se-
ries (7):

00 T 00
Ck  k+1 €1 2, © 3
thdt = = — =
Z/o Ck Zk+1x cox—l—Qaz—i—S.r—i-
k=0 k=0
Cr—1

Denote by dj, the coefficient of z* in the resulting series: dj, = Ck .
To find the radius of convergence R’ of the integrated power series, we use
the Cauchy—Hadamard formula:

1 1 1. n n— 1._77/ (6.9] \ n—
— — lim n/‘dn‘ — lim ‘C 1‘ - My — V ‘C 1‘.

/ - ; ,
R n—00 n—00 n hm,Hoo C/ﬁ

In the denominator, we indicated the usual limit, since the sequence {/n}
is convergent. The limit of this sequence is 1. We transform the numerator

as follows:
—_ —_— 1 n-—1 —_ nT_l
lim /|c,—1| = lim |¢pq]77 7 = lim ("_\1/ ]cn_ll) :
n—00 n—00 n—00

By the Cauchy Hadamard formula, we get lim, o "3/|ca_1] = %, the
limit of the exponent ”T_l, as n — 00, is 1. Thus, the limit of the numerator
is ]1—% and finally we get

1 1
= lim {/ dn\:E-

n—oo

So, we have proved that the radii of convergence R’ and R coincide.
To complete the proof of the theorem, it remains for us to prove that the
sign of the integral can be moved under the sign of an infinite sum:

xS(t)dt:/I ooct’“ dt = oo/Iczt"ﬂdt.
/ , (Zer) =32

This formula is valid by virtue of the corollary on the integration of a uni-
formly converging functional series, since all conditions of this corollary are
fulfilled: the initial series (7) converges uniformly on the segment [0, 2] nested
in the convergence interval (—R, R) and, in addition, all terms of the initial
series (7) are continuous functions on this segment. [
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Differentiation of a power series \3. 15B/13:22 (12:46) \

Now we turn to the differentiation operation and consider the series ob-
tained by term-by-term differentiation of the initial series (7):

Z(ckxk)’ = Z ket (8)
k=0 k=1

In this case, the summation starts with & = 1, since when differentiat-
ing the first term ¢y, which does not depend on x, we get 0. If dj is the
coefficient for the degree ¥ of the differentiated series, then it follows from
formula (8) that dy_1 = kcy, whence dp = (k4 1)cgo1. Let us find the radius
of convergence R’ of the power series (8) by the Cauchy-Hadamard formula:

7 = VIl = T (Do) =
n+l n+l
- m(nw/rﬂ) " m(nwmm) " 9)
n—o0 n—o0

The first limit on the right-hand side of (9) is 1, since both the limit
of the base "%/n + 1 and the limit of the exponent ”TH are 1 as n — oo.
For the second limit, we obtain that the exponent ”TH approaches 1 and
lim, oo "V |Cns1] = % by the Cauchy-Hadamard formula, where R is the
radius of convergence of the initial series (7). Thus, the right-hand side of
equality (9) approaches %.

So, we have proved that & = %. This means that series (8) obtained by
formal differentiation of the terms of the initial series (7) has the same radius
of convergence as the initial series.

THEOREM 3 (ON THE DIFFERENTIATION OF A POWER SERIES).

Series (7) can be term-by-term differentiated at any point in the conver-
gence interval (—R, R), i. e., to find the derivative of the sum S(x) of the
series (7), it suffices to find the sum of the series whose members are the
derivatives of the terms of the initial series. Moreover, the radius of conver-
gence of the differentiated series coincides with the radius of convergence of
the initial series.

PROOF.

We have already proved the statement about the coincidence of the con-
vergence radii.

It remains to prove that the sign of differentiation can be moved under the
sign of an infinite sum:


https://www.youtube.com/watch?v=JzgBm_z7OqI&t=13m22s
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(0.0} o0 0.}
S'(z) = (Z ckxk), = Z (ckxk)l = Z kepr® 1
k=0 k=0 k=1

This statement is true by virtue of the corollary on the differentiation
of the functional series, since all conditions of this corollary are fulfilled: the
formally differentiated series (8) uniformly converges on any segment nested in
the convergence interval (—R, R), all the terms of the series (8) are continuous
functions, and the initial series (7) also converges uniformly on this segment
(note that, in the indicated corollary, it was only required that the initial
series converge at one point). [J

After differentiating the series (8) composed of differentiated members
of the initial series (7) we obtain a power series with the same radius of
convergence. The sum of this series will be the second derivative S”(x) of the
sum of the initial series. Such a process can be continued infinitely. Therefore,
the following statement holds.

COROLLARY (ON THE INFINITE DIFFERENTIABILITY OF A POWER SE-
RIES).

The sum S(z) of power series (7) is an infinitely differentiable function
on the convergence interval; to find its derivative of order m, it is enough to
find the sum of the series obtained from the initial series by differentiating
its terms the required number of times:

St (z) = (i ck$k> " = i(ckxk)(m).



18. Taylor series

Real analytic functions and their
expansions into Taylor series 13.15B/26:08 (13:22) |

DEFINITION.

A function f is called a real analytic function on the interval (zg— R, 2o+ R)
if it can be expanded on this interval into a convergent power series centered
at xp:

o0
flz) =Y erlw — o) (1)
k=0

From representation (1), using the theorem on differentiation of a power
series and the corollary on infinite differentiability of a power series, we
obtain that the analytic function is infinitely differentiable on the interval
(CIZO — R, xg+ R)

Let us express the coefficients ¢, of the series (1) in terms of the values of
the function f and its derivatives.

If we substitute the value o = x( in relation (1), then in this case all terms
vanish except the term for k = 0, therefore relation (1) with = = z( will take
the form

f(zo) = co.

So, the coefficient ¢ is equal to the value of the function f at the point x.

From the theorem on differentiation of a power series it follows that the
derivative of the function f(z) at any point = € (xo— R, 9+ R) can be found
by means of the term-by-term differentiation of the power series (1):

Py = (D ente o)) = 3 keslr — 2 =
k=0 k=1
= ¢ + 2c9(x — ) + 3e3(x — 20)* + . .. @)

Substituting the value x = x; into relation (2), we obtain the following
equality:

f(xo) = c1.


https://www.youtube.com/watch?v=JzgBm_z7OqI&t=26m08s
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Thus, the coefficient ¢; is equal to the value of the first derivative of the
function f at the point xg.

Differentiating equality (2), we obtain the relation defining the second
derivative of the function f in the form of a power series:

Fl(@) =" klk — Dep(z — )2 =
k=2

=209 +3-2c3(x — xg) + 4 - 3eq(x — 30)* + ... (3)
Let us substitute the value x = zy in relation (3):
f”(.on) = 202.

Thus, ¢y = fﬁ(;”).
Now we obtain a representation of the third derivative of the function f

in the form of a power series:

" (x) = Z k(k—1)(k —2)ck(x — xo)k—?, _
k=3

=3-2c3+4-3-2c4(w —x0) +5-4-3cs(x — 30)* + ... (4)
Substitute the value © = xy in relation (4):

f”/(.fC()) =3 263.

In this case, the factorial appears in the denominator of the coefficient c3

"
representation: cs3 = [ (o),

3!
: : (k) . :
It is easy to verify that a formula of the form % remains valid for any

coefficient ¢;. Moreover, it will also be true for the initial coefficient of the
series, since the function f is considered to be the derivative f(© and the
value 0! is considered equal to 1.

Let us formulate the obtained results as a theorem.

THEOREM (ON THE PROPERTIES OF A REAL ANALYTIC FUNCTION).

If the function f is a real analytic function on the interval (zg— R, 2o+ R),
then it is infinitely differentiable on this interval and is expanded on this
interval into the power series with coefficients that are determined by the
values of the function f and its derivatives at the point x( as follows:

f(k)(iﬁo)
kN
Substituting the found values of the coefficients ¢ into relation (1), we get
the equality that holds for all z € (xg — R, ¢ + R):

Cr = kE=0,1,2,...
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£ (2,
fy = S 0 gy )
k=0 ’

The series on the right-hand side of equality (5) is called the Taylor series
of the function f.

In contrast to the expansion of functions considered earlier by Taylor’s
formula (see [1, Ch.22]), the sum in (5) includes an infinite number of terms
but there is no remainder term.

A special case of the Taylor series is a series centered at the point xy = 0
and converging on the interval (—R, R):

> fk)
fy =3 T 0
k=0

Real analytic functions and the property
of infinite differentiability

An example of an infinitely differentiable function
that does not expand into a Taylor series \3. 16A/00:00 (15:20) \

If a function is expanded into a Taylor series on a certain interval, then,
by virtue of the properties of power series, it is infinitely differentiable on this
interval. The converse is not true.

Consider the function f(z) = 37 defined on the set R \ {0} and define
1t as 0 at zero: )
e 2, x#0,

f(x){ 0, x=0.

This function is infinitely differentiable at any point x # 0 as a superposi-
tion of infinitely differentiable elementary functions. Let us show that it has
the same property at zero. First of all, we prove its continuity at this point.
To do this, we find the limit of the function f(x) as z — 0:

lim f(x) = lim e = lime " =0.
z—0 x—0 t—00

When calculating the limit, we made the variable change t = % Note that
the notation t — oo for real numbers ¢ means that the parameter ¢ can take
values that infinitely approach both —oo and +o00. However, in any case, the
value —t? approaches —oo and so we obtain a limit equal to 0. Thus, the
limit of the function at zero coincides with its value at this point; this means
that the function f is continuous at the point 0.


https://www.youtube.com/watch?v=jM7_Gc7vThE&t=00m01s
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Now we show that the function f is differentiable at the point 0 and its
derivative f’ is continuous at the given point.

To find the derivative of the function f at the point x # 0, it suffices to
use the theorem on the derivative of the superposition and formulas for the
derivatives of the corresponding elementary functions:

1 L 2
f@)= (=) ==, x40 (6)
To find f/(0), we need to use the definition of the derivative:
_ _3%2 —t? t
£00) = tim 2 =IO e £ —lim— =0
2—0 €T =0 t—oo = t—oo el

t
The limit is 0, since the exponential function e!’ grows at infinity faster
than any power function including the linear function ¢.

We proved that the function f is differentiable at the point 0 and its
derivative at this point is 0. It remains to show that the function f’ is
continuous at the point 0. To do this, we find the limit f'(z) as  — 0 using

the previously obtained formula (6):

. . 2e a? .2
i @) = Ty == = Jim = =0,
In this case, we again used the fact that the exponential function grows at
infinity faster than any power function.
So, we have proved that the function is continuously differentiable at the
point 0 and f'(0) = 0.
To study the second derivative of the function f, we need to investigate
the first derivative of the function f’, for which we already have the following

representation:

2
= ¢ w0
0, x = 0.
At all points except the point 0, the second derivative can be found by
differentiation formulas:

" a2y L 2\2 _1 6 174 6
= () = () +* () = ()

Thus, the derivative f”(x) can be represented as e_w%Pﬁ(%), where Fg(t)
is a polynomial of degree 6. It follows from this representation that the limit
f"(x) as x — 0 is 0:

1 1 P
lim f"(x) = lim e” 22 Pg (—) = lim (1) _ 0.

x—0 z—0 T tooo  el?
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At the point 0, the second derivative also exists and is equal to zero:

/ . / 0 2e z2 2 _z2 2_[:4
f"(0) = lim L8 = SO TE g, 2 — = lim = =0.
z—0 x z—0 T =0 t—oo et

Using the method of mathematical induction, we can prove for the func-
tion f that its derivative of any order k is representable for 7 0 in the form
f¥(z) = P(%)e_x%, where P(t) is some polynomial. Using this representa-
tion and finding limits similar to those given above, we can prove that, at the
point 0, there exist derivatives of f of any order that are equal to zero.

So, the function f is infinitely differentiable on the set R, and all its
derivatives at the point 0 are equal to zero. If the function f were expanded
into a Taylor series in a certain interval (—R, R) with a center at the point
xo = 0, then this would mean that the function f is identically equal to zero

on this interval:

= f®(0 .0

=3 = et =
k=0
But from the definition of the function f, it follows that it is nonzero

at any point x # 0. The obtained contradiction means that the function f
does not expand into a Taylor series in a neighborhood of zero, i. e., it is
not a real analytic function in this neighborhood. Note that the function f
expands into a Taylor series in a neighborhood of any point x # 0.

We have shown that there exist infinitely differentiable functions that can-
not be expanded into a Taylor series.

Additional remarks on the properties
of the considered function \3. 16A/15:20 (03:39) \

The reason for the “bad” behavior of the function e+ in a neighborhood

of the point 0 becomes more clear if we consider this function not on the real
axis but on a complex plane consisting of numbers of the form z = z + 4y,
where z,y € R and 7 is the imaginary unit for which the relation > = —1
holds. We do not even need to specify how the function e* behaves for complex
numbers. It is enough to note that if we consider the numbers z = iy, where
y € R, and find the limit as y — 0, then7 for the function f(z), we get

1 1
lime @? =lime* = lim e = 400.
y—0 y—0 t—00

Therefore, the point 0 on the complex plane is a singular point for the
1
function e =2. This circumstance is the reason that in a neighborhood of zero


https://www.youtube.com/watch?v=jM7_Gc7vThE&t=15m20s
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this function does not expand into a Taylor series neither on the complex
plane, nor on the real axis.

Sufficient condition for the existence of a Taylor series.
Expansions of exponent, sine, and cosine

into a Taylor series

Relationship between the existence of a Taylor series

and the behavior of the remainder term
of Taylor’s formula \3.16A/18:59 (06:28) \

Suppose that the function f is infinitely differentiable in a neighborhood of
the point xy. Then, for the function f, Taylor’s formula holds for any n € N
(see |1, Ch.22]):

npk) (o
) = > T e =)t (. ).
k=0 '

Here r,(z¢, ) is the remainder term of Taylor’s formula. Recall the repre-
sentation of the remainder term in the Lagrange form. In this representation,
the point £ appears; this is some point located between zy and z:

F(E)
(n+1)!
We rewrite Taylor’s formula in the following form:

n ) (2
ro(xo, ) = f(x) — Z fk—(')(gs — a:o)k.
k=0

If the remainder term vanishes as n — oo for all  from some neighborhood
of the point x(, then the limit of the right-hand side of the equality also exists
and is equal to 0, 1. e., there exists a limit of partial sums > _, f(k;(!x‘)) (z—x0)*
as n — oo and this limit is f(x).

But the limit of partial sums, by definition, is the sum of the power series

0 %(aj—xo)k . Thus, in this case, the function f expands into a Taylor

series in some neighborhood of the point z:
= FR) ()
fla) =3 = )
k=0

Therefore, if we succeed in formulating the condition under which the

(z — )" (7)

ro(xo, ) =

remainder term of Taylor’s formula vanishes as n — 0o on some interval,
then this condition will be sufficient for the function to expand into a Taylor
series on this interval.


https://www.youtube.com/watch?v=jM7_Gc7vThE&t=18m59s
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Sufficient condition for the existence
of a Taylor series \3. 16A/25:27 (08:54) \

THEOREM (ON A SUFFICIENT CONDITION FOR THE EXISTENCE OF
A TAYLOR SERIES).

Let the function f be infinitely differentiable on the interval (xo— R, 2o+ R)
and let the condition for uniform boundedness of the derivatives of the func-
tion f of all orders on this interval be fulfilled:

IM >0 VYkeN Vze(zg—Rzo+R) |fF(z) <M. (8)

Then the function f expands into a Taylor series on the interval
(560 - R, Ty + R)

REMARK.

It follows from this theorem that the function e ** considered in the pre-
vious example does not satisfy condition (8) in a neighborhood of the point 0,
since if it satisfies this condition, then it would expand into a Taylor series
in this neighborhood, but we proved that this is not true. Therefore, it can
be stated that, for any interval (—R, R), the set of all derivatives of a given
function is not bounded, i. e., for any value M > 0, there exists a point
z € (—R,R) and an order of derivative k such that the value |f®(2)| is
greater than M.

PROOF.

We show that, under condition (8), the remainder term of the Taylor
formula r,, (g, ) vanishes as n — oo for all z € (xg — R, xo + R). As noted
above, this ensures the existence of a Taylor series for the function f on
a given interval.

If z € (xg — R,z + R), then using the representation of the remainder
term in the Lagrange form (7) and condition (8), we obtain the following
estimate for r, (g, x):

(n+1) n+1
patan, )] = e — et < 2 9

In this estimate, we took into account that the point £ is located between x
and x and therefore also belongs to the interval (zg — R, o + R).

The right-hand side of estimate (9) does not depend on x and vanishes
as n — 00, since the factorial (n + 1)! grows faster than any exponential
function R"™ (see the theorem on the convergence of the sequence {%}
in [1, Ch.5]). Thus, we have proved that lim, ,., 7,(zg,x) = 0 for any
x € (rg — R,xo + R); therefore, the function f expands into a Taylor series

on the interval (xg — R, zo + R). O


https://www.youtube.com/watch?v=jM7_Gc7vThE&t=25m27s
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Taylor series expansion
of exponent, sine, and cosine \3.16A/34:21 (09:28) \

1. Consider the function e” in some neighborhood of the point O:
r € (—R,R), R > 0. This is an infinitely differentiable function, and its
derivatives of any order coincide with the initial function:

(e")®) =¢*, keN.

Therefore, all derivatives are uniformly estimated by the value e
interval (—R, R):
()] = le7| < e
Thus, all the conditions of the previous theorem are satisfied; therefore, the
function e* expands into a Taylor series on the interval (— R, R). Given Tay-

lor’s formula centered at point 0 for the function e”, we obtain the following
expansion of this function into a Taylor series:

00 Zl?k
k=0

Since the value R > 0 can be chosen arbitrarily, the expansion (10) is
valid for any point z € R. Consequently, the radius of convergence of this
power series is +00 (note that this result can also be obtained by the Cauchy—
Hadamard formula).

2. Consider the functions sinz and cosz in some neighborhood of the
point 0: x € (=R, R), R > 0. These are infinitely differentiable functions,
and the following formulas are valid for their derivatives of any order:

R on the

kT

k
(sinx)®) = sin(x + 7), (cosz)®) = cos(a: + g), ke N.
All derivatives of these functions are estimated by 1 for any x € R:
k k
|(sinz)®| = ‘sin(x—i—g)‘ <1, |(cosz)®|= ‘cos(x—l—%)‘ <1.

By the previous theorem, the functions sinz and cosz expand in the
Taylor series on the interval (— R, R) for any R > 0. Given Taylor’s formulas
centered at point 0 for the functions sinx and cos x, we obtain the following
expansions:

_ B o0 (_l)kxzkﬂ B o (—l)kx%
Slnx—ZW, COSLU—Z(Q—]{)!
k=0 k=0

These expansions are valid for any point x € R, the radius of convergence
of the obtained power series is +00.


https://www.youtube.com/watch?v=jM7_Gc7vThE&t=34m21s

206 M. E. Abramyan. Lectures on integral calculus and series theory

Taylor series expansion
of a power function [3.16B/00:00 (04:25)]

When considering Taylor’s formula for a power function of the form
(1 + 2)* a € R, we noted that Taylor’s formula for this function is de-
fined only for |x| < 1. It is natural to expect that a similar restriction will
occur for the expansion of this function into a Taylor series. Terms of the
series can be obtained from the corresponding Taylor’s formula:

ala—1) 5, ala—1)(a—2) 4 B
5 "+ 3l 4=

_ i O‘_kJrl)x’f. (11)

1+ ax+

THEOREM (ON THE EXPANSION OF A POWER FUNCTION INTO A TAY-
LOR SERIES).

The power function (1 + z)® expands into the Taylor series (11) on the
interval (—1,1):

(14 2)° i O‘_k+ D (12)
k=1

PROOF®,

First, we investigate the convergence of series (11) for a fixed value of .
To do this, we use the limit D’Alembert test. Denote the common term
of the series by a; = %x and find the limit llmkﬁoo‘“’““‘ under
the assumption that ay # 0 for all & € N (note that the situation a; = 0 is
possible only for a € N; in this case, the Taylor series turns into a polynomial

of finite degree «)

‘akH’ ...(a—k)xk“-k! ‘ B
k—>oo _k:—>oo k+D!a...(a—k+1)xk B
o=k
hm ] x| = |x|.

Thus, accordmg to the limit d’Alembert test, series (11) converges for
|z| < 1 and diverges for |z| > 1.

To prove that the series (11) converges to the function (1+z)* for |z| < 1,
it suffices to show that, for these values of x, we have the limit relation
lim,, o0 70 (20, ) = 0, where r,(xg,z) is the remainder term in the corre-
sponding Taylor’s formula with n terms.

5There is no proof of this theorem in video lectures.


https://www.youtube.com/watch?v=8Js_Dl29pX0&t=00m01s
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We use the representation of the remainder term in the Cauchy form:

O (zo + 0(x — 20)) (1 — 6)"

n!

(20, ) = (z — )"

Here 6 is some value lying in the range from 0 to 1.
For the function f(z) = (1 + x)®, in the case o = 0, we get
a... (a—n)(1+0x) "1 —-09)"

T’n(o,ﬂf) - nl xTH—l -

(1-06)"

X (am(l + H:z:)o‘l) 02

(13)

The expression b, (z) = (O‘_l)"'(o‘rzl_(n_l))x” is a common term of the se-

ries (11) corresponding to the exponent (a—1). We have already proved that
this series converges for |x| < 1, therefore, due to the necessary convergence

condition, b,(z) — 0 as n — oo for all |z| < 1.

Thus, in order to prove that r,(0,x) vanishes as n — oo, it suffices to
establish the boundedness of the two remaining factors on the right-hand
side of equality (13).

The first of these factors is ax(1 + 62)*L. It does not depend on n and
is bounded for any |z| < 1.

The second of the factors is ((114:9952;“. Note that the following estimate holds

for any |z| < 1:

l+0x>1—-0lz| >1-90.
Using this estimate, we obtain

1-0)"

‘ - 1—40
(14 0x)"

oL
-0

So, the first factor on the right-hand side of (13) vanishes, the other two
are bounded, therefore r,(0, z¢) also vanishes as n — oo for any |z| < 1. This
means that the series (11) converges to the function (1 + x)® for |z| < 1. O
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Taylor series expansions of the logarithm and arcsine

Taylor series expansion of the logarithm \3. 16B/04:25 (10:55) \

Having the expansion of a power function into a Taylor series (12), we can
easily obtain expansions for other elementary functions using theorems on the
integration of a power series.

THEOREM (ON THE EXPANSION OF THE LOGARITHM INTO A TAYLOR
SERIES).

The function In(1+ x) expands in the following Taylor series on the inter-
val (—1,1):

22 X, (= 1)k gh
ln(1+x):x—?+§—---=;T. (14)
PROOF.
Find the derivative of the function In(1 4 z):
/ 1
(In(1+2)) = s
The derivative is a power function of the form (1 + z)® for a = —1. This

function expands into the Taylor series (12) on the interval (—1,1). Note that

the required expansion can be obtained in a simpler way using the formula of

the sum of the terms of an infinite geometric progression with the ratio (—x):
0

1+ x Z Z (=)

k=0

We integrate both sides of this equality from 1 to x assuming that || < 1:

—dt / 1) % dt.
o 14+t 0

The left-hand side of the resulting equality is
X 1 v
/0 et =Inf1+ ;= L+ ] = (1l + ), (15)

On the right-hand side, we can use the theorem on the integration of

a power series and move the sign of the integral under the sign of the infinite
sum

0 tk-l—l

/Om ?;(1)%% dt = ]ﬁ;/j(nktk dt = Z(—nkk —

k=0

T

0
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> (_1)k+1 :Ek
B Z k +1 ; koo (16)
By virtue of the theorem on the integration of a power series, the radius
of convergence of the series obtained on the right-hand side of equality (16)
coincides with the radius of convergence of the initial series.
Equating the expressions in the right-hand sides of equalities (15) and (16),
we obtain the proved equality (14). O

Taylor series expansion of the arcsine \3.16B/15:20 (13:03) \

Now consider the function arcsin . This function is differentiable on the
interval (—1,1). Find its derivative:
1

arcsinz) = ——— = (1 — 2°%)72.
(aresine) = =y = (1= 7)
This derivative can be represented as (1 —¢)®, where t = 2 and o = —%.

Given the expansion of the power function in the Taylor series (12), we
obtain
_1 1 1 3\ 1
(1+(-1)) +(—3) =0+ (—3)(—3) 5=+

(DD -

LI S S
2 22.2 23 . 3! B
13- (2k—1) ,

=1 Z ok . |
k=1

The resulting expression can be simplified by using the double factorial
function, which is denoted by n!! and is equal to the product of all numbers

from 1 to n of the same parity as the number n: n!! = n(n —2)(n —4)...
For example, 5!l =5-3-1=15,6!'=6-4-2 = 48.
In our case, 1 -3---(2k — 1) = (2k — !l and, in addition,

2k Kl = (2-1)(2-2)---(2- k) = (2k)!!. Using double factorials and taking
into account that t = 22, we obtain the Taylor series for the function \/11_7

for |x| < 1:

m 1+Z 25 n

Now we integrate both 81des of equality (17) from 0 to x for |z| < 1:

(17)


https://www.youtube.com/watch?v=8Js_Dl29pX0&t=15m20s
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2 )” 2k
/(l—t dt—x+/0 2k:” kg

k=1

On the left-hand side, we get arcsinx, on the right-hand side, we apply
the theorem on the integration of a power series and move the sign of the
integral under the sign of the infinite sum:

2k—1)" 2k 2k
az+/0 %tht +Z/ %tht

k=1

B (2k — 1)1 g2+
_I+; O 21

The resulting power series converges for |x| < 1 and is equal to the function
arcsin x. Thus, we have proved the following theorem.

THEOREM (ON THE EXPANSION OF THE ARCSINE INTO A TAYLOR SE-
RIES).

The function arcsin z expands into a Taylor series on the interval (—1,1):

Qk—l ” 2k+1
arcsmx—m+2 2k: T 23;<:+1'

Additional remarks 13.16B/28:23 (06:25) |

1. Acting in a similar way, we can obtain the Taylor series expansion for
the function arctan = on the interval (—1, 1). To do this, it is sufficient to find
the derivative (arctanz)’ = = = (14 2*)7", expand the power function
(14 22?)~! into a Taylor series, and then integrate both sides of the resulting
equality.

2. If we have some Taylor series and it is required to determine a func-
tion that expands into this series, then sometimes it is possible to solve this
problem by performing term-by-term integration of the initial series. If, as
a result of integration, a series arises corresponding to some known func-
tion f(x), then this means, by virtue of the theorem on the differentiation
of a power series, that the initial series corresponds to the function f’(z).
Another way to solve this problem is the term-by-term differentiation of the
initial series and finding the function g(z) corresponding to the differentiated
series. In this case, the initial series will correspond to the function obtained
by integrating the function g(x). All considered series will have the same
interval of convergence.



https://www.youtube.com/watch?v=8Js_Dl29pX0&t=28m23s
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3. Having the expansion of the function into a Taylor series, we can find
approximate values of this function by calculating some initial number of
terms of this series. To estimate the error of the found approximation, we
can use, for example, the estimate of the remainder term of the corresponding
Taylor’s formula. For various classes of functions, there exist other types of
their expansion into series that converge in one sense or another. In the case
of periodic functions, their expansions into the Fourier series are widely used.
This kind of functional series is studied in the two final chapters of this book.



19. Fourier series in Euclidean space

Real Euclidean space and its properties

Definition of a real Euclidean space \3. 17A/00:00 (07:51) \

DEFINITION.

A real Euclidean space E is a linear space equipped with the scalar product
operation.

Recall the definition of a linear space. This is a nonempty set of elements
(vectors) equipped with the operation f 4 ¢ of addition of vectors f and g
and the operation o f of multiplication of a vector f by a real number a.. The
operations introduced satisfy the following axioms (called axioms of a linear

) VfgeE f+g=g+/,
) VfgheE (f+g)+h=f+(g+h),
) J0eFE VfeFE f+0=0+/f=/F,
L4) Vf€E 3(-f)eE f+(-f)=0,
) Va,BeR VfeE af)=(ap)f,
) VfeE 1-f=/,
) Va,BeER VfeE (a+p)f=af+B/
[8) VaeR Vf,geE alf+g) =af+ag.
The element 0 € E from the axiom L3 is called the zero vector of the
space F; the element — f from the axiom L4 is called the opposite vector to
the vector f. To distinguish between the number 0 and the zero vector 0, we

will use a bold face for the zero vector. The difference f — g of the vectors is
understood as the sum of the vector f and the vector opposite to the vector g:
f—9=f+(-9).

The scalar product operation (f,g) associates the vectors f,g € E with
a real number and satisfies the following axioms (called azioms of the scalar
product):

Sla) VfeE (f.f) =0,
Sib)  ((f,f)=0) & (f=0),


https://www.youtube.com/watch?v=yT2KwZh8XVQ&t=00m01s
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S2) VfgekE (f,9)=1(9.f)

S3) VfgheE apeR (af+8g,h)=al(f h)+pL(gh).

REMARK.

An example of a real Euclidean space is the set of vectors on the plane.
For them, the scalar product is defined by the formula (@, b) = [a| - [b] cos ¢,
where ¢ denotes the angle between the vectors @ and b.

In what follows, we will usually omit the word “real” in the name of a real
Euclidean space.

Norm of a vector and its properties \3.17A/O7:51 (10:05) \

Taking into account the axiom Sla of the scalar product, we can introduce
such a characteristic of the vector f from the Euclidean space E as the norm
(notation || f]|). The norm of the vector f € E is defined as follows:

L=V ) = (f, )2

It follows from the axiom Sla that the norm of a vector always exists and is
non-negative. From the axiom S1b, it follows that the norm || f|| is 0 if and
only if the vector f coincides with the zero vector 0.

REMARK.

In the case of the Euclidean space of vectors on the plane, the norm is the

usual length of a vector.

THEOREM (CAUCHY*BUNYAKOVSKY INEQUALITY FOR THE NORM OF
A VECTOR).

For the norm of vectors of Euclidean space, the following inequality holds
(this inequality is called the Cauchy—Bunyakovsky inequality):

VigeE (£, 9l < lgll (1)

PROOF.

We choose an arbitrary real number A and consider the following scalar
square: (Af + g, A\f + g). By virtue of the axiom Sla, this scalar square is
non-negative:

(Af+g,Af +g) > 0. (2)
Let us transform this scalar product using the axioms S2 and S3:
Af+ 9. Mf+9) = N(f. f)+ Mg, f) + A(f,9) + (9,9) =

= X(f, )+ 2M(f, 9) + (9, 9).

We have obtained a quadratic equation for the number \. It follows from
inequality (2) that this equation has at most one real root. This means that
the discriminant D of the equation is non-positive:


https://www.youtube.com/watch?v=yT2KwZh8XVQ&t=07m51s
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D=(f.9"—(f.f)(g,9) 0.

Rewriting the last inequality in the form (f, ¢)> < (f, f)- (g, 9), extracting
the square root from both sides, and taking into account the definition of the
norm of a vector, we obtain inequality (1). [J

Using inequality (1), we can prove that the triangle inequality holds for
the norm of a vector.

THEOREM (TRIANGLE INEQUALITY FOR THE NORM OF A VECTOR).
For the norm of a vector in Euclidean space, the triangle inequality holds:

VigeE |f+gll <IfI+lgll (3)

PROOF.
By definition, we have

If+gllP=(f+gf+9).

We transform the right-hand side of the equality using the axioms S2
and S3:

(fraf+a=If+agf+al=I(ff)+2f,9) +(g9,9)] <
< (., ) +2(f. 9l + (9,9) = IF1I> +21(f, 9)| + l|g]|>-

Now we use estimate (1):

1A+ 21CF ) + gl < A2 + 20171 - gl + gl = (11 + llgl)®.

Thus, we have proved the following estimate:

1F+ gl < (11 + llall)*.

Taking the square root of both sides of the last inequality, we obtain esti-
mate (3). O

Metric and definition of the limit
of a sequence in Euclidean space \3. 17A/17:56 (06:48) \

Using the norm of a vector, we can define yet another characteristic of
vectors in Euclidean space called the metric: p(f,g) = ||f — g||. It is easy to
prove that a metric so defined satisfies the following properties (called azioms

of a metric space):



https://www.youtube.com/watch?v=yT2KwZh8XVQ&t=17m56s
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Mla) Vfg€eE p(f g) >0,

M1b)  (p(f,9) =0) & (f = 9),

M2)  VfgeE p(f.g)=plgf),

M3)  Vf.g.heE p(f,h)<p(f,9)+p(gh)

In particular, the axiom M3 immediately follows from the triangle inequal-

p(f.h)=|lf=h|l=|f—-g+g—nrll=I(f—9) +(@g—-h)<
<|If —gll+llg =Rl = p(f,9) + plg, ).

Thus, any Euclidean space is a metric space. The value p(f, g) determines
the measure of proximity of the vectors f and g (in other words, this is the
distance between the vectors in a given space).

Using the concept of metric, we can define the limit of a sequence of
elements of a metric (in our case, Euclidean) space.

DEFINITION.

Let {f.} be a sequence of vectors of the Euclidean space F. It is said
that the limit of a given sequence as n — oo is equal to the vector f € E
if limy, o0 p(frn, f) = 0. We denote this fact as follows: lim, o f, = f
or f, = fasn — o0.

We define the limit for the sequence of vectors of the space E through
the limit of the numerical sequence {p(f,, f)}. This makes it easy to prove
many properties of the limit of a sequence of vectors using the already proven
properties of the limit of a numerical sequence.

Given the definition of a metric, we obtain that f, — f as n — oo if

7}1_{{.10an—f\| = 0. (4>

Using the definition of the norm, we can reformulate the definition of the
limit of a sequence of vectors of Euclidean space in terms of the limit of
a numerical sequence defined by the scalar product: f, — f asn — oo if

Ji_fgo(fn_fafn_f):o'

Of all the above versions of the definition of the limit in Euclidean space,
the definition (4) based on the norm is the most suitable for what follows. If
the limit relation (4) holds, then they say that the sequence {f,} converges
to the vector f in the norm of the Euclidean space E.
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Fourier series with respect to an orthonormal sequence
of vectors in Euclidean space

Definition of an orthonormal sequence
and Fourier series \3. 17A/24:44 (06:35) \

Hereinafter, we will consider sequences with elements indexed from zero.
The set of non-negative integer indices will be denoted by Ny. Thus,
Ny ={0} UN.

DEFINITION.

Consider the sequence of vectors {1}, k € Ny, in the Euclidean space FE.
A sequence {1y} is called an orthonormal sequence of vectors, or an orthonor-
mal system of vectors, if the equality holds for any indices 7, 7 € Ny:

1, i=j,

(¢i7¢j): { 0, Z7é]

We assume that the orthonormal sequence has already been chosen; there-
fore, we will not explicitly indicate the dependence on this sequence in the
notation introduced below.

REMARK.

Orthonormal sequences exist only in the infinite-dimensional Euclidean
spaces. In finite-dimensional spaces, the number of orthonormal vectors can-
not exceed the dimension of the space; therefore, any systems of orthonormal
vectors are finite (for example, in the space of vectors on a plane, any or-
thonormal system consists of no more than two vectors).

Let f € E. We define the following numerical sequence: {f;}, where
fr = (f, ), k € Ny. This set of numbers is called the Fourier coefficients of
the vector f with respect to the orthonormal system {v}.

The formal series >~ frty is called the Fourier series corresponding to
the vector f:

Fe> futde (5)
k=0

The Fourier series is formal, since we do not yet discuss the question of
its convergence (and we do not even determine how to understand its conver-
gence). That is why the symbol ~ is used in relation (5) instead of the equal
sign.

If we consider the partial sum of the Fourier series S,(f) = > _, frtx
for any n € Ny, then this sum will be some vector of the space E. Thus,


https://www.youtube.com/watch?v=yT2KwZh8XVQ&t=24m44s
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the sequence of partial sums of the Fourier series {S,(f)} is a sequence of
vectors of the Euclidean space /. The partial sums of the Fourier series will
be called partial Fourier sums, or simply Fourier sums.

Formulation of the extremal property
of Fourier sums 13.17A/31:19 (03:28) |

THEOREM (ON THE EXTREMAL PROPERTY OF FOURIER SUMS).

Let f be some vector of the Euclidean space E, {1} be an orthonormal
sequence in £, {a;} be arbitrary numerical sequence. Then, for any n € Ny,
the following relation holds:

mln
G/k, 7 T

[ =l 3 s

Thus, the Fourler sum S,(f) = dDr_, frir has the following extremal
property: it is the best approximation for the vector f (in the norm of the
space E) among all linear combinations Y ,_, azt)y, of the system of orthonor-
mal vectors ¢, k =0,...,n.

Proof of the extremal property
of Fourier sums 13.17A/34:47 (11:23)|

We perform the following transformations using the definition of the norm
and axioms of the scalar product:

|- amH (=S ot f =S antn) = (£.) -
k=0 m=0
- (f, Z&mwm) - (i akr, f) + (i akr, iamwm) =
m=0 k=0 — —

= [IFIP = D am(frtom) = D an(thn, ) + Zzakam Vi, Ym).-
m—0 k=0 h=0 m=0

(6)

The scalar product does not depend on the order of the factors; therefore,
we can combine the first and second sums on the right-hand side of equal-
ity (6). In addition, we take into account that the scalar product (f,vy) is
the Fourier coefficient f;. of the vector f. By virtue of the orthonormality of
the system of vectors {1y}, only terms with & = m remain in the last sum of
the right-hand side of (6); moreover, (1, ¥r) = 1. As a result, the right-hand
side of (6) takes the form || f||* — 23 7o apfr + D po ai-


https://www.youtube.com/watch?v=yT2KwZh8XVQ&t=31m19s
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We continue the transformation by adding two zero-sum terms to the re-
sulting expression:

AP =2 arfe+ ) ai+> fi=> fi=
k=0 k=0 k=0 k=0
= IFIP+> (0} —2anfe + 1) = > _fi =
k=0 k=0

= A1+ (ar = )" =D fi (7)
k=0 k=0

Since >_7'_o(ax — fr)? > 0, the expression on the right-hand side of equal-
ity (7) will have a minimum value when this sum is equal to zero; this is

equivalent to the equalities ap = fi, k=0,...,n.
Thus, the minimum value of the expression H F=> akwkH2 is achieved
when ap = fr, kK =0,...,n. Therefore, the same result is true for the initial

expression Hf —> o akwkH. O

Bessel’s inequality 13.17B/00:00 (06:08) |

In the process of proving the extremal property of Fourier sums, we got
the following relation:

f= En fie]|” = 11 - En fic (8)

Since the left-hand side of equality (8) is non-negative, the same is true
for the right-hand side:

AP =Y fi>o.
k=0

Therefore, sums >, f# can be estimated from above for any n € Ny:

S R<IfIP
k=0

We have proved that the partial sums of the series > ;7 fZ with non-
negative terms are uniformly bounded from above. Therefore, by the criterion
for the convergence of numerical series with non-negative terms, the series
> re J# converges and the same estimate holds for its sum:

> <P 9)
k=0

Estimate (9) is called Bessel’s inequality.


https://www.youtube.com/watch?v=vnHwF6qCLRU&t=00m01s
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So, although we have not yet considered the convergence of the formal
Fourier series Y, fitr in the space E, we have established that, for any
vector f € F, the numerical series, whose terms are the squares of the Fourier
coefficients f, is convergent and its sum is estimated from above by || f||*.

In addition, the convergence of the series Y -, f# implies, by the necessary
condition of convergence, that f? — 0 as k — oo. Therefore, the same limit
relation holds for the Fourier coefficients fy:

VieE lim f,=0.
k—o0

Fourier series over a complete orthonormal
sequence of vectors

Complete sequence in Euclidean space \3.178/ 06:08 (04:59) \

DEFINITION.

A sequence {9} of vectors of the Euclidean space F is called a complete
sequence, or a complete system, if any vector of a given space can be ap-
proximated arbitrarily closely by a linear combination of a finite number of
elements of this sequence:

VfeFE Ve>0 dneN dap,k=0,...,n,

Hf — iawkH <e.
k=0

REMARK.

In the case of finite-dimensional space, complete systems consist of a finite
number of vectors, any complete system forms the basis of this space, and
any vector can be represented as a linear combination of basis vectors. The
number of vectors in the complete system is equal to the dimension of space.
For example, in the space of vectors on the plane, any two non-collinear
vectors form a basis.

Parseval’s identity for Fourier coefficients with
respect to a complete orthonormal sequence \3.17B/ 11:07 (13:40) \

THEOREM (ON FOURIER COEFFICIENTS WITH RESPECT TO A COM-
PLETE ORTHONORMAL SEQUENCE).

If the orthonormal sequence {1} of vectors of the Euclidean space E
is complete, then, for any vector f € FE, the following equality holds (this
equality is called Parseval’s identity):


https://www.youtube.com/watch?v=vnHwF6qCLRU&t=06m08s
https://www.youtube.com/watch?v=vnHwF6qCLRU&t=11m07s
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> =11 (10)
k=0

PROOF.

Since we have already established that Bessel’s inequality (9) holds for any
orthonormal sequence, it remains for us to prove that the opposite inequality
holds for a complete orthonormal sequence:

IFIP <> 17 (11)
k=0

We choose an arbitrary vector f € F and some value € > 0. Since the
sequence {¢} is complete, there exists a number n € N and coefficients ay,
k =0,...,n, such that the estimate holds:

Hf - Zn:&w;cH <e. (12)
k=0

In this estimate, the value n and the coefficients aj, generally speaking,
depend on €.
By virtue of the theorem on the extremal property of Fourier sums, the

following estimate holds for any coefficients ax, £k = 0,...,n:
|7 =3 s < || £ = D0 |
k=0 k=0
From this estimate and (12), the following estimate can be obtained:
Hf—ZfWkH <e. (13)
k=0

In estimate (13), only n depends on e.
Now consider the norm of the vector f and transform it using the triangle
inequality as follows:

Il = Hf - zn:fk% +Zn:fk¢kH < Hf - Xn:fmu + Hzn: fk¢kH-
5=0 k=0 5=0 k=0

The first term on the right-hand side of the last inequality is estimated
from above by the value €. Let us transform the second term:

[5° ] = (3 e 3 )’ -
k=0 —0 —
(XX ) = (3 02)
k=0

k=0 m=0
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Given that the series > 77, f7 converges and consists of non-negative
1
terms, the expression (ZZ:O f,f) 2 can be estimated from above by the value

1
(ZZO:() f;?) 2. So, we got the estimate

i<+ (X 2) (14)
k=0

Since estimate (14) is valid for any € > 0, we can pass to the limit as
e — 0. As a result, estimate (14) is transformed into the following non-strict
inequality:

= (S 8)
k=0

Having squared both terms of this inequality, we obtain inequality (11).
The required estimate (10) follows from Bessel’s inequality (9) and inequal-
ity (11). O

Interpretation of Parseval’s identity as a generalization
of the Pythagorean theorem \3.17B/24:47 (02:38) \

Parseval’s identity (10) can be considered as a generalization of the
Pythagorean theorem to the case of infinite-dimensional Euclidean spaces.
Indeed, consider the vector @ on the plane and find its expansion in two
orthonormal vectors i and 7:

a = ayi+ asj. (15)

The vector @ forms the hypotenuse of a right triangle with the legs aqi
and asj. Then, by virtue of the Pythagorean theorem, we have

[al* = o + as. (16)

In addition, performing scalar multiplication of both terms of the equal-
ity (15) by 7 and j and using the orthonormality of the vectors ¢ and j, we
get a; = (@,i), as = (a@,j). Thus, equality (16), which follows from the
Pythagorean theorem, can be rewritten in the form

[al* = (@i)* + (@, ;)*
The resulting equality is a finite-dimensional analogue of Parseval’s iden-
tity.


https://www.youtube.com/watch?v=vnHwF6qCLRU&t=24m47s
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Theorem on the convergence of a Fourier series with
respect to a complete orthonormal sequence \3. 17B/27:25 (08:11) \

Once again, we turn to equality (8):

Hf - zn:fk?/)kHQ = |IfII* - zn:fzf
k=0 k=0

If we assume that the orthonormal sequence {1} is complete and pass to
the limit as n approaches infinity, then, by virtue of Parseval’s identity, the
right-hand side of this equality approaches zero. Then the left-hand side of
the equality also approaches zero. Thus, for the Fourier series by a complete
orthonormal sequence, the following limit relation holds:

n
- S -o e

The limit relation (17) means, by definition, that the sequence of partial
sums S, (f) = D jp_y [xr of the Fourier series converges to the vector f in
the norm of the space E:

lim S,(f) = f.
n—o0
According to the definition of a convergent series, this means that the

Fourier series can be considered not as formal series, but as a converging
series in the space F, and its sum is the vector f:

F=Y fitn.
k=0

In this case, we can already replace the symbol ~ with an equal sign =.
So, we have proved the following theorem.

THEOREM (ON THE CONVERGENCE OF A FOURIER SERIES WITH
RESPECT TO A COMPLETE ORTHONORMAL SEQUENCE IN EUCLIDEAN
SPACE).

If the orthonormal sequence {1} of vectors in the Euclidean space E
is complete, then, for any vector f € E, its Fourier series > ;- fitbp with
respect to this sequence converges to the vector f in the norm of the space F,
i. e., the limit relation (17) is satisfied.

Thus, we have established a number of facts related to Fourier series for
abstract real Euclidean space. If we now consider specific realizations of a real
Euclidean space defining the set of vectors and the required operations on this
set, in particular, the scalar product, then we can immediately extend all the


https://www.youtube.com/watch?v=vnHwF6qCLRU&t=27m25s
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facts established earlier to this space including the fact of the normwise con-
vergence of the Fourier series (provided that a complete orthonormal sequence
of vectors is selected in this space).

We are interested in the space of integrable functions with standard opera-
tions of addition and multiplication by a number and with the scalar product
defined through the integration operation. The properties of such space and
the associated Fourier series will be discussed in the next, final chapter.



20. Fourier series in the space
of integrable functions

Euclidean space of integrable functions

Definition of the Euclidean space
of integrable functions 13.18A/00:00 (07:21) |

DEFINITION.

We introduce the space of functions R([a,b]) defined and Riemann inte-
grable on the segment |a,b]. This is a linear space with operations of adding
functions and multiplying a function by a number. These operations result
in integrable functions and satisfy all axioms of linear space.

The scalar product in the space R([a, b]) is defined as follows:

b
vigeR(wb) (f.g)% / f(2)g(z) de. 1)

In the definition of a scalar product, we use the operation of multiplication
of functions. The product of integrable functions is an integral function;
therefore, the scalar product is defined for all elements of the space R([a, b]).

Let us verify that axioms S1-S3 are satisfied for the scalar product intro-
duced in this way. Axiom S3 immediately follows from the linearity of the
integral with respect to integrands:

Vf,g,heR(ab]) Va,f€R

b
(@f +89.0) = [ (af(@) + Bg(a)) (o) do =

b b
—a [ f@hie)do+ 5 [ glah(e)dz = alf. )+ (g, b
Axiom S2 also holds:
vV f,g € R(|a,b])

(f.9) = /f dw—ng(x)f(x)d$:(9,f)-

Axiom Sla holds by virtue of the theorem on the non-negativeness of the
integral of the non-negative function:


https://www.youtube.com/watch?v=2_hb1tefg7U&t=00m01s
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b
v € Rla,b]) (f,f>:/ (x)de > 0,

However, the axiom S1b may not hold: if the function f is integrable on
the segment [a, b], then the condition (f, f) = 0 is not equivalent to the fact
that f(z) vanishes on this segment. We can consider a function that vanishes
at all points of the segment [a, b, except for a finite number of points at which
it is equal to 1. This function is integrable, but the integral of f2(z) on the
segment [a, b] will be zero.

Ways to satisfy the axiom associated
with the zero scalar product \3.18A/O7:21 (07:46) \

This problem can be solved in two ways.

METHOD 1.

We can narrow the class of functions under consideration and restrict our-
selves, for example, to the class C'([a, b]) of all functions continuous on the
segment [a, b] with the same scalar product (1). In this case, the axiom S1b
holds by virtue of the theorem on the integral of a positive continuous func-
tion: if the function is continuous and non-negative on the segment [a, b] and
takes a positive value at least at one point, then the integral of this function
on the segment [a, b] is positive. Thus, the equality fab f?(x)dx = 0 in this
case will be equivalent to the identity f(z) = 0.

METHOD 2.

Instead of the integrable functions themselves, we can consider the classes
of equivalent integrable functions as elements of the space R([a, b]).

The class Hy containing all functions equivalent to the function f(z) =0
is defined as follows:

Hod:ef{f;/abﬁ(:c)dx:o}.

This class is considered as the zero element of the space R([a,b]). Func-
tions f and g belong to the same class H (i. e., are equivalent) if f —g € H,.
In particular, functions f and g will be equivalent if they differ only in a fi-
nite number of points of the segment [a, b]. It is easy to show that with such
a definition of equivalent functions, the entire set of functions integrable on
[a, b] splits into pairwise disjoint equivalence classes such that any integrable
function belongs to exactly one class.

If feHy ge Hy then the sum of the classes Hy + H,, by definition, is
the class containing the function f 4+ g, the product of aHy of the class Hy


https://www.youtube.com/watch?v=2_hb1tefg7U&t=07m21s
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by a number « is the the class Contammg the function o f, and the scalar
product of the classes is (Hy, H = f f(z)g(x)dx. It can be shown that so
defined operations are well posed, i. e., they do not depend on the choice of
“representatives” of the source classes, and all the required axioms are fulfilled
for them including the axiom S1b.

When considering the elements of such a space, we can still use the notation
of some function f from the class Hy instead of this class itself and suppose
that this notation means any function equivalent to f.

We assume that we modified the definition of the Euclidean space R([a, b])
using method 2. Note that this modification will not affect the following
definitions, but it is required to justify many important facts related to the
properties of the Euclidean space (for example, the property of the uniqueness
of the limit of a sequence converging in the norm of this space).

Norm in the space of integrable functions \3. 18A/15:07 (01:07) \

Having the scalar product, we can define the norm of the function

f € R([a,b]):

HENGH) / F(x) de )

The Cauchy-Bunyakovsky mequahty and the triangle inequality hold for
such a norm, since in the previous chapter we proved the validity of these
inequalities for an arbitrary Euclidean space.

Constructing an orthonormal sequence
of integrable functions

A sequence of trigonometric functions
and a proof of its orthogonality \3. 18A/16:14 (08:26) \

We choose the segment [—m, 7] as the integration segment and introduce
the following sequence of functions: {sin kx,coskx}, k=0,1,...

First, we show that this system is orthogonal, i. e., the scalar product of
any two different functions from a given system vanishes. To prove this fact,
we will use the following trigonometric identities:

sinxsiny = %(cos(x —y) — cos(z + y)), (2)

1
COS T COSY = E(cos(x —y) + cos(z +y)), (3)


https://www.youtube.com/watch?v=2_hb1tefg7U&t=15m07s
https://www.youtube.com/watch?v=2_hb1tefg7U&t=16m14s
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1
sinx cosy = 5(8111(33 —y) +sin(z +y)). (4)
Let us prove, for example, the orthogonality of the functions sin k;x and
cos kox with different coefficients k; and ks using formula (4):

Vs
/ sin kyx cos ke dx =

—T

1 s s
= 5(/ sin(k; — ko)x dx -I—/ sin(ky + ko)x da:) = 0.

The equality to zero of the obtained integrals follows from two facts: the
integrands sin(k; + k2)x and sin(k; — ko)x are odd; the integral of an odd
function over a symmetric segment vanishes. There is no need to even use the
formula (4), since it can be noted that the initial integrand is an odd function
(as a product of the odd function sin k;x and the even function cos ksx).

We simultaneously proved the orthogonality of the functions sin kz and the
constant 1 (which is also included in this system of functions, since cos kx = 1

when k = 0).
The orthogonality of the functions sin kx and cos kx for the same coeffi-
cient £ =1,2,... is proved similarly.

Now we prove the orthogonality of the functions cos kjx and cos ko for
ki # ko using formula (3):

m
/ cos kyx cos keox dxr =

-7

= 5(/ cos(ky — ko)z dx + / cos(ki + ko)x dx) =
™ sin(ky + ko)x |7 > _9
2 ki — ko -7 ki + ko )
This result follows from the equality sin k7w = 0, k € Z. We simultaneously
proved the orthogonality of the functions cos kx, k # 0, and the constant 1.

In the same way, using formula (2), the orthogonality of the functions
sin k1 and sin kex may be proved for ky # k.

1
1 (sin(kl — ko)

Normalization of the obtained sequence
of trigonometric functions 13.18A/24:40 (07:23)|

We have proved that the sequence of functions {sinkz,coskz},
k = 0,1,..., is orthogonal in the space R(|—m,x]). It remains to trans-
form it into an orthonormal sequence.


https://www.youtube.com/watch?v=2_hb1tefg7U&t=24m40s
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To do this, we use the normalization operation applicable for any nonzero
vector f of an arbitrary Euclidean space E. If f # 0, then the vector m f
has the norm 1:

HfH ‘ W=t

In our case, all functions of the sequence are nonzero, except for the func-
tion sin kx for kK = 0, which we will not consider hereinafter.

First, we normalize the constant function cosOx = 1. For this function,
we have

y|1\|:(/_z dx)%:\/%.

Therefore, we must take the function Vol the first element of an or-
thonormal sequence.

Now we normalize the function sin kz, k € N:
U 1
|sin kx|| = (/ sin? ka da:)z.
Find the integral using the formula sin? kz = 5(1 — cos 2kz):
i 1 [ m 1 sin2kz |7
/ sin kz dx = 5/ (1 — cos2kz)dr = g S Sm% ’ =
The second term on the right-hand side of the last equality is 0, the first

term is w. Thus, the functions % should be taken as normalized sine

functions.

—T —T

Similarly, we can normalize the functions cos kx, k € N, using the formula
cos? kz = 5(1+ cos 2kz) and taking into account that the integral of cos 2kx
over the segment [—m, 7| vanishes.

Thus, we get the following orthonormal sequence of functions:

L coskr sinkr { 1 = N. Here the parameter k& does not take the value 0:
2’ w0 Jm
we must indicate the constant function separately, since it has a different

normalizing factor.

Orthonormal sequence of functions
for an arbitrary segment 13.18A/32:03 (08:49) |

A similar sequence of orthonormal functions can be defined on any segment
[a,b]. To do this, we use trigonometric functions with a period equal to the
length of this segment.


https://www.youtube.com/watch?v=2_hb1tefg7U&t=32m03s
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In the case of the space R([—[,[]), the period must be equal to 2[, so

we need to take the sequence {sm M , COS M} k =0,1,..., as the initial
orthogonal sequence. For example, for the function f(x) = sin Wzﬁ we have
k 21 k k
fle+20) = Sin%ﬁ = Sin(ﬂl—x + 27Tk) = Slnﬂ-l—x = f(x).

Proving the orthogonality of a given sequence and normalizing its nonzero
elements is performed in the same way as in the case of the sequence consid-
ered above for the space R(|—m,7]).

In the case of the segment [a, b], we should consider the sequence of func-
tions {sm Qbﬂkcf, coS zbﬂ_’f }, k= 0,1,..., and normalize its nonzero elements.
These functions will have a period (b — a).

In order to simplify the proof of orthogonality and the calculation of nor-
malization coefficients in the space R([a, b]), it is convenient to transform the
corresponding integrals by replacing the original integration segment [a, b]
with the segment [—b_Ta, Z’_T“} which has the same length, but is symmetrical
with respect to the origin. This transformation can be performed by corol-
lary 3 on the integration of periodic functions from the theorem on the change

of variables in a definite integral.

Constructing a formal Fourier series
for integrable functions

Fourier coefficients and Fourier series
for integrable functions \3.18B/OO:OO (08:57) \

Given an orthonormal sequence { \/12?, C%x, Si\n/gx}, k € N, we can find
the Fourier coefficients for any function f € R([—m,7]):

%:%/_Wﬂx)daz;
ax = %/_Wf(x)coskxda:, keN;

. 1 [
b = ﬁ/ﬂf(x)sinkxdx, ke N.

Thus, the formal Fourier series for the function f with respect to a given
orthonormal sequence has the form

f(x)w\jg_ﬂ+;(%coskx+%sinkx>. (5)



https://www.youtube.com/watch?v=yJqsGKaYgmw&t=00m01s
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Bessel’s inequality for the Fourier coefficients will be as follows:
a5+ (a; +07) < / fA(x) de. (6)
k=1 -

Recall that we have the square of the norm || f|| on the right-hand side of
inequality (6).

The series indicated on the left-hand side of (6) is a convergent numerical
series. It follows from the convergence of this numerical series that its common
term should approach zero: (@;+b7) — 0 as k — co. Therefore, the following
limit relations hold for any integrable function f:

lim/ f(x)coskxdr =0,

k—oo

lim/ f(z)sinkx dx = 0.

k—o0

Another representation of the Fourier series \3. 18B/08:57 (09:54) \

Representation (5) of the Fourier series can be simplified by using the
following set of coefficients:

1 ™

ag 7T/_Wf(ﬂf) ;
1 m

ak:—/ f(z)coskxdr, keN,; (7)
T J—n

1 ™
bk:—/ f(x)sinkzxdr, keN.
™ —T

Let us express the initial Fourier coefficients ay, by in terms of the corre-
sponding new coefficients ay, by:

V2rag = mag, ag= T _ Ea;
0 0 0 \/% 9 0
~ ~ Tag
ﬁakzﬂak, ak:ﬁ:ﬁak, ke N;
~ ~ 7Tbk
ﬁbkzﬂbk, bk:—:ﬁbk, k € N.

VT
In the formal Fourier series (5), we replace the coefficients a, b with
formulas containing the coefficients ay, by:


https://www.youtube.com/watch?v=yJqsGKaYgmw&t=08m57s
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1 [z = /\/Tay Vb
——\\/ =ay + < cos kx + Smkx)
00+ (Y st s
In the resulting representation of the Fourier series, we can reduce all
factors of the form /7. Finally we get

f(z) ~ % + ;(ak cos kx + by, sin k). (8)
Also we can transform Bessel’s inequality (6) in a similar way:

ga% + Z(Wa% + 7by) < / () dx,
k=1 T

2 0 7r
SRR AL )
Formulas (7)—(9), as the simplest ones, are traditionally used when writing
the Fourier formal series (and related relations) for integrable functions. It
should be noted that, in all these formulas, the factor % is indicated before the
integral sign, and an additional factor % appears before the terms containing
the coefficient ay.

Convergence of the Fourier series in mean square
in the case of periodic continuous functions

Weierstrass theorems
on uniform approximation \3.18B/18:51 (08:15) \

The question arises when the formal Fourier series for the function f con-
verges to this function (and in what sense this convergence should be under-
stood).

Let us study the convergence of the Fourier series in the norm of the space
of integrable functions R([—m,w]). In this case, the following theorem will
help us (we accept this theorem without proof; see its proof, for example,
in [18, Ch. 14, Sec. 69.1]).

THEOREM (WEIERSTRASS THEOREM ON THE UNIFORM APPROXIMA-
TION OF CONTINUOUS PERIODIC FUNCTIONS BY TRIGONOMETRIC POLY-
NOMIALS).

Any continuous 2m-periodic function f can be uniformly approximated
with arbitrary accuracy on the segment [—, 7] by trigonometric polynomials
To(z) = g+ >4 (o cos kx + Sy sin kx):


https://www.youtube.com/watch?v=yJqsGKaYgmw&t=18m51s
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Ve>0 dT,(x) sup [f(z)—T,(x)| <e. (10)

xE€[—m,7]
REMARK.
There is a similar statement about the uniform approximation of a function
continuous on the segment [a, b] by the usual polynomials P, (z) = >",_, cxa*:
Ve>0 dP,(z) sup |f(z)— P,(z)] <e.
x€[a,b)
This statement is called the Weierstrass theorem on the uniform approxi-

mation of continuous functions by polynomials (see, for example, [18, Ch. 14,
Sec. 69.2]).

Convergence of the Fourier series
for continuous periodic functions \3. 18B/27:06 (13:15) \

If the function f can be approximated by the trigonometric polynomials
T, (x) uniformly on the segment [—, 7], then it can be approximated by the
same polynomials in the norm of the space R(|—m,7]).

Indeed, let us write the estimate (10) in a slightly modified form:

~T . 11
Ies[u}iﬂlf(w) (@) < 7= (11)

Then, for the norm of the difference f —T,, in the space R([—m, 7]), using
the corollary of the theorem on the comparison of integrals and estimate (11),
we have

IF -1l = ([ (@) - 1)) <

-7

< swp (fl@) = Tu(w))* - 26)" =

x€[—m,m]
€
= sup |f(x)—="T,(z)| - vV2r < V2T =€,
x€[—m,m] V2T

Thus, we have proved that the following condition is satisfied:
Ve>0 dT.(x) ||f—Tu <e. (12)

This condition means that the function f can be approximated with any
accuracy by trigonometric polynomials in the norm of the space R([—m, 7]).
The approximation in the norm of the space R([—m,7]) is also called the
mean-square approxrimation.

So, we have proved that any continuous 27-periodic function can be
approximated with any accuracy in the norm of the space R([—m,7]) by


https://www.youtube.com/watch?v=yJqsGKaYgmw&t=27m06s
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a trigonometric polynomial, i. e., by some linear combination of functions

from the orthonormal sequence { \/12?, CO\%‘T, Si\n/?}, k € N.

Therefore, if we consider the subspace of the space R(|—m, 7]) of all contin-
uous 27-periodic functions, then, for this subspace, the considered orthonor-
mal sequence will be complete. This immediately implies, by virtue of the
theorem on the convergence of the Fourier series by a complete orthonormal
sequence in Euclidean space, that the Fourier series (8) of any continuous
2m-periodic function f converges to this function in the norm of the space
R([—m,x]), i. e., in mean square.

In the next section, we show that our orthonormal sequence of trigono-
metric functions is complete in the wider subspace of the space R([—m, 7)),
namely, in the subspace of all piecewise continuous functions. Thus, we jus-
tify the convergence of the Fourier series in mean square for all piecewise
continuous functions.

Convergence of the Fourier series in mean square
in the case of piecewise continuous functions

Formulation of the theorem on the approximation
of a piecewise continuous function \3.19A/OO:OO (02:51) \

DEFINITION.

A piecewise continuous function on the segment [a,b] is a function that
is continuous at all points of a given segment except for a finite number of
discontinuity points of the first kind.

It follows from the additivity property of the integral with respect to the
integration segment that any piecewise continuous function on the segment
[a, b] is integrable on this segment.

THEOREM (ON MEAN-SQUARE APPROXIMATION OF A PIECEWISE CON-
TINUOUS FUNCTION BY TRIGONOMETRIC POLYNOMIALS).

For any piecewise continuous function f defined on the segment [—m, 7]
and for any value € > 0, there exists a trigonometric polynomial T},(x) such
that ||f — T,,|| < e. Given the definition of a norm in the space R([—m,7]),
this inequality can be rewritten as follows:

(/ (f(z) - Tn(a;))%xf <

—T
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First stage of the proof 13.19A/02:51 (12:07) |

For simplicity, we consider a function f that has one discontinuity point of
the first kind x = 0, although the same result can be obtained for a function
with any finite number of discontinuity points. In addition, we assume that
the inequality f(—m) # f(m) holds for this function.

The idea of the proof is to transform the function f into a continuous 27-
periodic function by means of a “small” change to the given function (from
the point of view of the norm in R([—m,7])) and then to apply the Weier-
strass theorem on uniform approximation by trigonometric polynomials to
this transformed function.

Choose some small value 6 > 0 and define an auxiliary function f(;:

f(ﬂ_)_i_f(_ﬂ"i‘g)_f(ﬂ')(x_i_ﬂ_)’ = [—7T,—7T—|—5),
f(;(ﬂf) =9 f(5) . f(_5)2(; f((s)(x—é), rc (_575)7 (13)
| f(z), zel-m+d,—5]Usn].

The function f(; differs from the initial function f only on the intervals
[—m,—m 4+ 9) and (=0, 0); the new function is linear on these intervals. The
function f5 is continuous at all points of the segment [—m, | and, moreover,
its values coincide at the points —m and 7 (and are equal to f(m)). Thus, the
function f5 can be extended to the entire real axis R resulting in a continuous
2m-periodic function on R.

Second stage of the proof \3. 19A/14:58 (06:33) \

We assume that the estimate | f(z)| < M, x € [, 7], holds for the initial
function f. Then the same estimate holds for the function f5, and we obtain
an estimate for the difference between the functions f and fs:

Va e [-ma] |f(z) = fo(z)| < |f(@)] + [ f(2)] < 2M. (14)

Given (13) and (14), we can estimate the square of the norm || f — f]|:

If =5 = [ (7t@) = Fotw))d =

—m+4d ~ ) 5 ~ 2
:/_ (f(x)— fs(x)) das—l—/ (f(x) = fs(x))* da <

T -
< (2M)*5 + (2M)* - 26 = 12M25.
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So, we have obtained the following estimate for the norm || f — f;]|:

1f = fsll < 2vBMVS. (15)
Third stage of the proof 13.19A/21:31 (06:13) |
Let us choose some value € > 0 and put 0 = 485%. Then estimate (15)

takes the form

If — f5ll < 2vV3M -

. ITAREt (16)

Now we apply the Weierstrass theorem on the uniform approximation of

a continuous periodic function by trigonometric polynomials to the function fj
using the previously selected value e:

- £
AT, (x)  sup |fs(x) —T,(x)| < :
rE[—m,7] 221

Using the same reasoning as in passing from (11) to (12), we get an esti-

mate for the norm || f5 — T},||:
- £
1fs = Tall < 5- (17)

Combining estimates (16) and (17) and using the triangle inequality for
the norm, we finally obtain

If = Tu@)ll = If = fs+ 5 = Tu(2)|| <

~ ~ £ £
< Hf_chH + Hfd_Tn($)H < §‘|‘§ =c. U

Convergence of the Fourier series
for piecewise continuous functions \3.19A/ 27:44 (07:41) \

The proved theorem means that if in the space R([—m, 7]) we consider the
subspace of all piecewise continuous functions, then, for this subspace, the

orthonormal sequence { \/12?, Co\%f, Si\n/f»f}, k € N, will be complete.

Thus, the previously obtained result on the convergence in mean square
of the Fourier series for continuous 2m-periodic functions can be generalized
to the case of piecewise continuous functions.

THEOREM (ON THE CONVERGENCE IN MEAN SQUARE OF THE
FOURIER SERIES FOR PIECEWISE CONTINUOUS FUNCTIONS).

The Fourier series (8) of any piecewise continuous function f converges to
this function with respect to the norm of the space R([—m, 7)), i. e., in mean
square:


https://www.youtube.com/watch?v=Y6ftB0rijqk&t=21m31s
https://www.youtube.com/watch?v=Y6ftB0rijqk&t=27m44s
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a - 2
lim (f(x) — 22N "(ay, cos kx + by sin ka:)) dx = 0.
n—oo J_ 2
k=1
In addition, for any piecewise continuous functions, Bessel’s inequality (9)
turns into Parseval’s identity:

(0. ¢]

2 T
% + Z(ai +12) = %/_ﬂ (x) da.

k=1

Pointwise convergence
of the Fourier series (3.194/35:25 (04:58)]

In this section, we briefly consider the pointwise convergence of the Fourier
series (8). This type of convergence means that there exists a limit of partial
sums of the Fourier series Sy (z) = %2+, (ax cos kx +by sin kx) as n — oo
at any point z € [—, 7).

It is clear that pointwise convergence does not follow from the mean-square
convergence. Therefore, we can expect that pointwise convergence will take
place for a narrower class of functions (compared to the class of piecewise
continuous and even continuous 2m-periodic functions). There are several
classes of functions with the required properties; we will consider only one of
them, which can be described in a very simple way.

DEFINITION.

A function f is called piecewise continuously differentiable on the segment
a, b] if it is piecewise continuous and also has a continuous derivative on each
interval of continuity (moreover, the function has one-sided derivatives at the
endpoints of each such interval).

We give the following theorem without proof (see, for example, [9, Ch.8,
Sec. 5.6]).

THEOREM (ON THE POINTWISE CONVERGENCE OF THE FOURIER SE-
RIES).

Let the function f be piecewise continuously differentiable on [—m, .
Then its Fourier series converges at any point of the given segment and the
following equalities hold for the limit of partial sums S,(x) of the Fourier
series:

i 8, (o) L@ Sl —0)
n—oo 2
lim 8, () = LT HO £ /(@ =0)

n—oo 2

xr € (—m,m);



https://www.youtube.com/watch?v=Y6ftB0rijqk&t=35m25s

20. Fourier series in the space of integrable functions 237

Recall that f(z + 0) means the right-hand limit of the function f at the
point z and f(z — 0) means its left-hand limit. Thus, at all points of the
continuity of the function f, the Fourier series converges to this function.

Uniform convergence of the Fourier series

Formulation of the theorem on the uniform
convergence of the Fourier series \3.19B/OO:OO (05:26) \

We have two main facts so far: the mean-square convergence of the Fourier
series for piecewise continuous functions and the pointwise convergence of the
Fourier series for piecewise continuously differentiable functions. Now let us
turn to the question for which subspace of the space of integrable functions
R([—m,]) there exists uniform convergence of the Fourier series. The answer
to this question is given by the following theorem.

THEOREM (ON THE UNIFORM CONVERGENCE OF THE FOURIER SE-
RIES).

Let the function f be a 27-periodic function that is differentiable on [—7, 7]
and let its derivative be piecewise continuous. Then the Fourier series of the
function f converges to this function uniformly on [—m, 7]:

[—m,7]
Sp(z) = f(z), n— oo

Before proving this theorem, we formulate and prove an auxiliary lemma
that generalizes the integration formula by parts for a definite integral to
a wider class of functions.

LEMMA (GENERALIZATION OF THE INTEGRATION FORMULA BY
PARTS ).

Suppose that the functions v and v are differentiable on the segment [a, b]
and their derivatives are piecewise continuous. Then the integration formula

by parts holds for them:
b b
— / wvda. (18)

b
/ wv' dr = u(x)v(z)
a

PROOF.

Earlier, we proved the integration formula by parts under the assump-
tion that the functions u and v are continuously differentiable on the entire
segment [a, b] (see the corresponding theorem in Chapter 7 and the remark
to it). The lemma to be proved states that the integration formula by parts

6There is no statement and proof of this lemma in video lectures.


https://www.youtube.com/watch?v=5UJfMwBOpx4&t=00m01s
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remains valid if the derivatives of the functions u and v have a finite number
of discontinuities of the first kind.

We assume that the function u/(x) has a unique discontinuity at the point
¢ € (a,b) and the function v'(x) has a unique discontinuity at the point
d € (a,b), moreover, ¢ < d (the case with several discontinuities can be
analyzed in a similar way).

On the segments [a,c]|, [c,d], [d,b], the functions u and v are continu-
ous and have derivatives defined on the corresponding intervals, and these
derivatives can be defined by continuity at the endpoints of the correspond-
ing segments, since one-sided limits exist at discontinuity points of the first
kind. Therefore, on these segments, all the conditions of the original theorem
on integration by parts are satisfied and therefore the equalities hold:

/ac wv' dx = u(c)v(c) —u(a)v(a) — /ac u'vdzx,
/Cd wv' dr = u(d)v(d) — u(c)v(c) — /Cd w'v de,
/db w'dz = u(b)o(b) — u(d)v(d) — /db u'vdr.

If we summarize the obtained equalities and use the property of addi-
tivity of the integrals with respect to the integration segment (see the re-
mark on the first theorem on the additivity of a definite integral in Chap-
ter 6), then we get ff uv’ dx on the left-hand side and we get the expres-
sion u(b)v(b) — u(a)v(a) — fab u'vdz on the right-hand side. Formula (18) is
proved. []

Now let us prove the theorem.

First stage of the proof 13.19B/05:26 (13:35) |

We begin by proving the uniform convergence of the Fourier series on the
segment [—m, 7.
Recall the formula for partial Fourier sums:

n
Sp(z) = % + Z(ak cos kx + by sin kx).
k=1
By virtue of the Weierstrass uniform convergence test, it suffices to esti-
mate the common term of the Fourier series (ay cos kx + by sin kx) by a value
independent of x and being a common term of some convergent numerical
series.


https://www.youtube.com/watch?v=5UJfMwBOpx4&t=05m26s
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The following obvious estimate holds:
|ay cos kx + by sin kx| < |ag| + |bk|. (19)

Therefore, to prove the uniform convergence of the Fourier series, it suffices
to prove that the numerical series Y~ (Jax| + |bg|) converges.

Note that although the convergence of the series > 7 (af + b2) follows
from Bessel’s inequality (9), this fact does not guarantee the convergence of
the series > 72 (Jax| + |bk|). For example, we know that the series Y7,
converges but the series -, % diverges.

Let us transform the coefficients a, and b using the properties of the
function f. We start with the coefficients ay:

1 v
= — / f(x)coskx dx.
™ —T

Since the function f is differentiable and its derivative is piecewise contin-
uous, we can apply the integration formula by parts (18) by setting u = f(x),
dv = cos kx dx, whence v = Sm ke,

/ f smk:c )

vanishes due to the fact that the function f(z) sin kz

ap — —
T

1(f( )sin kx |7

f(x)sinkx T
k

has the period 27 (in aadition, we can see that sin(—nk) = sintk = 0). Thus,

we get
1 [T fl(w)sinkx , 11 [T,
ak——;/ﬂTda:——E<;/Wf(a:)smkxdx>.

The expression in parentheses indicated on the right-hand side of the ob-

The term

tained equality is the Fourier coefficient corresponding to the function sin kx
for the function f/(x). To distinguish this coefficient from the coefficient by,
of the initial function f, we denote it by b}:

1 m
= —/ f'(z) sin kx du.
™ —T
So, we got the following equality:
b/
o = 11 (20)

Similarly, we can transform the coefficient by:
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:%/ﬁ f(x)sinkx de =
%(_f( ) cos kx| /f cosk:a: ):

— ;/_ f’(x)cosk::cdx).

fx)coska |™
k

The expression vanishes due to the 27-periodicity of the func-

-7

tion f(z)coskx. Denoting a) = = L [T f'(z)coskx dx, we obtain

a/
|br,| = ‘;‘. (21)
Applying equalities (20) and (21), we can rewrite estimate (19) as follows:
. AR
|aj. cos kx + by sin kx| < — (22)
Second stage of the proof \3. 19B/19:01 (04:48) \

Using the relation zy < (2% +y?), which is valid for any real z and y and
can be obtained from the obvious inequality (z + 3)? > 0, we estimate the
right-hand side of equality (22):

e L R (/Y O /Y 1( /2 1) 1( /2 1)
f— < — _ — —_ =
1
= (@) + 00)2) + 75

The estimate (22) takes the form

1
|ay, cos kx + by sin kx| < 5((@2)2 + (b,)%) + -

On the right-hand side of the estimate, we got the common term of the con-
verging number series. Indeed, we previously established the convergence of
the series Y, 75; the series £ > 77 ((a})? + (b},)?) converges due to Bessel’s
inequality for the Fourier coefficients of the function f'(x).

Therefore, according to the Weierstrass test, the initial Fourier series for
the function f converges uniformly:

[—m,m]
Sp(r) = S(x), n— oo

Moreover, the function S(x) is continuous on [—, 7] as the sum of a uni-
formly converging functional series with continuous terms.


https://www.youtube.com/watch?v=5UJfMwBOpx4&t=19m01s
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Third stage of the proof 13.19B/23:49 (10:00) |

[t remains for us to prove that the sum of the Fourier series S(z) coincides
with the function f(z) on the segment [—m, 7].

Recall that, by virtue of the criterion for uniform convergence of the func-
tional series in terms of the supremum limit, the following limit relation is

fulfilled:
lim sup |S(z)— S.(x)| =0.

=00 pe[—m,m]

We write this relation in the language - IV:

€
Ve>0 dNieN Vn>N sup |S(x) — Snp(z)] < :
! 1 me[_m]l (@) = Sn(@)] < 5 7=

Therefore, for all x € [—m, 7], the estimate holds:
£
S(x)—S,(z)] < .
1S() = Sufe)| < 5=

We square both parts of this estimate, integrate from —x to m, and then

extract the square root from both parts:

([ 15t sopar) < (1) 5.

—T

The resulting relation means that the following condition is true for the
norm ||S — S, in the space R([—, 7]):

Ve>0 IN, €N Vn>N, \|s—sn|\<§. (23)

On the other hand, the function f, which, by condition, is continuous on
the segment [—, 7, belongs to the subspace of all piecewise continuous func-
tions defined on [—, 7|; therefore, by the mean-square convergence theorem
of the Fourier series, the sequence of partial Fourier sums {S,,(x)} converges
to the function f in the norm of the space R([—m,7]):

n—o0
This fact can be written as follows:
Ve>0 IN,eN Vn> N, Hf—SnH<g. (24)
From conditions (23) and (24), we obtain that the following estimate is
satisfied for all n > max{ Ny, Ny}:
If =Sl =1f—Su+ 5= 5| <

3 £
<|If = Sull+ 1Sy = S < S+

2:5.


https://www.youtube.com/watch?v=5UJfMwBOpx4&t=23m49s
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The resulting estimate || f — S|| < € is independent of n and is valid for
any € > 0. When ¢ — 0, we get

IF=Sl=o.

Given the definition of the norm, the last equality can be written in the

(/W(f(x) —S(:z:))2dx)é —0.

—T

form

The functions f and S are continuous on [—m, 7|, so the integrand
(f(z) = S (:L'))2 is continuous and non-negative. If it has a positive value
at least at one point of the segment [—m, 7], then its integral must be positive
by the theorem on the integral of a positive continuous function. Therefore,
the integrand is identically equal to zero: |f(x) — S(z)|?> = 0. It follows that
S(x) = f(x) for all z € [—m,7]. O

Decreasing rate of Fourier coefficients
for differentiable functions (3.19B/33:49 (06:32)]

Let the function f be 2m-periodic and differentiable up to the order n,
let its derivatives f'...., f"=1 be 27r-periodic and the derivative f™ be
plecewise continuous.

In the proof of the previous theorem, we have obtained relations (20)
and (21) connecting the Fourier coefficients ay, by of the function f with the
Fourier coefficients aj, ) of its derivative f’ (provided that the function f
is 2m-periodic and has a piecewise continuous derivative). We can combine
these relations in the form of the following equality:

ag| + |b| =%(\a§€|+\b§€), k e N. (25)

Since in our case the derivative f’ is also 2w-periodic and differentiable,

we can use a similar equality for its coefficients and relate these coefficients

to the coefficients af, 0} of the function f":
1
k] + 10x = 7 (jag] + [Bg]), k€ N (26)
Combining equalities (25) and (26), we obtain
1
]+ |bi = (il +10:]), &k €N.
(m—1)

Repeating these steps and expressing the coefficients a; /, b,gm_l) of the

function f(™~Y in terms of the coefficients a,(gm), b,gm) of its derivative f(™


https://www.youtube.com/watch?v=5UJfMwBOpx4&t=33m49s
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for m = 3,...,n — 1, we finally obtain the following equality relating the
coefficients ay, by of the initial function f and the coefficients a,(cn), b,(cn) of its
derivative f(™:

1 n n
Jar| + [bx] = 5 (1ai”| + 7). k€N,

Moreover, the relation limn%oo(|aén)| - |b,(€n)|) = 0 follows from Bessel’s
inequality for the Fourier series of the function f™.

Thus, we have proved the following theorem.

THEOREM (ON THE RATE OF DECREASE OF FOURIER COEFFICIENTS
FOR DIFFERENTIABLE FUNCTIONS).

If the function f is 27-periodic and n times differentiable, its derivatives
f'. ..., £ are also 2m-periodic, and the derivative f™ is piecewise contin-
uous, then the following limit relations are valid for the Fourier coefficients
of the function f:

ap = o(k—ln), b = 0<$>, k — oo.

Thus, the better the differential properties of the function f, the faster
its Fourier coefficients decrease, which allows the use of partial sums of the
Fourier series with fewer terms for a good approximation of such functions.
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Abel first theorem on the convergence
of a power series, 186
Abel second theorem on the convergence
of a power series, 187
Abel’s test for conditional convergence
of a numerical series, 163
Abel’s test for uniform convergence
of a functional series, 175
Alternating series, 156
Antiderivative, 13
Axioms
of a linear space, 212
of a metric space, 214
of the scalar product, 212

Bessel’s inequality
for integrable functions, 230, 231
for vectors of the real Euclidean
space, 218
binomial differential, 38

Cauchy criterion for the convergence
of a numerical series, 143
Cauchy criterion for the convergence
of an improper integral, 128
Cauchy criterion for uniform convergence
of a functional sequence, 170
Cauchy criterion for uniform convergence
of a functional series, 172
Cauchy’s test for convergence
of a numerical series, 154
limit Cauchy test, 155
Cauchy—Bunyakovsky inequality
for the norm of a vector, 213
Cauchy—-Hadamard formula for the radius
of convergence of a power
series, 191
Circular cylinder, its volume, 101
Cuboid, its volume, 98
Curve, 112
continuously differentiable
(smooth), 114
rectifiable curve, its length, 114

Curvilinear trapezoid, its area, 44, 90

D’Alembert’s test for convergence
of a numerical series, 152
limit D’Alembert test, 153
Darboux upper and lower integrals, 52
Darboux upper and lower sum, 48
Definite integral, 46, 66
additivity with respect
to the integration segment, 65, 66
change of variables, 82
formula of integration by parts, 85, 237
integration formula by parts, 85
linearity with respect
to the integrand, 61
Derivative of a vector function, 109
Dirichlet function, 55
Dirichlet’s test for conditional convergence
of a numerical series, 159
Dirichlet’s test for conditional convergence
of an improper integral, 136
Dirichlet’s test for uniform convergence
of a functional series, 174

Ellipse, its area, 94
Euler’s substitutions, 39

Figure (on the plane), 87
cell figure, its area, 87
squarable figure, its area, 88
Formula for the length of the curve
in the Cartesian coordinate system, 119
in the polar coordinate system, 120
specified by a vector function, 118
Formula of the sum of an infinitely
decreasing geometric
progression, 142
Fourier coefficients
of a vector of the real Euclidean
space, 216
of an integrable function, 229, 230
rate of decrease for differentiable
functions, 243
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Fourier series
convergence in the norm (mean-square
convergence), 222, 233, 235
of a vector of the real Euclidean
space, 216
of an integrable function, 229, 231
pointwise convergence, 236
uniform convergence, 237
Fourier sum, 217
Function
piecewise continuously
differentiable, 236
Riemann integrable, 46
function
piecewise continuous, 233
Functional sequence, 165
pointwise convergence, 166
uniform convergence, 166
Functional series, 165
absolute and conditional
convergence, 165
pointwise convergence, 166
uniform convergence, 169

Improper integral
absolute convergence, 129
additivity with respect
to the integration interval, 125
change of variables, 125
conditional convergence, 134
convergence in the sense of the Cauchy
principal value, 140
definition in the general case, 124
for an unbounded function, 123
formula of integration by parts, 126
linearity with respect
to the integrand, 124
over a semi-infinite interval, 122
with several singularities, 138
Indefinite integral, 14
additivity, 15
change of variables, 17
formula of integration by parts, 19
homogeneity, 16
linearity, 16
table of indefinite integrals, 14

Integral
definite, see Definite integral
improper, see Improper integral
indefinite, see Indefinite integral
with a variable upper limit, 76

Integral sum, 46

Integrand, 14

Lagrange’s theorem for vector
functions, 111
Leibniz series, 156
Limit
of a sequence of vectors
of the Euclidean space, 215
of a vector function, 106
limit Cauchy test for convergence
of a numerical series, 155
limit D’Alembert test for convergence
of a numerical series, 153

Method of equating coefficients, 23

Newton—Leibniz formula, 81
Norm

of a vector, 213

of an integrable function, 226
Normalization of a vector, 228
Numerical series, 141

a necessary condition

for the convergence, 143
absolute convergence, 144
conditional convergence, 156

Oscillation of a function, 58

Parseval’s identity

for piecewise continuous functions, 236

for vectors of the real Euclidean
space, 219
Partial fractions, 23
Partial sum of the series, 141
Partition, 45
mesh, 46
refinement, 50
Polynomial in n variables, 37
Polynomial in two variables, 28
Power series, 186
radius of convergence and interval
of convergence, 188
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Primitive function, see Antiderivative
Pythagorean theorem, 221

Rational function, 22
of n variables, 37

Rational function of two variables, 28

real analytic function, 198

Rectangle, its area, 87

Rectangular parallelepiped, its area, see
Cuboid, its volume

Riemann integral, see Definite integral

Riemann theorem on conditionally
convergent series, 164

Sample, 46
Scalar product

Tangent half-angle substitution, see
Universal trigonometric
substitution

Taylor series, 200

expansion of (1 + x)%, 206
expansion of arcsin x, 210
expansion of In(1 + x), 208
expansion of e*; 205
expansions of sinz and cosz, 205
Theorem
a criterion for the convergence
of a vector function in terms
of its coordinate functions, 107
a necessary condition
for integrability, 47

in the space of integrable functions, 224 a necessary condition

Scalar product, its axioms, 212
Sector
circular, its area, 95
curvilinear, its area, 95
Sequence
complete, 219
functional, see Functional sequence
limit superior and limit inferior, 190
orthogonal sequence of trigonometric
functions, 226
orthonormal in Euclidean space, 216

orthonormal sequence of trigonometric

functions, 228
partial limits, 190
Series
Fourier series, see Fourier series
functional, see Functional series
harmonic, 151
numerical, see numerical series
power series, see Power series
Taylor series, see Taylor series
Solid (in three-dimensional space), 98
cell solid, its volume, 99
cubable solid, its volume, 99
cylindrical solid, its volume, 100
solid of revolution, its volume, 102
Space
linear, its axioms, 212
metric, its axioms, 214
of integrable functions, 224, 225
real Euclidean, 212

for the convergence of a numerical
series, 143
Abel’s test for conditional convergence
of a numerical series, 163
Abel’s test for uniform convergence
of a functional series, 175
Cauchy criterion for the convergence
of a numerical series, 143
Cauchy criterion for the convergence
of an improper integral, 128
Cauchy criterion for uniform
convergence of a functional
sequence, 170
Cauchy criterion for uniform
convergence of a functional
series, 172
Cauchy’s test for convergence
of a numerical series, 154
Cauchy—Bunyakovsky inequality
for the norm of a vector, 213
Cauchy-Hadamard theorem
on the radius of convergence
of a power series, 191
comparison test for numerical
series, 148
corollaries of the theorem on the change
of variables in a definite integral, 83
corollary of the comparison test
for improper integrals, 132
corollary of the integrability criterion
in terms of Darboux sums, 55
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corollary of the theorem
on the comparison of integrals, 68
corollary of the theorem
on the existence of an antiderivative
for a continuous function, 81
corollary of the theorem on the integral
of a positive continuous
function, 70
criterion for convergence of numerical
series with non-negative terms, 147
criterion for the convergence
of improper integrals
of non-negative functions, 130
criterion for the cubability of a solid, 99
criterion for the squarability
of a figure, 89
criterion for uniform convergence
of a functional sequence in terms
of the supremum limit, 166
criterion for uniform convergence
of a functional series in terms
of the supremum limit, 170
D’Alembert’s test for convergence
of a numerical series, 152
Dirichlet’s test for conditional
convergence of a numerical
series, 159
Dirichlet’s test for conditional
convergence of an improper
integral, 136
Dirichlet’s test for uniform convergence
of a functional series, 174
integrability criterion in terms
of Darboux sums, 52
integrability theorem for continuous
functions, 58
integrability theorem for monotone
functions, 60
integral test of convergence, 149
Lagrange’s theorem for vector
functions, 111
lemma on generalization
of the integration formula
by parts, 237
on a sufficient condition
for the existence of a Taylor
series, 204

on antiderivatives of a given
function, 13
on arithmetic properties of convergent
numerical series, 145
on arithmetic properties
of differentiable vector
functions, 109
on arithmetic properties of the limit
of vector functions, 108
on differentiation of a functional
sequence, 182
on differentiation of a functional
series, 184
on Fourier coefficients with respect
to a complete orthonormal
sequence, 219
on integrability of the product
of integrable functions, 62
on integrability on a nested segment, 64
on integration by parts of a definite
integral, 85
on integration by parts of an improper
integral, 126
on linearity of a definite integral with
respect to the integrand, 61
on mean-square approximation
of a piecewise continuous function
by trigonometric polynomials, 233
on the additivity of an improper
integral with respect
to the integration interval, 125
on the additivity of the length
of a curve, 114
on the area of a curvilinear sector, 96
on the area of a curvilinear
trapezoid, 90
on the area of a figure with
two curvilinear boundary parts, 93
on the change of variables, 17
on the change of variables in a definite
integral, 82
on the change of variables
in an improper integral, 125
on the coincidence of the integral
in the proper and improper
sense, 127
on the comparison of integrals, 68
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on the continuity of an integral with
a variable upper limit, 76

on the continuity of the sum of a power
series, 194

on the continuity
of the sum of a uniformly
converging functional series with
continuous terms, 178

on the continuity of the uniform limit
of a functional sequence with
continuous elements, 176

on the convergence in mean square
of the Fourier series for piecewise
continuous functions, 235

on the convergence of a Fourier series
with respect to a complete
orthonormal sequence in Euclidean
space, 222

on the convergence of an absolutely
convergent integral, 129

on the convergence of an absolutely
convergent numerical series, 145

on the convergence of numerical series
with common terms that are power
functions, 151

on the convergence of the Leibniz
series, 156

on the derivative for the length
of the initial part of a curve, 116

on the differentiability of an integral
with a variable upper limit
and a continuous integrand, 78

on the differentiation of a power
series, 196

on the estimation of the Leibniz series
in terms of its partial sums, 158

on the existence of an antiderivative
for a continuous function, 80

on the expansion of a power function
into a Taylor series, 206

on the expansion of the arcsine into
a Taylor series, 210

on the expansion of the logarithm into
a Taylor series, 208

on the extremal property of Fourier
sums, 217

on the factorization of a real
polynomial, 22

on the infinite differentiability
of a power series, 197

on the integral of a positive continuous
function, 69

on the integral of the absolute value
of a function, 70

on the integration of a power series, 194

on the integration of a rational
function, 27

on the integration of a uniformly
converging functional sequence, 179

on the integration of a uniformly
converging functional series, 180

on the linearity of an improper integral
with respect to integrand, 124

on the non-negativity of the integral
of a non-negative function, 67

on the partial fraction decomposition
of a real rational function, 22

on the pointwise convergence
of the Fourier series, 236

on the properties of a real analytic
function, 199

on the rate of decrease of Fourier
coefficients for differentiable
functions, 243

on the rectifiability of a continuously
differentiable curve, 114

on the uniform convergence
of the Fourier series, 237

on the volume of a cylindrical solid, 100

on the volume of a solid
of revolution, 102

on the volume of a solid with given
cross-sectional areas, 104

on the well-posedness of the definition
of the cubable solid volume, 99

on the well-posedness of the definition
of the squarable figure area, 88

the comparison test for improper
integrals of non-negative
functions, 131

the first Abel theorem
on the convergence of a power
series, 186
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the first mean value theorem, 72

the first theorem on the additivity
of a definite integral with respect
to the integration segment, 65

the fundamental theorem
of calculus, 81

the second Abel theorem
on the convergence of a power
series, 187

the second mean value theorem, 73

the second theorem on the additivity
of a definite integral with respect
to the integration segment, 66

the third mean value theorem, 74

triangle inequality for the norm
of a vector, 214

Weierstrass test for uniform
convergence of a functional
series, 172

Weierstrass theorem on the uniform
approximation of continuous
periodic functions by trigonometric
polynomials, 231

Triangle inequality for the norm

of a vector, 214

Universal trigonometric substitution, 28

Vector function, 106
continuous, 108
differentiable, 109
its coordinate functions, 107

Weierstrass test for uniform convergence
of a functional series, 172

Weierstrass theorem on the uniform
approximation of continuous
functions by polynomials, 232

Weierstrass theorem on the uniform
approximation of continuous
periodic functions by trigonometric
polynomials, 231
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