N. PISKUNQV

DIFFERENTIAL
AND

INTEGRAL
CALCULUS

VOL. .

Translated from the Russian
by
George Yankovsky

MIR PUBLISHERS MOSCOW






CONTENTS

CHAPTER 1. NUMBER. VARIABLE. FUNCTION

1.1  Real numbers. Real numbers as points on a number scale .......... 11
1.2 The absolute value of arealnumber . . . .. .................... 12
1.3  Variablesand constants . . .............. ... .. ...t 14
1.4 Therangeofavariable . ....... ... ... .. .. ... .. ... ... .... 14
1.5 Ordered variables. Increasing and decreasing variables. Bounded

variables . . . ... 16
1.6 Function . ... ... ... ... ... 16
1.7 Ways of representing functions . . .. ... ............ .. ....... 18
1.8 Basic elementary functions. Elementary functions . .............. 20
1.9 Algebraic functions . ... ..... ... ... ... ... 24
1.10 Polar coordinate system . . . . . ... .. ... ... 26
Exerciseson Chapter 1 . ... ... ... . ... 27

CHAPTER 2. LIMIT. CONTINUITY OF A FUNCTION
2.1  The limit of a variable. An infinitely large variable . . . . ... ... ..... 29
22 Thelimitofafunction ........ ... ... ... ... ... ... ...... 31
2.3 A function that approaches infinity. Bounded functions . . . .. ....... 35
2.4 Infinitesimals ang their basic properties . ... .......... ... .. ... 39
2.5 Basictheoremsonlimits . .. .............. ... .. ... 42
2.6 The limit of the function %C aSX—0 46
27 Thenumbere ....... ... .. . .. ... 47
2.8 Natural logarithms . .. ... ... .. .. .. 51
2.9 Continuity of functions . .. ........ ... ... ... ... . ... 53
2.10 Certain properties of continuous functions .. .................. 57
2.11 Comparing infinitesimals . . . ... ... ... ... ... .. ... 59
Exerciseson Chapter 2 . ... ... ... .. e 61
CHAPTER 3. DERIVATIVE AND DIFFERENTIAL

3.1 Velocityof motion . . ......... ... ... .. 65
3.2 The definition of aderivative . .............. ... .. ........ 67
3.3 Geometric meaning of the derivative .. ...................... 69
3.4 Differentiability of functions . .............. .. .. .. ... .... 70
3.5 The derivative of the function y = x", n a positive integer . . . . .. .. ... 72
3.6 Derivatives of the functions y =sinx,y=cosSx .. ............... 74
3.7 Derivatives of: a constant, the product of a constant by a function,

asum, a product, andaquotient . .......................... 75
3.8 The derivative of a logarithmic function . .. .......... ... ... ... 80
3.9 The derivative of a composite function . . . .. .................. 81



6 Contents

3.10 Derivatives of the functions y = tanx,y =cotx,y=1In|x| .......... 83
3.11 An implicit function and its differentiation . ............. ... ... 85
3.12

Derivatives of a power function for an arbitrary real exponent, of
a general exponential function, and of a composite exponential
function . . ... .. L.

3.13 Aninverse function and its differentiation . . . ... ............... 89
3.14 Inverse trigonometric functions and their differentiation ........... 92
3.15 Basic differentiation formulas . . . .. ... ... ... .. L L. 96
3.16 Parametric representation of a function. . .. ......... ... ... ... 98
3.17 The equations of some curves in parametricform . . ... ........... 99
3.18 The derivative of a function represented parametrically . . .......... 102
3.19 Hyperbolic functions . .. .......... .. ... ... 104
3.20 Tg,e differential . . ... ... ... .. .. ... 107
3.21 The geometric meaning of the differential . . . .. ... ............. 111
3.22 Derivatives of differentorders. . . .. ... ... ... ... .. L. 112
3.23 Differentials of differentorders . . . ... ...................... 114
3.24 Derivatives (of various orders) of implicit functions and of functions

represented parametrically . ........... .. o oL 116
3.25 The mechanical meaning of the second derivative. . . . ... ......... 118
3.26 The equations of a tangent and of a normal. The lengths of a

subtangentand asubnormal . . . ... .. .. Lo L L L L L 119
3.27 The geometric meaning of the derivative of the radius vector with

respecttothe polarangle . . . ....... ... ... .. .. .. .. .. ... 122
Exerciseson Chapter3 . . .. ... ... ... ... .. .. 124

CHAPTER 4. SOME THEOREMS ON DIFFERENTIABLE FUNCTIONS

4.1 A theorem on the roots of a derivative (Rolle’s theorem) . .......... 133
4.2 The mean-value theorem (Lagrange’s theorem) . .. .............. 135
4.3 The generalized mean-value theorem (Cauchy’s theorem) . ......... 136
44 The limit of a ratio of two infinitesimals (evaluating indeterminate

forms of the type g) ................................... 137
45 The limit of a ratio of two infinitely large quantities (evaluating

o0

indeterminate forms of the type ;) ......................... 140
4.6 Taylorsformula ............. .. .. .. . ... 145
4.7 Expansion of the functions e*, sin x, and cos x in a Taylor series . . . ... 149
Exercises on Chapter4 . ... ... .. .. .. . ... 152

CHAPTER 5. INVESTIGATING THE BEHAVIOUR OF FUNCTIONS

5.1 Statementoftheproblem........... ... ... ... .. .. .. .. .... 155
5.2 Increase and decrease of afunction . ............ ... ........ 156
5.3 Maxima and minima of functions . ............. .. .. .. ...... 157
54 Testing a differentiable function for maximum and minimum with

afirstderivative . . ... ... L L 164
5.5 Testing a function for maximum and minimum with a second

derivative . . . ... 166
5.6 Maximum and minimum of a function on an interval . ............ 170
5.7 Aplplying the theory of maxima and minima of functions to the

solutionof problems . . . . ... .. .. ... 171
5.8 Testing a function for maximum and minimum by means of Taylor’s

formula . ... ... ... 173
5.9 Convexity and concavity of a curve. Points of inflection . .......... 175



Contents 7

510 Asymptotes. . . . ..ot e 182
5.11 General plan for investigating functions and constructing graphs . . . . . . 186
5.12 Investigating curves represented parametrically . .. .............. 190
Exerciseson Chapter5 . ... ... .. .. .. ... . . 194

CHAPTER 6. THE CURVATURE OF A CURVE

6.1 Arclengthanditsderivative . . . .. ... ... ... ............ 200
6.2 Curvature . . .. ... ...ttt e 202
6.3 Calculationof curvature . ............ ... ... ... .. ... 204
6.4 Calculating the curvature of a curve represented parametrically ... ... 207
6.5 Calculating the curvature of a curve given by an equation in polar

COOrdINAtes . . . . .t ot e 207
6.6 The radius and circle of curvature. The centre of curvature. Evolute

andinvolute . .. ... ... ... 208
6.7 The properties of anevolute . . . .......... ... ... ... L. 213
6.8 Approximating the real roots of an equation . .................. 216
Exerciseson Chapter 6 . . .. ... ... .. ... ... ... 221

CHAPTER 7. COMPLEX NUMBERS. POLYNOMIALS

7.1 Complex numbers. Basic definitions . ....................... 224
7.2 Basic operations on complex numbers . . ... ............. .. ... 226
7.3 Powers and roots of complex numbers . .. ........ .. .. .. ... ... 229
7.4  Exponential function with complex exponent and its properties . . . . . . . 231
7.5 Euler’s formula. The exponential form of a complex number . ....... 234
7.6 Factoring apolynomial . .......... ... ... .. ... ... .. ... ... 235
7.7  The multiple roots of a polynomial . ........................ 238
7.8  Factoring a polynomial in the case of complexroots . .. ........... 240
7.9 Interpolation. Lagrange’s interpolation formula . . ... ............ 241
7.10 Newton’s interpolation formula. . . .. ...... ... ... .. ... .... 243
7.11 Numerical differentiation . . . .. ....... ... ... ... ... . ... .... 245
7.12 On the best approximation of functions by polynomials. Chebyshev’s

theory . ... 246
Exerciseson Chapter 7 . .. ... ... 247

CHAPTER 8. FUNCTIONS OF SEVERAL VARIABLES

8.1 Definition of a function of several variables. . . ................. 249
8.2 Geometric representation of a function of two variables. . . ... ...... 252
8.3  Partial and total increment of a function . . ... ................. 253
8.4 Continuity of a function of several variables . .................. 254
8.5 Partial derivatives of a function of several variables . ............. 257
8.6 A geometric interpretation of the partial derivatives of a function

oftwovariables . . ... ... ... 259
8.7 Total increment and total differential . ........... ... ... ... ... 260
8.8 Approximation by total differentials . ........... ... ... ... .. 263
8.9 Use of a differential to estimate errors in calculations . ............ 264
8.10 The derivative of a composite function. The total derivative. = The

total differential of a composite function. ... .................. 267
8.11 The derivative of a function defined implicitly . . . .. ............. 270
8.12 Partial derivatives of higherorders. . . .. ...... ... .. ... .. ..... 273
813 Levelsurfaces ... ....... . ... 277
8.14 Directional derivative . ... .. ... ... .. 278
815 Gradient. . ... ... 281



8 Contents

8.16 Taylor’s formula for a function of two variables . . . ... ........... 284
8.17 Maximum and minimum of a function of several variables . . . . . ... .. 286
8.18 Maximum and minimum of a function of several variables related
819 O%; given equatlons (conditional maxima and minima) . . ... ........ 293

taining a function on the basis of experimental data by the
method of leastsquares . . . ........... ... ... ... ... . ... ... 29

8.20 Singular ]E)oints ofacurve . ... ... ... 302
Exerciseson Chapter 8 . ... ... ... ... . ... 307

CHAPTER 9. APPLICATIONS OF DIFFERENTIAL CALCULUS TO SOLID

GEOMETRY
9.1 The equationsof acurveinspace ... ...............cuo.u... 311
9.2 The limit and derivative of the vector function of a scalar argument. The equa-
tion of a tangent to a curve. The equation of a normal plane . . . ... ... 14
9.3 Rules for differentiating vectors (vector functions) . . ............. 320
9.4 The first and second derivatives of a vector with respect to arc length.
The curvature of a curve. The principal normal. The velocity and
acceleration of a point in curvilinear motion . . . ................ 322
9.5 Osculating plane. Binormal. Torsion . .. ..................... 330
9.6 The tan (%ent plane and the normaltoasurface . ................. 335
Exerciseson Chapter 9 . . ... ... .. . .. 338

CHAPTER 10. THE INDEFINITE INTEGRAL

10.1 Antiderivative and the indefinite integral . . . . ... ............... 341
10.2 Tableofintegrals . ... .. ... ... .. ... . 343
10.3 Some properties of the indefinite integral . ... ................. 345
10.4 Integration by substitution (change of variable) . ................ 347
10.5 Integrals of some functions containing a quadratic trinomial . . . . ... .. 350
10.6 Integration by parts . . . . .. ... ..o vttt 352
10.7 Rational fractions. Partial rational fractions and their integration . . . . . . 356
10.8 Decomposition of a rational fraction into partial fractions .......... 359
10.9 Integration of rational fractions . . . .. ........... .. ... ....... 363
10.10 Integrals of irrational functions . . .. ........ ... ... ... ..... 366
10.11 Integrals of the form [R(x, Vax> +bx+c)dx ................ 367
10.12 Integration of certain classes of trigonometric functions . . . . .. ..... 370
10.13 Integration of certain irrational functions by means of trigonometric subst3i%—
15 70) 1 T
10.14  On functions whose integrals cannot be expressed in terms of elementary f%%%_
HOMS © vt et e e e
Exerciseson Chapter 10 . . . ... ... ... .. . 378

CHAPTER 11. THE DEFINITE INTEGRAL

11.1 Statement of the problem. Lower and uppersums . . . ... .......... 387
11.2 The definite integral. Proof of the existence of a definite integral . . . . . . 389
11.3 Basic properties of the definite integral . . . .. ...... ... ........ 399
11.4 Evaluating a definite integral. The Newton-Leibniz formula . . . . ... .. 402
11.5 Change of variable in the definite integral . . ... ................ 407
11.6 Integration by parts. . . .. ... ... ...t 408
11.7 Improperintegrals . .. .. ... ... ... ... . 411
11.8 Approximating definite integrals . . ... ............. ... ..... 419



Contents 9

11.9 Chebyshev’sformula . ......... ... ... .. ... .. ... ... ..., 424
11.10 Integrals dependent on a parameter. The gamma function. . . . ... ... 429
11.11 Integration of a complex function of areal variable . . . .. ......... 433
Exercises on Chapter 11 . ... ... ... . ... . . . . . .. 433

CHAPTER 12. GEOMETRIC AND MECHANICAL APPLICATIONS
OF THE DEFINITE INTEGRAL

12.1 Computing areas in rectangular coordinates . . . . ... ............. 437
12.2 The area of a curvilinear sector in polar coordinates . ............. 440
12.3 Thearclengthofacurve .. ........ ... ..., 441
12.4 Computing the volume of a solid from the areas of parallel sections

(volumes by slicing) . . . ... ... .. L 447
12.5 The volume of a solid of revolution . . . ... ................... 449
12.6 The surface of a solid of revolution . .. ...................... 450
12.7 Computing work by the definite integral . . . ... ................ 452
12.8 Coordinates of the centre of %ravity ......................... 453
12.9 Computing the moment of inertia of a line, a circle, and a cylinder

by means of a definite integral . ............ ... ... .. ..... 456
Exerciseson Chapter 12 . . . ... ... ... ... . . . . 458

Index . . ..o e 465






CHAPTER 1

NUMBER. VARIABLE. FUNCTION

1.1 REAL NUMBERS. REAL NUMBERS AS POINTS
ON A NUMBER SCALE

Number is one of the basic concepts of mathematics. It originated in ancient
times and has undergone expansion and generalization over the centuries.
Whole numbers and fractions, both positive and negative, together with the
number zero are called rational numbers. Every rational number may be repre-
sented in the form of a ratio, g, of two integers p and g; for example,
5 5
=, 125 = -
7 4
In particular, the integer p may be regarded as a ratio of two integers Z; for
example,

6 0
6=1 03
Rational numbers may be represented in the form of periodic terminating or
nonterminating fractions. Numbers represented by nonterminating, but nonperi-
odic, decimal fractions are called irrational numbers; such are the numbers \/5,
V3,5 - V2, etc.
The collection of all rational and irrational numbers makes up the set of real
numbers. The real numbers are ordered in magnitude; that is to say, for each pair
of real numbers x and y there is one, and only one, of the following relations:

X<y, xX=y, x>y

Real numbers may be depicted as points on a number scale. A number scale
is an infinite straight line on which are chosen: (1) a certain point O called the
origin, (2) a positive direction indicated by an arrow, and (3) a suitable unit of
length. We shall usually make the number scale horizontal and take the positive
direction to be from left to right.

If the number x; is positive, it is depicted as a point M, at a distance OM;| = x;
to the right of the origin O; if the number x,
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is negative, it is represented by a point M, to the left of O at a distance OM, =
—x; (Fig. 1). The point O represents the number zero. It is obvious that every
real number is represented by a definite point on the number scale. Two different
real numbers are represented by different points on the number scale.

The following assertion is also true: each point on the number scale represents
only one real number (rational or irrational).

To summarize, all real numbers and all points on the number scale are in
one-to-one correspondence: to each number there corresponds only one point,

M, 0 M, and conversely, to each point there corre-

21 123 >I  gponds only one number. This frequently

. enables us to regard “the number x” and

Fig. 1 “the point x” as, in a certain sense, equiva-

lent expressions. We shall make wide use
of this circumstance in our course.

We state without proof the following important property of the set of real
numbers: both rational and irrational numbers may be found between any two
arbitrary real numbers. In geometrical terms, this proposition reads thus: both
rational and irrational points may be found between any two arbitrary points on
the number scale.

In conclusion we give the following theorem, which, in a certain sense, repre-
sents a bridge between theory and practice.

Theorem. Every irrational number a may be expressed, to any degree of ac-
curacy, with the aid of rational numbers.

Indeed, let the irrational number o > 0 and let it be required to evaluate o with
an accuracy of 1 (for example, 75, 135, and so forth).

No matter what « is, it lies between two integral numbers N and N + 1. We
divide the interval between N and N + 1 into n parts; then @ will lie somewhere
between the rational numbers N + 7 and N + ’”7” Since their difference is equal

to %, each of them expresses « to the given degree of accuracy, the former being
too small and the latter, too large.

Example. The irrational number V2 is expressed by the rational numbers:
1.4 and 1.5 to one decimal place,
1.41 and 1.42 to two decimal places,
1.414 and 1.415 to three decimal places, etc.

1.2 THE ABSOLUTE VALUE OF A REAL NUMBER

Let us introduce a concept which we shall need later on: the absolute value of
a real number.
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Definition. The absolute value (or modulus) of a real number x (written |x|)
is a nonnegative real number that satisfies the conditions

[xl=x ifx=0
[xl=-x ifx<O0
Examples. 2| =2, [-5|=5, [0]=0.
From the definition it follows that the relationship x < |x| holds for any x.
Let us examine some of the properties of absolute values.
1. The absolute value of an algebraic sum of several real numbers is no
greater than the sum of the absolute values of the terms
lx+yl < fxl + 1y
Proof. Let x +y > 0, then
lx+yl=x+y<|x+[y (sincex<|xlandy < |y|)
Let x +y < 0, then
x+yl=—(x+y) =(x)+ () < Ixl+ D

This completes the proof.
The foregoing proof is readily extended to any number of terms.
Examples.

[-2+3|<[-2[+3|=2+3=50r1<5,
[-3-=5]=|-3]+|-5/=3+5=80r8=8.
2. The absolute value of a difference is no less than the difference of the
absolute values of the minuend and subtrahend:
e =yl > Ixl =1yl lxl > Iyl
Proof. Let x —y = z, then x = y + z and from what has been proved
Ix[ =y + 2l < Iyl + Izl = Iyl + [x =yl
whence
I = Iyl < |x =yl
thus completing the proof.

3. The absolute value of a product is equal to the product of the absolute
values of the factors:

lxyz| = |x| Iyl |z|

4. The absolute value of a quotient is equal to the quotient of the absolute
values of the dividend and the divisor:
x| _ I
v
The latter two properties follow directly from the definition of absolute value.
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1.3 VARIABLES AND CONSTANTS

The numerical values of such physical quantities as time, length, area, vol-
ume, mass, velocity, pressure, temperature, etc. are determined by measurement.
Mathematics deals with quantities divested of any specific content. From now
on, when speaking of quantities, we shall have in view their numerical values.
In various phenomena, the numerical values of certain quantities vary, while the
numerical values of others remain fixed. For instance, in the uniform motion of
a point, time and distance change, while the velocity remains constant.

A variable is a quantity that takes on various numerical values. A constant
is a quantity whose numerical values remain fixed. We shall use the letters x, y,
Z, U, ..., etc. to designate variables, and the letters a, b, c, ..., etc. to designate
constants.

Note. In mathematics, a constant is frequently regarded as a special case of
variable whose numerical values are the same.

It should be noted that when considering specific physical phenomena it may
happen that one and the same quantity in one phenomenon is a constant while in
another it is a variable. For example, the velocity of uniform motion is a constant,
while the velocity of uniformly accelerated motion is a variable. Quantities that
have the same value under all circumstances are called absolute constants. For
example, the ratio of the circumference of a circle to its diameter is an absolute
constant: 7 = 3.14159...

As we shall see throughout this course, the concept of a variable quantity is
the basic concept of differential and integral calculus. In “Dialectics of Nature”,
Friedrich Engels wrote: “The turning point in mathematics was Descartes’ vari-
able magnitude. With that came motion and hence dialectics in mathematics, and
at once, too, of necessity the differential and integral calculus.”

1.4 THE RANGE OF A VARIABLE

A variable takes on a series of numerical values. The collection of these values
may differ depending on the character of the problem. For example, the tempera-
ture of water heated under ordinary conditions will vary from room temperature
(15-18 °C) to the boiling point, 100 °C. The variable quantity x = cos a can take
on all values from —1 to +1.

The values of a variable are geometrically depicted as points on a number
scale. For instance, the values of the variable x = cos « for all possible values
of a are depicted as the set of points of the interval from —1 to 1, including the
points —1 and 1 (Fig. 2).

Definition. The set of all numerical values of a variable quantity is called the
range of the variable.
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We shall now define the following ranges of a variable that will be frequently
used later on.

An interval is the set of all numbers x lying

between the given points a and b (the end points) M
and is called closed or open accordingly as it does
or does not include its end points. «
An open interval is the collection of all num- ~7 0 e

bers x lying between and excluding the given num-
bers a and b (a < b); it is denoted (a, b) or by
means of the inequalities a < x < b.

A closed interval is the set of all numbers x ly- Fig. 2
ing between and including the two given numbers
a and b; it is denoted [a, b] or, by means of inequal-
ities, a < x < b.

If one of the numbers a or b (say, a) belongs to the interval, while the other
does not, we have a partly closed (half-closed) interval, which may be given by
the inequalities a < x < b and is denoted [a, b). If the number b belongs to the
set and a does not, we have the half-closed interval (a, b], which may be given by
the inequalities a < x < b.

If the variable x assumes all possible values greater than a, such an interval is
denoted (a, +o0) and is represented by the conditional inequalities a < x < +oo.
In the same way we regard the infinite intervals and half-closed infinite intervals
represented by the conditional inequalities

as<x<+00, —-oo<x<c¢, —-0LK<XKC —0<<x<+00

Example. The range of the variable x = cos a for all possible values of « is the interval
[-1, 1] and is defined by the inequalities —1 < x < 1.

The foregoing definitions may be formulated for a “point” in place of a “num-
ber”.

The neighbourhood of a given point x is an arbitrary interval (a b) containing

this point within it; that is, the interval (a, b) whose end points satisfy the con-

0 xpe — T, Tp*E dition a < x¢ < b. One often considers
) ~ ¢ X the neighbourhood (a, b) of the point x

for which x is the midpoint. Then x; is
called the centre of the neighbourhood
and the quantity l%, the radius of the
neighbourhood. Fig. 3 shows the neigh-
bourhood (xy — €, xg + €) of the point x, with radius &.

Fig. 3
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1.5 ORDERED VARIABLES.
INCREASING AND DECREASING VARIABLES. BOUNDED VARIABLES

We shall say that the variable x is an ordered variable quantity if its range is
known and if about each of any two of its values it may be said which value is
the preceding one and which is the following one. Here, the notions “preceding”
and “following” are not connected with time but serve as a way to “order” the
values of the variable, i.e., to establish the order of the respective values of the
variable.

A particular case of an ordered variable is a variable whose values form a
number sequence Xy, X2, X3, ..., Xn, ... . Here, for K’ < k, the value x; is the
preceding value, and the value x; is the following value, irrespective of which
one is the greater.

Definition 1. A variable is called increasing if each subsequent value of it is
greater than the preceding value. A variable is called decreasing if each subse-
quent value is less than the preceding value.

Increasing variable quantities and decreasing variable quantities are called
monotonically varying variables or simply monotonic quantities.

Example. When the number of sides of a regular polygon inscribed in a circle is
doubled, the area s of the polygon is an increasing variable. The area of a regular polygon
circumscribed about a circle, when the number of sides is doubled, is a decreasing variable.
It may be noted that not every variable quantity is necessarily increasing or decreasing.
Thus, if « is an increasing variable over the interval [0, 27], the variable x = sin @ is not a
monotonic quantity. It first increases from O to 1, then decreases from 1 to —1, and then
increases from —1 to 0.

Definition 2. The variable x is called bounded if there exists a constant M > 0
such that all subsequent values of the variable, after a certain one, satisfy the
condition

-M<x<M or |xlsM

In other words, a variable is called bounded if it is possible to indicate an in-
terval [-M, M] such that all subsequent values of the variable, after a certain one,
will belong to this interval. However, one should not think that the variable will
necessarily assume all values on the interval [-M, M]. For example, the variable
that assumes all possible rational values on the interval [-2, 2] is bounded, and
nevertheless it does not assume all values on [-2, 2], namely, it does not take on
the irrational values.

1.6 FUNCTION

In the study of natural phenomena and the solution of technical and mathemat-
ical problems, one finds it necessary to consider the variation of one quantity as
dependent on the variation of another.
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For instance, in studies of motion, the path traversed is regarded as a variable
which varies with time. Here, the path traversed is a function of the time.

Let us consider another example. We know that the area of a circle, in terms
of the radius, is Q = nR2. If the radius R takes on a variety of numerical values,
the area Q will also assume various numerical values. Thus, the variation of one
variable brings about a variation in the other. Here, the area of a circle Q is a
function of the radius R. Let us formulate a definition of the concept “function”.

Definition 1. If to each value of a variable x (within a certain range) there
corresponds one definite value of another variable y, then y is a function of x or,
in functional notation, y = f(x), y = ¢(x), and so forth.

The variable x is called the independent variable or argument. The relation
between the variables x and y is called a functional relation. The letter f in
the functional notation y = f(x) indicates that some kind of operations must be
performed on the value of x in order to obtain the value of y. In place of the
notation y = f(x), u = ¢(x), etc. one occasionally finds y = y(x), u = u(x), etc.
the letters y, u designating both the dependent variable and the symbol of the
operations to be performed on x.

The notation y = C, where C is a constant, denotes a function whose value for
any value of x is the same and is equal to C.

Definition 2. The set of values of x for which the values of the function y are
determined by the rule f(x) is called the domain of definition of the function.

Example 1. The function y = sin x is defined for all values of x. Therefore, its domain
of definition is the infinite interval —co < x < +co0.

Note 1. If we have a function relation of two variable quantities x and y = f(x)
and it x and y = f(x) are regarded as ordered variables, then of the two values
of the function y* = f(x*) and y** = f(x*") corresponding to two values of the
argument x* and x**, the subsequent value of the function will be that one which
corresponds to the subsequent value of the argument. The following definition is
therefore natural.

Definition 3. If the function y = f(x) is such that to a greater value of the
argument x there corresponds a greater value of the function, then the function
y = f(x) is called increasing. A decreasing function is similarly defined.

Example 2. The function Q = 7R? for 0 < R < oo is an increasing function because
to a greater value of R there corresponds a greater value of Q.

Note 2. The definition of a function is sometimes broadened so that to each
value of x, within a certain range, there corresponds
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not one but several values of y or even an infinitude of values of y. In this case
we have a multiple-valued function in contrast to the one defined above, which is
called a single-valued function. Henceforward, when speaking of a function, we
shall have in view only single-valued functions. If it becomes necessary to deal
with multiple-valued functions we shall specify this fact.

1.7 WAYS OF REPRESENTING FUNCTIONS

I. Tabular representation of a function

Here, the values of the argument xi, x», ..., x, and the corresponding values
of the function yy, y,, ..., y, are written out in a definite order.
X X1 1 % J I Xn
y Vi Voo | ... Vn

Examples are tables of trigonometric functions, tables of logarithms, and so
on.

An experimental study of phenomena can result in tables that express a func-
tional relation between the measured quantities. For example, temperature mea-
surements of the air at a meteorological station on a definite day yield a table like
the following.

The temperature T (in degrees) is dependent on the time # (in hours).

T 0 -1 -2 -2 -0.5 1 3 35 4

This table defines 7" as a function of 7.
II. Graphical representation of a function

If in a rectangular coordinate system on a plane we have a set of points M(x, y)
and no two points lie on a straight line parallel to the y-axis, this set of points
defines a certain single-valued function y = f(x); the abscissas of the points are
the values of



1.7 Ways of Representing Functions 19

the argument, the corresponding ordinates are the
values of the function (Fig. 4).

The collection of points in the xy-plane whose
abscissas are the values of the independent vari-
able and whose ordinates are the corresponding
values of the function is called a graph of the
given function. Fig. 4

I11. Analytical representation of a function

Let us first explain what “analytical expression” means. By analytical ex-
pression we will understand a series of symbols denoting certain mathematical
operations that are performed in a definite sequence on numbers and letters which
designate constant or variable quantities.

By totality of known mathematical operations we mean not only the mathe-
matical operations familiar from the course of secondary school (addition, sub-
traction, extraction of roots, etc.) but also those which will be defined as we
proceed in this course.

The following are examples of analytical expressions:

“oo, log x — sinx’ 2 _ \513x
5x2+1
If the functional relation y = f(x) is such that f denotes an analytical expression,
we say that the function y of x is represented or defined analytically.

Examples of functions defined analytically are: (1) y = x* -2, (2) y = %,
3)y= VI —x2,(4)y =sinx, (5) Q = nR?, and so forth. Here, the functions are
defined analytically by means of a single formula (a formula is understood to be
an equality of two analytical expressions). In such cases one may speak of the
natural domain of definition of the function.

The set of values of x for which the analytical expression on the right-hand
side has a definite value is the natural domain of definition of a function rep-
resented analytically. Thus, the natural domain of definition of the function
y = x* = 2 is the infinite interval —co < x 1< +00, because the function is de-

X+

fined for all values of x. The function y = 7% is defined for all values of x, with

the exception of x = 1, because for this value of x the denominator vanishes. For
the function y = V1 — x2, the natural domain of definition is the closed interval
-1 < x<1,andsoon.

Note. It is sometimes necessary to consider only a part of the natural domain
of a function, and not the whole domain. For
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Y A instance, the dependence of the area Q of a circle upon
the radius R is defined by the function Q = 7R?. The
domain of this function, when considering the given
geometrical problem, is the infinite interval 0 < R <
+0c0. But the natural domain of this function is the infi-
nite interval —co < R < +oco0.

If the function y = f(x) is represented analytically,
it may be shown graphically on a coordinate xy-plane.
Thus, the graph of the function y = x? is a parabola as
shown in Fig. 5.

Y=z?

Fig. 5

1.8 BASIC ELEMENTARY FUNCTIONS.
ELEMENTARY FUNCTIONS

The basic elementary functions are the following analytically represented
functions.

1. Power function: y = x%, where « is a real number.”

II. General exponential function: y = a*, where a is a positive number not
equal to unity.

III. Logarithmic function: y = log, x, where the logarithmic base a is a posi-
tive number not equal to unity.”

IV. Trigonometric functions: y = sinx, y = cosx, y = tanx, y = cotx, y =
Sec X,y = CSCX.

V. Inverse trigonometric functions:

y =arcsinx, y=arccosx, Yy = arctanux,
y =arccotx, y = arcsecx, y = arccscx.

Let us consider the domains of definition and the graphs of the basic elemen-
tary functions.

Power function y = x.

1. a is a positive integer. The function is defined in the infinite interval —oco <
X < +oo. In this case, the graphs of the function for certain values of @ have the
form shown in Figs. 6 and 7.

2. a is a negative integer. In this case, the function is defined for all values of
x with the exception of x = 0. The graphs of the functions for certain values of &
have the form shown in Figs. 8 and 9.

Figs. 10, 11, and 12 show graphs of a power function with fractional rational
values of a.

“If @ is irrational, this function is evaluated by taking logarithms and antilogarithms: logy =
alog x. It is assumed here that x > 0.
“*Throughout this book, the symbol log stands for the logarithm to the base 10.
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General exponential function, y = a*, a > 0 and @ # 1. This function is
defined for all values of x. Its graph is shown in Fig. 13.

Logarithmic function, y = log, x, a > 0 and a # 1. This function is defined
for x > 0. Its graph is shown in Fig. 14.

Trigonometric functions. In the formulas y = sinx, etc. the independent
variable x is expressed in radians. All the enumerated trigonometric functions
are periodic. We give a general definition of a periodic function.
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Definition 1. The functiony = f(x) is called periodic if there exists a constant
C, which, when added to (or subtracted from) the argument x, does not change
the value of the function:

WUTE A e
g

Fig. 14

y=sinz
1

AN 7,
= 0 AN\ 3

Fig. 15

f(x+ C) = f(x). The least such number is called the period of the function; it
will henceforward be designated as 2/.

From the definition it follows directly that y = sin x is a periodic function with
period 27: sin x = sin(x + 27). The period of cos x

y=cosz

N\ AN

Fig. 16

is likewise 27. The functions y = tan x and y = cot x have a period equal to .

The functions y = sin x, y = cos x are defined for all values of x; the functions
y = tanx and y = sec x are defined everywhere except at the points x = (2k + 1)
(k=0,%1,%2,...); the functions
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y = cotx and y = csc x are defined for all values of x except at the points x = kr
(k =0,+1,+2,...). Graphs of trigonometric functions are shown in Figs. 15 to
19.

YL yetanz y=cotz 9\
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Fig. 17 Fig. 18

The inverse trigonometric functions will be discussed in more detail later on.

Let us now introduce the concept
of a function of a function. If yis a
function of u, and u (in turn) is de-
pendent on the variable x, then y is
also dependent on x. Lety = F(u)
and u = ¢(x). We get y as a function
of x:

=Secxr |

S I
ks

y = Fle(x)]

This function is called a function
of a function or a composite function.

Example 1. Let y = sinu, u = x%.
The function y = sin(x?) is a composite
function of x.

Note. The domain of definition
of the function y = F [¢(x)] is either
the entire domain of the function, u = ¢(x), or that part of it in which those values
of u are defined that do not lie outside the domain of the function F(u).

Example 2. The domain of definition of the functiony = V1 — x2 (y = Vi, u = 1-x?)
is the closed interval [—1, 1], because when |x| > 1 u < 0 and, consequently, the function
vu is not defined (although the function u = 1 — x? is defined for all values of x). The
graph of this function is the upper half of a circle with centre at the origin of the coordinate
system and with radius unity.

L
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The operation “function of a function” may be performed any number of times.
For instance, the function y = In[sin(x? + 1)] is obtained as a result of the follow-
ing operations (defining the following functions);

v=x2+1, u=sinv, y=Inu

Let us now define an elementary function.

Definition 2. An elementary function is a function which may be represented
by a single formula of the type y = f(x), where the expression on the right-hand
side is made up of basic elementary functions and
constants by means of a finite number of operations
of addition, subtraction, multiplication, division and
taking the function of a function.

o From this definition it follows that elementary
0| 1 2 T functions are functions represented analytically.

Fig. 20

Examples of elementary functions:

1 +4:/x+2t
=|x|=‘/)§, y=\/1+4sin2x, y= OB X Vx anx

10 —x+ 10

Example of nonelementary function:

The functiony = 1-2-3-...-n [y = f(n)] is not elementary because the number
of operations that must be performed to obtain y increases with n, that is to say, it is not
bounded.

Note. The function given in Fig. 20 is elementary even though it is repre-
sented by means of two formulas:

fx)=x ifo<x<1
f)=2x-1 ifl<x<2

This function can also be defined by a single formula:

fo =3 (x—l) Sh-1= (x_l)+lm

3 372
for 0 < x < 2. (See also Examples 139-144 in the exercises of Chapter 5.)

1.9. ALGEBRAIC FUNCTIONS

Algebraic functions include elementary functions of the following kind:
I. The rational integral function, or polynomial

y=axX"+a X" +.. +a,
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where ag, ay, ..., a, are constants called coefficients and n is a nonnegative inte-
ger called the degree of the polynomial. It is obvious that this function is defined
for all values of x, that is, it is defined in an infinite interval.

Examples. 1.y = ax + b is a linear function. y a>0 Y a<0
When b = 0, the linear function y = ax expresses
y as being directly proportional to x. For a = 0,
y = b, the function is a constant.

2. y = ax* + bx + c is a quadratic function.
The graph of a quadratic function is a parabola W L | Io \'z
(F.ig'. 21). These functions are considered in de- (@) (b)
tail in analytic geometry.

Fig. 21
II. Fractional rational function. This function is defined as the ratio of two
polynomials:
apX" + a1 X+ ..+ a,
box™ + byxml + ...+ b,
For example, the following is a fractional rational function:

y:

a

y=-
X

It expresses inverse variation. Its graph is shown in Fig. 22. It is obvious
that a fractional rational function is defined for all values of x with the

exception of those for which
Yy y } the denominator becomes zero.
IIIL. Irrational function. If

a>0 a<y .
in the formula y = f(x), op-
M erations of addition, subtrac-
tion, multiplication, division
and raising to a power with
rational nonintegral exponents
are performed on the right-
(a) () hand side, the function y =
f(x) is irrational. Examples of

Fig. 22
2x% + \x
————, y= +xetc
V1 + 5x2

Note 1. The three types of algebraic functions mentioned above do not ex-
haust all algebraic functions. An algebraic function is any function y = f(x)
which satisfies an equation of the form

Po(x)y" + Pi(x)y" '+ ...+ Py(x) =0 (1)

where Py(x), Pi(x), ..., P,(x) are certain polynomials in x.

irrational functions are: y =
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It may be proved that each of these three types of function satisfies a certain
equation of type (1), but not every function that satisfies an equation like (1) is a
function of one of the three types given above.

Note 2. A function which is not algebraic is called transcendental. Examples
of transcendental functions are y = cos x, y = 10" and the like.

1.10. POLAR COORDINATE SYSTEM

The position of a point in a plane may be determined by means of a so-called
polar coordinate system.

M We choose a point O in a plane and call it the pole; the
half-line issuing from this point is called the polar axis. The
P position of the point M in the plane may be specified by two
>0 numbers: the number p, which expresses the distance of M
0 T from the pole, and the number ¢, which is the angle formed
Fig. 23 by the line segment OM and the polar axis. The positive
direction of the angle ¢ is reckoned counterclockwise. The
numbers p and ¢ are called the polar coordinates of the
point M (Fig. 23).

We will always take the radius vector p to be nonnegative. If the polar angle
¢ is taken within the limits 0 < ¢ < 2, then to each point of the plane (with the
exception of the pole) there corresponds a definite number pair p and ¢. For the
pole, p = 0 and ¢ is arbitrary.

- A |

yepsing §| £
4 .~

Z=pcosqp

Fig. 24 Fig. 25

Let us now see how the polar and rectangular Cartesian coordinates are related.
Let the origin of the rectangular coordinate system coincide with the pole, and
the positive direction of the x-axis, with the polar axis. From Fig. 24 it follows
directly that

X=pcose, y=psing

p=+/X2+y2, tangp = Y
X

and, conversely, that
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Note. To find ¢, it is necessary to take into account the quadrant in which
the point is located and then take the corresponding value of ¢. The equation
p = F(p) in polar coordinates defines a certain line.

Example 1. The equation p = a, where a = ccnst, defines in polar coordinates a
circle with centre in the pole and with radius a. The equation of this circle (Fig. 25) in a
rectangular coordinate system situated as shown in Fig. 24 is

V2 +yr=a or F*+y'=d
Example 2. p = ap, where a = const.
Let us tabulate the values of p for certain values of ¢

I3 T 3 3
I 5 p b/g b8 zﬂ' 2 3 4

p|0|x=0.78a |~ 1.57a|~ 2.36a |~ 3.14a|~ 4.7la|~ 6.28a |~ 9.42a | ~ 12.56a

¢l0

The corresponding curve is shown in Fig. 26. It is called the spiral of Archimedes.
Example 3. p = 2acos ¢.
This is the equation of a circle of radius a, the centre of which is at the point py = a,
¢ = 0 (Fig. 27). Let us write the equation of this circle in rectangular

y

<

Fig. 26 Fig. 27

. . X . . .
coordinates. Substituting p = /x? + y2, cos ¢ = \/? into the given equation, we get
X2 +y

x
X +y?=2a——
X2+ y?
or

2 +y—2ax=0

EXERCISES ON CHAPTER 1

1. Given the function f(x) = x*> + 6x — 4. Verify that f(1) = 3, f(3) = 23.

2. f(x)= x>+ 1. Evaluate: (a) f(4). Ans. 17. (b) f( \5). Ans. 3.(c) f(a+1).
Ans. a® +2a+2. (d) f(a) + 1. Ans. a® +2. (e) f(a®). Ans. a* + 1. () [f(a)]*.
Ans. a* +2a* + 1. (2) fQa). Ans. 4a* + 1.
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x—1

3. p(x) = £L. Write the expressions ¢(1) and W) Ans. o(1) = =%,
L _ 3x45
ex) — x-1°

4. y(x) = Vx2+4. Write the expressions ¢(2x) and ¥(0). Ans. y(2x) =
2Vx2 + 1, y(0) =2

5. f(6) = tané. Verify the equation f(26) = %.

6. ¢(x) = log 12 Verlfy the equation ¢(a) + ¢(b) = ¢({ (Z) .
7. f(x) =logx; ga(x) = x3. Write the expressions:

(a) fle(2)]. Ans. 3log2. (b) fle(a)l. Ans. 3loga.

(©) ¢lf(a@)]. Ans. [log al’.

8. Find the natural domain of definition of the function y = 2x> + 1.
Ans. —oo0 < x < 400,

9. Find the natural domains of definition of the functions: (a) V1 — x2.
Ans. =1 <x<+1.(b) V3+x+VI—x. Ans. -3<x<7.(c) Vx+a— Vx—b.
Ans. —co < x < +oo. (d) £, Ans. x # a. (e) arcsin® x. Ans. -1 < x < 1. (f)

=logx. Ans. x> 0.(g)y=a"(a>0). Ans. —c0 < x < +00.

Construct the graphs of the functions:

10. y=-3x+5. 11l. y= —x +1. 12, y=3-2x°
13. y=x?+2x - 1.

14. y = xl—l 15. y=sin2x. 16. y=cos3x. 17. y=x>—4x+6.

18. y = l_lxz

19. y =sin(x+%). 20. y=cos(x—%). 21. y=tanjx. 22.y=cotjx.

23.y=3% 24.y=2". 25.y=log,l. 26 y=x+1.
27. y=4-x.

28. y= %z 29. y=x* 30.y=x. 3L yzx%. 32, y=x"
33. y=x3.

34. y=1[x. 35. y=log,lxl. 36. y=logy(1-x). 37.y=3sin(2x+ %).

38. y=4cos(x+%). 39. The function f(x) is defined on the interval
[—1, 1] as follows:

I

f)=1+x for —1<x<0,
fx)=1-2x forO0<x<1
40. The function f(x) is defined on the interval [0, 2] as follows:

>

fx)=x> for 0<x<
f(x)=x for 1<x<

Construct curves given by the polar equations:

41. p = g (hyperbolic spiral). 42. p = a? (logarithmic spiral).

43. p = a+/cos2¢p (lemniscate). 44. p = a(l — cos ¢) (cardioid).
45. p = asin3ep.

1
2.



CHAPTER 2

LIMIT. CONTINUITY OF A FUNCTION

2.1 THE LIMIT OF A VARIABLE.
AN INFINITELY LARGE VARIABLE

In this section we shall consider ordered variables that vary in a special way
defined as follows: “the variable approaches a limit”. Throughout the remainder
of the course, the concept of the limit of a variable will play a fundamental role,
for it is intimately bound up with the basic concepts of mathematical analysis,
such as derivative, integral, etc.

Definition 1. A constant number a is said to be the limit of a variable x, if for
every preassigned arbitrarily small positive number ¢ it is possible to indicate a
value of the variable x such that all subsequent values of the variable will satisfy
the inequality

lx—al <&
If the number a is the limit of the variable x, one says that x approaches the limit
a; in symbols we have

x—a or limx=a

In geometric terms, limit may be defined as follows.

The constant number a is the limit of the vari- 2
able x if for any preassigned arbitrarily small ) "
neighbourhood with centre in the point a and
with radius e there is a value of x such that Fig. 28
all points corresponding to subsequent values of
the variable will be within this neighbourhood
(Fig. 28).

Let us consider several cases of variables approaching limits.

Example 1. The variable x takes on the successive values

Qd-
NN
é\ﬁ
LY
™
\

1 1
X]:1+1,X2:1+§,X3:1+§,...,X,,:1+7l,...

We shall prove that this variable has unity as its limit. We have

|xn—1|=|(1+%)—1|=%
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For any &, all subsequent values of the variable beginning with n, where }l < g, or
n> i, will satisfy the inequality |x, — 1| < &, and the proof is complete. It will be noted
here that the variable quantity decreases as it approaches the limit.

Example 2. The variable x takes on the successive values

1 1 1 1
2 _ — _ _ n
—1+22,)C3—1—23,X4—1+24,...,.Xn—1+(—1) _211,...

This variable has a limit of unity. Indeed,

x1=1—§,x

b, — 1] = ‘(1 +(—1)"%)— 1| - 2i

For any &, beginning with n, which satisfies the relation % < g, from which it follows that

log £
log?2’
all subsequent values of x will satisfy the relation |x, — 1| < &. It will be noted here that the
values of the variable are greater than or less than the limit, and the variable approaches
its limit by “oscillating about it”.

Note 1. As was pointed out in Sec. 1.3, a constant quantity c is frequently
regarded as a variable whose values are all the same: x = c.

Obviously, the limit of a constant is equal to the constant itself, since we
always have the inequality |x — c¢| = |c — ¢| = 0 < & for any &.

Note 2. From the definition of a limit it follows that a variable cannot have
two limits. Indeed, if lim x = @ and lim x = b (a < b), then x must satisfy, at one
and the same time, two inequalities:

1 1
2">—, nlog2>log— or n>
& &

x—al<e and |x—bl<e

for an arbitrarily small &; but this is impossible if & < ’% (Fig. 29).

{x-a|

L7 19V I
‘\é_e/ \2_6/ 4._\/‘13_\‘1/ ‘?Z 1:4(_15

<t ~——r——"

Fig. 29 Fig. 30

Note 3. One should not think that every variable has a limit. Let the variable
x take on the following successive values (Fig. 30):

1 1 1 1 1

X =5 x2=1—Z, X3= g s x2k:1_ﬁ’ Xok+1 = oy
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For k sufficiently large, the value x,; and all subsequent values with even labels
will differ from unity by as small a number as we please, while the next value
X241 and all subsequent values of x with odd labels will differ from zero by as
small a number as we please. Consequently, the variable x does not approach a
limit.

In the definition of a limit it is stated that if the variable approaches the limit a,
then a is a constant. But the word “approaches” is used also to describe another
type of variation of a variable, as will be seen from the following definition.

Definition 2. A variable x approaches infinity if for every preassigned posi-
tive number M it is possible to indicate a value of x such that, beginning with this
value, all subsequent values of the variable satisfy the inequality |x| > M.

If the variable x approaches infinity, it is called an infinitely large variable and
we write x — oo,

Example 3. The variable x takes on the values

xi=-1,x%=2,x3=-3,..., x,=(-1)"n, ...

This is an infinitely large variable quantity, since for an arbitrary M > 0 all values of the
variable, beginning with a certain one, are greater than M in absolute value.

The variable x “approaches plus infinity”, x — +oo, if for an arbitrary M > 0
all subsequent values of the variable, beginning with a certain one, satisfy the
inequality M < x.

An example of a variable quantity approaching plus infinity is the variable x
that takes on the values x; = 1, x, =2,...,x,=n, ... .

A variable approaches minus infinity, x — —oo, if for an arbitrary M > 0
all subsequent values of the variable, beginning with a certain one, satisfy the
inequality x < —M.

For example, a variable x that assumes the values x; = -1, x, = -2, ...,
X, = —n, ..., approaches minus infinity.

2.2 THE LIMIT OF A FUNCTION

In this section we shall consider certain cases of the variation of a function
when the argument x approaches a certain limit a or infinity.

Definition 1. Let the function y = f(x) be defined in a certain neighbourhood
of a point a or at certain points of this neighbourhood. The function y = f(x)
approaches the limit b (y — b) as x approaches a (x — a), if for every positive
number &, no matter how small, it is possible to indicate a positive number ¢ such
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that for all x, different from a and satisfying the inequality”

lx—al<d
we have the inequality
If(x)-bl<e
If b is the limit of the function f(x) as x — a, we write
lim f(x) =b
X—da
or f(x) —m basx — a.
y g=fir)  If f(x) — basx — a, this is il-
beg lustrated on the graph of the function y =
b Y 7 42$ f(x) as follows (Fig. 31). Since from the
/446 inequality |x — a| < ¢ there follows the in-

the point a than ¢, the points M of the
graph of the function y = f(x) lie within
a band of width 2¢ bounded by the lines
& y=b-candy=b+s¢.
Fig. 31 Note 1. We may also define the limit
of the function f(x) as x — a as follows.
Let a variable x assume values such (that is, ordered in such fashion) that if

brey —_— . equality |f(x) — b| < &, this means that for
all points x that are not more distant from
b 12
a-8 a a-

[x* —a| > |x™ —q]

then x* is the subsequent value and x* is the preceding value; but if

=k =k

X —a|=|x"—-al and X <X

then X** is the subsequent value and x* is the preceding value.

In other words, of two points on a number scale, the subsequent one is that
which is closer to the point a; at equal distances, the subsequent one is that which
is to the right of the point a.

Let a variable quantity x ordered in this fashion approach the limit a [x — a
or limx = al.

Let us further consider the variable y = f(x). We shall here and henceforward
consider that of the two values of a function, the

“Here we mean the values of x that satisfy the inequality |x — a| < § and belong to the domain of
definition of the function. We will encounter similar circumstances in the future. For instance, when
considering the behaviour of a function as x — oo, it may happen that the function is defined only
for positive integral values of x. And so in this case x — oo, assuming only positive integral values.
We shall not specify this when it comes up later on.
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subsequent one is that which corresponds to the subsequent value of the argu-
ment.
If, as x — a, a variable y thus defined approaches a certain limit b, we shall
write
lim f(x) =b
X—a
and we shall say that the function y = f(x) approaches the limit b as x — a.
It is easy to prove that both definitions of the limit of a function are equivalent.

Note 2. If f(x) approaches the limit b; as x ¥ y-fl)
approaches a certain number a so that x takes on
only values less than a we write lim f x)=b

X—)a—

and call b; the limit on the left at the point a of

the function. If x takes on only values greater by

than a, we write lim0 f(x) = by and call b, the
xX—a+

limit on the right at the point a of the function
(Fig. 32).

0 a *z
Fig. 32

It can be proved that if the limit on the right and the limit on the left exist
and are equal, that is, by = b, = b, then b will be the limit in the sense of the
foregoing definition of a limit at the point a. And conversely, if there exists a
limit b of a function at the point a, then there exist limits of the function at the
point a both on the right and on the left and they are equal.

Example 1. Let us prove that hm(3x + 1) = 7. Indeed, let an arbitrary € > 0 be given;
for the inequality |(3x + 1) — 7| < & to be fulfilled it is necessary to have the following
inequalities fulfilled:

& & &
|3x—6|<£, |x—2|<§, —§<x—2<§
Thus, given any &, for all values of x satisfying the inequality |x — 2| < § = 6, the value of
the function 3x + 1 will differ from 7 by less than &. And this means that 7 is the limit of
the function as x — 2.

Note 3. For a function to have a limit as x — a, it is not necessary that the
function be defined at the point x = a. When finding the limit we consider the
values of the function in the neighbourhood of the point a that are different from
a; this is clearly illustrated in the following case.

Example 2. = 4. Here, the function 24

x=2

is not defined

for x = 2.
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It is necessary to prove that for an arbitrary ¢ there will be a ¢ such that the following
inequality will be fulfilled:

-4
' — - 4‘ <e (1)
if |x — 2| < 6. But when x # 2 inequality (1) is equivalent to the inequality

'w —4 =i+ 2) -4 <6

x—=2
or

x-2/ <& )

Thus, for an arbitrary &, inequality (1) will be fulfilled if inequality (2) is fulfilled (here,
¢ = &), which means that the given function has the number 4 as its limit as x — 2.

Let us now consider certain cases of variation of a function as x — 0.

Definition 2. The function f(x) approaches the limit b as x — oo if for each
arbitrarily small positive number ¢ it is possible to indicate a positive number
N such that for all values of x that satisfy the inequality |x| > N the inequality
|f(x) — b| < & will be fulfilled.

Example 3. We will prove that

R +1

lim(*——=) =1
or

lim(1+7)=1

It is necessary to prove that, for an arbitrary &, the following inequality is fulfilled

'(1+§)—1'<s (3)

provided |x| > N, where N is determined by the choice of &. Inequality (3) is equivalent
to the following inequality: || < &, which will be fulfilled if

1
x| >—-=N
£

which means that lim (1 + %) = lim %] =1 (Fig. 33).
If we know the meanings of the symbols x — +c0 and x — —oco, the
meanings of the following expressions are obvious:



2.3 A Function That Approaches Infinity 35

g
\\y:_’f_ﬁ___
p— N— /._yEL___F- -5___:
N\
Fig. 33

“f(x) approaches b as x — +00” and
“f(x) approaches b as x — —o0” or, in symbols,
lim f(x) = b,

X—+00

lir_n fx)=>b

2.3. A FUNCTION THAT APPROACHES INFINITY.
BOUNDED FUNCTIONS

We have considered cases when a function f(x) approaches a certain limit b
as x — a or as x — oo.

Let us now take the case where the function y = f(x) approaches infinity when
the argument varies in some way.

Definition 1. The function f(x) approaches infinity as x — a, i.e., it is an
infinitely large quantity as x — a if for each positive number M, no matter how
large, it is possible to find a 6 > 0 such that for all values of x different from a
and satisfying the condition |x — a| < J, we have the inequality |f(x)| > M.

If f(x) approaches infinity as x — a, we write

lim f(x) = oo

X—a

or f(x) — oc0asx — a.

If f(x) approaches infinity as x — a and, in the process, assumes only
positive or only negative values, the appropriate notation is lim f(x) = +oo or

X—a

lim f(x) = —oo.
X—a

Example 1. We shall prove that lim g = +oo. Indeed, for any M > 0 we have

1
—>M
a-x2



36 Ch. 2. Limit. Continuity of a Function

provided

1 1
1-x*<—, l-x<—=7=46
M VM

L_ assumes only positive values (Fig. 34).

(1-»?
Example 2. We shall prove that limo(—i) = oo. Indeed, for any M > 0 we have

The function

1
|——| >M
X

provided
1
Xl =x-0l<—==9¢
M

Here (—)1() > 0 for x < 0 and (—}C) < 0 for x > 0 (Fig. 35).

7L
4
1
L
e
i ]
! |
| : il
0 1% z
Fig. 34 Fig. 35

If the function f(x) approaches infinity as x — oo, we write

lim f(x) = o0

X—00

and we may have the particular cases

lim f(x) = oo, lim f(x) = oo, lim f(x) = —co

X—+00

For example,

3

lim x? = +oo, lim x° = —co and the like.

X—00 X—>—00

Note 1. The function y = f(x) may not approach a finite limit or infinity as
X — aorasx — oo.
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Example 3. The function y = sinx defined on the infinite interval —co < x < +oo,
does not approach either a finite limit or infinity as x — +oo (Fig. 36).

y y=sinx

2N\ N,
I N0 NSt \*
Fig. 36
Example 4. The function y = sin lt defined for all values of x, except x = 0, does not

approach either a finite limit or infinity as x —> 0. The graph of this function is shown in
Fig. 37.

Definition 2. A function y = f(x) is called bounded in a given range of the
argument x if there exists a positive number M such that for all values of x in
the range under consideration the inequality |f(x)| < M is fulfilled. If there is no
such number M, the function f(x) is called unbounded in the given range.

Example 5. The function y = sin x, defined in the infinite interval —co < x < 400, is
bounded, since for all values of x

[sinx]<1=M

Definition 3. The function f(x) is called bounded as x — a if there exists a
neighbourhood, with centre at the point a, in which the given function is bounded.

Definition 4. The function y = f(x) is called bounded as x — oo if there
exists a number N > 0 such that for all values of x satisfying the inequality
|x| > N, the function f(x) is bounded.

The boundedness of a function approaching a limit is decided by the following
theorem.

Theorem 1. If lim f(x) = b, where b is a finite number, the function f(x) is

bounded as x — a.
Proof. From the equation lim f(x) = b it follows that for any € > 0 there will

be a § such that in the neighbourhood a — ¢ <
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X < a + ¢ the inequality
lf(x)-bl<e
or
[f(ol <16l + &
is fulfilled, which means that the function f(x) is bounded as x — a.
Note 2. From the definition of a bounded function f(x) it follows that if

limf(x) =0 or lim f(x) = oo

X—a

that is, if f(x) is an infinitely large function, it is unbounded. The converse is not
true: an unbounded function may not be infinitely large.

Fig. 38

For example, the function y = xsinx as x — oo is unbounded because, for
any M > 0, values of x can be found such that |xsin x| > M. But the function
y = xsin x is not infinitely large because it becomes zero when x = 0, «, 2, ... .
The graph of the function y = xsin x is shown in Fig. 38.

Theorem 2. If }gl; f(x) = b # 0O, then the function y = ﬁ is a bounded
function as x — a.

Proof. From the statement of the theorem it follows that for an arbitrary € > 0
in a certain neighbourhood of the point x = @ we will have |f(x) — b| < &, or
||f(x)| - |b|| <g or—g<|f(x)|—1b| <&, orlb—e<|f(x)<|b|+e.

From the latter inequality it follows that

1 1 1

bl—  Ifl  bl+e
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For example, taking € = ll—olbl, we get

10 1 10
— > > —
91l Ifx)l 111
which means that the function ﬁ is bounded.

2.4 INFINITESIMALS AND THEIR BASIC PROPERTIES

In this section we shall consider functions approaching zero as the argument
varies in a certain manner.

Definition. The function @ = a(x) is called infinitesimal as x — a or as
x — oo if lim a(x) = 0 or lim a(x) = 0.

X—a X—00
From the definition of a limit it follows that if, for example, lim a(x) = 0, this
X—a

means that for any preassigned arbitrarily small positive € there willbe a 6 > 0
such that for all x satisfying the condition |x — a| < ¢, the condition |a(x)| < &
will be satisfied.

[
[ e716 =

Fig. 39 Fig. 40

Example 1. The function @ = (x — 1)? is an infinitesimal as x — 1 because lin}a/ =
lin}](x - 1)? = 0 (Fig. 39).
X—

Example 2. The function @ =
ple 3, Sec. 2.2).

Let us establish a relationship that will be important later on.

Theorem 1. If the function y = f(x) is in the form of a sum of a constant b
and an infinitesimal a:

1

X

is an infinitesimal as x — oo (Fig. 40) (see Exam-

y=b+a €))]
then
limy=>5 (asx— aorx— o)

Conversely, if limy = b, we may write y = b + a, where « is an infinitesimal.
Proof. From (1) it follows that [y — b| = |a|. But for an arbitrary &, all values
of @, from a certain value onwards, satisfy the
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relationship |@| < &; consequently, the inequality [y — b| < & will be fulfilled for
all values of y from a certain value onwards. And this means that limy = b.

Conversely: if limy = b, then, given an
arbitrary &, for all values of y from a certain
value onwards, we will have |y — b| < €. But
if we denote y — b = «, then it follows that for
all values of «, from a certain one onwards, we

1 will have |a| < &; and this means that @ is an
{ infinitesimal.
Example 3. We have the function (Fig. 41)
0 1
y=1+ -
X
Then
limy =1

X—00

and, conversely, since

limy =1
the variable y may be represented in the form of a sum of {}Teoolimit 1 and an infinitesimal
a, which in this case is 1; that is,
y=1l+a
Theorem 2. If « = a(x) approaches zero as x — a (or as x — o0) and
does not become zero, then'y = é approaches infinity.

Proof. For any M > 0, no matter how large, the inequality ﬁ > M will be

fulfilled provided the inequality |a| < % is fulfilled. The latter inequality will be
fulfilled for all values of «, from a certain one onwards, since a(x) — 0.

Theorem 3. The algebraic sum of two, three or, in general, a definite number
of infinitesimals is an infinitesimal function.

Proof. We shall prove the theorem for two terms, since the proof is similar
for any number of terms.

Let u(x) = a(x) + B(x), where lima(x) = 0, limB(x) = 0. We shall prove

that for any £ > 0, no matter how small, there will be a 6 > 0 such that when the
inequality |[x—a| < ¢ is satisfied, the inequality |u| < & will be fulfilled. Since a(x)
is an infinitesimal, a §; will be found such that in a neighbourhood with centre at
the point a and radius §; we will have

()] < g
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Since B(x) is an infinitesimal, there will be a ¢, such that in a neighbourhood with
centre at the point a and radius §; we will have |B(x)| < 5.

Let us take 6 equal to the smaller of the two quantities §; and d;; then the
inequalities |a| < £ and || < 5 will be fulfilled in a neighbourhood of the point
a of radius 6. Hence in this nelghbourhood we will have

lul = la(x) + B < la(x)] + [B()] < g + g —e

and so |u| < &, as required.
The proof is similar for the case when

lim a(x) =0, lim B(x) =
X—00 X—00
Note. Later on we will have to consider sums of infinitesimals such that the
number of terms increases with a decrease in each term. In this case, the theorem

1 1
may not hold. To take an example, consider u = — + — + ... + — where x takes
X

X X
—~
. . X terms 3 3
on only positive integral values (x = 1,2,3,...,n,...). It is obvious that as

x — oo each term is an infinitesimal, but the sum u = 1 is not an infinitesimal.

Theorem 4. The product of the function of an infinitesimal @ = a(x) by a
bounded function z = z(x), as x — a (or x — ) is an infinitesimal quantity
(function).

Proof. Let us prove the theorem for the case x — a. For a certain M > 0
there will be a neighbourhood of the point x = a in which the inequality |z| < M
will be satisfied. For any € > 0 there will be a neighbourhood in which the
inequality || < 7 will be fulfilled. The following inequality will be fulfilled in
the least of these two neighbourhoods:

&
laz| < MMZS

which means that az is an infinitesimal. The proof is similar for the case x — oo.
Two corollaries follow from this theorem.

Corollary 1. If lima = 0, limB = 0, then limaB = 0 because B(x) is a
bounded quantity. This holds for any finite number of factors.

Corollary 2. If lima = 0 and ¢ = const, then lim ca = 0.

Theorem 5. The quotient ‘;(x) obtained by dividing the infinitesimal a(x) by

a function whose limit differs fmm zero is an infinitesimal.
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Proof. Letlima(x) =0, limz(x) = b # 0. By Theorem 2, Sec. 2.3, it follows

that - is a bounded quantity. For this reason, the fraction 22 = a(x) - - isa
() 2(x) 2«(x)

product of an infinitesimal by a bounded quantity, that is, an infinitesimal.

2.5 BASIC THEOREMS ON LIMITS

In this section, as in the preceding one, we shall consider sets of functions that
depend on the same argument x, where x — a or x — 0.

We shall carry out the proof for one of these cases, since the other is proved
analogously. Sometimes we will not even write x — a or x — oo, but will take
one or the other of them for granted.

Theorem 1. The limit of an algebraic sum of two, three or, in general, any
definite number of variables is equal to the algebraic sum of the limits of these
variables:

m(uy +up + ... +u) =limu; +limuy + ... + limuy

Proof. We shall carry out the proof for two terms since it is the same for any
number of terms. Let limu; = a;, limu, = a,. Then on the basis of Theorem 1,
Sec. 2.4, we can write

uy=a+a, Uy =a+an,
where @ and a; are infinitesimals. Consequently,
uy+uy = (ar + ax) + (@1 + @)

Since (a; +a) is a constant and (@) + @») is an infinitesimal, again by Theorem 1,
Sec. 2.4, we conclude that

lim(uy + up) = ay + a, = limu; + limu,

Example 1.
242 2 2 2
lim 2 x:]im(1+—)=liml+lim—=l+1im—=1+0=1
X—00 X X—00 X X—00 x—00 X x—00 X

Theorem 2. The limit of a product of two, three or, in general, any definite
number of variables is equal to the product of the limits of these variables:

limuy -up - ... up =limug -limuy - ... - limuyy

Proof. To save space we carry out the proof for two factors. Let limu; = ay,
lim uy = a,. Therefore,

u =a+ay, U =a+a,

Uiy = (a1 + 0/1)((,12 + alz) =ajay +ajay + axa) + a1ar
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The product a;a; is a constant. By the theorems of Sec. 2.4, the quantity a;a; +
ara; + aja; is an infinitesimal. Hence, lim ujuy = ajar = limu; - lim us.
Corollary. A constant factor may be taken outside the limit sign.
Indeed, if limu; = aj, c is a constant and, consequently, limc = ¢, then
lim(cu;) = limc - limu; = ¢ - limuy, as required.
Example 2.
lim5x* = 5limx* =5-8 = 40
=2 x—2

Theorem 3. The limit of a quotient of two variables is equal to the quotient
of the limits of these variables if the limit of the denominator is not zero:
i
lim % = % e limy 2 0
v limvy
Proof. Letlimu = a,limv=>5b #0. Thenu = a+ a, v = b + 3, where @ and
B are infinitesimals.
We write the identities
u a+a a sa+a a a ab-pa
= -+ ( - —) = — 4+ —
v b+ b ‘b+B b b bb+p)

or
u _a ab-pfa

=—+
v b bb+p)
The fraction % is a constant number, while the fraction Z(bb;";“) is an infinitesimal
variable by virtue of Theorems 4 and 5 (Sec. 2.4), since ab—fa is an infinitesimal,

while the denominator b(b + ) has the limit > # 0. Thus, lim% = ¢ = 11‘12’;
Example 3.

3x+5 lim(3x + 5) 3£iil}x+5 3145 8

li _le — — =2 =4
x1—1>1}4x—2 lirrll(4x—2) 41irr|1x—2 4.-1-2 2

Here, we made use of the already proved theorem for the limit of a fraction because the
limit of the denominator differs from zero as x — 1. If the limit of the denominator is
zero, the theorem for the limit of a fraction is not applicable, and special considerations
have to be invoked.
Example 4. Find }gl%

x4
x=2"

Here the denominator and numerator approach zero as x — 2, and, consequently,
Theorem 3 is inapplicable. Perform the following identical transformation:
X2 -4 _(x=2)(x+2)

= 2
x=-2 x-2 o
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The transformation holds for all values of x different from 2. And so, having in view
the definition of a limit, we can write
=4 . (x=2)(x+2)

lim = lim
-2 X — x—2 X —

=lim(x +2) = 4
x—2

Example 5. Find lin} - As x — 1 the denominator approaches zero but the numer-
x—1 7

ator does not (it approaches unity). Thus, the limit of the reciprocal is zero:

_x—1 Mmx=D o
lim =——=-=0
-l X lim x 1

x—1

Whence, by Theorem 2 of the preceding section, we have
ll—l}ll x—1

Theorem 4. [f the inequalities u < z < v are fulfilled between the correspond-
ing values of three functions u = u(x), z = z(x) and v = v(x), where u(x) and v(x)
approach one and the same limit b as x — a (or as x — ), then 7 = z(x)
approaches the same limit as x — a (or as x — ).

Proof. For definiteness we shall consider variations of the functions as x —
a. From the inequalities u < z < v follow the inequalities

=

u-b<z-b<sv->
it is given that
limu=>b, limv=>

Consequently, for & > 0 there will be a certain neighbourhood, with centre at
the point a, in which the inequality |u — b| < £ will be fulfilled; likewise, there
will be a certain neighbourhood with centre at the point a in which the inequality
[v — b| < & will be fulfilled. The following inequalities will be fulfilled in the
smaller of these neighbourhoods:

—e<u—-b<e and -e<v-b<e

and thus the inequalities
—e<z-b<e
will be fulfilled; that is,
limz=">

X—a
Theorem S. Ifas x — a (or as x — o) the function y takes on nonnegative
values y > 0 and, at the same time, approaches the limit b, then b is a nonnegative
number b > 0.
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Proof. Assume that b < 0, then [y — b| > |b|; that is, the difference modulus
[y — b is greater than the positive number |b| and, hence, does not approach zero
as x — a. But then y does not approach b as x — a; this contradicts the state-
ment of the theorem. Thus, the assumption that b < 0 leads to a contradiction.
Consequently, b > 0.

In similar fashion we can prove that if y < 0 then limy < 0.

Theorem 6. If the inequality v > u holds between cor-
responding values of two functions u = u(x) and v = v(x)
which approach limits as x — a (or as x — ), then A
limv > limu.

Proof. Itis given that v—u > 0. Hence, by Theorem 5, 1
lim(v—u) > 0orlimv—Ilimu > 0, and so limv > lim u.

Example 6. Prove that }gr& sinx = 0. I

From Fig. 42 it follows that if OA = 1, x > 0, then
AC = sinx, AB= x, sinx < x. Obviously, when x < 0 we
will have |sin x| < |x|. By Theorems 5 and 6, it follows, from
these inequalities, that lim sin x = 0.

X
Example 7. Prove that liné sin3 =0.
X
Indeed, [sin §‘| < |sin x|. Consequently, {’IL‘% sin3 = 0.
Example 8. Prove that lim cos x = 1; note that

X

X
=1-2sin* =
cos X sin >
therefore,
: = lim(1=2sin2 X = 1 = 2limsin2 X =1 -0 =
E_lﬁmocosx—ul\.lﬁmo(l 2 sin 2)—1 2£Lm051n2—1 0=1.

In some investigations concerning the limits of variables, one has to solve two
independent problems:

(1) to prove that the limit of the variable exists and to establish the boundaries
within which the limit under consideration exists;

(2) to calculate the limit to the necessary degree of accuracy.

The first problem is sometimes solved by means of the following theorem
which will be important later on.

Theorem 7. If a variable v is an increasing variable, that is, each subsequent
value is greater than the preceding one, and if it is bounded, that is, v < M, then
this variable has the limit imv = a, where a < M.

A similar assertion may be made with respect to a decreasing bounded variable
quantity.
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We do not give the proof of this theorem here since it is based on the theory
of real numbers, which we do not consider in this text.”

In the following two sections we shall derive the limits of two functions that
find wide application in mathematics.

2.6 THE LIMIT OF THE FUNCTION “—:” ASx—0

The function %‘ is not defined for x = 0 since the
numerator and denominator of the fraction become zero.
Let us find the limit of this function as x — 0. We con- M 4
sider a circle of radius 1 (Fig. 43); denote the central
angle MOB by x(O <x< g) From Fig. 43 it follows !
that -
area of AMOA < area of sector )
1) 0 8 A
MOA < area of ACOA. Fig. 43
The area of AMOA = 0A - MB =
1 |- sinx = 1 .
=5 -sinx = 2smx.
1 ~ 1 1
The area of sector MOA = EOA -AM = 3 1-x= Ex.

The area of ACOA = %OA-AC = % -1-tanx = %tanx.

After cancelling %, inequalities (1) can be rewritten as
sinx < x < tanx

Divide all terms by sin x:
X 1
l<—«<
sinx  cosx

or
sin x
1>— >cosx
X
We derived this inequality on the assumption that x > 0; noting that “(#;)x) =
and cos(—x) = cosx, we conclude that it holds for x < 0 as well. But
limcosx =1, lin(1)1 =1.
x—!

x—0

sin x

“The proof of this theorem is given in G. M. Fikhtengolts’ Principles of Mathematical Analysis,
Vol. I, Fizmatgiz, 1960 (in Russian).
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Hence, the variable %‘ lies between two quantities that have the same limit
(unity). Thus by Theorem 4 of the preceding section,

lim o =
x—=0 X
The graph of the function y =

sin x

- is shown in Fig. 44.

Y
1 .
/ \- Lg.r
— /\“‘
Fig. 44
Examples.
. tanx . sinx 1 sin x 1 1
1. im — =1lim — - =lim — - lim =1-—-=1.
=0 X -0 X cosx x>0 X x>0COSX 1
. sinkx . sin kx sin(kx
2. lim = limk =k lim (kx) =k-1=k (k=const).
x—0 X x—0 kx x—0 (kx)
(kx—0)
2 x X
. l—cosx . 2sin“5  sinj X
3. lim = lim 2 im sin==1-0=0
x—0 x—0 X x—0 =
. sin ax im sinex
. sinax . a T,o @ x50 X a |l «a
4.1m. = lim — - — = — - = — - = —
-0 sinBx x>0 B snfx 3o sinfr g ] B
Bx x—0 Bx
(@ = const, [ = const).

2.7. THE NUMBER e
Let us consider the variable
(1)
n
where n is an increasing variable that takes on the values 1, 2, 3, ....

Theorem 1. The variable (1+ ﬁ)" asn — oo, has a limit between the numbers
2 and 3.
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Proof. By Newton’s binomial formula we have

N 1 nti=1) ¢ nn-1)n-2),1
(+ ) =1+ 10+ () + =15 6)
m=-1Dn=-2)...[n=(n-=1D], 1
s n1-2-...~nn - <Z> M

Carrying out the obvious algebraic manipulations in (1), we get

1\n 1 1 1 1 2
(1+;) =1+1+n(]—2)+m<1—;)(1—;)

1 1 2 n—1
) - 50) @
From the latter equality it follows that the variable (1 + ﬁ)" is an increasing
variable as n increases.
Indeed, when passing from the value n to the value n + 1, each term in the
latter sum increases,

1 1 1 1
n(l—;)< ﬁ(l— n+l) and SOfOfth,
and another term is added. (All terms of the expansion are positive.)
We shall show that the variable (1 + %)" is bounded. Noting that (1 — %) <1,
(1-1)(1-2) <1, etc., we obtain from expression (2) the inequality

1\n 1 1 1
14=) <141+ —
(+n)< M S I - T B D

Further noting that
1 1 1 1 1 1
_— < =, —_— < =, ey I e—
1-2.3 227 1-2:3-4 23 1-2-...-n 2071
we can write the inequality

(1+l)"<1+1+l+i+ +]
n 2 22 21

The grouped terms on the right-hand side of this inequality form a geometric
progression with common ratio g = % and the first term a = 1, and so

(1+%)n<1+[1+%+%+m+2n—1_1]

et O - ) <

o
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Consequently, for all n we get

1\n
(1 + —) <3
n
From (2) it follows that
1\n
(1+-) >2
n
Thus, we get the inequality
1\n
2<(1+-) <3 3)
n

This proves that the variable (1 + 1)" is bounded.

Thus, the variable (1 + 1) is an increasing and bounded variable; therefore,
by Theorem 7, Sec. 2.5, it has a limit. This limit is denoted by the letter e.

Definition. The limit of the variable (1 + rll) as n — oo is the number e:

. 1 Ny
e= ,}13}10 (1 + n)

By Theorem 6, Sec. 2.5, it follows from inequality (3) that the number e satisfies
the inequality 2 < e < 3. The theorem is thus proved.

The number e is an irrational number. Later on, a method will be shown that
permits calculating e to any degree of accuracy. Its value to ten decimal places is

e=12.7182818284...
Theorem 2. The function (1 + i)x approaches the limit e as x approaches
infinity, lim(1 + 1) = .
Proof. It has been shown that (1 + }l)" — e as n — oo, if n takes on positive
integral values. Now let x approach infinity while taking on both fractional and

negative values.
(1) Let x — +c0. Each of its values lies between two positive integers,

n<x<n+1

“It may be shown that (1 + %)" — e as n — +oo even if n is not an increasing variable quantity.
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The following inequalities will be fulfilled:
1_1 1

n” x n+l

1
1+—>1+l>1+L
n X n+1

1\n+1 1\x 1 n
1+ - >(1+-) >(1+
(1+=) > (1+2) > (14 —)
If x — oo, it is obvious that n — oo. Let us find the limits of the variables
between which the variable (1 + )lc)A lies:

lim (1 + 1)”+1

n—-+oo n

lim (1 + 1)"(1 +

)
n—+oo n n

Jim (1) im (14 7)<t =e
1 n+l
lim —(1 e,

n—-+oo l

1+

lim (1 +

n—+o0o n+1

~
X
1l

n+1
lim (1+ ! )'”1 .

_ oo n+1 _
. 1
nl—IIPOO(l " n+ 1)

Hence, by Theorem 4, Sec. 2.5,

lim (1 + i)x —e )

X—+00

(2) Let x — —oo. We introduce a new variable t = —(x + 1) or x = —(¢ + 1).
When ¢t — +o00, then x — —oco. We can write

lim (1 + 1)" = lim (1- L)_’_1 = tim (—) "

x——00 by t—+c0 r+1 t—=+ooNf 4 |
_ tEinm(#)Hl _ tEiIio(l N %)l+1
=,E£nm(l+%)t(l+%)=e-1=e

The theorem is proved. The graph of the function y = (1 + }C)x is shown in Fig. 45.
If in (4) we put )lc = a, then as x — oo we have @ — 0 (but @ # 0) and we get

lim(1 + a)i =e
a—0
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Examples:

1\n+s 1yn 145
() tim(1+ )" = lim(1+ =)' (1+ )

n—oo n—eo

:lim(l+l) -lim(l+l)5:e-1=e.

n—oo n n—oo n
X

2) 1im(1 + i)S = XILI?O(I A1 (1 + i)x(l + i)k

X—00

—hm(1+ 1) 11m(1+ 1) 11m(1+ 1)x:e~e-e:e3.

X—00 xX—00 xX—00

@ tim(1+ 2) = {1+ ) =

1 3\ — 1+ 4\ . 4 \x+3
@ lim(( )" = ()T = lim(1 e 75)

_ ll_)rg( i 1)(x—l)+4 _ ‘11_>I£10(1 N 3),\'+4

4y 4\4

=lim(1+=) - lim(1+=) =¢* - 1=¢"

y—00 y y—o00 y

Note. The exponential function e* plays a very important role in mathematics,
mechanics (oscillation theory), electrical and radio

yl\
I
y=(1+4)
e
‘1 /_
-1] 0 T
Fig. 45

engineering, radiochemistry, etc. The graphs of the functions y = e* and y = ¢™
are shown in Fig. 46.

2.8 NATURAL LOGARITHMS

In Sec. 1.8 we defined the logarithmic function y = log, x. The number a is
called the base of the logarithms. If a = 10, then y is the base-10 (common) loga-
rithm of the number x and is denoted y = log x. In school courses of mathematics
we have
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tables of common logarithms, which are called Briggs’ logarithms after the En-
glish mathematician Briggs (1561-1630).

Logarithms to the base e = 2.71828... are called natural or Napierian log-
arithms after one of the first inventors of logarithmic tables, the Scotch mathe-
matician Napier (1550-1617)." Therefore, if ¢’ = x, then y is called the natural
logarithm of the number x. In writing we have y = In x (after the initial letters of
logarithmus naturalis) in place of y = log, x. Graphs of the function y = In x and
y = log x are plotted in Fig. 47.

y yslnx

. A Y, y,=logzx
" 4, A log10=1

0, /i 2 ¢35 4 5 & 7 x8 4§ 10 «

Fig. 47

Let us now establish a relationship between common and natural logarithms
of one and the same number x. Let y = log x or x = 10”. We take logarithms of
the left and right sides of the latter equality to the base e and get Inx = yIn 10.
We find y = ﬁ In x, or substituting the value of y, we have log x = ﬁ In x.

Thus, if we know the natural logarithm of a number x, the common logarithm
of this number is found by multiplying by the factor M = ﬁ ~ 0.434294, which
factor is independent of x. The number M is the modulus of common logarithms

with respect to natural logarithms:
logx=MInx

If in this identity we put x = e, we obtain an expression of the number M in terms
of common logarithms:

loge=M (Ine=1)
Natural logarithms are expressed in terms of common logarithms as follows:

1
Inx = Mlogx

where
1

— =~ 2.302585
M

“The first logarithmic tables were constructed by the Swiss mathematician Biirgi (1552-1632) to
a base close to the number e.
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2.9 CONTINUITY OF FUNCTIONS

Let a function y = f(x) be defined for some value x( and in some neighbour-
hood with centre at xy. Let yo = f(xo).

If x receives some positive or negative (itis ¥ i V
immaterial which) increment Ax and assumes
the value x = xp + Ax, then the function y M Ay
too will receive an increment Ay. The new in- N

creased value of the function will be yy + Ay =
f(xo + Ax) (Fig. 48). The increment of the func-

tion Ay will be expressed by the formula by
A
Ay = f(x0 + Ax) = f(x0) = -~
o, . . 0 I, TIgAr T
Definition 1. A function y = f(x) is called
continuous for the value x = xy (or at the point Fig. 48
Xp) if it is defined in some neighbourhood of the
point x, (obviously, at the point x( as well) and
if
lim, =0 ®
or, which is the same thing,
Jim [£(x + A9 = f(x0)] = 0 @)
The continuity condition (2) may also be written as follows:
Aim f(xo + Ax) = f(x0)
or
lim £(x) = f(x0) 3
but
Xo = lim x
X—X0
Hence, (3) may be written thus:
lim f(x) = f(lim x) )
X— X0 X— X0

In other words, in order to find the limit of a continuous function as x — x, it
is sufficient, in the expression of the function, to put the value x( in place of the
argument x.

In descriptive geometrical terms, the continuity of a function at a given point
signifies that the difference of the ordinates on the graph of the function y = f(x)
at the points xo + Ax and x( will, in absolute value, be arbitrarily small, provided
|Ax| is sufficiently small.
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Example 1. We shall prove that the function y = x? is continuous at an arbitrary point
Xp. Indeed,

Yo = xé, Yo + Ay = (xg + Ax)%, = (x0 + Ax)? — xé = 2x0Ax + AX?,
11m Ay = 11m (2x0 Ax+ Ax?) = 2x0 11m Ax + A11m0 Ax-lim Ax=0

Ax—0

for any way that Ax may approach zero (Figs. 49a and 49b).

Y, Ax>0, ag>0 Y\ Az<0, Ay<0

4y
Ar
T 0| I,

(a) (®)
Fig. 49

Example 2. We shall prove that the function y = sinx is continuous at an arbitrary
point xy. Indeed,

Yo = Sinxp, Yo+ Ay = sin(xg + Ax),

A A
Ay = sin(xp + Ax) — sinxy = 2sin X cos(xo + _x)
2 2
Ax Ax
It has been shown that Ahm0 sin -5 = = 0 (Example 7, Sec. 2.5). The function cos(x + 7)
is bounded. Therefore, hm Ay = 0.

In similar fashion, by considering each basic elementary function, it is possi-
ble to prove that each basic elementary function is continuous at every point at
which it is defined.

We will now prove the following theorem.

Theorem 1. Ifthe functions fi(x) and f>(x) are continuous at a point xy, then
the sum y(x) = f1(x) + fo(x) is also a function continuous at the point x.

Proof. Since fi(x) and f>(x) are continuous, on the basis of (3) we can write

)}g?o fi(x) = filxo) and }5?0 H(x) = fa(xo)
By Theorem 1 on limits, we can write
Jlim y(x) = lim [£1(x) + f2(x)]
= }gg) Sfi(x) + )}g{}o (%) = fi(xo) + f2(x0) = Y(xo)

Thus, the sum ¥(x) = fi(x) + fo(x) is a continuous function. The proof is com-
plete.
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Note, as a corollary, that the theorem holds true for any finite number of terms.

Using the properties of limits, we can also prove the following theorems:

(a) The product of two continuous functions is a continuous function.

(b) The quotient of two continuous functions is a continuous function if the
denominator does not vanish at the point under consideration.

(©) If u = @(x) is continuous at x = xo and f(u) is continuous at the point
uy = @(xp), then the composite function f[p(x)] is continuous at the point xy.

Using these theorems, we can prove the following theorem.

Theorem 2. Every elementary function is continuous at every point at which
it is defined.”

Example 3. The function y = x? is continuous at every point x, and therefore

lim x* = x7

X—X0
limx* =3"=9
x—3
Example 4. The function y = sin x is continuous at every point and therefore
T V2

lim sinx = sin — = —
=% 4 2

Example 5. The function y = e* is continuous at every point and therefore lim e* = e“.

xX—a

Example 6. lim " = lim 1 In(1 +x) = limIn[(1 +x)*]. Since lim(1 +x)* = ¢ and

the function In z is continuous for z > 0 and, consequently, for z = e,
. 1 . 1
lim In[(1 + 0% | = Inlim(1 + 0)* | =lne =1

Definition 2. If a function y = f(x) is continuous at each point of a certain
interval (a, b), where a < b, then it is said that the function is continuous in this
interval.

If the function is also defined for x = a and lin}r0 f(x) = f(a), it is said that

X—a

f(x) at the point x = a is continuous on the right.

“This problem is discussed in detail in G. M. Fikhtengolts’ Fundamentals of Mathematical Anal-
ysis, Vol. 1, Fizmatgiz, Moscow, 1968 (in Russian).
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If liIbn0 f(x) = f(b), it is said that the function f(x) at the point x = b is continu-

ous on the left.
If the function f(x) is continuous at each point of the interval (a,b) and is
continuous at the end points of the interval, on the right and left, respectively,

then we say that the function f(x) is continuous over the closed interval [a, b].

Example 7. The function y = x* is continuous in any closed interval [a,b]. This

follows from Example 1.

If at some point x = xp at least one of the conditions of continuity is not
fulfilled for the function y = f(x), that is, if for x = x( the function is not defined
or there does not exist a limit lim f(x) or lim f(x) # f(xp) in the arbitrary

X—Xg X— X0

approach of x — xp, although the expressions on the right and left exist, then at
x = xp the function y = f(x) is discontinuous. In this case, the point x = xq is
called the point of discontinuity of the function.
Example 8. The function y = i is discontinuous at x = 0. Indeed, the function is not
defined at x = 0.
lim — =+o00, lim — =-o0
x—0+0 X x—0-0 X
It is easy to show that this function is continuous for any value x # 0.
Example 9. The function y = 2% is discontinuous at x = 0. Indeed, ngrloﬁ = oo,

lim 2% = 0. The function is not defined at x = 0 (Fig. 50).

x—0-0
9)
1
y=2*
y
1 (Ly-tia)
———————— - ——— ——— —— 0 -
- S ———
0 z y=fiz) -1
Fig. 50 Fig. 51
Example 10. Consider the function f(x) = . For x < 0, £ m=-L forx >0, = \xl =1

Hence,

X
1 = lim — =-1,
1m f(x) io o]

lim f(x) = T

x—0+0 Hom |x|
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the function is not defined at x = 0. We have thus established the fact that the function
flx) = ﬁ is discontinuous at x = 0 (Fig. 51).

Example 11. The earlier examined function (Example 4, Sec. 2.3) y = sin(1/x) is
discontinuous at x = 0.

Definition 3. If the function f(x) is such that there exist finite limits

lim0 f(x) = f(xo +0) and limo f(x) = f(xo — 0), but either lim0 fx) #
XX+ X—x0—!

xX—xpH
lim f(x) or the value of the function f(x) at x = x is not defined, then x = x,

x—=x0—0
is called a point of discontinuity of the first kind. (For example, for the function
considered in Example 10, the point x = 0 is a point of discontinuity of the first
kind.)

2.10 CERTAIN PROPERTIES OF CONTINUOUS FUNCTIONS

In this section we shall consider a number of properties of functions that are
continuous on an interval. These properties will be stated in the form of theorems
given without proof.”

Theorem 1. If a function y = f(x) is continuous on some interval [a, b] (a <
x < b), there will be, on this interval, at least one point x = x| such that the value
of the function at that point will satisfy the relation

) > f(x)

where x is any other point of the interval, and there will be at least one point x,
such that the value of the function at that point will satisfy the relation

f(x) < f(x)

We shall call the value of the function f(x;) the greatest value of the function
y = f(x) on the interval [a, b], and the value of the function f(x,) the smallest
(least) value of the function on the interval [a, b].

This theorem is briefly stated as follows:

A function continuous on the interval a < x < b attains on this interval (at
least once) a greatest value M and a smallest value m.

The meaning of this theorem is clearly illustrated in Fig. 52.

Note. The assertion that there exists a greatest value of the function may
prove incorrect if one considers the values of the function in the interval a <
x < b. For instance, if we consider the function y = x in the interval 0 < x < 1,
there will be no greatest and no least values among them. Indeed, there is no
least

“These theorems are proved in G. M. Fikhtengolts’ Principles of Mathematical Analysis, Vol. 1,
Fizmatgiz, 1968 (in Russian).
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value or greatest value of x in the interval. (There is no extreme left point, since
no matter what point x* we take there will be a point to the left of it, for instance,
the point %-; likewise,

there is no extreme right point; conse- ¥
quently, there is no least and no greatest
value of the function y = x.)

Theorem 2. Let the function'y = f(x)
be continuous on the interval [a,b] and
at the end points of this interval let it take >
on values of different signs; then between
the points a and b there will be at least Fig. 52
one point x = ¢, at which the function be-
comes zero:

fle)=0, a<c<b
This theorem has a simple geometrical meaning. The graph of a continuous
function y = f(x) joining the points M|[a, f(a)] and M;[b, f(b)], where f(a) < 0
and f(b) > 0 or f(a) > 0 and f(b) < 0, cuts the x-axis in at least one point
(Fig. 53).

[}
.‘/4 '
Iy
6F--+-
'y My [b, FI6)]
fib)
¢ 7 d of 1{/\2 z
0 . I 3
f(aV iyl
/
M, [a.fra)] K
Fig. 53 Fig. 54
Example. Given the function y = x* — 2; y.-; = -1, y,-» = 6. It is continuous in

the interval [1,2]. Hence, in this interval there is a point where y = x> — 2 becomes zero.
Indeed, y = 0 when x = V2 (Fig. 54).

Theorem 3. Let a function'y = f(x) be defined and continuous in the interval
[a,b). If at the end points of this interval the function takes on unequal values
f(a) = A, f(b) = B, then no matter what the number u between numbers A and
B, there will be a point x = ¢ between a and b such that f(c) = .
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The meaning of this theorem is clearly illustrated in Fig. 55. In the given case,
any straight line y = u cuts the graph of the function y = f(x).

Note. It will be noted that Theorem 2 is a particular case of this theorem, for
if A and B have different signs, then for u one can take 0, and then u = 0 will lie
between the numbers A and B.

y /N
B
}t"A M=flc) 5
A
0 a ¢ b T
Fig. 55 Fig. 56

Corollary of Theorem 3. If a function 'y = f(x) is continuous in some inter-
val and takes on a greatest value and a least value, then in this interval it takes
on, at least once, any value lying between the greatest and least values.

Indeed, let f(x;) = M, f(x;) = m. Consider the interval [x, x,]. By Theorem
3, in this interval the function y = f(x) takes on any value u lying between M and
m. But the interval [x;, x,] lies inside the interval under consideration in which
the function f(x) is defined (Fig. 56).

2.11 COMPARING INFINITESIMALS

Let several infinitesimal quantities

a, B, v, ...

be at the same time functions of one and the same argument x and let them
approach zero as x approaches some limit a or infinity. We shall describe the
approach of these variables to zero when we consider their ratios.”

We shall, in future, make use of the following definitions.

Definition 1. If the ratio £ has a finite nonzero limit, that is, if lim (‘% =A#0,

(07
and therefore, lim % # 0, the infinitesimals 8 and « are called infinitesimals
of the same order:

a _

B

“We assume that the infinitesimal in the denominator does not vanish in some neighbourhood of
the point a.
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Example 1. Let @ = x, 8 = sin 2x, where x — 0. The infinitesimals « and 3 are of the
same order because

in2
sin x:2

lim = = lim
-0 x—0 X

Example 2. When x — 0, the infinitesimals x, sin 3x, tan 2x, 7 In(1 + x) are infinitesi-
mals of the same order. The proof is similar to that given in Example 1.
Definition 2. If the ratio of two infinitesimals é approaches zero, that is, if

lim§ =0 (and lim & = 0), then the infinitesimal S is called an infinitesimal of
higher order than a, and the infinitesimal « is called an infinitesimal of lower
order than .

Example 3. Let o = x, 8= x",n > 1, x — 0. The infinitesimal 3 is an infinitesimal of
higher order than the infinitesimal @ since

Xt -
lim = =limx*' =0
x-0 X x—0

Here, the infinitesimal « is an infinitesimal of lower order than .

Definition 3. An infinitesimal 8 is called an infinitesimal of the kth order
relative to an infinitesimal a, if 8 and aF are infinitesimals of the same order, that
is,if lim £ = A # 0.

Example 4. If @ = x, 8 = x°, then as x — 0 the infinitesimal 8 is an infinitesimal of
the third order relative to the infinitesimal «, since

3
lim 2 —1im < =1
-0 @ x—0 Xx°

Definition 4. If the ratio of two infinitesimals g approaches unity, that is, if

limg = 1, the infinitesimals 8 and « are called equivalent infinitesimals and we
write a ~ 8.
Example 5. Let @ = x and B = sin x, where x — (. The infinitesimals « and 8 are
equivalent, since
lim S _
-0 X
x, B = In(1 + x), where x — 0. The infinitesimals « and 8 are

Example 6. Let o
equivalent, since

. In(1+x)
lim ———= =

x—0 X

1

(see Example 6, Sec. 2.9).
Theorem 1. If @ and 8 are equivalent infinitesimals, their difference a — 3 is
an infinitesimal of higher order than « and than (3.
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Proof. Indeed,

1ima—_'6=1im(1—’§)=1—limé=1—1=O
a o [0

Theorem 2. If the difference of two infinitesimals a — B is an infinitesimal of
higher order than « and than 3, then « and 3 are equivalent infinitesimals.
B

Proof. Letlim =B _ 0, then lim(l—é) =0,orI-lim= =0,or1 = lim
a a a a

e~ 1t lim 2=2 = 0, then lim(% ~1)=0, lim% = 1, that is, @ ~ .

Example 7. Leta =x,8=x+ X2, where x — 0.
The infinitesimals « and 8 are equivalent, since their difference 8 — @ = x* is an

infinitesimal of higher order than @ and than S. Indeed,
_ 3
im2 =% tim S = limx? = 0
x—0 a x—-0 X x—0
3 2

=0

. B-a . .

lim —— =lim = lim

X0 =0 x+x3 10 1+ a2
x+1

x2

1
Example 8. For x — oo the infinitesimals « and B = — are equivalent
X

+1 1 1
x — = — is an infinitesimal of higher

infinitesimals, since their difference @ = = —— -
X
order than « and than S. The limit of the ratio of @ and S is unity:
x+1

x+1=lim(1+l)=1

.a . x2 .
lim — = lim —— = lim
x—00 X

X—00 X—00 X—00 X
X
Note. If the ratio of two infinitesimals A has no limit and does not approach

a
infinity, then 8 and a are not comparable in the above sense.
1
Example 9. Let a = x, 8 = xsin —, where x — 0. The infinitesimals & and 8 cannot

S 1 . .
be compared because their ratio B = sin — as x — 0 does not approach either a finite

a X
limit or infinity (see Example 4, Sec. 2.3).
EXERCISES ON CHAPTER 2

Find the 2indicated limits:
+2x+5
a i .Ans. 4. 2. lin71r[2 sin x — cos x + cot x]. Ans. 2.

1. lim

x—1 x2 1 =3
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-2 1 4 48 - 202 + 1
3. lim — Ans. 0. 4. 1m(2 = = + 5). Ans 2. 5. lim "
o2 2+ x F—s00 x  x2 e 33 -5

1 1+2+-- 1
Ans. =, 6. lim = Ans. 1. 7. lim ——= 1 apg
3 2x—>oo2 x2 5 n—oo n2 2
12+224+32+... 1
8. lim M rn .Ans. —.
n—oo }13 3
Hint. Write the formula (k + 1) —k* = 3k* + 3k + 1 fork =0, 1,2, ..., n.
¥=1,

P -13=3.12+3-1+1,
3P -22=3.2243-2+1,
m+1D = =32 +3n+1
Adding the left and right sides, we get

n+1P° =312 +22+--+n)+3(1+2+---+n) +(n+1),

+1
1P =302+ 2 44y +370 D G,
whence
12+22+...+n2:w
6
Lo x2+x-1 o3 -2x-1
L4 =2x" +x 1 . ox*—4 S |
11. }Cl_r)r(l) szxz Ans. z 12. il_rg P i Ans. 4. 13. lrl_r}il -1
. —5x+6 1 . x*+3x-10
. 2 2 4 4
16. lim 23 2 Ans. =2, 17, lim L2 T Ans. 0.
Y2 y2_y_6 5 u—>-2 (u+2)(u—-3)
o (x+h)P =X 2 .
18. lim =————. Ans. 3x%. 19, m[l_x - m] Ans. —1
X' =1 Vi+x-1 1
20. lim . Ans. n (n is a positive integer). 21. lim LTI Ans -
-l X — x—=0 X 2
V2x+1-3 2vV2 24+ p? - -1
2 tim YB3 2V i YRRy g AL
=4 Ay 222 3 =0 2 r P g p =l 4x—1
2 Ux— % Vi+x+x2-1 1
Ans. —. 25. lim u. Ans. ﬁ. 26. lim L. Ans. —.
3 x—a  X—a ma x>0 X 2
Va2 -3 VaZ+1
27. lim 3x_ Ans. 1. 28. lim al . Ans. 1 as x = 400, —1 as x —> —oo.
X—+00 m x—o0 X +

29. im( Va2 + 1 - Vx2-1). Ans. 0. 30. lim x(Vx? + 1 - x).
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1 i in4
Ans. — as x — 400, —c0 as x — —oo. 31. lim smx. Ans. 1. 32. lim s x. Ans. 4.
2 x—0 tan x =0 X
L2 X
sin” = 1 N r
33. lim Ans. —. 34. lim ————. Ans. V2. 35. limxcotx. Ans. 1.
x—0 s 9 x—+0 /1 — cos x 5 x—0 ) )
36. lim — 0 Ans. V3. 37. lim(l - Dtan 2. Ans. =. 38 lim —
v o -1 2 n x—0 X
3 sm(v )
2 3 (a + x) — sin( ) t i 1
— sin(a - an x — sin
Ans. =. 39, lim e r? =9 Ans. 2cosa. 40. lim 2" 0 aps <
3 2x—>0 X 1 | x—0 x3 %
41. lim(l + —)X. Ans. €%, 42. lim(l - —)x. Ans. —. 43. lim( x )k. Ans. —.
X—00 x] . X—00 X e x—oooN ] + x e
N+
44. lim(1 + =) Ans. e. d45. lim{n[ln(z + 1) - Inn]}.  Ans. 1. 46. lim(1 +
n—oo n n—oo X%%‘
1 1 2 3\ x+l
cosx)>%* Ans. €. 47. lim M. Ans. a. 48. lim( Al )+ Ans. e.
x—0 X oo\ 2x 4+ 1 In(1 N
49. lim(1 + 3tan® )", Ans. ¢, 50. lim(cos >)". Ans. 1. 5L lim Ind+el)
x—0 m—oo m a—co 04
. R
Ans. lasa — +00, 0as @ — —oo. 52, lim o2 ans. £ 53 1im & @ > 1).
x—0 Slnﬁx ﬁ xX—00
Ans. +ooas x — +o0o,0as x > —oco. 54. lim n[anl — 1]. Ans. Ina. 55. lirr& —¢
n—oo x— X
Ans. a—B. 56. lim _ € T Ans 1.

x—0 sin @x — sinBx
Determine the points of discontinuity of the functions:

~1 1
57. y = m. Ans. Discontinuities at x = =2, =1,0,2. 58. y = tan —.

2 2 2
Ans. Discontinuitiesat x =0and x=+—, +—, ..., +——, .. ..
n  3r 2n+ D

59. Find the points of discontinuity of the functiony = 1 + 2% and construct the graph
of this function. Ans. Discontinuity at x =0(y = +0asx - 0+0,y - lasx — 0-0).
60. From among the following infinitesimals (as x — 0): X2, vx(1 = x), sin3x,
2xCOS X\/3 tan? x, xe**, select infinitesimals of the same order as x, and also of higher and
lower order than x. Ans. Infinitesimals of the same order as x are sin 3x and xe**; infinites-
imals of higher order than x, x* and 2x cos x\/3 tan? x, infinitesimals of lower order than x,

Vx(1 = x).
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61. Choose from among the same infinitesimals (as x — 0) such that are equivalent to
1 1
the infinitesimal x: 2 sin x, 5 tan 2x, x—3x%, V2x2 + x3, In(1 +x), x> + 3x*. Ans. 3 tan 2x,

x—=3x%,1In(1 + x).
62. Check to see that as x — 1, the infinitesimals 1 — x and 1 — +/x are of the same

order. Are they equivalent? Ans. lim = 3; hence, these infinitesimals are of the

- X
x—1 1—\7}

same order, but they are not equivalent.



CHAPTER 3

DERIVATIVE AND DIFFERENTIAL

3.1 VELOCITY OF MOTION

Let us consider the rectilinear motion of some solid, say a stone,
thrown vertically upwards, or the motion of a piston in the cylinder
of an engine, etc. Idealizing the situation and disregarding dimen-
sions and shapes, we shall always represent such a body in the form s
of a moving point M. The distance s of the moving point reckoned
from some initial position M, will depend on the time #; in other
words, s will be a function of time #:

s = f(0) ey

At some instant of time” ¢, let the moving point M be at a distance Fig. 57
s from the initial position My, and at some later instant 7 + At let the
point be at M|, a distance s + As from the initial position (Fig. 57).
Thus, during the interval of time At the distance s changed by the
quantity As. In such cases, one says that during the time At the
quantity s received an increment As.
Let us consider the ratio ﬁ—f; it gives us the average velocity of motion of the
point during the time At:

£
|
[~

As
= @)

The average velocity cannot in all cases give an exact picture of the rate of
translation of the point M at time ¢. If, for example, the body moved very fast
at the beginning of the interval Ar and very slow at the end, the average velocity
obviously cannot reflect these peculiarities in the motion of the point and give us
a correct idea of the true velocity of motion at time ¢. In order to express more
precisely this true velocity in terms of the average velocity, one has to take a
smaller interval of time At. The most complete description of the rate of motion
of the point at time ¢ is given

Vav

“Here and henceforward we shall denote the specific value of a variable and the variable itself by
the same letter.
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by the limit which the average velocity approaches as At — 0. This limit is called
the rate of motion at a given instant:

As
v=lim — 3
At—0 At )
Thus, the rate (velocity) of motion at a given instant is the limit of the ratio of
increment in path As to increment in time At, as the time increment approaches
Zero.
Let us write equation (3) in full. Since

As = f(t+ Ar) — (1),

it follows that
= lim fa+An - f@ 3"

A—0 At

This is the velocity of nonuniform motion. It is thus obvious that the notion
of velocity of nonuniform motion is intimately related to the concept of a limit.
It is only with the aid of the limit concept that we can determine the velocity of
nonuniform motion.

From formula (3”) it follows that v is independent of the increment in time At,
but depends on the value of ¢ and the type of function f(z).

Example. Find the velocity of uniformly accelerated motion at an arbitrary time ¢ and
at t = 2 sec if the relation of the path traversed to the time is expressed by the formula

v

1 2
= —gt
) 2g

Solution. At time ¢ we have s = % gt?; attime ¢ + At we get

1 1
s+As = Eg(r + A’ = Eg(z2 + 2t At + AP)

We find As:

1 1 1
As = Eg(tz +2t At + AP) — Egtz =gt At + EgAtz

We form the ratio 4%
As _ gtAr+ 1g AP

1
=gt+-gAt
At At 8T8
By definition we have
. As 1
v=lim 5 = fimer s 3e00) =

Thus, the velocity at an arbitrary time ¢ is v = gt.
Att =2 wehave (V) = g-2=9.8-2=19.6 m/sec.
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3.2 THE DEFINITION OF A DERIVATIVE

Let there be a function

y=f (D
defined in a certain interval. The function y = f(x) has a definite value for each
value of the argument x in this interval.

Let the argument x receive a certain increment Ax (it is immaterial whether it
is positive or negative). Then the function y will receive a certain increment Ay.
Thus, for the value of the argument x we will have y = f(x), for the value of the
argument x + Ax we will have y + Ay = f(x + Ax).

Let us find the increment of the function Ay:

Ay = f(x + Ax) = f(x) @

Forming the ratio of the increment of the function to the increment of the argu-
ment, we get
Ay _ St A) ~ f() 3
Ax Ax
We then find the limit of this ratio as Ax — 0. If this limit exists, it is called the
derivative of the given function f(x) and is denoted f’(x). Thus, by definition,
Ay
/ = 1i =7
F'e A)lcr—l}o Ax
or

, . J+Ax) - f(x0)
S0 = fim, Ax @

Consequently, the derivative of a given function y = f(x) with respect to
the argument x is the limit of the ratio of the increment in the function Ay to
the increment in the argument Ax, when the latter approaches zero in arbitrary
fashion.

It will be noted that in the general case, the derivative f’(x) has a definite value
for each value of x, which means that the derivative is also a function of x.

The designation f”(x) is not the only one used for a derivative. Alternative
symbols are

b Ay
Yo Ve oo

The specific value of the derivative for x = a is denoted f"(a) or y'|,=4.

The operation of finding the derivative of a function f(x) is called differentia-
tion of the function.



68 Ch. 3. Derivative and Differential

Example 1. Given the function y = x?, find its derivative y’:
(1) at an arbitrary point x,
(2) at x = 3.

Solution. (1) For the value of the argument x, we have y = x>. When the value of the
argument is x + Ax, we have y + Ay = (x + Ax)?.
Find the increment of the function:
Ay = (x + Ax)? — ¥ = 2xAx + (Ax)?
Forming the ratio %, we have
Ay  2xAx+ (Ax)?
Ax Ax
Passing to the limit, we get the derivative of the given function:

=2x+ Ax

s Ay B
= fim 3y = fim@re a0 =2x

Hence, the derivative of the function y = x” at an arbitrary point is y’ = 2x.
(2) When x = 3 we have
V03 =2-3=6
Example 2. y = i; find y'.
Solution. Reasoning as before, we get

1
==, y+Ay=——,
Y X Y Y x+ Ax
1 1 x—x—-Ax Ax
Ay = - = =- ,
x+Ax x x(x + Ax) x(x + Ax)
Ay 1

Ax ~ x(x+ Ax)’

Ay
/ = l _—= l
Y A)I(LnO Ax A)lglo

R
xx+Ax)|

Note. In the preceding section it was established that if the dependence upon
time ¢ of the distance s of a moving point is expressed by the formula

s = f(0
the velocity v at time 7 is expressed by the formula
v= lim 23 = fim 0802 /0®
A—0 At A—0 At
Hence
v=1s=1

or, the velocity is equal to the derivative” of the distance with respect to the time.

“When we say “the derivative with respect to x” or “the derivative with respect to £” we mean that

in computing the derivative we consider the variable x (or the time ¢, etc.) the argument (independent
variable).
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3.3 GEOMETRIC MEANING OF THE DERIVATIVE

We approached the notion of a derivative by regarding the velocity of a moving
body (point), that is to say, by proceeding from mechanical concepts. We shall
now give a no less important geometric interpretation of the derivative. To do
this we must first define a tangent line to a curve at a given point.

We take a curve with a fixed point M on it. Taking a point M; on the curve
we draw the secant MyM; (Fig. 58). If the point M, approaches the point M,
without limit, the secant MyM; will occupy various positions MoM7|, MoM]’, and
SO on.

”

N\ M

0 T r+dr T
Fig. 58 Fig. 59

If, in the unbounded approach of the point M (along the curve) to the point
M, from either side, the secant tends to occupy the position of a definite straight
line MT, this line is called the tangent to the curve at the point M (the concept
“tends to occupy” will be explained later on).

Let us consider the function f(x) and the corresponding curve

y=fx)

in a rectangular coordinate system (Fig. 59). At a certain value of x the function
has the value y = f(x). Corresponding to these values of x and y on the curve we
have the point My(x,y). Let us increase the argument x by Ax. Corresponding
to the new value of the argument, x + Ax, we have an increased value of the
function, y + Ay = f(x + Ax). The corresponding point on the curve will be
M, (x + Ax,y + Ay). Draw the secant MyM; and denote by ¢ the angle formed
by the secant and the positive x-axis. Form the ratio %. From Fig. 59 it follows
immediately that

Ay
— =t 1
an ¢ ( )
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Now if Ax approaches zero, the point M; will move along the curve always
approaching My. The secant MyM,; will turn about M, and the angle ¢ will

change with Ax. If as Ax — O the angle ¢ ap-
proaches a certain limit «, the straight line passing
through M, and forming an angle @ with the posi-
tive x-axis will be the sought-for tangent line. It is
easy to find its slope:

Ay
=l =l — = f
tan @ A;TO tan A)chnO Ax F)
T Hence,
f(x) =tana )

Fig. 60

which means that the value of the derivative
f'(x), for a given value of the argument x, is
equal to the tangent of the angle formed with the positive x-axis by the line tan-
gent to the graph of the function f(x) at the corresponding point My(x, y).
Example. Find the tangents of the angles of inclination of the tangent line to the curve
y = x2 at the points M; (%, 5), M>(~1,1) (Fig. 60).
Solution. On the basis of Example 1, Sec. 3.2, we have y’ = 2x; hence,

=1, tana, =) =-2

x=5 x=-1

tana; =y’

3.4 DIFFERENTIABILITY OF FUNCTIONS

Definition. If the function
y=fx) 60
has a derivative at the point x = xy, that is, if there exists

im &Y i f&0tAY) — fxo)
Ax—0 Ax Ax—0 Ax

@

we say that for the given value x = x, the function is differentiable or (which is
the same thing) has a derivative.

If a function is differentiable at every point of some interval [a, b] or (a, b),
we say that it is differentiable over the interval.

Theorem. If a function y = f(x) is differentiable at some point x = x, it is
continuous at that point.

Indeed, if

Ay
Ay g =0
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then
Ay
- = +
Ax J'(xo) +y
where vy is a quantity that approaches zero as Ax — 0. But then
Ay = f'(xp) Ax + yAx

whence it follows that Ay — 0 as Ax — 0; and this means that the function f(x)
is continuous at the point xy (see Sec. 2.9).

In other words, a function cannot have a derivative at points of discontinu-
ity. The converse is not true; from the fact that at some point x = x the function
y = f(x) is continuous, it does not yet follow that it is differentiable at that point:
the function f(x) may not have a derivative at the point xy. To convince ourselves
of this, let us examine several cases.

Example 1. A function f(x) is defined on an interval [0, 2] as follows (see Fig. 61):

f(x)=x when 0 < x <1,
f(x)=2x—-1 whenl <x<2

At x = 1 the function has no derivative, although it is continuous at this point.
Indeed, when Ax > 0 we have

1 +Ax) - f(1 20+Ax) = 1]-[2-1-1 2A
o JAFAD =S R0+ AD -1 -2 11 2Ax
Ax—0 Ax Ax—0 Ax Ax—0 Ax

when Ax < 0 we get
im JA A0SO ArA9 -, A
Ax—0 Ax Ax—0 Ax Ax—0 Ax

Thus, this limit depends on the sign of Ax, and this means that the function has no deriva-
tive” at the point x = 1. Geometrically, this is in accord with the fact that at the point x = 1
the given “curve” does not have a definite tangent line.

Now the continuity of the function at the point x = 1 follows from the fact that

Ay = Ax  when Ax <0,
Ay =2Ax when Ax >0

and, therefore, in both cases Ay — 0 as Ax — 0.

“The definition of a derivative requires that the ratio % should (as Ax — 0) approach one and the
same limit regardless of the way in which Ax approaches zero.
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Example 2. A function y = +/x, the graph of which is shown in Fig. 62, is defined and
continuous for all values of the independent variable.

Let us try to find out whether this function has a derivative at x = 0; to do this, we find
the values of the functionat x = O and at x = 0+Ax: atx =Owehavey = 0. at x = 0+ Ax
we have y + Ay = \S/E

Yy
~,\
g y
Y-z
) 04 sz x
0 ! 2 =z
Fig. 61 Fig. 62
Therefore,
Ay = VAx
Find the limit of the ratio of the increment of the function to the increment of the argument:
A VA 1
lim = = lim ~—— = lim = +oo

A—0 Ax A0 Ax A0 A2 h

Thus, the ratio of the increment of the function to the increment of the argument at the
point x = 0 approaches infinity as Ax — O (hence there is no limit). Consequently, this
function is not differentiable at the point x = 0. The tangent to the curve at this point
forms, with the x-axis, an angle ’z—r, which means that it coincides with the y-axis.

3.5 THE DERIVATIVE OF THE FUNCTION y = x", n A POSITIVE INTEGER

To find the derivative of a given function y = f(x), it is necessary to carry out
the following operations (on the basis of the general definition of a derivative):
(1) increase the argument x by Ax, calculate the increased value of the func-
tion:
y+Ay = f(x + Ax)
(2) find the corresponding increment in the function:

Ay = f(x + Ax) = f(x)
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(3) form the ratio of the increment in the function to the increment in the
argument:

Ay _ fOe+ A¥) - f(x)
Ax Ax
(4) find the limit of this ratio as Ax — 0:
A Ax) —
v = lim 2 = fim J(x+ Ax) — f(x)
Ax—0 Ax Ax—0 Ax

Here and in the following sections, we shall apply this general method for
evaluating the derivatives of certain elementary functions.

Theorem. The derivative of the function y = X", where n is a positive integer,
is equal to nx""1: that is,

if y=x", then y =nx""! )
Proof. We have the function
y=x'
(1) If x receives an increment Ax, then
y+ Ay =(x+Ax)"
(2) Applying Newton’s binomial theorem, we get
Ay = (x+Ax)" —x"

-1
— %ﬂ*le + ”(;’ . ) 2 Ax + .+ (A — 2
or
-1
Ay = nx" ' Ax + %X"_Z(Ax)z b4 (A
(3) We find the ratio
Ay _ n—1 I’l(l’l— 1) n—2 n—1
Ax =nx""" + 2 X"TCAx+ ..+ (Ax)
(4) Then we find the limit of this ratio:
Ay
4 — 1 —_7
Y A)lglo Ax
-1
— dim ne !+ "D a2 !
Ax—0 1-2

consequently, y’ = nx"~!, and the theorem is proved.

Example 1. y = x°,y = 5x>"1 = 5x%,

Example 2. y = x, ) = 1x'"!, ¥ = 1. The latter result has a simple geometric
interpretation: the tangent to the straight line y = x for any value of
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x coincides with this line and, consequently, forms with the positive x-axis an angle, whose
tangent is 1.

Note that formula (I) also holds true when 7 is fractional or negative. (This
will be proved in Sec. 3.12).

Example 3. y = +/x.

Let us represent the function in the form of a power:

Then by formula (I), taking into consideration what we have just said, we get

or

Example 4. y =

vt

’ 1 %—1
= —x
)

1

xyx’

Represent y in the form of a power function:

Then

y=x

3.6 DERIVATIVES OF THE FUNCTIONS
y =sinx, y=cosx

Theorem 1. The derivative of sin x is cos x, or

if y=sinx, then y’ = cosx.

Proof. Increase the argument x by Ax; then

(1) y + Ay = sin(x + Ax);

x+Ax—x x+Ax+x

(2) Ay = sin(x + Ax) — sinx = 2 sin cos

3

A
@)y = lim =2 = lim

Ay
Ax

2 sin & cos(x + ATX) gin Ax

= 2sin % . cos(x + %)

X

2 2

|

(@]

2
N

+
I

A Ax
X 2

sin &%

- lim cos(x + %)

Ax—0 Ax  Ax—0 % Ax—0

ey



3.7 Derivatives of Some Expressions 75

But since

~sin ATX
lim =1
Ax—0 ATX

we get

"= lim cos(x + g) = Ccos x
Yo Ax—0 2 -

This latter equation is obtained on the grounds that cos x is a continuous function.
Theorem 2. The derivative of cos x is — sin x, or

if y=cosx, theny = —sinx. (1)
Proof. Increase the argument x by Ax, then
y + Ay = cos(x + Ax)

+ Ax — + Ax +
Ay:cos(x+Ax)—cosx:—2sinx 2x xsinx 2x al

= —2sin ij sin(x + %)

Ay sin 5 Ax
Ix = — Ax sm(x + 7)
L, Ay sin g L
= fim iy = dimy =g sinle ) = - Jimsine+ )

Taking into account the fact that sin x is a continuous function, we finally get

Yy = —sinx

3.7 DERIVATIVES OF:
A CONSTANT, THE PRODUCT OF A CONSTANT BY A FUNCTION,
A SUM, A PRODUCT, AND A QUOTIENT

Theorem 1. The derivative of a constant is equal to zero; that is,

if y=C, where C = const, then y’ =0. Iv)

Proof. y = C is a function of x such that the values of it are equal to C for all
X.
Hence, for any value of x,

y=fx)=C
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We increase the argument x by Ax (Ax # 0). Since the function y retains the
value C for all values of the argument, we have

y+Ay=f(x+Ax)=C
Therefore, the increment of the function is
Ay =f(x+Ax) - f(x)=0

the ratio of the increment of the function to the increment of the argument

Ay

=~ -0

Ax
and, consequently,

/ Ay
Y= Ax—0 E =0

that is,

y =0

The latter result has a simple geometric interpretation. The graph of the func-
tion y = C is a straight line parallel to the x-axis. Obviously, the tangent to
the graph at any one of its points coincides with this straight line and, therefore,
forms with the x-axis an angle whose tangent y’ is zero.

Theorem 2. A constant factor may be taken outside the derivative sign, i.e.,

if y=Cu(x) (C = const), then y' = Cu'(x). V)
Proof. Reasoning as in the proof of the preceding theorem, we have
y = Cu(x)

y+ Ay = Cu(x + Ax)
Ay = Cu(x + Ax) — Cu(x) = Clu(x + Ax) — u(x)]
Ay Cu(x + Ax) — u(x)
Ax Ax
;o Ay .oulx+Ax) —u(x) . P
i e
Example 1. y = 3\/%.
v =3(=r) =3ty =3( gt = 2

or
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Theorem 3. The derivative of the sum of a finite number of differentiable
functions is equal to the corresponding sum of the derivatives of these functions.”
For the case of three terms, for example, we have

y=u(x)+v(x)+wkx), ¥ =dx)+V(x)+nw(x) (VD
Proof. For the values of the argument x
y=u+v+w

(for the sake of brevity we drop the argument x in denoting the function).
For the value of the argument x + Ax we have
Vy+Ay=(u+Au)+ v+ Av) + (w+ Aw)
where Ay, Au, Av, and Aw are increments of the functions y, u#, v and w, which
correspond to the increment Ax in the argument x. Hence,
Ay Au Av  Aw
Ay=Au+Av+Aw, —=—+—+—
Y HrTavTaw Ax Ax Ax Ax

, . Ay . Au . Ay . Aw
y = lim — = lim — + lim — + lim —
Ax—0 Ax Ax—0 Ax  Ax—=0 Ax  Ax—0 Ax

or
Y =u'(x) +V'(x) + w(x)
Example 2. y=3x4—%.
P A N S 0 &y B
Y =3(x") —(x 3) =3-4x ( 3)x 3
and so
1 1
T= 1200 4 =
Y * 3 x+x

Theorem 4. The derivative of a product of two differentiable functions is
equal to the product of the derivative of the first function by the second func-
tion plus the product of the first function by the derivative of the second function;
that is,

if y=uv, then y =u'v+uyv. (VID)

“The expression y = u(x) — v(x) is equivalent to y = u(x) + (= 1)v(x) and y" = [u(x) + (~1)v(x)]’ =
W (x) + [-v(x)] = u'(x) =V (x).
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Proof. Reasoning as in the proof of the preceding theorem, we get
y=uv
y+ Ay = U+ Au)(v + Av)
Ay = (u+ Auw)(v + Av) —uv = Auv + uAv + Au Av
Ay Au Av Av
— =—v+u
Ax  Ax Ax Ax

A A A A
Y = lim = = lim 2y + lim u=> + lim Au—
Ax—0 Ax  Ax—0 Ax Ax—0 AXx  Ax—0 X

. Au . Av . . Av
:(hm —)v+u lim — + lim Au lim —
Ax—0 Ax Ax—0 Ax  Ax—0 Ax—0 Ax
(since u and v are independent of Ax).
Let us consider the last term on the right-hand side:

. . Av
lim Au lim —
Ax—0 Ax—0 Ax

Since u(x) is a differentiable function, it is continuous. = Consequently,
lim Au = 0. Also,
Ax—0

. Av ,
lim — =V # oo
Ax—0 Ax
Thus, the term under consideration is zero and we finally get
Y =uv+uw
The theorem just proved readily gives us the rule for differentiating the product
of any number of functions.
Thus, if we have a product of three functions

y=uvw
then, by representing the right-hand side as the product of u and (vw), we get
Y =u' (vw) + utvw) = u'vw + u(V'w +vw') = u'vw + uv'w + uvw’.
In this way we can obtain a similar formula for the derivative of the product
of any (finite) number of functions. Namely, if y = uju5 . .. u,, then

YV =iy gty WUy U Uy F U Uy U,
Example 3. If y = x” sin x, then
y = (x*) sinx + x*(sin x)’ = 2xsinx + x> cos x
Example 4. If y = /xsinxcos x, then

y' = (Vx) sinxcos x + Vx(sin x)’ cos x + Vxsin x(cos x)’

1 . . .
= ——sinxcosx + Yxcosxcosx + Vxsinx(— sin x)

2+x

| I . sin 2x
= —sinxcosx + Vx(cos® x — sin® x) =

2R PV

+ Vxcos2x
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Theorem 5. The derivative of a fraction (that is, the quotient obtained by the
division of two functions) is equal to a fraction whose denominator is the square
of the denominator of the given fraction, and the numerator is the difference
between the product of the denominator by the derivative of the numerator, and
the product of the numerator by the derivative of the denominator; i.e.,

u'v—u

ify= %, then y' = —n (VIID)

Proof. If Ay, Au, and Av are increments of the functions y, u, and v, corre-
sponding to the increment Ax of the argument x, then

+ Ay = u+ Au
Y = v+ Ay
u+Au u vAu-—-ulv
Ay = - = —_—
v+Av v v(v + Av)
vAu—ulv Au Av
Ay _ Ax _ Ax Ax
Ax v(v + Av) v(v + Av)
A LAY i A% tim
A Al YAx -0 Ax A0 Ax
y’:lim—y:hm Ax sz A o.Ax Ax—0 Ax
Ax—0 Ax A0 V(v + Av) vAl1m0(v+Av)

Whence, noting that Av — 0 as Ax — 0," we get

, uv—uw
y =79
2

Example 5. Ify = i, then

Cos x

, (x3) cos x — x3(cos x)’ _ 3x%cos x + x> sin x

cos? x cos? x
Note. If we have a function of the form
u(x)
T Cc

where the denominator C is a constant, then in differentiating this function we do
not need to use formula (VIII); it is better to make use of formula (V):
, I v 1, o
Y=(gY =g "¢
Of course, the same result is obtained if formula (VIII) is applied.

*AlimO Av = 0 since v(x) is a differentiable and, consequently, continuous function.
X
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Example 6. If y = <2<, then

_(cosx)’  sinx

7 7

’

3.8 THE DERIVATIVE OF A LOGARITHMIC FUNCTION
Theorem. The derivative of the function log, x is )l( log, e, that is,

1
if y=1log,x, then y = —log,e (IX)
X
Proof. If Ay is an increment in the function y = log, x that corresponds to the
increment Ax in the argument x, then
y+ Ay =log,(x + Ax)

X+ Ax

A
Ay = log,(x + Ax) - log, x = log, = log,(1+ =)
X

Ay 1
Ax ~ Ax

Multiply and divide by x the expression on the right-hand side of the latter equa-
tion:

X

A
loga(l + 7x)

Ay 1 x Ax 1 Ax\&
— =-—1 1+ —)=-1 1+ —)"
Ax  x Ax Og“( * x) xOga( " x)
We denote the quantity ATX by @. Obviously, @ — O for the given x, and as
Ax — 0. Consequently,
y _ 1 L
— =-1 1 +a)
Ax  x g1+
But, as we know from Sec. 2.7,
lim (1 + )7 = e
But if the expression under the sign of the logarithm approaches the number e,
then the logarithm of this expression approaches log, e (in virtue of the continuity
of the logarithmic function). We therefore finally get

Ay 1 1

= lim — = lim -1 l+a) =-1

M v N og (1 +a) x Bt

we can rewrite the formula as follows:
, 11

Y= Xina

Noting that log, e =

1
Ina’
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The following is an important particular case of this formula: if a = e, then
Ina =1ne = 1; that is,

1
if y=1Inx, then y' = —. X)
x

3.9 THE DERIVATIVE OF A COMPOSITE FUNCTION

Given a composite function y = f(x), that is, such that it may be represented
in the following form:

y=F@), u=¢x)
ory = F[p(x)] (see Sec. 1.8). In the expression y = F(u), u is called the interme-
diate argument.

Let us establish a rule for differentiating composite functions.

Theorem. If a function u = ¢(x) has, at some point x, a derivative u’, = ¢'(x),
and the function y = F(u) has, at the corresponding value of u, the derivative
v, = F'(u), then the composite function'y = F[@(x)] at the given point x also has
a derivative, which is equal to

Ve = Fi ) ¢'(x)
where for u we must substitute the expression u = ¢(x). Briefly,
Vi = Vil
In other words, the derivative of a composite function is equal to the product of
the derivative of the given function with respect to the intermediate argument u

by the derivative of the intermediate argument with respect to x.
Proof. For a definite value of x we will have

u=epx), y=Fu)
For the increased value of the argument x + Ax,
u+Au=9px+Ax), y+Ay=F(u+ Au)

Thus, to the increment Ax there corresponds an increment Au, to which corre-
sponds an increment Ay, whereby Au — 0 and Ay — 0 as Ax — 0. It is given
that

. Ay

Ao Au
From this relation (taking advantage of the definition of a limit) we get
(for Au # 0)

Ay
— =y + 1
Au T M
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where @ — 0 as Au — 0. We rewrite (1) as
Ay =y, Au+ aAu )

Equation (2) also holds true when Au = 0 for an arbitrary «, since it turns into an
identity, O = 0. For Au = 0 we shall assume a = 0. Divide all terms of (2) by Ax:

Ay  ,Au Au

=y, — +a— 3
Ax Yu Ax an )
It is given that
A Ax o AI;EIOQ, =0
Passing to the limit as Ax — 0in (3), we get
Vi = Yy “4)

Example 1. Given a function y = sin(x?). Find y,. Represent the given function as a
function of a function as follows:
y=sinu, u= X

We find

y, =cosu, u,=2x
Hence, by formula (4),

Ve =yu, =cosu-2x
Replacing u by its expression, we finally get

¥y, = 2xcos(x?)

Example 2. Given the function y = (In x)*. Find y’.
Represent this function as follows:

y=u’, u=Ihx

We find

Hence,
’ 2 1 2 1
V. =3u"— =3(nx)"-
X X
If a function y = f(x) is such that it may be represented in the form
y=F@), u=¢eW), v=yx

the derivative ', is found by a successive application of the foregoing theorem.
Applying the proved rule, we have

A
yx_yuux
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Applying the same theorem to find u’,, we have

Uy = Uy,
Substituting the expression of u/, into the preceding equation, we get

Y = YulhyVy )
or

Ve = Fl(u) g,(v) ¥ (x)
Example 3. Given the function y = sin[(Inx)*]. Find V.. Represent the function as
follows:
y=sinu, u= v, v=lInx

We then find
1
y, =cosu, u,= W, V.= =
X

In this way, by formula (5), we get

’orr

1
Y, = yLu v, = 3(cos u)v* —
X
or, finally,
1
¥y, = cos[(In x)*] - 3(In x)* -
X

It is to be noted that the function considered is defined only for x > 0.

3.10 DERIVATIVES OF THE FUNCTIONS y = tanx,
y=cotx,y = In|x|

Theorem 1. The derivative of the function tan x is —s—, i. e.,
COos~ x

1
cos?x’

if y=tanx, then y = (XI)

Proof. Since
sin x

Cos X
by the rule for differentiating a fraction [see formula (VIII), Sec. 3.7] we get

, _ (sinx)’ cos x —sin x(cos x)’ _ cos xcos x — sin x(— sin x)

cos? x cos? x
cos? x + sin’ x 1
cos? x cos? x
Theorem 2. The derivative of the function cot x is —ﬁ, ie.,
1

if y=cotx, then y = —

——. (XII)
sSin~ x
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Proof. Sincey = zi’;;‘, we have
, _ (cosx) sinx— cos x(sinx)’  —sinxsinx — cosxcos x
- sin’ x B sin® x

_sin®x+cos’x 1
B sin® x sin’ x

Example 1. If y = tan +/x, then

) 1 L1 1
Y= o \/3(\/;) - 2_\/} cos? y/x
Example 2. If y = Incot x, then
¥ = ——(eot) = (-t ) a2
cot x cotx' sin? cos xsin x sin2x

Theorem 3. The derivative of the function In |x| (Fig. 63) is )l(, ie.,

Y e
- lf‘ y - ln |x|7
y=Llnjz/ ) (XII)
/ then y' = —.
; ! *
-x* -I\O| /1 zx* T
Fig. 63
Proof. (a) If x > 0, then |x| = x, In|x| = In x, and therefore
, 1
y ==
x

(b) Let x < 0. Then |x| = —x. But
In|x| = In(—x)

(It will be noted that if x < 0, then —x > 0.) Let us represent the function
y = In(—x) as a composite function by putting

y=Inu, wu=-x
Then
, ,, 1 1 1
yx :yu x — _(_1) = _(_1) = -
u —X X

And so for negative values of x we also have the equation

yx:)_c

Hence, formula (XIII) has been proved for any value of x # 0. (For x = O the
function In |x| is not defined.)
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3.11 AN IMPLICIT FUNCTION AND ITS DIFFERENTIATION

Let the values of two variables x and y be related by some equation, which we
can symbolize as follows:

F(x,y) =0 (H
If the function y = f(x), defined on some interval (a, b), is such that equation

(1) becomes an identity in x when the expression f(x) is substituted into it in
place of y, the function y = f(x) is an implicit function defined by equation (1).

y
g
-a 0 a
>z
-a 0 a X \J/
Fig. 64 Fig. 65
For example, the equation
¥+y -ad*=0 2)

defines implicitly the following elementary functions (Figs. 64 and 65):
y= V-2 3)
y=-Va2 -2 @
Indeed, substitution into equation (2) yields the identity
@ -xH-a*>=0

Expressions (3) and (4) were obtained by solving equation (2) for y. But not
every implicitly defined function may be represented explicitly, that is, in the
form y = f(x),” where f(x) is an elementary function.

For instance, functions defined by the equations

Y-y-x=0
or
L
—X——=SImy =
y 7 siny

are not expressible in terms of elementary functions; that is, these equations can-
not be solved for y.

“If a function is defined by an equation of the form y = f(x), one says that the function is defined
explicitly or is explicit.
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Note 1. Observe that the terms “explicit function” and “implicit function” do
not characterize the nature of the function but merely the way it is defined. Ev-
ery explicit function y = f(x) may also be represented as an implicit function
y—f(x)=0.

We shall now give the rule for finding the derivative of an implicit function
without transforming it into an explicit one, that is, without representing it in the
formy = f(x).

Assume the function is defined by the equation

¥+y -a’=0
Here, if y is a function of x defined by this equation, then the equation is an
identity.

Differentiating both sides of this identity with respect to x, and regarding y as
a function of x, we get (via the rule for differentiating a composite function)

2x+2yy' =0

whence
X

y =-=
y

Observe that if we were to differentiate the corresponding explicit function
y= Va2 - x2

we would obtain
x

X
y - -
Va? - x? y
which is the same result.
Let us consider another case of an implicit function y of x:

Y¥-y-x=0
Differentiate with respect to x:
6y°y —y —2x=0

whence

2x
6y’ — 1

Note 2. From the foregoing examples it follows that to find the value of the
derivative of an implicit function for a given value of the argument x, one also
has to know the value of the function y for the given value of x.

y =
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3.12 DERIVATIVES OF A POWER FUNCTION FOR AN ARBITRARY REAL
EXPONENT, OF A GENERAL EXPONENTIAL FUNCTION, AND OF A
COMPOSITE EXPONENTIAL FUNCTION

Theorem 1. The derivative of the function x", where n is any real number; is
equal to nx"""; that is,
ify =x", theny = nx""". (9]
Proof. Let x > 0. Taking logarithms of this function, we get
Iny=nlnx

Differentiate, with respect to x, both sides of the equation obtained, taking y to
be a function of x:
Y 1 , 1
~=n-, y =yn-
y X X
Substituting into this equation the value y = x", we finally get
y/ =n xn—l
It is easy to show that this formula holds true also for x < O provided x" is
meaningful.”
Theorem 2. The derivative of the function a*, where a > 0, is a* In a; that is,
ify=a*, theny = a“lna. (X1V)
Proof. Taking logarithms of the equation y = a*, we get
Iny=xlna

Differentiate the equation obtained regarding y as a function of x:
1
-y =Ina, y =ylna
y

or
Yy =a‘lna
If the base is a = e, then Ine = 1 and we have the formula
y=e", y =¢F (XIV’)
Example 1. Given the function
y=et
Represent it as a composite function by introducing the intermediate argument u:
y=eé, u=x
then

y,=e", u,=2x

“This formula was proved in Sec. 3.5, for the case when n is a positive integer. Formula (I) has
now been proved for the general case (for any constant number 7).
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and, therefore,
y;.:e“-Z)c:e)‘2 - 2x
A composite exponential function is a function in which both the base and the

exponent are functions of x, for instance, (sin x)"‘z, X x* (Inx)*; generally,
any function of the form

y= ) = u*
is a composite exponential function.”
Theorem 3.

Ify=u’, theny = v’ ' +u"V Inu. (XV)
Proof. Taking logarithms of the function y, we have
Iny=vinu

Differentiating the resultant equation with respect to x, we get
1 1
-y =v—u'+V Inu
y u
whence
u/
y = y(v— +v'In u)
u
Substituting into this equation the expression y = u", we obtain
y =vu’ ' +u'V Inu
Thus, the derivative of a composite exponential function consists of two terms:
the first term is obtained by assuming, when differentiating, that u is a function
of x and v is a constant (that is to say, if we regard u" as a power function); the
second term is obtained on the assumption that v is a function of x, and u = const

(i.e., if we regard u” as an exponential function).
Example 2. If y = x*, then y = xx* (") + x*(x’) In x or

y=x+x"Inx=x"(1+1nx)
Example 3. If y = (sin x)"'z, then
y = X(sin x)* ~'(sin x)’ + (sin x)* (x?) Insin x
= x*(sin x)XZ’l cos x + (sin x)"2 2x1Insin x

The procedure applied in this section for finding derivatives (first finding the
derivative of the logarithm of the given function) is widely used in differentiat-
ing functions. Very often the use of this method greatly simplifies calculations.

“In the Soviet mathematical literature this function is also called an exponential-power function
or a power-exponential function.
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Example 4. Find the derivative of the function
(e 1?Vx-1
T (x+d)er

Solution. Taking logarithms we get
1
Iny=2In(x+1) + Eln(x— )-3In(x+4)—x

Differentiate both sides of this equation:
y 2 1 3

= = - -1
y  x+1 +2(x—1) x+4

(+1)2 Va—1

(x+d)dex

Multiplying by y and substituting, in place of y, the expression

,_(x+1)2\/x—1 2 1 3

Grdie lxrl 20— x+4d

we get

Note. The expression y; = (Iny)’, which is the derivative, with respect to x,
of the natural logarithm of the given function y = y(x), is called the logarithmic
derivative.

3.13 AN INVERSE FUNCTION AND ITS DIFFERENTIATION

Take an increasing or decreasing function (Fig. 66)

y=fx) 6))

defined in some interval (a, b) (a < b) (see Sec. 1.6). Let f(a) = ¢, f(b) = d. For
definiteness we shall henceforward consider an increasing function.

Let us consider two different values x; and x, in the interval (a, b). From the
definition of an increasing function it follows that

if x; <xpandy; = f(x1), y2 = f(x2), then y
y1 < y2. Hence, to two different values
x1 and x, there correspond two different
values of the function, y; and y,. The con-

verse is also true: if y; < y2, y1 = f(x1), p
and y, = f(x), then from the definition % z
of an increasing function it follows that alf 0] z, I, R 3

X1 < xp. Thus, a one-to-one correspon-
dence is established between the values of .
. Fig. 66
x and the corresponding values of y.
Regarding these values of y as values of the argument and the values of x as
values of the function, we get x as a function of y:

x = o(y) @
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This function is called the inverse function of y = f(x). It is obvious too that the
function y = f(x) is the inverse of x = ¢(y). With similar reasoning it is possible
to prove that a decreasing function also has an inverse.

Note 1. We state, without proof, that if an increasing (or decreasing) function
y = f(x) is continuous on an interval [a, b], where f(a) = ¢, f(b) = d, then the
inverse function is defined and is continuous on the interval [c, d].

Example 1. Given the function y = x*. This function is increasing on the infinite
interval —co < x < +oo; it has an inverse function x = +fy (Fig. 67).

¥ y=x’
z-¥y
] Tr
Fig. 67 Fig. 68

It will be noted that the inverse function x = ¢(y) is found by solving the
equation y = f(x) for x.

Example 2. Given the function y = ¢*. This function is increasing on the infinite
interval —oco < x < +oo. It has an inverse x = Iny. The domain of definition of the inverse
function is 0 < y < +oo (Fig. 68).

Note 2. If the function y = f(x) is neither increasing nor decreasing on a
certain interval, it can have several inverse functions.”

Example 3. The function y = x” is defined on an infinite interval —co < x < 400, It
is neither increasing nor decreasing and does not have an inverse function. If we consider
the interval 0 < x < +oo, then the function here is increasing and x = 4/y is its inverse.
But in the interval —co < x < 0 the function is decreasing and its inverse is x = —+/fy
(Fig. 69).

Note 3. If the functions y = f(x) and x = ¢(y) are inverses of each other, their
graphs are represented by a single curve. But if

“Let it be noted once again that when speaking of y as a function of x we have in mind that y is a
single-valued function of x.
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we again denote the argument of the inverse function by x, and the function by y,
and then construct them in a single coordinate system, we will get two different
graphs.

It will readily be seen that the graphs will be sym- 4,7
metric about the bisector of the first quadrantal angle.

Example 4. Fig. 68 gives the graphs of the function y = Yozt
e* (or x = Iny) and its inverse y = In x, which are considered
in Example 2.

Let us now prove a theorem that permits finding the
derivative of a function y = f(x) if we know the deriva- 7 =T
tive of the inverse function.

Fig. 69
Theorem. If for the function

y=fx) (1)
there exists an inverse function

x =) 2
which at the point under consideration y has a nonzero derivative ¢’ (y), then at

the corresponding point x the function y = f(x) has a derivative f'(x) equal to

sﬁy)" that is, the following formula is true:

fx)=— (XVI)
')

Thus, the derivative of one of two inverse functions is equal to unity divided by

the derivative of the second function for corresponding values of x and y.”

Proof. Take the increment Ay. Then, by (2), we have
Ax = ¢(y + Ay) — ¢(y)

Since ¢(y) is a monotonic function, it follows that Ax # 0. We write the identity

Ay 1
Ax E 3)
Ay

“When we write f’(x) or y’, we regard x as the independent variable when evaluating the derivative;
but when we write ¢’(y) or x; we assume that y is the independent variable when evaluating the
derivative. It should be noted that after differentiating with respect to y, as indicated on the right

side of formula (XVI), f(x) must be substituted for y.
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Since the function ¢(y) is continuous, then Ax — 0 as Ay — 0. Passing to the
limit as Ay — 0 in both members of (3), we get

1
Ve=—= or f(x)=
X @)
In other words, we obtain formula XVI.
Note. If one takes advantage of the theorem on differentiating a composite
function, then formula XVI may be obtained in the following manner.

7\ Yy=flz) Differentiate both members of (2) with respect to x,
8 taking y to be a function of x. This yields 1 = ¢’(y)y’,
whence
(1 V= 1
p AAC))

The result obtained is clearly illustrated geometrically.
Consider the graph of the function y = f(x) (Fig. 70).
LAWY L This curve will also be the graph of the function x =
HAX A a b T p(y), where x is now regarded as the function and y as
the independent variable. Take some point M(x,y) on
Fig. 70 this curve.
Draw a tangent to the curve at this point. Denote by « and g the angles formed
by the given tangent and the positive x- and y-axes. On the basis of the results of
Sec. 3.3 concerning the geometrical meaning of a derivative we have

f'(x) = tan a}
¢'(y) = tanp

From Fig. 70 it follows directly that if « < 7, then 8 = § —a. Butif a > 7,
then, as is readily seen, 8 = 37" — a. Hence, in any case tanf = cota, whence

tanatanf = tanacota = 1, or tana = ——. Substituting the expressions for

tanf "
tan @ and tan 8 from formula (4), we get

“

1

FO=26

3.14 INVERSE TRIGONOMETRIC FUNCTIONS
AND THEIR DIFFERENTIATION

(1) The function y = arcsin x.
Let us consider the function

X =siny D
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and construct its graph by directing the y-axis vertically upwards (Fig. 71). This
function is defined in the infinite interval —co < y < +4o0. Over the interval

-7 <y < 7, the function x = siny is increasing
and its values fill the interval —1 < x < 1. For this
reason, the function x = siny has an inverse which
is denoted by

NN

y = arcsinx y=arcsinx

This function is defined on the interval -1 < x <1, - 7 7 -
and its values fill the interval -3 < y < 7. In
Fig. 71, the graph of y = arcsin x is shown by the
heavy line.

Theorem 1. The derivative of the function 2

. . 1 .-
arcsin x is equal to ke

1

= (XVII)
Vi — x

if y = arcsinx, theny =
Proof. On the basis of (1) we have
X, = cosy

By the rule for differentiating an inverse function,

11
Ye=— =
X, cosy
but
cosy = 4/1 —sin*y = VI — x2
therefore,
1

7
Yx -
The sign in front of the radical is plus because the function y = arcsin x takes on
values in the interval -5 <y < 7, and, consequently, cos y > 0.
Example 1. y = arcsin e*,

’ x\/
e

Y e T Vit

“It may be noted that the familiar equation y = Arcsin x of trigonometry is another way of writing
(1). Here (for a given x) y denotes the set of values of angles whose sine is equal to x.
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.1y
Example 2. y = (arcsm —) .
X

1 1 1y 1 1
y' = 2arcsin — —(—) = —2arcsin —
X

X X xVx2 -1
-2
(2) The function y = arccos x.
y As before, we consider the function
(7 X =CosYy 2)
and construct its graph with the y-axis extending up-
b wards (Fig. 72). This function is defined on the in-
Y finite interval —co < y < +4oo0. On the interval
y-arccos x 0<y < m, the function x = cosy is decreasing and
has an inverse that we denote
- y = arccos x
1 0 1 < : . .
e cos This function is defined on the interval -1 < x < 1.
y The values of the function fill the interval 7 > y > 0.
Fig. 72 In Fig. 72, the function y = arccos x is depicted by
the heavy line.
Theorem 2. The derivative of the function arccos x is —ﬁ; ie.,
1
if y = arccos x, theny = ————. (XVIID)
VI - x2
Proof. From (2) we have
X, =—siny
Hence
, 1 1 1
X siny \1=cos?y
But cosy = x, and so
1

V1 — 2
In siny = +/1 — cos? y the radical is taken with the plus sign, since the function

y = arccos x is defined on the interval 0 < y < 7 and, consequently, siny > 0.
Example 3. y = arccos(tan x),

1 1
! (tanx) = —

1
y = -—-—- —_—
V1 —tan? x V1 = tan? x o8> x
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(3) The function y = arctan x. Iy
We consider the function ——l -

X =tany 3) . m—
and construct its graph (Fig. 73). This /

function is defined for all values of y ex- =——-—- 7 -
cept y = 2k + D% (k = 0,+1,£2,...). 2 Loy y=arctanx
On the interval -5 < y < 7 the function 0 T

x = tany is increasing and has an inverse:

7 :
y = arctan x -2 /’-
P x=tany

This function is defined on the interval -
—00 < x < 400, The values of the function

fill the interval -5 <y < 5. InFig. 73,the "~~~ g [T
graph of the function y = arctan x is shown Y
as a heavy line. Fig. 73
Theorem 3. The derivative of the function arctan x is 1 i. e.,
1
ify = arctanx, theny = . (XIX)
1+ x2
Proof. From (3) we have
, 1
¥ =
7 cos?y
Hence
2
Yy = i cos™y
y
but
cos’y = L !
y= sec2y 1 +tan2y
since tany = x, we get, finally,
, 1
Yot e
Example 4. y = (arctan x)*,
y’ = 4(arctan x)*(arctan x)’ = 4(arctan x)> 1 ! 5
+ x

(4) The function y = arccot x.
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Consider the function
X =coty @)
This function is defined for all values of y excepty = kn (k = 0,+1,+2,...). The
graph of this function is shown in Fig. 74.

- On the interval 0 < y < m, the function
= - x = coty is decreasing and has an inverse:

y = arccoty

x=cot y
- Consequently, this function is defined on the

9l
\%n
=== -= infinite interval —oco < x < +o00, and its val-
\ z-cot ues fill the interval 7 > y > 0.
2
\0
-7

y=arccot T Theorem 4. The derivative of the func-

tion arccot x is — ;i .,
o 1
.4 if y = arccot x, theny = -—— XX)
¢ z-coty 1+x
____________________ Proof. From (4) we have
Fig. 74 , 1
X, = ———
sin”y
Hence
sin’y = ! = !
Yx = y= csc2y  1+coty
But
coty = x
Therefore |
Ve =T 1+ x2

3.15 BASIC DIFFERENTIATION FORMULAS

Let us now bring together into a single table all the basic formulas and rules
of differentiation derived in the preceding sections.
y=const, y =0
Power function:
y=x% y =ax*!
particular instances:

1

:\/;C» /_
YEI
1 , 1
y_x’ y xz
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Trigonometric functions:

y=sinx, y =cosx

y=cosx, y =-sinx
, 1
y=tanx, y = >
cos? x
, 1
y=cotx, y =-—>
sin® x

Inverse trigonometric functions:

. 1
y=arcsinx, y = ——

%!

)
, 1
y=arccosx, y =-———

V1 — x2
1
=arctanx, y = ——

Y MR )
1

=arccotx, y =-—
Y Y 1+ x2

Exponential function:
in particular,

Logarithmic function:

1
y=log,x, y =-log,e
X
in particular,
, 1
y=Ilnx, y =-
X

General rules for differentiation:
y = Cu(x), Yy =Cu'(x) (C = const)

4

y=u+v-w, y=u+vV -w

y = uv, Yy =uv+u
u , uv—uw
y=-, y = D)
v v
y=f,
P AT HOEAE

y=u', y =" +u'v Inu

Ify = f(x), x = ¢(y), where f and ¢ are inverse functions, then

£ = ﬁ where y = £(x)
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3.16 PARAMETRIC REPRESENTATION OF A FUNCTION

Given two equations:

x= so(t)} )

y =y
where ¢ assumes values that lie in the interval [T, T»]. To each value of ¢ there
correspond values of x and y (the functions ¢ and ¥ are assumed to be single-
valued). If one regards the values of x and y as coordinates of a point in a coordi-
nate xy-plane, then to each value of ¢ there will correspond a definite point in the
plane. And when ¢ varies from T to T, this point will describe a certain curve.

yA Equations (1) are called parametric equations of
(23 this curve, ¢ is the parameter, and parametric is

the way the curve is represented by equations (1).
) Let us further assume that the function x =
¢(?) has an inverse, t = ®(x). Then, obviously, y
A is a function of x;

y y = Y[D()] 2

Thus, equations (1) define y as a function of x,
0 ¢ r and we say that the function y of x is represented

I .
parametrically.
Fig. 75

The explicit expression of the dependence of y on x, y = f(x), is obtained by
eliminating the parameter ¢ from equations (1).

Parametric representation of curves is widely used in mechanics. If in the
xy-plane there is a certain material point in motion and if we know the laws of
motion of the projections of this point on the coordinate axes, then

x= so(t)}
y = (@)

where the parameter 7 is the time. Then equations (1’) are parametric equations
of the trajectory of the moving point. Eliminating from these equations the pa-
rameter 7, we get the equation of the trajectory in the form y = f(x) or F(x,y) = 0.
By way of illustration, let us take the following problem.

Problem. Determine the trajectory and point of impact of a load dropped from an
airplane moving horizontally with a velocity v, at an altitude y, (air resistance is disre-
garded).

Solution. Taking a coordinate system as shown in Fig. 75, we assume that the airplane
drops the load at the instant it cuts the y-axis. It is obvious that the horizontal translation
of the load will be uniform and with constant velocity vy:

)

X = vot
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Vertical displacement of the falling load due to the force of gravity will be expressed by
the formula

_sr
T
Hence the distance of the load from the ground at any instant will be
8
Yy =Yoo~ >
The two equations

X = vot
8
Y=Y~ 5

are the parametric equations of the trajectory. To eliminate the parameter ¢, we find the
value t = % from the first equation and substitute it into the second equation. Then we get
the equation of the trajectory in the form
=y)— —5X
Y=DXo 2‘%

This is the equation of a parabola with vertex at the point M(0, y,), the y-axis serving as
the axis of symmetry of the parabola.

We determine the length of OC. Denote the abscissa of C by X, and note that the
ordinate of this point is y = 0. Putting these values into the preceding formula, we get

8
0=yy— —ZX2
2vg
whence
2
X = Vo ﬂ
8

3.17 THE EQUATIONS OF SOME CURVES IN PARAMETRIC FORM

Circle. Given a circle with centre at the coordinate origin and with radius r (Fig. 76).

Denote by ¢ the angle formed by the x-axis and the radius to some point M(x,y) of the
circle. Then the coordinates of any point on the circle will be expressed in terms of the
parameter ¢ as follows:

X = rcost, g\
. 0<t<2n
y =rsint, M
. . . Z,
These are the parametric equations of the circle. If we [ d)
eliminate the parameter ¢ from these equations, we will r ¥
have an equation of the circle containing only x and y. ¢ {
Squaring the parametric equations and adding, we get 0[~z— I
X +y? = r*(cos’ t + sin’ 1)
or

rry =r Fig. 76
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Ellipse. Given the equation of the ellipse

2y
Z+5=1 (1)
Set
X=acost 2"

Putting this expression into equation (1) and performing the necessary manipulations, we
get

y=bsint 2"
The equations
X =acost,
. } 0<t<2n 2)
y = bsint,

are the parametric equations of the ellipse.
Let us find out the geometrical meaning of the parameter t. Draw two circles with
centres at the coordinate origin and with radii a and b (Fig. 77).

yi Let the point M(x, y) lie on the ellipse, and let B be
a point of the large circle with the same abscissas as
M. Denote by ¢ the angle formed by the radius OB

B with the x-axis. From the figure it follows directly
that
¢ M(z,y)
t x=0P =acost 29
0 a Pl CQ = bsint

From (2") we conclude that CQ = y; in other words,
the straight line CM is parallel to the x-axis.

Consequently, in equations (2) r is an angle
formed by the radius OB and the axis of abscissas.

Fig. 77 The angle ¢ is sometimes called an eccentric angle.

Cycloid. The cycloid is a curve described by a point lying on the circumference of a
circle if the circle rolls upon a straight line without sliding (Fig. 78). Suppose that when
motion began the point M of the rolling circle lay at the origin. Let us determine the
coordinates of M after the circle has turned through

‘1

ol p 8 - x
Fig. 78

an angle ¢. If a is the radius of the rolling circle, it will be seen from Fig. 78 that
x=0OP=0B-PB
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but since the circle rolls without sliding, we have

OB=MB=at, PB=MK =asint
Hence, x = at — asint = a(t — sint).
Further,
y=MP=KB=CB—-CK =a—-acost=a(l —cost)

The equations

x =a(t—sint)

0<t<2n (3)
y=a(l —cost)

are the parametric equations of the cycloid. As ¢ varies between 0 and 27, the point M
will describe one arch of the cycloid.

Eliminating the parameter ¢ from the latter equations, we get x as a function of y
directly. In the interval 0 < 7 < &, the function y = a(1 — cos f) has an inverse:

a
t = arccos

Substituting the expression for ¢ into the first of equations (3), we get

a—

3 y . a-y
X = a arccos — a Sin| arccos
a

or

a-—
X = aarccos Y V2ay —y* when0 < x < 7a
a

Examining the figure we note that when na < x < 27ma

a—y
=2na - — \2ay - y?)
X aa ((l arccos " ay y

It will be noted that the function

x =a(t—sint)

has an inverse, but it is not expressible in terms of elementary functions. And so the
function y = f(x) is not expressible in terms of elementary functions either.

Note 1. The cycloid clearly shows that in certain cases it is more convenient to use
the parametric equations for studying functions and curves than the direct relationship of
y and x (y as a function of x or x as a function of y).

Astroid. The astroid is a curve represented by the following parametric equations:

x:acos3t
5 (0<1<2rn C)
y=asin’ t

Raising the terms of both equations to the power 2/3 and adding, we get the following
relationship between x and y:

2 2 2 .
X3 +y3 = a3 (cos’t + sin? 1)
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or

X3+ y% =at b)
Later on (Sec. 5.12) it will be shown that this curve is
of the form shown in Fig. 79. It can be obtained as the
trajectory of a certain point on the circumference of
a circle of radius a/4 rolling (without sliding) upon
another circle of radius a (the smaller circle always
remains inside the larger one, see Fig. 79).

Note 2. It will be noted that equations (4) and
equation (5) define more than one function y = f(x).
They define two continuous functions on the interval
—a < x < +a. One takes on nonnegative values, the
other nonpositive values.

3.18 THE DERIVATIVE OF A FUNCTION REPRESENTED
PARAMETRICALLY

Let a function y of x be represented by the parametric equations
X = @t
‘p()}to<t<T (1)
y =y
Let us assume that these functions have derivatives and that the function x = ¢(¢)

has an inverse, ¢t = ®(x), which also has a derivative. Then the function y = f(x)
defined by the parametric equations may be regarded as a composite function:

y=y(0), t=0(x)

t being the intermediate argument.
By the rule for differentiating a composite function we get

Ve = vty = Y@ (x) 2)
From the theorem for the differentiation of an inverse function, it follows that

LX) = —
@t(t)
Putting this expression into (2), we have
A0
A0
or
V=2 (XXI)

X
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The derived formula permits finding the derivative y’. of a function represented
parametrically without having to find y as a function of x.
Example 1. The function y of x is given by the parametric equations

X =acost
. } <t<n)
y=asint
Find the derivative %: (1) for any value of £; (2) for t = .
Solution.
asint) acost
1 y.= (asint)_ —— = —cotr;
(acost) —asint

, Fis
2) 0=z = —cotZ =-1.
Example 2. Find the slope of the tangent to the cycloid
x = a(t—sint)
y=a(l —cost)

at an arbitrary point (0 < 7 < 2m).
Solution. The slope of the tangent at each point is equal to the value of the derivative
Y, at that point; i. e., it is

Ve = &
'xt
But
x, = a(l —cos 1), y, = asint
Consequently,
s t t
, _ asint S 5 €08 5 ~ cot ! —tan(ﬂ t)
BT al sy T L2t 2 \2Ta

Hence, the slope of the tangent to a cycloid at every point is equal to tan(§ — %), where ¢
is the value of the parameter corresponding to this point. But this means that the angle «
of inclination of the tangent to the x-axis is equal to § — £ (for values of 7 lying between
—mand )"

“Indeed, the slope is equal to the tangent of the angle of inclination a of the tangent to the x-axis.

And so tana = tan(5 — %) and & = § — § for those values of 7 for which § — % lies between 0 and 7.
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3.19 HYPERBOLIC FUNCTIONS

In many applications of mathematical analysis we encounter combinations of
exponential functions of the form %(ex —e ) and %(e" +e7%). These combinations
are regarded as new functions and are designated as follows:

sinhx = —— ¢
2 (1)
e +e™”
hx=
cosh x >

The first of these functions is called the hyperbolic sine, the second, the hy-
perbolic cosine. These functions may be used to define two more functions:

_ sinhx _ coshx.
tanhx = 274" and coth x = S
e —e™
tanh x = ———, the hyperbolic tangent,
eX +e™* 1/
e ("
cothx = —, the hyperbolic cotangent
—e

The functions sinh x, cosh x, tanh x are obviously defined for all values of x.
But the function coth x is defined everywhere, except at the point x = 0. The
graphs of the hyperbolic functions are given in Figs. 80, 81, 82.

From the definitions of the functions sinh x and cosh x [formulas (1)] there
follow relationships similar to those between the appropriate trigonometric func-
tions:

cosh® x — sinh? x = 1 2)
cosh(a + b) = cosha cosh b + sinh a sinh b 3)
sinh(a + b) = sinha cosh b + cosh asinh b 3)
Indeed,
2 Lo et te\2 et —et\2
cosh” x — sinh x—( 5 )—( 5 )
_ R e Ty _ 1
= 2 =
Further, noting that
a+b + —a—b
cosh(a + b) = ¢
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we get

el +e @ ePte N e —e

2 2 2 2
ea+b + e—a+b + ea—b + e—u—b + €a+b _ e—a+b _ ea—b + e—a—b
4

coshacoshb + sinhasinhb =

a+b —a—b
= e rte = cosh(a + b)
2

The proof is similar for relation (3").
The name “hyperbolic functions”
comes from the fact that the functions
sinh f and cosht play the same role in the
parametric representation of the hyperbola.

-y =1
Y

y=cathz

_——— e — e —— - =

Fig. 82

as the trigonometric functions sin# and cos ¢ do in the parametric representation
of the circle

X+ y2 =1
Indeed, eliminating the parameter ¢ from the equations

X =cost, y=sint
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we get
x* +y? =cos’t +sin® ¢
or
2+ y2 = 1 (the equation of the circle)

Similarly, the equations

x = cosht?

y = sinh ¢
are the parametric equations of the hyperbola.

Indeed, squaring these equations termwise and subtracting the second from
the first, we get

x* —y? = cosh® ¢ — sinh® ¢
Since, on the basis of formula (2), the expression on the right is equal to unity,
we have
X - y2 =1
which is the equation of the hyperbola.

Let us consider a circle with the equation x>+y? = 1 (Fig. 83). In the equations
X = cost, y = sint, the parameter ¢ is numerically

Fig. 83 Fig. 84

equal to the central angle AOM or to the doubled area S of the sector AOM, since
t=2S.
Let it be noted, without proof, that in the parametric equations of the hyper-

bola,

x = cosht

y = sinht
the parameter ¢ is also numerically equal to twice the area of the “hyperbolic
sector” AOM (Fig. 84).
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The derivatives of the hyperbolic functions are defined by the formulas

1
(sinh x)" = cosh x, (tanh x)" = —,
cosh1 X (XXII)
(coshx)” = sinh x, (cothx) = ———
sinh” x

which follow from the very definition of hyperbolic functions; for instance, for

. . g
the function sinh x = £ 2" we have

X _ ,X, X 4 opX
(sinhx)’:(e 23 )=e 2e =coshx

3.20 THE DIFFERENTIAL

Let a function y = f(x) be differentiable on an interval [a, b]. The derivative
of this function at some point x of [a, b] is determined by the equation

Ay
lim — = f’
A)ICTO Ax F

As Ax — 0, the ratio % approaches a definite number f’(x) and, consequently,
differs from the derivative f’(x) by an infinitesimal:
A
A—z =) +a
where @ — 0 as Ax — 0.
Multiplying all terms by Ax, we get

Ay = f(x) Ax + aAx (1

Since in the general case f’(x) # 0, for a constant x and a variable Ax — 0,
the product f’(x) Ax is an infinitesimal of the first order relative to Ax. But the
product aAx is always an infinitesimal of higher order than Ax because

im 2% = lim o =0

Ax—0 Ax Ax—0
Thus, the increment Ay of the function consists of two terms, of which the first is
[when f”(x) # 0] the so-called principal part of the increment, and is linear in
Ax. The product f’(x) Ax is called the differential of the function and is denoted
by dy or df(x).

And so if a function y = f(x) has a derivative f’(x) at the point x, the product

of the derivative f’(x) by the increment Ax in the argument is called the differen-
tial of the function and is denoted by the symbol dy:

dy = f'(x) Ax @
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Find the differential of the function y = x; here,
Y= =1
and, consequently, dy = dx = Ax or dx = Ax. Thus, the differential dx of
the independent variable x coincides with its increment Ax. The equation
dx = Ax might be regarded likewise as a definition of the differential of the
independent variable, and then the foregoing example would indicate that this

does not contradict the definition of the differential of the function. In any case,
we can write formula (2) as

dy = f'(x)dx
But from this relationship it follows that

=2
Fo=—

Hence, the derivative f’(x) may be regarded as the ratio of the differential of
the function to the differential of the independent variable.

Let us return to expression (1), which, taking (2) into account, may be rewrit-
ten thus:

Ay = dy + aAx 3)

Thus, the increment of a function differs from the differential of a function by an
infinitesimal of higher order than Ax. If f’(x) # 0, then aAx is an infinitesimal
of higher order than dy and

1

. alAx .
+ lim ——— =1+ lim =
Ax—0 dy Ax—0 f’ ()C) Ax Ax—0 f’ ()C)
For this reason, in approximate calculations one sometimes uses the approximate
equation
Ay =~ dy 4)
or, in expanded form,
f&x+Ax) = f(x) » f/(x) Ax (%)

thus reducing the amount of computation.
Example 1. Find the differential dy and the increment Ay of the function y = x?:
(1) for arbitrary values of x and Ax,
(2) for x = 20, Ax = 0.1.
Solution. (1) Ay = (x + Ax)?> — x> = 2xAx + Ax?,
dy = (x*) Ax = 2xAx.
(2) If x = 20, Ax = 0.1, then Ay = 2-20 - 0.1 + (0.1)> = 4.01,

dy=2-20-0.1 =4.00.
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Replacing Ay by dy yields an error of 0.01. In many cases, it may be considered small
compared with Ay = 4.01 and therefore disregarded.
Fig. 85 gives a clear picture of the above problem.

In approximate calculations, one also makes use of

Ax
the following equation, which is obtained from (5): % EXX4 =/[iF:
FOe+AX) ~ f(x) + f/(x) Ax (6) %
Example 2. Let f(x) = sin x, then f’(x) = cos x. In this 2 %
case the approximate equation (6) takes the form I 2
sin(x + Ax) =~ sin x + cos x Ax @) ?
Let us calculate the approximate value of sin46°. Put
x=45° = j—{, Ax=1°= %, x+Ax = § + ﬁ. Substituting — Fe——I ————>
into (7) we get Fig. 85
a6 = sin(™ + )~ sin ™ + cos ©
sin46° = sm(4 + 180) sm4 +cos4 180
or
2 2
sin46° ~ g + 7\/_ % =0.7071 +0.7071 - 0.0175 = 0.7191

Example 3. If in (7) we put x = 0, Ax = @, we get the following approximate equa-
tion:
sina ~ a
Example 4. If f(x) = tan x, then by (6) we get the following approximate equation:

Ax

tan(x + Ax) = tan x + 3
cos? x

for x = 0, Ax = a, we get
tana ~ a
Example 5. If f(x) = +/x, then (6) yields

1
Vx+ Ax ~ Vx + — Ax
2vx
Putting x = 1, Ax = @, we get the approximate equation
1
Vi+ax=1+ 3 a

The problem of finding the differential of a function is equivalent to that of
finding the derivative, since, by multiplying the latter into the differential of the
argument we get the differential of the function. Consequently, most theorems
and formulas pertaining to derivatives are also valid for differentials. Let us illus-
trate this.

The differential of the sum of two differentiable functions u and v is equal to
the sum of the differentials of these functions:

du+v)=du+dv
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The differential of the product of two differentiable functions u and v is deter-
mined by the formula
d(uv) = udv+vdu

By way of illustration, let us prove the latter formula. If y = uv, then
dy =y dx=w' +vu')dx =w' dx+vu' dx
but
Vidx=dv, udx=du
therefore
dy=udv+vdu
Other formulas (for instance, the formula defining the differential of a quotient)
are proved in similar fashion:

vdu — udv

if y=2, then dys= .
1%

v

Let us solve some examples in calculating the differential of a function.
Example 6. y = tan’ x, dy = 2 tan x—— dx.

COS2 X

Example7. y = V1 +Inx, dy = zm-ldx,

X

We find the expression for the differential of a composite function. Let

y=J ), u=¢x), or y= flp()]

Then by the rule for differentiating a composite function,

dy _ 0o

I Ju) @' (x)
Hence,

dy = fu(u) ¢'(x) dx
but ¢’ (x) dx = du, therefore
dy = f'(u)du

Thus, the differential of a composite function has the same form as it would have
if the intermediate argument were the independent variable. In other words, the
form of the differential does not depend on whether the argument of the function
is an independent variable or the function of another argument. This important

property of a differential, called the preservation of the form of the differential,
will be widely used later on.
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Example 8. Given a function y = sin y/x. Find dy.
Solution. Representing the given function as a composite one:
y=sinu, u= Vx
we find

1
dy = cosu ——dx
Y 2vx

but —= dx = du, so we can write
2+x

dy = cosudu

or

dy = cos(Vx) d(Vx).

3.21 THE GEOMETRIC MEANING OF THE DIFFERENTIAL

Let us consider the function

y=fx)
and the curve it represents (Fig. 86).

On the curve y = f(x), take an arbitrary point M(x,y), draw a line tangent to
the curve at this point and denote by a the angle” which the tangent line forms
with the positive x-axis. Increase the independent variable by Ax; then the func-
tion will change by Ay = NM;. To the values x+ Ax, y+ Ay on the curve y = f(x)
there will correspond the point M| (x + Ax,y + Ay).

From the triangle MNT we find

NT = MN tan «
Since
tana = f'(x), MN = Ax
we get
NT = f'(x) Ax
But by the definition of a differential f’(x) Ax = dy. Thus,
NT =dy

The equation signifies that the differential of a function f(x), which corresponds
to the given values x and Ax, is equal to the increment in the ordinate of the line
tangent to the curve y = f(x) at the given point x.

*Assuming that the function f(x) has a finite derivative at the point x, we get @ # z.



112 Ch. 3. Derivative and Differential

From Fig. 86 it follows directly that

M\T = Ay —dy
MT
By what has already been proved, w5+ — 0 as Ax — 0.

y

T
Ax N

P

r z+dx X

r r+dx T 7

SN

Fig. 86 Fig. 87

One should not think that the increment Ay is always greater than dy. For
instance, in Fig. 87,

Ay =M|N, dy=NT, and Ay<dy

3.22 DERIVATIVES OF DIFFERENT ORDERS

Let a function y = f(x) be differentiable on some interval [a, b]. Generally
speaking, the values of the derivative f’(x) depend on x, which is to say that the
derivative f’(x) is also a function of x. Differentiating this function, we obtain
the so-called second derivative of the function f(x).

The derivative of a first derivative is called a derivative of the second order or
the second derivative of the original function and is denoted by the symbol y” or
17 (x):

Y =) =W
For example, if y = x°, then
y =5x% = (5x% =204°

The derivative of the second derivative is called a derivative of the third order
or the third derivative and is denoted by y"” or f"”(x).

Generally, a derivative of the nth order of a function f(x) is called the deriva-
tive (first-order) of the derivative of the (n — 1)th order and is denoted by the
symbol y™ or f(x):

Y =Y = f )
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(The order of the derivative is taken in parentheses so as to avoid confusion with
the exponent of a power.)
Derivatives of the fourth, fifth, and higher orders are also denoted by Roman

numerals: y'v, y¥, y¥I,.... Here, the order of the derivative may be written
without brackets. For instance, if y = X, then y = 5x%, V' = 20x3, vy’ = 60x2,
YW=y = 120x, yV =y = 120,90 =y?D = .. = 0.

Example 1. Given a function y = ¢* (k = const). Find the expression of its derivative
of any order n.

Solution. y' = ke*, y" = k?e**, ..., y™ = k"€,
Example 2. y = sin x. Find y™.
Solution.

Yy =cosx = sin(x + g)

’”

Y’ =—sinx = sin(x+2g)

2

y =—cosx=sin(x+3g)

yIV =sinx = sin(x +4 g)

y" = sin(x +n g)

In similar fashion we can also derive the formulas for the derivatives of any
order of certain other elementary functions. The reader himself can find the for-
mulas for derivatives of the nth order of the functions y = x*, y = cosx, y = In x.

The rules given in theorems 2 and 3, Sec. 3.7, are readily generalized to the
case of derivatives of any order.

In this case we have obvious formulas:

w+n? = 4™+ (Cu)™® + Cu™

Let us derive a formula (called the Leibniz rule, or Leibniz formula) that will
enable us to calculate the nth derivative of the product of two functions u(x) v(x).
To obtain this formula, let us first find several derivatives and then establish the
general rule for finding the derivative of any order:

y=uv
Y =uv+uw

Yi=uv+uV +uv +w’ =u"v+2uV +w”

.1

=u"v+u"V +2u"V +2uV +uV +w”

r.

=u"v+3u"V +3uV' +w”
\%

2 7 i
v 4

W= Vv + 40V + 6wV + 4V + !
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The rule for forming derivatives holds for the derivative of any order and ob-
viously consists in the following.

The expression (# + v)" is expanded by the binomial theorem, and in the ex-
pansion obtained the exponents of the powers of u and v are replaced by indices
that are the orders of the derivatives, and the zero powers (u’ = ° = 1) in the end
terms of the expansion are replaced by the functions themselves (that is, “deriva-
tives of zero order”):

Y = @)™ = u™y + n" DY+ —n(111 _21) WDV ™
This is the Leibniz rule.

A rigorous proof of this formula may be carried out by the method of complete
mathematical induction (in other words, to prove that if this formula holds for the
nth order it will hold for the order n + 1).

Example 3. y = ¢ x%. Find the derivative y™.

Solution.
u=e", v = x?
u' = ae™, Vi =2x
I/l“ — a26ax7 V” — 2
u(n) — aneax, Vo= VIV =...=0

nn-1)
1-2

y("l) — aneaxx2 4 nanfletz)( x4+ an72enx )

or

y(”> = ™ [a"x® + 2nd" ' x + nn-1) a2

3.23 DIFFERENTIALS OF DIFFERENT ORDERS

Suppose we have a function y = f(x), where x is the independent variable.
The differential of this function

dy = f'(x)dx

is some function of x, but only the first factor, f’(x), can depend on x; the second
factor, dx, is an increment of the independent variable x and is independent of
the value of this variable. Since dy is a function of x we have the right to speak
of the differential of this function.

The differential of the differential of a function is called the second differential
or the second-order differential of the function and is denoted by d?y:

ddy) = d*y
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Let us find the expression for the second differential. By virtue of the general
definition of a differential we have
d*y = [f'(x)dx] dx

Since dx is independent of x, dx is taken outside the sign of the derivative upon
differentiation, and we get

&y = f"(x) (dx)?
When writing the degree of a differential it is common to drop the brackets; in
place of (dx)* we write dx* to mean the square of the expression dx; in place of
(dx)® we write dx3; etc.
The third differential or the third-order differential of a function is the differ-
ential of its second differential:
&y = d(d’y) = [f" () dx’*] dx = " (x) dx’
Generally, the nth differential is the first differential of a differential of the
(n — 1Dth order:
d'y = d(d""y) = [f*"P ) dx""'] dx
d'y = f*(x)dx" e
Using differentials of different orders, we can represent the derivative of any
order as a ratio of differentials of the appropriate orders:

/ _ dy 11 _ dzy (1) = dny
fo=- ffo=—7. ... ff=-2 @

Note. Equations (1) and (2) are true (for n > 1) solely in the case where x is
an independent variable. Indeed, suppose we have the composite function

y=Fw, u=e(x) 3

We have seen that the first-order differential preserves its form irrespective of
whether u is an independent variable or a function of x:

dy = F/(u)du “4)

The second and higher differentials do not have that property.
Indeed, by (3) and (4), we get

d*y = d(F'(u) du)
But here du = ¢’(x) dx is dependent on x and so we get
d*y = d(F'(w)) du + F!(u) d(du)
or

d’y = F! (u) (du)* + F/(u)d*u, where d’u = ¢"(x)(dx)’ (5)

uu

In similar fashion, we find @y and so on.
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Example 1. Find dy and d”y of the composite function
y=sinu, u= Vx
Solution.

1
dy =cosu- ——=dx =cosudu
J 2VE

Furthermore, by formula (5), we obtain

d*y = —sinu (du)* + cos ud*u = — sinu (du)® + cos u - u” (dx)>
o Lo 1 2
= —sin M(Z_\/}) (dx)” + cos u(—4x—3/2)(dx)

3.24 DERIVATIVES (OF VARIOUS ORDERS)
OF IMPLICIT FUNCTIONS
AND OF FUNCTIONS REPRESENTED PARAMETRICALLY

1. An example will illustrate the finding of derivatives of different orders of

implicit functions.
Let an implicit function y of x be defined by the equation
2 2
x°y 3
a—2 + ﬁ -1=0 (1)

Differentiate all terms of the equation, with respect to x, and remember that y is
a function of x:
2x 2y dy
@ brdx
From this we get
dy b*x
iy 2)
x a’y
Again differentiate with respect to x (having in view that y is a function of x):
dy
d2y oYy~ xa

A~ @y
Substituting, in place of the derivative %, its expression from (2), we get
2 x

or, after simplifying.
d2y B bZ(a2y2 + b2x2)

dx? ay?
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From equation (1) it follows that
PV + B2 = a*b?

Therefore the second derivative may be represented as

d*y _ b*
dx2 aZyS :
3
Differentiating the latter equation with respect to x, we find 37?, etc.

2. Let us now consider the problem of finding the derivatives of higher orders
of a function represented parametrically.
Let the function y of x be represented by parametric equations:

x = (1)
y=y(@)
The function x = ¢(¢) has an inverse function ¢ = ®(x) on the interval [#, T'].

In Sec 3.18 it was proved that in this case the derivative % is defined by the
equation

}to<t<T 3)

dy
dy  ar
dx  dx @
dt
To find the second derivative, %, differentiate (4) with respect to x, bearing

in mind that 7 is a function of x:

dy dy
Py d|a|_ d|a|d s
e " dx|dx |T @ |dx |ax ®
dt dt
but
dy dx d dyy dy d dx dx d*y dy d*x
dla| aa@) waa) @ aw
dt| dx dx\2 dx\2
a (%) (%)
a1
dx ~ dx

dt
Substituting the latter expressions into (5), we get

dx? dx\3
! (%)
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This formula may be written in more compact form as follows:
Py _ 0o -vn¢'o
dx? 'O

3 4,
In similar fashion we can find the derivatives %, Z—XZ and so forth.
Example. A function y of x is represented parametrically:

X =acost, y=bsint

. . . dy  d%y
Find the derivatives %, 23.
X’ dx>

Solution.
dx sin ¢ dx cost
— = —asint, — =-a
dt dr?
d &2
d—);zbcost, d—gz—bsint
dy  bcost b
— = — = ——cott
dx —asint a
d’y _ (-asint)(=bsint) — (bcost)(—acost) b 1
dx? ~ (—asin l‘)3 T sin’ ¢

3.25 THE MECHANICAL MEANING OF THE SECOND DERIVATIVE

Let s be the path covered by a body in translation as a function of the time; it
is expressed as
s = f(0) ey
As we already know (see Sec. 3.1.), the velocity v of a body at any time is equal
to the first derivative of the path with respect to time:
ds
V= 2)
At some time ¢, let the velocity of the body be v. If the motion is not uniform,
then during an interval of time At that has elapsed since 7 the velocity will change
by the increment Av.
The average acceleration during time At is the ratio of the increment in veloc-
ity Av to the increment in time:

_Av

Y

Acceleration at a given instant is the limit of the ratio of the increment in velocity
to the increment in time as the latter approaches zero:

aav

. \Y
a= lim —
At—0 At
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In other words, acceleration (at a given instant) is equal to the derivative of the
velocity with respect to time:

dv
a=—
dt
but since v = %, consequently,
d (dS) d2S
a=——)= —
de\dt!  di?

or the acceleration of linear motion is equal to the second derivative of the path
covered with respect to time. Reverting to equation (1), we get

a=f"(

Example. Find the velocity v and the acceleration a of a freely falling body, if the
dependence of distance s upon time ¢ is given by the formula

1
s = Egt2+vot+ S0 3)

where g = 9.8 m/sec? is the acceleration of gravity and s, = s,— is the value of s at = 0.
Solution. Differentiating, we find

ds
= — =gt+ 4
v= =8t “)
from this formula it follows that vy = (v),=.
Differentiating again, we find

_dv d*s B
ST ar
Let it be noted that, conversely, if the acceleration of some motion is constant and equal to
g, the velocity will be expressed by equation (4), and the distance by equation (3) provided

that (v),—9 = vo and (), = 5o.

3.26 THE EQUATIONS OF A TANGENT AND OF A NORMAL.
THE LENGTHS OF A SUBTANGENT AND A SUBNORMAL

Let us consider a curve whose equation is

y=f(x)

On this curve take a point M(xy, y;) (Fig. 88) and write the equation of the tangent
line to the given curve at the point M, assuming that this tangent is not parallel
to the axis of ordinates.

The equation of a straight line with slope k passing through the point M is of
the form

y=y1 = k(x - x1)
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For the tangent line (see Sec. 3.3)
k= f'(x1)
and so the equation of the tangent is of the form
y=y1=f(xn)(x—x1)
In addition to the tangent to a curve at a given point, one often has to consider
the normal.

Definition. The normal to a curve at a given point is a straight line passing
through the given point perpendicular to the tangent at that point.

YA From the definition of a normal it fol-
lows that its slope k, is connected with

the slope k; of the tangent by the equation
1

kn = ——

ki

or

k, = — !

Nz S(xn)
Hence, the equation of a normal to a
Fig. 88 curve y = f(x) at a point M(xy,y;) is of

the form

1
1 (x1)

Example 1. Write the equations of the tangent and the normal to the curve y = x* at
the point M(1,1).

Solution. Since y = 3x?, the slope of the tangent is (y'),=1 = 3.

Therefore, the equation of the tangent is

y—1=3(x-1) or y=3x-2

)
,g

y=y = (x = xp)

The equation of the normal is

or

(see Fig. 89).

The length T of the segment QM (Fig. 88) of the tangent between the point of
tangency and the x-axis is called the length of the tangent. The projection of this
segment on the x-axis, that is,
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QOP, is called the subtangent; the length YA
of the subtangent is denoted by S 7. The
length N of the segment MR is called the
length of the normal, while the projec-
tion RP of the segment RM on the x-axis 1 M(1.1)
is called the subnormal; the length of the
subnormal is denoted by S .

Let us find the quantities 7', S, N,
Sy for the curve y = f(x) and the point
M(xl > V1 )

From Fig. 88 it will be seen that

[ ] y-l”

V1

N
tan

_y’l

/
QP = |y; cota| = ‘

Fig. 89
therefore

yi
Y

f 2
T = y%+y712=
Vi y

n [,
- y12 +1
It is further clear from this same figure that

Sr=

1

PR = |y tana| = [y
and so

Sy =il

N = v+ 0?2 =y 4/1+ )7

These formulas are derived on the assumption that y; > 0, y; > 0. However, they
hold in the general case as well.

Example 2. Find the equations of the tangent and normal, the lengths of the tangent
and the subtangent, the lengths of the normal and subnormal for

o

Fig. 90

the ellipse
Xx=acost, y=bhbsint (1)
at the point M(x;,y;) for which t = 7 (Fig. 90).
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Solution. From equations (1) we find
b

dx . dy dy b dy
_ = = t —~ =) S 1 —_ = - tr —_ = ——
asmt, dt cost, dx a cott, (dx)t=% a

dt
We find the coordinates of the point of tangency M:

b
=g = =0y =

The equation of the tangent is

or
bx+ay—ab‘/§=0

The equation of the normal is

N
(ax—by)\/i—a2+b220

The lengths of the subtangent and subnormal are

b _ G- L)

or

b
s, = |22 @
T__b_\/z

a

b, b b
Syv=|—(-=)= —
Il e

The lengths of the tangent and the normal are

b
V2 [ be 1
r:__f,/(_;) +ll_$m

b
Va? + b?

b b\2
N=|— 1+(—;) :E

V2

3.27 THE GEOMETRIC MEANING OF THE DERIVATIVE
OF THE RADIUS VECTOR WITH RESPECT TO THE POLAR ANGLE

We have the following equation of a curve in polar coordinates:
p =10 ey
Let us write the formulas for changing from polar coordinates to rectangular

Cartesian coordinates:
x=pcosf, y=psinf
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Substituting, in place of p, its expression in terms of 6 from equation (1), we get
x = f(@)cosh, y=f(B)sind 2)

Equations (2) are parametric equations of the given curve, the parameter being
the polar angle 6 (Fig. 91).

If we denote by ¢ the angle formed by the tangent ¢
to the curve at some point M(p, d) with the positive
x-axis, we will have
dy il
_dy _ do ’
tan @Y= E = E
] 6 4
d6 ] 7 "u
Fig. 91
or
d
;g sinf + pcos 6
tany = o 3)
d—g cosf —psinf

Denote by u the angle between the direction of the radius vector and the tan-
gent. It is obvious thatu = ¢ — 6,

tan ¢ — tan 6
tany = ——————
1 +tangptan

Substituting, in place of tan¢, its expression (3) and making the necessary
changes, we get
(0"sin@ + pcos@)cost — (o' cos — psinf)sinf _ p

t. = =L
ans (0’ cos8 —psinf)cosf + (o’ sinf + pcos@)sind p’

or

0 = pcotu )
Thus, the derivative of the radius vector with respect to the polar angle is equal
to the length of the radius vector multiplied by the cotangent of the angle between

the radius vector and the tangent to the curve at the given point.
Example. Show that the tangent to the logarithmic spiral
p= ea&’
intersects the radius vector at a constant angle.
Solution. From the equation of the spiral we get
p/ =a ea(?

From formula (4) we have

’

cotu = L a, thatis, u = arccota = const
p
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EXERCISES ON CHAPTER 3

Find the derivatives of the following functions using the definition of a derivative:

1 1 1
1. y= x> Ans. 3x>. 2. y==.Ans. ——. 3. y= vx. Ans. .
y v= < y= Vx i

2
5. y=sin’>x. Ans. 2sinxcosx. 6. y=2x>— x. Ans. 4x— 1.

1
4. y = —.

y Vx
Ans. —

1
2xx
Determine the tangents of the angles of inclination of the tangent line to the curves:
7. y=x>. (a) When x = 1. Ans. 3. (b) When x = —1. Ans. 3. Make a drawing.

1 1
8. y=-.(a) When x = R Ans. —4. (b) When x = 1. Ans. —1. Make a drawing.
X

1
9. y = vx when x = 2. Ans. ——.
22

Find the derivatives of the following functions:
10. y = x* + 327 = 6. Ans. ¥ =4x° +6x. 1L y = 6x° — x*. Ans. y' = 18x* - 2x.

x x? 5xt 2x X -x2+1
12. y = - —x. Ans. y' = - -1. 13, y=—F—_ Ans. y' =
T axb ey T Y T e J 5 ey
3x° -2 2 s
%. 14.y:2ax3—%+c. Ans. y’:6ax2—?x. 15.y:6x%+4x%+2x.
5 3 \/§ 1 1
Ans. y = 21x2 +10x2 +2. 16. y = + +— Ans. = —.
y y= V3r+ Vx YRt e
+ 1) 3x+ 1) (x -1 2 n? 1
17.y:(x 5 ) . Ans. y/:LSX). 18.y:£+m+x—2+— Ans. y) = ——
xiz 2x3 m x n , m
m 2x 2n 2 1 ax b
B2 19, y = Va2 =2 Vx+5. Ans. —————. 20. y= —+——-—
A v N AN

Ix 5 23 s 1 5

——.Ans. y = —axi——bx"f +—x76. 21 y=(1+4x>)(1+2x7). Ans. y = 4x(1+3x+
Vx 3 6

10x%). 22, y = x(2x— 1)(3x+2) Ans. ¥ =209x%+x—1). 23. y = 2x—1)(x*—6x+3).

2xt ,_4cer— ) a-x
Ans. y = 6)6 —26X+ 12 24. y= m Ans. y W 25. y= _a+x'
2a t3 r2(3 +7) (s + 42
Ans. v = ————— 26. 1) = A 1 .27, — )
ns. y @+ f@® ns. f'(t) = 2)2 1(s) —
’ (S+2)(S+4) x+2 , x4—2x3—6x2_4x+2
Ans. = —————. 28. y = ——. Ans. =
SR (s+3)2 YT e x— Y 2 —x-2)
P p-1 _ Y — m
29, y = ¥ ans. Y = X [(p—m) pa”] 30. y = 2 37 Ans. y =
X" —am (x" — am)?

8x(2x* —3). 31 y=(x*+d®>. Ans. y=10x(x* +a®)*. 32. y= Va2 + a2
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X a-3x 1+x
Ans. Yy = ———. 3. y=(a+x)Va—x. Ans. yy = ———. 3. y= /] —.
Y Va2 + a2 y=( ) Y 2vVa—x Y I-x

1 2x% -1 1+ 4x?
Ans. yy = —————— 35,y = ———. Ans. Yy = ——— . 36.y =
(1-x)VI-2 VI + 2 (1 + x2)3
; 2x+ 1 1\2
Va2 + x+ 1. Ans. y’:x— 37. y = (1 + Vx). Ans. y’:(1+—).

38. y = \/x+ Nx+ Vx Ans. y = ! [1 + ! (1 + L)]
24[x+ AJx+ Vx 2Vx+\/} 2Vx

39. y = sin’x. Ans. ¥ =sin2x. 40. y = 2sinx + cos3x. Ans. y = 2cosx — 3 sin3x.
a 0 sin x , 1
_— y= ——. Ans. Y = ——.
cos2(ax + b) Y 1+cosx Y 1+cosx
43. y = sin2xcos3x. Ans. y' = 2cos2xcos3x — 3sin2xsin3x. 44. y = cot®5x.

Ans. ¥ = —10cot5xcsc®5x. 45.y = tsinz + cost. Ans. y = tcost. 46.y =

41. y = tan(ax + b). Ans. y' =

. , . . , sin 2.
sin® fcost. Ans. y = sin*t(3cos’t —sin’f). 47. y = aVcos2x. Ans. y = — a al .
Vcos 2x
tan 3 + cot 3
48. r = asi® 2. Ans. ¥, = asin® Zcos L. 49 y = ———2 Ans. y =
2 i 3) ¢ 3 3 X |
XCOS X + sin x X X X
S . 50.y =asin*Z. Ans. y = 2asin® Zcos=. 51.y = - tan’x.
JEpET y=a 5+ Ans.y asin” > 5 y=5; X
Ans. y) = tanxsec’x. 52.y = Incosx. Ams. ¥ = —tanx. 53.y = Intanx.
. tanx — 1
Ans. y = — . 54,y =Insin’x. Ans. ¥ = 2cotx. 55.y = AT Ans. y =
sin 2x sec x

1 + si 1
sinx + cosx. 56.y = In 4/ s¥nx. Ans. y = —. 57.y = lntan(z + )—C).
1 —sinx cos X 4 2

58. y = sin(x + a)cos(x + a). Ans. y' = cos2(x +a). 59. f(x) =

Ans. y = .
YT osx
cos(In x) sec?(In x)

sin(lnx). Ans. f'(x) = 60. f(x) = tan(Inx). Ans. f'(x) =

1
61. f(x) = sin(cosx). Ans. f'(x) = —sinxcos(cosx). 62. r = gtan3<p —tangp + .

d
Ans. d_r = tan*p. 63. f(x) = (xcotx)®. Ans. f'(x) = 2xcotx(cotx — xcsc? x).
p

2x
64. y = In(ax + b). Ans. y = . 65.y =log, (¥ +1). Ans. y = ————.
y = In(ax +b). Ans. y ax+b y = log,(x ). Ans. y (x2+ 1Dlna
1+x , s . , 2x —cos X
66. y= In I_X.Ans. y = m 67. y= 10g3(x —SIIIX)‘ Ans. y = m
1+x? , 4x 2 , 2x+1
68. y = In T—a Ans. y = —a 69. y = In(x" + x). Ans. y = 2

70. y = In(x* - 2x + 5).
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Ans. y = -2 7.y = xlnx. Ans.y = Inx+ 1. 72.y = In’x
Y = B ares Ly = . Ly = . .y = .
Ans, y = X o3 In(x + VI+22). Ans. y' ! 74 In(In x)
ns. y = . .y = In(x x2). Ans. y' = . .y = X).
X V1 + x?
1 1 1
Ans. ¥ = ——. 5. f() = In|—2 Ans. f() = ——. 76. f(x) =
xInx 1- 1-x2

Vaz+1- 2 + Va? + x?
22T pps, flx) = - . = Vet —qmT X TY
xX2+1+x V1 + x2

X

VZ 1 2 VZ 1 a2 VZ+ a2

B 7'} y = In(x + Vx? +a?) — XIS pps, y = rra
X x

Ans. y' =

2
cos X 1 X 1 sin x
79.y = — + —Intan=. Ans. y = . 80.y = . Ans. y =
Y 2sin’x 2 2 Y sin® x Y 2cos? x Y
1+ sin 1
ST Y 8. y=—tan’x+Incosx. Ans. y =tan’x. 82. y = e". Ans. ¥ = ae™.
2cos? x 2

83. y = ¥, Ans. y = 4e¥. 84. y = a”. Ans. Yy = 2xa” Ina. 85. y = P,
Ans. y' =2(x+ 1)7"2”)‘ In7. 86. y= < Ans. y = —2x¢” ™ Inc. 87. y = aeV*.

d lnﬁl
Ans. y' = 4oV 88 r=d Ans. ¥ =d’Ina. 89. r=d" Ans. &L -4 14
2% do ]
90. y = (1 -x"). Ans. y = (1 -2x-x"). 9L y= Col gy = 2
.y = . LY = . YE T 'y_(e"+1)2'
92 =" Ans. y 93 et e h). Ans. ¥ = 2(ef + e D)
.y=1In . LY = . .y = —(ed —ea). .Y = (et ).
N T N YT et Ay = gl e
94. y = ™ Ans. y = ™cosx. 95.y = ™. Ans. ¥ = na™"sec’nxlna.
96. y = ¢ sinx. Ans. Yy = e“*(cosx — sin® x). 97. y = e'lnsinx. Ans. y' =
e“(cotx + Insinx). 98. y = x"e™. Ans. y = x"'e""(n + xcosx). 99.y = x%.

1-Inx
2

1

Ans. vy = x*(Inx + 1). 100. y = x5, Ans. y = x»(

) 101y = ¥

Ans. y = ™ 'Inx® 102y = . Ans. ¥ = (1 + Inx)x". 103. y = (f)”.
n

n()—c)”x(l + In f). 104. y = X Ans. y = xsm(w + In xcos x).
105. y = (sin x?x. Ans. y' =n(sin x)* X (Insinx + xcotx). 106. y = (sin)ycc)‘a“", Ans. y' =
1-e Ans. y' = __2e ;
1+ef (1 +e*)? cos? %
cos V1 —2%

Ans. ¥y

(sin )™ *(1 + sec’ xInsinx). 107. y = tan

108. y = sin V1 —=2*. Ans. ¥y = —

10**"*1n 10 x (tan x + x2 x).

Find the derivatives of the following functions after first taking logarithms of the func-
tions:

_ 3,x(x2+1) ,1sx(2+ 1)1 2x 2
110. y = (x_l)Z.Ans.y—3 (x—l)Z(x+x2+l+x—l).

2°In2. 109. y = 10°“"*, Ans. y' =




Exercises on Chapter 3 127

1 A/(x-2y3 1?4/ -2y
1y = DNV - py v = w(% + s - i)
i/(x—3)2 /(x=3)2 (x=2) 5(x-3)

2 2
112. y= (x+1) Ans. y/ — _ (DX +14x+5) )

(x+2)3(x+3)** (x+2)*(x+3)°
13. y = _ Ne-p y —16122+480x—271
: Yo—22 Va3 = %0 V-1 {27 =30
114. y = % Ans. y = % 115. y = xX(a + 3x)%(a — 2x)%.
Ans. y = 5x*(a +3x)*(a - 2x)(a® + 2ax — 12x%). 116. y = arcsin 2. Ans. y' =
V#. 117. y = (arcsin x)?. Ans. y' = %‘

118. y = arctan(x®> + 1). Ans. ¥y = 1+(3++1)’ 119. y = arctan %5
Ans. ¥ = 125. 120. y = arccos(x?). Ans. y = %. 121, y = ecosx
’ —(x+ V1-x2 arccos x) _ x+l ;) 1
Ans. y v 122. y = arcsin “= R Ans. y = T

123. y = xVa? — x> + a* arcsin 2. Ans. y =2Va? - x7.
124. y = Va? — x* + aarcsinZ. Ans. y' = (/%= 125. u = arctan &
, 2
Ans. % = L 126,y = \%arctan g Ans. y = 30 127,y =

M / M X —_ 4 —_
xarcsin x. Ans. y’ = arcsin x + Vet 128. f(x) = arccos(Inx). Ans. f'(x) =

——— 129 = arcsin Vsinx. Ans. f'(x) = —=28X__.
: f(x) = arcsin Vsin x. Ans. f’(x) Nans

xV1-In"x
130. y = arctan 1/% O < x <n. Ans. ¥y = % 131, y = etotanx,

—1 in 2nd and 3rd quadrants.

;) _ eArcunx _ 2 — arcsinx

Ans. Yy = S 132. = o= 133 y=x .

/ — jarcsinx(arcsinx | _Inx - in(si / — cosx

Ans. y = x ( T+ m) 134. y = arcsin(sinx). Ans. y’ = =0 =
+1 in 1st and 4th quadrants. 4sinx ’

{ 135. y = arctan 525, Ans. Y = s

136. y = arctan ¢ +In /2354, Ans. y' = x* a4

1
137. y:ln(%)“—%arctanx Ans. y' = x;. 138. y = )‘_1+ln 1+ x2+

X+l

, _ 1 x+1
arctan x. Ans. y' = =5, 139, y =3 lnm"'
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1 2x—1 | _ 1+x V2+x2 xV2 ’
B arctan 7 JAns. y = 5. 140. y=1In v T 2arctan 1=5. Ans. y' =
4V2 - 2= _ 2"

o 141. y = arccos Figp- Ans. R

Differentiation of Implicit Functions

Find % if:  142. y*> = 4px. Ans. - 143, 2 +3y? = a’. Ans. A

dx y dx

_x

v’ R

144. P*x*+a?y? = a*b*. Ans. % = _ZT;' 145. y*-3y+2ax = 0. Ans. % =
ﬁ 146. x> +y% =az. Ans. % = —\/g. 147. x3 +y% = as3. Ans. % =
—J%. 148. % - 2xy + b* = 0. Ans. Z—i = )%x 149. 3 +y* = 3axy = 0.

dy _ ay-x* _ dy _ sin(x+y)
Ans. 7 = o 150. y = cos(x +y). Ans. 7= = — Tesin(rry)”
dy Lysi
151. cos(xy) = x. Ans. 3 = — Iif,f?,f;f)

Find Z—i of the following functions represented parametrically:

152. x = acost,y = bsint. Ans. ‘dl—i = —gcott. 153. x = a(t — sint), y =
dy

a(l-cost). Ans. % =coti. 154. x=acos’t,y = bsin’ t. Ans. £ = —gtant.

_ Bat _ 3a? dy _ 2 _ —
155. x = 775,y = 745- Ans. 30 = =5 156. u = 2Incots, v = tan s + cot s.

Show that Z—‘; = tan2s.

Find the tangents of the angles of inclination of tangent lines to curves:

157. x = cost, y = sint at the point x = —%, y = g Make a drawing.

Ans. \% 158. x = 2cost, y = sint at the point x = 1, y = —g. Make
a drawing. Ans. 2+B 159. x = a(t - sinf), y = a(l — cost) when ¢ = Z.

Make a drawing. Ans. 1. 160. x = acos’t, y = asin’ t when t = fz’. Make a
drawing. Ans. —1. 161. A body thrown at an angle « to the horizon (in airless
space) described a curve parabola, under the force of gravity, whose equations
are: x = (vpcosa)t,y = (vo sina)t — % (g=98 m/sec?). Knowing that @ = 60°,
vo = 50 m/sec, determine the direction of motion when: (1)t = 2 sec, 2)t =7
sec. Make a drawing. Ans. (1) tang; = 0.948, ¢ = 43°30’; (2) tan g, = —1.012,
Py = +134°3'.
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Find the differentials of the following functions:
162. y = (@®> — x»)°. Ans. dy = —10x(a®> — x*)*dx. 163. y = V1 + x2.

Ans. dy = ‘% 164. y = 1 tan® x + tan x. Ans. dy = sec* xdx.

165. y = X 4 In(1 - x). Ans. dy = y;fj;f.

Calculate the increments and differentials of the following functions:

166. y = 2x> — x when x = 1, Ax = 0.01. Ans. Ay = 0.0302, dy = 0.03.
167. Given y = x* + 2x. Find Ay and dy when x = -1, Ax = 0.02.
Ans. Ay = 0.098808, dy = 0.1. 168. Given y = sinx. Find dy when

x = ’3—’ Ax = 1—’; Ans. dy = % = 0.0873. 169. Knowing that sin60° =

%g = 0.866025, cos60° = %, find the approximate values of sin60°3" and
sin60°18’. Compare the results with tabular data. Ans. sin60°3’ ~ 0.866461,
sin60°18" =~ 0.868643. 170. Find the approximate value of tan45°4’30".
Ans. 1.00262. 171. Knowing that log,;200 = 2.30103 find the approximate
value of log;,200.2. Ans. 2.30146.

Derivatives of different orders. 172. y = 3x% — 2x?> + 5Sx — 1. Find y”.
Ans. 18x—4. 173. y = Vx3. Find y"'. Ans. %x’lsl. 174. y = x5 Find

Y©. Ans. 6!. 175. y = &. Find y”. Ans. “20€. 176. y = Va? - x. Find

X2
2

—a - i (4) __15 —
N 177. y = 2+/x. Find y¥. Ans. o 178y =

ax*+bx+c. Findy”. Ans. 0. 179. f(x) = In(x+1). Find f®(x). Ans.
180. y = tanx. Find y"”. Ans. 6sec* x —4sec’x. 181. y = Insinx. Find y
Ans. 2cotxcsc?x. 182. f(x) = Vsec2x. Find f”(x). Ans. f”(x) = 3[f(x)]°—
f(x). 183,y = % Find f®(x). Ans. (1:‘_;)5 184. p = (¢* + a*)arctan 4,
Find £2. Ans. . 185. y = 4(ef + 1), Find 4. Ans. %. 186 y =
cos ax. Find y™. Ans. a" cos(ax + ng)

187. y = a*. Find y™. Ans. (Ina)'a*. 188. y = In(l + x). Find y™.
Ans. (—1)"*15';;3{. 189. y = 1. Find y". Ans. 2(-1)"g5=. 190. y =
e*x. Find y™. Ans. e*(x +n). 191. y = x* ' Inx. Find y*. Ans. @

192. y = sin x. Find y®. Ans. —2"~' cos(2x + n%). 193. y = xsin . Find

y’. Ans. —

__6
G+
1’

Y. Ans. xsin(x +nZ) —ncos(x + nZ). 194. If y = e*sinx, prove that y” —
2 2 p

2y +2y=0. 195. )" = dax. Find 3. Ans. —4£. 196, b + &*y* = a*b?.

Find Z—i; and %. Ans. —%; —%‘. 197. x> +y* = r%. Find %. Ans. —)’—i

198. y? — 2xy = 0. Find % Ans. 0. 199. p = tan(p + p).
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d? p tan” p—tan’ ¢

. d»“,) 2(5+8p2+3p4)
Find ns. . an?p

200. secpcosp = C. Find 3
201. e*+x=¢€" +y. Flnd Y. Ans. %

202. y* + x> - 3axy = 0 Find &Y. Ans. — 229 203, x = a(t — sint),

dx2* (y2-ax)}
= a(l - Cost) Find ")’ Ans. _ﬁ 204. x = acos2t, y = bsin’1.

Show that &2 = =0 205 X=acost,y= asmt Find d} . Ans. %
206. Show that 4

e (smh Xx) = sinh x; d L (smh X) = cosh X.

Equations of a Tangent and a Normal.
Lengths of a Subtangent and a Subnormal

207. Write the equations of the tangent and the normal to the curve y = x> —3x%>—x+5
at the point M(3,2). Ans. The tangent is 8x —y — 22 = 0; the normal, x + 8y — 19 = 0.

208. Find the equations of the tangent and normal, the lengths of the subtangent and
subnormal of the circle x> +y? = r? at the point M(x,,y,). Ans. The tangent is xx; +yy, =

r?; the normal is x;y — y;x = 0; ST—' ;SN = xl.

209. Show that the subtangent of the parabola y* = 4px at any point is divided into
two by the vertex, and the subnormal is constant and equal to 2p. Make a drawing.
210. Find the equation of the tangent at the point M(xy,y;)

. 2 ) -
(a) to the ellipse ;—z + ;? = 1. Ans. “a% + ”—‘ =1;

(b) to the hyperbola % - é = 1. Ans. ’% =1

211. Find the equations of the tangent and normal to the Witch of Agnesi y = 4{12—;
at the point where x = 2a. Ans. The tangent is x + 2y = 4a; the normal is y = 2x — 3a.

212. Show that the normal to the curve 3y = 6x — 5x* drawn to the point M(1, §
passes through the coordinate origin.

213. Show that the tangent to the curve (£)"+(3)" = 2 at the point M(a, b) is £+ = 2.

214. Find the equation of that tangent to the parabola, y> = 20, which forms an angle
of 45° with the x-axis. Ans. y = x + 5 [at the point (5, 10)].

215. Find the equations of those tangents to the circle x*> + y* = 52 which are parallel
to the straight line 2x + 3y = 6. Ans. 2x+ 3y £26 =0.

216. Find the equations of those tangents to the hyperbola 4x> — 9y? = 36 which are
perpendicular to the straight line 2y + 5x = 10. Ans. There are no such tangents.

217. Show that the segment (lying between the coordinate axes) of the tangent to the
hyperbola xy = m is divided into two by the point of tangency.
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218. Prove that the segment (between the coordinate axes) of a tangent to the astroid
x*3 4+ y?3 = @*3 is of constant length.

219. At what angle @ do the curves y = a* and y = b* intersect? Ans. tana = 1121(‘11;1.:‘&'

220. Find the lengths of the subtangent, subnormal, tangent and normal to the cycloid
x = a(@ - sin6), y = a(l — cos6) at the point at which § = 5. Ans. Sy = a, Sy = a,
T=a \/E, N =aV2.

221. Find the quantities S7, Sy, T and N for the astroid x = 4acos’t, y = 4a sin® 7.
Ans. St =l4a sin® £ cos t, Sy =4a sin® rtan t; T =4a sin’#; N = |4a sin® rtan 1.

Miscellaneous Problems

Find the derivatives of the following functions:

222,y = s — lintan(% - £). Ans. y = L= 223y = arcsin L.
Ans. y = —ﬁ. 224. y = arcsin(sinx). Ans. )’ = 2. 225,y =
2 [a=b r_ 1
o arctan( ZTb tan %) (a>0, b>0). Ans. Y = Zihoosx”
226. y = |x|. Ans. y' = ﬁ 227. y = arcsin V1 — x2. Ans. ¥ = —ﬁxﬁ.

228. From the formulas for the volume and surface of a sphere v = %ﬂr3 and s = 4712
it follows that j% = s. Explain the geometric significance of this result. Find a similar
relationship between the area of a circle and the length of the circumference.

229. In a triangle ABC, the side a is expressed in terms of the other two sides b, ¢ and

the angle A between them by the formula
a= Vb*+c* —2bccos A
da

For b and c constant, side a is a function of the angle A. Show that = h,, where h, is
the altitude of the triangle corresponding to the base a. Interpret this result geometrically.
230. Using the differential concept, determine the origin of the approximate formulas

b b
Va2 +b~a+—, V@ +b~a+—
2a 342
where |b| is a number small compared with a.
231. The period of oscillation of a pendulum is computed by the formula

T=nmn+|—
8
In calculating the period 7', how will the error be affected by an error of 1% in the mea-
surement of: (1) the length of the pendulum /, (2) the acceleration of gravity g? Ans. (1)
= 1/2%, (2) = 1/2%.
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232. The tractrix has the property that for any point of it, the tangent 7 remains con-
stant in length. Prove this on the basis of: (1) the equation of the tractrix in the form

_ a, a-— \Ja>-y?
x= \/512_);2+§1na+\/Tfy2 (a>0)

(2) the parametric equations of the curve
t
x= a(ln tan 5 + cos t)
y=asint

233. Prove that the function y = Cje™* + C,e™>* satisfies the equation y” + 3y’ +2y = 0
(here C; and C, are constants).

234. Putting y = e sinx, z = e* cos x prove the equations y” = 2z, 7/ = =2y.

235. Prove that the function y = sin(m arcsin x) satisfies the equation (1 — X2y —xy +
m?y = 0.

y 2 : 2
236. Prove that if (a + bx)ex = x, then x> ZT; = (x:{l—l - ) .



CHAPTER 4

SOME THEOREMS ON DIFFERENTIABLE FUNCTIONS

4.1 A THEOREM ON THE ROOTS OF A DERIVATIVE
(ROLLE’S THEOREM)

Rolle’s Theorem. If a function f(x) is continuous on an interval [a, b] and is
differentiable at all interior points of the interval, and vanishes [ f(a) = f(b) = 0]
at the end points x = a and x = b, then inside [a, b] there exists at least one point
X =c¢, a < c<b, at which the derivative f'(x) vanishes, that is, f’(c) = 0.”

Proof. Since the function f(x) is continuous on the interval [a, b], it has a
maximum M and a minimum m on that interval.

If M = m the function f(x) is constant, which means that for all values of x
it has a constant value f(x) = m. But then at any point of the interval f’(x) = 0,
and the theorem is proved.

Suppose M # m. Then at least one of these numbers is not equal to zero.

For the sake of definiteness, let us assume that M > 0 and that the function
takes on its maximum value at x = ¢, so that f(c) = M. Let it be noted that, here,
¢ is not equal either to a or to b, since it is given that f(a) = 0, f(b) = 0. Since
f(c) is the maximum value of the function, it follows that f(c + Ax) — f(¢) < 0,
both when Ax > 0 and when Ax < 0. Whence it follows that

fle+Ax) - f()

< 0 when Ax >0 1"
Ax
A —
W > 0 when Ax < 0 (1
X

Since it is given in the theorem that the derivative at x = ¢ exists, we get, upon
passing to the limit as Ax — 0,

fim LEFA0 SO _ 000 when Axs0

Ax—0 Ax

Ax) —
lim fle+ a0 = fo) =f'(c)>0 when Ax<O0
Ax—0 Ax

But the relations f'(c) < 0 and f’(c) > 0 are compatible only if f'(c) = 0.
Consequently, there is a point ¢ inside the interval [a, b] at which the derivative
f’(x) is equal to zero.

“The number c is called a root of the function (x) if ¢(c) = 0.
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The theorem about the roots of a derivative has a simple geometric interpre-
tation: if a continuous curve, which at each point has a tangent, intersects the
x-axis at points with abscissas a and b, then on this curve there will be at least
one point with abscissa ¢, a < ¢ < b, at which the tangent is parallel to the x-axis.

Ly I
y=f(z) y-f“’/.l_‘f
f(a)
=f(b)
0l a ¢ g b 2 - 0] 1 T
Fig. 92 Fig. 93

Note 1. The theorem that has just been proved also holds for a differentiable
function such that does not vanish at the end points of the interval [a, b], but takes
on equal values f(a) = f(b) (Fig. 92). The proof in this case is exactly the same
as before.

Note 2. If the function f(x) is such that the derivative does not exist at all
points within the interval [a, b], the assertion of the theorem may prove erro-
neous (in this case there might not be a point c in the interval [a, b], at which the
derivative f”(x) vanishes).

For example, the function

y=f=1-Vx

(Fig. 93) is continuous on the interval [—1, 1] and vanishes at the end points of
the interval, yet the derivative

2
() =-—=
3
within the interval does not vanish. This is because there is a point x = 0 inside
the interval at which the derivative does not exist (becomes infinite).

y The graph shown in Fig. 94 is another instance
of a function whose derivative does not vanish in
the interval [0, 2].
The conditions of the Rolle theorem are not ful-
il 7 7 > filled for this function either, because at the point
x = 1 the function has no derivative.

Fig. 94
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4.2 THE MEAN-VALUE THEOREM (LAGRANGE’S THEOREM)

Lagrange’s Theorem. If a function f(x) is continuous on the interval [a, b)
and differentiable at all interior points of the interval, there will be, within [a, b],
at least one point ¢, a < ¢ < b, such that

J®) - fl@) = f(e)b-a) ey
Proof. Let us denote by Q the number W that is, set:
b) - f(a
ARLELLU )
-a
and let us consider the auxiliary function F(x) defined by the equation
Fx) = f(x) = f(a) - (x —a)Q 3

What is the geometric significance of the function F(x)? First write the equa-
tion of the chord AB (Fig. 95), taking into account
that its slope is ﬂ"b)ﬂ = Q and that it LN

—da

passes through the point (a, f(a)):
y—fla)=0(x—a)

whence

y=fla)+0(x-a f(b)

But F(x) = f(x) — [f(a) + Q(x — a)]. Thus,
for each value of x, F(x) is equal to the dif-
ference between the ordinates of the curve
y = f(x) and the chord y = f(a) + Q(x — a) 0l a ¢

for points with the same abscissa. Fig. 95

|
|
|
|
|
1
|
|
|
|
1
I

b I

It will readily be seen that F(x) is continuous on the interval [a, b], is differen-
tiable within the interval, and vanishes at the end points of the interval; in other
words, F(a) = 0, F(b) = 0. Hence, the Rolle theorem is applicable to the func-
tion F(x). By this theorem, there exists within the interval a point x = ¢ such
that

F'(c)=0
But
F'(x)=f(x)-0
and so
Fl(©)=f()-0=0
whence

0=/
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Substituting the value of Q in (2), we get

TOZTD _ o ()
whence follows formula (1) directly. The theorem is thus proved.

See Fig. 95 for an explanation of the geometric significance of the Lagrange
theorem. From the figure it is immediately clear that the quantity o) (b) f “ s the
tangent of the angle of inclination a of the chord passing through the points A
and B with abscissas a and b.

On the other hand, f’(c) is the tangent of the angle of inclination of the tangent
line to the curve at the point with abscissa c. Thus, the geometric significance of
(1) or its equivalent (1) consists in the following: if at all points of the arc AB
there is a tangent line, then there will be, on this arc, a point C between A and B
at which the tangent is parallel to the chord connecting points A and B.

Now note the following. Since the value of c satisfies the condition a < ¢ < b,
it follows thatc —a < b — a, or

c—a=0b-a)
where 0 is a certain number between 0 and 1, that is,
0<0<1
But then
c=a+060b-a)
and formula (1) may be written as follows:
fb) - fla=0b-a)fla+tbb-a)l, 0<6<]1 1)

4.3 THE GENERALIZED MEAN-VALUE THEOREM
(CAUCHY’S THEOREM)

Cauchy’s Theorem. If f(x) and ¢(x) are two functions continuous on an
interval [a, b] and differentiable within it, and ¢’(x) does not vanish anywhere
inside the interval, there will be, in [a, b], a point x = ¢, a < ¢ < b, such that

J®) - f@) _ f(o)

= 1
oB)— @) ¢ M
Proof. Let us define the number Q by the equation
fb) - fla)
2
% ebr-v@ @

It will be noted that ¢(b) — ¢(a) # 0, since otherwise ¢(b) would be equal to ¢(a),
and then, by the Rolle theorem, the derivative
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¢’ (x) would vanish in the interval; but this contradicts the statement of the theo-
rem.
Let us construct an auxiliary function

F(x) = f(x) = f(a) = Qle(x) — ¢(a)]
It is obvious that F(a) = 0 and F(b) = 0 (this follows from the definition of
the function F(x) and the definition of the number Q). Noting that the function
F(x) satisfies all the hypotheses of the Rolle theorem on the interval [a, b], we

conclude that there exists between a and b a value x = ¢ (a < ¢ < b) such that
F'(c) = 0. But F’(x) = f'(x) — Q¢’(x), hence
F'(c) = f'(c) = Q¢'(c) = 0

whence

J'(©)

Q==

¢'(0)

Substituting the value of Q into (2) we get (1).
Note. The Cauchy theorem cannot be proved (as it might appear at first

glance) by applying the Lagrange theorem to the numerator and denominator of
the fraction

f(b) - f(a)
@(b) — p(a)
Indeed, in this case we would (after cancelling out b — a) get the formula
f) — fl@) _ fle)
D) —pla)  ¢'(c2)
in whicha < ¢; < b, a < ¢, < b. But since, generally, ¢; # ¢;, the result obtained
obviously does not yet yield the Cauchy theorem.

4.4 THE LIMIT OF A RATIO OF TWO INFINITESIMALS
(EVALUATING INDETERMINATE FORMS OF THE TYPE g)

Let the functions f(x) and ¢(x), on a certain interval [a, b], satisfy the Cauchy
theorem and vanish at the point x = a of this interval, f(a) = 0 and ¢(a) = 0.

The ratio % is not defined for x = a, but has a very definite meaning for
values of x # a. Hence, we can raise the question of searching for the limit of
this ratio as x — a. Evaluating limits of this type is usually known as evaluating

indeterminate forms of the type g.
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We have already encountered such problems, for instance when considering
the limit 11rr(1) S‘;* and when finding derivatives of elementary functions. For x = 0,

the expression % is meaningless; the function F(x) =

x = 0, but we have seen that the limit of the expression *=* sinx’
is equal to unity.

I’Hospital’s Theorem (Rule). Let the functions f(x) and ¢(x), in [a, b], sat-
isfy the Cauchy theorem and vanish at the point x = a, that is, f(a) = ¢(a) =0

then, if the ratio {;E ; has a limit as x — a, there also exists lim fé ;
_X*)a

tim £ — jim £
W p(x) o g ()

Proof. On the interval [a, b] take some point x # a. Applying the Cauchy
formula we have

sinX js not defined for

as x — 0 exists and

and

f) - fl@ _ @
e(x) —pla) ¢

where £ lies between a and x. But it is given that f(a) = ¢(a) = 0, and so

@ _1© 0
o(x) @&
« ; =4,
x—a ‘P
then }1m L Eg exists and is equal to A. Whence it is clear that
0D i LO SO @
g e(x)  woa@(§)  fma @) xma@(X)
and, finally,

tim £ — i £
x—a (,D()C) x—a (p’(x)
Note 1. The theorem holds also for the case where the functions f(x) or ¢(x)
are not defined at x = a, but

lim f(x) =0, lime(x)=0

X—a

In order to reduce this case to the earlier considered case, we redefine the func-
tions f(x) and ¢(x) at the point x = a so that
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they become continuous at the point a. To do this, it is sufficient to put
fl@)=1im f(x) =0, ¢(@) = limg(x) =

since it is obvious that the limit of the ratio £ E"; as x — a does not depend on

whether the functions f(x) and ¢(x) are defined at x = a.
Note 2. If f'(a) = ¢’(a) = 0 and the derivatives f’(x) and ¢’(x) satisfy the
conditions that were imposed by the theorem on the functions f(x) and ¢(x), then

applying the I’Hospital rule to the ratio :: 8, we arrive at the formula lim J; Eg
X—a
JAMED)

/I( )’
Note 3. If ¢’(@) = 0, but f'(x) # 0, then the theorem is applicable to the

11m and so forth.

reciprocal ratio ﬁx;, which tends to zero as x — a. Hence, the ratio f Ex; tends to
infinity.
Example 1.
) sin 5x - lim (sin Sx)’ - lim 5cos5Sx _ E
-0  3x -0  (3x) -0 3 3
Example 2.
1
im MY Tex L
x—0 X x—0 1
Example 3.
e —e - 2x L oett+et=-2 Loet—et e +e™ 2
lim - =lim =lim — =1lim =—-=2
x>0 X —sinx x-0 1 —cosx x-0  sinx x>0 COS X 1

Here, we had to apply the 1’Hospital rule three times because the ratios of the first, second
and third derivatives at x = 0 yield the indeterminate form %
Note 4. The I’Hospital rule is also applicable if

lim f(x) =0 and lim ¢(x) =0
Indeed, putting x = %, we see that z — 0 as x — oo and therefore

lim f(2) =0, lim(2) =0

70
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(L
Applying the I’Hospital rule to the ratio ‘;E—j;, we find

which is what we wanted to prove.

Example 4.
k k, 1
sin — kcos—(——z) k
lim —= = lim X X~ limkcos - =k
X—00 X—00 L X—00 X
x x2

4.5 THE LIMIT OF A RATIO OF TWO INFINITELY
LARGE QUANTITIES
(EVALUATING INDETERMINATE FORMS OF THE TYPE g)

Let us now consider the question of the limit of a ratio of two functions f(x)
and ¢(x) approaching infinity as x — a (or as x — o).

Theorem. Let the functions f(x) and ¢(x) be continuous and differentiable
for all x # a in the neighbourhood of the point a, the derivative ¢’(x) does not
vanish; further, let

lim f(x) = co, limg(x) = o0
X—a X—a

and let there be a limit

lim 29 _ 4 (1
x—a (p'(x)
Then there is a limit lim % and
tim 79 = jim £ _ 4 0

o p(x) e (x)
Proof. In the given neighbourhood of the point a, take two points « and x
such that @ < x < a (or a < x < a). By Cauchy’s theorem we have

[ = f@) _ f(©)
o) — (@)  ¢'(c)

3
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where @ < ¢ < x. We transform the left side of (3) as follows:
_f@
fO-fl@) _ f@) &)

o) —g@) e | _ ¢@) @
@(x)
From relations (3) and (4) we have
@
£ _f  fG)
¢ e | _e@
@(x)
Whence we find
| @
f@) _f© e )

o) ¢ | J@
Jf(x)
From condition (1) it follows that for an arbitrarily small £ > 0, @ may be chosen
so close to a that for all x = ¢ where @ < ¢ < a, the following inequality will be
fulfilled:

¢'(c)
f'(©
¢'(c)

A' <
or

A—eg<

<A+e¢ (6)

Let us further consider the fraction
)
@(x)
@
fx)
Fixing « so that inequality (6) holds, we allow x to approach a. Since f(x) —
oo and ¢(x) — oo as x — a, we have

| @

. ) _

@
J)

and, consequently, for the earlier chosen € > 0 (for x sufficiently close to a) we
will have

| e@)
o)
1_@ ll<e

J)
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or
LG
_ ﬁ 1 7
l-e< 1_@ <l+e¢& ( )
Jx)
Multiplying together the appropriate terms of inequalities (6) and (7), we get
| @
1(c) @(x)
A-o-¢)< 20 1_@ <(A+e)l+e)
J)
or, from (5),
A-e)(l-¢)< ]% <A+e)l+¢

Since ¢ is an arbitrarily small number for x sufficiently close to a, it follows from
the latter inequalities that

lm&

1 =A
x—a (p(x)

or, by (1),

) ()
lim = lim
x—a @(X)  x—a (x)
which completes the proof.
Note 1. If in condition (1) A = oo, that is,
f (x) _
x—>a @ (x)

then (2) holds in this case as well. Indeed, from the preceding expression it
follows that

tim £&
x—a f’ (_x)
Then by the theorem just proved
) @)
lim =lim —— =
x—a f(x) x—a f’(x)

=0

whence
o L)
im
x—a @ x)
Note 2. The theorem just proved is readily extended to the case where x — co.
If lim f(x) = o, lim ¢(x) = co and lim Vit

X—00 ¢’ (x)




4.5 Evaluating Indeterminate Forms of the Type 2 143

exists, then

Jim 2 _ iy L ®)
X—00 Qp(x) X—00 (p’(x)
The proof is carried out by the substitution x = 1 as was done under similar

Z
conditions in the case of the indeterminate form 8 (see Sec. 4.4, Note 4).
Example 1.
lim = = lim "7 = lim 5
Note 3. Once again note that formulas (2) and (8) hold only if the limit on the
right (finite or infinite) exists. It may happen that the limit on the left exists while

there is no limit on the right. To illustrate, let it be required to find

. x+sinx
lim ———

X—00 X

This limit exists and is equal to 1. Indeed,

. x+sinx . sin x
fim S5 i (14 508
X—00 X X—00 X
But the ratio of derivatives
(x+sinx)’ 1+cosx
= =1+cosx

@ 1
as x — oo does not approach any limit, it oscillates between O and 2.
Example 2.

ax’> +b . 2ax a
m =lim— = -
oo cx2 —d  xow 2cx c
Example 3.
1
oy oty g 1 cos? 3x - lim 12-3cos 3xlsin 3x
xItan3x -2 3 =23 cos?x x-23  2cosxsinx
cos? 3x
_ cos3x . sin3x . 3sin3x (-1) _3( 1) (-1 _3

I

im im — im —; : =
x—>% COSX x—% sinx  x—>% sinx (1
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Example 4.

. X .
Iim — =lim — =0
x—o0 eX x—o00 ¥

Generally, for any integral n > 0,

n -1

“D...1
lim 2= = lim T Ll VEETE

x—oo @* x—o0 et x—00 e’

The other indeterminate forms reduce to the foregoing cases. These forms
may be written symbolically as follows:

(2) 0- 0o, (b) 0% (c) e’ (d) 1%, (e) 00 — o0
They have the following meaning.
(a) Let lim f(x) = 0; lim ¢(x) = oo; it is required to find
lim[ f(x)p(x)]
X—da

that is, the indeterminate form O - co.
If the required expression is rewritten as follows:

Iim[f(x)p(x)] = lim &
X—a X—a 1
e(x)
or in the form
lim[ f()e()] = lim 22
X—a X—a 1
Jx)
then as x — a we obtain the indeterminate form 8 or =.
Example 5.
1
lim 2" Inx = lim 2% = fim —% = _im < =0
x—0 x—0 x—0 x-0 n
(b) Let

lim f(x) =0, lime(x)=0

X—a
it is required to find
Limf f ()]

or, as we say, to evaluate the indeterminate form 00.
Putting

y = o1
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take logarithms of both sides of the equation:
Iny = ¢(x)[In f(x)]

As x — a we obtain (on the right) the indeterminate form O - co. Finding lim In y,

X—a

it is easy to get limy. Indeed, by virtue of the continuity of the logarithmic

X—a
function, limIny = Inlim y and if Inlim y = b, it is obvious that lim y = ¢”. If, in
X—a X—a X—a X—a

particular, b = +00 or —oo, then we will have limy = +co or 0, respectively.
Example 6. It is required to find lirr(l) x*. Putting y = x* we find Inlimy = limlny =

lim In(x*) = lim(x In x);

1
| 1
lim(xIn x) = lim —~ = lim —*~ = —limx =0
x—0 x—0 1 x—0 _ 1 x—0
X x2

Consequently, Inlimy = 0, whence limy = e =1,o0r

limx* =1

=0

The technique is similar for finding limits in other cases.

4.6 TAYLOR’S FORMULA

Let us assume that the function y = f(x) has all derivatives up to the (n +
1)th order, inclusive, in some interval containing the point x = a. Let us find a
polynomial y = P,(x) of degree not above n, the value of which at x = a is equal
to the value of the function f(x) at this point, and the values of its derivatives up
to the nth order at x = a are equal to the values of the corresponding derivatives
of the function f(x) at this point:

P.(a) = f(a), P(a) = f'(a), P)(@) = f"@), ..., PP(a)= f"(a) (1)

It is natural to expect that, in a certain sense, such a polynomial is “close” to the
function f(x).

Let us look for this polynomial in the form of a polynomial in powers of (x—a)
with undetermined coefficients:

P,(x) = Co+ C1(x — a) + Ca(x — a)* + C3(x — a)’
+...+C(x—a)" (2)

We define the undetermined coefficients Cy, Cs, ..., C, so that conditions (1) are
satisfied,
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Let us first find the derivatives of P,(x):

P (x)=C; +2Cy(x —a) +3C3(x — a’ +...+nCpx —a)"!
Pl(x)=2-1C2,+3-2C3(x—a)+ ...+ n(n — 1)Cp(x — a)'? 3)

PP(x) = nn—-1y...2-1-C,
Substituting, into the left and right sides of (2) and (3), the value of a in place of
x and replacing, by (1), P,(a) by f(a), P,(a) = f'(a), etc., we get

fla)=Co
f@)=C
f"(a)=2-1C,
f"(@)=3-2-1Cs

%) =n(nn-1Dn-2)...2-1C

whence we find

1
Co=fla, Ci=fla C= —f”(a)

" “4)
G=153/"@. ... G=1 2 T3 @

Substituting into (2) the values of Cy, C3, ..., C, that have been found, we get

the required polynomial:
x—a, (x — a)? . (x-a)®
P = A
() = fla)+ ——f@)+ —/——f@+ T 57/
x—a)"
" 5
et 2 f (@) (5)

Designate by R,(x) the difference between the values of the given functlon f(x)
and the constructed polynomial P, (x) (Fig. 96):

R,(x) = f(x) = P,(x)
whence

f(x) = Pp(x) + Ry(x)

or, in expanded form,

_ —_1\2
f0 = fay+ 0+ o @

+ D 0@+ R ©)



4.6 Taylor’s Formula 147

R, (x) is called the remainder. For those values ¥ |
of x, for which the remainder R, (x) is small, the
polynomial P,(x) yields an approximate repre-
sentation of the function f(x).
Thus, formula (6) enables one to replace the
function y = f(x) by the polynomial y = P,(x)
to an appropriate degree of accuracy equal tothe |
value of the remainder R, (x). —
Our next problem is to evaluate the quantity
R, (x) for various values of x.

Let us write the remainder in the form 0 a r I
Fig. 96
(X a)n+1
R j—
00 = S W ™
where Q(x) is a certain function to be defined, and accordingly rewrite (6):
x—a , x—a)?

0= f@+ 2 f@+ E @
Y—a . )n+1 ,
@+ 0w @)

For fixed x and a, the function Q(x) has a definite value; denote it by Q.
Let us further examine the auxiliary function of 7 (¢ lying between a and x):

_ _ 2
Fo = 0 - fo - - S -

(X)

(X t)n+1

()
A e .

where Q has the value defined by the relation (6”); here we consider a and x to
be definite numbers.
We find the derivative F’(t):

Fo =10+ o~ w2
2 n l
(X l) () + (ZC )1)' f(n)() n(x — f(n)(t)
(x (n+1) (n + D(x -1
f o+ BRI o
or, on cancelling,
(x t) (x 0"

F'() = ———=—f"D@) + —0 ®)
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Thus, the function F(¢) has a derivative at all points ¢ lying near the point with
abscissaa (a <t < xwhena < xanda >t > x when a > x).
It will further be noted that, on the basis of (6"),

F(x)=0, Fa)=0

Therefore, the Rolle theorem is applicable to the function F(¢) and, consequently,
there exists a value ¢ = £ lying between a and x such that F’(£) = 0. Whence, on
the basis of relation (8), we get

(- f) (x— f)"

=[O+ —=0=0
and from this
Q= ")
Substituting this expression into (7), we get
_ G- )
Ra(0) = = Coar e

This is the so-called Lagrange form of the remainder.
Since ¢ lies between x and a, it may be represented in the form”

E=a+0(x—-a)

where 6 is a number lying between 0 and 1, that is, 0 < 8 < 1; then the formula
of the remainder takes the form

_ (x— a)n+l (n+1) _
Ry(x) = T S la+6(x - a)l
The formula
_ _ 2
0= f@+ = pa s S @
_ \n+l
M “) WAl g 4 %ﬂ"*”[a Fo-a)] )

is called Taylor’s formula of the function f(x).
If in the Taylor formula we put a = 0 we will have

X )C2
Q) = O + T O+ O+

xn n n+
MT AN U 1),f‘ D(6x) (10

where 0 lies between 0 and 1. This special case of the Taylor formula is some-
times called Maclaurin’s formula.

*See end of Sec. 4.2.
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4.7 EXPANSION OF THE FUNCTIONS ¢%, sin x,
AND cos x IN A TAYLOR SERIES

1. Expansion of the function f(x) = e¢*. Finding the successive derivatives
of f(x), we have

f=e€, fO)=1
fo=e, f)=1
[P =et [P0 =1
Substituting the expressions obtained into formula (10) (Sec. 4.6), we get

2 3 n n+1
X X X X
X Ox
e=1+_+_+_+...+_+—e’ 0<0<1
1213 A D)

If |x| < 1, then, taking n = 8, we obtain an estimate of the remainder:
1 -5
Rg < 53 <10

For x = 1 we get a formula that permits approximating the number e:

141 1 1 1
e=1+ +5+§+.“+§
Calculating to the sixth decimal place,” and then rounding to five decimals, we
have

e=2.71828

Here the error does not exceed %, or 0.00001.
Observe that no matter what x is, the remainder

1
xn+
Ox -0

"

Indeed, since 8 < 1, the quantity ¢% for fixed x is bounded (it is less than &*
for x > 0 and less than 1 for x < 0).
We shall prove that, no matter what the fixed number x,

as n — oo

xn+1
m_)() as n— oo
n !
Indeed,
X lx ox o x o x X
m+D 11 2 37 n n+l

*Otherwise the overall rounding error may considerably exceed Rg (for instance, for 10 terms,
this error can exceed 5 - 1075).
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If x is a fixed number, there will be a positive integer N such that
x| < N

We introduce the notation I—]’\‘,l = g; then, noting that 0 < g < 1, we can write for
n=N+1,N+2,N+3,etc.

Xy ox ox ox x ‘
m+D!'f 11 2 37 n n+1
x| x 'x X ' X X X ‘
231N =1 INT nl In+ 1
<Eff X ‘q-q...q= 'xN_l n—N+2
1 23 N-1 (N -1
for the reason that
= vl il
Y I V2 | A A P
But % is a constant quantity; that is to say, it is independent of n, while g"~V*2
approaches zero as n — co. And so
xn+1
ey

lim ——— =
neo (1 + 1)!

Consequently, R,(x) = e* (::1)! also approaches zero as n approaches infinity.
From the foregoing it follows that for any x (if a sufficient number of terms is
taken) we can evaluate e* to any degree of accuracy.
2. Expansion of the function f(x) = sinx. We find the successive deriva-

tives of f(x) = sin x:

f(x) =sinx f0)=0
f/@) = cosx =sin(x+ g) F(0) =1
£7(x) = —sinx = sin(x + 2’—;) £7(0) = 0
£7(%)= —cosx = sin(x + 3’—;) £70) = -1
V) = sinx = sin(x + 4%), V() = 0.

fD(x) = sin(x + ng),

F™(0) = sin n7—2r

£ () = sin(x + (n + 1)%), FODE) = sinfé + (n + 1)%]
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151
Substituting the values obtained into (10), Sec. 4.6, we get an expansion of
the function f(x) = sin x by the Taylor formula:
) x3+x5 +x”, T X ,[§+( +l)7r]
sinx=x——+4+ —=—---+ —sinn= + ———sin n =
315! n! 2 (n+1)! 2
Since 'sin[f +(n+ DE]

< 1, we have lim R, (x) = O for all values of x.

Let us apply the formula in order to approximate sin20°. Put n = 3, thus
restricting ourselves to the first two terms of the expansion:

[ —

Let us estimate the error, which is equal to the remainder:

IRs3| =

(g)44i! sin(& + 2m)

4 1

< (5) 71 ~ 0:00062 < 0.001
Hence, the error is less than 0.001, and so sin20° = 0.342 to three places of
decimals.

| y !
] J/ ,!
| o
\ y=x / /'I 51 s
l‘ // , y-I‘EI *,z-—aI
\\ / /
\\ # _\\\\ \‘\._.~//
\_‘? \ —? -’ 1 1 \\\ Jl 1 T
N 0 1 2 \J 4 T
LN N
T TN \‘\ -sinx
// y-:——’r’\‘ !
/ 57\
\
7 \
1

Fig. 97

Fig. 97 shows the graphs of the function f(x) = sinx and the first three ap-
proximations: S1(x) = x, S2(x) = x — &, S3(x) = x— & + &

3. Expansion of the function f(x) = cos x. Finding the values of the succes-
sive derivatives for x = 0 of the function f(x) = cos x
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and substituting them into the Maclaurin formula, we get the expansion

)C2 )C4 X" n+1

P g x n
cosx:1—E+H—-~-+Hcos(n§)+mCOS[§+(n+1)§],

€1 < |x]

Here again, lim R,(x) = O for all values of x.

EXERCISES ON CHAPTER 4

Verify the truth of Rolle’s theorem for the functions: 1. y = x*—3x+2 on the interval
[1,2]. 2. y=x*+5x—-6xontheinterval [0,1]. 3. y=(x—1)x(x—2)(x—23)on the
interval [1,3]. 4. y= sin? x on the interval [0, 7].

5. The function f(x) = 4x> + x> — 4x — 1 has roots 1 and —1. Find the root of the
derivative f’(x) mentioned in Rolle’s theorem.

6. Verify that between the roots of the function y = Va2 = 5x + 6 lies the root of its
derivative.

7. Verify the truth of Rolle’s theorem for the function y = cos

Toon

——, +—|.

5+ |

8. The functiony = 1 — Vx* becomes zero at the end points of the interval [-1,1].
Make it clear that the derivative of this function does not vanish anywhere in the interval
(-1, 1). Explain why Rolle’s theorem is not applicable here.

9. Form Lagrange’s formula for the function y = sinx on the interval [xj, x;].
Ans. sinx, —sinx; = (x, — x;)cosc, x; < ¢ < Xxp.

10. Verify the truth of the Lagrange formula for the function y = 2x—x? on the interval
[0, 11.

11. At what point is the tangent to the curve y = x" parallel to the chord from point
M,(0,0) to Ms(a,a")? Ans. At the point with abscissa ¢ = %.

n

12. At what point is the tangent to the curve y = In x parallel to the chord linking the
points M;(1,0) and M;(e, 1)? Ans. At the point with abscissac =e — 1.

Applying the Lagrange theorem, prove the inequalities: 13. ¢* > 1 + x.

14. In(1+x) <x(x>0). 15. 0" —d" <nb"'(b—a)for (b >a). 16. arctanx < x.

17. Write the Cauchy formula for the functions f(x) = x%, ¢(x) = x° on the interval

[1,2] and find c. Ans. ¢ = %4

Evaluate the following limits:

2 x on the interval

—1 1 ¥ tan x —
18. lim 2 Ans. —. 19. imS— Ans. 2. 20. lim 22X~ Aps 2
-1 x" = 1 n x—0  SInXx x>0 X — sin x
2 si
21, lim " Ans. —2. 22 lim — X Ans. There is no limit (V2 as
x—0 cosx — 1 =0 /1 —cos x
Insin x

x— +0, - V2 as x —» —0). 23. lin% oz A g
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X _p* _ : 1
24 1im S "7 Ans. m . 25 1im T ESNY A 2
=0 X b =0 gin® x 6
sin x — si Y +siny — 1
26. 1im 22X 79 s cosa. 27, 1im Y T A, 2.
x—a x—a -0 In(l +y)
. efsinx—x 1 3 - 3
In(1+ 1 In m oy
n>0). Ans. 0. 31. lim ———=_ Ans. 1. 32. lim . Ans. —=1. 33, lim —.
x—oo arctan x x—co | =2 ~ y—+oo @@
. et +e™ Insin3x
Ans. Ofora > 0, c0fora <0. 34. lim . Ans. 1. 35. lim . 1.
Intan 7 x—+00 @X¥ — =X x-0 Insinx
36. lim ntan 7x
x—0 lntzlm2x | 5
37. lim M  Ans. 0. 38. lim(1 — x)tan =~ Ans. Z.
x—1 tan Z x—1 2 Vg
. 1 1 1
39. !clirll[xz 1 - P 1] Ans. —5. 40 ilz}rll[m - m] Ans. —1.

41. 11m(sec<p—tan<p) Ans. 0. 42. llm[

x—1

1 .
— - m] Ans. 7. 43. limxcot2x.

1 1 .
Ans. 5. 44, lim e . Ans. co. 45. imxT+. Ans. —. 46. lim V2. Ans. 1.

x—0 x—1 e t—0co0

1 \tanx x 1
a7, lim(<)"". Ans. 1. 48, lim(1 + 2)'. Ans. et 49 lin%(cotx)ﬁ. Ans. -
X x Eand e

x—0 x—00

. |
50. lim(cosx)¥ ™. Ans. 1. 51. lim( lIl"’) Ans. —.

x5 =0\ @ e
. T\ tan 5 1 R . 4
52. lln}(tan I) . Ans. —. 53. Expand, in powers of x — 2, the polynomial x" —
x— e

53 +5x% +x+2. Ans. =T(x=2)—(x=2)*+3(x=2)° +(x—-2)*. 54. Expand, in powers

of x+ 1, the polynomial x° +2x* — ¥ + x+ 1. Ans. (x+ 1> +2(x+ 1) =3(x+ D* + (x+1)°.

55. Write Taylor’s formula for the function y = vx whena = 1,n = 3. Ans. Vx =
x=11 (x—l)2 I (x-1»3 (x—l)4 15 1 .

1 . —[1 1 1. .

+ 3 12 4+1238 | [+0(x )] ,0<0< 56. Write

the Maclaurin formula for the function y = Vl +xwhenn = 2. Ans. Vl+x =1+

1 1 3
—x—=x*+ x—s’ 0 <6< 1. 57. Using the results of the preceding
2 8 1601 +6x)3
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. . . . 1 1
exercise, estimate the error of the approximate equation V1 +x ~ 1 + Ex - gxz when

1
x =0.2. Ans. Less than 3105
Determine the origin of the approximate equations for small values of x and estimate

x*

the errors of these equations: 58. Incosx =~ EEERETE
39S 3 3
59. tanx =~ x + % +2115. ) 60. arcsinx =~ x + % 61. arctan x : X — %
)C+ —X 5
62. ¢ z1+%+;—4. 63. In(x + \/l—xz)zx—x2+%.

Using Taylor’s formula, compute the limits of the following expressions:

—si In*(1 + x) — sin’
64, lim — "X gps 1L 65, fim U TO TSN o,
x—0 eX—1—x-— ,\? x—0 1 —e*
2(tan x — sin x) — x>
me"-"">""" =+

! )] Ans. 0.

1
66. li .Ans. —. 617. 1im[x—x2 In(1+ =
4 X
2
3

x—0 .XS x—0

1 1
68. lim(— — T) Ans. 3. 69. imo(ﬁ - cot? x). Ans.



CHAPTER 5

INVESTIGATING THE BEHAVIOUR OF FUNCTIONS

5.1. STATEMENT OF THE PROBLEM

A study of the quantitative aspect of natural phenomena leads to the establish-
ment and study of functional relations between the variables involved. If such
a functional relationship can be expressed analytically, that is, in the form of
one or more formulas, we are then in a position to investigate it with the tools
of mathematical analysis. For instance, a study of the flight of a shell in empty
space yields a formula that gives the dependence of the range R upon the angle
of elevation « and the initial velocity vy:

B v(z) sin 2«
8
(g is the acceleration of gravity).

With this formula we can determine at what angle « the range R will be great-
est, or least, and what the conditions must be for the range to increase as the
angle « is increased, etc.

Let us consider another instance. Studies of oscillations of a load on a spring
(of a railway car or automobile) yielded a formula showing how the deviation y
of the load from a position of equilibrium depends on the time :

y = e M(A cos wt + Bsin wr)

For a given oscillatory system the quantities k, A, B, w that enter into this for-
mula have a very definite meaning (they depend upon the elasticity of the spring,
the load, etc., but do not change with time ¢) and for this reason are considered
constant.

On the basis of this formula we can find out at what values of ¢ the deviation y
will increase with increasing ¢, how the maximum deviation varies as a function
of time, for what values of r we observe these maximum deviations, for what
values of ¢t we obtain maximum velocities of motion of the load, and a number of
other things.

All these questions are embraced by the concept “investigating the behaviour
of a function”. It is obviously very difficult to determine all these questions by
calculating the values of a function at specific points (like we did in Chapter 2).
The purpose of this chapter is to establish more general techniques for investigat-
ing the behaviour of functions.
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5.2 INCREASE AND DECREASE OF A FUNCTION

In Sec. 1.6 we gave a definition of an increasing and a decreasing function.
We will now apply the concept of the derivative to investigate the increase and
decrease of a function.

Theorem. (1) If a function f(x), which has a derivative on an interval [a, b],
increases on this interval, then its derivative on [a,b] is not negative, that is,
f(x)=0.

(2) If the function f(x) is continuous on the interval [a, b] and is differentiable
on (a,b), where f'(x) > 0 for a < x < b, then the function increases on the
interval [a, b].

Proof. We start by proving the first part of the theorem. Let f(x) increase on
the interval [a, b]. Increase the argument x by Ax and consider the ratio

Jx+Ax) — f(x)

Ax M
Since f(x) is an increasing function,
f(x+Ax)> f(x) for Ax>0
and
f(x+Ax) < f(x) for Ax<O
In both cases
fa+An) - f) @

Ax
and consequently

i LMD~ f@)
Ax—0 Ax
which means f’(x) > 0, which is what we set out to prove. [If we had f"(x) < 0,
then for sufficiently small values of Ax, ratio (1) would be negative, but this
would contradict relation (2).]
Let us now prove the second part of the theorem. Let f'(x) > O for all values
of x on the interval (a, b).
Let us consider any two values x; and x, x; < x», on the interval [a, b].
By Lagrange’s mean-value theorem we have

fO2) = fx) = f[E)xa—x1), x1<é<x
It is given that f'(&) > 0, hence f(x;) — f(x1) > 0, and this means that f(x) is an
increasing function.

There is a similar theorem for a decreasing (differentiable) function as well,
namely:

If f(x) decreases on an interval [a,b), then f'(x) < 0 on this interval. If
f'(x) < 0on(a,b), then f(x) decreases on [a,b]. [Of course, we again assume
that the function is continuous at all points of [a, b] and is differentiable every-
where on (a, b).]
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Note. The foregoing theorem expresses the following geometric fact. If on
an interval [a, b] a function f(x) increases, then the tangent to the curve y = f(x)
at each point on this interval forms an acute angle ¢ with the x-axis or (at certain
points) is horizontal; the tangent of this angle is not negative: f’(x) = tang > 0
(Fig. 98a). If the function f(x) decreases on the interval [a, b], then the angle of
inclination of the tangent line forms an obtuse angle (or, at some

y Yy
4 LA VAN
70 a 7/ b T 0 a Nb \ T
@) (b)
Fig. 98

points, the tangent line is horizontal); the tangent of this angle is not positive
(Fig. 98b). We can illustrate the second part of the theorem in similar fashion.
This theorem permits judging the increase or decrease of a function by the sign
of its derivative.
Example. Determine the domains of increase and decrease of the function
y=xt
Solution. The derivative is equal to
y/ — 4x3

For x > 0 we have y* > 0 and the function increases; for x < 0 we have y’ < 0 and the
function decreases (Fig. 99).

5.3 MAXIMA AND MINIMA OF FUNCTIONS

Definition of a maximum. A function f(x) has a maximum at the point x; if
the value of the function f(x) at the point x; is greater than its values at all points
of a certain interval containing the point x;. In other words, the function f(x) has
a maximum when x = x if f(x; + Ax) < f(x;) for any Ax (positive and negative)
that are sufficiently small in absolute value.”

“This definition is sometimes formulated as follows: a function f(x) has a maximum at x; if
it is possible to find a neighbourhood (a,B) of x; (@ < x; < f) such that for all points of this
neighbourhood different from x; the inequality f(x) < f(x;) is fulfilled.
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For example, the function y = f(x), whose graph is given in Fig. 100, has a
maximum at x = xj.
Definition of a minimum. A function f(x) has a minimum at x = x; if

flxr2 + Ax) > f(x2)
for any Ax (positive and negative) that are sufficiently small in absolute value
(Fig. 100).
For instance, the function y = x* considered at the end of the preceding section
(see Fig. 99) has a minimum for x = 0, since y = 0 when x = 0 and y > O for all
other values of x.

Y 4 y ‘} ».
L4 P
0 Ola z, x, b T
Fig. 99 Fig. 100

In connection with the definitions of maximum and minimum, note the fol-
lowing.

1. A function defined on an interval can reach maximum and minimum values
only for values of x that lie within the given interval.

2. One should not think that the maximum and minimum of a function are its
respective largest and smallest values over a given interval: at a point of maxi-
mum, a function has the largest value only in comparison with those values that
it has at all points sufficiently close to the point of maximum, and the smallest
value only in comparison with those that it has at all points sufficiently close to
the minimum point.

To illustrate, take Fig. 101. Here is a function, defined on the interval [a, b],
which

at x = x; and x = x3 has a maximum,

at x = xp and x = x4 has a minimum,

but the minimum of the function at x = x4 is greater than the maximum of the
function at x = x;. At x = b, the value of the function is greater than any
maximum of the function on the interval under consideration.
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The generic terms for maxima and minima of a function are extremum (pl. ex-
trema) or extreme values of the function.

To some extent, the extrema of a func- ¥ )
tion and their positions on the interval
[a,b] characterize the variation of the
function versus changes in the argument.

Below we give a method for finding ex-
trema.

Theorem 1. (A necessary condition
for the existence of an extremum). [f at
a point x = x| a differentiable function

y = f(x) has a maximum or minimum, its 0] a I, I, I, b <
S . L, -
gerlvanve vanishes at this point: f'(x1) = Fig. 101

Proof. For definiteness, let us assume
that at the point x = x; the function has a

maximum.

Then, for sufficiently small (in absolute value) increments Ax (Ax # 0) we have
SO+ Ax) < f(xr)

that is,

S+ Ax) = f(x1) <0
But in this case the sign of the ratio
S+ Ax) = f(x)
Ax

is determined by the sign of Ax, namely:
SO+ Ax) = f(x)

Ax
SO+ Ax) = f(xn)

Ax
By the definition of a derivative we have
S+ Ax) - f(x1)

Ax

If f(x;) has a derivative at x = x, the limit on the right is independent of how
Ax approaches zero (remaining positive or negative).
But if Ax — 0 and remains negative, then

f'(x1) >0
But if Ax — 0 and remains positive, then

f(x) <0

>0 when Ax <0

<0 when Ax>0

= fim,
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Since f(x;) is a definite number that is independent of the way in which Ax
approaches zero, the latter two inequalities are consistent only if

f'x1)=0
The proof is similar for the case of a minimum of a function.

Corresponding to this theorem is the following obvious geometric fact: if at
points of maximum and minimum, a function f(x) has a derivative, the tangent
line to the curve y = f(x) at each point is parallel to the x-axis. Indeed, from the
fact that f'(x;) = tang = 0, where ¢ is the angle between the tangent line and
the x-axis, it follows that ¢ = 0 (Fig. 100).

y From Theorem 1 it follows immediately that if for all
considered values of the argument x the function f(x) has
a derivative, then it can have an extremum (maximum or
minimum) only at those values for which the derivative
vanishes. The converse does not hold: it cannot be said
that there definitely exists a maximum or minimum for ev-
ery value at which the derivative vanishes. For instance,
0 % in Fig. 100 we have a function for which the derivative at
X = x3 vanishes (the tangent line is horizontal), yet the func-
tion at this point is neither a maximum nor a minimum.

y=x

Fig. 102
In exactly the same way, the function y = x* (Fig. 102) at x = 0 has a deriva-
tive equal to zero:

2
(x=0 = Bx)y=0 =0
but at this point the function has neither a maximum nor a minimum. Indeed, no
matter how close the point x is to O, we will always have

x> <0 when x<0

and
x>0 when x>0

We have investigated the case where a function has a derivative at all points
on some closed interval. Now what about those points at which there is no deriva-
tive? The following examples will show that at these points there can only be a
maximum or a minimum, but there may not be either one or the other.

Example 1. The function y = |x| has no derivative at the point x = O (at this point
the curve does not have a definite tangent line), but the function has a minimum at this
point: y = 0 when x = 0, whereas for any other point x different from zero we have y > 0
(Fig. 103).
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Example 2. The function y = (1 — x%)y % has no derivative at x = 0, since y =
-(1- x%)%x’% becomes infinite at x = 0, but the function has a maximum at this point:
f(0) =1, f(x) < 1 for x different from zero (Fig. 104).

Example 3. The function y = +/x has no derivative at x = 0 (Y. = o0 as x — 0). At
this point the function has neither a maximum nor a minimum: f(0) = 0, f(x) < O for
x <0, f(x) > 0 for x > 0 (Fig. 105).

Y
y=1x
] s
Fig. 103 Fig. 104

Thus, a function can have an extremum only in two cases: either at points
where the derivative exists and is zero, or at points where the derivative does not
exist.

It must be noted that if the derivative does Y
not exist at some point (but exists at nearby
points), then at this point the derivative is dis- y= vz
continuous.

The values of the argument for which the 0 >z

derivative vanishes or is discontinuous are
called critical points or critical values.

Fig. 105

From what has been said it follows that not for every critical value does a
function have a maximum or a minimum. However, if at some point the function
attains a maximum or a minimum, this point is definitely critical. And so to find
the extrema of a function do as follows: find all the critical points, and then,
investigating separately each critical point, find out whether the function will
have a maximum or a minimum at that point, or whether there will be neither
maximum nor minimum.

Investigation of a function at critical points is based on the following theorem.

Theorem 2. (Sufficient conditions for the existence of an extremum). Let
there be a function f(x) continuous on some interval containing a critical point
x1 and differentiable at all points of the interval (with the exception, possibly, of
the point x itself). If in moving from left to right through this point the derivative
changes sign from plus to minus, then at x = x| the function has a maximum.



162 Ch. 5. Investigating the Behaviour of Functions

But if in moving through the point x| from left to right the derivative changes sign
Jfrom minus to plus, the function has a minimum at this point.
And so

if (a) f'(x) >0 when x < x;
f'(x) <0 when x> x;
then at x; the function has a maximums;

if (b) f'(x) <0 when x < x;
f'(x) >0 when x> x;

then at x; the function has a minimum. Note here that the conditions (a) or (b)
must be fulfilled for all values of x that are sufficiently close to xi, that is, at all
points of some sufficiently small neighbourhood of the critical point x;.

Proof. Let us first assume that the derivative changes sign from plus to minus,
in other words, that for all x sufficiently close to x; we have

f'(x) >0 when x < x|
f'(x) <0 when x> x|
Applying the Lagrange theorem to the difference f(x) — f(x;) we have
F@) = fx) = f1Ex = x1)

where £ is a point lying between x and x;.
(1) Let x < x1; then

E<xi, fl©>0, fO-x)<0
and, consequently,
S = f(x1) <0
or
F(x) < fx1) (H
(2) Let x > xy; then
E>x, [l <0, fOE-x)<0
and, consequently,
Jx) = flx1) <0
or
f(0) < fxn) )
The relations (1) and (2) show that for all values of x sufficiently close to x; the

values of the function are less than those at x;. Hence, the function f(x) has a
maximum at the point x;.
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The second part of the theorem on the sufficient condition for a minimum is
proved in similar fashion.

Fig. 106 illustrates the meaning of Theorem 2.

At x = x1, suppose f'(x;) = 0 and let the following inequalities be fulfilled
for all x sufficiently close to x;:

f'(x) >0 when x < x|

f'(x) <0 when x> x;
Then for x < x| the tangent to the curve forms with the x-axis an acute angle, and
the function increases, but for x > x; the tangent forms with the x-axis an obtuse

angle, and the function decreases; at x = x; the function passes from increasing
to decreasing values, which means it has a maximum.

If at x, we have f’(x;) = 0 and for all ¢ A
values of x sufficiently close to x; the fol-
lowing inequalities hold: Z
f'(x) <0 when x < x;
f'(x) >0 when x> x;

then at x < x; the tangent to the curve forms o237/ Z\ ﬁ >
with the x-axis an obtuse angle, the func- 4 1 2 3
tion decreases, Fig. 106

and at x > x, the tangent to the curve forms an acute angle, and the function
increases. At x = x, the function passes from decreasing to increasing values,
which means it has a minimum.

If at x = x3 we have f’(x3) = 0 and for all values of x sufficiently close to x3
the following inequalities hold:

f'(x) >0 when x < x3
f'(x) >0 when x> x3

then the function increases both for x < x3 and for x > x3. Therefore, at x = x3
the function has neither a maximum nor a minimum. Such is the case with the
function y = x> at x = 0.
Indeed, the derivative y’ = 3x2, hence,
(y,)x:() =0
(y/)x<0 >0
(y/)x>0 > O

and this means that at x = 0 the function has neither a maximum nor a minimum
(see Fig. 102).



164 Ch. 5. Investigating the Behaviour of Functions

5.4 TESTING A DIFFERENTIABLE FUNCTION FOR MAXIMUM
AND MINIMUM WITH A FIRST DERIVATIVE

The preceding section permits us to formulate a rule for testing a differentiable
function, y = f(x), for maximum and minimum.

1. Find the first derivative of the function, i.e., f/(x).

2. Find the critical values of the argument x; to do this:

(a) equate the first derivative to zero and find the real roots of the equation
f’(x) = 0 obtained,

(b) find the values of x at which the derivative f’(x) becomes discontinuous.

3. Investigate the sign of the derivative on the left and right of the critical
point. Since the sign of the derivative remains constant on the interval between
two critical points, it is sufficient, for investigating the sign of the derivative on
the left and right of, say, the critical point x;, (Fig. 106), to determine the sign of
the derivative at the points @ and 8 (x] < @ < X2, X < 8 < x3, where x; and x3
are the closest critical points).

4. Evaluate the function f(x) for every critical value of the argument.

This gives us the following diagram of possible cases:

Signs of derivative f’(x) when passing through critical Character of critical point
point xj:
x < X X =X X > X
+ f"(x1) = 0 or is discontinu- - Maximum point
ous
- f’(x1) = 0 or is discontinu- + Minimum point
ous
+ f"(x1) = 0 or is discontinu- + Neither maximum nor min-
ous imum (function increases)
- f'(x1) = 0 or is discontinu- - Neither maximum nor min-
ous imum (function decreases)

Example 1. Test the following function for maximum and minimum:

3
y:?—2x2+3x+1

Solution. 1. Find the first derivative:

y =x—4x+3
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2. Find the real roots of the derivative:
¥ -4x+3=0
Consequently,
x1=1, x=3
The derivative is everywhere continuous and so there are no other critical points.
3. Investigate the critical values and record the results in Fig. 107.
Investigate the first critical point x; = 1. Since y’ = (x — 1)(x — 3),
forx<1 wehavey =(-)-(-)>0
forx>1 wehavey =(+)-(-)<0

Thus, when passing (from left to right) through the value x; = 1 the derivative changes
sign from plus to minus. Hence, at x = 1 the function has a maximum, namely,

7
(y)x=l = g

Investigate the second critical point x, = 3:

when x <3 wehavey =(+)-(-) <0
when x >3 wehavey = (+)-(+) >0

Thus, when passing through the value x = 3 the derivative changes sign from minus to
plus. Therefore, at x = 3 the function has a minimum, namely:

=3 =1
y This investigation yields the graph of the function
(Fig. 107).
’ 3
I 2
=5 -2z J1+1
1 V3 Yy
y-(z-1) Yz
1
e 2
- 0| /

+

Fig. 107 Fig. 108

Example 2. Test for maximum and minimum the function

y=@&-nHVe
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Solution. 1. Find the first derivative:
3 2(x -1 S5x-2
Yy = Va2 + # =2z
34/x 34/x
2. Find the critical values of the argument: (a) find the points at which the derivative
vanishes:

 5x-2 2
=——=0, x ==
YT 175

(b) find the points at which the derivative becomes discontinuous (in this instance, it be-
comes infinite). Obviously, that point is

Xy = 0
(It will be noted that for x, = 0 the function is defined and continuous.)
There are no other critical points.
2

3. Investigate the character of the critical points obtained. Investigate the point x; = s.
Noting that

(D2 <0, ()2 >0

5

we conclude that at x = % the function has a minimum. The value of the function at the

minimum point is
2 3[4 35/4
=(=-1 _ = == R
e =(5- 5 =5V5m

Investigate the second critical point x = 0. Noting that

(y,)x<0 > 0’ (y,)x>0 <0

we conclude that at x = O the function has a maximum, and (y),—o = 0. The graph of the
investigated function is shown in Fig. 108.

5.5 TESTING A FUNCTION FOR MAXIMUM
AND MINIMUM WITH A SECOND DERIVATIVE

Let the derivative of the function y = f(x) vanish at x = x;; we have f’(x;) = 0.
Also, let the second derivative f”(x) exist and be continuous in some neighbour-
hood of the point x;. Then the following theorem holds.

Theorem. Let f'(x1) = 0; then at x = x| the function has a maximum if
[ (x1) <0, and a minimum if " (x;) > 0.

Proof. Let us first prove the first part of the theorem. Let

') =0 and f"(x;) <0

Since it is given that f”'(x) is continuous in some small interval about the point
x = x1, there will obviously be some small closed interval about the point x = xi,
at all points of which the second derivative f”(x) will be negative.
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Since f”(x) is the first derivative of the first derivative, f”(x) = (f'(x))’, it
follows from the condition (f’(x))’ < 0 that f”(x) decreases on the closed interval
containing x = x; (Sec. 5.2). But f’(x;) = 0, and so on this interval we have
f'(x) > 0 when x < x;, and when x > x; we have f’(x) < 0; in other words, the
derivative f’(x) changes sign from plus to minus when passing through the point
x = x1, and this means that at the point x; the function f(x) has a maximum. The
first part of the theorem is proved.

The second part of the theorem is proved in similar fashion: if f”(x;) > O,
then f”(x) > 0 at all points of some closed interval about the point x;, but then
on this interval f”(x) = (f'(x))" > 0 and, hence, f’(x) increases. Since f'(x;) = 0
the derivative f’(x) changes sign from minus to plus when passing through the
point x;, i.e., the function f(x) has a minimum at x = x;.

If at the critical point f”/(x;) = 0, then at this point there may be either a max-
imum or a minimum or neither maximum nor minimum. In this case, investigate
by the first method (see Sec. 5.4).

The scheme for investigating extrema with a second derivative is shown in the
following table.

f () [ (x1) Character of critical point
0 - Maximum point
0 + Minimum point
0 0 Unknown

Example 1. Examine the following function for maximum and minimum
y =2sinx + cos2x

Solution. Since the function is periodic with period 2, it is sufficient to investigate the
function in the interval [0, 27].
1. Find the derivative:

¥ =2cosx—2sin2x = 2(cos x — 2sinxcos x) = 2cos x (1 — 2 sin x)
2. Find the critical values of the argument:
2cosx (1 —=2sinx) =0
T = T o St = 3r
2T 5 MF L M=
3. Find the second derivative:

’”

V' =-2sinx —4cos2x

4. Investigate the character of each critical point:

7 l 1
(_Y )x1=% =—2~5—4.§=_3<0
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Hence, at the point x; = g we have a maximum:

3
2

N —

@Mg=$%+
Further,
M=z ==2-1+4-1=2>0
2 we have a minimum:

2
Mg =2-1-1=1

And so at the point x,

At x3 = %’r we have
" _ 1 I
(y )xz%rr ——2'5—4"5——3<0
Thus, at x3 = ‘%" the function has a maximum:
1 1 3
(y)x3:5?ﬂ =2'§+§=5

Finally,
0" =2-1)-4-D=6>0
Consequently, at x4 = 37” we have a minimum:
(et =21 =1=-3

The graph of the function under investigation is shown in Fig. 109.

Y=2sinx +cos2x

113 ga\ g [ \*

Fig. 109

The following examples will show that if at a certain point x = x; we have
f'(x1) = 0and f”(x;) = 0, then at this point the function f(x) can have either a
maximum or a minimum or neither.
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Example 2. Test the following function for maximum and minimum:
y=1-x*
Solution. 1. Find the critical points:
y =—-4x*, -4x*=0, x=0
2. Determine the sign of the second derivative at x = 0.
Y =122, ()0 =0

It is thus impossible here to determine the character of the critical point by means of
the sign of the second derivative.

)
1 Y
0 >z
y=xt
y= 1-x4
0 ‘.r
Fig. 110 Fig. 111

3. Investigate the character of the critical point by the first method (see Sec. 5.4):
0x<0 >0, ()0 <0
Consequently, at x = 0 the function has a maximum, namely,
Mx=0 =1

The graph of this function is given in Fig. 110.
Example 3. Test for maximum and minimum the function
6

y=x
Solution. By the second method we find
1.y =6x°, y=6x"=0, x=0,
2.y =30x", ()0 =0
Thus, the second method does not yield anything. Resorting to the first method, we get
0x<0 <0, ()0 >0

Therefore, at x = 0 the function has a minimum (Fig. 111).
Example 4. Test for maximum and minimum the function

y=@x-1)>
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yA Solution. By the second method we find:

the first method we get

T 1 I (y,)x<l > 0,

y =3x-172 3(x-1*=0, x=1
y=(z-1)° Y =6x-1), () =0

Thus, the second method does not yield an answer. By

(y,)x>l >0

Consequently, at x = 1 the function has neither a maxi-
mum nor a minimum (Fig. 112).

/ 5.6 MAXIMUM AND MINIMUM OF A

FUNCTION ON AN INTERVAL
Fig. 112 Let a function y = f(x) be continuous on an
interval [a,b]. Then the function on this interval
will have a maximum (see Sec. 2.10). We will assume that on the given interval
the function f(x) has a finite number of critical points. If the maximum is reached

within the interval [a, b], it is obvious that this value will
be one of the maxima of the function (if there are several
maxima), namely, the greatest maximum. But it may
happen that the maximum value is reached at one of the
end points of the interval.

To summarize, then, on the interval [a, b] the function
reaches its greatest value either at one of the end points
of the interval, or at such an interior point as is the max-
imum point.

The same may be said about the minimum value of
the function: it is attained either at one of the end points
of the interval or at an interior point such that the latter
is the minimum point.

From the foregoing we get the following rule: if it is
required to find the maximum of a continuous function
on an interval [a, b], do the following:

1. Find all maxima of the function on the interval.

2. Determine the values of the function at the end
points of the interval; that is, evaluate f(a) and f(b).

3. Of all the values of the function obtained choose
the greatest; it will be the maximum value of the func-
tion on the interval.

y=x%-gx+d

Y

5
St10 13 %

ol
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The minimum value of a function on an interval is found in similar fashion.
Example. Determine the maximum and minimum of the function y = x> — 3x + 3 on
the interval [—3, %]

Solution. 1. Find the maxima and minima of the function on the interval [—3, %]

y =3x=3, 3x°-3=0, x =1, x=-1,
Yy’ =6x
then
(O )e=1 =6>0

Hence, there is a minimum at the point x = 1:

M= =1
Furthermore

" )y=1 =—6<0

Consequently, there is a maximum at the point x = —1:

M1 =5

2. Determine the value of the function at the end points of the interval:

15
(y)x:% = ?’ (y)X:—3 =-15

Thus, the greatest value of this function on the interval [—3, %] is

My=1=5
and the smallest value is
(Mees = ~15
The graph of the function is shown in Fig. 113.

5.7 APPLYING THE THEORY OF MAXIMA AND MINIMA
OF FUNCTIONS TO THE SOLUTION OF PROBLEMS

The theory of maxima and minima is applied in the solution of many problems
of geometry, mechanics, and so forth. Let us examine a few.

Problem 1. The range R = OA (Fig. 114) of a shell (in empty space) fired
with an initial velocity vy from a gun inclined to the horizon at an angle ¢ is
determined by the formula

v% sin 2¢
8
(g is the acceleration of gravity). Determine the angle ¢ at which the range R will
be a maximum for a given initial velocity vy.
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Solution. The quantity R is a function of the variable angle ¢. Test this func-
tion for a maximum on the interval 0 < ¢ < 3:

dR _ 2v5cos2p  2vgcos2¢p o
de g g

.. T
critical value ¢ = Z;

s

d’R 4v(2) sin 2¢p

dg? g
2 2
(d_lj) = _4& < O
dQD p=r/4 g

Hence, for the value ¢ = % the range R has a maximum:

( )_— -
R /4 =
o=m

s

The values of the function R at the end points of the interval [O, 2] are
(R)‘p:O = O’ (R)<p=n/2 =0

Thus, the maximum obtained is the sought-for greatest value of R.

Problem 2. What should the dimensions of a cylinder be so that for a given
volume v its total surface area S is a minimum?

Solution. Denoting by r the radius of the base of the cylinder and by % the
altitude, we have

S =2xr* + 2xrh

Since the volume of the cylinder is given, for a given r the quantity 4 is deter-
mined by the formula

v =nr’h

whence
%

)
nr
Substituting this expression of / into the formula for S, we have
v
S =21 + 2nr —
nr
or

v
S = 2(7rr2 + ;)

Here v is given, so we have represented S as a function of a single independent
variable r.
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Find the minimum value of this function on the interval 0 < r < oo:

ds
i 2(27rr - rlZ)

v v
dir— 2 =0, ==
o r2 n 2n

&S 2
(W)ml =221+ r_;)ml >0

Thus, at the point r = r; the function S has a minimum. Noticing that limo S =
r—

oo and lim § = oo, that is, that as r approaches zero or infinity the surface S

r—00

increases without bound, we arrive at the conclusion that at » = ry the function S
has a minimum.

Butif r = ‘3/21, then
JT

Therefore, for the total surface area S of a cylinder to be a minimum for a given
volume v, the altitude of the cylinder must be equal to its diameter.

5.8 TESTING A FUNCTION FOR MAXIMUM
AND MINIMUM BY MEANS OF TAYLOR’S FORMULA

In Sec. 5.5, it was noted that if at a certain point x = @ we have f’(a) = 0 and
f""(a) = 0, then at this point there may be either a maximum or a minimum or
neither. And it was noted that in this instance the problem is solved by investigat-
ing by the first method; in other words, by testing the sign of the first derivative
on the left and on the right of the point x = a.

Now we will show that it is possible in this case to investigate by means of
Taylor’s formula, which was derived in Sec. 4.6.

For greater generality, we assume that not only f”’(x), but also all derivatives
of the function f(x) up to the nth order inclusive vanish at x = a:

f@=f@=...=f%a)=0 (1
and
f(n+l)(a) + 0

Further, we assume that f(x) has continuous derivatives up to the (n + 1)th
order inclusive in the neighbourhood of the point x = a.



174 Ch. 5. Investigating the Behaviour of Functions

Write the Taylor formula for f(x), taking account of equalities (1):

(x—
(n+ 1)'

where £ is a number that lies between a and x.

Since f"*D(x) is continuous in the neighbourhood of the point a and
f®*D(a) # 0, there will be a small positive number /& such that for any x
that satisfies the inequality |x — a| < A, it will be true that f"*D(x) # 0. And
if f™D(a) > 0, then at all points of the interval (a — h,a + h) we will have
Fm*D(x) > 0; if f"*D(a) < 0, then at all points of this interval we will have
() < 0.

Rewrite formula (2) in the form

f(x) = fla) + f“”“(f) 2)

f(x) = fla) = f(’””(f) 2)

( +1)v

and consider various special cases.

Case 1. nis odd.

(a) Let f*D(a) < 0. Then there will be an interval (a — h, a + h) at all points
of which the (n + 1)th derivative is negative. If x is a point of this interval, then
£ likewise lies between a — h and a + h and, consequently, f™*D(&) < 0. Since
n + 1 is an even number, (x — a)**! > 0 for x # a, and therefore the right side of
formula (2’) is negative.

Thus, for x # a at all points of the interval (a — h, a + h) we have

fx) = fl@<0

and this means that at x = a the function has a maximum.

(b) Let f®*D(a) > 0. Then we have f**D (&) > 0 for a sufficiently small value
of h at all points x of the interval (a — &, a + h). Hence, the right side of formula
(2") will be positive; in other words, for x # a we will have the following at all
points in the given interval:

fx) - f@>0
and this means that at x = a the function has a minimum.

Case 2. niseven.

Then n + 1 is odd and the quantity (x — a)**! has different signs for x < a and
x> a.

If & is sufficiently small in absolute value, then the (n + 1)th derivative retains
the same sign at all points of the interval (a — h,a + h) as at the point a. Thus,
f(x) — f(a) has different signs for x < a and x > a. But this means that there is
neither maximum nor minimum at x = a.

It will be noted that if £"*D(a) > 0 when n is even, then f(x) < f(a) for x < a
and f(x) > f(a) for x > a.
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But if f"*D(a) < 0 when n is even, then f(x) > f(a) for x < a and f(x) < f(a)
for x > a.

The results obtained may be formulated as follows.

If at x = a we have

f@=f'@=...=f"a=0

and the first nonvanishing derivative f"*(a) is a derivative of even order, then
at the point a

f(x) has a maximum if f"*Y(a) <0
f(x) has a minimum if f"*Y(q) > 0
But if the first nonvanishing derivative f"*"(a) is a derivative of odd order,
then the function has neither maximum nor minimum at the point a. Here,
f(x) increases if f"*D(a) > 0
f(x) decreases if f"*V(a) <0
Example. Test the following function for maximum and minimum:
f)y=x* -4 + 627 —dx+ 1
Solution. We find the critical values of the function
Fx)=4x — 122 + 12x —4 = 4(x* - 3% + 3x — 1)
From equation
43 =32 +3x-1) =0
we obtain the only critical point
x=1

(since this equation has only one real root).
Investigate the character of the critical point x = 1:

F(x)=12x*-24x+12=0 forx=1
[ (x)=24x-24=0 forx=1
MNx)=24>0 for any x

Consequently, for x = 1 the function f(x) has a minimum.

5.9 CONVEXITY AND CONCAVITY OF A CURVE.
POINTS OF INFLECTION

In the plane, we consider a curve y = f(x), which is the graph of a single-
valued differentiable function f(x).

Definition 1. We say that a curve is convex upwards on the interval (a, b) if
all points of the curve lie below any tangent to it on the interval.

We say that the curve is convex downwards on the interval (b, ¢) if all points
of the curve lie above any tangent to it on the interval.
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We shall call a curve convex up, a convex curve, and a curve convex down, a
concave curve.

Fig. 115 shows a curve convex on the interval (a, b) and concave on the inter-
val (b, ¢).

An important characteristic of the shape of a curve is its convexity or con-
cavity. This section will be devoted to establishing the characteristics by which,

when investigating a function y = f(x),
one can judge the convexity or concavity
(direction of bulge) on various intervals.
We shall prove the following theo-
rem.
Theorem 1. If at all points of an in-
terval (a, b) the second derivative of the
: >, function f(x) is negative, i. e., f”(x) <0,
: b ¢ the curve’y = f(x) on this interval is con-
Fig. 115 vex upwards (the curve is convex).
Proof. In the interval (a, b) take an arbitrary point x = xp (Fig. 115) and draw
a tangent to the curve at the point with abscissa x = xo. The theorem will be
proved provided we establish that all the points of the curve on the interval (a, b)
lie below this tangent; that is, that the ordinate of any point of the curve y = f(x)
is less than the ordinate y of the tangent line for one and the same value of x.
The equation of the curve is of the form

y=f) ey

But the equation of the tangent to the curve at the point x = x is of the form

y = f(x0) = f'(x0)(x = xo)

yh

1

al0

[ 9 S —
y

or
¥ = f(xo) + f(xo)(x — Xo) (2)
From equations (1) and (2) it follows that the difference between the ordinates

of the curve and the tangent for the same value of x is

y =¥ = f(x) = f(x0) = f'(x0)(x = x0)
Applying the Lagrange theorem to the difference f(x) — f(xg), we get
y =3 = f(e)x = x0) = f"(x0)(x = xo)
(where c lies between xj and x) or

y=3 =1 = fxo)lx = x0)



5.9 Convexity and Concavity of a Curve 177

We again apply the Lagrange theorem to the expression in the square brackets;
then

y=3 = f"(c)(c = x0)(x = xo) 3
(where ¢ lies between xj and c¢).
Let us first examine the case where x > x¢. In this case, xo < ¢] < ¢ < x;
since
x=x0>0, ¢c—x>0

and since, in addition, it is given that
f(c1) <0

it follows from (3) that y — y < 0.

Now let us consider the case where x < x¢. In this case x < ¢ < ¢; < xp and
x—x0 <0, c—x9 <0, and since it is given that f’(c;) < 0, it follows from (3)
that

y—-y<0

We have thus proved that every point of the curve lies below the tangent to
the curve, no matter what values x and xy have on the interval (a, b). And this
signifies that the curve is convex. The theorem is proved.

The following theorem is proved in similar fashion.

Theorem 1'. If at all points of the interval (b,c), the second derivative of
the function f(x) is positive, that is, f”’(x) > 0, then the curve y = f(x) on this

yA

o, oy
0] b / c <

Fig. 117

interval is convex downwards (the curve is concave).

Note. The content of Theorems 1 and 1’ may be illustrated geometrically.
Consider the curve y = f(x), convex upwards on the interval (a, b) (Fig. 116).
The derivative f’(x) is equal to the tangent of the angle of inclination @ of the
tangent line at the point with abscissa x, or f'(x) = tan a. For this reason, f”'(x) =
(tana). It f(x) < O for all x on the interval (a, b), this means
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that tan o decreases with increasing x. It is geometrically obvious that if tan &
decreases with increasing x, then the corresponding curve is convex. Theorem 1
is an analytic proof of this fact.
Theorem 1’ is illustrated geometrically in similar fashion (Fig. 117).
Example 1. Establish the intervals of convexity and concavity of a curve represented
by the equation

y=2- X2
Solution. The second derivative
y'=-2<0

for all values of x. Hence, the curve is everywhere convex upwards (Fig. 118).
Example 2. The curve is given by the equation

X

y=e
Since
y'=e">0
for all values of x, the curve is therefore everywhere concave (bulges, or is convex down-
wards) (Fig. 119).
Example 3. A curve is defined by the equation
y=x
Since
y' = 6x.
¥’ < 0for x <0andy” > 0 for x > 0. Hence, for x < O the curve is convex upwards, and
for x > 0, convex down (Fig. 120).

Y
y
2 y
1 gx!
374 o ( \z * .
i / y=e* ] T
1 gozeat /
| o =
Fig. 118 Fig. 119 Fig. 120

Definition 2. The point that separates the convex part of a continuous curve
from the concave part is called the point of inflection of the curve.

In Figs. 120, 121 and 122 the points O, A and B are points of inflection.

It is obvious that at the point of inflection the tangent line, if it exists, cuts the
curve, because on one side the curve lies under the tangent and on the other side,
above it.
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Let us now establish sufficient conditions for a given point of a curve to be a
point of inflection.

Theorem 2. Let a curve be defined by an equation y = f(x). If f”(a) = 0
or f"”(a) does not exist and if the derivative f”(x) changes sign when passing

YA A
94
A
0 a z /] a ;
@

()

Fig. 121

through x = a, then the point of the curve with abscissa x = a is the point of
inflection.

Proof. (1) Let f”(x) < 0 for x < a and f”(x) > O for x > a. Then for x < a
the curve is convex up and for x > a, it is convex down. Hence, the point A of
the curve with abscissa x = a is a point of inflection (Fig. 121).

y B y B
ol b z ol
@ ©@
Fig. 122

Q) If f”(x) > 0 for x < b and f”(x) < 0 for x > b, then for x < b the curve
is convex down, and for x > b, it is convex up. Hence, the point B of the curve
with abscissa x = b is a point of inflection (see Fig. 122).

Example 4. Find the points of inflection and determine the intervals of convexity and
concavity of the curve

y= e (Gaussian curve)
Solution. (1) Find the first and second derivatives:

22

Yy = =2xe”
Y =2e (222 - 1)
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(2) The first and second derivatives exist everywhere. Find the values of x for which
y' =0

2077022 - 1)=0

(3) Investigate the values obtained:

1
for x < ——— we have y” > 0
2

1
for x > ——— we have y” <0
V2

The second derivative changes sign when passing through the point x;. Hence, for x; =
L . . . . L . L _ 1y,
L there is a point of inflection on the curve; its coordinates are ( €’ ),

1
for x < — we have y” <0

V2

1
for x > — we have y”’ > 0
V2

Thus, there is also a point of inflection on the curve for x, = its coordinates are

5
(% e‘%), Incidentally, the existence of the second point of inflection follows directly
from the symmetry of the curve about the y-axis.

(4) From the foregoing it follows that

1 .
for — 00 < x < ——— the curve is concave;

V2

1 1 .
for — — < x < — the curve is convex;

V2 V2

1 .
for — < x < +oo the curve is concave
2

(5) From the expression of the first derivative
y = —2xe ™"

it follows that

for x < 0y’ > 0, the function increases,

for x > 0y <0, the function decreases,

forx=0y =0.
At this point the function has a maximum, namely, y = 1. The foregoing analysis makes
it easy to construct a graph of the curve (Fig. 123).

Example 5. Test the curve y = x* for points of inflection.

Solution. (1) Find the second derivative:

y// — 12x2
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(2) Determine the points at which y” = 0:
12*=0, x=0

(3) Investigate the value x = 0 obtained:
for x < 0y” > 0, the curve is concave,

/)
y=e=*
Lo 1 z
143 44
Fig. 123
for x > 0y” > 0, the curve is concave.
Thus, the curve has no points of inflection (Fig. 124).
y
y A n¥
. V
0 1 Tz
0 I —
Fig. 124 Fig. 125

Example 6. Investigate the following curve for points of inflection:

y=@-1F
Solution. (1) Find the first and second derivatives:
1 2 2 5
= —(x=1)3 Y =-Z(x-1)3
Y=3 (x-1 y 9 (x=1)
(2) The second derivative does not vanish anywhere, but at x = 1 it does not exist
(0" = %)
(3) Investigate the value x = 1:
forx<1 y’">0, the curve is concave;
forx>1 y” <0, the curve is convex.
Consequently, at x = 1 there is a point of inflection (1, 0).

It will be noted that for x = 1y’ = oo; the curve at this point has a vertical tangent
(Fig. 125).
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5.10 ASYMPTOTES

Very frequently one has to investigate the shape of a curve y = f(x) and,
consequently, the type of variation of the corresponding function in the case
of an unlimited increase (in absolute value) of the abscissa or ordinate of a
variable point of the curve, or of the abscissa and ordinate simultaneously. Here,
an important special case is when the curve under study approaches a given line
without bound as the variable point of the curve recedes to infinity.”

/7 0f] z
Fig. 126 Fig. 127

Definition. A straight line A is called an asymptote to a curve, if the distance
¢ from the variable point M of the curve to this straight line approaches zero as
the point M recedes to infinity (Figs. 126 and 127).

In future we shall differentiate between vertical asymptotes (parallel to the
axis of ordinates) and inclined asymptotes (not parallel to the axis of ordinates).

1. Vertical asymptotes. From the definition of an asymptote it follows that
if xl—i>210 f(x) = c0or xl_i)lailo f(x) = c0or }61_1)1; f(x) = oo, then the straight line x = a

is an asymptote to the curve y = f(x); and, conversely, if the straight line x = a
is an asymptote, then one of the foregoing equalities is fulfilled.

Consequently, to find vertical asymptotes one has to find values of x = a such
that when they are approached by the function y = f(x) the latter approaches
infinity. Then the straight line x = a will be a vertical asymptote.

Example 1. The curve y = X—fs has a vertical asymptote x = 5, since y — oo as
x — 5 (Fig. 128).

“We say the variable point M moves along a curve to infinity if the distance of the point from the
origin increases without bound.
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Example 2. The curve y = tan x has an infinite [
number of vertical asymptotes

T . +37T . +57T .
xX=+— =+—, =+—, ...
2’ 2 2
This follows from the fact that tanx — oo
n 3 5rm 0

5,7,7,..., or —

as x approaches the values

n 3m Sm
——=,——,——,... (Fig. 129).
7T (Fig 129) |
Example 3. The curve y = e has a vertical
asymptote x = 0, since limoe% = oo (Fig. 130).

X—+

Fig. 128
2. Inclined asymptotes. Let the curve y = f(x) have an inclined asymptote
whose equation is

y=kx+b (1

Determine the numbers k and b (Fig. 131). Let M(x,y) be a point lying on the
curve and N(x, y), a point lying on the asymptote.

gA

y=tanx

|
|y
N
l

Fig. 129

The length of MP is equal to the distance from the point M to the asymptote. It
is given that
lim MP=0 )
X—+00
Designating the angle of inclination of the asymptote to the x-axis by ¢, we find
from ANMP that

MP
NM =
cos ¢
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Since ¢ is a constant angle (not equal to %), by virtue of the foregoing equation

lim NM =0 (2"

X—+00

and, conversely, from (2") we get (2). But

=|0M - ON| = |y —j| = |f(x) — (kx + D)|
and (2’) takes the form
lim [f(x) —kx—-b]=0 3)

X—+00

To summarize: if the straight line (1) is an asymptote, then (3) is satisfied, and
conversely, if, k and b are constant, equation (3) is satisfied, then the straight line

y
A
y: e‘
1 0
0 >z /|

Fig. 130 Fig. 131

y = kx + b is an asymptote. Let us now define k and b. Taking x outside the

brackets in (3), we get
lim x[@ —k- é] =0

x—+00 X X

Since x — +oo, the following equation must hold true:

b
f& _] -0
x—>+oo X X
For b constant, lim 2 2= = 0. Hence,
[f(x) k] o
x—H—oo
or
k= lim @ (@)

x—+00 X
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Knowing &, we find b from (3):
b= lim [f(x) — kx] &)
X—+00

Thus, if the straight line y = kx + b is an asymptote, then k and » may be found
from (4) and (5). Conversely, if the limits (4) and (5) exist, then (3) is fulfilled
and the straight line y = kx + b is an asymptote. If even one of the limits (4) or
(5) does not exist, then the curve does not have an asymptote.

It should be noted that we carried out Y
our investigation as applied to Fig. 131,
as x — +oo, but all the arguments hold
also for the case x — —o0.

Example 4. Find the asymptotes of the

curve
X +2x-1
y=1EET _zle2r-1
X y‘ I

Solution. (1) Look for vertical asymp-

totes:
whenx — -0 y — +o0
whenx — +0 y — —c0 /
Therefore, the straight line x = 0 is a verti- ]

cal asymptote.
(2) Look for inclined asymptotes:

Z42x-1
k= lim 2 = lim = -2~
X—+00 X X—+00 X
2 1
=lim |[1+--—=|=1 .
x>0 x X2 Fig. 132
that is,
k=1
24+ 2x -1 24 2x—1-x°
b= lim[y—a = lim |2 21 _x} - lim M—X]
xX—+00 x—+00 x—+00 X
1
= lim [2 - —} =2
X—+0o0 X
or, finally,
b=2
Therefore, the straight line
y=x+2

is an inclined asymptote to the given curve.
To investigate the mutual positions of a curve and an asymptote, let us consider the
difference of the ordinates of the curve and the asymptote for
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one and the same value of x:

2 +2x—1 1
x+_x_<x+2)=__
X

X
This difference is negative for x > 0 and positive for x < 0; and so for x > O the curve lies
below the asymptote, and for x < 0 it lies above the asymptote (Fig. 132).
Example 5. Find the asymptotes of the curve

y=e “sinx+x

Solution. (1) It is obvious that there are no vertical asymptotes.
(2) Look for inclined asymptotes:
~rin x4
k=1lim 2= lim &0 o gy

x>+ X X—+00 X X—+00

X

e smx+1]:1

b= lim[e"sinx+x—x]= lim e*sinx=0

x—+00 X—+00

Hence, the straight line y = x is an inclined asymptote as x — +oo.
The given curve has no asymptote as x —> —co. Indeed, the limit lim ¥ does not
X——00

exist, since { = % sin x + 1. (Here, the first term increases without bound as x — —co
and, therefore it has no limit.)

5.11 GENERAL PLAN FOR INVESTIGATING FUNCTIONS
AND CONSTRUCTING GRAPHS

The term “investigation of a function” usually implies the finding of:

(1) the natural domain of the function;

(2) the discontinuities of the function;

(3) the intervals of increase and decrease of the function;

(4) the maximum point and the minimum point, and also the maximal and
minimal values of the functions;

(5) the regions of convexity and concavity of the graph, and points of inflec-
tion;

(6) the asymptotes of the graph of the function.

The graph of the function is constructed on the basis of such an investigation
(it is sometimes wise to plot certain elements of the graph in the very process of
investigation).

Note 1. If the function under investigation y = f(x) is even, that is, such that
upon a change in sign of the argument the value of the function does not change,
ie., if

f(=x) = f(x)
then it is sufficient to investigate the function and construct its graph for positive
values of the argument that lie within the domain of definition of the function.
For negative values of the argument, the graph of the function is constructed on
the grounds
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that the graph of an even function is symmetric about the ordinate axis.
Example 1. The function y = x? is even, since (—x)> = x? (see Fig. 5).
Example 2. The function y = cos x is even, since cos(—x) = cos x (see Fig. 16).
Note 2. If the function y = f(x) is odd, that is, such that for any change in the
argument the function changes sign, i.e., if

f(=x) = =f(x)

then it is sufficient to investigate this function in the case of positive values of the
argument. The graph of an odd function is symmetric about the origin.

Example 3. The function y = x° is odd, since (—x)* = —x> (see Fig. 7).

Example 4. The function y = sin x is odd, since sin(—x) = —sin x (see Fig. 15).

Note 3. Since a knowledge of certain properties of a function allows us to
judge of the other properties, it is sometimes advisable to choose the order of
investigation on the basis of the peculiarities of the given function. For example,
if we have found out that the given function is continuous and differentiable and
if we have found the maximum point and the minimum point of this function,
we have thus already determined also the range of increase and decrease of the
function.

Example 5. Investigate the function

and construct its graph.

Solution. (1) The domain of the function is the interval —co < x < +oo. It will
straightaway be noted that for x < 0 we have y < 0, and for x > 0 we have y > 0.

(2) The function is everywhere continuous.

(3) Test the function for maximum and minimum: from the equation

, 1-x?
find the critical points:
x1=-1, x=1

Investigate the character of the critical points:
for x < —1 we have y’ <0
for x > —1 we have y’ >0
Hence, at x = —1 the function has a minimum:
Ymin = (Mr=—1 = —0.5

Furthermore
for x < 1 we have y’ > 0

for x > 1 we have y’ <0
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Hence, at x = 1 the function has a maximum:
Ymax = (Na=1 = 0.5
(4) Determine the domains of increase and decrease of the function:
for —co < x < —1 we have y’ < 0, the function decreases,
for —1 < x < 1 we have y' > 0, the function increases,
for 1 < x < +o0 we have y’ < 0, the function decreases.

(5) Determine the domains of convexity and concavity of the curve and the points of
inflection: from the equation

B 2x(x? = 3) _

T+

’”

we get
X1 :—\/g, X, =0, x3 = V3
Investigating y”" as a function of x we find that
for —oo < x <—v3y” <0, the curve is convex,
for—V3<x< 0 ¥’ >0, the curve is concave,

for0 < x < V3 y” <0, the curve is convex,
for V3 <x < +co y” >0, the curve is concave.

Thus, the point with coordinates x = — V3, y = —# is a point of inflection; in exactly the

same way, the points (0, 0) and ( V3, ‘/Tg) are points of inflection.
(6) Determine the asymptotes of the curve:
forx » +o0 y—0
forx - —c0 y—>0

Consequently, the straight line y = 0 is the only inclined asymptote. The curve has no
vertical asymptotes because the function does not approach infinity for a single finite
value of x.

Y- Tex2
0.5
~-V3 -1 . _T\
0 1 %) &
-0.5
Fig. 133

The graph of the curve under study is given in Fig. 133.
Example 6. Investigate the function

y= V2ax2 — 3 (a>0)

and construct its graph.
Solution. (1) The function is defined for all values of x.
(2) The function is everywhere continuous.
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(3) Test the function for maximum and minimum:
Y= dax — 3x* _ 4a-3x
34Qax? = x3)?  34/x(2a - x)?

There is a derivative everywhere except at the points

x; =0and x; = 2a
Investigate the limiting values of the derivative as x — —0 and as x — +0:
4a —3x . 4a —3x

lim ———— = -, lim ————— =+
-0 333 (2a — x)? =10 333 (2a — x)?
forx <0y <0,andforx >0y >0.

Hence, at x = 0 the function has a minimum. The value of the function at this point is
zero.

Now investigate the function at the other critical point x, = 2a As x — 2a the deriva-
tive also approaches infinity. However, in this case, for all values of x close to 2a (both
on the right and left of 2a), the derivative is negative. Therefore, at this point the function
has neither a maximum nor a minimum. At and about the point x, = 2a the function
decreases; the tangent to the curve at this point is vertical.

Atx = 47“ the derivative vanishes. Let us investigate the character of this critical point.
Examining the expression of the first derivative, we note that

4 4
forx<?a y >0, and forx>?a vy <0
Thus, at x = ‘% the function has a maximum:

2
Ymax = 54 \%/Z
3
(4) On the basis of this study we get the domains of increase and decrease of the function:

for —oco < x < 0 the function decreases,

da L
for0 < x < 3 the function increases,

da .
for 3 < x < +oo the function decreases.

(5) Determine the domains of convexity and concavity of the curve and the points of
inflection: the second derivative

8a>
T i 5
9x3(2a — x)3
does not vanish at a single point. Yet there are two points at which the second derivative
is discontinuous: x; = 0 and x, = 2a.
Let us investigate the sign of the second derivative near each of these points. For x < 0

we have y” < 0 and the curve is convex up; for x > 0 we have y” < 0 and the curve is
convex up. Hence, the point with abscissa x = 0 is not a point of inflection.

’”

7



190 Ch. 5. Investigating the Behaviour of Functions

For x < 2a we have ¥y’ < 0 and the curve is convex up; for x > 2a we have y”" > 0 and
the curve is convex down. Hence, the point (2a, 0) on the curve is a point of inflection.
(6) Determine the asymptotes of the curve:
3
. . V2ax?-x3 . 3]2a
k= lim 2 = lim —= "% = lim /= —1=-1
x—too X x—+00 X xX—+00 X
. 3 . 2ax> — X+ x° 2a
b= lim [V2ax? - x3 + x] = lim — - = —
x—to0 s f0ax2 — B3) - xV2ax2 — 3 + 22 3

Thus the straight line

=—x+ =
J 3

is an inclined asymptote to the curve y = V2ax? = 3. The graph of this function is shown
in Fig. 134.

5.12 INVESTIGATING CURVES

T — REPRESENTED
y=viaz*-z PARAMETRICALLY

Let a curve be given by the para-
metric equations

; > x= <p(t)}
0 4g |2a z 1)
g y = v
In this case the investigation and
construction of the curve is carried
out just as for the curve given by
the equation
Fig. 134
e y = fx)
Evaluate the derivatives
dx ,
s (1)
dy 2
— = J(t
7L

For those points of the curve near which it is the graph of a certain function
y = f(x), evaluate the derivative

dy ')
2=% 3)
dx  ¢'(1)

We find the values of the parameter ¢ = 1, 1,,. .., #; for which at least one of the

derivatives ¢’ (¢) or /() vanishes or becomes discontinuous. (We shall call these
values of ¢ critical values.)
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By formula (3), in each of the intervals (¢, 1,); (f2,3); ... ; (tx—1, #x) and hence, in
each of the intervals (x1, x2); (x2, X3); ... (Xk—1, Xx) [Where x; = ¢(t;)], we deter-
mine the sign of d—i, in this way determining the domain of increase and decrease.
This likewise enables us to determine the character of points that correspond to

the values of the parameter ¢4, 5, . . . , t;. Next, we compute
Ly ') - ¢" W' (1) @
dx? 4G

From this formula, we determine the direction of convexity of the curve at each
point.

To find the asymptotes determine those values of 7, upon approach to which
either x or y approaches infinity, and those values of ¢ upon approach to which
both x and y approach infinity. Then carry out the investigation in the usual way.

The following examples will serve to illustrate some of the peculiarities that
appear when investigating curves represented parametrically.

Example 1. Investigate the curve given by the equation

x=acos’t
4 (a>0) (1)

y=asin’t

Solution. The quantities x and y are defined for all values of . But since the functions
cos® ¢ and sin® 7 are periodic, of a period 2, it is sufficient to consider the variation of the
parameter ¢ in the range from O to 2r; here the interval [—a, a] is the range of x and the
interval [—a, a] is the range of y. Consequently, this curve has no asymptotes. Next, we
find

d
@ —3acos’ fsint
dt ,
p 2"
@& 3asin®tcost
dt
. . bd 3r .
These derivatives vanish at ¢ = 0, 7 T, ER 27. We determine
d 3asin’ fcos ¢
dy _ 3asin”tcos - tans 3)

dx -3acos?tsint
On the basis of (2") and (3") we compile the following table:
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Type of varia-

Range of ¢ Corresponding | Corresponding | Sign tionof y asa

range of x range of y of % function of

x[y = f(x)]
0<t<3 a>x>0 O<y<a - Decreases
I<t<nm 0>x>-a a>y>0 + Increases
n<t<Z —a<x<0 0>y>-a - Decreases
37"<t<27r O<x<a -a<y<0 + Increases

From the table it follows that equations (1) define two continuous functions of the type
y = f(x), for0 <t < my > 0 (see first two lines of the table), for 7 < 7 < 271y < 0 (see
last two lines of the table). From (3’) it follows that

lim Q = oo
ra’zl dx

and
lim b _ 00
i dx

At these points the tangent to the curve is vertical. We now find

dy|  _ dy|  _ dyy  _
dtl=0 ~ 0, dtl=x — 0 dtli=2x ~
At these points the tangent to the curve is horizontal. We then find
y d*y B 1
dxt ~
Whence it follows that

d*y

dx?
d*y
dx?
On the basis of this investigation we can construct a
curve (Fig. 135), which is called an astroid.

Example 2. Construct a curve given by the fol-
lowing equations (folium of Descartes):

3acos*tsint

forO<t<m, > 0, the curve is concave,

I form <t <2m, < 0, the curve is convex.

Fig. 135

3at 3ar?
= —, = >0
Tiie YT @>0

ar)
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Solution. Both functions are defined for all values of ¢ except at = —1, and

. . 3at .
lim x= lim —— = +oo, lim x = —oo,
—>-1-0 t—-1-0 1 + 13 >—1+0
I fim I +
= —_— = =00 = o0
P s i 1+8 ’ oY ’
Further note that
whent =0 x=0, y=0
whent —» +c0 x—0, y—0
whent —» -0 x—0, y—0
dx dy
Find — and —:
w M
I3
i %577 4y sae-n) o
e~ (+8)2° dt ~ (1+8)2
For the parameter ¢ we get the following four critical values:
1 3
h=-1, $b=0, t3=—, u:ﬁ
%
Then we find
dy
dy @ 12-1) .,
dy _ar _ 121 3
dx @ 2(1 _ t3)
dt 2
On the basis of formulas (1), (2”), and (3”’) we compile the following table:
Type of varia-
Corresponding Corresponding Sign tion of y as
Range of ¢ dy
range of x range of y of d% a function of
x[y = f()]
—co<t< -1 0<x<+o00 0>y>—-c0 - Decreases
-1<t<0 -0 <x<0 +oo>y>0 - Decreases
O<t<+ﬁ 0O<x<aVd 0<y<aV2 + Increases
%<t<\’7§ aVd>x>a¥2 | a2 <y<aV4 - Decreases
V2 <1<+ av2>x>0 a34>y>0 + Increases
From (3”) we find
dy dy
@ =0 G =
(y=0) (—"=°)
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Thus, the curve cuts the origin twice: with the tangent parallel to the x-axis and with the
tangent parallel to the y-axis. Further,

y (ﬂ) e
dx’ =3
y=a§/§

At this point the tangent to the curve is vertical.

—

[=‘ﬁ]

y=a

Fig. 136

At this point the tangent to the curve is horizontal. Let us investigate the question of the
existence of an asymptote:
3ar*(1 + )

= lim 2= fjm X2 *0)__
k_xl—l>I~Elwx_t~l>£IEO 3ar(1 + %)

. 3at? 3at
b= x1—1>I-Poo(y B kX) - xﬁlfnl’lf()[ 1+8 - (_1) 1+ 13] -
3at(t + 1) . 3at
= lim [—] = lim —— =-
t—-1-0L 147 t—>-1-0 1 —t + 12

Hence, the straight line y = —x — a is an asymptote to a branch of the curve as x — +co.

Similarly we find

k= lim 2 =-1, b= lim(y—kx) = -a
X——00 X X——00

Thus, the straight line is also an asymptote to a branch of the curve as x — —co.

On the basis of this investigation we construct the curve (Fig. 136).

Some problems involving investigation of curves will again be discussed in Sec. 8.20
(“Singular Points of a Curve”).

EXERCISES ON CHAPTER 5

Find the extrema of the functions: 5

1.y =2x>—2x+3. Ans. ymin = 2atx =1. 2.y = %—2x2+3x+1.

7
§atx= 1, Yymin = 1 at x = 3. 3.y=x3—9x2+15x+3.

Ans. ymax = 10at x = 1, ypin = —22at x = 5. 4. y= —x* + 2x%. Ans. ypmax = 1
atx = 1, ypin = 0atx =0. 5.y = x* = 8x% + 2. Ans. Ymax = 2 at x = 0,
Ymin = —14 at x = +2. 6. y = 3x° — 125x° + 2160x. Ans. Maximum at x = —4
and x = 3, minimum

Ans. Ymax =
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atx = 3and x = 4. 7.y = 2—(x—1)%. Ans. Ymax = 2 at x = 1.
8. y=3-2(x+ 1)%. Ans. There is neither maximum nor minimum. 9. y =

%. Ans. Minimum at x = V2, maximum at x = — V2. 10. y = u—z;#
Ans. Maximum at x = % 11. y = 2¢* + ¢7*. Ans. Minimum at x = —%
12. y = $~. Ans. ymin = eatx = e. 13.y = cosx + sinx(—% <x< %)

ARnS. Ymax = V2atx = 7 14. y=sin2x - x(—%r <x< %) Ans. Maximum at
x =%, minimum at x = —=%. 15. y = x+tanx. Ans. There is neither maximum
nor minimum. 16. y = e¢*sinx. Ans. Minimum at x = 2k — f{, maximum at
x =2kn+ 3n. 17. y = x* = 2x* + 2. Ans. Maximum at x = 0, two minima

when x = =1 and when x = 1. 18. y = (x — 2)(2x + 1). Ans. Ymin ~ —8.24

when x = é 19. y = x + % Ans. Minimum when x = 1, maximum when
x=-1L 20.y= x*(a — x)*. Ans. Ymax = % when x = %’ Ymin = 0 when
x=0and when x = a. 2Ly = £ + £ Aps. Maximum when x = <,
minimum when x = ﬁ 22. y = x+ VI -x. Ans. ypax = 3 when x = 3,
ymin = L whenx = 1. 23.y = xVI—x (x < 1). Ans. ymax = 3 4/4 when
X = % 24. y = 7. Ans. Minimum when x = -1, maximum when x = 1.

25. y = xInx. Ans. Minimum when x = % 26. y = xIn® x. Ans. ypax = de”?

at x = €2, Yymin = Oat x = 1. 27. y = Inx — arctanx. Ans. The function
increases. 28. y = sin3x — 3sinx. Ans. Minimum when x = Z, maximum

2’
when x = 37” 29. y = 2x + arctan x. Ans. No extrema.. 30. y = sinxcos” x.

Ans. Minimum when x = g, two maxima when x = arccos \/g and when

X = arccos(— %) 31. y = arcsin(sin x). Ans. Maximum when x =

minimum when x =
Find the maximum and minimum values of the function on the indicated in-

tervals:

32, y=-3x*+6x> -1 (-2 < x <2). Ans. Maximum y = 2 at x = +1, minimum

y=-25atx=+2. 33 y= ’;i —2x% +3x+1 (=1 < x <5). Ans. Maximum

value y = ? at x = 5, minimum value y = —? atx = —-1. 34.y = ;%{

(0 < x<4). Ans. Maximum value y = % at x = 4, minimum value y = —1

(4m+1)r
2 9

(4m+3)m

— -
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Vs Vs bis
atx =0. 35.y =sin2x - x(—z <x< 5) Ans. Maximum value y = 3 at
T .. | g t T
X = ——, minimum valuey = —— at x = —.
2 YT 2

36. Using square tin sheet with side a, make a topless box of maximum volume by
cutting equal squares at the corners and removing them and then bending the tin so as to

form the sides of the box. What will the length of a side of the squares be? Ans. g.

37. Prove that of all rectangles that may be inscribed in a given circle, the square has
the greatest area. Also show that the square will have the maximum perimeter as well.

38. Show that of all isosceles triangles inscribed in a given circle, an equilateral trian-
gle has the largest perimeter.

39. Find a right triangle of maximum area with a hypotenuse 4. Ans. Length of each

h
leg, —.
2
40. Find the height of a right cylinder with greatest volume that can be inscribed in a
R
sphere of radius R. Ans. Height, —.
3

41. Find the height of a right cylinder with greatest lateral surface area that may be
inscribed in a given sphere of radius R. Ans. Height, R V2.

42. Find the height of a right cone with least volume circumscribed about a given
sphere of radius R. Ans. 4R (the volume of the cone is twice the volume of the sphere).

43. A reservoir with a square bottom and open top is to be lined inside with lead. What
are the dimensions of the reservoir (to hold 32 litres) that will require the smallest amount
of lead? Anms. Height, 0.2 metre, side of base, 0.4 metre (the side of the base must be
twice the height).

44. A roofer wants to make an open gutter of maximum capacity with bottom and
sides 10 cm in width, and with the sides inclined at the same angle to the bottom. What is
the width of the gutter at the top? Ans. 20 cm.

45. Prove that a conical vessel of given storage capacity requires the least material
when its height is V2 times the radius of the base.

46. It is required to make a cylinder, open at the top, the walls and bottom of which
have a given thickness. What should the dimensions of the cylinder be so that for a given
storage capacity it will require the least material? Ans. If R is the inner radius of the base,
v the inner volume of the cylinder, then R = 7Xr

47. It is required to build a boiler out of a cylinder topped by two hemispheres and
with walls of constant thickness so that for a given volume v it should have a minimum

K
outer surface area. Ans. It should have the shape of a sphere with inner radius R = \ 4—V
o4

48. Construct an isosceles trapezoid, which for a given area S has a minimum perime-
ter; the angle at the base of the trapezoid is equal to @. Ans. The length of one of the

[ S
nonparallel sides is 4/ ——.
sin

49. Inscribe in a given sphere of radius R a regular triangular prism of maximum

R
volume. Ans. The altitude of the prism is —.
V3
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50. It is required to circumscribe about a hemisphere of radius R a cone of minimum
volume; the plane of the base of the cone coincides with that of the hemisphere; find the
altitude of the cone. Ans. The altitude of the cone is R V3.

51. About a given cylinder of radius r circumscribe a right cone of minimum volume;
we assume the planes and centres of the circular bases of the cylinder and the cone coin-

3
cide. Ans. The radius of the base of the cone is equal to —r.

52. Out of sheet metal having the shape of a circle of radius R, cut a sector such that
it may be bent into a funnel of maximum storage capacity. Ans. The central angle of the

. 2
sector is 274/ =.

53. Of all circular cylinders inscribed in a given cube with side a so that their axes
coincide with a diagonal of the cube and the circumferences of the bases touch its faces,
find the cylinder with maximum volume. Ans. The altitude of the cylinder is equal to

aV3

T; the radius of the base is i.
6

54. Given, in a rectangular coordinate system, a point (xy, yo) lying in the first quadrant.
Draw a straight line through this point so that it forms a triangle of least area with the

positive directions of the axes. Ans. The straight line intercepts on the axes the segments
2xo and 2yy; thus, it has the equation = + - 1.
2xo  2yo

55. Given a point on the axis of the parabola y* = 2px at a distance a from the vertex,
find the abscissa of the point of the curve closest to it. Ans. x = a — p.

56. Assuming that the strength of a beam of rectangular cross-section is directly pro-
portional to its width and to the cube of the altitude, find the width of a beam of maximum
strength that may be cut out of a log of diameter 16 cm. Ans. The width is 8 cm.

57. A torpedo boat is standing at anchor 9 km from the closest point of the shore; a
messenger has to be sent to a camp 15 km (along the shore) from the point of the shore
closest to the boat. Where should the messenger land so as to get to the camp in the
shortest possible time if he does 5 km/hr walking and 4 km/hr rowing? Ans. At a point
3 km from the camp.

58. A point moves rectilinearly over a plane in a medium situated outside a line MN
with velocity vy, and along the line MN with velocity v,. What path between A and B,
situated on M N, will it cover in the shortest time? The distance of A from MN is h, the
distance from B of the projection « of A on the line MN is a. Ans. If ABC is the path of

C B B
the point, then U 22 > Y and aC = aB for w n
AC Vo AB Vo AB Vo

59. A load w is hoisted by a lever; a force F is applied to one end, the point of support
is at the other end of the lever. If the load is suspended from a point a centimetres from
the fulcrum, and the lever rod weighs v grams per centimetre of length, what should the
length of the rod be for the force (required to raise the load) to be a minimum? Ans. x =

2aw
A / — cm.
1

60. For n measurements of an unknown quantity x the following readings have been
obtained: xj, x,, ..., x,. Show that the sum of the squares of the
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errors (x — x1)? + (x — x)> + - + (x — x,,)> will be least if for x we take the number
X|+Xp+ 42Xy

61. To reduce the friction of a liquid against the walls of a channel, the area in contact
with the liquid must be a minimum. Show that the best shape of an open rectangular
channel with given cross-sectional area is that for which the width of the channel is twice
its altitude.

Determine the points of inflection and the intervals of convexity and concavity of the
following curves:
62. y = x°. Ans. For x < 0 the curve is convex; for x > 0 the curve is concave; at x = 0
there is a point of inflection. 63. y = 1 — x2. Ans. The curve is everywhere convex.
64. y = x*-3x>-9x+9. Ans. Pointofinflectionatx = 1. 65. y = (x—b)>. Ans. Point of
inflection at x = b. 66. y = x*. Ans. The curve is everywhere concave. 67. y = x2+l'
Ans. Point of inflection at x = +Lf 68. y = tanx. Ans. Point of inflection at x = nr.
69. y = xe™*. Ans. Point of inflection at x = 2. 70. y = a — Vx = b. Ans. Point of
inflection at x = b. 71. y = a — +/(x — b)2. Ans. The curve has no point of inflection.

Find the asymptotes to the following curveS'
72. y=—.Ans. x=1,y=0. 73. y= (2)3 Ans. x=-2,y=0. 74. ﬁ

Ans.x:b,y:c. 75.y:ex—1.Ans.x—0,y:O. 76.y:lnx.Ans.x:O.

3

77. Y =6x* +x3. Ans. y=x+2. 78. Yy’ =a* - Ans. y+x=0. 79. y* = -

Ans. x=2a. 80. y’(x—2a) =x>—ad’. Ans. x=2a,y = =(x + a).
Investigate the following functions and construct their graphs:

8Ly =x'-2x+10. 82 y=-5 83 y=cr. 84 y= 5

86. y= . 87.y="2 88 y=;. 8.y =x-x 90.y=,

V2 +2. 92 y=x- V@ +1. 93 y= [=b

x+1
94. y=xe™*. 95.y= e, 96. y=x-In(x+1). 97. y=In(x*+1).
98. y=sin3x. 99. y=x+sinx. 100. y = xsinx. 101. y = e *sinx.

) ] x=1£, x=r,
102. y =Insinx. 103. y = I"T* 104. L 105. 5

y =3t y=r.
x = a(t - sint), X = ae' cost,
106. 107. .
y =a(l —cos?). y = ae'sint.

Additional Exercises

Find the asymptotes of the following lines:
108. y = XIIXI Ans. x=-1,y=x-1. 109. y=x+e " Ans. y = x.

110. 2y(x + 1> = x3. Ans. x=-1,y = %x— 1. 111. y? = a® — x%. Ans. No
asymptotes.




Exercises on Chapter 5 199

112. y=e *sinxAns. y=0. 113. y=e *sin2x+ x. Ans. y = x.

1 1 1

114.y=x1n(e+—). Ans. x = ——,y =x+ —. 115.y=xe%2.Ans.x=0,
X , € e1 |
2t t

=x. 116. x= ,y = CAns. y=t-x— —.

yea Tro et YEEE TS

Investigate and graph the following functions:

117. y = |x|. 118. y = In|x|. 119. y* = x> —x. 120. y = (x + 1)*(x —22).
121 y = x + |x). 122, y = Va2 —x. 123. y=x>Vx+1. 124. y = % -
x? 1 X
Inx. 125. y = —Inx. 126. y = ——. 127. y = —. 128. y = x +
2 er —1 In x

| .
X129, y=xInx. 130. y=et —x. 131 y=|sin3x. 132 y= -oF
X

X
133. y = xarctanx. 134. y = x—2arctanx. 135. y =e¢ > sin3x. 136. y =
Isinx] + x. 137.y = sin(?). 138. y = cos’ x + sin’x. 139, y = ’”;xl

140. y = x_2|x|. 141, y = sin(2EH) - X2l

2 2
x = |x| x+|xl, & 1
s( 5 ) - 5 (—§<x<l). 3.y = SGx+l)+ 1 144y =

%[3(x—1)+|x—1|]+1(0<x<2).

(—r<x<m. 142,y =




CHAPTER 6

THE CURVATURE OF A CURVE

6.1 ARC LENGTH AND ITS DERIVATIVE

Let the arc of a curve MyM (Fig. 137) be the graph of a function y = f(x)
defined on an interval (a, b). Let us determine the arc length of the curve. On the
curve MyM take the points My, My, M, ..., M;_, M;, ..., M,_;, M. Connecting
the points we get a broken line MMM, ... M;_\M; ... M, M inscribed in the

arc MyM. Denote the length of this broken line
M, M, by P,.

The length of the arc MyM is the limit (we
denote it by s) approached by the length of
the broken line as the largest of the lengths
of the segments of the broken line M;_| M; ap-

M, proaches zero, if this limit exists and is indepen-
M dent of any choice of points of the broken line

Fig. 137 MoM M, ... M;_(M;...M, M.

It will be noted that this definition of the arc length of an arbitrary curve is
similar to the definition of the length of the circumference of a circle.

In Ch. 12 it will be proved that if a function f(x) and its derivative f’(x) are
continuous on an interval [a, b], then the arc of the curve y = f(x) lying between
the points [a, f(a)] and [b, f(b)] has a definite length; a method will be shown for
computing this length. It will also be established (as a corollary) that under the
given conditions the ratio of the length of any arc of this curve to the length of its
chord approaches unity when the length of the chord approaches zero, that is,

length MEM B

1 —— =1
MoM—0 length MgM

This theorem may be readily proved for the circumference” of

“Consider the arc AB, the central angle of which is 2« (Fig. 138). The length of this
arc is 2Ra (R is the radius of the circle), and the length of its chord is 2Rsina@. Therefore,

length AB . 2Ra
im — = lim - =
a—0 length AB a—02Rsina
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a circle; however, in the general case we shall accept it without proof (Fig. 138).
Let us consider the following question.
On a plane we have a curve given by the equation

y = f(x).

Let My(xo,yo) be some fixed point of the curve and M(x,y), some variable point
of the curve. Denote by s the arc length MyM (Fig. 139).

Fig. 138 Fig. 139

The arc length s will vary with changes in the abscissa x of the point M; in
other words, s is a function of x. Find the derivative of s with respect to x.

Increase x by Ax. Then the arc s will change by As = the length of MM, . Let
MM, be the chord subtending this arc. In order to find Alim0 %; do as follows:

from AMM,; Q find
MM, = (Ax)® + (Ay)?
Multiply and divide the left-hand side by As?:

MM
(A—Sl)zAs2 = (Ax)? + (Ay)?

Divide all terms of the equation by Ax?:

(A (A

As / \Ax Ax
Find the limits of the left and right sides as Ax — 0. Taking into account that
. MMy _ . Ay _ dy
lim G =1 and that lim A = 7.0 We get
MM, —0 Ax—0

ds\2 dy\2
(G =1+ ()
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or
ds dy\2
- = 1+ (=
dx (dx)
For the differential of the arc we get the following expression:

ds=[1+ (%)zdx @)
ds = \Jdx* + dy? 2)

We have obtained an expression for the differential of arc length for the case
when the curve is given by the equation y = f(x). However, (2’) holds also for
the case when the curve is represented by parametric equations.

If the curve is represented parametrically,

x =), y=y()

ey

#
or

then
dx=¢'(t)dt, dy=y/'(t)dt
and expression (2’) takes the form

ds = Jlg' O + [y (O dt

6.2 CURVATURE

One of the elements that characterize the shape of a curve is the degree of its
bentness, or curvature.

Let there be a curve that does not intersect itself and has a definite tangent at
each point. Draw tangents to the curve at any two points A and B and denote
the angle formed by these tangents by a [or, more precisely, the angle through
which the tangent turns from A to B (Fig. 140)]. This angle is called the angle
of contingence of the arc AB. Of two arcs of the same length, that arc is more
curved which has a greater angle of contingence (Figs. 140 and 141).

On the other hand, when considering arcs of different length we cannot gauge
the degree of their curvature solely by the appropriate angles of contingence.
Whence it follows that a complete description of the curvature of a curve is given
by the ratio of the angle of contingence to the length of the corresponding arc.

*Strictly speaking, (2’) holds only for the case when dx > 0. But if dx < 0, then ds =
—+/dx? +dy%. For this reason, in the general case this formula is more correctly written as

|ds| = \Jdx? + dy?.
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Definition 1. The average curvature K,, of an arc AB is the ratio of the cor-
responding angle of contingence « to the length of the arc:

@
Ky =—

AB

For one and the same curve, the average curvature of its different parts (arcs) may
be different; for example, for the curve

8

Fig. 140 Fig. 141

shown in Fig. 142, the average curvature of the
arc AB is not equal to the average curvature of

the arc A B, although the lengths of their arcs
are the same. What is more, at different points
the curvature of the curve differs. To character-
ize the degree of curvature of a given line in the
immediate neighbourhood of a given point A, we Fig. 142
introduce the concept of curvature of a curve at
a given point.

Definition 2. The curvature K4 of a line at a given point A is the limit of the
average curvature of the arc AB when the length of the arc approaches” zero (that
is, when the point B approaches the point A):

. . a
K4 = lim K, = lim —
B—A AB—0 AB
Example. For a circle of radius r: (1) determine the average curvature of the arc AHB
subtending the central angle « (Fig. 143); (2) determine the curvature at the point A.

*We assume that the magnitude of the limit does not depend on which side of the point A we take
the variable point B on the curve.
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Solution. (1) Obviously the angle of contingence of

the arc AB is «, the length of the arc is ar. Hence,

a
K, =—
ar

or

Fig. 143

1

Kav =~

~

(2) The curvature at the point A is

. a 1
K=1lm— = -
a0 r r

Thus, the average curvature of the arc of a circle of radius r is independent of the length
and position of the arc, and for all arcs it is equal to % Likewise, the curvature of a circle
at any point is independent of the choice of this point and is equal to %

Note. It will be seen later that, generally speaking, for any curve the curvature

at its various points differs.

6.3 CALCULATION OF CURVATURE

Let us develop a formula for finding the
curvature of any curve at any point M(x, y).
We shall assume that the curve is represented
in a Cartesian coordinate system by an equa-
tion of the form

y=f(x) (D

and that the function f(x) has a continuous
second derivative.

Draw tangents to the curve at the points
M and M, with abscissas x and x + Ax and
denote by ¢ and ¢ + Ay the angles of incli-
nation of these tangents (Fig. 144).

Fig. 144

We reckon the length of the arc MyM from some fixed point M, and denote it

by s; then As = M(:Ml — MyM, and |As| = MM,.

As will be seen from Fig. 144, the angle of contingence corresponding to the

arc MM, is equal to the absolute value” of the difference of the angles ¢ and

¢ + Ap, which means it is equal to |Ay|.

“It is obvious that for the curve given in Fig. 144, |A¢| = Ay since Ag > 0.
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According to the definition of average curvature of a curve, on the segment
MM, we have

_ 1Ael |%'
A As
To obtain the curvature at the point M, it is necessary to find the limit of the
expression obtained on the condition that the arc length MM, approaches zero:
de
K = lim |—
A0 As
Since the quantities ¢ and s both depend on x (are functions of x), ¢ may thus be
considered as a function of 5. We may consider that this function is represented
parametrically by means of the parameter x. Then
Ap _dy
im — = —
As—0 As ds
and, consequently,
de
k=% 2
75 @)

To calculate %, we make use of the formula for differentiating a function repre-
sented parametrically:

dy
de _ dx
ds ds
dx

To express the derivative Z—f in terms of the function y = f(x), we note that

tang = Z—i and, therefore,

t dy
= arctan —
¢ dx

Differentiating this equation with respect to x, we get

d*y
dp a2
d dy\2
. 1+(d_)yc)

As for the derivative (di—j, we found in Sec. 6.1 that

ds 1+(@)2

E: dx
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Therefore,
d*y
—E 2
dy dy\2 dy
w_o_ @) @
d d dy\213/2
BNV R i IR N
or, since K = |%‘, we finally get
&y
K = _ a2l 3)
dy\213/2
[1+(5)]

It is thus possible to find the curvature at any point of a curve where a second
2 Y . . . . .

derivative Z—xé exists and is continuous. Calculations are done with formula (3). It
should be noted that when calculating the curvature of a curve only the positive
value of the root in the denominator should be taken, since the curvature of a line
cannot (by definition) be negative.

Example 1. Determine the curvature of the parabola y* = 2px:

(a) at an arbitrary point M(x, y);

(b) at the point M, (0, 0);

(c) at the point Mz(g, p).

Solution. Find the first and second derivatives of the function y = \/mc:

dy _p &y _ P
dx — \[2px’ dx*  (@2px)"
Substituting the expressions obtained into (3), we get
2

p
K=—"
@ K= Gpxr

1

(b) Ko = —

=0 p

1
© K.z =

Example 2. Determine the curvature of the straight line y = ax + b at an arbitrary

point (x, y).
Solution.
y=a Y'=0
Referring to (3) we get
K=0

Thus, a straight line is a “line of zero curvature”. This very same result is readily obtain-
able directly from the definition of curvature.
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6.4 CALCULATING THE CURVATURE
OF A CURVE REPRESENTED PARAMETRICALLY

Let a curve be represented parametrically:

x=¢(), y=y@

Then (see Sec. 3.24):

@ _ l,b/(t) @ _ l//”QD' —l//",D”

dx ¢ dx* @)
Substituting the expressions obtained into formula (3) of the preceding section,
we get

|wll¢l _ l///‘p/ll
= (2 + g2 P2
Example. Determine the curvature of the cycloid

ey

x=a(t—sint), y=a(l —cosr)

at an arbitrary point (x, y).

Solution.
dx d’x . dy , §
a =a(l —cos?t), n = asint, o =asint, e =acost
Substituting the expressions obtained into (3), we get
la(1 — cost)acost —asint - asint| |cost—1|
- [a2(1 = cos 1)? + a2 sin? £]3/2 - 232¢(1 - cos 1)*?
1 1
T 2321 —cos)l 2 aalsin %|

6.5 CALCULATING THE CURVATURE OF A CURVE GIVEN
BY AN EQUATION IN POLAR COORDINATES

Given a curve represented by an equation of the form

p =[O ey

Write the transformation formulas from polar coordinates to Cartesian coordi-
nates:

@)

If in these formulas we replace p by its expression in terms of 6, i.e., f(8), we get

x = f(0)cos b
y=f(0)sin9}

x =pcosf
y=psinf

3
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The latter equations may be regarded as parametric equations of curve (1), the
parameter being 6.

Then
d d d d
d—;:d—gcose—psine, d—Z:d—Zsin0+pcose
d? d? d
d_eiczd—;;cose—2d—gsin9—pcose
dy dp .

d
i Wsm9+2d—gcost9—psin9

Substituting the latter expressions into (1) of the preceding section, we get a
formula for calculating the curvature of a curve in polar coordinates:

60 Ko 207 —pp] @
? (02 + p2)32
6 Example. Determine the curva-
0 ture of the spiral of Archimedes p =
af (a > 0) at an arbitrary point
(Fig. 145).
Solution.
dp d’p _
- a ="
Hence
) |a*6? + 247 1 6*+2
Fig. 145 K = =

(@6 + a2~ a (67 + 1)
It will be noted that for large values of 6 we have the approximate equations "2—;2 ~ 1,

926—;’1 ~ 1; therefore, replacing 6> + 2 by 6 and 6> + 1 by 6 in the foregoing formula, we

get an approximate formula (for large values of 6):
1 ¢ 1

Ta @

Thus, for large values of 6 the spiral of Archimedes has, approximately, the same
curvature as a circle of radius a6.

6.6 THE RADIUS AND CIRCLE OF CURVATURE.
THE CENTRE OF CURVATURE. EVOLUTE AND INVOLUTE

Definition. The quantity R, which is the reciprocal of the curvature K of a

curve at a given point M, is called the radius of curvature of the curve at the
point in question:

R=— M
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32
1+ &y ’
dx
d2y '
dx?
Draw a normal, at the point M, to a curve in the direction of the concavity of

the curve, and lay off a segment MC equal to the radius R of the curvature of the
curve at the point M. The

or

R= 2

Fig. 146 Fig. 147

point C is called the centre of curvature of the given curve at M; the circle, of
radius R, with centre at C (passing through M) is called the circle of curvature of
the given curve at the point M (Fig. 146).

From the definition of circle of curvature it follows that at a given point the
curvature of a curve and the curvature of a circle of curvature are the same.

Let us derive formulas defining the coordinates of the centre of curvature.

Let a curve be given by the equation

y=fx) 3

Take a point M(x, y) on this curve and determine the coordinates @ and S of the
centre of curvature corresponding to this point (Fig. 147). To do this, write the
equation of the normal to the curve at M:

1
Y-—y=-—X-x )
y

(Here, X and Y are the moving coordinates of the point of the normal.)
Since the point C(e, ) lies on the normal, its coordinates must satisfy equa-
tion (4):

1
B-y=-5(@-x &)
y
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Further, the point C(a, B) is separated from M(x, y) by a distance equal to the
radius of curvature R:

(@=x+(B-y’ =R (6)
Solving equations (5) and (6) simultaneously, we find @ and 3:
1
(a — x)2 + Tz(a - x)2 =R?
y

72

2 y 2
a—Xx) = R
(=2 = 57
whence
Y 1
=x+ —R =y¥ ——R
“=7 V1 +y? Py 1+ y?
: _ aw»y
and since R = T it follows that
a:x+y/(1+y/2) _ ¢1_’_})/2
| |

In order to decide which signs (upper or lower) to take in the latter formulas,
we must examine the case y” > 0 and the case y” < 0. If y” > 0, then at this
point the curve is concave, and, hence, 8 > y (Fig. 147), and for this reason we
take the lower signs. Taking into account that in this case [y”'| = y”’, the formulas
of the coordinates of the centre of curvature will be
_ YAy
= X- —

y
1+y?
y/I
Similarly, it may be shown that formulas (7) will hold for the case y” < 0 as well.
If the curve is represented by the parametric equations

x =), y=y@)

then the coordinates of the centre of curvature are readily obtainable from (7) by
substituting, in place of y” and y”, their expressions in terms of the parameter

/17

)

B=y+

SN ey
X, ’ x;3
Then
_ yl(x/Z + y/2)
a@=x- x/y// _ x//y/
x/(xr2 + /2) (7’)

X’y” _ X”y’
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Example 1. To determine the coordinates of the centre of curvature of the parabola

y? = 2px

(a) at an arbitrary point M(x, y), (b) at the point My(0, 0), (c) at the point M 1(’2—’, p).

Solution. Substituting the values % and ;% into (7) we get (Fig. 148):

_ _ @
(@a=3x+p,B= 7

(b)atx:Oweﬁnda:pé,B:O,
(c)atx:iwehavea:%,ﬁ:—p.

s

If at M (x, y) of a given curve the curvature dif-
fers from zero, then a very definite centre of curvature
C(a, B) corresponds to this point. The totality of all
centres of curvature of the given curve forms a certain
new line, called the evolute, with respect to the first.

Thus, the locus of centres of curvature of a given
curve is called the evolute. As related to its evolute, the
given curve is called the evolvent or involute.

If a given curve is defined by the equation y = f(x),
then equations (7) may be regarded as the parametric
equations of the evolute with parameter x. Eliminat-
ing from these equations the parameter x (if this is pos-
sible), we get an immediate relationship between the
moving coordinates of the evolute o and 3. But if the
curve is given by

Fig. 148

parametric equations x = ¢(f), y = ¥(¢), then equations (7”) yield the parametric
equations of the evolute (since the quantities x, y, x’, ', x”, y”" are functions of

1.

Example 2. Find the equation of the evolute of the parabola

y? = 2px

Solution. On the basis of Example 1 we have, for any point (x, y) of the parabola,

a=3x+p
(2x)*?
Vp

Eliminating the parameter x from these equations, we get

B=-

SR S,
B =go@-p)

This is the equation of a semicubical parabola (Fig. 149).
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S|

Thus,

1.1P%

Fig. 149

Similarly we get

RI R

Example 3. Find the equation of the evolute of an
ellipse represented by the parametric equations
x=acost, y=bsint
Solution. Find the derivatives of x and y with respect
to t:
X' = —asint, y =bcost

’”

x"” =—acost, y” =-bsint

Substituting the expressions of the derivatives into (7’),
we get

beost(a®sin’ t + b* cos? £)

@=acost— —
absin” t + abcos? t
b2
_ s02 3. _
=acost—acostsin t— —cos’ t =
a
2
_ b 3
—(a——)cost
a
2
a:(a——)cos3z
a

ﬁ:(b—%z)sirft

Eliminating the parameter 7, we get the equation of the evolute of the ellipse in the form

a

_)2/3 N (,8)2/3 B

lute (Fig. 150).

Example 4. Find the parametric equa-
tions of the evolute of the cycloid

Substituting the expressions obtained into

x =a(t—sint)
y=a(l —cost)
Solution.

x" =a(l —cost),

" =asint,

(7"), we get

(

2

a2 -
ab
Here, @ and B are the coordinates of the evo-

Yy =asint

’

Yy’ =acost

b2.\2/3
)

Fig. 150

a = a(t+sint)
B =—a(l —cost)

Make a change of variables, putting

a=¢-nma, f=n-2a, t=1-n1
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Then the equations of the evolute will take the form
é=a(t —sinT)
n=a(l —cos7).

They define, in coordinates &, 7, a cycloid with the same generating circle of radius a.
Thus, the evolute of a cycloid is that same cycloid displaced along the x-axis by —za and
along the y-axis by —2a (Fig. 151).

n \ yA
(‘,'LV‘-’" curve
\f 0 Evolute. 5
2a
B Cy— I

Fig. 151

6.7 THE PROPERTIES OF AN EVOLUTE

Theorem 1. The normal to a given curve is a tangent to its evolute.
Proof. The slope of the tangent to an evolute defined by the parametric equa-
tions (7) of the preceding section is equal to

aB
& _ ix
da da
dx
Noting that [by virtue of the same equations (7)]
d_O.’ B _3y//2y/2 _ y/y/// _ y/Sy/// o 3y/y//2 _ y/// _ y/Zy/// (1)
dx B y”z =7y y//2
g _ 3y -y -y @
dx y'’2
we get the relationship
ag 1
da Y

But y’ is the slope of the tangent to the curve at the corresponding point; it
therefore follows from the relationship obtained that the tangent to the curve and
the tangent to its evolute at the corresponding point are mutually perpendicular;
that is, the normal to a curve is the tangent to the evolute.
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Theorem 2. If, over a certain segment M\ M, of a curve, the radius of curva-
ture varies monotonically (i.e., either only increases or only decreases), then the
increment in the arc length of the evolute on this portion of the curve is equal (in
absolute value) to the corresponding increment in the radius of curvature of the
given curve.

Proof. From formula (2’), Sec. 6.1, we have

ds* = da’ + dp’
where ds is the differential of arc length of the evolute; whence
ds\2  dav\2  dBy2
(5) = (5) * (a)
Substituting the expressions (1) and (2), we get

/ H2 211\ 2\
(2 =22 yy,,z LIy 3)

72\3/2 723
Then we find (‘;R ) Since R = % it follows that R, = (1;'+) Differen-

tiating both sides of this equation with respect to x, we get the following (after
appropriate manipulations):

dR B 2(1 + y/2)2(3y/y//2 _ y/// _ yIZy/n)
dx - (yu)3

2(1+y )32

2R

Dividing both sides of the equation by 2R = , we have

dR (1 +y/2)1/2(3y1 2 y/ _y/2y///)

dx y//2
Squaring, we get
dR.\2 3y/y//2 _ y/// _ yIZyul 2
on =(1 7”2 4
(77) =+ G “)
Comparing (3) and (4), we find
dR\2 ds\2
(%) = (%)
whence
dr __ds
dx +dx

It is given that % does not change sign (R only increases or only decreases);
hence, d—f{ does not change sign either. For the
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sake of definiteness, let ‘% <0, %L >0 (which corresponds to Fig. 152). Hence,

> dx
dR _ _ds
dx :

dx
Let the point M, have abscissa x; and M, have abscissa x,. Apply the Cauchy
theorem to the functions s(x) and R(x) on the interval [x;, x;]:

ds
s(x2) = s(x1) (E)xzf _
R(x;) = R(x1) (@) -
dx/x=¢
where £ is a number lying between x; and x; (x; < & < x).
We introduce the designations (Fig. 152)

s(x2) = 52, s(x1) =51, R(x2) =Ry, R(x1)=R;
Then Igf%‘;‘] = —1or sy — s; = —(R, — R}). But this means that
ls2 — 51| =[R2 — Ry|

-1

This equation is proved in exactly the same manner if the radius of curvature
increases.

We have proved Theorems 1 and 2 for the case where the curve is given by an
explicit function, y = f(x).

If the curve is represented by parametric equations, these theorems also hold,
and their proof is exactly the same.

Note. The following is a simple mechanical method for constructing an invo-
lute from its evolute.

Y)
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Let a flexible ruler be bent into the shape of an evolute CyCs (Fig. 153). Sup-
pose one end of an unstretchable string is attached to the point Cy and bends
round the ruler. If we hold the string taut and unwind it, the end of the string
will describe a curve MsMj, which is the involute (or evolvent, the name coming
from this process of “evolving”). Proof that this curve is indeed an involute may
be carried out by means of the above-established properties of the evolute.

It should be noted that to a single evo- qgi
lute there correspond an infinitude of var-
ious involutes (Fig. 153).

Example. Suppose we have a circle of ra- ¢
dius a (Fig. 154). Take the involute of this
circle that passes through the point My(a, 0). a M

Taking into account that CM = CM, = at,
it is easy to obtain the equations of the invo- t
lute of the circle: \

0
OP = x = a(cos t + tsint) \
PM =y = a(sint — tcost) \
Fig. 154

It will be noted that the profile of a tooth of a gear wheel is most often in the shape of
the involute of a circle.

M, P I

6.8 APPROXIMATING THE REAL ROOTS OF AN EQUATION

Methods of investigating the behaviour of functions enable us to approximate
the roots of an equation:

f(x)=0

If the equation is an algebraic equation” of the first, second, third, or fourth
degree, there are formulas which permit expressing the roots of the equation in
terms of its coefficients by means of a finite number of operations of addition,
subtraction, multiplication, division and evolution. Generally speaking, there are
no such formulas for equations above the fourth degree. If the coefficients of any
equation, algebraic or nonalgebraic (transcendental), are not literal but numerical,
then the roots of the equation may be calculated approximately to any degree of
accuracy. It should be noted that even when the roots of an algebraic equation
are expressed

“The equation f(x) = 0 is called algebraic if f(x) is a polynomial (see Sec. 7.6).
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in terms of radicals, it is sometimes better to apply an approximation method of
solving the equation. Below we give some methods of approximating the roots
of an equation.

1. Method of chords. Given an equation

f(x)=0 ey

where f(x) is a continuous, doubly B
differentiable function on the interval Y A
[a, b]. Suppose that by investigating
the function y = f(x) within the in-
terval [a, b] we isolate a subinterval
[x1, x2] such that within this subinter-
val the function is monotonic (either
increasing or decreasing), and at the ly=t()
end points the values of the function

” 0
y-flz) A
[\ fiz))
Fig. 156

’Ir/

Fig. 155

f(x1) and f(x;) have different signs. For definiteness, we say that f(x;) < O,
f(x2) > 0 (Fig. 155). Since the function y = f(x) is continuous on the interval
[x1, x2], its graph will cut the x-axis in some one point between x; and x,.

Draw a chord AB connecting the end points of the curve y = f(x), which cor-
respond to abscissas x; and x,. Then the abscissa a; of the point of intersection
of this chord with the x-axis will be the approximate value of the root (Fig. 156).
In order to find this approximate value let us write the equation of the straight
line AB that passes through two given points A[x;, f(x;)] and B[xz, f(x2)]:

y=fx1)) x-x
fo) - f(x))  x-x
Since y = 0 at x = ay, it follows that
-fx) a—x
f(x) = f(x1)  x-x

whence
(x2 = x1) f(x1)
=X - — 2
G - fon @
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or
o = x1f(x2) = x2f(x1) @)
Jf(x2) = f(x1)

To obtain a more exact value of the root, we determine
f(ay). If f(a;) < 0, then repeat the same procedure ap-
plying formula (2’) to the interval [ay, x;]. If f(a;) > O,
then apply this formula to the interval [x;, a;]. By re-
peating this procedure several times we will obviously
obtain more and more precise values of the root a,, as,
etc.

Example 1. Approximate the roots of the equation

fx)=x-6x+2=0

Solution. First find the intervals where the function f(x) is
monotonic. Taking the derivative f’(x) = 3x?> — 6, we find that
it is positive for x < — V2, negative for — V2 < x < + V2 and
again positive for x > V2 (Fig. 157). Thus, the function has
three intervals of monotonicity, in each of which there is one
root.

To simplify the calculations, let us narrow these intervals
of monotonicity (there should be a corresponding root in each
interval). To do this, substitute into expression f(x), at ran- -6
dom, some values of x, then isolate (within each interval of 1
monotonicity) shorter intervals such that the functions at the .
end points have different signs: Fig. 157

x =0 fO)=2
x =1, f= —3}

x=-3  f(=3)=-7

x=-2, f=2)=6 }
=2, fQ)= —2}

X = 3, f3) =11
Thus, the roots lie within the intervals

(-3,-2,), O, 1, (2, 3

Find the approximate value of the root in the interval (0, 1); from formula (2) we have

N <€

<
-
T

‘N‘“~‘“"-°¢\|Q§n€

.___
1S

o a-op 2
a =0 _3_2—5—0.4
Since f(04)=04-6-04+2=-0336, f(0)=2

it follows that the root lies between 0 and 0.4. Again applying (2) to this interval, we get
the following approximation:

04-0)-2 08
-0.336-2 2336
We approximate the roots in the other intervals in similar fashion.

= 0.342, etc.

0220—
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2. Method of tangents (Newton’s method). Again, let f(x;) <0, f(x;) > 0.
On the interval [x;, x;] the first derivative does not change sign. Then there is
one root of the equation f(x) = 0 in the interval (x;, x;). Let us assume that the
second derivative does not change sign in the interval [x;, x;] either; this can be
achieved by reducing the length of the interval within which the root lies.

Y \ B yﬂ 8
b f{-fz)
I a a 1 x4,
0 4 4,~1; z ol ] Iz
fiz, V
A A
Fig. 158 Fig. 159

Preservation of the sign of the second derivative on the interval [x;, x,] means
that the curve is either only convex or only concave on [x|, x2].

Draw a tangent to the curve at the point B (Fig. 158). The abscissa a; of the
point of intersection of the tangent with the x-axis will be an approximate value
of the root. To find this abscissa, write the equation of the tangent at the point B:

y = f(x2) = f/(x2)(x = x2)
Noting that x = a; at y = 0, we have

_ f(x2)

1 (x2)
Then, drawing the tangent line at the point B;[a;, f(a;)], we analogously find a
more exact value of the root a,. By repeating this procedure we can calculate the
approximate value of the root to any desired degree of accuracy.

Note the following. If we drew the tangent to the curve not at the point B but
at A, it might appear that the point of intersection of the tangent with the x-axis
lies outside the interval (x;, xp).

From Figs. 158 and 159 it follows that the tangent should be drawn at the end
of the arc at which the signs of the function and its second derivative coincide.
Since it is given that on the interval [x;, x;] the second derivative preserves its
sign, the signs of the function and the second derivative must coincide at one

3

ay = Xp
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of the end points. This rule also holds for the case where f’(x) < 0.
If the tangent is drawn at the left end point of the interval, then in formula (3)
we must put x; in place of x;:

S
f(x1)
When there is a point of inflection C in the interval (x;, x;), the method of tan-

gents can yield an approximate value of the root lying without the interval (x|, x,)
(Fig. 160).

3"

a; = X

Example 2. Apply formula (3') to finding the rootof ¥
the equation

f)=x-6x+2=0
within the interval (0, 1). We have
[0 =2, f(0)=3x-6)]o = 6,
ffx)=6x20

and so from (3") we get

a :O_% = % =0.333.

3. Combined method (Fig. 161). Ap- ¥
plying at the same time on the interval
[x1, x2] the method of chords and the
method of tangents, we get two points a;
and a; lying on either side of the desired
root a, since f(a;) and f(a;) have differ-
ent signs. Then, on the interval [a;, a;]
again apply the method of chords and the
method of tangents. This yields two num-
bers: a, and a,, which are still closer to
the value of the root. We continue in this
manner until the difference between the
approximate values found is less than the
required degree of accuracy. It will be
noted that in the combined method we ap-
proach the sought-for root from two sides
simultaneously (i.e., at the same time we
approximate the root with an excess and
with a deficit).

To illustrate in the case we have examined it will be clear that by substitution we have

f(0.333) >0, f(0342) <0
Hence, the root lies between the approximate values obtained:

0.333 < x < 0.342

-5
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EXERCISES ON CHAPTER 6

Find the curvature of the curves at the indicated points:

b
1. b*x* + a*y* = d*b” at the points (0, b) and (a, 0). Ans. = at 0, b); % at

24
(@, 0). 2. xy = 12 at the point (3, 4). Ans. 25 3. y = x° at the point (x1, y)).
6)61

1
2 _ 4 6 :
Ans. W 4. 16y =4x" — x” at the point (2, O) Ans. E
1

33laxyl’

Find the radius of curvature of the following curves at the indicated points; draw each
curve and construct the appropriate circle of curvature:

80 V10
-

Ans. R=2a. 8. b*x* —a’y* = a*b* at the point (x, y;). Ans. R =

2 2 2 . .
5. x3 +y3 = a3 atan arbitrary point. Ans.

7. x> = 4ay at the point (0, 0).
(b*x; +a'y)*?
a*b*
. . Z,
9. y = Inx at the point (1, 0). Ans. R = 22, 10. y = sinx at the point (5’ 1).

6. y2 = x° at the point (4, 8). Ans. R =

x=acos’t )
Ans. R=1. 11. 3 fort =t,. Ans. R =3asint, cost,.
y=asin’t
Find the ragius of curvature of the indicated curves:
x =3t
12. ,tfort=1.Ans. R=6. 13. Circlep = asin6. Ans. R= 5.
y=3t—t 2
(pZ + Ll2)3/2
14. Spiral of Archimedes p = af. Ans. R = —————. 15. Cardioid p = a(l —
0%+ 2a?
2 2
cos#). Ans. R = 3 \2ap. 16. Lemniscate p* = a® cos 26. Ans. R = ;l—.
0
0 0 0
17. Parabola p = asec? 3 Ans. R = 2asec® 3 18. p = asin® 3 Ans. R =
3 .,0
—asin” =.
Find the points of the curves at which the radius of curvature is a minimum:
V21 . 1 V2
19. y = Inx. Ans. (7 —§1n2). 20. y = ¢*. Ans. (—zzan, 7)
21a. VX + \y = Va. Ans. (j—:, %) 22. y = aln(l - f?) Ans. At the point (0, 0)

R=—.
2
Find the coordinates of the centre of curvature (@, ) and the equation of the evolute
for each of the following curves:
2y (@ + bH)x* (a* + b)y?
23. ;—ﬁ = 1. Ans. a = T,,B:—T.
at+ 159" aly -9y

Ans. a:x+3x%y%,ﬂ:y+3x%y%. 25. y} = a*x. Ans. a = ,B=
6a2y

x =3t 4 3
26. Ans. a=—=1,8=3F-=.
{y _ 2 6 ns. a 3 B >
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t
X = klncotz — kcost,

27. Ans. y = %(e% + e‘f) (tractrix).
y =ksint.
x = a(cost +tsint), ) X=acos’ 1,

28. . ns. @ =acost, =asint. 29. 5 Ans. a =
y =a(sint — tcost). y=asin’ t.

acos®t +3acostsin’t, f = asin’®  + 3acos® sint.

30. Find the roots of the equation x> — 4x + 2 = 0 to three decimal places. Ans. x| =
1.675, x, = 0.539, x3 = —2.214.

31. For the equation f(x) = x> — x — 0.2 = 0, approximate the root in the interval
(1, 1.1). Ans. 1.045.

32. Evaluate the roots of the equation x* + 2x> — 6x + 2 = 0 to two decimal places.
Ans. 0.38 < x; <0.39,1.24 < x, < 1.25.

33. Solve the equation x* — 5 = 0 approximately. Ans. x; ~ 1.71, x,3 = 1.71 "i’T"ﬁ

34. Approximate the root of the equation x — tanx = 0 lying between 0 and %”
Ans. 4.4935.

35. Compute the root of the equation sin x = 1 — x to three places of decimals. Hint.
Reduce the equation to the form f(x) = 0. Ans. 0.5110 < x < 0.5111.

Miscellaneous Problems

36. Show that at each point of the lemniscate p> = a® cos 2¢ the curvature is propor-
tional to the radius vector of the point.

37. Find the greatest value of the radius of curvature of the curve p = asin’ £
Ans. R = %a.

38. Find the coordinates of the centre of curvature of the curve y = x1In x at the point
where y' = 0. Ans. (e, 0).

39. Prove that for points of the spiral of Archimedes p = ap as ¢ — oo the magnitude
of the difference between the radius vector and the radius of curvature approaches zero.

40. Find the parabolay = ax? + bx + ¢, which has common tangent and curvature with
the sine curve y = sin x at the point (g, 1). Make a drawing. Ans. y = —% +5+1- %2

41. The function y = f(x) is defined as follows:
f(x) = x in the interval — oo < x < 1
f(x) = ax* + bx + ¢ in the interval 1 < x < +co0

What must a, b and ¢ be for the curve y = f(x) to have continuous curvature everywhere?
Make a drawing. Ans. a=3,b=-3,c=1.
42. Show that the radius of curvature of a cycloid at any one of its points is twice the
length of the normal at that point.
43. Write the equation of the circle of curvature of the parabola y = x> at the point
(1, 1). Ans. (x+4) + (y— ;)2 =15
44. Write the equation of the circle of curvature of the curve y = tanx at the point
2 2
(%, 1).Ans. (x— ”’T'O) +(y— 2) =15

4 16 *
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45. Find the length of the entire evolute of an ellipse whose semi-axes are a and b.
Aa® - b*)

Ans. T

46. Find the approximate values of the roots of the equation xe* = 2 to within 0.01.
Ans. The equation has only one real root, x ~ 0.84.

47. Find the approximate values of the roots of the equation x In x = 0.8 to within 0.01.
Ans. The equation has only one real root, x ~ 1.64.

48. Find the approximate values of the roots of the equation x? arctan x = 1 to within
0.001. Ans. The equation has only one real root, x = 1.096.



CHAPTER 7

COMPLEX NUMBERS. POLYNOMIALS

7.1 COMPLEX NUMBERS. BASIC DEFINITIONS

A complex number is a number given by the expression
z=a+ib €))

where a and b are real numbers and i is the so-called imaginary unit, which is
defined as

i=V-1or#=-1 )
a is called the real part, and b, the imaginary part of the complex number. They
are designated, respectively, as follows:

a=Rez, b=Imz

If a = 0, then the number O + ib = ib is a pure imaginary; if b = 0, then we
have the real number a + i0 = a. Two complex numbers z = a+iband 7 = a — ib
that differ solely in the sign of the imaginary part are called conjugate complex
numbers.

We agree upon the two following basic definitions.

(1) Two complex numbers z; = a; + iby and z = a, + ib; are equal, z; = 25, if

ay=a;, by=Db

that is, if their real parts are equal and their imaginary parts are equal.
(2) A complex number z is equal to zero

z=a+ib=0

ifandonlyifa =0,b =0.

1. Geometric representation of complex numbers. Any complex number
z = a+ib may be represented in the xy-plane as a point A(a, b) with coordinates a
and b. Conversely, every point M(x, y) of the plane is associated with a complex
number z = x + iy. The plane on which complex numbers are represented is
called the plane of the complex variable z, or the complex plane (Fig. 162, the
encircled z symbol indicates that this is the complex plane).

Points of the plane of the complex variable z lying on the x-axis correspond
to real numbers (b = 0). Points lying on the y-axis represent pure imaginary
numbers, since a = 0. Therefore,
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in the complex plane, the y-axis is called the imaginary axis, or axis of imaginar-
ies, and the x-axis is the real axis, or axis of reals.

Joining the point A(a, b) to the origin, we get 9y, @ Ala,b)
a vector OA. In certain instances, it is convenient '
to consider the vector OA as the geometric repre- r
sentation of the complex number z = a + ib.

2. Trigonometric form of a complex number. [7) o
Denote by ¢ and r (» > 0) the polar coordinates 0 a I
of the point A(a, b) and consider the origin as the
pole and the positive direction of the x-axis, the Fig. 162
polar axis. Then (Fig. 162) we have the familiar
relationships

a=rcosy, b=rsing
and, hence, the complex number may be given in the form
a+ib=rcosg+irsing or z=r(cos ¢ + ising) 3
The expression on the right is called the trigonometric form (or polar form) of
the complex number 7 = a + ib; r is termed the modulus of the complex number
Z, ¢ is the argument (amplitude or phase) of the complex number z. They are
designated as
r=lkl, ¢=argz “
The quantities r and ¢ are expressed in terms of a and b as follows:

b
r= Va®+b?, ¢ = Arctan —
a
To summarize, then,

|zl = la + ib] = Va* + b?

b
arg z = arg(a + ib) = Arctan —
a

&)

The amplitude of a complex number is considered positive if it is reckoned
from the positive x-axis counterclockwise, and negative, in the opposite sense.
The amplitude ¢ is obviously not determined uniquely but up to term 2k, where
k is any integer.

Note. The conjugate complex numbers z = a + ib and Z = a — ib have equal
moduli |z| = |Z] and their arguments (amplitudes) are equal in absolute value but
differ in sign: argz = —argz.
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It will be noted that the real number A can also be written in the form (3),
namely:

A = |Al(cos0 +isin0) forA >0
A = |A|(cosm+isinm) forA <0

The modulus of the complex number O is zero: |0] = 0. Any angle ¢ may be
taken for amplitude zero. Indeed, for any angle ¢ we have

0 =0(cos ¢ +ising)

7.2 BASIC OPERATIONS ON COMPLEX NUMBERS

1. Addition of complex numbers. The sum of two complex numbers z; =
ay + iby and z; = a, + ib; is a complex number defined by the equation

21 +22 = (a1 +iby) + (az + iby) = (a1 + ax) +i(by + b) (D

From (1) it follows that the addition of complex numbers depicted as vectors is
performed by the rule of the addition of vectors (Fig. 163a).

Fig. 163

2. Subtraction of complex numbers. The difference of two complex num-
bers z; = a; + ib; and 7z = a, + ib; is a complex number such that when it is
added to z; it yields z;.

It is easy to see that

21 — 22 = (a1 +iby) — (az + iby) = (a1 — ap) +i(by — by) (2)

It will be noted that the modulus of the difference of two complex numbers is
equal to the distance between the points representing these numbers in the plane
of the complex variable (Fig. 163b)

21 — 22l = V(a1 — a2)? + (by — by)>

3. Multiplication of complex numbers. The product of two complex num-
bers z; = a; + ib; and 25 = ap + ib, is a complex number
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obtained when these two numbers are multiplied as binomials by the rules of
algebra, provided that

P=-1, P=-i, i*=()-i==i*=1, P =i etc.

and, generally, for any integral k,
PR, el o ey M
From this rule we get
2122 = (@1 + ib)(@s + iby) = aja; + ibyay + ia1by + by by
or
2122 = (@1a2 — bibo) + i(byaz + a1 b2) (3)
Let the complex numbers be written in trigonometric form
71 = ri(cosg +ising)), zp = ry(cos¢y + ising,)
then
2122 = r1(cos ¢y + isin) r2(cos ¢ + ising,)
= 111y [COS 1 COS ¢y + i SiN ] COS P + i COS ] Sin @y
+ 2 sin g sing,] = r1r, [(cos @1 cos @, — sin @ sin ¢,)
+ i(sin ¢ coS ¢y + COS 1 Sin ;)]
= rir2[cos(pr + ¢2) + isin(g) + ¢2)]
Thus,
2122 = rira [cos(pr + ¢2) + isin(er + ¢2)] (3"
i.e., the product of two complex numbers is a complex number, the modulus of
which is equal to the product of the moduli of the factors, and the amplitude is
equal to the sum of the amplitudes of the factors.

Note 1. The product of two conjugate complex numbers z = a + ib and 7 =
a — ib is, by virtue of (3), expressed as follows:

Z=a + b
or

Z =z = 2
The product of two conjugate complex numbers is equal to the square of the
modulus of each number.

4. Division of complex numbers. The division of complex numbers is de-
fined as the inverse operation of multiplication.

Suppose we have z; = aj +iby, 2o = ap + ib, 2ol = Jaj + b5 # 0. Then
= zis a complex number such that z; = zpz. If

IS
'
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then
ap +ib; = (ap + iby)(x + iy)
or
ay +iby = (ayx — byy) + i(ayy + byx)
x and y are found from the system of equations
ay = ayx —byy, by = byx + axy

Solving this system we get

_aiay +biby _ by —aibs

- a% + bg a% + b%

s

and finally we have

ajay +biby  axby —aib

“

a% + b% a% + b%
Actually, complex numbers are divided as follows: to divide z; = a; + ib; by
Zp = ap+ib,, multiply the dividend and divisor by a complex number conjugate to
the divisor (that is, by a, — ib;). Then the divisor will be a real number; dividing
the real and imaginary parts of the dividend by it, we get the quotient
a) + lbl _ (a1 + ibl)(az - lbz)
ay +iby  (az + iby)(az — iby)
_(amaz + biby) + ilaxby —a1by)  arax +biby . axhy —aibs
a§+b§ a§+b§ a%+b§

If the complex numbers are given in the trigonometric form
z1 = ri(cos gy +isingy), 2o = r(cosgy +isineg,)

then

z ri(cos¢gy +ising;) .
=== ———~ = — [cos(¢1 — ¢2) + i sin(p; — ¢2)] )
2 m(cosy +isingy)

To verify this equation, multiply the divisor by the quotient:

. r .
r2(cos ¢, + isin Soz)r— [cos(pr — ¢2) + isin(gr — ¢2)]
2

r .. ..
=n_ [cos(pa + @1 — ¢2) + isin(pz + 1 — ¢2)] = ri(cos ¢y +isingy)
2

Thus, the modulus of the quotient of two complex numbers is equal to the quo-
tient of the moduli of the dividend and the divisor; the amplitude of the quotient
is equal to the difference between the amplitudes of the dividend and divisor.

Note 2. From the rules of operations involving complex numbers it follows
that the operations of addition, subtraction, multiplication and division of com-
plex numbers yield a complex number.
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If the rules of operations on complex numbers are applied to real numbers,
these being regarded as a special case of complex numbers, they will coincide
with the ordinary rules of arithmetic.

Note 3. Returning to the definitions of a sum, difference, product and quotient
of complex numbers, it is easy to show that if each complex number in these
expressions is replaced by its conjugate, then the results of the aforementioned
operations will yield conjugate numbers, whence, as a particular case, we have
the following theorem.

Theorem. If in a polynomial with real coefficients

onn +A1)5171 +...+A,

we put, in place of x, the number a + ib and then the conjugate number a — ib the
results of these substitutions will be mutually conjugate.

7.3 POWERS AND ROOTS OF COMPLEX NUMBERS

1. Powers. From formula (3’) of the preceding section it follows that if n is a
positive integer, then

[r(cos ¢ + ising)]" = r'*(cos ny + i sin ny) (1)

This formula is called De Moivre’s formula. It shows that when a complex num-
ber is raised to a positive integral power the modulus is raised to this power, and
the amplitude is multiplied by the exponent.

Now consider another application of De Moivre’s formula.

Setting r = 1 in this formula, we get

(cos @ + ising)" = cosny + i sinny

Expanding the left-hand side by the binomial theorem and equating the real and
imaginary parts, we can express sin ng and cos n¢ in terms of powers of sin ¢ and
cos ¢. For instance, if n = 3 we have

cos’ ¢ + i3 cos® @sin g — 3 cos @ sin® ¢ — isin® ¢ = cos 3¢ + i sin 3¢
Making use of the condition of equality of two complex numbers, we get
cos 3¢ = cos® ¢ — 3cos psin® ¢
sin3p = —sin® ¢ + 3 cos’ g sin g

2. Roots. The nth root of a complex number is another complex number
whose nth power is equal to the radicand, or

A/r(cos @ + ising) = p(cos ¥ + i siny)
if
p"(cosmy + isinmy) = r(cos ¢ + isin )
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Since the moduli of equal complex numbers must be equal, while their ampli-
tudes may differ by a multiple of 27, we have

p'=r, ny=qp+2kn

Whence we find
@ + 2km

p=Ar. =
n
where k is any integer, {/r is the principal (positive real) root of the positive
number r. Therefore,

2k 2k
\r(cos + ising) = W(cos gr o + isin (p-i-—n) 2)
n n

Giving k the values 0,1,2,...,n — 1, we get n different values of the root. For
the other values of &, the amplitudes will differ from those obtained by a multiple
of 2, and, for this reason, root values will be obtained that coincide with those
considered.

Thus, the nth root of a complex number has n different values.

The nth root of a real nonzero number A also has n values, since a real number
is a special case of a complex number and may be represented in trigonometric
form:

B if A > 0, then A = |A|(cos 0 + isin0)
if A <0, then A = |A|(cos 7 + isin )

-\120 ‘ A Example 1. Find all the values of the cube root of unity.
0 7 I Solution. We represent unity in trigonometric form:

1 =cos0+isin0

By formula (2) we have

3 3 0+ 2k 0+ 2k
Fig. 164 V1 = Veos0 + isin0 = cos 3 ﬂ+isin 3 n

Setting k equal to 0, 1, 2, we find three values of the root:

.. 27 .. 2«
x; =cos0+isin0 =1, xzzcos? +lsm?,

T .. 4rm
X3 = COS — + isin —
3 3

Noting that
2 1 . 2r V3 4 1 . 4rn V3

COS?Z—E,SIH?ZT,COS?Z—E,SIH?Z—T
we get
_1 ___+‘i§ —_l_'ﬁ
B T T

In Fig. 164, the points A, B, C are geometric representations of the roots obtained.
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3. Solution of a binomial equation. An equation of the form
X'=A

is called a binomial equation. Let us find its roots.
If A is a real positive number, then

, 2 U
x = YA(cos =5 +isin =) (k= 0,1,2,....n~ 1)
n n

The expression in the brackets gives all the values of the nth root of 1.
If A is a real negative number, then

n n+2kn . w+2knm
X = IAI(cos + isin )
The expression in the brackets gives all the values of the nth root of —1.
If A is a complex number, then the values of x are found from formula (2).
Example 2. Solve the equation
=1
Solution.
2k 2k
x = Vos 2kn + i sin 2krr = cos Tﬂ +isin i

4
Setting k equal to 0, 1, 2, 3, we get

x; =cos0+isin0=1

2r .. 2
X2=COST+ZSIHT=Z

T .. 4r
x3=cos7+zsm7=—1

T .. 6m .
X4=COST+ZSIHT=—Z

7.4 EXPONENTIAL FUNCTION WITH COMPLEX EXPONENT AND ITS
PROPERTIES

Let z = x +iy. If x and y are real variables, then z is called a complex variable.
To each value of the complex variable z in the xy-plane (the complex plane)
there corresponds a definite point (see Fig. 162).

Definition. If to every value of the complex variable z of a certain range of
complex values there corresponds a definite value of another complex quantity w,
then w is a function of the complex variable z. Functions of a complex variable
are denoted by w = f(z) or w = w(z).
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Here, we consider the exponential function of a complex variable:
w=¢
or
w= ex+iy

The complex values of the function w are defined as follows":

e = ¢¥(cos y + isiny) D
that is
w(z) = e*(cosy + isiny) 2)
Examples:
3 o emi n,,n_\/i,‘/i
1.Z—1+Zl, el*s —€(COSZ+181H2)—€(T+I7)

_ z; 0+Zi _ 0 T oien )=
2.2=0+7%i, "2 =¢ (cos2 +zsm2)—z.
3.z=1+i e =el(cos1+isinl) = 0.54 +i-0.83.
4. 7z = x is a real number, e**% = e*(cos0 + isin0) = e* is an ordinary exponential
function.

Properties of an exponential function.

1. If z; and z, are two complex numbers, then

eZI+Zz = eZI ezz (3)
Proof. Let
21 =X 10y, 2=Xx+in

then

et = ptiyD)Hnty2) — (1 +x)+(31+y2)

= e e?[cos(y; + yo) +isin(y; +y2)] (4)

On the other hand, by the theorem of the product of two complex numbers in
trigonometric form we will have

e = M1t = oM (cosyy +isiny;) e (cosy, + isiny;)

=e"e” [cos(yr +y2) +isin(yr +y2)] (5)
In (4) and (5) the right sides are equal, hence the left sides are equal too:
ezH—Zz - eZleZZ

2. The following formula is similarly proved:

21
T2 = e_ (6)

ex2

“The advisability of this definition of the exponential function of a complex variable will also be
shown later on (see Sec. 13.21 and Sec. 16.18 of Vol. II).
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3. If m is an integer, then
()" =e™ @)
For m > 0, this formula is readily obtained from (3); if m < 0, then it is obtained

from formulas (3) and (6).
4. The identity

ez+27ri = (8)
holds.
Indeed, from (3) and (1) we get

e = o7 = ¢%(cos 27 + i sin 27) = €°

From identity (8) it follows that the exponential function €° is a periodic function
with a period of 2ri.
5. Let us now consider the complex quantity
w = u(x) + iv(x)

where u(x) and v(x) are real functions of a real variable x. This is a complex
function of a real variable.
(a) Let there exist the limits

lim u(x) = u(xp), lim v(x) = v(xg)

X—X0

Then u(xg) + iv(xg) = wy is called the limit of the complex variable w.
(b) If the derivatives u’(x) and v'(x) exist, then we shall call the expression

w, = u'(x) + V' (x) )

the derivative of a complex function of a real variable with respect to a real
argument.
Let us now consider the following exponential function:

(a+iB)x

ax+ifx

w=e =e

where @ and (8 are real constants and x is a real variable. This is a complex
function of a real variable, which function may be rewritten, according to (1), as
follows:

w = e™[cos Bx + i sin Bx]
or
w = e™ cos Bx + ie"* sin Bx
Let us find the derivative w’,. From (9) we have
W), = (e™ cos Bx)" + i(e”” sin Bx)’

= ™ (a cos Bx — BsinBx) + ie® (a sin Bx + B cos Bx)

= a [e™(cos Bx + isin Bx)] + iB[e* (cos Bx + i sinBx)]

= (@ + iB) [e™(cos Bx + i sin Bx)] = (a + iB) P>
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To summarize then, if w = e@*®* then w’ = (& + iB)e' P~ or
[e((t+i[3)X]f — (a + lﬂ) e((l+i,8)x (10)
Thus, if k is a complex number (or, in the special case, a real number) and x is a
real number, then
(ek,v()/ — kekx (9/)
We have thus obtained the ordinary formula for differentiating an exponential
function. Further,
(ekX)// — [(ekX)I]I — k(ek)()l — kZekx
and for arbitrary n
(ekx)(n) — knekx

We shall need these formulas later on.

7.5 EULER’S FORMULA.
THE EXPONENTIAL FORM OF A COMPLEX NUMBER
Putting x = 0 in formula (1) of the preceding section, we get
e” =cosy+isiny €))

This is Euler’s formula, which expresses an exponential function with an imagi-
nary exponent in terms of trigonometric functions.
Replacing y by —y in (1) we get

e =cosy—isiny 2)

From (1) and (2) we find cos y and sin y:

eV + e
cosy = ———
2
g 3)
siny =
y 2i

These formulas are used in particular to express powers of cos ¢ and sin ¢ and
their products in terms of the sine and cosine of multiple arcs.

N+e™2 1 ,
5 ) = — (¥ +2+e®)

Example 1. cos®y = 1

—~

[(cos2y + isin2y) + 2 + (cos 2y — i sin 2y)]

L it ol

1
= —(2cos2y+2)= 5(1 + cos2y)

e + e \2, e — % 2
2 ) ( 2i )
(ei2<p _ e—i2¢)2 1 1
= = ——= 4 + =
442 g ceIT

Example 2. cos’ ¢sin’ ¢ = (
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The exponential form of a complex number. Let us represent a complex
number in trigonometric form:
z =r(cos ¢ + isin )
where r is the modulus of the complex number and ¢ is the argument (amplitude)
of the complex number. By Euler’s formula,
cos @ + ising = ¥ 4)
Thus, any complex number may be represented in the so-called exponential
form:
z=re¥
Example 3. Represent the numbers 1, i, —2, —i in exponential form.
Solution. 1 = cos 2kn + i sin 2kx = 27

i

P

. T o isinT =
l—COS2 lSll’l2—€
—2 =2(cos T+ isinm) = 2&™
. T .. T T
=1l = COS(_E) +lSln(—§) =e 2
By Properties (3), (6), (7), Sec. 7.4, of an exponential function, it is easy to

operate on complex numbers in exponential form.
Suppose we have

21 =re?, 7o =nre?"

then
27 = rleitﬁl . rzeitpz — rlrzei(iﬁlﬂﬁz) 5)
ip

ao_neT N igi-e (6)

22 e n
Zn — (rehp)n — rneim,a (7)

n - - @+2kn

Vrele = fre™  (k=0,1,2,...,n—1) ®)

Formula (5) coincides with (3’) of Sec. 7.2; (6), with (5) of Sec. 7.2; (7), with (1)
of Sec. 7.3; (8) with (2) of Sec. 7.3.

7.6 FACTORING A POLYNOMIAL

The function
f(x) = Agx" + AixX" L+ L+ A,
where 7 is an integer, is known as a polynomial or a rational integral function of
x; the number # is called the degree of the polynomial. Here, the coefficients Ay,
Ay, ..., A, are real or complex numbers; the independent variable x can also take

on both real and complex values. The root of a polynomial is that value of the
variable x at which the polynomial becomes zero.
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Theorem 1 (Remainder Theorem). Division of a polynomial f(x) by x — a
vields a remainder equal to f(a).

Proof. The quotient obtained by the division of f(x) by x — a is a polynomial
f1(x) of degree one less than that of f(x), and the remainder is a constant R. We
can thus write

f) =&-a)fi(x)+R ey
This equation holds for all values of x different from a (division by x — a when
X = a is meaningless).

Now let x approach a. Then the limit of the left side of (1) will equal f(a), and
the limit of the right side will equal R. Since the functions f(x) and (x—a) f;(x)+R
are equal for all x # a, their limits are likewise equal as x — a, that is, f(a) = R.

Corollary. If a is a root of the polynomial, that is, if f(a) = 0, then x — a
divides f(x) without remainder and, hence, f(x) is represented in the form of a
product

f) = (x—-a)fi(x)
where fi(x) is a polynomial.
Example 1. The polynomial f(x) = x*> — 6x + 11x — 6 becomes zero for x = 1; thus,
f(1) =0, and so x — 1 divides this polynomial without remainder:

X=6x2+1lx—6=(x-DK*-5x+6)

Let us now consider equations in one unknown, x.
Any number (real or complex) which, when substituted into the equation in

place of x, converts the equation into an identity is called a root of the equation.

Example 2. The numbers x; = ;—r, X; = %Tﬂ, X3 = Zﬂ, ... are the roots of the equation
COS X = sin x.

If the equation is of the form P(x) = 0, where P(x) is a polynomial of degree
n, it is called an algebraic equation of degree n. From the definition it follows
that the roots of an algebraic equation P(x) = O are the same as are the roots of
the polynomial P(x).

Quite naturally the question arises: Does every equation have roots?

In the case of nonalgebraic equations, the answer is no: there are nonalgebraic
equations which do not have a single root, either real or complex; for example,

the equation e* = 0.

_*Indeed, if the number x; = a + ib were the root of this equation, we would have the identity
e = 0 or (by Euler’s formula) e*(cos b +isin b) = 0. But ¢ cannot equal zero for any real value of

a; neither is cos b + i sin b equal to zero (because the modulus of this number is Veos2 b +sin?b =1

for any b). Hence, the product e“(cos b + isinb) # 0, i.e., e“*? % (; but this means that the equation
e* = 0 has no roots.
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But in the case of an algebraic equation the answer is yes. This is given by the
fundamental theorem of algebra.

Theorem 2 (Fundamental Theorem of Algebra). Every rational integral
function f(x) has at least one root, real or complex.

The proof of this theorem is given in higher algebra. Here we accept it without
proof.

With the aid of the fundamental theorem of algebra it is easy to prove the
following theorem.

Theorem 3. Every polynomial of degree n may be factored into n linear fac-
tors of the form x — a and a factor equal to the coefficient of x".

Proof. Let f(x) be a polynomial of degree n:

f(x) = AgxX" + AixX" L+ L+ A,

By virtue of the fundamental theorem, this polynomial has at least one root; we
denote it by a;. Then, by a corollary of the remainder theorem, we can write

f®) =x-a)fix

where fi(x) is a polynomial of degree n — 1; fi(x) also has a root. We designate
it by a;. Then

filx) = (x —a) fo(x)
where f>(x) is a polynomial of degree n — 2. Similarly,
f(x) = (x —a3) f3(x)

Continuing this process of factoring out linear factors, we arrive at the relation

Ja-1(X) = (X = an) fi

where f, is a polynomial of degree zero, i.e., some specified number. This num-
ber is obviously equal to the coefficient of x"; that is, f,, = Ay.
On the basis of the equations obtained we can write

f) =A(x—a))(x—ap)...(x —ay) 2
From the expansion (2) it follows that the numbers ay, a,, ... ,a, are roots of
the polynomial f(x), since upon the substitution x = a;, x = az,...,Xx = a, the

right side, and hence, the left, becomes zero.
Example 3. The polynomial f(x) = x> — 6x> + 11x — 6 becomes zero when

x=1,x=2,x=3
Therefore,
-6+ 1lx—6=(x—-Dx-2)(x—-3)
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No value x = a that is different from ay, a,, . . ., a, can be a root of the polyno-
mial f(x), since no factor on the right side of (2) vanishes when x = a. Whence
the following proposition.

A polynomial of degree n cannot have more than n distinct roots.

But then the following theorem obtains.

Theorem 4. If the values of two polynomials of degree n, ¢1(x) and ¢,(x),
coincide for n + 1 distinct values ag, a1, az, . .., a, of the argument x, then these
polynomials are identical.

Proof. Denote the difference of the polynomials by f(x):

f(x) = 1(x) — a(x)

It is given that f(x) is a polynomial of degree not higher than n that becomes zero
at the points ajy, . .., a,. It can therefore be represented in the form

Jx) =Ao(x —a)(x —a) ... (x — an)

But it is given that f(x) also vanishes at the point ay. Then f(ap) = 0 and not a
single one of the linear factors equals zero. For this reason, Ay = 0 and then from
(2) it follows that the polynomial f(x) is identically equal to zero. Consequently,
@1(x) = @2(x) = 0 or ¢1(x) = @2().

Theorem S. If a polynomial

P(x)=ApxX" + A\X" " + .+ Apix + A,

is identically equal to zero, all its coefficients equal zero.
Proof. Let us write its factorization using formula (2):

P(X)=ApX" + A\X" L+ A x+ A = Agx—ay) ... (x—ay) (1)

If this polynomial is identically equal to zero, it is also equal to zero for some
value of x different from a;,...,a,. But then none of the bracketed values
x—ai,...,xX— a,is equal to zero, and, hence, Ay = 0.

Similarly it is proved that A; = 0, A, = 0, and so forth.

Theorem 6. If two polynomials are identically equal, the coefficients of one
polynomial are equal to the corresponding coefficients of the other.

This follows from the fact that the difference between the polynomials is a
polynomial identically equal to zero. Therefore, from the preceding theorem all

its coefficients are zeros.
Example 4. If the polynomial ax® + bx? + cx +d is identically equal to the polynomial
x2—5x,thena=0,b=1,¢c=-5,andd = 0.

7.7 THE MULTIPLE ROOTS OF A POLYNOMIAL

If, in the factorization of a polynomial of degree n into linear factors
f) =Ao(x —aN)(x—a)...(x - ay) )]
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certain linear factors turn out the same, they may be combined, and then factor-
ization of the polynomial will yield

f@) = Ao(x = a1 (x = a)® ... (x = an)™ (1)
Here
kitky+...+k,=n
In this case, the root a; is called a root of multiplicity ki, or a k;-tuple root, a,, a
root of multiplicity k,, etc.

Example. The polynomial f(x) = x> —5x? + 8x —4 may be factored into the following
linear factors:

fO)=x-2x-2)x-1)
This factorization may be written as follows:
f) =(x =27 (x-1)
The root a; = 2 is a double root, a, = 1 is a simple root.
If a polynomial has a root a of multiplicity k, then we will consider that the
polynomial has k coincident roots. Then from the theorem of factorization of a
polynomial into linear factors we get the following theorem.

Every polynomial of degree n has exactly n roots (real or complex).
Note. All that has been said of the roots of the polynomial

f)=ApxX" + A X"+ + A,
may obviously be formulated in terms of the roots of the algebraic equation
AgX" + AX" !+ +A,=0

Let us now prove the following theorem.

Theorem. If, for the polynomial f(x), a, is a root of multiplicity ky > 1, then
for the derivative f’(x) this number is a root of multiplicity k; — 1.

Proof. If a; is a root of multiplicity k; > 1, then it follows from formula (1)
that

[ = (x = a)e(x)
where o(x) = (x — a2) ... (x — a,,)" does not become zero at x = a;; that is,
¢(ay) # 0. Differentiating, we get

F ) =ki(x = a)" o(x) + (x —a)¢' (x)
= (x —a)" k() + (x — ang’ ()]

Put
Y(x) = kip(x) + (x —apg’(x)
Then
@) = (x=a)"y(x)
and here

Wlay) = kip(ar) + (a1 — a)g’(a) = kigp(a;) #0
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In other words, x = a; is a root of multiplicity k; — 1 of the polynomial f”(x).
From the foregoing proof it follows that if k; = 1, then a; is not a root of the
derivative f’(x).

From the proved theorem it follows that a; is a root of multiplicity k; — 2 for
the derivative f”(x), a root of multiplicity k; — 3 for the derivative f”/(x)..., and
a root of multiplicity one (simple root) for the derivative f*~D(x) and is not a
root for the derivative f*V(x), or

fla) =0, f'(a)=0, f"(@)=0, ..., f4Va)=0

but
@) #0
7.8 FACTORING A POLYNOMIAL IN THE CASE
OF COMPLEX ROOTS
In formula (1), Sec. 7.7, the roots ay, ay, . . . , a, may be either real or complex.

We have the following theorem.

Theorem. Ifa polynomial f(x) with real coefficients has a complex root a+ib,
it also has a conjugate root a — ib.

Proof. Substitute, in the polynomial f(x), a +ib in place of x, raise to a power
and collect separately terms containing i and those not containing i; we then get

fla+ib) =M +iN,

where M and N are expressions that do not contain i.
Since a + ib is a root of the polynomial, we have

fla+ib)y=M+iN =0
whence
M=0,N=0

Now substitute the expression a — ib for x in the polynomial. Then (on the
basis of Note 3 at the end of Sec. 7.2) we get the conjugate of the number M +iN,
or

fla—ib) =M —iN

Since M = 0 and N = 0, we have f(a —ib) = 0; a —ib is a root of the polynomial.

Thus, in the factorization

f() =Ao(x—aN(x —az)...(x —ay)

the complex roots enter as conjugate pairs.
Multiplying together the linear factors that correspond to a pair of complex
conjugate roots, we get a trinomial of degree two
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with real coefficients:
[x —(a+ib)] [x — (a —ib)]
= [(x—a) —ib] [(x — a) + ib]
=(x-—a)Pl+b = -2ax+a*+b*=x>+px+gq

where p = —2a, g = a* + b? are real numbers.

If the number a + ib is a root of multiplicity k, the conjugate number a — ib
must be a root of the same multiplicity &, so that factorization of the polynomial
will yield the same number of linear factors x — (a + ib) as those of the form
x — (a —ib).

Thus, a polynomial with real coefficients may be factored into factors with
real coefficients of the first and second degree of corresponding multiplicity; that
is,

[0 = Ag(x = a1 (x = ar)
o (x— a,.)k’(x2 + pix+ ql)l‘ - ()c2 + psx + qs)l‘
where
ki+ky+...+k+2L1+...+2l,=n

7.9 INTERPOLATION.
LAGRANGE’S INTERPOLATION FORMULA

Let it be established, in the study of some phenomenon, that there is a func-
tional relationship between the quantities y and x which describes the quantitative
aspect of the phenomenon; the function y = ¢(x) is unknown, but experiment has
established the values of this function yg, y1,y2,...,¥, for certain values of the
argument xo, X, Xz, ..., X,, in the interval [a, b].

The problem is to find a function (as ¥}
simple as possible from the computational y=pir)f
standpoint; for example, a polynomial)
which will represent the unknown function
y = ¢(x) on the interval [a, b] either exactly {P (z)
or approximately. In more abstract fashion
the problem may be formulated as follows: 4% 14 A
given on the interval [a, b] the values of an o A R
unknown function y = ¢(x) at n+ 1 distinct o = n
points xg, X1, ..., X,: Fig. 165

Yo = @(x0), y1 = @(xX1), -\ Yu = @(Xn)
It is required to find a polynomial P(x) of degree < n that approximately ex-
presses the function ¢(x).
It is natural to take a polynomial whose values at the points xg, X, X2, . .., X
coincide with the corresponding values yy, y,
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¥2,...,yn of the function ¢(x) (Fig. 165). Then the problem, which is called
the “problem of interpolating a function”, is formulated thus: for a given func-
tion ¢(x) find a polynomial P(x) of degree < n, which, for the given values of
X0, X1, - . ., X, Will take on the values
Yo = @(x0), y1 = @(x1), .. Yn = @(Xn)
For the desired polynomial, take a polynomial of degree n of the form
P(x)=Co(x=x1)(x—x2)...(x = xp)
+Ci(x—x0)(x—x2)...(x— xp)
+ Co(x — xp)(x = x)(x = x3) ... (x — Xxp)

+...+Cx—x0)(x—x1) ... (X — X5—1) (1)
and define the coefficients Cy,Cy,...,C, so that the following conditions are
fulfilled:

P(x0) = yo, P(x1) =y15 -, P(xy) = yn 2

In (1) put x = xo; then, taking into account (2), we get
yo = Co(xo — x1)(x0 = x2) . . . (X0 — Xp)

whence
_ Yo

(xo — x1)(x0 — x2) . .. (X0 — Xp)
Then, setting x = x;, we get

Co

y1 = C1(x1 = x0)(x1 — x2) ... (X1 — Xp)

whence
_ Y1

(1 = x0)(x1 — x2) ... (X1 — x)
In the same way we find

C

C, = 2
(x2 = x0)(x2 = x)(x2 = x3) ... (X2 — Xp)
C, = Yn

(Xn = x0) (X0 — X1)(Xn — X2) ... (Xp — Xp-1)
Substituting these values of the coefficients into (1), we get
(xr—x)(x—x) ... (x - x)
PO = G =) o — )
(x—x0)(x—x2)...(x — x,)
(X1 = X)(x¥1 = X2) ... (61 = %)
(x = x0)(x = x)(x — x3) ... (x = Xp)
(2 = x0)(x2 = x1)(x2 = x3) ... (X2 — Xp)
(x = x0)(x — x1) ... (X — Xp—1)
(xn - xO)(-xn - -xl) e (xn - xn—l) "
This formula is called Lagrange’s interpolation formula.

2t

3
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Let it be noted, without proof, that if ¢(x) has a derivative of the (n+ 1)th order
on the interval [a, b], the error resulting from replacing the function ¢(x) by the
polynomial P(x), i.e., the quantity R(x) = ¢(x) — P(x), satisfies the inequality

1
(n+1)!

Note. From Theorem 4, Sec. 7.6, it follows that the polynomial P(x) which
we found is the only one that satisfies the given conditions.

There are other interpolation formulas, one of which (Newton’s) is considered
in Sec. 7.10.

Example. From experiment we get the values of the function y = ¢(x); yo = 3 for
xo =1,y = =5 forx; =2,y, =4 for x, = —4. It is required to represent the function
y = ¢(x) approximately by a polynomial of degree two.

Solution. From (3) we have (for n = 2):

_(x=2)(x+4) (x=Dx+4)

IR(X)| < 1(x = X0)(x = x1) . .. (x = X,)| max "D ()|

Po=0avsn T ecness Y
(x-1x-2)
(—4-1)(-4-2)

or

39, 123 252
Px)= —ox? =~y 4 22
== " 30" 30

7.10 NEWTON’S INTERPOLATION FORMULA

Suppose we know (n + 1) values of a function ¢(x), namely yg, yi,...,y, for
(n + 1) values of the argument xg, X1, ..., Xx,. The values of the argument are
equally spaced. We denote the constant difference of the arguments by A. This
yields a table of values of the unknown function y = ¢(x) for respective values of
the argument.

X X0 )C1=)C()+h x2=x0+2h xn=x0+nh

y Yo Y1 Y2 Yn

Let us set up a polynomial of degree not greater than »n that takes on appropri-
ate values for the corresponding values of x. This polynomial will represent the
function ¢(x) in approximate fashion.
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We introduce the following notation:
Ayo=y1=yo, Ayi=y2=y1, Aya=y3 =y ...
A’yo =yy = 2y1 +yo = Ay; — Ayo,  A’y1 = Ay, — Ay, ...
A’yo = y3 = 3ys +3y; — yo = A%y — APyp, ...
AnyO — Anflyl _ Anflyo

These are the so-called first, second, ..., nth differences.
We write down a polynomial that takes on the values yy, y; for xy and xp,
respectively. This is a polynomial of the first degree,

X — X0

P1(x) = yo + Ay (D

Indeed
h
P1(X)|x=x, = Yo, Pile=x, = Yo + Ayo 5 =Yt 1 =y0) =n

Now write down the polynomial that takes on the values yg, y;, ¥ for xg, x,
Xp, respectively. This is a polynomial of degree 2:

x—
Pax) =yo + Ayo —— + —= —

@

xo A%y x—xo(x—xo B 1)
h
Indeed,

P2|x:xo = Yo, P2|x:x1 =1
Ple:xz =y0+AyO'2+__
A polynomial of degree three will look like this:
— X A2y0 X —Xo/X— Xo
+ -1
h 2! h ( h )
A3yox—xo X — Xo X — Xo
31k ( h -1 h -2) )

Finally, a polynomial of degree n taking on the values yg, y1, y2,. .., ¥, for the
respective values xo, X1, X2, . . . , X, will be of the form

x
P3(x) = yo + Ayo

X — X N A%y x—xo(x—xo B
h 2! h h

Ay X — Xg /X — X X — Xo

) e @

This can be seen at once by direct substitution. This is the Newton interpolation

formula (or the Newton interpolation polynomial).

Actually, the Lagrange polynomial and the Newton polynomial are identical

for the given table of values but are written differently

Pa(x) = yo + Ayo 1)+...
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since a polynomial of degree not exceeding »n and assuming (n + 1) values for
(n + 1) given values of x is found in unique fashion.

In many cases, Newton’s interpolation polynomial is more convenient than
Lagrange’s interpolation polynomial. The peculiarity of this polynomial lies in
the fact that when passing from a polynomial of degree k to one of degree k + 1
the first (k + 1) terms remain unchanged, and we add one new term, which for all
preceding values of the argument is zero.

Note. The Lagrange interpolation formula [see formula (3), Sec. 7.9] and the
Newton interpolation formula [see formula (4), Sec. 7.10] are used to determine
values of a function on the interval xy < x < x,,. If these formulas are used to find
values of the function for x < xq (this can be done for small |x — xy|), then we say
that the table is extrapolated backward. If the value of the function is sought for
X > Xx,, then we say that the table is extrapolated forward.

7.11 NUMERICAL DIFFERENTIATION

Suppose the values of some unknown function ¢(x) are given in tabular form,
say, by the table of Sec. 7.10. It is required to approximate the derivative of
the function. The problem is solved by constructing the Lagrange (or Newton)
interpolation polynomial and then taking the derivative of that polynomial.

Since equally spaced tables of the argument are ordinarily employed, we will
make use of the Newton interpolation formula. Suppose we have three values of
the function, yg, y1, 2, for the values xy, x|, x, of the argument. Then write down
polynomial (2) of Sec. 7.10 and differentiate it to get the approximate value of
the derivative function on the interval xp < x < xp,

%+@(2x_xo_l)

@)~ Pyx) = (2= (1)
For x = xy we have
Ayy A’y
/ ~ P, = 2= - —= 2
@' (x0) =~ P5(xo) Y o )

If we consider a third-degree polynomial [see (3), Sec. 7.10], then differentia-
tion yields the following expression for the derivative:

Ay() +%(2X—I/l)€0 _1)

A -
+ gl -5+ 3

¢'(x) ~ Py(x) = —
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In particular, for x = xg, we get

’ ’ Ay() Azy() A3}’0
~ P =— = —-—+ —
@' (x0) = P5(x) 7 n T an

Using formula (4), Sec. 7.10, we approximate the derivative for x = x( as

“

vy e Ayo A%yo  Alyg Aty
@)~ Py(x) = S0 = S et - 5)

Note that for a function having derivatives, the difference Ay is an infinites-
imal of the first order, Azyo is an infinitesimal of the second order, A3yo is an
infinitesimal of the third order, etc., relative to /.

7.12 ON THE BEST APPROXIMATION
OF FUNCTIONS BY POLYNOMIALS. CHEBYSHEV’S THEORY

A natural question arises from what was discussed in Secs. 7.9 and 7.10. If a
continuous function ¢(x) is given on a closed interval [a, b], can this function be
represented approximately in the form of a polynomial P(x) to any preassigned
degree of accuracy? In other words, is it possible to choose a polynomial P(x)
such that the absolute difference between ¢(x) and P(x) at all points of the interval
[a, b] is less than any preassigned positive number €? The following theorem,
which we give without proof, answers this question in the affirmative.”

Weierstrass’ Approximation Theorem. If a function ¢(x) is continuous on
a closed interval [a, b), then for every € > O there exists a polynomial P(x) such
that |p(x) — P(x)| < & at all points of the interval.

The Soviet mathematician Academician S. N. Bernstein gave the following
method for the direct construction of such polynomials that are approximately
equal to the continuous function ¢(x) on the given interval.

Let ¢(x) be continuous on the interval [0, 1]. We write the expression

n
m
B,(x) = Z ¢(;)Cg’xm(1 — X

m=0
Here, C;' are binomial coefficients, ¢(%) is the value of the given function at

the point x = “. The expression B,(x) is an nth degree polynomial called the
Bernstein polynomial.

“It will be noted that the Lagrange interpolation formula [see (3) Sec. 7.9] cannot yet answer this
question. Its values are equal to those of the function at the points xg, xi, x2, ..., X,, but they may be
very far from the values of the function at other points of the interval [a, b].
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If an arbitrary & > 0 is given, one can choose a Bernstein polynomial (that is,
select its degree n) such that for all values of x on the interval [0, 1], the following
inequality will hold:
|Bu(x) — p(0)| < &

It should be noted that consideration of the interval [0, 1], and not an arbitrary
interval [a, b], is not an essential restriction of generality, since by changing the
variable x = a + #(b — a) it is possible to convert any interval [a, b] into [0, 1]. In
this case, an nth degree polynomial will be transformed into a polynomial of the
same degree.

The creator of the theory of best approximation of functions by polynomials
is the Russian mathematician P. L. Chebyshev (1821-1894). In this field, he ob-
tained the most profound results, which exerted a great influence on the work
of later mathematicians. Studies involving the theory of articulated mechanisms,
which are widely used in machines, served as the starting point of Chebyshev’s
theory. While studying these mechanisms he arrived at the problem of finding,
among all polynomials of a given degree with leading coefficient unity, a polyno-
mial of least deviation from zero on the given interval. He found these polynomi-
als, which subsequently became known as Chebyshev polynomials. They possess
many remarkable properties and at present are a powerful tool of investigation in
many problems of mathematics and engineering.

EXERCISES ON CHAPTER 7

1. Find 3+5i)(4—i). Ans. 17+17i. 2. Find (6+11i)(7+3i). Ans. 9+95i. 3. Find
35 719 1+i
Tsli' Ans. o= = =i 4. Find (4= 7i)". Ans. =524 +7i. 5. Find Vi. Ans. i%.

6. Find V-5-12i. Ans. £(2 — 3i). 7. Reduce the following expressions to trigono-

. . . T .. 7T . T .. In
metric form: (a) 1 + i. Ans. \/i(cos 1 + isin é_l) (b) 1 —i. Ans. \/i(cos T + isin T)
i+V3 . i-\3

, —i, ———. 9. Express the following expressions in terms of

8. Find Vi. Ans.

powers of sinx and cos x: sin2x, cos2x, sin4x, cos4x, sinSx, cos 5x. 10. Express the
following in terms of the sine and cosine of multiple arcs: cos? x, cos® x, cos* x, cos x,
cos® x; sin? x, sin’ x, sin* x, sin’ x. 11. Divide f(x) = x> — 4x*> + 8x — 1 by x + 4.
Ans. f(x) = (x + 4)(x*> — 8x + 40) — 161, that is, the quotient is equal to x> — 8x + 40;
and the remainder is f(—4) = —161. 12. Divide f(x) = x* + 12x* + 54x* + 108x + 81
by x + 3. Ans. f(x) = (x + 3)(x* + 9x* + 27x + 27). 13. Divide f(x) = x’ — 1 by x — 1.
Ans. fO)=(x-DC+X +x* + 3+ 2 +x+1).

Factor the following polynomials into factors with real coefficients:

14. f(x) = x* = 1. Ans. f(x) = (x = Dx+ D2+ 1). 15, f(x) = x> —x - 2.
Ans. f(x)=(x=2)(x+1). 16. f(x) = x>+ 1. Ans. f(x) = (x+ D2 —x+1).
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17. Experiment yielded the following values of y as a function of x:

yi=4 for x =0
yw=6 for x=1
y3 = 10 for X3 = 2

Approximate the function by a second-degree polynomial. Ans. x> + x + 4.

18. Find a polynomial of degree four that takes on the values 2, 1, -1, 5, 0 for x = 1,

7 79 151 226
2,3, 4,5, respectively. Ans. ——x* + —x> — —x? + 5 35.

19. Find a polynomial of the lowest possible degree that takes on the values 3, 7,9, 19
for x = 2,4, 5, 10, respectively. Ans. 2x — 1.
20. Find Bernstein polynomials of degree 1, 2, 3 and 4 for the function y = sinzx on
3V3
the interval [0, 1]. Ans. Bi(x) = 0, By(x) = 2x(1 — x), B3(x) = %_
2x(1 - 0[2 V2 -3)x2 - 2 V2 -3)x + V2].

x(1 = x), By(x) =



CHAPTER 8

FUNCTIONS OF SEVERAL VARIABLES

8.1 DEFINITION OF A FUNCTION OF SEVERAL VARIABLES

When considering a function of one variable we pointed out that in the study of
many phenomena one encounters functions of two or more independent variables.
Some examples follow.

Example 1. The area S of a rectangle with sides of length x and y is expressed by the
formula

S = xy.

To each pair of values of x and y there corresponds a definite value of the area S. S is
a function of two variables.

Example 2. The volume V of a rectangular parallelepiped with edges of length x, y, z
is expressed by the formula

V=xyz

Here, V is a function of three variables, x, y, z.

Example 3. The range R of a shell fired with initial velocity v, from a gun, whose
barrel is inclined to the horizon at an angle ¢, is expressed by the formula

V2 sin 2¢
8
(air resistance is disregarded). Here, g is the acceleration of gravity.

For every pair of values of vy and ¢ this formula yields a definite value of R; in other
words, R is a function of two variables, vy and ¢.
X+y+2 41
. . . l + xz .
Here, u is a function of four variables x, y, z, t.

Definition 1. If to each pair (x, y) of values of two independent variable quan-
tities x and y (from some range D) there corresponds a definite value of the quan-
tity z, we say that z is a function of the two independent variables x and y defined
in D.

A function of two variables is symbolically given as

z= f(x,y), z = F(x,y) and so forth

Example 4. u=

A function of two variables may be represented, for example, by means of a
table or analytically (by a formula) as in the four examples given above. The
formula may be used to construct a table of values of the function for certain
number pairs of the
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independent variables. From Example 1 we can build the following table:

S =xy
X
y 0 1 1.5 2 3
1 0 1 1.5 2 3
2 0 2 3 4 6
3 0 3 4.5 6 9
4 0 4 6 8 12

In this table, the intersections of the lines and columns, which correspond to
definite values of x and y, yield the corresponding values of the function S'.

If the functional relation z = f(x,y) is obtained as a result of changes in
the quantity z in some experimental study of a phenomenon, we straightway get
a table defining z as a function of two variables. In this case, the function is
specified by the table alone.

As in the case of a single independent variable, a function of two variables
does not, generally speaking, exist for all values of x and y.

Definition 2. The collection of pairs (x, y) of values of x and y, for which the
function

2= f(xy)
is defined, is called the domain of definition of the function.

The domain of a function is apparent when illustrated geometrically. If each
number pair x and y is given as a point M(x,y) in the xy-plane, then the domain
of definition of the function will be represented as a certain collection of points
in the plane. We shall also call this collection of points the domain of definition
of the function. In particular, the entire plane may be the domain. In future we
shall mainly have to do with such domains as are parts of the plane bounded by
lines. The line bounding the given domain will be the boundary of the domain.
The points of the domain not lying on the boundary are called interior points
of the domain. A domain consisting solely of interior points is called an open
domain; that which includes the points of the boundary is called a closed domain.
A domain is bounded if there exists a constant C such that the distance from any
point M of the domain to the origin O is less than C, i.e., |[OM| < C.

Example 5. Determine the natural domain of definition of the function

7=2x-y
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The analytic expression 2x — y is meaningful for all values of x and y. Therefore, the
entire xy-plane is the natural domain of the function.

Example 6. z = /1 — x2 — .
For z to have a real value it is necessary that the radicand be a nonnegative number; in
other words, x and y must satisfy the inequality

1-x*-y*>0, or xX*+y*<1

All the points M(x,y) whose coordinates satisfy the given inequality lie in a circle of
radius 1 with centre at the origin and on the boundary of the circle.

\

Example 7. z = In(x + y). ¥
Since logarithms are defined only for positive numbers, //
Z

_

7,

N

the following inequality must be satisfied:

N

x+y>0 or y>-x

This means that the natural domain of definition of the
function z is the half-plane above the straight line y = —x,
the line itself not included (Fig. 166). 0

Example 8. The area S of a triangle is a function of
the base x and the altitude y:

xy
S=7 Fig. 166
The domain of this function is x > 0, y > 0 (since the base of a triangle and its altitude
cannot be negative or zero). We notice that the domain of this function does not coincide
with the natural domain of definition of the analytic expression used to define the function,
because the natural domain of the expression 3 is obviously the entire xy-plane.

It is easy to generalize the definition of a function of two variables to the case

of three or more variables.

Definition 3. If to every collection of values of the variables x, y, z, ..., u, ¢
there corresponds a definite value of the variable w, we shall then call w the func-
tion of the independent variables x,y, z, ..., u, t and write w = F(x,y,2,...,u,1)
orw= f(x,y,2,...,U,1), and so on.

Just as in the case of a function of two variables, we can speak of the domain
of definition of a function of three, four or more variables.

To take an example, for a function of three variables, the domain of definition
is a certain collection of number triples (x, y, z). Let it be noted that each number
triple is associated with some point M(x,y,z) in xyz-space. Consequently, the
domain of definition of a function of three variables is some collection of points
in space.

Similarly, one can speak of the domain of a function of four variables u =
f(x,y,z,t) as of a certain collection of number quadruples (x,y, z,t). However,
the domain of a function of four
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or a larger number of variables no longer permits of a simple geometric interpre-
tation.

Example 2 gives a function of three variables defined for all values of x, y, z.

In Example 4 we have a function of four variables.

Example 9. w = /1 — x2 —y? — 22 — 12,

Here w is a function of the four variables x, y, z, u defined for values of the variables
that satisfy the relation

- -y -2 -1u*>0

8.2 GEOMETRIC REPRESENTATION
OF A FUNCTION OF TWO VARIABLES

We consider the function
2= f(x,y) ey
defined in a domain G in the xy-plane (as a particular case, this domain may
be the entire plane), and a system of rectangular Cartesian coordinates Oxyz
(Fig. 167). At each point (x,y) erect a perpendicular to the xy-plane and on it
lay off a segment equal to f(x, ).

Fig. 167

This gives us a point P in space with coordinates

X, ¥, 2= f(x,)

The locus of points P whose coordinates satisfy equation (1) is the graph of
a function of two variables. From the course of analytic geometry we know that
equation (1) defines a surface in space. Thus, the graph of a function of two
variables is a surface projected onto the xy-plane in the domain of definition of
the function. Each perpendicular to the xy-plane intersects the surface z = f(x,y)
at not more than one point.
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Example. As we know from analytic geometry, the graph of the function z = x? + )2
is a paraboloid of revolution (Fig. 168).

Note. Itisimpossible to depict a function of three or more variables by means
of a graph in space.

8.3 PARTIAL AND TOTAL INCREMENT OF A FUNCTION

Consider the line of intersection PS of the surface

2= f(x,y)
with a plane y = const parallel to the xz-plane (Fig. 169).
Since in this plane y remains constant, z will vary along the curve PS depend-
ing only on the changes in x. Increase the independent

variable x by Ax; then z will be increased;
this increase is called the partial incre-
ment of z with respect to x and it is de-
noted by A,z (the segment S S’ in the fig-
ure), so that

Az = flx+Ax,y) = fxy) (D

Similarly, if x is held constant and y is in-
creased by Ay, then z is increased, and
this increase is called the partial incre-
ment of z with respect to y (symbolized
by Az, the segment 77" in the figure):

Fig. 169

Ayz = flx,y +Ay) = f(x,y) @

The function receives the increment A,z “along the line” of intersection of the
surface z = f(x,y) with the plane x = const parallel to the yz-plane.

Finally, increasing the argument x by Ax, and the argument y by the increment
Ay, we get for z a new increment Az, which is called the fotal increment of the
function z and is defined by the formula

Az = f(x+Ax,y + Ay) - f(x,y) 3)
In Fig. 169 Az is shown as the segment QQ’.
It must be noted that, generally speaking, the total increment is not equal to
the sum of the partial increments, Az # A,z + Ayz.
Example. z = xy.
Az = (x+ Ax)y — xy = yAx
Ayz = x(y + Ay) — xy = xAy
Az = (x+ Ax)(y + Ay) — xy = yYAx + xAy + Ax Ay
Forx=1,y=2,Ax=0.2,Ay =0.3 we have A,z = 0.4, A;z = 0.3, Az = 0.76.
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Similarly we define the partial and total increments of a function of any num-
ber of variables. Thus, for a function of three variables u = f(x,y, t) we have

Au = f(x+ Ax,y,1) — f(x,y,1)
Ayu = f(x,y + Ay’ t) - f(x’y’t)
Au = f(x,y,t+ At) — f(x,y,1)
Au = f(x+ Ax,y + Ay, t + At) — f(x,y,1)

8.4 CONTINUITY OF A FUNCTION OF SEVERAL VARIABLES

We introduce an important auxiliary concept, that of the neighbourhood of a
given point.

The neighbourhood, of radius r, of a point My(xo, yo) is the collection of all
points (x,y) that satisfy the inequality /(x — x0)> + (y — yo)* < r; that s, the set
of all points that lie inside

Y a circle of radius r with centre in the point My(xo, o).
If we say that a function f(x,y) possesses some
property “near the point (xp,y9)” or “in the neigh-
bourhood of the point (xg, yp)” we mean that there is a
circle with centre at (x, o), at all points of which cir-
cle the given function possesses the given property.
Before considering the concept of continuity of a
function of several variables, let us examine the no-
tion of the limit of a function of several variables.”

0 r
Fig. 170
Let there be a function

2= f(xy)
defined in some domain G of an xy-plane. Let us consider some definite point
My (x0,yp) in G or on its boundary (Fig. 170).
Definition 1. The number A is called the limit of the function f(x,y) as
M (x,y) approaches My(xo,yo) if for every € > 0 there is an r > 0 such that
for all points M(x, y) for which the inequality MM, < r is fulfilled we have the
inequality

lf(x,y) - Al <e

“We shall mainly consider functions of two variables, since three and more variables do not intro-
duce any fundamental changes, but do introduce additional technical difficulties.
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If A is the limit of f(x,y) as M(x,y) — My(xo,yo) then we write
lim f(x,y) = A

y—=Yo
Definition 2. Let the point My(xy, yo) belong to the domain of the function
f(x,y). The function z = f(x,y) is called continuous at the point My(xo, yo) if we
have

lim f(x,3) = f(x0,50) (1)
y=¥o
and M(x,y) approaches My(xo, yo) in arbitrary fashion all the while remaining in
the domain of the function.
Designate x = xo + Ax, y = yo + Ay, then (1) may be rewritten as follows:

Alilj}o f(xo + Ax,yo + Ay) = f(x0,Y0) (1)
A;—>O
or
Alirfo[f(xo + Ax,yo + Ay) — f(x0,¥0)] =0 (1)
Ay—0

We set Ap = /(Ax)? + (Ay)? (see Fig. 169). As Ax — 0 and Ay — 0, Ap — 0;
and conversely, if Ao — 0, then Ax — 0 and Ay — 0.

Noting further that the expression in the square brackets in (1”) is the total
increment Az of the function, (1) may be rewritten in the form

1' A = 1///
Jim, Az =0 o

A function continuous at each point of some domain is continuous in the domain.

If at some point N(x, yp) condition (1) is not fulfilled, then the point N(x, yo)
is called a point of discontinuity of the function z = f(x,y). For example, condi-
tion (1’) may not be fulfilled in the following cases:

(1) z = f(x,y) is defined at all points of a certain neighbourhood of the point
N(xp,yo) with the exception of the point N(xo, yo) itself;

(2) the function z = f(x,y) is defined at all points of a neighbourhood of the
point N(xp, yo) but there is no limit lim f(x,y);

X—X0
y=Yo

(3) the function is defined at all points of the neighbourhood of N(xy, yo) and
}g&l f(x,y) exists, but
Y=y

lim (e, y) # f(x0,0)

Yy=Yo
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Example 1. The function
z=x +y
is continuous for all values of x and y; that is, it is continuous at every point in the xy-plane.
Indeed, no matter what the numbers x and y, Ax and Ay, we have

Az = [(x + Ax)? + (y + Ay)’] = (&% + %) = 2xAx + 2yAy + Ax* + AY?
Consequently,

lim Az = 0.
Ax—0
Ay—0
The following is an example of a discontinuous function.

Example 2. The function
_ 2xy
= x2—+yz
is defined everywhere except at the point x = 0, y = 0 (Figs. 171, 172).

g\

L F £ b
Cc
8

0 Aﬁiz'

Fig. 171

Let us examine the values of z along the straight line y = kx (k = const). Obviously,
along this line

2kx? 2k

TR+ T 1 +R2
This means that a function z along any straight line passing through the origin retains a
constant value that depends upon the slope k of the line. Thus, approaching the origin
along different paths we will obtain different limiting values, and this means that the func-
tion f(x,y) has no limit when the point (x, y) in the xy-plane approaches the origin. Thus,
the function is discontinuous at this point. It is impossible to redefine this function at the
coordinate origin so that it should become continuous. On the other hand, it is readily
seen that the function is continuous at all other points.

We give without proof some important properties of a function of many vari-
ables continuous in a closed and bounded domain. These properties are similar
to the properties of a function of one variable continuous on an interval (see
Sec. 2.10).

= const
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Property 1. If a function f(x,y,...) is defined and continuous in a closed and
bounded domain D, then there will be at least one point N(x, yo, ...) in D such
that for all other points of the domain the relation

f(-x07y07'-~)>f(x,y9"‘)

holds true, and at least one point N(Xy, ¥, . . . ) such that for all other points of the
domain the relation

f(io’)_}()?"') Sf(-x’y»)
holds true.

We call the value of the function f(xo,yo,...) = M the maximum value of
the function f(x,y,...) in the domain D, and the value f(Xo,yo,...) = m the
minimum value.

This property is also stated as follows. A function continuous in a closed
bounded domain D at least once reaches a maximum value M and a minimum
value m.

Property 2. If a function f(x,y,...) is continuous in a closed and bounded
domain D and if M and m are the maximum and minimum values of the function
in that domain, then for any number u that satisfies the condition m < u <
M, there will be a point N*(x(*),ya, ...) in the domain such that the equation
Sf(x3, ¥, - - ) = pholds true.

Corollary to Property 2. If a function f(x,y,...) is continuous in a closed
bounded domain and assumes both positive and negative values, then there will
be points inside the domain at which the function f(x,y,...) vanishes.

8.5 PARTIAL DERIVATIVES OF A FUNCTION
OF SEVERAL VARIABLES

Definition. The partial derivative, with respect to x, of a function z = f(x,y)
is the limit of the ratio of the partial increment Az, with respect to x, to the
increment Ax as Ax approaches zero.

The partial derivative, with respect to x, of the function z = f(x, y) is denoted

by one of the following symbols:
by 92 0f
Z (6 ); % O

Thus, by definition,
0z lim Az lim fx+ Ax,y) — f(x,y)

Ox A0 Ax  Ax—0 Ax

Similarly, the partial derivative, with respect to y, of a function z = f(x,y) is
defined as the limit of the ratio of the partial increment A,z with respect to y to
the increment Ay as Ay approaches
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zero. The partial derivative with respect to y is denoted by one of the following
symbols:
;o 0z Of
Zya ‘f)n a_a a_
y oy
Thus,

9z _ Az fxy+ Ay) = f(x,y)
— = lim — = lim
dy A—0 Ay A0 Ay

Noting that Az is calculated with y held constant, and A,z with x held constant,
we can formulate the definitions of partial derivatives as follows: the partial
derivative of the function z = f(x,y) with respect to x is the derivative with
respect to x calculated on the assumption that y is constant. The partial derivative
of the function z = f(x,y) with respect to y is the derivative with respect to y
calculated on the assumption that x is constant.

It is clear from this definition that the rules for computing partial derivatives
coincide with the rules given for functions of one variable, and the only thing to
remember is with respect to which variable the derivative is sought.

Example 1. Given the function z = x?sin y; find the partial derivatives g—i and %
Solution. Y
x_ 2xsiny, % = X" cosy.

ox ay

Example 2. 7z = ¥.

Here
6z y—1
ox rx
0 '
% _ X' In x.
dy

The partial derivatives of a function of any number of variables are determined
similarly. Thus, if we have a function u of four variables x, y, z, t:

u= f(X,y,Z,t)
Thus
6_14 _ hm f(x+Ax,y,Z’f)—f(X,y,Z,f)
ox B Ax—0 Ax ’
a ) + A ) 9t - s Vs st
M lim A .50 = fhy2 ), and so forth.
6}7 Ay—0 Ay
Example 3. u = x*> +y + xtz°.
ou ou ou ou
- = 2 3 -_—= 2 _—= 2 —_= 3
o X+ 1z, oy Y, oz 3xtz”, ot Xz
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8.6 THE GEOMETRIC INTERPRETATION OF THE PARTIAL
DERIVATIVES OF A FUNCTION OF TWO VARIABLES

Let the equation

2= f(xy)
be the equation of a surface shown in Fig. 173.
Draw the plane x = const. The intersection of this plane with the surface
yields the line PT. For a given x, let us consider a certain point M(x,y) in the
xy-plane. To the point M there corresponds

a point P(x,y, z) on the surface z = f(x,y).
Holding x constant, let us increase the vari-
able y by Ay = MN = PT’. Then the func-
tion z will be increased by A,z = TT’ [to
the point N(x,y + Ay) there corresponds a
point T'(x,y + Ay,z + Az) on the surface
2= [yl
The ratio % is equal to the tangent of

the angle formed by the secant line PT
with the positive y-axis:

A}’Z ’

— =tan/TPT

Ay

Fig. 173

Consequently, the limit
Ayz 0z

lim — =
A)I'TO Ay Oy

is equal to the tangent of the angle 8 formed by the tangent line PB to the curve

PT at the point P with the positive y-axis:

0z
—— =tan
Oy A
Thus, the partial derivative g—; is numerically equal to the tangent of the angle

of inclination of the tangent line to the curve resulting from the surface z = f(x, y)
being cut by the plane x = const.

Similarly, the partial derivative g—i is numerically equal to the tangent of the
angle of inclination « of the tangent line to the section of the surface z = f(x,y)
cut by the plane y = const.
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8.7 TOTAL INCREMENT AND TOTAL DIFFERENTIAL

By the definition of the total increment of a function z = f(x,y) we have (see
Sec. 8.3)

Az = f(x+Ax,y + Ay) - f(x,y) ey
Let us suppose that f(x,y) has continuous partial derivatives at the point (x, y)
under consideration.
Express Az in terms of partial derivatives. To do this, add to and subtract from
the right side of (1) f(x,y + Ay):

Az = [f(x+Ax,y + Ay) = f(x,y + Ay)] + [f(x, y + Ay) = f(x, )]
(@)

The expression

f(xvy + Ay) - f(x>)’)
in the second square brackets may be regarded as the difference between two
values of the function of the variable y alone (the value of x remaining constant).
Applying to this difference the Lagrange theorem, we get

af(x,y)
ady

fOy+Ay) = f(x,y) = Ay——— 3

where y lies between y and y + Ay.

In exactly the same way the expression in the first square brackets of (2) may
be regarded as the difference between two values of the function of the variable x
alone (the second argument retains the same value y+Ay). Applying the Lagrange

theorem to this difference, we have
af(x,y+ A
FO+ Ax,y+ Ay) — f(x,y + Ay) = Axw
X

where X lies between x and x + Ax.
Introducing expressions (3) and (4) into (2), we get
A _
af(x y+4ay) Ay(?f(x,y)
ox ay

Since it is assumed that the partial derivatives are continuous,

i Of(x,y+Ay) _ 9f(x,y)
1m =

Ax—0 Ox ox
Ay—0

0fy) _ 9fxy)

Ay dy

“

Az = &)

(6)
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(because X and y respectively lie between x and x + Ax, and y and y + Ay, X and
y approach x and y, respectively, as Ax — 0 and Ay — 0). Equations (6) may be
rewritten in the form

Of(&y+4Ay) _0f(xy)
ox Ox e
of(x.y) _ df(xy)
= + ’yz
dy dy
where the quantities y; and vy, approach zero as Ax and Ay approach zero (that
is, as Ap = \/Ax% + Ay?2 — 0).

By virtue of (6), relation (5) becomes

(6")

af(x, af(x,
Az = D g ANy At yay 5"

ox ay
The sum of the latter two terms of the right side is an infinitesimal of higher
order relative to Ap = +/Ax? + Ay2. Indeed, the ratio %C — 0 as Ap — 0 since

v1 is an infinitesimal and ﬁ—x is bounded (
0

that 22 — 0.

The sum of the first two terms is a linear expression in Ax and Ay. For
fi(x,y) # 0 and f/(x,y) # 0, this expression is the principal part of the in-
crement, differing from Az by an infinitesimal of higher order relative to Ap =
VAX? + Ay

Definition. The function z = f(x,y) [the total increment (Az) of which at the
given point (x,y) may be represented as a sum of two terms: a linear expression
in Ax and Ay, and an infinitesimal of higher order relative to Ap] is called differ-
entiable at the given point, while the linear part of the increment is known as the
total differential and is denoted by dz or df.

From (5’) it follows that if the function f(x,y) has continuous partial deriva-
tives at a given point, it is differentiable at that point and has a total differential:

dz = f{(x, )Ax + f;(x, »)Ay
Equation (5”) may be rewritten in the form

2—; < 1). In similar fashion it is verified

Az =dz + y1Ax + yr Ay

and, to within infinitesimals of higher order relative to Ap, we may write the
following approximate equation:

Az = dz

We shall call the increments of the independent variables Ax and Ay differen-
tials of the independent variables x and y and we
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shall denote them by dx and dy, respectively. Then the expression of the total
differential will assume the form
_of,.  9of
dz = I X + Iy dy

Thus, if the function z = f(x,y) has continuous partial derivatives, it is differ-
entiable at the point (x,y), and its total differential is equal to the sum of the
products of the partial derivatives by the differentials of the corresponding inde-
pendent variables.

Example 1. Find the total differential and the total increment of the function z = xy at
the point (2, 3) for Ax = 0.1, Ay = 0.2.

Solution.
Az =(x+Ax)(y + Ay) —xy = yAx + x Ay + Ax Ay
0 0z
dz = B_de+ a—dy ydx+xdy =yAx+ xAy
Consequently,

Az=3-0.1+2-02+0.1-02=0.72
dz=3-01+2-02=0.7
Fig. 174 is an illustration of this example.

The foregoing reasoning and definitions are appropriately generalized to func-
tions of any number of arguments.

If we have a function of any number of variables

dy
A.tdy w=f(x,y,2,u,...,1)
N
§ and all partial derivatives gf s Z{ ey (Z{ are continuous
§ ydz at the point (x,y,z,u,...,1), the expression
N of af of of
N dw = —=dx + ——dy + ——dz + - + —=dt
§ Ox Oy YT g% ot
N

4z 1s the principal part of the total increment of the func-
tion and is called the rotal differential.

[fe——I

Fig. 174
Proof of the fact that the difference Aw —dw is an infinitesimal of higher order
than /(Ax)? + (Ay)? + - - - + (A1)? is conducted in exactly the same way as for a
function of two variables. )
Example 2. Find the total differential of the function u = e* * sin® z of three variables

X, 2
Solution. Noting that the partial derivatives

ou 2,2 .

— ="M 2xsin’z
ox

ou 2,2 .

— =" 2ysin’z
dy

ou

2,2 . 2,2 .
% =e" " 2sinzcosz =" " sin2z
Z



8.8 Approximation by Total Differentials 263

are continuous for all values of x, y, z, we find that
ou ou

ou
du = 6_d X+ 8_d 'y + a—dz =~ (2xsin® zdx + 2y sin’ zdy + sin 2z dz)

8.8 APPROXIMATION BY TOTAL DIFFERENTIALS

Let the function z = f(x,y) be differentiable at the point (x, y). Find the total
increment of this function:

AZ = f(x"' Ax,y + A)’) _f(x’y)

whence
Jx+Ax,y+Ay) = f(x,y) + Az )]
We had the approximate formula
Az~ dz (2)
where
dz = a—fo+ 6—fAy 3)
ox ay

Substituting into formula (1) the expanded expression for dz in place of Az,
we get the approximate formula
af(x, Y ax c"f )
Yy
0x

S+ Ax,y +Ay) = f(x,y) + 3
y

to within infinitesimals of higher order relative to Ax and Ay.

We shall now show how formulas (2) and (4) are used for approximate calcu-
lations.

Problem. Calculate the volume of material needed to make a cylindrical glass of the
following dimensions (Fig. 175): radius of interior cylinder R, altitude of interior cylinder
H, thickness of walls and bottom of glass k.

“

Solution. We give two solutions of this problem: exact and ap-
proximate.

|
|
(a) Exact solution. The desired volume v is equal to the dif- I
ference between the volumes of the exterior cylinder and interior R’-!
cylinder. Since the radius of the exterior cylinder is equal to R + k, H
and the altitude is H + k, k -
v=n(R+k?H +k) - nR°H Y l
or | Ii
v = 1(2RHk + R%k + HK* + 2RK* + k%) 5)
(b) Approximate solution. Let us denote by f the volume of Fig. 175

the interior cylinder, then f = 7R?>H. This is
a function of two variables R and H. If we increase R and H by k, then the function f will
increase by Af’; but this will be the sought-for volume v, v = Af.
On the basis of relation (1) we have the approximate equation
af of

vedf or v —AR+

OR 0H an ™
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But since

0 0
o _, nRH, —fanz, AR=AH =k
OR OH
we get
v ~ n(2RHk + R*k) (6)
Comparing the results of (5) and (6), we see that they differ by the quantity m(Hk> +
2Rk* + k*), which consists of terms of second and third order of smallness relative to k.
Let us apply these formulas to numerical examples.
LetR=4cm,H=20cm, kK =0.1 cm.
Applying (5), we get, exactly,
v=m(2-4-20-0.1+4*-0.1+20-0.1>+2-4-0.1 + 0.1°) = 17.881x
Applying formula (6), we have, approximately,
yam2-4-20-0.1+4%-0.1) = 17.6n

Hence, the approximate formula (6) gives an answer with an error less than 0.3, which

0.3
is 100 - —F %, i.e., it is less than 2% of the measured quantity.

17.881n

8.9 USE OF A DIFFERENTIAL TO ESTIMATE ERRORS

IN CALCULATIONS
Let some quantity u be a function of the quantities x, y, z, ..., ¢
= f(x,9,2,...,1)
and let there be errors Ax, Ay, ..., At made in determining the values of x, y, z,

, t. Then the value of u computed from the inexact values of the arguments
will be obtained with an error

Au= f(x+Ax,y+Ay,..., 2+ Az, t + At) — f(x,y,2,...,1)

Below we shall estimate the error Au, provided the errors Ax, Ay, ..., At are
known.
For sufficiently small absolute values of Ax, Ay, ..., At we can replace, ap-
proximately, the total increment by the total differential:
af of of
Au~x —Ax+ —Ay+---+ —At
R T ey Y o1

Here, the values of the partial derivatives and the errors of the arguments may
be either positive or negative. Replacing them by the absolute values, we get the
inequality

|Au| < |2~ ||Ax] + | == ||Ay] + - |Az] ey

[Selias [t =+ [
If in terms of |[A*x|, |A*y], ..., |A*u| we denote the maximum absolute errors of
the corresponding quantities (the boundaries for
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the absolute values of the errors), it is obviously possible to take

Au _' ‘A* +‘ |A* + | 'A*t 2
IIallalyl 6" 2
Examples.
1. Letu = x + y + z, then |A"u| = |A*x| + |A*y| + |A*Z].
2. Letu = x —y, then |A*u| = |A*x| + |A*y|.
3. Let u = xy, then |A*u| = [x||A*y| + [y[|A"x|.
1 A* x| + |x||A*

4 Letu= 2, then |A"u| = |—'|A*x| + ‘12‘|A*y| - w

y y y y

5. The hypotenuse ¢ and the leg a of a right triangle ABC, determined with maximum
absolute errors [A*c| = 0.2, |A*a| = 0.1, are, respectively, ¢ = 75, a = 32. Determine the
angle A from the formula sinA = g; and determine the maximum absolute error IMl in

c
the calculation of angle A.
Solution. sinA = g, A = arcsin Z’ hence,
c c
oA 1 0A a
da = NZ_gg O eNZ_ g2
From formula (2) we get

— 1 2
JAA| = —————=-0.1+ B -0.2 = 0.00273 radian = 924"

V(75)? - (32)? 75+/(75)? - (32)?

Thus,
32
A= in — +9'24”
arcsin 7

6. In the right triangle ABC, let the leg b = 121.56 metres and the angle A = 25°21'40”,
and the maximum absolute error in determining the leg b is [A*b| = 0.05 metre, the maxi-
mum absolute error in determining the angle A is [A*A| = 12”.

Determine the maximum absolute error in calculating the leg a from the formula a =
btanA.

Solution. From formula (2) we find

b
|A%a| = |tan A||A*b| + | 2|
cos

IATA|
A

Substituting the appropriate values (and remembering that |[A*A| must be expressed in
radians), we get
121.56 12
cos?25°21'40” 206265
=0.0237 + 0.0087 = 0.0324 metre

|A*al = tan25°21°40” - 0.05 +

The ratio of the error Ax of some quantity to the approximate value of x of
this quantity is called the relative error of the quantity. Let us designate it ox,
Ax

ox = —
x
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The maximum relative error of a quantity x is the ratio of the maximum absolute
error to the absolute value of x and is denoted by |6 x|,

A
|x]

6% x] 3)

To estimate the maximum relative error of a function u, divide all numbers of (2)
by [ul = |f(x,y,2,..., 0l

Al | % G ¥
ox 5 y 5 ot *
= [=[|A x| + |=||A"Y] + - - -+ |—| |A7H] 4)
ud ‘f 717 7
but
o ? a5
Ix y ot
R D=y, ..., =21
7o n|f], 7o n|f] 7 atnlfl
For this reason, (3) may be rewritten as follows:
|6%u| =
P Y ) d ,
=[x At + [ migast+ o+ [Zmiad. o)
or briefly,
|0°ul = |A" In|f]] (6)

From both (3) and (5) it follows that the maximum relative error of the function
is equal to the maximum absolute error of the logarithm of the function.

From (6) follow the rules used in approximate calculations.

1. Let u = xy. Using the results of Example 3, we get

uf = DA IIAS] A A
|xyl |xyl |x] Iyl

that is, the maximum relative error of a product is equal to the sum of the maxi-
mum relative errors of the factors.

2. Ifu= ;, then, using the results of Example 4, we have

16"l = 16"x] + |67
Note. From Example 2 it follows that if u = x — y, then
A*x| + A
gl = 1A
lx =yl

If x and y are close, it may happen that [6*u| will be very great compared with
the quantity x — y being determined. This should be taken into account when
performing the calculations.
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Example 7. The oscillation period of a pendulum is

1
T =2n[—
g

where [ is the length of the pendulum and g is the acceleration of gravity.
What relative error will be made in determining 7 when using this formula if we take
7 ~ 3.14 (accurate to 0.005), I = 1 m (accurate to 0.01 m), g = 9.8 m/sec? (accurate to
0.02) m/sec?).
Solution. From (6) the maximum relative error is
[6°T| = |A*InT]|
But
InT =In2+1 +lll 11
nT =In nr+ =Inl- =1In
2 2 8

Calculate |A*In T|. Taking into account that 7 ~ 3.14, A*r = 0.005, [ = 1 m, A"l =
0.01 m, g = 9.8 m/sec?, A*g = 0.02 m/sec?, we get
A* Al AF . .01 .02
r, Al A 0005 001 002 0076
21 2¢ 3.14 2 2-9.8
Thus, the maximum relative error is

6"T =0.0076 = 0.76%

A'InT =

8.10 THE DERIVATIVE OF A COMPOSITE FUNCTION.
THE TOTAL DERIVATIVE.
THE TOTAL DIFFERENTIAL OF A COMPOSITE FUNCTION

Let us assume that in the equation

z=F(u,v) (1)
u and v are functions of the independent variables x and y:
u=¢xy), v=y¢xy) (2)

In this case, z is a composite function of the arguments x and y.

Of course, z can be expressed directly in terms of x, y; namely,

z = Fle(x, y) (x, )] 3
Example 1. Let
=V ru+l, u=xX+y, v=e+1
then
2=+ E + D)+ (P )+ 1

Now suppose that the functions F(u, v), ¢(x,y), ¥(x,y) have continuous partial
derivatives with respect to all their arguments. We pose the problem: evaluate g—fc
and g—; on the basis of equations (1) and (2) without having recourse to equation

3.
Increase the argument x by Ax, holding the value of y constant. Then, by
virtue of equation (2), # and v will increase by A,u and A,v.
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But if u and v receive increments A,u and A,v, then the function z = F(u,v)
will receive an increment Az defined by formula (5”), Sec. 8.7:

oF oF
Az= —Au+ —Av+y A+ yrAw
ou ov

Divide all terms of this equation by Ax:
Ao _OF A OF A Aa A
Ax Odu Ax  IJv Ax Ax Ax
If Ax - 0, then A,u — 0 and A,y — 0 (by virtue of the continuity of the

functions u and v). But then y; and vy, also approach zero. Passing to the limit as
Ax — 0, we get

Az 0z . A Ou . Ay v

im — = —=, lim = —, lim = —
A0 Ax  Ox’ A0 Ax  0x A0 Ax Ox
lim y; =0 lim y, =0

Ax—>07 ’ Ax—>0y

and, consequently,
0z OF du OF dv
= =y 4
0x 6uc’)x+é)vax @)
If we increased the variable y by Ay and held x constant, then by similar
reasoning we would find that

g _OF du _OF dv

- = + — 4/
dy Ou dy Ov dy “)
Example 2.
z=In@?+v), u= e"”z, v=x’+y
% _ 2u % 1
ou  wr+v v w+v
ou w2 Ou 2 ov
— = N — =2 Xty 5 _= N — =1
ox ¢ ay e ox * ay
Using formulas (4) and (4") we find
0z 2u 2 1 2 2
ox  ul+v u2+vx_u2+v(ue )
0z 2u 2 1 1 2
= Dy - (4 X+ 1
dy ur+v e +uz+v u2+v( uye™ +1)

In these expressions, we have to substitute e and 22 + y for u and v respectively.
Formulas (4) and (4") are readily generalized to the case of a larger number of
variables.
For example, if w = F(z,u, v, s) is a function of four arguments z, u, v, s, and
each of them depends on x and y, then
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formulas (4) and (4") assume the form
Bw_8w8z+6w6u+6w[)v+6w6s
dx Oz Ox  Ou dx v dx s Ox
dw _ow Bz dw i dw o ow oy
dy 0z dy Ou dy v 0y ds (9y
If a function is given z = F(x,y, u,v), where y, u, v in turn depend on a single
independent variable (argument) x:

y=f), u=¢x), v=yXx)

then z is actually a function only of the one variable x, and we may pose the
question of finding the derivative Z—fc.
This derivative is calculated from the first of the formulas in (5):

dz_616x+02 6y+6zﬁu+82 v

dx  0x 0x 9y dx  Au dx v dx
But since y, u, v are functions of x alone, the partial derivatives become ordinary
derivatives; besides % = 1. For this reason,

dz_% %Q %d_u 0z dv

Zv_(?x+6ydx+6udx+8vdx

This formula is known as the formula for calculating the total derivative g—f{

&)

(m contrast to the partial derivative gz)
Example 3.
=3+ VY, y=sinx
0z 0z 1 dy
==y, == =
0x dy 24y dx
Formula (6), here, yields the following result:

%:%+6Z & =2x cosx = 2x+;cosx
dx 9dx dy dx 2\/_ 2 Vsin x
Now let us find the total differential of the composite function defined by
equations (1) and (2).
Substituting the expressions = and , defined by (4) and (4’), into the for-
mula for the total differential

= COSx

0z 0z
dz = —dx+ —d 6
0x * ady Y ©)
we get
F F F F
OF ou 0 6v)d +(0 014 0 ﬁv)d

dz= (&2
< (au ox " v ox ou dy | ov dy
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Transforming the right-hand side we get

OF ,0u ou OF /v ov
dz = E(adx + a—ydy) + E(adx + a—ydy) (7
But
0—udx + @dy =du
0x ay
3
@dx + @d =dv
Ox dy v
Taking into account (8), equation (7) may be rewritten thus:
oF oF
dz = Edu + Edv ©
or
0z 0z ,
dz = Edu + Edv 9)

Comparing (6) and (9”) we can say that the expression of the total differential
of a function of several variables (the first differential) is of the same form (that
is, the form of the differential is preserved) whether # and v are independent
variables or functions of independent variables.

Example 4. Find the total differential of the composite function

z=ut, u=x* siny, v= e
Solution. By formula (9”) we have
dz = 2uv® du + 3u*V? dv = 2uv’(2x siny dx + x* cos y dy) + 3u*V?(3x*e” dx + x°€” dy)
This can be rewritten as

dz = Quv* - 2xsiny + 3u*v* - 3x%¢

, 0 13}
Ydx + Quvix? cosy + 3utvix’e’) dy = Eix+ —Zdy
ox ay

8.11 THE DERIVATIVE OF A FUNCTION DEFINED
IMPLICITLY

Let us begin this discussion with an implicit function of one variable.” Let
some function y of x be defined by the equation
F(x,y)=0

We shall prove the following theorem.
Theorem. Let a continuous function y of x be defined implicitly by the equa-
tion
F(x,y)=0 ey

“In Sec. 3.11, we solved the problem of differentiating an implicit function of one variable. We
considered individual cases and did not find a general formula that would yield the derivative of an
implicit function; likewise we failed to clarify the conditions for the existence of this derivative.
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where F(x,y), F'.(x,y), F;(x, y) are continuous functions in some domain D con-
taining the point (x,y) whose coordinates satisfy equation (1); also, at this point
Fi(x,y) # 0. Then the function y of x has the derivative

, _ Fiuxy)
yo= -t @)
(X, )
Proof. Let the value of the function y correspond to some value of x. Here,
F(x,y)=0

Increase the independent variable x by Ax. Then the function y will receive an
increment Ay; that is, to the value of the argument x + Ax there corresponds the
value of the function y + Ay. By virtue of equation F(x,y) = 0 we shall have

F(x+Ax, y+Ay) =
Hence
F(x+Ax,y+Ay) - F(x,y) =0
The left member of this equation, which is the total increment of the function of
two variables by formula (5), Sec. 8.7, may be rewritten as follows:

oF oF
F(x+Ax, y+Ay) — F(x,y) = —Ax+8—Ay+yle+y2Ay

where y; and vy, approach zero as Ax and Ay approach zero. Since the left side
of this expression is equal to zero, we can write:

oF oF
—Ax+ —Ay +y1Ax+y,Ay =0
Ox ay
Divide by Ax and calculate E:
oF N
g Ix g
Ax oF N
ay V2

Let Ax approach zero. Then, taking into account that y; and 7y, also approach
zero and that % # 0, we have, in the limit

oF

Y :
y x = a F (2 )
dy
We have proved the existence of the derivative y’, of a function defined implicitly,
and we have found the formula for calculating it.
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Example 1. The equation

P+y'-1=0
defines y as an implicit function of x. Here,
F(x,y)=x2+y2— 1, (')_F =2x, H_F =2y
ox ay
Consequently, from (1),
dy 2x X
ax” oy Ty

It will be noted that the given equation defines two different functions [since to every
value of x in the interval (-1, 1) there correspond two values of y]; however, the value that
we found of y’, holds for both functions.

Example 2. An equation is given that connects x and y;

€ —e'+xy=0

Here, F(x,y) = ¢’ —e* + xy,

Consequently, from formula (1) we get
dy _ —€'+y e -y
dx = e@+x & +x
Let us now consider an equation of the form
F(x,y,z) =0 3
If to each number pair x and y in some domain there correspond one or several
values of z that satisfy equation (3), then this equation implicitly defines one or

several single-valued functions z of x and y.
For instance, the equation

x2+y2+z2—R2=0

implicitly defines two continuous functions z of x and y, which functions may be
expressed explicitly by solving the equation for z; in this case we have

7= A/R2—x*—y% and 7= —/R? — x2 —)?

Let us find the partial derivatives %C and g—; of the implicit function z of x and
y defined by equation (3).

When we seek %, we consider y fixed. And so formula (2’) is applicable,
provided x is considered the independent variable and z the function. Thus,

oF

s
* oF

9z
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In the same way we find

oF

, dy
YT T9F
97

It is assumed that ‘Z—f #0.

Similarly, we determine the implicit functions of any number of variables and
find their partial derivatives.

Example 3. x> +)? + 72 —R> = 0.

8z__2x__f (9z__X

ax 22 &y 2
Differentiating this function as an explicit function (after solving the equation for z), we
would obtain the very same result.
Example 4. ¢* + x>y +z+5=0.
Here,

F(x,y,z):ez+x2y+z+5

a—F—Zx a—F—x2 B—F—e5+1
ax Y ey T e T
0z 2xy 0z X

oAl &y exl

Note. Throughout this section we have assumed that the equation F(x,y) = 0
defines a certain function of one variable y = ¢(x) and the equation F(x,y,z) =0
defines a certain function of two variables z = f(x,y). We now state, without
proof, the condition that must be satisfied by the function F(x,y) so that the
equation F(x,y) = 0 defines a single-valued function y = ¢(x).

Theorem. Let a function F(x,y) be continuous in the neighbourhood of a
point (xo, yo) and have continuous partial derivatives there, and let F(x,y) # 0
and F(xo,y0) = 0. Then there exists a neighbourhood containing the point (xy, yo)
at which the equation F(x,y) = 0 defines a single-valued function y = ¢(x).

An analogous theorem is also valid for the conditions of existence of an im-
plicit function defined by the equation F(x,y,z) = 0.

Note. When deriving the rules for differentiating implicit functions, we made
use of conditions that determine the existence of implicit functions.

8.12 PARTIAL DERIVATIVES OF HIGHER ORDERS

Suppose we have a function of two variables:

2= f(xy)

The partial derivatives g—f{ = fi(x,y) and g—; = fy(x,y) are, generally speaking,

functions of the variables x and y. And so from
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them we can again find partial derivatives. Thus, there are four partial derivatives

of the second order of a function of two variables, since each of the functions g’

and & ay may be differentiated both with respect to x and with respect to y.
The second partial derivatives are denoted as follows:

&z . . . . .

prie " (x,y), here fis differentiated twice successively with respect to x;
62

axy = fiy(x,y), here f is differentiated first with respect to x and then the
X result is differentiated with respect to y;
&z

3y ox = fix(x,y), here f is differentiated first with respect to y and then the
Yy result is differentiated with respect to x;

0’z . C . . . .

2 (%), here the function f is differentiated twice successively with
y

respect to y.

Derivatives of the second order may again be differentiated both with respect
to x and y. We then get partial derivatives of the third order. Obviously, there will
be eight of them:

Pz &z 7z Pz 9z 3z ¥z ¥z

0x37 9x20y’ 0xO0y0x’ 0x0y?’ dydx?’ Oydxdy’ 0y*dx’ 0Oy?
Generally speaking, a partial derivative of the nth order is the first derivative of
the derivative of the (n — 1)th order. For example, W is a derivative of the
nth order; here the function z was first differentiated p times with respect to x,
and then n — p times with respect to y.

For a function of any number of variables, the higher partial derivatives are
determined in similar fashion.

Example 1. Compute the second partial derivatives of the function

fry) =y +y°

Solution. We find successively

0 af
j = 2xy, —f =2+ 3y2,
dy
0’ f 0 f 6(2xy) f  0(x*+3y%) 0 f
— = Zy’ 2X, = = 2X, - = 6y
ox? dxdy Oy dy dx Ox ay?

3

Example 2. Compute ———— 63Z and —— oz ifz=y*" + 1%y + 1
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Solution. We successively find

0%z 0z

9z 2 x 3 . 2 3 2
— =ye +2xy, — =ye +2y, —— =2y +6
ox V¢ v o2 V¢ Y 0x2 dy e Y
0 52 &
3_32) = 2ye* + 3x%y?, o 6Zx = 2ye* + 6xy, E)y_ﬁzxz = 2ye* + 6y°
84
Example 3. Compute ﬁ ifu = 2em”.
X2 dy 0z
Solution.
ou 5 .y FPu 5 &u 2 il 0u 2
_:'x , -7 _ xb’ :2‘x+y, —:4,X+)
ax ~ o ¢ ooy ° o oyar

The natural question that arises is whether the result of differentiating a func-
tion of several variables depends on the order of differentiation with respect to the
different variables; in other words, will, for instance, the following derivatives be
identically equal:

o*f o*f
and
Oxdy Oy 0x

or
53 3
fey.0 g Ff&.D
0xdy ot 0t 0x dy
and so forth. It turns out that the following theorem is true.

Theorem. If a function z = f(x,y) and its partial derivatives f, f;, fi; and
v are defined and continuous at a point M(x,y) and in some neighbourhood of

it, then at this point
o f B o*f
dxdy  dyox
Proof. Consider the expression
A=[f(x+Ax, y+Ay) = f(x+Ax, )] = [f(x, y+ Ay) = f(x, )]
If we introduce an auxiliary function ¢(x) defined by
e(x) = f(x, y+ Ay) — f(x,y)
then A may be written in the form
A = @o(x + Ax) — ¢(x)

Since it is assumed that f] is defined in the neighbourhood of the point (x, y), it
follows that ¢(x) is differentiable on the interval [x, x + Ax]; but then, applying
the Lagrange theorem, we get

(fy = 1)

A = Axg'(X)
where x lies between x and x + Ax. But
@'(X) = fi(® y+Ay) = fi(%y)
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Since ;y’. is defined in the neighbourhood of the point (x,y), f; is differentiable
on the interval [y, y + Ay]; and so by applying once again the Lagrange theorem
(with respect to the variable y) to the difference obtained, we have

where y lies between y and y + Ay.
Consequently, the original expression of A is

A = Axbyf(%,5) (1
Changing the places of the middle terms in the original expression for A, we get
A=[f(x+Ax, y+Ay) = fx, y + Ay)] = [f(x + Ax, y) = f(x, )]

Introducing the auxiliary function

Y(y) = fx+Ax, y) = f(x,y)
we have
A=Yy +Ay) = y(y)

Again applying the Lagrange theorem we get

A=A ()
where y lies between y and y + Ay. But

WG = Fi0+ Ax, 5) = £ )
Again applying the Lagrange theorem, we get
[+ Ax, §) = f7(x,5) = Axfi(X, )

where ¥ lies between x and x + Ax.
Thus, the original expression of A may be written in the form

A = Ay AxfU(E,5) 2)

yx
The left members of (1) and (2) are equal to A, therefore the right ones are
equal too; that is,
Ax Ayf(%,5) = Ay Axfi (X, §)
whence
Jo(E3) = fi(%,5)
Passing to the limit in this equality as Ax — 0 and Ay — 0, we get
Jim, 5059 = Jim, 7G55)
Ay—0 Ay—0
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17 4

Since the derivatives e and Iy are continuous at the point (x,y), we have
Al)ig0 Sy(%,3) = fiy(x,y) and Al)iglo Sx(%,¥) = fi1(x, y). And finally we get
Ay—0 Ay—0
o6 y) = fie(x,y)
as required.
. . . . L. 5" 5"

A corollary of this theorem is that if the partial derivatives ax’f af — and ay,f,kj;xk

are continuous, then

ofr  df
Axk dyr=k — Gynk dxk
A similar theorem holds also for a function of any number of variables.
Pu an Pu
0xdy 0z 0y 0z 0x

if u = e¥sinz.

Example 4. Find

Solution.
ou . o*u . . , .
— =ye“sing, =eYsinz + xye” sinz = ¢”(1 + xy)sinz
ox 0xdy
&u Ou 0*u
=e”(1 +xy)cosz, — =xe7sing, = xeV cosz
axdyar ¢ AT ay 0x 0z
ﬂ = e cosz+ xye® cosz = e”(1 + xy)cosz
0y 0z 0x
Hence,

Pu B Pu
Axdydz  dydzox
(also see Examples 1 and 2 of this section).

8.13 LEVEL SURFACES

In a space (x, y, z) let there be a region D in which the function
u = u(x,y,z) (1)

is defined. In this case we say that a scalar field is defined in the region D. If,
for example, u(x, y, z) denotes the temperature at the point M(x, y, z), then we say
that a scalar field of temperatures is defined; if D is filled with a liquid or gas and
u(x,y, z) denotes pressure, we have a scalar field of pressures, etc.

Consider the points of a region D in which the function u(x, y, z) has a fixed
value c:

u(x,y,z) = ¢ @

The totality of these points forms a certain surface. If a different value of c is
taken, we obtain a different surface. These surfaces are called level surfaces.
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Example 1. Let there be given a scalar field
2

| IS}

2y
u(x,y,z) = T + 9 + 1

[=))

Here, the level surfaces are
X2
4
or ellipsoids with semi-axes 2 v/c, 3 vc, 4 vc.
If the function u is a function of two variables x and y,
u=u(x,y)
then instead of level surfaces we have lines on the xy-plane:

u(x,y) =c )

=cC

2 2
y Z
"9 %1

which are called level lines.
If we plot values of u on the z-axis:

z=u(x,y)
the level lines in the xy-plane will be projections of lines obtained at the intersec-

tion of the surface z = u(x, y) with the planes z = ¢ (Fig. 176). Knowing the level
lines, it is easy to study the character of the surface z = u(x, y).

24
i
| 1
i i
= S
S — 7
v o
Fig. 176 Fig. 177

Example 2. Determine the level lines of the function z = 1 — x> — y?. They are lines
with equations 1—x2—y? = ¢, which are (Fig. 177) circles with radius V1 — c. In particular,
when ¢ = 0 we get the circle x*> + y*> = 1.

8.14 DIRECTIONAL DERIVATIVE

In a region D, consider the function u = u(x,y,z) and the point M(x,y, z).
Draw from M a vector S whose direction cosines are cos «, cos 3, cosy (Fig. 178).
On the vector S, at a distance As
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from its origin, let us consider a point M;(x + Ax, y + Ay, z + Az). Thus,

As = |Ax2 + Ay? + AZ2

We shall assume that the function u(x,y,z) is continuous and has continuous
derivatives with respect to their arguments in the region D.

Zz

Fig. 178

Asin Sec. 8.7, we will represent the total increment of the function as follows:

P a ou
Au=EAx+ LAy + LAz + 1A% + &2Ay + £3A7 )
T ey YT ey

where €1, &, and &3 approach zero as As — 0. Divide all terms of (1) by As:
Au  Ou Ax N ou Ay L Ou ou Az ‘e Ax N Ay N Az @
As _ 9x As dy As 0z As  'As T TPAs T CAs

It is obvious that

Ax Ay : Az
— =cos@, — =cosf3, — =cos
As ¢ As As Y
Consequently, equation (2) may be rewritten as
Au  Ou ou ou
— = —cosa+ —cosB+ —cosy+ecosa+ecosfB+ezcosy  (3)
As  Ox ay 0z

The limit of the ratio 2% As as As — 0 is called the derivative of the function u =
u(x v, z) at the point (x,y, z) along the direction of the vector S and is denoted by
o5 e,

Au  Ou

lim — = — 4
AzToAs ds @
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Thus, passing to the limit in (3), we get

ou Ou ou ou
azacosa+5cosﬂ+a—zcosy 5)
From formula (5) it follows that if we know the partial derivatives it is easy to
find the derivative along any direction S. The partial derivatives themselves are
a particular case of a directional derivative. For instance, when @ = 0, 8 = ’3’
v = ’5’, we get
ou Ou ou ou T Ou

- 0s0+ —COS = + — cos = = —
35— 30 +aycos +6ZC S = %

Example. Given a function
u=x+y +7*
Find the derivative 2 o; at the point M(1, 1, 1): (a) along the direction of the vector S; =
2i + j + 3k; (b) along the direction of the vector S; =i+ j + k.

Solution. (a) Find the direction cosines of the

vector S;:
cosa = 2 -2
VAa+1+9 14
1 3
cosf=—, cosy=——
Vi4 Vi4
Hence,
- ou Ou 2 ou 1 ou 3
Y — = —t — — + — —
dsi  0x 14 0y 14 0z 14
,’ The partial derivatives
1
X g—u=2x, ?=2y, ?zZZ
Fig. 179 * Y ¢
at the point M(1, 1, 1) are
ou ou ou
(a)}w =2 (5)M (H_Z)M =2
Thus,
ou 2 1 3 12

— =2 — 42— +2 — = —
651 \/ﬁ \/ﬁ 14 14
(b) Find the direction cosines of the vector S,:

1
cosy = —

V3

cosa = cosf =

1 1
V3 V3
Hence,

ou 1 1 1 6

— =2 — 42— +2. _2\/_

s, V3 V3 Vi 3

12
We note here (and it will be needed later on) that 2 V3 > \/ﬁ (Fig. 179).
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8.15 GRADIENT

At every point of the region D, in which the function u = u(x,y, z) is given,
we determine the vector whose projections on the coordinate axes are the values

of the partial derivatives %, g—z, ’;—‘; of this function at the appropriate point:

ou, Ou, Ou
gradu_c’)xl+8y‘]+6zk (1)
This vector is called the gradient of the function u(x,y, z). We say that a vector
field of gradients is defined in D. Let us now prove the following theorem which
establishes a relationship between the gradient and the directional derivative.
Theorem. Given a scalar field u = u(x,y, z); in this field, let there be defined
a field of gradients

The derivative % along the direction of some vector S is equal to the projection

of the vector grad u on the vector S.
Proof. Consider the unit vector S°, which corresponds to the vector S:

SY =icosa +jcospB + kcosy

Find the scalar product of the vectors grad u and S:

ou ou ou
- - - o)
axcosa+8y cosf + 7z cosy 2)

The expression on the right is the derivative of the function u(x,y, z) along the
vector S. Hence, we can write

gradu - S° =

Oou
du-8° = —
grad u s
If we designate the angle between the vectors grad u and S° by ¢ (Fig. 180), we
can write
0
| grad u|cos ¢ = o 3
Os
or

0
projection S° grad u = 8_': “)

and the theorem is proved.

This theorem gives us a clear picture of the relationship between the gradient
and the derivative, at a given point, along any direction. Referring to Fig. 181,
construct the vector grad u at some point M(x, y, z). Construct a sphere for which
gradu is
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the diameter. Draw the vector S from M. Denote by P the point of intersection
of S with the surface of the sphere. It is then obvious that MP = | grad u| cos ¢, if

¢ is the angle between the directions of the gradient and the segment M P (here,

p < %) or MP = %. Obviously, when the direction of the vector S is reversed,
the derivative changes sign but its absolute value remains unchanged.

Fig. 180

Let us establish certain properties of a gradient.

(1) The derivative at a given point along the direction of the vector S has a
maximum if the direction of S coincides with that of the gradient; this maximal
value of the derivative is equal to | grad u|.

The truth of this assertion follows directly from (3): g—? will be a maximum
when ¢ = 0, and in this case

0
a—if = | grad u|

(2) The derivative along the direction of a vector that is perpendicular to the
vector grad u is zero.
This assertion follows from formula (3). Indeed, in this case,

big ou
¢o==, cosp=0 and — =|gradulcose =0
2 Os
Example 1. Given the function
u=+y +7
(a) Determine the gradient at the point M(1,1,1). The expression of the gradient of
this function at an arbitrary point is
gradu = 2xi + 2yj + 2zk
Hence,
(gradu)y = 2i+2j+2k, |graduly =2V3

(b) Determine the derivative of the function u at the point M(1, 1, 1) along the direction
of the gradient. The direction cosines of the gradient are

2 1
VEi2+22 V3

cosa@ = cosf = cosy =

2]~

1
4
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And so
ou 1 1 1
—=2—+2—+2—=2V3
ds N3 V3 V3
or
0
a—?zlgradul

Note. If the function # = u(x,y) is a function of two variables, then the vector

ou, 0 9\
gradu = —Mi+—uj grad u
ox Oy 0
lies in the xy-plane. We shall prove that grad u is per- "
pendicular to the level line u(x,y) = c lying in the &
xy-plane and passing through the corresponding point.
Indeed, the slope k; of the tangent to the level line .
u(x,y) = c will equal k; = —Z—‘ The slope 0 X
Fig. 182
ky of the gradient is k, = Z—‘ Obviously, kjk, = —1. This proves our assertion

(Fig. 182). A similar proper{y of the gradient of a function of three variables will
be established in Sec. 9.6.

Example 2. Determine the gradient of the function u =

M@2,4).
Solution. Here
u ) ou 2 8

a:xM:’ 5:§yM:§
Hence
. 8.
gradu = 2i + 3 j
The equation of the level line (Fig. 184) passing through the given point is
X oy 22
27373
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8.16 TAYLOR’S FORMULA FOR A FUNCTION
OF TWO VARIABLES

Suppose we have a function of two variables

z= f(x,y)

which is continuous, together with all its partial derivatives up to the (n + 1)th
order inclusive, in some neighbourhood of the point M(a, b). Then, like in the
case of one variable (see Sec. 4.6) represent the function of two variables as a
sum of an nth degree polynomial in powers of (x — a) and (y — b) and some
remainder. It will be shown below that for the case of n = 2 this formula has the
form

f(x,y) =Aog+D(x—a)+ E(y - b)
+ %[A(x —a) +2B(x—a)y-b)+C(y—-b*1+R, (1)

where the coefficients Ag, D, E, A, B, C are independent of x and y, and R; is the
remainder, the structure of which is similar to the structure of the remainder in
the Taylor formula for a function of one variable.

Let us apply the Taylor formula for a function f(x,y) of the variable y and
assuming x to be constant (we shall confine ourselves to second-order terms):

flx,y) =
(v - b)?

-b
= fx.b) + T2 fib) + FGeb) + T e (@)

where 7 = b+ 6,(y — b), 0 < 6; < 1. We expand the functions f(x, b), )f(x, b),
Jyy(x,b) in a Taylor’s series in powers of (x — a), confining ourselves to mixed
derivatives up to the third order inclusive:

f(x,b)
= f(a,b) + # fla,b) +

where & = x+ 6,(x—a),0< 6, < 1;

o -b)y
12

(

('x Uy

ey 3fm(fn,b) 3

f”( ,b) +

ez fy';;(fz,b). @

L, b) = fi(a, b)+—f”( ,b) +
where & = x+ 603(x —a),0< 603 < 1;

f(x ) = fii(a, b+ > fy'{}(fs,b) &)

where &3 = x+ O4(x —a), 0 < 64 < 1.
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Substituting expressions (3), (4) and (5) into formula (2), we get

2
Foun = fla by + =2 i) + =5 e by
(x a) 244 24
+ TS L) + Ll fab) + la
(x—a) 0 b)

R b+ =—=[fiab) + —fy'f;(é-‘z,b)]

LO- by’
1 2-3
Arranging the numbers as indicated in formula (1), we get

f(x,y) = fla,b) + (x — a)f (a,b) + (y = b) f;(a, b)
+ %[(x - a) T(a,b) +2(x —a)(y — b)f (a,b)

< S m)

+ (v = b)Y f(a,b)] + —[(x - a)* fiv (&1, D)
+3(x — a)*(y = b) f1 (&2, b) + 3(x — a)(y — b)Y f113(&3.b)
+ (= b)Y fn(a. )] (6)

This is Taylor’s formula for n = 2. The expression

<x ay’ fI1(&1,D) + 3(x = a)*(y = b) f L&, b)

+3(x — a)(y = b)Y f(&5. b) + (v = b)Y’ flyi(a. )]
is called the remainder. Further, let us denote x —a = Ax, y—b = Ay, Ap =

V(Ax)? + (Ay)2. Transform R;:

3
Ry = %[A—x

117 A
Ap3 xm(flab) +3

féﬁc’y(fz, b)

Ax Ay 4 3 i
&)+ L fann|ae®
Since |Ax| < Ap, |Ay| < Ap and the thlrd derlvatlves are bounded (this is given),
the coefficient of Ap3 is bounded in the domain under consideration; let us denote
it by ap.
Then we can write

R2 = Q’()Ap3
In this notation, Taylor’s formula (6) will, for the case n = 2, take the form
F(x,y) = fla.b) + Axfl(a,b) + Avf.(a, b)
1
+ —[AxX? fila, b) + 2AxAy fii(a, b) + Ay ]‘)';(a b)] + apAp®  (6)

21
Taylor’s formula is of a similar form for arbitrary #.
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8.17 MAXIMUM AND MINIMUM OF A FUNCTION
OF SEVERAL VARIABLES

Definition 1. We say that a function z = f(x,y) has a maximum at a point
Mo(x9,yo) (that is, when x = xo and y = yy) if

f(x0,y0) > f(x,y)

for all points (x, y) sufficiently close to the point (xp, yo) and different from it.
Definition 2. Quite analogously we say that a function z = f(x, y) has a mini-
mum at a point My(xo, yo) if

f(-x07y0) < f(-x’y)

for all points (x, y) sufficiently close to the point (xg, yo) and different from it.
The maximum and minimum of a function are called extrema of the function;
we say that a function has an extremum at a given point if it has a maximum or
minimum at the given point.
Example 1. The function
2= (-1’ +(y-27-1
attains a minimum at x = 1, y = 2; i.e., at the point (1, 2). Indeed, f(1,2) = —1, and since
(x — 1)? and (y — 2)? are always positive for x # 1, y # 2, it follows that
-1 +@G3-27%-1>-1
that is,
SOy > f(1,2)

The geometric analogy of this case is shown in Fig. 185.

4

2=(2-1)%+(y-2)%-1

Example 2. The function

1
z= 5 sin(x? + %)

for x = 0, y = 0 (coordinate origin) attains a maximum (Fig. 186).
Indeed,

1
0.0 = 3
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Inside the circle x> + y*> = % take a point (x, y) different from the point (0,0). Then for
0<x2+ y2 < Z,

sin(x*> +y?) > 0
and therefore

flxy) = % —sin(x? + ) < %
or
f(x,y) < £(0,0)
The definition, given above, of the maximum and minimum of a function may
be rephrased as follows.
Let x = xo + Ax, y = yo + Ay, then

S y) = f(xo,y0) = f(xo + Ax,yo + Ay) — f(x0,y0) = Af

(1) If Af < 0O for all sufficiently small increments in the independent variables,
then the function f(x, y) reaches a maximum at the point M(xo, yo).

(2) If Af > 0O for all sufficiently small increments in the independent variables,
then the function f(x,y) reaches a minimum at the point M (xo, yo)-

These formulations may be extended, without any change, to functions of any
number of variables.

Theorem 1. (Necessary Conditions for an Extremum). If a function z =
f(x,y) attains an extremum at x = xo, y = Yo then each first partial derivative
with respect to z either vanishes for these values of the arguments or does not
exist.

Indeed, give the variable y a definite value y = yy. Then the function f(x,yo)
will be a function of one variable, x. Since at x = xg it has an extremum (max-

imum or minimum), it follows that (%)mx@ is either equal to zero or does not
y=Yo
exist. In exactly the same fashion it is possible to prove that (g—;)xz)m is either
=
equal to zero or does not exist. o

This theorem is not sufficient for investigating the extremal values of a func-
tion, but permits finding these values for cases in which we are sure of the exis-
tence of a maximum or minimum. Otherwise, more investigation is required.

For instance, the function z = x* — y* has derivatives % = +2x, Z—v = —2y, which
vanish at x = 0 and y = 0. But for the given values, this function has neither maximum
nor minimum. It is equal to zero at the origin and takes on both positive and negative
values at points arbitrarily close to the origin. Hence, the value zero is neither a maximum

nor a minimum (Fig. 187).
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Points at which g—fc = 0 (or does not exist) and % = 0 (or does not exist)
are called critical points of the function z = f(x,y). If a function reaches an
extremum at some point, then (by virtue of Theorem 1) this can occur only at a

critical point.

For investigation of a function at critical
points, let us establish sufficient conditions for
the extremum of a function of two variables.

Theorem 2. Let a function f(x,y) have con-
tinuous partial derivatives up to order three in-
clusive in a certain domain containing the point

Mo(x0,¥0);

Fig. 187
in addition, let the point My(xy, yo) be a critical point of the function f(x,y); that
is,

9f(x0,y0) _ 0 0f(x0,y0) _ 0
Ox ’ dy
Then for x = xo, y = yo:
(1) f(x,y) has a maximum if
2 2 2 2 2
O f(x0.50) 0" f(x0.y0) _ (07030} 4 9 f(x0-y0)
Ox? 0y? Ox dy Ox?
(2) f(x,y) has a minimum if
& f(x0,y0) 8 f(x0,0) (3 f(x0,¥0)
Ox? 0y? Ox Oy
(3) f(x,y) has neither maximum nor minimum if
P fGo.y0) P fGuy0) _(f 00\ _
ox? 0y? Ox Oy
“4) if & f(x0,y0) 0 f(x0,50) (9 f(x0,¥0)
Ox2 0y? Ox Oy
not be an extremum (in this case, an additional investigation is required).

Proof. Let us write the second-order Taylor formula for the function f(x,y)
[Formula (6), Sec. 8.16]. Assuming

a=xy, b=y, x=1x0+Ax, y=y9+ Ay,

& f(x0,¥0)
a2 >0

2
) > 0 and

2
) = 0, then there may or may

we will have

f(x N Of(x s
f(xo + Ax,y0 + Ay) = f(x0,¥0) + f(a(; YO Ar f(a(; yO)Ay

L1 52f(xo,YO)Ax2 N Zazf(xo,YO) 9 f(x0,0)
2 0x2 Ox Ay 0y?

where Ap = /Ax? + Ay? and «q approaches zero as Ap — 0.

Ax Ay + AY*| + ao(Ap)?
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It is given that

af (x0,y0) _ af (x0,y0) _
=0, =0
ox oy
Hence
Af = f(xo + Ax,yo + Ay) = f(x0,0)
1[6%f , O*f ’f ., 3
= 5 [ﬁAX + 2mAXAy + a—ysz + ap(Ap) (1)

Let us now denote the values of the second partial derivatives at the point
My(x9,yo) in terms of A, B, C:

2 2 2
) (25, (2,
0x% |y, 9x0y )y, » ),

Denote by ¢ the angle between the direction of the segment MyM, where M is
the point M(xp + Ax,yo + Ay), and the x-axis; then

Ax =Apcosep, Ay=Apsing

Substituting these expressions into the formula for Af, we find
1
Af = E(Ap)2 [A cos? ¢ + 2B cos gsing + Csin’ ¢ + 2ay Ap] )

Suppose that A # 0.
Dividing and multiplying by A the expression in the brackets, we have

(A cos ¢ + Bsin 90)1 +(AC - B®)sin? ¢ 4 2a0Ap

1
Af = 5(8p)? 3

Let us now consider four possible cases.

(1) Let AC — B?> > 0, A < 0. Then in the numerator of the fraction we have a
sum of two nonnegative quantities. They do not vanish simultaneously because
the first term vanishes for tan ¢ = —%, while the second vanishes for sin ¢ = 0.

If A < 0, then the fraction is a negative quantity that does not vanish. Denote
it by —m?; then

Af = %(Ap)2 [-m’ + 2a0Ap]
where m is independent of Ap, ¢pAp — 0 as Ap — 0. Hence, for sufficiently
small Ap we have
Af <0
or

Sf(xo + Ax, yo + Ay) = f(x0,¥0) <0

But then for all points (xo + Ax, yo + Ay) sufficiently close to the point (xg, yp) we
have the inequality

Sf(xo + Ax, yo + Ay) < f(x0,Y0)



290 Ch. 8. Functions of Several Variables

which means that at the point (xg, yo) the function attains a maximum.
(2) Let AC — B%2>0,A > 0. Then, reasoning in the same way, we get

1
Af = §<Ap>2 [m* + 2apAp]
or

S(xo + Ax, yo + Ay) > f(x0,y0)
that is, f(x,y) has a minimum at the point (xo, yo).

(3)Let AC—B? < 0, A > 0. In this case the function has neither a maximum
nor a minimum. The function increases when we move from the point (x, yo)
in certain directions and decreases when we move in other directions. Indeed,
when moving along the ray ¢ = 0, we have

1
Af = E(Ap)z [A + 20 Ap] > 0

When moving along this ray the function increases. But if we move along a ray
¢ = ¢ such that tan gy = —4%, then for A > 0 we have

AC - B?
A
When moving along this ray the function decreases.
(3”)Let AC—B? < 0, A < 0. Here the function again has neither a maximum
nor a minimum. The investigation is conducted in the same way as for 3’.

(3") Let AC — B> < 0, A = 0. Then B # 0, and (2) may be rewritten as
follows:

1
Af = 5(A,o)2 sin® @g + 2a9 Ap| < 0

1
Af = E(Ap)2 [sing (2B cos ¢ + C sing) + 2a¢Ap]

For sufficiently small values of ¢ the expression in the parentheses retains its
sign, since it is close to 2B, while the factor sin¢ changes sign depending on
whether ¢ is greater or less than zero (after the choice of ¢ > O and ¢ < 0
we can take p so small that 2 will not change the sign of the whole square
bracket). Consequently, in this case, too, Af changes sign for different ¢, that is,
for different Ax and Ay; hence, in this case too there is neither a maximum nor a
minimum.

Thus, no matter what the sign of A we always have the following situation:

If AC — B% < 0 at the point (xg, yo), then the function has neither a maximum
nor a minimum at this point. In this case, the surface, which serves as a graph of
the function, can, near this
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point, have, say, the shape of a saddle (see Fig. 187). The function at this point is
said to have a minimax.

(4) Let AC — B? = 0. In this case, by formulas (2) and (3), it is impossible to
decide about the sign of Af. For instance, when A # 0 we will have
(A cos ¢ + Bsin p)?
A

Af:%mmﬂ +2a0Ap
When ¢ = arctan (—‘3), the sign of Af is determined by the sign of 2ay; here,
a special additional investigation is required (for example, with the aid of a
higher-order Taylor formula or in some other way). Thus, Theorem 2 is fully
proved.

Example 3. Test the following function for maximum and minimum:

=X —xy+y +3x-2y+1

Solution. (1) Find the critical points

% =2x-y+3, Z—)Z] =-x+2y-2
Solving the system of equations
2x—-y+3=0
—x+2y-2= O}
we get
4 1
*=T30E3

(2) Find the second-order derivatives at the critical point (—%, %) and determine the
character of the critical point:

2 2 2
L S SR B U

o 0T axﬁy:
AC-B*=2-2-(-1>=3>0

Thus, at the point (—‘3‘, %) the given function has a minimum, namely

_ 4
Z]'l’lll'l_ 3

Example 4. Test for maximum and minimum the function z = x> + y* — 3xy.
Solution. (1) Find the critical points using the necessary conditions of an extremum;
0z
= =32-3y=0
Oox Y
0z
E o3 3x=0
dy
Whence we get two critical points:

xlzl,ylzlandxzzo,yzzo
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(2) Find the second-order derivatives:
2 2 2
0z 6x oz 3 0°z

a2 Oxdy - ay? -
(3) Investigate the character of the first critical point:

0%z 0z 0%z
A=|22) = B = - _ 2%
@ﬂ)ﬂ > (M@lﬂ . e=(5)
- i

¥
AC-B=36-9=27>0, A>0

Hence, at the point (1, 1) the given function has a minimum, namely:

Zmin = —1
(4) Investigate the character of the second critical point M,(0, 0):
A=0, B=-3, C=0, AC-B*=-9<0

Hence, at the second critical point the function has neither a maximum nor a minimum
(minimax).

Example 5. Decompose a given positive number « into three positive terms so that
their product is a maximum.

Solution. Denote the first term by x, the second by y; then the third willbe a — x — y.
The product of these terms is

w=x-ya-x-y

Itis given that x > 0,y > 0,a —x —y > 0, thatis, x + y < a, u > 0. Hence, x and y can

assume values in the domain bounded by the straight lines x =0,y =0. x+y = a.
Find the partial derivatives of the function u:

ou
-~ - —2x —
5y - Y@—2x-y)
ou
-~ - — 2y —
oy " (a=2y-1x)
Equating the derivatives to zero, we get a system of equations:
y@a-2x-y)=0, x(@-2y-x)=0
Solving this system, we get the critical points:
x1=0, y1=0, M(0,0)
=0, w=a MOa
x3=a, y3=0, M;(a,0)
a a (a a)
Xp=7, ya= 7, T
T3 Nty W33
The first three points lie on the boundary of the region, the last one, inside. On the bound-
ary of the region, the function u is equal to zero, while inside it is positive; consequently,
at the point (%, %), the function u has a maximum (since it is the only extremal point inside
the triangle). The maximum value of the product
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Investigate the character of the critical points using the sufficiency conditions. Find the
second partial derivatives of the function u:

0 u & u &u

@z—Zy, ﬁza—Zx—Zy, ﬁ=—2x
At the point M;(0,0) we have A = aZ_OB m =a,C= 32 =0
AC - B? = —a* < 0. Hence, at the pomt M, there is nelther a max1mum nor a minimum.

At the point M,(0,a) we have A = a 4 =-2a,B = axa\ —-a,C = d S = 0,AC-B =
—a* < 0. Which means that at the pomt M, there is neither a maximum nor a minimum.
At the point M3(a,0) we have A = 0, B = —a, C = —2a, AC — B> = —-a®> < 0. At M;

too there is neither a maximum nor a minimum. At the point M, (%‘ %‘) we have A = —ZT”,

2 2 .
B= —%’, C=-% AC-B= " % > 0, A < 0. Hence, at M, we have a maximum.

Note. The theory of maxima and minima of a function of several variables
serves as the basis for a method of obtaining formulas for representing functional
relationships on the basis of experimental findings. This problem is examined in
Sec. 8.19.

8.18 MAXIMUM AND MINIMUM OF A FUNCTION OF SEVERAL
VARIABLES RELATED BY GIVEN EQUATIONS
(CONDITIONAL MAXIMA AND MINIMA)

In many problems on maxima and minima, one has to find the extrema of
a function of several variables that are not independent, but are related to one
another by side conditions (for example, they must satisfy given equations).

By way of illustration let us consider the following problem. Using a piece of
tin 2a in area it is required to build a closed box in the form of a parallelepiped
of maximum volume.

Denote the length, width and height of the box by x, y, and z. The problem
reduces to finding the maximum of the function

V= Xxyz

provided that 2xy + 2xz + 2yz = 2a. The problem here deals with a conditional
extremum: the variables x, y, z are restricted by the condition that 2xy + 2xz +
2yz = 2a. In this section we shall consider methods of solving such problems.

Let us first consider the question of the conditional extremum of a function of
two variables if these variables are restricted by a single condition.
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Let it be required to find the maxima and minima of the function

u=f(xy) ey
with the proviso that x and y are connected by the equation
o(x,y) =0 2)

Given condition (2), of the two variables x and y there will be only one which
is independent (for instance, x) since y is defined from (2) as a function of x.
If we solved equation (2) for y and put into (1) the expression found in place of
v, we would obtain a function of one variable, x, and would reduce the problem
to one that would involve testing for maximum and minimum a function of one
independent variable, x.

But the problem may be solved without solving equation (2) for x or y. For
those values of x at which the function # can have a maximum or minimum, the
derivative of u with respect to x should vanish.

From (1) we find 9%, remembering that y is a function of x:

dx’
du Of . of dy
dx  dx  Oydx
Hence, at the points of the extremum

af ofdy _

0x " dy dx 0 )
From equation (2) we find

dp  Opdy

bt ATk e’ A 4

0x " ady dx @)

This equation is satisfied for all x and y that satisfy equation (2) (see Sec. 8.11).
Multiplying the terms of (4) by an (as yet) undetermined coefficient A and
adding them to the corresponding terms of (3), we have

of  of dy dp Oy dy

LN ELZEE )2
(c’)x " Oy 6x)+ (Bx " Oy Bx)

or
of . ,op\ (Of . [0p\dy _
(6x+/18x)+(8y+/18y dx_o )

The latter equation is fulfilled at all extremum points. Choose A such that for the
values of x and y which correspond to the extremum
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of the function u, the second parentheses in (5) should vanish:"

0

o + /la—(’p =0
ay ay

But then, for these values of x and y, from (5) we have
of  0p
—4+1—==0
ox Ox

It thus turns out that at the extremum points three equations (in three unknowns
x, y, A) are satisfied:

af 0y
L 4L =0
ox * ox
of | op (6)
Z 412 =0
ady * ay
(x,y) =0

From these equations determine x, y, and A; the latter only played an auxiliary
role and will not be needed any more.

From this conclusion it follows that equations (6) are necessary conditions
of a conditional extremum; or equations (6) are satisfied at the extremum points.
But there will not be a conditional extremum for every x and y (and ) that satisfy
equations (6). A supplementary investigation of the nature of the critical point
is required. In the solution of concrete problems it is sometimes possible to
establish the character of the critical point from the statement of the problem. It
will be noted that the left-hand sides of equations (6) are partial derivatives of the
function

F(x,y, ) = f(x,9) + 2p(x,y) @)
with respect to the variables x, y and A.

Thus, in order to find the values of x and y which satisfy condition (2), for
which the function u = f(x,y) can have a conditional maximum or a conditional
minimum, one has to construct an auxiliary function, (7), equate to zero its deriva-
tives with respect to x, y, and A, and from the three equations (6) thus obtained
determine the sought-for x, y (and the auxiliary factor 1). The foregoing method
can be extended to a study of the conditional extremum of a function of any
number of variables.

Let it be required to find the maxima and minima of a function of » variables,
u = f(xy,xa,...,x,), provided that the variables

*For the sake of definiteness, we shall assume that at the critical points
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X1, X2, ..., X, are connected by m (m < n) equations:

e1(x1,x2,...,%,) =0
©2(x1,x2,...,%,) =0

®)

Om(x1,X2,...,%,) =0

In order to find the values of xy, x5, .. ., x,, for which there may be conditional
maxima and minima, one has to form the function

F(xy,x0,00 s X Aty oo s ) = f(X1, 00, X)) + A1 (X1, o0, Xy)

+ Lo (X1, .o, X)) F o+ Ao (XL, . X))

equate to zero its partial derivatives with respect to xy, xz, ..., X,:

of 0, 0o

——+Al—+ -+ =— =0

0x; ! oxy " 0x1

8f 6901 a‘pm

——+Ah— 4+ =0

ox, ' ox ™ 9xa 9)

8f 6901 a‘pm

+4 +-- 44 =0

0x, ! ox,, " Ox,
and from the m +n equations (8) and (9) determine x;, x,, ..., x, and the auxiliary
unknowns Ay, ..., 4,. Just as in the case of a function of two variables, we shall,

in the general case, leave undecided the question of whether the function, for the
values found, has a maximum or a minimum or has neither. We will decide this
matter on the basis of additional reasoning.
Example 1. Let us return to the problem formulated at the beginning of this section:
to find the maximum of the function
V= Xxyz
provided that
xy+xz+yz—a=0 (x>0,y>0,z>0) (10)
We form the auxiliary function
F(x,y,) = xyz+ A(xy + xz+yz—a)
We find its partial derivatives and equate them to zero:
yz+A(y+2 =0
xz+A(x+2)=0 (11)
xy+Ad(x+y)=0

The problem reduces to solving a system of four equations (10) and (11) in four un-
knowns (x, y, z and 1). To solve this system, multiply the first of equations (11) by x,

3xyz

the second by y, the third by z, and add; taking (10) into account, we find that A = — S
Putting this value of A into equations
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(11) we get

; )

ve|l- =y +2)|=0
L 2a A

3 -
Xz 1——y(x+z) =0
L 2a d

3z ]
Xy 1—Z(x+y) =0

Since it is evident from the statement of the problem that x, y, z are different from zero,
we get from the latter equations

3x B 3y B 3z _
Z(y”)_l’ 2a()c+z)—1, 2a(x+y)—1

From the first two equations we find x = y, from the second and third equations, y = z.
But then from equation (10) we getx =y =z = \/? . This is the only system of values of
x, y and z, for which there can be a maximum or a minimum.

It can be proved that the solution obtained yields a maximum. Incidentally, this is
also evident from geometrical reasoning (the statement of the problem indicates that the
volume of the box cannot be big without bound; it is therefore natural to expect that for
some definite values of the sides the volume will be a maximum).

Thus, for the volume of the box to be a maximum, the box must be a cube, an edge of
which is equal to /5.

Example 2. Determine the maximum value of the nth root of a product of numbers
X1, X2, ..., X, provided that their sum is equal to a given number a. Thus, the problem is
stated as follows: it is required to find the maximum of the function u = {/x; ... x, on the
condition that

X1+x+-+x,—a=0 (x>0, x>0,..., x,>0) (12)
Form an auxiliary function:
Fxi,...,xp, ) =Rx1 .0, + A1+ x2+--+x,—a)

Find its partial derivatives:

I xox3...X% 1 u
F, =- L+ l=-—+21=0 or u=-nlx
n(xl .X”)T nx
1 u
F;Z:——+,1:0 or u=-—-ndx,
n Xxp
, 1 u
F.=-——+1=0 or u=-ndx,
"on X,

From the foregoing equations we find
X=X ==X
and from equation (12) we have

a
x1:x2:~-~:xn:;
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By the meaning of the problem these values yield a maximum of the function {/x; ... x,
equal to 2.

Thus, for any positive numbers xi, x,, ..., X, connected by the relationship x; + x, +
.-+ + X, = a, the inequality

x....x,,sg (13)

is fulfilled (since it has already been proved that ¢ is the maximum of this function). Now
substituting into (13) the value of a obtained from (12), we get

+ oo + n
N A B (14)
n
This inequality holds for all positive numbers xi, x,, ..., x,. The expression on the left-

hand side of (14) is called the geometric mean of these numbers. Thus, the geometric
mean of several positive numbers is not greater than their arithmetic mean.

8.19 OBTAINING A FUNCTION ON THE BASIS OF EXPERIMENTAL
DATA BY THE METHOD OF LEAST SQUARES

Suppose that in an experiment it is required to establish a functional relation-
ship between y and x:

y = ¢(x) 1)
The experiment, let us say, has yielded n values of the function y for correspond-
ing values of the argument. The results are tabulated as follows:

X X1 X Xy

y M Y2 Yn

The form of the function x = ¢(x) is obtained either from theoretical reasoning or
on the basis of how the points corresponding to the experimentally found values
(we will call them experimental points) are located on a coordinate plane. Let
us suppose that the experimental points are located as shown in Fig. 188. Since
experimental errors are almost inevitable, it is natural to suppose that the desired
function y = ¢(x) may be sought in the form of a linear function y = ax + b.

If the experimental points are located as in Fig. 189, it is natural to seek the
function y = ¢(x) in the form y = ax”, and so forth.
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For the chosen form of function y = ¢(x,a,b,c,...) it remains to select the
parameters a, b, c, ... so that the function describes the process at hand in the
best possible fashion.

A widely used method for solving this problem is the method of least squares.
It consists in the following. We consider the sum

e y

S

X

T ——

0|z, z;2,2n z 2 >
Fig. 188 Fig. 189

of the squares of the differences between the experimentally obtained values y;
and the function ¢(x, a, b, c, .. .) at the appropriate points:

S(@b,c,...) = Y =t ab.c,.. )P @
i=1
We choose the parameters a, b, c, . .. so that this sum is a minimum:
S@.b.c....)= ) [vi=¢(.ab.c..)F =min 3)
i=1

The problem thus reduces to finding the values of the parameters a, b, c, ... for
which the function S (a, b, c, ...) is a minimum.

From Theorem 1, Sec. 8.17, it follows that these values a. b, c, ... satisfy the
system of equations

s _, 0S _, 95 _,

da T a. — DRI 4
oa ’ ob ’ dc 5 ( )
or, expanded,

" d¢(xi,a,b,c, ...

Z[yi—w(xi,a,b,c,...)]w _0o

i=1 Oa

y de(xi,a,b,c,...)

yi — ¢(xi,a, b, c,... )| —2—2222 =0

Z » §)

S 0 i» ’b, s

Z[)’i _<P(Xi,a,b,c,...)]M _0

=l oc
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Here, the number of equations equals the number of unknowns. In each in-
stance, an investigation is made of the existence of a solution to the system of
equations (5) and of the existence of a minimum of the function S(a, b, c,...).

We consider some cases in determining the function y = ¢(x,a, b, c,...).

I. Lety = ax+b. The function S (a, b) in this case is of the form [see expression
(2]

n
S(a,b) = ) [yi - (ax; + ) ©)
i=1
This is a function in two variables a and b (x; and y; are given numbers; see table
on page 298). Hence,

N C

0 -2 ;:1 [yi = (axi +D)]x; =0
N S

2 - 2 ;:1 [yi — (ax; + )] =0

The system of equations (5) then becomes

Zn:yixi—ainz—bZn:xi=O
i=1 1 i=1

=
. 0 (N
Zyi—ain—bn=0

i=1 i=1

We have a system of two linear equations in two unknowns a and b. It is obvious
that the system has a definite solution and that for the values a and b thus found
the function S (@, b) has a minimum.”

II. For the approximating function we take the quadratic trinomial

y=ax>+bx+c

*This is also readily established on the basis of sufficient conditions (see Theorem 2, Sec. 8.17).
Indeed, here

s S, S = s

Z is W =2n

g~ "L Gadb

and so

2sPs (S o, (- ) . ®s
wﬁ‘(aaab) =4nQxlo|20 ] =40 ) 0. Gy >0

ij
i<j
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Then expression (2) has the form

S(a,b,c) = ) [yi = (ax} +bx; + o) ®)
i=1

This is a function of three variables a, b, c. The system of equations (5) assumes
the form

Z[yi - (axl2 + bx; + ¢)] xi2 =0
i=1

Z[yi - (ax? +bxi+c)]xi=0
i=1

Z[yi - (ax? +bxi+c¢)]=0
i=1

or, expanded,

n n n n
S a3 ob3 e =0
i=1 i=1 i

i= i=1
n n n n
3 2 _
Zyixi—ain—bei—chi—O 9)
i=1 i=1 i=1 i=1
n n

ny,-—a X-b xi—cen=0
Z Z !
i=1

i=1 i=1

We obtain a system of linear equations for determining the unknowns a, b, c.
From the nature of the problem it follows that the system has a definite solution
and that for the values a, b, ¢ obtained, the function S (a, b, ¢) is a minimum.

Example. Suppose an experiment yields four values of the desired function y = ¢(x)
for four values of the argument (n = 4), which are tabulated as follows:

X 1 2 3 5

y 3 4 2.5 0.5

We seek the function ¢ in the form of a linear function y = ax+b, and set up the expression
for S'(a, b):

4
S(a,b) = Y [yi - (ax; + b)?
i=1
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d4Y To set up system (7) in order to determine the
coeflicients a and b we first compute

+ »y(.z,a,b) 4 4
4 Du=1l =10
+ T o -y System (2) has the form

-39 -11b=0
10-1la-4b=0

Fig. 190

Solving this system, we get a and b:
a =-26/35,b = 159/35. The desired straight line (Fig. 190) is

26 159

YIRS

8.20 SINGULAR POINTS OF A CURVE

The concept of a partial derivative is used in investigating curves.
Let a curve be given by the equation

F(x,y)=0
The slope of the tangent to the curve is determined from the formula
OF
dy _ _ox
dx OF
dy

(see Sec. 8.11).

If at a given point M(x,y) of the curve under consideration, at least one of the
partial derivatives & 9_ and 65 does not vanish, then at this point e1ther or g;‘ is
completely determined. The curve F(x,y) = 0 has a very definite tangent line at
this point. In this case, the point M(x, y) is called an ordinary point.

But if at some point My(xo, yp) we have

8_F =0 and (9_F =0
0x |x=xo ay Jx=xo

y=Yo y=Yo
then the slope of the tangent becomes indeterminate.
Deﬁnitlon If at the point My(xg,yo) of the curve F(x,y) = 0, both partial
derivatives &£ e and vanish, then such a point is called
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a singular point of the curve. Thus, a singular point of a curve is defined by the
system of equations

oF oF
F=0, —=0, —=0
0x ady
Naturally, not every curve has singular points. For example, for the ellipse
2y
; + ﬁ -1= 0,
obviously,
2 y? OF 2x OF 2y
F N = —= 4+ —= — 1, -— = —, _—
x5 a’ b2 ox a® Oy b?
the derivatives g—’; and % vanish only when x = 0, y = 0, but these values of x

and y do not satisfy the equation of the ellipse. Consequently, the ellipse does
not have any singular points.
Without undertaking a detailed investigation of the behaviour of a curve near a
singular point, let us examine some examples of curves that have singular points.
Example 1. Investigate the singular points of the curve
Y —x(x—a)’=0(a>0)
Solution. Here, F(x,y) = y* — x(x — a)* and therefore
oF oF
Fri (x = a)(a - 3x), a—y =2y
Solving the three equations simultaneously,
oF oF
— =0, —=0
ox ay

we find the only system of values of x and y that satisfies them:

F(x,y) =0,

Xo=a, yo=0

Consequently, the point My(a, 0) is a singular point of the curve.

Let us investigate the behaviour of the curve near the singular point and then construct
the curve.

Rewrite the equation in the form

y=x(x-a)Vx

From this formula it follows that the curve: (1) is defined only for x > 0; (2) is
symmetrical about the x-axis; (3) cuts the x-axis at the points (0, 0) and (a, 0). The latter
point is singular, as we have pointed out.

Let us first examine that part of the curve which corresponds to the plus sign:

y=(x-a)Vx
Find the first and second derivatives of y with respect to x:

, 3x-a , _3x+a

Yo w T T
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For x = 0 we have y’ = co. Thus, the curve touches the y-axis at the origin. For x = £
we have y’ = 0, y” > 0, which means that for x = £ the function y has a minimum:

__2a Ja
YTT3N3

On the interval 0 < x < a we have y < 0; forx > £y > 0;as x > ooy — o0. Forx = a
we have y’ = +/a, which means that at the singular point M(a, 0) the branch of the curve
y = +(x — a) Vx has a tangent

y= Va(x-a)

Since the second branch of the curve y = —(x — a) v/x is symmetrical with the first
about the x-axis, the curve has also a second tangent (to the second branch) at the singular
point

y=-Va(x-a

The curve passes through the singular point twice. Such a point is called a nodal point.
The foregoing curve is shown in Fig. 191.

9\
y*-z(z-a)?
0 a —z
Fig. 191 Fig. 192

Example 2. Test for singular points the curve (semicubical parabola)
y2 _ x3 =0

Solution. The coordinates of the singular points are determined from the following
set of equations:

Y -x=0, 3x=0, 2y=0

Consequently, M, (0, 0) is a singular point.
Let us rewrite the given equation as

V= VE
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To construct the curve let us first investigate the branch to which the plus sign in the
equation corresponds, since the branch of the curve corresponding to the minus sign is
symmetric with the first about the x-axis.

The function y is defined only for x > 0, it is nonnegative and increases as x increases.

Let us find the first and second derivatives of the function y = Vx3:

, 3 , 31
V=35 V=7 7
For x = 0 we have y = 0, = 0. And so the given branch of the curve has a tangent
y = 0 at the origin. The second branch of the curve y = — Vx? also passes through the
origin and has the same tangent y = 0. Thus, two different branches of the curve meet at
the origin, have the same tangent, and are situated on different sides of the tangent. This
kind of singular point is called a cusp of the first kind (Fig. 192).

Note. The curve y> — x* = 0 may be regarded as a limiting case of the curve y*> =
x(x — a)* = 0 (considered in Example 1) as a — 0; that is, when the loop of the curve is
contracted into a point.

Example 3. Investigate the curve (y — x2)> — x* = 0.

Solution. The coordinates of the singular points are defined by the following set of
equations:

~dx(y—-x)-5x*=0, 2(0)-x)=0
which has only one solution: x = 0, y = 0. Hence, the origin is a singular point.
Rewrite the given equation in the form

y=x+ Vi®

From this equation it follows that x can take on values from O to +co.
Let us determine the first and second derivatives:

5 15
y'=2xi§‘/§, y"=2iI\/;

Investigate, separately, the branches of the curve corresponding to plus and minus. In
both cases, when x = 0 we have y = 0, y = 0, which means that for both branches the
x-axis is a tangent.

Let us first consider the branch

y=2+ Vas

As x increases from 0 to oo, y increases from 0 to co.
The second branch
y=x"— Vi’

cuts the x-axis at the points (0, 0) and (1, 0).
For x = % the function y = x> — Vx5 has a maximum. If x — +oo, then y — —c0.
Thus, in this case the two branches of the curve meet at the origin; both branches have

the same tangent and are situated on the same side of the tangent
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near the point of tangency. This kind of singular point is called a cusp of the second kind.
The graph of this function is shown in Fig. 193.

Example 4. Investigate the curve y> — x* + x° = 0.
Solution. The origin is a singular point. To

investigate the curve near this point rewrite the
equation of the curve in the form

¥
} y=IZ+I/.—I? y==+x2 V1 -2
Since the equation of the curve contains only
even powers of the variables,
Yy
! yt-r4+x6-0
] lg ! + T
: g
yar™ ITNJ: )~
Fig. 193 Fig. 194

the curve is symmetric about the coordinate axes and, consequently, it is sufficient to
investigate that part of the curve which corresponds to the positive values of x and y.
From the latter equation it follows that x can vary over the interval from O to 1, that is,
O0<x<l1.

Let us compute the first derivative for that branch of the curve which is a graph of the

function y = +x> V1 — x2:

, x(2 = 3x%)
VI — x2

For x = 0 we have y = 0, y" = 0. Thus, the curve touches the x-axis at the origin.
For x = 1 we have y = 0, y’ = oo0; consequently, at the point (1, 0) the tangent is parallel

to the y-axis. For x = \/g the function has a maximum (Fig. 194).

At the origin (at the singular point) the two branches of the curve corresponding to
plus and minus in front of the radical sign are mutually tangent. A singular point of this
kind is called a point of osculation (also known as tacnode or double cusp).

Example 5. Investigate the curve

Y -x*x-1)=0
Solution. Let us write the system of equations defining the singular points:
Y -x*(x-1)=0
3 +2x=0, 2y=0

This system has the solution x = 0, y = 0. Therefore, the point (0, 0) is a singular point
of the curve. Let us rewrite the given equation in the form y = +x Vx — 1. It is obvious
that x can vary from 1 to +oo and also take the value O (in which case y = 0).
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Let us investigate the branch of the curve correspond- ¥ )
ing to the plus sign in front of the radical. As x increases y3=z(z-1)
from 1 to oo, y increases from O to co. The derivative

,  3x-2

Y 2Vx -1
When x = 1 we have y’ = oo; hence, at the point (1,0)
the tangent is parallel to the y-axis. 0 1

The second branch of the curve corresponding to the
minus sign is symmetric with the first about the x-axis.

The point (0, 0) has coordinates that satisfy the equa-
tion and, consequently, belongs to the curve, but near it
there are no other points of the curve (Fig. 195). This
kind of singular point is called an isolated singular
point.

QV

Fig. 195

EXERCISES ON CHAPTER 8

Find the partial derivatives of the following functions:

0 0 2
1. z = x*sin’y. Ans. &2 _ 2xsin’y, E_op sin2y. 2.z =x". Ans. — =
Ox Ay

yzxyz"l, % =¥ 2ylnx. 3. u= e A, Ou = 2xet P Ou = 2ye"2+y2“2,
ady ox ay
ou 2, 0.2 u X
— =2z¢"V . 4 u= X2 +yr+ 72 Ans. — = ————. 5. z = arctan(xy).
0z Y ox [Ty +22 (xy)
0z y 0z X y 0z -y 0z
Ans. — = , — = . 6. z = arctan=. Ans. — = , — =
Ox 1+ x%27" dy 1+ x%y? ¢ X Ox X2+ 32" Qy
X . i VA2 +y?2—x A 0z 2 0z 2x 8
——® 7.z=In—— Ans. — = ———, — = ———. 8. u=
x%+y? VX2 +y?+x ox 2y Oy oy 2+ y?
X z Bu 1 X Bu X x Z z 6u 1 F4 .
e’ +ev. Ans. — = —e¥, — = ——e) — —e¥, — = —ey. 9.z = arcsin(x + y).
ox y Oy ¥ v 0z y
0 1 0 2 _y? 0 2
Ans o - % 10. z = arctan u. Ans. < Y

Cox - (x+y? O 2ty x  x A=yt
0z -y
ady [ =y ’
Find the total differentials of the following functions:
11. z = x* + xy? +siny. Ans. dz = 2x +y?)dx + 2xy + cosy)dy. 12. z = In(xy).
dx d > >
Ans. dz = e A ) 2= Ans. dz = 2e° (xdx +ydy). 14. u = tan(3x —
X y

3dx +(_
cos?(3x —y) cos2(3x —y)
ydx — xdy

MY — 22

V)+6". Ans. du = +6"In6)xdy+6"“In6dz. 15, w =

LoX
arcsin —. Ans. dw =
y
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16. Evaluate f7(2,3) and f;(2,3) if f(x,y) = x> +y’. Ans. f](2,3) =4, £/(2,3) =27
1 1
17. Evaluate df(x,y) for x = 1, y =0, dx = 5 dy = I if f(x,y) = /x%+)y%
1
Ans. —.

18. Setup a formula which, for small absolute values of the quantities x, y and z, yields

1+x 1
an approximate expression for ,/| — . Ans. 1+ =(x —y —2).
pp p ‘/(1+y)(1+z) 2( y—2)
1+x 1
19. Do th for \|———— . Ans. 1+ =(x—y-2).
o the same for T+y+z ns. +2(x y—2)

0 0
20. Find x and —Z, ifz =u+Vv, u=x>+siny, v = In(x +y). Ans. z

ox ay ox
1 0 1
242 0T oy oY)
x+y dy xX+y
21. Find%ifz: 1+u,u=—cosx,v=cosx.Ans. %: !
ox 1+v 0x

X
2cos? =
CoS )

. 0 0z . . 0

22. Find & and Zifz = e u=sinx,v=x+y>. Ans. G _ X (cos x—6x2),
ox ay 0x

0 . .

6_Z =" ?(0-2-2y) = —4ye" 2", where sin x and x* + y? have to be substituted for u and

Y

23. Find the total derivatives of the given functions: z = arcsin(u + v), u = sin x cos @,

v = cosxsina. Ans. g_z = 11f2k7r—z <x+oz<2k7r+7—r % = 11f2k7r+§ <
X

2’ Ox
¢y =2) . e
_—, =asinx, z = cOS Xx. . — = e™sinx.
a26’+ I y=asinx,z x. Ans o e X
25. z=1In(1 — x*), x = Vsin#. Ans. 6_; = —2tané.

Find the derivatives of implicit functions of x given by the following equations:

x+a<(2k+l)7r+g. 24, u-=

2 2 2 2 2 2
y dy b* x X y dy b* x
26—+——1:O.A.—=———. 27. — - = = 1. Ans. — = —-—.
b? " dx ay a®  b? B T a2 y
d 71— y¥] d
28. y* = x'. Ans. o u. 29. sin(xy) — e — x*y = 0. Ans. @&
dx xy‘ I - xV Inx dx
y[cos(xy) — e — 2x] 2 oy 7 0z 0z 0z 2x
. S+ + 5 =1 find = and ~. Ans. = = ——,
x[x + e¥ — cos(xy)] a2 b 2 n ox dy " a’z
0z I cy ow ow ow cosaw Ow
— = 31. u — vt =0, find — and —. Ans. — = ——, — =
dy ra T vtanaw 190 M B A av v
sin 2aw 2,2 5 ,0z 10z 1 z Y
Byt 32. ¢ +;_ Yy —z,showthatxa—+—a—y ; 33. ;—F(;),show
0 0
that x—Z + y—Z = z, no matter what the differentiable function F

ax "oy
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Compute the second partial derivatives:
2

&z 2z 8’z
_ 3 2 2 _ _ —
34.z—x—4xy+5y.Ans.@—6x Sy,aax S,ayz—lo
. . 0%z . siny 6z et cosy 0%z
35.z=elny+smylnx.Ans.ﬁzelny—7,ax—ay=7+7,a—y2=
_6_2 —sinylnx.
y
1 0 0 0
36. Prove thatif u = ———————, then —Z + —L; + —l: =
2ty + 22 ox* 0 0z
2.2 2 62 F)
37. Prove thatif z = ki , then xa—i + pp ;y B_)Zc
. 0* o
38. Prove that if z = In(x* + y?), then gz %%y,
0xz  0y?
. ,0%2 8z .
39. Prove that if z = @(y + ax) + Y(y — ax), then a el i 0 for any twice
y X
differentiable ¢ and .
40. Find the derivative of the function z = 3x* — xy + y* at the point M(1,2) in the
11V3

direction that makes an angle of 60° with the x-axis. Ans. 5 +

2
41. Find the derivative of the function z = 5x> — 3x —y — 1 at the point M(2, 1) in the

47
direction from this point to the point N(5,5). Ans. 5= 94.

42. Find the derivative of the function f(x,y) in the direction of: (1) the bisector of
the quadrantal angle Oxy. Ans. %(6_]‘ + of ); (2) the negative x-axis. Ans. —g—i:.

43. f(x,y) = x> + 3x% + 4xy + y*. Show that at the point M (%, —;—1) the derivative in
any direction is equal to zero (the “function is stationary”).

44. Of all triangles with the same perimeter 2p, determine the triangle with greatest
area. Ans. Equilateral triangle.

45. Find a rectangular parallelepiped of greatest volume for a given total surface S.

ox Oy

Ans. A cube with edge / %

-1
46. Find the distance between two straight lines in space whose equations are al =
Y_IE_Y_ 2. V2
2 1’11 1T 2 )
Test for maximum and minimum the functions: u
47. z = ¥*y*(a — x — y). Ans. Maximum z at x = 7 y= 3
1 1 1
48. z=x>+xy+y*+ — + —. Ans. Minimum zatx =y = —.
x y V3
Fid b
49. 7 = sinx + siny + sin(x + y) (O < x < 5 0<y< E) Ans. Maximum z at

X=y=§.
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50. z =sinxsinysin(x+y) 0 <x<m 0<y<n). Ans. Maximumzatx =y =

Wiy

Find the singular points of the following curves, investigate their character and form
equations of the tangents at these points:
51, 2+ y3 —3axy = 0. Ans. My(0,0) is anode, x = 0, y = 0 are the equations of the

tangents.
52. a*y* = x*(a® - x?). Ans. A double cusp at the origin, the double tangent y* = 0.
3
53. y* = 7 ol . Ans. My(0,0) is a cusp of the first kind, y =0isa tangent.
a—Xx

54. y* = x*(9—x?). Ans. M,(0,0)is anode, y = +3x are the equations of the tangents.

55. x* — 2ax*y — axy* + a*x* = 0. Ans. M(0,0) is a cusp of the second kind, y* = 0
is a double tangent.

56. y*(a* + x*) = ¥2(a* — x*). Ans. My(0,0) is a node, y = +x are the equations of the
tangents.

57. b*x* + a*y* = x*y*. Ans. M,(0,0) is an isolated point.

58. Show that the curve y = xInx has an end point at the coordinate origin and a
tangent which is the y-axis.

59. Show that the curve y =

T has a nodal point at the origin and that the tangents

1 +ex
at this point are: on the right y = 0, on the left y = x.



CHAPTER 9

APPLICATIONS OF DIFFERENTIAL CALCULUS
TO SOLID GEOMETRY

9.1 THE EQUATIONS OF A CURVE IN SPACE

Let us consider the vector OA = r whose origin is coincident with the coordi-
nate origin and whose terminus is a certain point A(x,y,z) (Fig. 196). A vector
of this kind is called a radius vector.

Let us express this vector in terms of the projections on the coordinate axes:

r=xi+yj+zk N
Let the projections of the vector r be functions of some parameter ¢:
x = ¢(n)
y =) 2)
z=x()
Then formula (1) may be rewritten as follows:
r=pOi+ Y0 + x(Ok 1)
or, in abbreviated form,
r=r() a7
As t varies, x, y, and z vary; and the point A (the ter- 4 A
minus of the vector r) will trace out a line in space that is Z42)
called the hodograph of the vector r = r(¢). Equation (1”) \

or (1”) is called the vector equation of the line in space. P

Equations (2) are known as the parametric equations of
the line in space. With the aid of these equations, the co- ’1'/' / y
ordinates x, y, z of the corresponding point of the curve
are determined for each value of ¢. Fig. 196

Note. A curve in space can also be defined as the locus of points of the in-
tersection of two surfaces. It can therefore be given by two equations of two
surfaces:

Di(x,y,2) = 0}

Dy(x,y,2) =0 )
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Thus, for example, the equations
P+y+2=4, z=1
are the equations of a circle obtained at the intersection of a sphere and a plane
(Fig. 197).
Thus, a curve in space may be represented either by parametric equations (2)
or by two surface equations (3).

If we eliminate the parameter ¢ from equations (2) and get two equations con-
necting x, y, z, we will thus make the transition

¥4
T 2 VitzT g7

Fig. 197

from parametric representation of a line to the surface representation. And con-
versely, if we put x = ¢(#), where ¢(¢) is an arbitrary function, and find y and z as
functions of ¢ from equations

D[p(0),y,2] =0, D2[p(1),y,z] =0

we will then make the transition from representation of a line by means of sur-
faces to its parametric representation.
Example 1. The equations

x=4t-1, y=3t, z=t+2

are parametric equations of a straight line. Eliminating the parameter 7, we get two equa-
tions, each of which is an equation of a plane. For instance, if from the first equation we
subtract, termwise, the second and third, we get x —y — z = —3. But subtracting (from the
first) four times the third we get x — 4z = —9. Thus, the given straight line is the line of
intersection of the planes x —y —z+3 =0and x—4z+9 = 0.

Example 2. Let us consider a right circular cylinder of radius a, whose axis coincides
with the z-axis (Fig. 198). Onto this cylinder we wind a right triangle C;AC so that the
vertex A of the triangle lies at the point of intersection of the generator of the cylinder with
the x-axis, while the leg AC, is wound onto the circular section of the cylinder lying in the
xy-plane. Then the hypotenuse will generate on the cylinder a line that is called a helix.
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Let us write the equation of the helix, denoting by x, y, and z the coordinates of its
variable point M and by ¢ the angle AOP (see Fig. 198). Then

x=acost, y=asint, z=PM=APtan6

where 6 denotes the acute angle of the triangle C;AC. Noting that AP = at, since AP is an
arc of a circle of radius a corresponding to the central angle ¢,

e A —
~N

e o
-

S~

b

£, P A >

Fig. 198

and denoting tan 6 by m, we get the parametric equations of the helix in the form
Xx=acost, y=asint, z=amt
(here 7 is the parameter), or in the vector form:
r =iacost + jasint + kamt

It is not difficult to eliminate the parameter ¢ from the parametric equations of the helix:
square the first two equations and add. We find x*> + y* = 4. This is the equation of the
cylinder on which the helix lies. Then, dividing termwise the second equation by the first
and substituting into the obtained equation the value of ¢ found from the third equation,
we find the equation of another surface on which the helix lies:

2 = tan =

X am
This is the so-called helicoid. It is generated as the trace of a half-line parallel to the xy-
plane if the end point of this half-line lies on the z-axis and if the half-line itself rotates
about the z-axis at a constant angular velocity, and rises with constant velocity so that its
extremity is translated along the z-axis. The helix is the line of intersection of these two
surfaces and so can be represented by two equations:

z
¥ +y =d, Y~ tan =
X am
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9.2 THE LIMIT AND DERIVATIVE
OF THE VECTOR FUNCTION OF A SCALAR ARGUMENT.
THE EQUATION OF A TANGENT TO A CURVE.
THE EQUATION OF A NORMAL PLANE

Reverting to the formulas (1”) and (1”") of the preceding section, we have

r = p0i+ Y0 + x(Ok
or
r=r)
When ¢ varies, the vector r varies in the general
case both in magnitude and direction. We say that r

is a vector function of the scalar argument ¢. Let us
suppose that

lim ¢(7) = ¢o
-1
lim ¢ (#) = ¢
11—ty

lim (1) = xo
11—t

Fig. 199 Then we say that the vector ry = @oi + ¥oj + ok is the
limit of the vector r = r(f) and we write (Fig. 199)

limr() =1y
t—to

From the latter equation follow the obvious equations

fim (1) — vyl = lim \Jl(0) = ol + (Y1) ~ o + [(®) ~ xol? = 0
—lo —lo
and
lim [r(£)| = [ro|
t—to
Let us now take up the question of the derivative of the vector function of a

scalar argument,

r(t) = (i + Y (0 + x(Dk ey
assuming that the origin of the vector r(¢) lies at the coordinate origin. We know
that the latter equation is the equation of some space curve.

Let us take some fixed value ¢ corresponding to a definite point M on the curve,
and let us change 7 by the increment A¢; we then get the vector

r(t + At) = o(t + ADi + Yt + ADj + x(t + ANk
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which defines a certain point M; on the curve
(Fig. 200). Let us find the increment of the vec-
tor

Ar =r(t + Ar) — r(?)
= g + An) — (0]
+ [yt + A — (D]
t+ Ar) — xy(lk »
FC+ a0 —xOlk G
In Fig. 200, where OM = r(t), OM; = N

r(t + Ar), this increment is shown by the vector .
MM, = Ar(z). Fig. 200

Let us consider the ratio

13 . . .
) of the increment in the vector function to the

increment in the scalar argument; this is obviously a vector collinear with the
vector Ar(t), since it is obtained from the latter by multiplication by the scalar

factor A We can write this vector as follows:

AX() _ g0+ 80 =g, i+ A =), i+ A) —x(D)

At At At At
If the functions (1), ¥(?), x(f) have derivatives for the chosen value of 7, the
factors of i, j, k will in the limit become the derivatives ¢’(¢), ¥'(t), x'(¢) as

A
At — 0. Therefore, in this case the limit of —ll: as At — 0 exists and is equal to
the vector ¢’ ()i + ¥/ (1)j + ¥’ (Hk:

. Ar ) e ,
AI}LI})A_I_¢(I)1+W(I)J+X(I)I(

The vector defined by this equation is called the derivative of the vector r(f) with

dr
respect to the scalar argument ¢. The derivative is denoted by the symbol T or

/

r.
Thus,
dl' ’ ’ . ’ . ’
— =r =9 Oi+yY' () +x Ok 2

dt
or
dr dx, dy, dz
—=—i+—j+—Kk 2’
dt dtH dtJ+dt 2

. . . dr
Let us determine the direction of the vector e

Since as At — 0 the point M; approaches M, the direction of the secant MM,
yields, in the limit, the direction of the tangent.
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.. dr |
Hence, the vector of the derivative 7 lies along the tangent to the curve at M.

d
The length of the vector d—l; is defined by the formula’

d
5] = Vlg@r + wor+ wor 3)

From the results obtained it is easy to write the equation of the tangent to the
curve
r=xi+yj+zk
at the point M(x, y, z), bearing in mind that in the equation of the curve x = ¢(f),
y =¢(), z = x(@).
The equation of the straight line passing through the point M(x,y, z) is of the

form
X-x Y-y Z-z

m n p
where X, Y, Z are the coordinates of the variable point of the straight line, while
m, n, and p are quantities proportional to the direction cosines of this straight line
(that is to say, to the projections of the directional vector of the straight line).

On the other hand, we have established that the vector

dr dx, dy, dz

E = El + EJ + Ek
is directed along the tangent. For this reason, the projections of this vector are
numbers that are proportional to the direction cosines of the tangent, hence also

to the numbers m, n, p. Thus, the equation of the tangent will be of the form
X-x Y- Z-z
=== @)
dx dy dz
dt dt dt
Example 1. Write the equation of a tangent of the helix

X =acost, y=asint, z=amt

for an arbitrary value of ¢ and for r = g

Solution.

dx int dy ; dz
— = —asint, — =acost, — =
dt a dt a dt am

. . . . |dr
“We shall assume that at the points under consideration |E| #0.
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From formula (4) we have
X —acost _Y—asint Z-amt
—asint ~ acost  am

In particular, for ¢ = % we get

aV2 av2

/e
X—T_Y—T:Z—amz

av?2 av2 am

T2 2
or

_a¥2 , aV2 , mam

2 _ 2 _ 4

-1 1 myz2

Just as in the case of a plane curve, a straight line perpendicular to a tangent
and passing through the point of tangency is called a normal to the space curve
at the given point. Obviously, one can draw an infinitude of normals to a given
space curve at a given point. They all lie in the plane perpendicular to the tangent
line. This plane is the normal plane.

From the condition of perpendicularity of a normal plane to the tangent (4),
we get the equation of the normal plane:

dx dy dz _
E(X_x)+E(Y_y)+E(Z_Z)_O 5

Example 2. Write the equation of the normal plane to a helix at a point for which
=%
Solution. From Example 1 and formula (5) we get
av2 av2 bis
—(X— T)+(Y— T)+m\/§(Z—amZ)=O
or

—X+Y+m\/§Z:am22—:\/§

Let us now derive the equation of the tangent line and the normal plane of a
space curve for the case when this curve is given by the equations

Di(x,y,2) =0, Dy(x,y,2)=0 (6)

We express the coordinates x, y, z of this curve as functions of some parameter

x=9), y=y@), z=x@ (N
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We shall assume that ¢(2), ¥(t), x(¢) are differentiable functions of z.
Substituting into equations (6), in place of x, y, z, their values for the points of
the curve expressed in terms of 7, we get two identities in #:

Oy [e(®), Y1), x] =0 (3a)
Oao[e(®), Y1), x)] =0 (8b)
Differentiating the identities (8a) and (8b) with respect to ¢, we get
0, dx | 00, dy |, 0D
Pe P P =0 ;
990, dx + 9D, dy + 00 dz _ 0 ( )

Ox dt dy dt 0z dt —
From these equations it follows that

dx d
oo 00y _ v g0, D g0, 00, 0wy 90,

ﬂ dy 0z 0z Oy ﬂ 0z Ox ox 0z (10)
dz 0000 _ 09, 00,°  d7 | 00 50, _ 00, 50
— ax Ay dy Ox — ox dy dy Ox
dt dt
90y 00y _ 30y

Here, we naturally assume that the expression I~ B % # 0; however,
it may be proved that the final formulas (11) and (12) (see below) hold also for
the case when this expression is equal to zero, provided that at least one of the
determinants in the final formulas differs from zero.

From equations (10) we have

dx d_y dz

dt _ dt _ dt
) 90y _ 90y 9Dy T 9Dy Gy _ 3Dy 9Dy T 3Dy 9Dy _ 9Dy I

dy 0z dz Oy 0z 0Ox ox 0z dx dy dy ox

Consequently, from formula (4) the equation of the tangent line will have the
form

X—-x Y-y Z-z
I, 00, _ 00, 00, | 00, 50, _ 90 0by | 9By 0%, _ 0%, 50,
dy 0z dz Ay 0z Ox ox 0z dx dy dy Ox
or, using determinants,
X—-x Y-y Z-z 1
For B0 00 by | (3% 80 (h
Oy 0z 0z ox ox dy
Ay 0z 0z ox ox dy
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The normal plane is represented by the equation

s o0 o 0w w00
dy 0z 0z ox ox dy | _

X =0, g0, T =M ge, g0, | T @ Do0, 50, =0 (12
dy 0z dz ox ox dy

These formulas are meaningful only when at least one of the determinants
involved is different from zero. But if at some point of the curve all three deter-
minants

90 90, 90, 90, 90 9Dy
dy 0z 0z ox ox Jy
R R P S N 1 S
dy 0z 9z ox Ox dy

vanish, this point is called a singular point
of the space curve. At this point the curve
may not have a tangent at all, as was the
case with singular points in plane curves
(see Sec. 8.20).

Example 3. Find the equations of the tan-
gent line and the normal plane to the line of in-
tersection of the sphere x* +y? +z> = 4r? and the
cylinder x? + y* = 2ry at the point M(r, r, 7 V2)
(Fig. 201).

Solution.

DQ(x,y,2) = X +y2 +722 -4/

Oy(x,y,2) = x> +y* = 2ry

ﬁd)l 6@1 a(I)l
— =2x, — =2y, — =2
Ox * ady Y 0z ¢
0D, 0D, 0D,
— =2x, —=2y-2r, — =0
ox . ady v 0z
The values of the derivatives at the given point
M will be
0D, 00, 0D,
— =2 — =2 —— =2rV2
o T, 3y T, pe rv2
a(Dz aq)z a(DZ
— =2r, — =0, — =0
Ox ! dy 0z

For this reason the equation of the tangent line has the form
X-r _ Y-r _ Z—r\/z
0 2 @ -1
The equation of the normal plane is

V2(Y-r-(Z-rV2)=0 or V2Y-Z=0
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9.3 RULES FOR DIFFERENTIATING VECTORS
(VECTOR FUNCTIONS)

As we have seen, the derivative of a vector
r(t) = i + Y()j + x(Hk (D
is, by definition, equal to
() =¢' Oi+ ¢ 0f+x (Hk (2)
From this it follows directly that the basic rules for differentiating functions
hold for vectors as well. Here, we shall derive the formulas for differentiating a
sum and a scalar product of vectors; the other formulas we shall write down and
leave their derivation for the student.
L. The derivative of a sum of vectors is equal to the sum of the derivatives of

the vectors.
Indeed, let there be two vectors:

ri(t) = @1(Oi + Y1 (D] +X1(t)k} 3)
(1) = @2(Di + Y2(D)j + x2(Hk
Their sum is
ri(H) +12(1) = [@1() + e2(O]i + [Y1 () + (D] j + [x1(0) + x2(D] K
By the definition of a derivative of a variable vector, we have
OOl = [@1(1) + @2()) T+ [Y1() + Yo ()] + D1 (1) + 2 (D] k
or
AOO) = 161 (1) + @y (0] + [ () + O] + [ (1) + x5 (D] K
= [@ i + ¥ (O] + x| (OK] + [@5(DF + 5D + x3(DK] = 1] + 17

Hence,
dlr|(t) + r2(1)] _ dry  drp
dt dt dt M
II. The derivative of a scalar product of vectors is expressed by the formula
d(riry) dr dr;
= — — 11
dt dt 2 n dt (D

Indeed, if 1y (¢), ry(?) are defined by formulas (3), then, as we know, the scalar
product of these vectors is equal to

ri(@)r2(t) = 12 + Y12 + x1x2
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For this reason

d(mz) = Qlp2 + @195 + Y Y, + XX F XX
= (@12 + Y W2 + X1 x2) + (019, + YY) + x1x5)
= (@i + Yj + X K (@2 + Yo + x2K) + (@1 + ¥ + x 1 K)(@51 + ¥ + x5k)

_ drp dry
dr dt

The theorem is proved.

From formula (IT) we have the following important corollary.

Corollary. If the vector e is a unit vector, that is, |e| = 1, then its derivative is
a vector perpendicular to it.

Proof. If e is a unit vector, then

r, +r;—=

ee=1

Let us take the derivative, with respect to ¢, of both sides of the equation:

ede + dee =0
dt  dr
or
de
2e— =0
¢ dt
that is, the scalar product
de
= -0
Car

. de . .
But this means that the vector T is perpendicular to the vector e.

L. If f(¢) is a scalar function and x(t) is a vector function, then the derivative
of the product f(t) x(t) is given by the formula

d(fr) df
0 f - (I1I)

Proof. If the vector r(¢) is defined by formula (1), then
JFOr@® = fOei+ fOY@®j+ fOxk
By formula (2) we get
WOro) ( Ay ple ) (ﬂ!ﬁ 4 fd_w)- + (d_fX 4 fd_)()k
U (i + yj + xK) +f(—1+ i+ dfk) =4y pdr
IV. A constant numerical factor can be taken outside the sign of the derivative:

da-r() _ dr
a Y

= ar’(f) av
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d
This follows from III if f(¢#) = a = const. Hence, d_{ =0.

V. The derivative of a vector product of vectors ri(t) and ry(t) is determined

by the formula
dr; xXr dr dr
—( ldt 2)=d—tl><r2+r1><7t2 V)

The proof is similar to that of formula II.

9.4 THE FIRST AND SECOND DERIVATIVES OF A VECTOR WITH
RESPECT TO ARC LENGTH. THE CURVATURE OF A CURVE.
THE PRINCIPAL NORMAL. THE VELOCITY AND ACCELERATION
OF A POINT IN CURVILINEAR MOTION

The arc length” of a space curve MyA = s (Fig. 202) is determined just as
in the case of curves in a plane. When a variable point A(x, y, z) moves along a
curve, the arc length s varies; conversely, when s varies, the coordinates x, y, z
of the variable point A lying on the curve also vary. Therefore, the coordinates x,
¥, z of the variable point A of the curve may be regarded as functions of the arc
length s:

x = ()
Yy =u(s)
z=x(s)

In these parametric equations of the curve, the arc length s is the parameter. The
vector OA = r is, accordingly, expressed as

r=@(s)i+y(s)j+xs)k
or

r =r(s) (1

Thus the vector r is a function of the arc length s.
Let us find out the geometrical meaning of the derivative % As is evident
from Fig. 202, we have the following equations:
MeA=s, AB=As, MoB=s+As
OA =r1(s), OB =r(s+As)
AB = Ar = r(s + As) — r(s)

Ar _ AB
As AAB

“The arc length of a space curve is defined in exactly the same way as the arc length of a plane
curve (see Sec. 6.1 and Sec. 12.3).
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d A
We have already seen in Sec. 9.2 that the vector d_r = lim A_r is in the direc-
S S

As—0

tion of the tangent to the curve at the point A towards increasing s. On the other

AB
hand, we have the equation lim| T’ =1
AB

Fig. 202 Fig. 203

. dr . .
[the limit of the ratio of the chord length to the arc length"]. Hence, 7 1S a unit
s
vector in the direction of the tangent; let us denote it by o

dr
- = 2
-7 @)
If the vector r is represented by the projections
r=xi+yj+zk
then
dx, dy, dz
=—i+—j+—k 3
7 dsl ds'] ds 3
and

VG + () = () -

. .. . r .
Let us now examine the second derivative of the vector function, L that is,
s

. . dr ..
the derivative with respect to 75 and determine its
R

“In Sec. 6.1, we mentioned this relation for a plane curve. It also holds for a space curve: r(r) =
@() i+ (1) j+ x (1) kif the functions ¢(t), Y(f) and y(7) have continuous derivatives that do not vanish
simultaneously.
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geometric meaning. From formula (2) it follows that
dzr _ d [dl‘] _ do
ds*  dsldsl ™ ds

A
Consequently, we have to find Alim0 —0-.
S S

From Fig. 203 we have AB = As, AL = o, BK = o + Aco. Draw from the
point B the vector BL; = o. From the triangle BKL; we find
BK = BL, + LK
or
o+Aoc =0+ Ll_K

Thus, L K = Ao Since, by what has been proved, the length of the vector o does
not change, |o| = |0~ + Ao|; hence, the triangle BKL is an isosceles triangle.
The angle Ay at the vertex of the triangle is the angle through which the tan-
gent to the curve turns from the point A to the point B; in other words, it corre-
sponds to the increment in the arc length As. From the triangle BKL; we find

= Aol = ZIO'I'Sin %’ = 2'sm —’

(since |o| = 1).
Divide both sides of this equation by As:

A sin% i A"D

a 2

E|:2 As | At,o |As|
2

We now pass to the limit on both sides of this equation as As — 0. On the left
side we have

2] |2
As—0l As 1~ lds
Then
A
sin—‘p
Alig}o Ap =1
2

since in this case we consider curves such that there exists a limit lim A—SD and,

As—0 AS

consequently, Ap — 0 as As — 0. Thus, after passing to the limit we have

| ds ' AH0| As @)
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The ratio in absolute value of the angle of turn Ap of the tangent, when the point
A goes to the point B, to the length As of the arc AB is called (just as it is in the
case of a plane curve) the average curvature of the given curve on the section
AB:

Ap
average curvature = A_
)

The limit of the average curvature as As — 0 is called the curvature of the curve
at the point A and is denoted by K:

. | Ap
K = lim |—
Aglo As
d
But then from (4) it follows that 'd_0'| = K, which means that the length of the
s

derivative of a unit vector” of a tangent with respect to the arc length is equal to
the curvature of the line at the given point. Since the vector o is a unit vector, its

d
derivative d_a is perpendicular to it (see Sec. 9.3, Corollary).
s

do . . .
Thus, the vector — 1is equal, in length, to the curvature of the curve, and, in
s
direction, is perpendicular to the vector of the tangent.

. . L do
Definition. The straight line that has the same direction as the vector I and

K
passes through the corresponding point of the curve is called the principal normal

of the curve at the given point. We denote by n the unit vector of this direction.
. do . —_
Since the length of the vector I is equal to K, which is the curvature of the
s

curve, we have
do
— =Kn
ds

The reciprocal of the curvature is called the radius of curvature of the curve

1
at the given point and is denoted by R, X R.

So we can write

d’r _do _n 5)
ds2  ds R
From this formula it follows that
1 d*r\2
e = (G2 Q)

“It should be remembered that the derivative of a vector is a vector and for this reason we can
speak of the length of the derivative.
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But
2 2 2 2
E = ﬁi + Qj + ﬂk
ds? ds>  ds?”  ds?
Hence,
1 d*x\2  d*y\2 dPzy2 ,
F= V) + (62 + () (®)

This formula enables us to compute the curvature of a curve at any point pro-
vided that the curve is represented by parametric equations in which the parame-
ter is the arc length s (i. e., provided the radius vector of the variable point of the
given line is expressed as a function of the arc length).

Let us consider the case where the radius vector r is expressed as a function
of an arbitrary parameter ¢:

r =r(t)

In this case the arc length s will be regarded as a function of the parameter .
Then the curvature is computed as follows:

dr drds
= 7
dt dsdt M
Since
dr "
=1
ds‘
we have
dr\2  ,ds\2
(Z) =(Z) ®)
Differentiating the right and left sides of (8) and dividing by two, we get
drd’r  dsd*s
= ©))

di d® ~ dr di*
Further, from formula (7) it follows that

dr dr 1
ds dt ds
dt
Differentiate, with respect to s, both sides of this equation:

d*s
dr _dr 1 dr g2
ds?2 — d? ds\2  dt ds\3
R G B

S . d . A
This equation follows from the fact that ‘d—r‘ = lim !
s

—} But Ar is a chord subtending an arc
As—0l As

A
of length As. Therefore 'A—r' approaches 1 as As — 0.
s
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Substituting into formula (6) the expression obtained for Z—g, we get

2
d’s
1 d’r 1 dr gp

R |dr? ds\ Cdr ds\’
@ (@)

(@) g5V (&)
(%)

Expressmg ds and L5 by formulas (8) and (9) in terms of the derivatives of r(),

ar
we get”
L ()G (s
o o (1)
(47}
Formula (10) may be rewritten as follows:""

We have obtained a formula that enables us to calculate the curvature of a
given curve at any point for an arbitrary parametric representation of the curve.

If in a particular case the curve is a plane curve and lies in the xy-plane, then
its parametric equations have the form

x = (1)
y = (@)
z=0

Putting these expressions of x, y, z into formula (11), we get the earlier derived
(in Ch. 6) formula that yields the curvature of a

“We transform the denominator as follows: (‘d“) { } { % } Here we cannot write
dr
dr

(%)6. By (%) we mean the scalar square of the vector d[ ; by {( ) }3 the third power of( ) .

6. .
The expression (;,1‘; ) is meaningless.

"“We utilized the identity a2b2 (ab)2 (a x b)> whose validity is readily recognizable if one
rewrites the identity as follows: a?b? — (ab cos <,z>)2 (ab sin «p)2
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plane curve represented parametrically:
K = @) - 0" 0]
{lo’OF + [y (O)]*/>

Example. Compute the curvature of the helix

r = iacost + jasint + kamt

at an arbitrary point.

Solution.
17} .
— = —iasint + jacost + kam
dt
d’r . {iasing
— = —iacost — jasin
dr? J
dr er l. J k ) . ) 2
d_xﬁ: —asint acost am|=ia"msint— ja'mcost+ Kka
4 ! —acost —asint 0
dr  d’r\’ 4
— X —| =a(m +1
(dz dtz) ( )
dr\’ 2.2 2 2 2.2 _ 2 2
7 =a‘sin“t+a“cos“t+am=a(l+m)
Consequently,
I atm? + 1) B 1
R [0 +m)P &2 + m?)?
whence

R = a(1 + m?) = const
Thus, the helix has a constant radius of curvature.

Note. If a curve lies in a plane, then without violating generality, we can
assume that it lies in the xy-plane (this can always be achieved by transforming
the coordinates). Now if the curve lies in the xy-plane, then z = 0; but then
% = 0 also and, consequently, the vector n likewise lies in the xy-plane. We
thus conclude that if a curve lies in a plane, then its principal normal lies in the
same plane.

The velocity of a point in curvilinear motion. Let a moving point at time ¢
be at point M defined by the radius vector OM = r(r) (see Fig. 200), and at time
t + At at point M defined by the radius vector OM; = r(t + At). Then the vector
MM, is called the displacement vector of the point. The ratio of the displacement
vector MM, to the associated time increment At is called the average velocity of
the point during the time interval:

_ M_M] _Ar —

=——=—=MN
Vav At At
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The vector of the average velocity is also directed along the chord MM, (see
Fig. 200, page 315) in the direction of motion of the point (in rectilinear motion,
its direction is that of the trajectory).

The velocity of the point at a given instant of time is defined thus:

Ar dr
=1 ) = I —_— = —
V= limve) = fim = @
that is,
dr
= — 12
V= (12)

We can therefore say that the velocity of a point at a given time is equal to the
first derivative of the radius vector of the point with respect to the time.
By formula (2), Sec. 9.2, it follows that the projections of the velocity on the
coordinate axes are
dx dy dz
R YT ar T a
The modulus of the velocity is found from formula (3), Sec. 9.2:

3 dx\* dy > (dz\
. \/(E) *(E) *(z) (19

If we introduce the arc length s, as was done at the beginning of this section,
and consider s as a function of time #, then formula (12) may be written

dr dr ds
= — = — — = 14
Ve a T asa 7 14
ds

where v = % is the absolute value of velocity and o is the unit vector directed
along the tangent line in the direction of motion.

Acceleration of a point in curvilinear motion. As was defined in Sec. 3.25,
the acceleration of a point w in curvilinear motion is the derivative of the velocity
vector with respect to time:

dv
= — 15
W dt (15
Butv = % and so
d°r
= — 16
Ve (16)
If we proceed from formula (14), then we get
_dv_dv-o)

YT T a
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Expanding this derivative, by formula (III), Sec. 9.3, we get
dv do
= EO’ + VE (17)

Transform the derivative %’ using formulas (7) and (5):

w

da’_do@_g

dt ~ ds di R
Substituting into (17), we finally get

w:d—0'+v— (18)

Here, o is a unit vector directed along the tangent line in the direction of
motion and n is a unit vector along the principal normal.

In words, formula (18) may be stated thus:

The projection of the acceleration of a point on the tangent line is equal to
the first derivative of the absolute value of the velocity, and the projection of the
acceleration on the principal normal is equal to the square of the velocity divided
by the radius of curvature of the trajectory at the given point.

Since the vectors o~ and n are mutually perpendicular, the modulus of acceler-
ation is given by the formula

2 2
dv y2
W= —| +|{= 19
(%) +(7) )
9.5 OSCULATING PLANE. BINORMAL. TORSION

Definition 1. The plane passing through the tangent line and the principal
normal to a given curve at a point A is called the osculating plane at the point A.

For a plane curve, the osculating plane coincides with the plane of the curve.
But if the curve is not a plane curve, and if we take two points on it, P and Py,
we get two different osculating planes that form a dihedral angle u. The bigger
the angle u, the more the curve differs in shape from a plane curve. To make this
more precise, let us introduce another definition.

Definition 2. The normal (to a curve) perpendicular to the osculating plane is
called a binormal.

On the binormal let us take a unit vector b and make its direction such that the
vectors o, n, b form a triple with the same orientation as the unit vectors i, j, k
lying on the coordinate axes (Figs. 204, 205).
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By virtue of the definition of a vector product and scalar product of vectors
we have

b=0xn, bb=1 (H
We find the derivative of %. By formula V, Sec. 9.3,

%z—d(o;ljn)zfl—jxn+o-x% 2)
But ”[% = ¢ (see Sec. 9.4), therefore
d_o- Xn= ln xn=0
ds R
and formula (2) takes the form
% =0 X % 3)

From this it follows (by the definition of a vector product) that % is a vector
perpendicular to the vector of the tangent line o.

7 n "
Fig. 204 Fig. 205

On the other hand, since b is a unit vector, % is perpendicular to b (see Sec. 9.3,
Corollary). ‘

This means that the vector % is perpendicular both to o and to b; that is, it is
collinear with the vector n.

Let us denote the length of the vector % by %:

db| 1
ds| T
then
db 1
@_Z 4
ds Tn “)

The quantity % is the forsion of the given curve.
The dihedral angle y between the osculating planes that correspond to two
points of the curve is equal to the angle between
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the binormals. By analogy with formula (4), Sec. 9.4, one can write
W i £
ds As—0 |As|

To summarize, then, the torsion of a curve at a point A is equal, in absolute
value, to the limit which is approached (as As — 0) by the ratio of the angle u
between the osculating planes at the point A and the neighbouring point B to the
length |As| of the arc AB.

If the curve is plane then the osculating plane does not change its direction
and, consequently, the torsion is equal to zero.

From the definition of torsion it is clear that it is a measure of the deviation of
a space curve from a plane curve. The quantity 7 is called the radius of torsion

of the curve.
Let us find a formula for computing torsion. From (3) and (4) it follows that

Forming the scalar product of both sides by n, we get
1 » dn
=nn=n{o X —
T ds
On the right side of this equation we have the so-called mixed (or triple) prod-
uct of three vectors n, o~ and %. In a product of this kind the factors, as we know,
may be circularly permuted. In addition, taking into consideration that nn = 1,

we rewrite the latter equation in the following form:

1 . dn “n
T ds
or
1 dn
T_—O'(nxa) 5)

. 2
But since n = R%, we have

dn v dR d’r
as Nag Vs as
and
e 229
ds’  ds ds?
=R2(ﬁxﬁ)+Rd_R(ﬁxﬁ)
ds? " ds3 ds \ds?  ds?
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But since the vector product of a vector into itself is equal to zero,

d’r d*r
ds®
Thus,
dn ,(dr d&r
R
s (ds2 ds3

Noting that o = ZZTE and reverting to (5), we get
1 dr(dr y d’r
T ds\ds?*  ds3

If the vector r is expressed as a function of an arbitrary parameter ¢, it may be
shown,” much like was done in the preceding

(6

*Indeed,
dr _drds
dr ~ ds dr
Differentiating once again with respect to 7, we get
v d (dr\dsds drd’s d’r(ds\ dr &s
(%) (@) &%

- _ 2 + = -2
drr  ds di dt " ds d2 ~ ds?
Differentiate it once more with respect to #:
&r_d (dr\ds () drods ds o d(de)ds &5 de ds
dt ~ ds\ds?) dt\dt) " ds> “dt a2 " ds\ds)dt a2 ~ ds dr
_ (Y Prds ds | dr ds
T dsd\at ds? dt a2~ ds dp
Let us now form a triple product:
dr d*r y &*r
dr? dt3

_drds [|dr ds drd2 E@@errd*

T ds dt ||ds? Tds ar ds3 Y4 i ae ¥ ds ar
Expanding this product by the rule for multiplying polynomials, and disregarding those terms that
contain two identical vector factors (since the triple product of three factors where at least two are

equal is zero), we get
de (1 &\ _de (@1 ) (ds
dt\a2 " dr)  ds\ds? " ds3\dt
ds\’ _(dry
dr] ~\dt
3
ds\_ [(dry’
dt) — |\dr

Finally, noting that

or

we obtain the required equation.
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section, that
3
dr (& dr)_ dr (L5 x 4¥)
ds\ds® " ds? a2’
()}

Putting this expression into formula (6) and replacing R? by its expression
from formula (11), Sec. 9.4, we finally get

dr (d%r |, &°r
1 dr (dz2 X dt3)
—=- ™
RCEE
dt dr?

This formula makes it possible to compute the torsion of the curve at any point
if the curve is represented by parametric equations with an arbitrary parameter ¢.

Concluding this section, we note that the formulas which express the deriva-
tives of the vectors o, b, n are called Serret-Frenet formulas:

da’_n db n dn_ o b

TR 4T ds R T
The last one is obtained as follows:
n=bxo
dn dbxo) db do n n
g—T—axawbe_?xa%bxl—e
1 1
=—nXo+—-bxn
T R
but
nxo=-b, bxn=-0o
therefore
dn b o
ds T R

Example. Compute the torsion of the helix

r =iacost+ jasint + kamt

Solution.
dr (dr  dr —asint a co_s t am X
o b P R
(% X %)2 = a*(1 + m?) (see Example, Sec. 9.4).
Consequently,

a*(1 + m?) a(l + m?)
T=- = .
am

m
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9.6 THE TANGENT PLANE
AND THE NORMAL TO A SURFACE

Let there be a surface given by an equation of the form

F(x,y,2)=0 ey

We introduce the following definition.
Definition 1. A straight line is a tangent to a surface at some point P(x,y, z)
if it is tangent to some curve lying on the surface and passing through P.

Since an infinitude of different curves lying on the
surface pass through the point P, then, generally speak-
ing, there will also be an infinitude of tangents to the
surface passing through this point.

We introduce the concept of singular and ordinary
points of a surface F(x,y,z) =0 ,

F

If at the point M(x,y,z) all three derivatives e
%—5, %—f are equal to zero, or at least one of these
derivatives does not exist, then M is called a singu-
lar point of the surface. If at M(x,y,z) all three
derivatives 9, ‘2,’; , %f exist and are continuous, and at
least one of them differs from zero, then M is an ordinary point of the surface.

We can now formulate the following theorem.

Theorem. All tangent lines to a given surface (1) at an ordinary point of it P
lie in one plane.

Proof. Let us consider, on a surface, a certain curve L (Fig. 206) passing
through a given point P of the surface. Let this curve be represented by paramet-

ric equations:

Fig. 206

x=¢@®), y=y@®, z=x@ @)
A tangent to the curve will be a tangent to the surface. The equations of this
tangent have the form
X-x Y-y Z-z
dx ~— dy = dz
e dr dr
If we put expressions (2) into equation (1), the latter will become an identity

in ¢, since the curve (2) lies on the surface (1).
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Differentiating it with respect to ¢, we get”
OF dx OF dy OF dz _

+ + = 3
dx dt dy dt 0z dt )
Let us further examine the vectors N and ; that pass through P:
oF aF oF
N=—i+—j+—k 4
6x Oy'] 0z @
OF OF aF

The projections of this vector, 5-, @ , depend on x, y, z, which are the coor-
dinates of P; it will be noted that since P is an ordinary point, these projections
do not simultaneously vanish at the point P and therefore

OF\* (9F\’  (9F\’
= (5 () () o
dr dx, dy. dz
@ a T ad
is tangent to the curve passing through the point P and lying on the surface. The
projections of this vector are computed from equations (2) with the value of the
parameter ¢ corresponding to the point P. Let us compute the scalar product of

the vectors N and f’;, which product is equal to the sum of the products of like
projections:

The vector

—k &)

dr _OF dx oF dy L oF OF dz

dt ~ dx dt 6y dr ' 9z di
On the basis of (3), the expression on the right is equal to zero; hence
dr
dt
From this equation it follows that the vector N and the tangent vector "r to the
curve (2) at the point P are perpendicular. The foregoing reasoning holds for any
curve (2) passing through the point P and lying on the surface. Therefore, every
tangent to the surface at the point P is perpendicular to one and the same vector

N and for this reason all these tangents lie in a single plane that is perpendicular
to the vector N. The theorem is proved.

=0.

“Here we apply the rule for differentiating a composite function of three variables. This rule is

applicable here since all the partial derivatives g’? %—f %F are, as stated, continuous.
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Definition 2. The plane in which lie all the tangent lines to the curves on
the surface passing through the given point P is called the fangent plane to the
surface at the point P (Fig. 207).

It should be noted that a tangent plane may not
exist at the singular points of the surface. At such
points, the tangent lines to the surface may not lie
in one plane. For instance, the vertex of a coni-
cal surface is a singular point. The tangents to
the conical surface at this point do not lie in one
plane (they themselves form a conical surface).

Let us write the equation of the tangent plane
to a surface (1) at an ordinary point. Since this
plane is perpendicular to the vector (4), its equa-
tion has the form

oF
ox

If the equation of the surface is given in the form

z=f(x,y) or z-f(x,y)=0

(X—X)+8—F(Y—Y)+6—F(Z—Z)=0 (6)
ay 0z

then
oF __of OF _ _of OF _,
dx  ox’ dy 9y 8z
and the equation of the tangent plane is then of the form
0 0
Z—zz—f(X—x)+—f(Y—y) ©")
ox ay

Note. If in formula (6”) we put X —x = Ax, Y —y = Ay, then this formula will
take the form

of of
Z-7=—Ax+ —A
a= o0 x+6y y

Its right side is the total differential of the function z = f(x,y). Therefore, Z—z =
dz. Thus, the total differential of a function of two variables at the point M(x, y),
which differential corresponds to the increments Ax and Ay of the independent
variables x and y, is equal to the corresponding increment in the z-coordinate of
the tangent plane to the surface which is the graph of the given function.
Definition 3. The straight line drawn through the point P(x, y, z) of surface (1)
perpendicular to the tangent plane is called the normal to the surface (Fig. 207).
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Let us write the equations of the normal. Since its direction coincides with
that of the vector N, its equations will have the form

X-x Y-y Z-z
0F ~ OF _ OF
ax 9y oz
If the equation of the surface is given in the form z = f(x,y), or
2= flx,y)=0
then the equations of the normal have the form
X-x Y-y Z-z
of ~ af 1
- - (’9_y

Note. Let the surface F(x,y,z) = 0 be the level surface for some function of
three variables u = u(x, y, 7); that is,

F(x,y,2) =u(x,y,2)-C=0

Obviously, the vector N, defined by formula (4) and in the direction of the normal
to the level surface F = u(x,y,z) — C = 0, will be

(N

ou, Ou, Ou
N=—i+—j+—k
ax "al g
that is,
N = gradu

We have thus proved that the gradient of the function u(x,y, ) is in the direction

of the normal to the level surface passing through the given point.
Example. Write the equation of the tangent plane and the equations of the normal to
the surface of the sphere x> + y* + z> = 14 at the point P(1, 2, 3).
Solution.
OF OF _  OF _

Fx,y,2) =X +y*+72-14=0, —=2x, — =2y, — =
(y,2)=x"+y +z F T T =

2z
Forx=1,y=2,z=3 we have
oF oF oF
—_— = 2, - = 4, - = 6
Ox dy 0z
Therefore, the equation of the tangent plane will be
2x-1)+4(y-2)+6(z-3)=0 or x+2y+3z-14=0
The equations of the normal are

x-1 y-2 z-3

or
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EXERCISES ON CHAPTER 9

Find the derivatives of the following vectors:

1 1
L. r =icotr + jarctant. Ans. ¥’ = ————i+ ——j. 2.1 = ie’ +j2r + kint.
K sin“s L+t -
Ans. ¥ = —ie +2j+~. Br=ri-d s Ans v =2+ 32
t lZ 2 t3

4. Find the vector of the tangent, the equations of the tangent and the equations of the

normal plane to the curve r = i + *j + £k at the point (3,9,27). Ans. ¥’ = i + 6j + 27k;
x-3 y-9 z-27

tangent: ; normal plane: x + 6y + 27z = 786.

6
5. Find the vector of the tangent, the equations of the tangent and the equation of the
. ro1 Lt . . 1.
normal plane to the curve r = i cos’ 3 + 5,] sint +ksin 3 Ans. ¥’ = —51 sint + EJ cost+
X-cos’t Y-1lsint Z-sini

1 t . .
—k cos —; the equation of the tangent - = = - 2 - the equation
2 2 —sint cost Cos 5

. t . t
of the normal plane: +X sint — Y cost — Z cos 5= +xsint —ycost—zcos 3 where x, y,
z are the coordinates of that point of the curve at which the normal plane is drawn (that is,

x—coszt ! sin t. z—sint)
CeoS T sk a=sig ) )
6. Find the equations of the tangent to the curve x = —sint,y = 1 —cos¢, z =4sin§

X-Xo

and the cosines of the angles that it makes with the coordinate axes. Ans.

Y-Yy, Z-2Z,
cos®  cot?

7. Find the equation of the normal plane to the curve z = x> — y*, y = x at the origin.
Hint. Write the equations of the curve in parametric form. Ans. x+y = 0.

8. Find o, n, b at the point ¢ = g for the curve r = i(cos 7 + sin® ) + jsin #(1 — cos ) —
-5i-4j-k b= i—-2j+3k
Va2 oo Vvia

cosa—sinzt—0 cosﬁ—lsint cosy—cost—0
, R 5 0» R

1
kcost. Ans. 0= —(-i+j+k), n=
V3

4
. . L. . t
9. Find the equations of the principal normal and the binormal to the curve x = T
r ’2 X=X _ Y=Y _ -2 X = Xo
= —, z = — at the point (xo, ¥, 20). Ans. = = , =
VT3 T point (%o, Yo, 0) B2 -8 28 -1 ]

Y—=Yo _ 2~ 20
— - 2
2ty 15
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10. Find the equation of the osculating plane to the curve y* = x, x* = z at the point
M(1,1,1). Ans. 6x—-8y—z+3=0.

11. Find the radius of curvature for a curve represented by the equations x* + y* + 7> —
4=0,x+y-2z=0.Ans. R=2.

12. Find the radius of torsion of the curve r = icost + jsint + ksinhz. Ans. T
—cosht.

13. Find the radius of curvature and the torsion of the curve r = %i + 2£3j. Ans. R

2
§z(l +972)2 T = oo.

14. Prove that the curve r = (a,* + bt + ¢)i + (a2f* + bot + ¢3)j + (ast® + bt + c3)k
is plane. Ans. "’ = 0, therefore the torsion is equal to zero.

15. Find the curvature and torsion of the curve x = €',y = ¢™, 7 = tV2. Ans. The

2 e torsion V2
—Q, the torsion 18 ———.
(x+y)? (x+y)?
t

16. Find the curvature and torsion of the curve x = e'sint, y = ecost, z = e

curvature is

. V2 .1
Ans. The curvature is Te’ , the torsion is —ge’.

2 22
17. Find the equation of the tangent plane to the hyperboloid % - Z_z -5 =latthe
i X Ny 21z _
point (x1,y1,21). Ans. i L

18. Find the equation of the normal to the surface x> — 4y*> + 27> = 6 at the point
(2,2,3). Ans. y+4x=10,3x-z=3.

19. Find the equation of the tangent plane to the surface z = 2x* + 4y’ at the point
M(2,1,12). Ans. 8x+ 8y —z=12.

20. Draw to the surface x*>+2y*+z> = 1 a tangent plane parallel to the plane x—y+2z =

[11
0.Ans. x—y+2z=4+ ER



CHAPTER 10

THE INDEFINITE INTEGRAL

10.1 ANTIDERIVATIVE AND THE INDEFINITE INTEGRAL

In Chapter 3 we considered the following problem: given a function F'(x), find
its derivative, that is, the function f(x) = F’(x).

In this chapter we shall consider the reverse problem: given a function f(x), it
is required to find a function F(x) such that its derivative is equal to f(x), that is,

F'(x) = f(x)

Definition 1. A function F(x) is called the antiderivative of the function f(x)
on the interval [a, b] if at all points of the interval F’(x) = f(x).

Example. Find the antiderivative of the function f(x) = x°.

From the definition of an antiderivative it follows that the function F(x) = ’;i is an
antiderivative, since (%)f = x2.

It is easy to see that if for the given function f(x) there exists an antiderivative,
then this antiderivative is not the only one. In the foregoing example, we could
take the following functions as antiderivatives: F(x) = % +1, F(x) = )‘3—3 -7 or,

generally, F(x) = % + C (where C is an arbitrary constant), since
’; ’
2
—+C| =+
[50¢] =

On the other hand, it may be proved that functions of the form )‘3—3 + C exhaust
all antiderivatives of the function x*>. This is a consequence of the following
theorem.

Theorem. If Fi(x) and F»(x) are two antiderivatives of a function f(x) on an
interval [a, b], then the difference between them is a constant.

Proof. By virtue of the definition of an antiderivative we have

Fi(x) = f(X)}
F(x) = f(x)

for any value of x on the interval [a, b].

ey
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Let us put

Fi(x) - F2(x) = ¢(x) @)
Then by (1) we have

Fi(x) = F3(x) = f(x) - f(x) = 0
or

¢'(x) = [F1(x) = F2(0)] =0
for any value of x on the interval [a, b]. But from ¢’(x) = 0 it follows that ¢(x) is
a constant.

Indeed, let us apply the Lagrange theorem (see Sec. 4.2) to the function ¢(x),
which, obviously, is continuous and differentiable on the interval [a, b]. No mat-
ter what the point x on the interval [a, b], we have, by virtue of the Lagrange
theorem,

P(x) = ¢(a) = (x — a)¢'(€)
where a < € < x.
Since ¢’(¢) = 0,
o(x) —p(a) =0
or

@(x) = ¢(a) 3)
Thus, the function ¢(x) at any point x of the interval [a, b] retains the value ¢(a),
and this means that the function ¢(x) is constant on [a, b]. Denoting the constant
¢(a) by C, we get, from (2) and (3),

Fi(x) - Fy(x)=C

From this theorem it follows that if for a given function f(x) some one an-
tiderivative F(x) is found, then any other antiderivative of f(x) has the form
F(x) + C, where C = constant.

Definition 2. If the function F(x) is an antiderivative of f(x), then the expres-
sion F(x) + C is the indefinite integral of the function f(x) and is denoted by the
symbol [ f(x)dx. Thus, by definition

/f(x)dx =Fx)+C
if
F'(x) = f(x)
Here, the function f(x) is called the integrand, f(x)dx is the element of integra-

tion (the expression under the integral sign), and f is the integral sign.
Thus, an indefinite integral is a family of functions y = F(x) + C.
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From the geometrical point of view, an indefinite integral is a collection (fam-
ily) of curves, each of which is obtained by translating one of the curves parallel
to itself upwards or downwards (that is, along the y-axis).

A natural question arises: do antiderivatives (and, hence, indefinite integrals)
exist for every function f(x)? The answer is no. Let us note, however, without
proof, that if a function f(x) is continuous on an interval [a, b], then this function
has an antiderivative (and, hence, there is also an indefinite integral).

This chapter is devoted to working out methods by means of which we can
find antiderivatives (and indefinite integrals) for certain classes of elementary
functions.

The finding of an antiderivative of a given function f(x) is called integration
of the function f(x).

Note the following: if the derivative of an elementary function is always an
elementary function, then the antiderivative of the elementary function may not
prove to be representable by a finite number of elementary functions. We shall
return to this question at the end of the chapter.

From Definition 2 it follows that:

1. The derivative of an indefinite integral is equal to the integrand, that is, if
F'(x) = f(x), then also

(f fdx) = (Fx)+CY = f(). @)

This equation should be understood in the sense that the derivative of any an-
tiderivative is equal to the integrand.

2. The differential of an indefinite integral is equal to the expression under the
integral sign:

d([ fx)dx) = f(x)dx (5)

This results from formula (4).

3. The indefinite integral of the differential of some function is equal to this
function plus an arbitrary constant:

JdF(x)=F(x)+C

The truth of this equation may easily be checked by differentiation [the differen-
tials of both sides are equal to dF(x)].

10.2 TABLE OF INTEGRALS

Before starting on methods of integration, we give the following table of inte-
grals of the simplest functions.

The table of integrals follows directly from Definition 2, Sec. 10.1, and from
the table of derivatives (given in Sec. 3.15). (The truth
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of the equations can easily be checked by differentiation: by establishing that the
derivative of the right side is equal to the integrand.)

1. f dx = 2 4+ C (@ # —1). (Here and in the formulas that follow, C

a+l
stands for an arbitrary constant.)

2. [“=In|x|+C.
3. [sinxdx=—-cosx+C.
4. [cosxdx=sinx+C.

5. 4 —tanx+C.

cos? x

6. [ 4 =—cotx+C.

7. [tanxdx = —In|cosx|+ C.
8. [cotxdx =In|sinx| + C.
9. fexdx=6X+C.

10. [a*dx = +C.

Ina

11. 1‘1’;2 = arctan x + C.
g d — Llarctan 2 + C
. a+x2 " a a .
dx _ 1 a+x
12 22 = Zln|m|+c
13. [ 425 =arcsinx + C.
—X
’ dx _ _ i X
13, [ \m—arcsma+c.
14. [ \% :ln|x+ Vx2ta2|+C.
X xa

Note. The table of derivatives (Sec. 3.15) does not have formulas correspond-
ing to formulas 7, 8, 117, 12, 13’ and 14. However, differentiation will readily
prove the truth of these as well.

In the case of Formula 7 we have

(=In|cosx|)’ = -

cos X
consequently, [ tanxdx = —In|cosx| + C.
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In the case of Formula 8
coSs x

(In|sinx|) = = cotx

Consequently, [ cotxdx = In|sinx| + C.
In the case of Formula 12,

1

I a+x
—1In
2a

! 1
) = —[Inla+ x| = In|a — x|]
2a

1
" 2a

a—x

I U B
a+x a-x| a-x2

/ dx 11
— = —1n
a2-x2 2a

It should be noted that the latter formula will also follow from the general
results of Sec. 10.9.
In the case of Formula 14,

(npe+ Veza)y = — (1+ ) !
X+

X2 +a? Va2 + a2 Va2 + a2

therefore,
a+x

+C

a—x

hence,
dx
————=Injx+ Va2 +ta? +C
/ Vx2 + a2 | |

This formula likewise will follow from the general results of Sec. 10.10.
Formulas 11’ and 13’ may be verified in similar fashion. These formulas will
later be derived from formulas 11 and 13 (see Sec. 10.4, Examples 3 and 4).

10.3 SOME PROPERTIES OF THE INDEFINITE INTEGRAL

Theorem 1. The indefinite integral of an algebraic sum of two or more func-
tions is equal to the algebraic sum of their integrals

/[fl(x)+fz(x)] dx = /fl(X)dX+/fz(x)dx (D

To prove this, find the derivatives of the left and right sides of this equation.
On the basis of (4) of the preceding section we have

(JLA@ + H01dx) = fi(x) + H(x)
(f Aicodx+ [ A dx)
= ([ Ay dx) +([ L0 dx) = fi(x) + folx)
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Thus, the derivatives of the left and right sides of (1) are equal; in other words,
the derivative of any antiderivative on the left-hand side is equal to the derivative
of any function on the right-hand side of the equation. Therefore, by the theorem
of Sec. 10.1, any function on the left of (1) differs from any function on the right
of (1) by a constant term. That is how we should understand equation (1).

Theorem 2. A constant factor may be taken outside the integral sign; that is,
if a = const, then

/af(x)dxza/f(x)dx 2)
To prove (2), let us find the derivatives of the left and right sides:
(f af(x)dx) = afx)
(a [ foodx) = a(f fdx) = afx)

The derivatives of the right and left sides are equal, therefore, as in (1), the
difference of any two functions on the left and right is a constant. That is how we
should understand equation (2).

When evaluating indefinite integrals it is useful to bear in mind the following
rules.

LIf

/f(x)dx =Fx)+C
then
/f(ax) dx = éF(ax) +C 3)
Indeed, differentiating the left and right sides of (3), we get

(f flax) dx), = f(ax)
(lF(ax)) = l(F(ax)); = lF'(a)c)a = F'(ax) = f(ax)
a a a

The derivatives of the right and left sides are equal, which is what we set out to

prove.
IL If
/f(x)dx =F(x)+C
then
/f(x+b)dx=F(x+b)+C “)
II. If

/f(x)dx: Fx)+C
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then
/f(ax+b)dx=éF(ax+b)+C (®)]

Equations (4) and (5) are proved by differentiation of the right and left sides.
Example 1.

/(2x3—3sinx+5«/})dx=/2x3dx—/3sinxdx+/5\/}dx

—2/x3dx—3/sinxdx+5/x%dx

1
22;3:1] —3(—cosx)+5;2++l1 +C = %x4+3008x+ 13—0x\/)_C+C
Example 2.
/(i _+x\/_) = /x‘%dx+1/x_%dx+/x%dx
Vi 2R 2
= XTH %xl_;ﬂ + fgﬂ +C= 23 4 VR4 2R+ C
-1 I+1 2+1 2 9
Example 3.

/ﬂ=1n|x+3|+c
x+3

Example 4.
/cos7xdx = % sin7x+ C
Example 5.
/ sin(2x — 6)dx = —% cos(2x—-6)+C

10.4 INTEGRATION BY SUBSTITUTION
(CHANGE OF VARIABLE)

Let it be required to find the integral

/ f(x) dx;

we cannot directly select the antiderivative of f(x) but we know that it exists.
Let us change the variable in the expression under the integral sign, putting

x = @) ey
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where ¢(f) is a continuous function (with continuous derivative) having an in-
verse function. Then dx = ¢'(¢) dt; we shall prove that in this case we have the
following equation:

/ Fdx = / Flo)] @' () di @

Here it is assumed that after integration we substitute, on the right side, the ex-
pression of ¢ in terms of x on the basis of (1).

To establish that the expressions to the right and left are the same in the sense
indicated above, it is necessary to prove that their derivatives with respect to x
are equal. Find the derivative of the left side:

(/ f) dx); = f(x)

We differentiate the right side of (2) with respect to x as a composite function,
where 7 is the intermediate argument. The dependence of 7 on x is expressed by

(1); here, ‘;—f = ¢’ (¢) and by the rule for differentiating an inverse function,

g 1
dx — ¢'(1)
We thus have
’ v d
( / fleol¢/ @ dr) = ( / fle)] so’(t)d;)td—i
1
= fle®] ¢ (1) = fle()] = f(x)

@'(n)

Therefore, the derivatives, with respect to x, of the right and left sides of (2) are
equal, as required.

The function x = ¢(¢) should be chosen so that one can evaluate the indefinite
integral on the right side of (2).

Note. When integrating, it is sometimes better to choose a change of the vari-
able in the form of t+ = ¥(x) and not x = ¢(f). By way of illustration, let it be
required to calculate an integral of the form

Y’ (x)dx
Y(x)
Here it is convenient to put
Y(x) =t
then
' (x)dx = dt
W(/(,)(Cifx - / % —Injf| + C = In|jy(x)| + C

The following are some instances of integration by substitution.
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Example 1. f Vsinxcosxdx = ? We make the substitution ¢t = sinx; then dr =

cos xdx and, consequently, [ Vsinxcosxdx = [ Vidt = ftz dt = t3/2 +C = —sin3/2 x+
C.

Example 2. [ <4 =2 Weput 7 = 1+ x7, then df = 2xdxand [ 24 = 1 [4 =
iInr+C =1 +x2)+C

dx

Example 3. f,12+xz = ” ( ) We put t = ﬁ, then dx = adt, S =
2 , 111:53 = af 1+,2 = ;arctant+C = —arctanf +C.
Example 4. [ \/a’iﬁ = lf -. We put t = ; then dx = adt, f o =

X
a

L[ - f ‘% =arcsint + C = arcsmﬁ + C (it is assumed that a > 0).

Examples 3 and 4 illustrate the derivation of formulas 11’ and 13’ given in the
Table of Integrals (see above, Sec. 10.2).

Example 5. [(Inx)*% =2 Puts=Inx;thendr = <, [(Inx)*%< = [Fdr = é +C=
1nx)* +C.

Example 6. [ & = ? Putr = x*; then df = 2xdx, [ 2% = § [ ;45 = Jarctant +

C = Earctanx +C

The method of substitution is one of the basic methods for calculating indefi-
nite integrals. Even when we integrate by some other method, we often resort to
substitution in the intermediate stages of calculation. The success of integration
depends largely on how appropriate the substitution is for simplifying the given
integral. Essentially, the study of methods of integration reduces to finding out
what kind of substitution has to be performed for a given element of integration.
Most of this chapter is devoted to this problem.
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10.5 INTEGRALS OF SOME FUNCTIONS CONTAINING
A QUADRATIC TRINOMIAL

I. Let us consider the integral

dx
I = 22 byt
ax’+bx+c

We first transform the trinomial in the denominator by representing it in the form
of a sum or difference of squares:

b c
ax2+bx+c=a[x2+—x+—]
a a

where

a 4a®
The plus or minus sign is taken depending on whether the expression on the left
is positive or negative, that is, on whether the roots of the trinomial ax®> +bx+c
are complex or real.
Thus, the integral I; will take the form

I = dx 1 dx
1_/ax2+bx+c_;/[(x E)zikz]

In this integral we make a change of variable:

b
+— =t dx=dt
X 2 X

L[ a
'Ta) fxi2

These are tabular integrals (see Formulas 11’ and 12).
Example 1. Calculate the integral

dx
2x2 + 8x+20

1_/ dx _1/ dx
T ) 222+8x+20 2/ 2 +4x+10

1 dx
_2/x2+4x+4+10 4 /(x+2)2+6
Let us make the substitution x + 2 = ¢, dx = dt. Putting it into the integral,

We then get

Solution.
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we get the tabular integral

I—1 d L1 arctan ! +C
2] 7+6 2% NG

Substituting in place of ¢ its expression in terms of x, we finally get

1 x+2
I = —— arctan —— + C.

2v6 V6

IL. Let us consider an integral of a more general form:

I / Ax+B d

= —dx
: ax? +bx+c
Perform the identity transformation of the integrand'

Ab
2ax+b)+(B— —)
Ax+B (
he [ i [ 2 2’ gy

ax?+bx+c ax? +bx +c

Represent the latter integral in the form of a sum of two integrals. Taking the
constant factors outside the integral sign, we get

P A / 2ax + b d +(B Ab)/ dx

= — —_—ee X —_——_— —_—

2" 2] a+bx+c 2a ax? +bx +c

The latter integral is the integral /;, which we are able to evaluate. In the first

integral make a change of variable:

ax* +bx+c=t, (2ax+b)dx = dt

Thus,
2ax + b)d dt
/M:/ =Inll+ C=Inlax’> + bx+c|+C
ax’>+bx+c t
And we finally get

A Ab
L= 2—ln|ax +bx+c|+(B—E)11

Example 2. Evaluate the integral

x+3
1= | —————dx.
/x2—2x—5 o

Applying the foregoing technique we have

1 1
. S2x-2)+(3+52)
x+3 2( 2

—-2x - -2x-5
1 _
_! (2x 2)dx+4/ dx
2) x2-2x-5 -2x-5
1 2 dx
=§ln|x —2X—5|+4/W
V6 - (x

1
—In|x® - 2x — 5|+2—1 +
"2 V6 \/_+(x—l)
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III. Let us consider the integral

/ dx

Vax? +bx + ¢

By means of transformations considered in Item I, this integral reduces (depend-
ing on the sign of a) to tabular integrals of the form

/ dr fora>0 or / ar fora<0
—_— a — a
V2 + k2 Vik? - 12
which have already been examined in the Table of Integrals (see formulas 13" and
14).
IV. An integral of the form
Ax+ B

Vax? +bx+c

is evaluated by means of the following transformations, which are similar to those
considered in Item II:

dx

A Ab
Ax+ B Z(2ax+b)+(B—Z)
——dx = dx
Vax? + bx + ¢ Vax? + bx + ¢

A 2ax+b Ab dx
== [ == ax+ (B - —) S S
2a Vax? + bx +c 2a Vax? +bx +c

Applying substitution to the first of the integrals obtained,
ax* +bx+c=t (ax+b)dx =dt

we get

(2ax + b)dx dt
Qax+bydx _ [ dt i e ooNa@ bt et
Vax? + bx + ¢ Vi

The second integral was considered in Item III of this section.
Example 3.

5
5x+3 p 5(2x+4)+(3—10)
T2 dx=
Vx2 +4x+ 10 Vxz+4x+10

_3 de_7/L

2) V@ +ax+10 Vx+272+6
=5V +4x+ 10-7Infx+2+ V(x +22 +6|+C
=5V +4x+10-7Infx+2+ Va2 +4x+ 10|+ C

dx

10.6 INTEGRATION BY PARTS

Let u and v be two differentiable functions of x. Then the differential of the
product uv is found from the following formula:

d(uv) =udv+vdu
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Whence, by integration, we have

uv=/udv+/vdu
/udv:uv—/vdu @))]

This formula is called the formula of integration by parts. It is most frequently
used in the integration of expressions that may be represented in the form of a
product of two factors u and dv in such a way that the finding of the function
v from its differential dv, and the evaluation of the integral f v du should, taken
together, be a simpler problem than the direct evaluation of the integral [ udv.
To become skilled at breaking up a given element of integration into the factors
u and dv, one has to solve problems; we shall show how this is done in a number
of cases.
Example 1. [ xsinxdx = ? We let

or

u=x, dv=sinxdx
then
du=dx, v=-cosx

Hence,
/xsinxdx:—xcosx+/cosxdx=—xcosx+ sinx + C

Note. When determining the function v from the differential dv we can take
any arbitrary constant, since it does not enter into the final result [this can be seen
by putting the expression v + C into (1) in place of v]. It is therefore convenient
to consider this constant equal to zero.

The rule for integration by parts is widely used. For example, integrals of the

form
k o k
X" sinaxdx, x“cosaxdx

/ *e™ dx, / FInxdx

and certain integrals containing inverse trigonometric functions are evaluated by
means of integration by parts.
Example 2. It is required to evaluate f arctan x dx. Letting u = arctan x, dv = dx, we

have du = lf’;z, v = x. Thus,

" xdx 1
arctan x dx = x arctan x — = xarctanx — = In|1 + 2’|+ C
1+ x2 2
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Example 3. It is required to evaluate [ x’¢*dx. Letus put u = x?, dv = e*dx; then

du =2xdx,v = e,
/ Xefdx = X — 2/xe" dx

We again integrate by parts the latter integral, letting
U = x, du; = dx

dvy = e dx, vy =e*

/xe'”dx:xe”—/e”dx:xex—e”+c

/xzex dx = x*e* = 2(xe* — ")+ C = x*¢* = 2xe* +2¢" +C =" (x> = 2x+2) + C

Then

Finally we get

Example 4. It is required to evaluate [(x* + 7x —5)cos2xdx. We letu = x* + 7x - 5;
dv = cos 2x dx; then

sin 2x
2

in2 in2
/(x2 +7x—5)cos 2xdx = (* +7x—5)sm2 *_ /(2)c+7)sm2 * dx

du=Q2x+7)dx, v=

Apply integration by parts to the latter integral, letting u; = 2"2* 7. dv, = sin2x dx; then

cos2x
2

/2x2+7sin2xdx= 2x2+7(_c0522x)_/(_c0522x)dx

(2x+7)cos2x sin2x
=- + +C
4 4

duy =dx, v, =-

Therefore, we finally get

cos2x  sin2x

+C

in2
/(x2 +7x—5)cos 2xdx = (X* +7x—5)sm2 Y x4+

4
2
cos2x .

= 2% + 14x— 11)¥ +Q2x+7)

Example 5. I = [ Vo> - x>dx="?
Perform identity transformations. Multiply and divide the integrand by Va? — x%:

- 2 dx
Va? — x2dx = a dx=a / - a
/ Va? — x? \/a2 - x? Va2 - 2

xdx

= a arcsm - =
a a2 — x2
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Integrate the last integral by parts, letting

u=x, du = dx
xdx
dv= ——, v=-Va? - x2
Vai — 2
Then
2
x“dx xdx
=[x =—x\/a2—x2+/\/a2—x2dx
/ Va2 — 2 Va2 — 2

Putting this result in the earlier obtained expression of the given integral, we have
. X
/ Va? — x2 dx = a* arcsin = + x Va2 — 2 —/ Va? — x2 dx
a

Transposing the integral from right to left and performing elementary transformations, we
finally get

2
/ Va? — x2dx = %arcsinf + g Va? - x2+C
a
Example 6. Evaluate the integrals
I = /e‘“ cosbxdx and I, = /e“" sin bx dx

Applying integration by parts to the first integral, we get

u=e", du = ae** dx

dv = cos bxdx, V= l sin bx

) 1
/ e cosbxdx = Ze“ sinbx — g / e sinbxdx

Again apply the method of integration by parts to the latter integral:

u=e", du = ae™ dx

1
dv = sinbxdx, V= -5 cos bx

/e‘“‘ sinbxdx = —%e‘“‘ cosbx + g /e‘”r cosbxdx

Putting the expression obtained into the preceding equation gives us
e cosbxdx = le‘”r Sinbx + — ™ cos bx — f e**cosbxdx
b b? b?

From this equation let us find /;
2 1 2
(1 + %)/e‘” cosbxdx = e‘”‘(z sin bx + % cos bx) + C(l + %)
whence
e*(bsinbx + acos bx)

I, = ax bxdx = +C
1 /e cosbxdx 2112

Similarly we find
e™(asinbx — b cos bx)

a? + b? e

L= /e‘” sinbxdx =
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10.7 RATIONAL FRACTIONS.
PARTIAL RATIONAL FRACTIONS AND THEIR INTEGRATION

As we shall see below, not every elementary function by far has an integral ex-
pressed in elementary functions. For this reason, it is very important to separate
out those classes of functions whose integrals are expressed in terms of elemen-
tary functions. The simplest of these classes is the class of rational functions.

Every rational function may be represented in the form of a rational fraction,
that is to say, as a ratio of two polynomials:

O(x)  Box"+Bix"'+---+B,
f)  Apx"+Axtl 4+ A,
Without restricting the generality of our reasoning, we shall assume that these
polynomials do not have common roots.
If the degree of the numerator is lower than that of the denominator, then the
fraction is called proper, otherwise the fraction is called improper.
If the fraction is an improper one, then by dividing the numerator by the de-
nominator (by the rule for division of polynomials), it is possible to represent the
fraction as the sum of a polynomial and a proper fraction:

QW _ o, F)
f@) F@)

Here M(x) is a polynomial, and % is a proper fraction.

Example 1. Given an improper rational fraction
x*-3
X2+ 2x+ 1

Dividing the numerator by the denominator (by the rule for division of polynomials), we
get

M)

x*t -3 ) 4x -6
e — - 2x+3 - —
xX2+2x+1 o x+3 X2 +2x+1

Since integration of polynomials does not present any difficulties, the basic
barrier when integrating rational fractions is the integration of proper rational
fractions.

Def}nition. Proper rational fractions of the form:

. g,
1L ﬁ (k a positive integer > 2),
1L -AxtB_

2
. . p
 Tiprig (the roots of the denominator are complex, that is, - — g < 0),



10.7 Integration of Partial Rational Fractions 357

Iv. (le?-;:fq)" (k a positive integer > 2; the roots of the denominator are com-
plex) are called partial fractions of types 1, 11, 111, and IV.

It will be proved below (see Sec. 10.8) that every rational fraction may be rep-
resented as a sum of partial fractions. We shall therefore first consider integrals
of partial fractions.

The integration of partial fractions of types I, II and III does not present any
particular difficulties so we shall perform their integration without any remarks:

L [Adx=Aln|x—al+C.

A _ \—k+1
II./ dx:A/(x—a)_kdx:Aw—kC
(x — a)k —k+1
A
=——+(C.
(1 = k)(x — a)k!
A Ap
—2x+p)+(B- ——
Ax+B @x+p)+( )
111./2de=/2 . 27
X +px+q X +px+q

A 2x + A d

:_/#d +(8 _P)/_x
2) xX*+px+gq 2 X+px+gq
A A d

=—1n|x2+px+q|+(B——p)/ al
’ T e )

2 4

A 2B-A 2x +

=—1n|x2+px+q|+—parctan#
2 4q - p? 4q - p?

(see Sec. 10.5).
The integration of partial fractions of type IV requires more involved compu-

tations. Suppose we have an integral of this type:
V. f Ax+B

(X2 +px+q)k
Perform the transformations:

A Ap
/ Ax+B _/5(2x+P)+<B‘7)dx
(X2 + px + g) (X2 + px + gk
/ 2x+p dx +(B_A_p)/ dx
(x2+ px+q) 2 (2 + px + gk

The first integral is taken via the substitution, x> + px + ¢ = t, 2x + p)dx = dt:

2x+p dt & !
= [ —= [ dt= +C
/(x2+pX+q)" /t" / -k
1

+C

T UG+ px+ !
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We write the second integral (let us denote it by /;) in the form

. / dx / dx / dt
k= (2 + px+qF p (12 + m2)k

2 o2

setting

2
p P 2
+==t, d—dn — =
X X q m

(it is assumed that the roots of the denominator are complex, and hence,

q- %2 > O). We then do as follows:
dt 1 2 2 _ P2
I = / _dr 1 [EHm)-r
2 +mdk  m? (2 + md)k

1 dt 1 2
=— | — — [ — 1
m2 / 2+ m21 m2 / (12 + m2)k @)

We transform the last integral:

/ 2 dt _/ t-tdt
(2 +m2 | (2 +m2)

1 di? 2 1 1
-5 [ = [ )
2/ (@ +m?)k 2(k—1) (2 + m2)1
Integrating by parts we get

/ rdr 1 [t 1 _/ dt ]
(2 +m2 20— DL (2 +m2)k! (2 + m2yk1

Putting this expression into (1), we have
I = / dt 1 / dt
@ my T om ] @+ me
1 1 t dt ]

T 20— 1)[(z2 )] _/ @ + m2y

_ t 2k-3 / dt
S 2m2(k = D@ +mA)T 2m2(k—1) ) (2 + m2)k!
On the right side is an integral of the same type as I, but the exponent of the
denominator of the integrand is less by unity (k — 1); we have thus expressed I
in terms of [;_;.
Continuing in the same manner we will arrive at the familiar integral

dt 1 t

I, = ——=—arctan— +C
2+m? m m

Then substituting everywhere in place of # and m their values, we get the expres-

sion of integral IV in terms of x and the given
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numbers A, B, p, g
Example 2.

1
/ o _/5(2x+2)+(—1—1)dx
(x2 +2x+3)2 (x%2 +2x+3)?

/ 2x+2 2/ dx
x%+ 2x + 3)2 (X2 +2x + 3)2

dx
2 (x2+2x+3) (X2 +2x + 3)2
We apply the substitution x + 1 = ¢ to the last integral:

B B B B +2) -1
/(x2+2x+3)2_/[(x+1)2+2]2_/(z2+2)2_§ “eay
1

:E/t2+2 /(r2+2)2

—— arctan — — t2 d
2 \/' \/' (2 +2)

Let us consider the last integral:

2dr 1 [rd?+2) 1 1
/(z2+2)2_§/ (2 +2)? __E,/td(zuz)

1 +1/ dt
T 22+2 2) £2+2

t t
=" —— arctan —

208 + 2) 2 \/_ V2
(we do not yet write the arbitrary constant but will take it into account in the final result).
Consequently,

/ dx 1 arctan x+1
(2 +2x+32 242 V2

1 x+1 1 X+
—z—m+ﬁarctanf
Finally we get
x—1 xX+2 V2 x+1
/(x2+2x+3)2 Y T Wraxe3) 4 w5 €

10.8 DECOMPOSITION OF A RATIONAL FRACTION
INTO PARTIAL FRACTIONS

We shall now show that every proper rational fraction may be decomposed
into a sum of partial fractions.
Suppose we have a proper rational fraction
F(x)

)
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We shall assume that the coefficients of the polynomials are real numbers
and that the given fraction is in lowest terms (this means that the numerator and
denominator do not have common roots).

Theorem 1. Let x = a be a root of multiplicity k of the denominator; that is
F(x) = (x — @)} fi(x), where fi(a) £ 0 (see Sec. 7.6). Then the given proper frac-
tion % may be represented in the form of a sum of two other proper fractions
as follows:

Fx) __ A Fi(x) )
) (x-af  (x-afi(x)
where A is a nonzero constant, and F(x) is a polynomial of degree less than the
degree of the denominator (x — a)*! fi(x).

Proof. Let us write the identity

Foo A F&)-AAWE)

& (-af  (x-affitx)
(which is true for every A) and let us define the constant A so that the polynomial
F(x) — Afi(x) can be divided by x — a. To do this, by the remainder theorem, it is
necessary and sufficient that the following equation hold:

F(a) - Afi(a) =0
Since fi(a) # 0, F(a) # 0, A is uniquely defined by
F(a)
A=
fi(a)

@

For such an A we shall have
F(x)-Afi(x) = (x—a)F1(x)

where Fi(x) is a polynomial of degree less than that of the polynomial
(x —a)*"' fi(x). Cancelling (x — a) from the fraction in formula (2), we get

1).
( )Corollary. Similar reasoning may be applied to the proper rational fraction
Fi(x)
(x—a)}1fi(x)
in equation (1). Thus, if the denominator has a root x = a of multiplicity k, we
can write

Fx _ A A A1 | Fi()
= + +o +
[ x-af  (x-a! x—a fi(x)
where I;lk((;‘)) is a proper fraction in lowest terms. To it we can apply the theorem
that has just been proved, provided f;(x) has other real roots.
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Let us now consider the case of complex roots of the denominator. Recall that
the complex roots of a polynomial with real coefficients are always conjugate in
pairs (see Sec. 7.8).

When factoring a polynomial into real factors, to each pair of complex roots
of the polynomial there corresponds an expression of the form x*> + px + ¢. But
if the complex roots are of multiplicity u, they correspond to the expression
(% + px + @~

Theorem 2. If f(x) = (x> + px + )¢\ (x), where the polynomial ¢;(x) is not

F)

divisible by x> + px + q, then the proper rational fraction T may be represented

as a sum of two other proper fractions in the following manner:

F(x)  Mx+N Dy (x)

f) 7 2+ pxtgrt (24 px+ gplei()
where ®(x) is a polynomial of degree less than that of the polynomial
(o + px + @ o1 (2).

Proof. Let us write the identity

F(x) F(x) _ Mx+N F(x) = (Mx + N)pi(x) @

f) (P +px+gpe(x)  (PHpr+f (3 +pr+qFen(x)
which is true for all M and N, and let us define M and N so that the polynomial
F(x) — (Mx + N)g;(x) is divisible by x*> + px + ¢. To do this, it is necessary and
sufficient that the equation

3

F(x) = (Mx + N)gi(x) =0
have the same roots @ + i as the polynomial x> + px + g. Thus,

Fla+if)—[Ma+iB)+ N]o(a+iB) =0

or
Fla+j
M +ig)+N = L@+ B
o1 +1B)
But 2B i5 3 definite complex number which may be written in the form K +iL,

pr(a+iB) .
where K and L are certain real numbers. Thus,

M(a+iB)+N =K +iL

whence
Ma+N=K, MB=L
or
L KB - L
Mz_’ N:M
B B

With these values of the coefficients M and N the polynomial
F(x) — (Mx + N)¢1(x) has the number « + i8 for a root, and,
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hence, also the conjugate number @ — i. But then the polynomial can be divided,
without remainder, by the differences x — (a + i8) and x — (@ — i), and, therefore,
by their product, which is x> + px + ¢g. Denoting the quotient of this division by
D (x), we get

F(x) = (Mx + N)pi(x) = (& + px + q)®1(x)

Cancelling x> + px + ¢ from the last fraction in (4), we get (3), and it is clear that
the degree of @ (x) is less than that of the denominator, which is what we set out
to prove.

Now applying to the proper fraction % the results of Theorems 1 and 2, we
can obtain, successively, all the partial fractions corresponding to all the roots of
the denominator f(x). Thus, from the foregoing the result follows that

If
f)=@x-a).. . (x=bP® +px+gF...(x* +Ix+5),

then the fraction % can be represented as follows:
F _
(.X) = A A] + e+ ﬂ
f) (x-a)? (x-a)e! xX—a
+ B + Bi +oet Bp-1
(x=by) (x-=b)y! x=b )
N Mx+N Mix+ N, . My—1x + Nyy
(2 +px+ @t (X2 + px+ gyt x>+ px+q
Px+Q Pix+ 0 P,_1x+ Q0,1
(Z+Ix+s)y (2+Ix+s)! X2 +ix+s

The coefficients A, Ay, ..., B, By, ... may be determined by the following
reasoning. This equality is an identity; and for this reason, by reducing the frac-
tions to a common denominator we get identical polynomials in the numerators
on the right and left. Equating the coefficients of the same degrees of x, we get a
system of equations for determining the unknown coefficients A, Ay, ..., B, By,

. This method of finding coefficients is called the method of undetermined
coefficients.

Besides, to determine the coefficients we can take advantage of the following:
since the polynomials obtained on the right and left sides of the equation must be
identically equal after reducing to a common denominator, their values are equal
for all particular values of x. Assigning particular values to x, we get equations
for determining the coefficients.
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We thus see that every proper rational fraction may be represented in the form
of a sum of partial rational fractions.

Example. Let it be required to decompose the fraction
From (5) we have

m into partial fractions.
X2 +2 A Ay Aj B
= + + +
(x+1D3(x-2) (x+1¥® x+1)? x+1 x-2
Reducing to a common denominator and equating the numerators, we have
P +2=A0x-2)+Ai(x+ D(x = 2) + Ar(x + 1)*(x = 2) + B(x + 1)° (6)

or

X' +2=(Ay+ B)xX’ + (A, +3B)x
+(A-A; -3A,+3B)x+(-2A-2A, -2A, + B)
Equating the coefficients of x°, x2, x', x” (absolute term), we get a system of equations
for determining the coefficients:
0=A,+8B
1=A,+3B
0=A-A -3A,+3B
2=-2A-2A,-2A,+8B
Solving this system we find
1 2 2
A=-1;, Ai==-; Ay=-—=; B=-
T3 T 9
It might also be possible to determine some of the coefficients of the equations that
result for some particular values of x from (6), which is an identity in x.
Thus setting x = —1 we have 3 = —=3A or A = —1; setting x = 2, we have 6 = 275,
B=2
9
If to these two equations we add two equations that result from equating the coefficients of
the same powers of x, we get four equations for determining the four unknown coefficients.
As a result, we have the decomposition
2 +2 B 1 1 2 2

Gr1PGa=2)  G+1P 3G+12 9x+D  9x-2)

10.9 INTEGRATION OF RATIONAL FRACTIONS

Let it be required to evaluate the integral of a rational fraction % ; that is, the
integral

0(x)

)

If the given fraction is improper, we represent it as the sum of a polynomial

M(x) and the proper rational fraction ;(x) (see Sec. 10.7). This latter we repre-

sent, applying formula (5), Sec. 10.8, as a sum of partial fractions. Thus, the
integration of

dx
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a rational fraction reduces to the integration of a polynomial and several partial
fractions.

From the results of Sec. 10.8 it follows that the form of partial fractions
is determined by the roots of the denominator f(x). The following cases are
possible.

Case 1. The roots of the denominator are real and distinct, that is

f(X) =(x-a)(x-b)...(x—d)

Here, the fraction £ is decomposable into partial fractions of type I:

f()

F(x) A B D
= + +eet

fx) x—-a x-b x—d

F(x) A B D
f(x)d /x_adx+/x_bdx+---+/x_ddx

=Aln|x—a|l+Bln|x-b|+---+Dln|lx-d|+C

and then

Case II. The roots of the denominator are real, and some of them are multi-
ple:
fx)=(x-a)(x-bP...(x=d)°
In this case the fraction fgx)) is decomposable into partial fractions of types I

and IL.
Example 1 (see example in Sec. 10.8).

24+2 dr = — dx +1 dx _2/ dx
(x+D3x-2) x+1D? 3 x+12 9) x+1
2 [ dx 1 1 1 2 2
o - - | 1 1 2
+9/x 37263 3aen o mkrl+gink-2+C
2x—1 2 x—2
“ex+12 o x+1‘+c

Case IIl. Among the roots of the denominator are complex non repeated (that
is, distinct) roots:
fO) =P +px+q) ... (P +Ix+s)x—a)...(x-d)

In this case the fraction fgx)) is decomposable into partial fractions of types I,

11, and II1.
Example 2. Evaluate the integral

/ X+ Dx-1)
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Decompose the fraction under the integral sign into partial fractions [see (5), Sec. 10.8]
X Ax+ B C
= +
+Dx-1) x2+1 x-1

Consequently,
x=(Ax+ B)(x— D+CHx*+1)
Setting x = 1, we get 1 =2C,C = settmgx—O WegetO— -B+C, B— 5
Equating the coefficients of x>, we get O A+ C, whence A = —1. Thus,

xdx 1 x—1 1 dx
/(x2+1)(x—1):_§/mdx+§/x—l
1 xdx 1 dx 1 dx
:_z/x2+1+§/x2+1+§/x—1

1 1 1
=—Zln|x +1|+2arctanx+ Injx-1/+C

Case IV. The roots of the denominator include complex multiple roots
fO) =P +px+qf... (P +x+s)x-a)?...(x—d)°
In this case, decomposition of the fraction f((x)) will also contain partial frac-

tions of type IV.
Example 3. It is required to evaluate the integral

/x4+4x3+ 11x%+12x+ 8
(X2 +2x+3)2(x+1)
Solution. Decompose the fraction into partial fractions:

x4+4x3+11x2+12x+8_ Ax+ B + Cx+D . E
(2 +2x+32(x+1) (2+2x+3)?%  (P+2x+3) x+1

whence
A4 + 11 + 12x + 8

= (Ax+ B)(x + 1) + (Cx + D)(x® + 2x + 3)(x + 1) + E(x* + 2x + 3)’
Combining the above-indicated methods of determining coefficients, we find
A=1, B=-1, C=0, D=0, E=1
Thus, we get
/x4+4x3+11x2+12x+8 / x—1 +/ﬂ
2 +2x+3)2(x+1) (x% +2x + 3)? x+1
=— x+2 —ﬁarctan%+ln|x+1|+c

22 +2x+3) 4

The first integral on the right was considered in Example 2, Sec. 10.7. The second integral
is taken directly.
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From the foregoing it follows that the integral of any rational function may be
expressed in terms of elementary functions in closed form, namely, in terms of:

(1) logarithms in the case of partial fractions of type I;

(2) rational functions in the case of partial fractions of type II;

(3) logarithms and arc tangents in the case of partial fractions of type III;

(4) rational functions and arc tangents in the case of partial fractions of type
IV.

10.10 INTEGRALS OF IRRATIONAL FUNCTIONS

It is impossible to express in terms of elementary functions the integral of
every irrational function. In this and the following sections we shall consider
irrational functions whose integrals are reduced (by means of substitution) to
integrals of rational functions and, consequently, are integrated completely.

1. We consider the integral | R(x, xXn, .., x'?) dx where R is a rational func-
tion of its arguments.”

Let £ be a common denominator of the fractions %, e § ‘We make the sub-
stitution

x=17 dx=k*"'dr

Then each fractional power of x will be expressed in terms of an integral
power of ¢ and the integrand will thus be transformed into a rational function

of 1.
Example 1. It is required to compute the integral

/x%dx
3
x*+1

“The notation R(x, X S e, xf) indicates that only rational operations are performed on the
quantities x, x%, e, x5,
This is precisely the way that the following notations are henceforward to be understood:
R(x, (f)‘;g)'ﬂ‘ e ) R(x, Vax? + bx + ¢), R(sin x, cos x), etc. For instance, the notation R(sin x, cos x)
indicates that rational operations are to be performed on sin x and cos x.
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Solution. The common denominator of the fractions % % is 4; and so we substitute
x =1*, dx = 4 dt; then

1

zd IS I3 15
/Xf x:4/3—t3dt:4/ dt=4/(z2——)dz
J xi+1 J B+1 #+1 . £+1

—4/12dt 4/ P ogi=at i esc
- A+1 3 3

= g[x% —1In

x%+l|]+C

II. Now consider an integral of the form

ax+ b2 ax + b\:
/R[x’(cx+d) ’ ”"(cx+d) d

X

This integral reduces to the integral of a rational function by means of the substi-
tution

ax+b _
cx+d

where k is the common denominator of the fractions %, ..
Example 2. It is required to compute the integral

/‘«/x_

+4
dx
X

Sl ]

Solution. We make the substitution x + 4 = 12, x = 1> — 4, dx = 2t dt; then

Vx+4 I 4 dt
/ —— dx=2 t2_4dt—2/(1+t2_4)dt—2/dt+8/t2_4

t_2|+C=2\/x+4+21n Nx+4-2
r+2 Vi+4+2

=2t+2In +C

10.11 INTEGRALS OF THE FORM [ R(x, Yax? + bx + ¢) dx

Let us consider the integral
/R(x, Vax? +bx+c)dx (a #0) €))

An integral of this kind reduces to the integral of a rational function of a new
variable by means of the following Euler substitutions.
First Euler substitution. If a > 0, then we put

Vax? +bx+c=+Vax+t
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For the sake of definiteness we take the plus sign in front of /a. Then
ax* +bx+c=ax> +2Vaxt + 1*
whence x is determined as a rational function of #:
£ -c
b-2+at
(thus, dx will also be expressed rationally in terms of ). Therefore,

-
Vax2 +bx+c= Vax+1t= \/E—c+
b—-2tva

X =

Thus Vax? + bx + ¢ is a rational function of 7.

Since Vax? + bx + ¢, x and dx are expressed rationally in terms of 7, the given
integral (1) is transformed into an integral of a rational function of ¢.

Example 1. It is required to compute the integral

Vxz+c¢
Solution. Since here a = 1 > 0, we put Vx? + ¢ = —x + f; then

Xrc=x>-2xt+7

whence

_P-c

Y
Consequently,
P +c
dx = 7 dt
N S S
2t 2t
Returning to the original integral, we have
Zee gy
/ " Z;ﬂ /— Infd+C, =Inlx+ Va2 + |+ C

(see formula 14 in the Table of Integrals).
Second Euler substitution. If ¢ > 0, we put

Vax2 + bx +c¢ = xt = ¢

then
ax’* +bx+c=x*P +2xt\c+c
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(For the sake of definiteness we took the plus sign in front of the radical.) Then
x is determined as a rational function of #:

_ 2+ct—b

oa-12
Since dx and Vax? + bx + ¢ are also expressed rationally in terms of 7, by
substituting the values of x, Vax?+ bx+c and dx into the integral f R(x,

Vax? + bx + c¢) dx, we reduce it to an integral of a rational function of .
Example 2. It is required to compute the integral

/(1-my

Vitx+2
Solution. We set V1 + x + x2 = xt + 1, then
2t -1 22 —2t+2
l+x+X2=x2FP+2xt+1, x="—"—, dx="1""""0t

-7 1 -y

2
— t-—t+1
1+x+x2:xl+1=—

1-£

-2 +1t
- Vivxee== ;
Putting the expressions obtained into the original integral, we find
/ (1= V1+x+x2)? d (=22 + (1 = 22(1 = 2)(2> = 2t + 2) dr
X =
Vit+x+2 (1 =222t = 1@ —t+ )(1 - 12)?

£ L+t
=+2/md[=—2t+ln :"FC

2Vl x4 — I+x+x2-1 L C
X - Vi+x+x2+1

2(VI 1
S AV px s 2 ViT xR 414 C
X

Third Euler substitution. Let o and S be the real roots of the trinomial ax> +
bx + c. We put

Vax? +bx+c=(x—a)t

Since ax? + bx + ¢ = a(x — @)(x — 8), we have

Va(x - a)(x=B) = (x - )t
ax—a)(x—-pB)=(x- cy)zt2
alx—-pB)=(x— a)t2
Whence we find x as a rational function of #:

B aB — at®
a—12
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Since dx and Vax? + bx + ¢ also rationally depend upon ¢, the given integral is
transformed into an integral of a rational function of ¢.

Note 1. The third Euler substitution is applicable not only for a < 0, but also
for a > 0, provided the polynomial ax? + bx + ¢ has two real roots.

Example 3. It is required to compute the integral

X
/ V2 +3x-4

Solution. Since x> + 3x — 4 = (x + 4)(x — 1), we put

Vax+Hx—1) = (x+4)
then

G+dHx-1)=@x+47%7, x-1=(x+d7F

1+ 472 10t
T YT uZer

2
Grae D= 1+ 4t 4] 5t

+ =—
1-¢ -1
Returning to the original integral, we have

104(1 = 1) 2 |1+t
dt = dt=1In C
/\/_xz+3x /(1—t2)25t /1—

dt

x—1
T+ +4 x+ +
X
=In|—————|+C=1In +C
| x—1 Vx+ - Vx-1
x+4

Note 2. It will be noted that to reduce integral (1) to an integral of a rational
function, the first and third Euler substitutions are sufficient. Let us consider the
trinomial ax? + bx + c. If b* — 4ac > 0, then the roots of the trinomial are real,
and, hence, the third Euler substitution is applicable. If b? — dac < 0, then in this
case

1
ax’> +bx+c = " [2ax + b)? + (4ac — b*)]
a

and therefore the trinomial has the same sign as that of a. For Vax? + bx + ¢ to
be real it is necessary that the trinomial be positive, and we must have a > 0. In
this case, the first substitution is applicable.

10.12 INTEGRATION OF CERTAIN CLASSES
OF TRIGONOMETRIC FUNCTIONS

Up to now our sole concern has been a systematic study of the integrals of
algebraic functions (rational and irrational). In this section we shall consider
integrals of certain classes of nonalgebraic
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functions, primarily trigonometric. Let us consider an integral of the form

/R(sin X,Co8 x)dx (1)
We shall show that this integral, by the substitution
X
tan= =t 2
an 2 2

always reduces to an integral of a rational function. Let us express sin x and cos x
in terms of tan )5‘, and hence, in terms of ¢:

) 2 sin ’5‘ cos % 2 sin % cos ’5‘ 2 tan % 2t
s = 1 _sin2%+0052§_1+tan2§_1+l‘2
cos? 5 - sin? 5 cos? 5= sin? A tanZ 5 1= £
cosx = 1 _c052§+sin2%‘_1+tan2§_1+l‘2
Furthermore,
2dt

x =2arctant, dx=——
1+¢

In this way, sinx, cos x and dx are expressed rationally in terms of ¢. Since a
rational function of rational functions is a rational function, by substituting the
expressions obtained into the integral (1) we get an integral of a rational function:

. 2t l—tz 2dt
/R(smx,cosx)dx=/R(1+t2’ 1+t2)1+12

Example 1. Consider the integral

dx
sin x
On the basis of the foregoing formulas we have
2dr.

d ' di
= :/ﬁ=/7:1n|t|+c:1n

sin x 2t
b 1422

This substitution enables us to integrate any function of the form R(cos x, sin x).
For this reason it is sometimes called a “universal trigonometric substitution”.
However, in practice it frequently leads to extremely complex rational functions.
It is therefore convenient to know some other substitutions (in addition to the
“universal” one) that sometimes lead more quickly to the desired end.

X
tan - |+ C
anz‘
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(1) If an integral is of the form f R(sin x) cos x dx, the substitution sinx = ¢,
cos x dx = dt reduces this integral to the form f R(1) dt.

(2) If the integral has the form f R(cos x) sin x dx, it is reduced to an integral
of a rational function by the substitution cos x = ¢, sin xdx = —dt.

(3) If the integrand is dependent only on tan x, then the substitution tan x = ¢,
X = arctant, dx = lﬁf—’ﬂ reduces this integral to an integral of a rational function:

/ R(tan x) dx = / ki) <" 5

(4) If the integrand has the form R(sin x, cos x), but sin x and cos x are involved
only in even powers, then the same substitution is applied:

tanx =t 2)
because sin® x and cos? x can be expressed rationally in terms of tan x:
cos’ x = ! = !
l+tan2x 1+
5 tan? x t2
sin” x = =
l+tan>x 1+
dt
dx =
L+
After the substitution we obtain an integral of a rational function.
23
sm- x
Example 2. Compute the integral | ———— dx
P p £ / 2+ cosx

Solution. This integral is readily reduced to the form [ R(cos x) sin x dx. Indeed,

sin® x sin® x sin x dx 1—cos®x .
——dx = = sin x dx
2+ cosx 2 + cos x 2 4+ cos x

‘We make the substitution cos x = z. Then sin xdx = —dz:

sin® x 1-2 2-1 3
P = —d7) = dz = -2+ —)d
/2+cosx x /2+z( 2) /z+2 ¢ /(Z +z+2)Z

cos? x

2
=%—22+3ln(z+2)+c= —2cosx+3In(cosx+2)+C

dx

Example 3. Compute / —
J 2-—sin

X
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Make the substitution tan x = ¢:

/ dx —/ di —/ a__ 1 arctan ! +C
2 —sin’ x (2- r 1+ 22 2+ 2 V2
1+ 7
1 tan x
= — arctan +C
1 rean(22)

(5) Now let us consider one more integral of the form f R(sin x, cos x) dx,
namely an integral with integrand sin™ x cos” x dx (where m and n are integers).
Here we consider three cases.

(a) f sin™ x cos” x dx, where m and n are such that at least one of them is odd.
For definiteness let us assume that n is odd. Put n = 2p + 1 and transform the
integral:

/ sin” xcos?*! xdx = /sin’” xcos?” xcos xdx

= /sin’” x(1 — sin” x)” cos x dx

Change the variable:
sinx =1t cosxdx=dt

Putting the new variable into the given integral, we get

/sin’” xcos" xdx = /t’”(l -2 dt

which is an integral of a rational function of 7.
Example 4.

/cos3xdx_/cos xcosxdx /(1 — sin® x) cos x dx

sin* x sin* x sin* x

Denoting sin x = ¢, cos xdx = dt, we get

)
/cosx /(l t°) dt / ——L+1+C
sin* x 8t

=- +—+C
3sinx  sinx

(b) f sin™ x cos” x dx, where m and n are nonnegative and even numbers.
Put m = 2p, n = 2q. Write the familiar trigonometric formulas:

1 1 1 1
2 11 2 _ 1.1
sin” x = 3 20032x, Ccos” x 3 + 20052x 3)

Putting them into the integral we get

1 1 1 1
/sinzp xcos?? xdx = /(5 -3 cos 2x)p(§ + 3 cos Zx)q dx



374 Ch. 10. The Indefinite Integral

Powering and opening brackets, we get terms containing cos 2x to odd and
even powers. The terms with odd powers are integrated as indicated in Case (a).
We again reduce the even exponents by formulas (3). Continuing in this manner
we arrive at terms of the form [ cos kx dx, which can easily be integrated.

Example 5.

1 1
/sin4xdx= ?/(1 —cos2x)dx = Z/(1 —2¢0s2x + cos? 2x) dx

sin4x

1 1 13
=Z[x—sin2x+5/(1+cos4x)dx]=Z[Ex—sin2x+ ]+C

(c) If both exponents are even, and at least one of them is negative, then the
preceding technique does not give the desired result. Here, one should make the
substitution tan x = 7 (or cot x = 7).

Example 6.
.2 S 2D 2 .32
sin” xdx sin” x(sin” x + cos” x
= ( ) dx = | tan® x(1 + tan® x)* dx
cos® x cos® x
Put tan x = #; then x = arctant, dx = 11;2 and we get
) 3 5
sin” x dt t t
dx= [ P+ — = [ PA+P)dt==+—-+C

/ cos® x / ( ) 1+£ ( ) 3 5

tan®> x  tan’ x

= + +C
3 5

(6) In conclusion let us consider integrals of the form
/ cos mxcosnxdx, / sinmxcosnxdx, / sin mx sin nx dx
They are taken by means of the following formulas® (m # n):

1
COS MXCOSNnx = 3 [cos(m + n)x + cos(m — n)x]
. I . .
sin mx cos nx = 3 [sin(m + n)x + sin(m — n)x]

. . 1
sinmx sinnx = 3 [— cos(m + n)x + cos(m — n)x]

“These formulas are easily derived as follows:
cos(m + n)x = cOS mx cos nx — sin mx sin nx
cos(m — n)x = COS mx cos nx + sinmux sin nx
Combining these equations termwise and dividing them in half, we get the first of the three formulas.
Subtracting termwise and dividing in half, we get the third formula. The second formula is similarly

derived if we write analogous equations for sin(m + n)x and sin(m — n)x and then combine them
termwise.
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Substituting and integrating, we get

1
/cos mxcosnxdx = 3 /[cos(m +n)x + cos(m — n)x] dx

_sin(m +n)x  sin(m - n)x
2(m + n) 2(m — n)

The other two integrals are evaluated similarly.
Example 7.

sin 8x N sin 2x
16 4

1
/sinstin3xdx= E/[—cos8x+c052x]dx= - +C

10.13 INTEGRATION OF CERTAIN IRRATIONAL FUNCTIONS
BY MEANS OF TRIGONOMETRIC SUBSTITUTIONS

Let us return to the integral considered in Sec. 10.11:

/R(x, Vax? + bx + ¢)dx

+C

ey

where a # 0 and ¢ — % # 0 (in the case a = 0 the integral has form II, Sec. 10.10;

2 . 2 .
for ¢ — i’—a = 0, the expression ax* +bx+c = a(x + %) , and we have to do with

a rational function, if @ > 0; for a < 0 the function Vax? + bx + c is not defined
for any value of x). Here we shall give a method of transforming this integral

into one of the form

/ R(sin z, cos z) dz

which was considered in the preceding section.
Transform the trinomial under the radical sign:

ax2+bx+c=a(x+ %)2+(c—b—2)

Change the variable, putting

b
x+— =t dx=dt
2a

Then
2

b
Vax? +bx+c = {far? +(c— —
ax X+c a (c 4a)
Let us consider all possible cases.

2

l.Leta>0,c— Z—: > 0. We introduce the designations: a = m?, ¢ — 2 = n?.

4a
In this case we have

Vax? + bx +c = Nm222 + n2
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2.Leta>0,c— 2 <0. Then
2 c—b—2=—2
4a
Thus,

Vax? + bx +c = Nm22 — n2

3.Leta <0,c— 2 > 0. Then

b2
2 oc——=n?
4a

Hence,

Vax2 + bx + ¢ = Vn2 — m222

4. Leta<0,c— f:—z < 0. In this case Vax? + bx + ¢ is a complex number for
every value of x.
In this way, integral (1) is reduced to one of the following types of integrals:

L /R(t, Vm2e2 + n?) dt (3a)
II. / R(t, Vm?£2 — n?) dt (3b)
1. / R(t, Vn? — m22) dt (3¢)

Obviously, integral (3a) is reduced to an integral of the form (2) by the substitu-
tion
n
t=—tanz
m
Integral (3b) is reduced to the form (2) by the substitution
n
t=—secz
m
Integral (3c¢) is reduced to (2) by the substitution
n .
t = —sint
m
Example. Compute the integral
/' dx
,l(aZ _ x2)3

Solution. This is an integral of type III. Make the substitution x = asin z, then
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dx =acoszdz

/' dx [ acoszdz _/’acoszdz*
V@@ -2y V@ = @ sin® 2> a®cos’ z
1 dz 1 1 sinz 1 sin z
=—2 —2=—2tanz+C=—2—+C=—2—+C
a cos?z a a? cosz @ 1 _sin’z
1 X
=——+C

2
a a2 — x2

10.14 ON FUNCTIONS WHOSE INTEGRALS CANNOT
BE EXPRESSED IN TERMS OF ELEMENTARY FUNCTIONS

In Sec. 10.1 we pointed out (without proof) that any function f(x) continuous
on an interval (a, b) has an antiderivative on that interval; in other words, there
exists a function F(x) such that F’(x) = f(x). However, not every antiderivative,
even when it exists, is expressible, in closed form, in terms of elementary
functions.

Such are the antiderivatives expressed by the integrals [ e dx, Ik % dx,

Ik SBX dx, [ N1-&2 sin® x dx, 1% and many others.
In all such cases, the antiderivative is obviously some new function which
does not reduce to a combination of a finite number of elementary functions.

For example, that one of the antiderivatives

2 2
— | e dx+C
\/7_1/

which vanishes for x = 0 is called the Laplace function and is denoted by ®(x).
Thus,

D(x) = % / e dx+C, if ®0)=0

This function has been studied in detail. Tables of its values for various values
of x have been compiled. We shall see how this is done in Sec. 16.21 (Vol. II).

Figs. 208 and 209 show the graph of the integrand y = e and the graph of the
Laplace function y = ®(x). That one of the antiderivatives

/\/1 —K2sin’xdx+C (k<)

* /1 — sin? z = | cos z]. For the sake of definiteness, we only examine the case | cos z| = cos z.
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which vanishes for x = 0 is called an elliptic integral and is denoted by E(x),
E(x) = / V1= &2sin® xdx + C, if E0) =0

Tables of the values of this function have also been compiled for various values
of x.

¥
)
y=P(z)
i > T
______________ -7
Fig. 208 Fig. 209
EXERCISES ON CHAPTER 10
6
I. Compute the integrals: 1. /xsdx. Ans. %+C. 2. /(x+ Vx) dx.
X2 2x+x 3 xvx " X2 dx
Ans. = c. 3 [(=—=- dA6——2 C. 4. .
ns. 4=+ /(\/} ) ns. 6vx x+ /\/)_C
2 1 1 8 dx
Ans. Zx*\x+C. 5. / x. Ans. ————+2x+C. 6. .
A (oo R EG
Ans. ;—l@+ C.
1 S 3,
7. /(x2 + Tﬁ)zdx. Ans. % + ZXZW+3</}+C.
1
Integration by substitution: 8. / e dx. Ans. §e5X+C. 9. / cos Sxdx.

in 5 1 1
Ans. 22254 c 10, /sinaxdx. Ans, ~ 22900 11 /—nxdx. Ans. §1n2x+C.
X

a
" odx cot3x " odx tan 7x " odx
12. ——. Ans. — C. 13. . Ans. C. 14. .
/ 13y T T / cost7x O Tt / 37
dx

sin” 3x
dx
1-x 5-2x
1 1
Ans. —zln [5=2x|+C. 17. /taandx. Ans. —§1n|0052x|+C. 18. /cot(Sx—7)dx.

1
Ans. §1n|3x—7|+C. 15./ Ans. —In|1 — x|+ C. 16./

1
Ans. 3 In|sin(5x - 7)| + C.

d 1
19. / Y . Ans. —=In|cos3y|+ C. 20. /Cot z dx. Ans. 3 ln|sin E| +C.
cot 3y 3 3 3

1
21. / tan ¢ - sec’ @ dy. Ans. Etan2<p+C. 22. / (cote®)e* dx. Ans. In|sine*| + C.

S 1 .S
23. /(tan4S —cotz)dS.Ans. —Zlnlcos4S|—4ln|sm Z|+C'



Exercises on Chapter 10 379

. 3 4
24. /sin2 xcos xdx. Ans. o +C. 25. /cos3 xsinxdx. Ans. _os X +C.
1
26. / Va2 + 1 xdx. Ans. —\/(x2+ 3¥+C. 27. / . Ans. = V2x2+3+C.
2 V2x2 +3 2
d 2
28. o LAns. = Vx3+1+C.
X +1 3 | ) .
29, / cosxdx s L e 3. / sinxdx . +
sin® x sin x cos? x 2cos? x
t tan? t t2
31. / anx dx. Ans. an’ x +C. 32. / cotx dx. Ans. _or s +C.
cos? x 2 sin? x 2
d 1 1
33. /—x Ans. 2Vanx—1+C. 34. /de
goszx\/tanx—l x+1
1 1 d
ans, WOHD L oogg [ COSXAY L \Esnxal+C.
2. 5 V2sinx + 1 . -
36, [ SimZxdx Ans, — Lo 3. [ SinZxde
(1 + cos 2x)? 2(1 + cos2x) M + sin? x
Vt +1 2
Ans. 2\ 1 +sin’ x+C. 38, / oS dx Ans. S (Enx+ 1+ C
X
cos2xdx 1 1 sin 3x dx
39. _— Ans. —— ——  + C. 40. _—
(2 + 3sin 2x)} " T2 @+ 3sin2ay Veos' 3
1 In® xdx In’ x arcsin x dx
Ans. +C. 41. / . Ans. +C. 42. _—
Veos 3x 3 V-2
Ans arcsm2 X om arctan xdx' Ans. arctan® x L.
1+ x2 2
/ arccos? X _arccos3 Yoods / arccot x dr. Ans. _arccot2 Y
1 ) 3 1+ x2 2
x+1 1 2
——. Ans. ln(x +1)+C. 47. ——— dx. Ans. —ln(x +2x+3)+C.
X2+2x+3
/ C(’”dx . Ans. -1n(2smx+3)+c 49. /— Ans. In|lnx| + C.
2sinx+ 3’
4 x*+1) tan’ x
50. 2x(x> + 1)* dx. Ans. — +C. S51. tan* x dx. Ans. —tanx+x+C.
dx dx
52. _ Ans. 1 t +C. 53. _—
/ (1 + x?) arctan x s Infarctan cos? x(3tanx + 1)
1 t tan*
Ans. = InP3tanx+1]+C. 54. / an’ dx Ans. X0 ss [
3 cos? 4 V1 — x2 arcsin x
. cos 2x 1 .
Ans. In|arcsinx| + C. 56. ——————dx. Ans. —In|2 +3sin2x| + C.
2+ 3sin2x 6

d 1
57. /cos(ln x)—x. Ans. sin(Inx) + C. 58. /cos(a + bx)dx. Ans. A sin(a + bx) + C.
X

: 1 x x
59. /ez*dx. Ans. §e2x+C. 60. /e§ dx. Ans. 3e3 +C. 6l. / " cos x dx.

2

Ans. e+ C. 62. /a"zxdx. Ans. +C. 63. /eg dx. Ans. ae + C.

a
2Ina
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1 3x X
64. / (€Y dx. Ans. —e* +C. 65. / 3%e*dx. Ans. C_ic. 66 / e dx.
4 In3+1

1 1 S5x
Ans. —56_3"( +C. 67. /(65” +a*) dx. Ans. 5(6‘5)C + S]—a + C).
1 § X _ p¥ 2
68. /exz"“”(x +2)dx. Ans. Ee"‘2+4“3 +C. 69. / % d
ax X

( ) ( ) et dx 1 ;
Ans ey T C 70. /W'Ans‘ 7B +den+C.

e d d 1
/ . Ans. ln(2 +e)+C. T2 / X Ans. — arctan( V2x) + C.
1+ 2x2 V2
73. / ! arcsin( \/—x)+C 74. / . Ans. ! arcsin 3X+C
1—3x2 RV d\/16 o2 31 4 7
75. / \/_ Ans. arcsin 3 +C. 76. 7 +Xx2. Ans. 3 arctan% +C.
1 3x dx 1 2+ 3x
77. / 0 Ans. 6 arctan ? +C. 78. / 4——9x2 Ans. E In 2—_3)( +C.
79. / .Ans. Inlx+ Vx2 +9|+C.
Vx? 9
80. / Ans. ln bx + Vb2x2 —a?|+ C. 81. / .
Vi = D + 22
1 dx 1 ax—c
Ans. —Inlax+ Vb* +a®x*|+C. 82. [ ———.Ans. —1In
a a?x? — c? 2ac ax+c
x? dx 1 ‘ 1
83. / C. 84. / . Ans. — arcsmx +C.
65 xz\/_ T
d 1 d
85. ﬁ. Ans. o arctan >+ C. 86. \/%. Ans. arcsine* + C.
dx 1 5 cos xdx
87. /— Ans. —— arcsin \/jx+C. 88. /—
V3 —5x2 \3 3 a? + sin’ x
1 sin dx
Ans. — arctan +C. 89. / ————— . Ans. arcsin(lnx) + C.
( ) xV1-1n?x
arccos x — x
90. | ——— dx. Ans. ——(arccos 02+ VI-x2+C.
V1 - x2 2
— arct 1 1 V1+1
91. L ardanx dx. Ans. = In(1 + x*) — =(arctanx)> + C. 92. M+l dx
1+ x2 2 2 x
A1+ x 4
Ans. —\/(1+lnx)3+C 93. de.An. 5‘/(” Vx)3 +C.
x
e

94, /L.Ans. 4/1+ Vx+C. 95. / df . Ans. arctane® + C.
\/— . 1+ e>

x+/1+ Vx
d ;
96. C:)Sx x. Ans. 3Vsinx + C. 97./V1+3coszxsin2xdx.
2\/‘ sin® x o
sin 2x dx
Ans. —- \/(1+30032 xP+C. 98, [ ————.Ans. —2V1 +cos?x+C.
V1 + cos? x
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3
1 1 Vtan? 3 3
99, /COS xdx. Ans. — - +C. 100. / C::zl xdx. Ans. g\/z tan’ x + C.
x

3

sin” x sinx  3sin’ x
1 2
101. / . Ans. — arctan( \/j tan x) +C.
2 sin® x+3coszx V6 3

Ax+ B
Integrals of the form / _Axrr
ax’> +bx+c
1 x+1
102. . = .
0 /x 2x+5 ns. 2arctan +C
1 x—1 dx
103. Ans. —— arct cC. 104, [ —.
/3x2 2t 4 Y Y T /x2+3x+1
1 |2x+3- 1. |x-
ans, |23 5] e s, /L.Ans. e 5‘+c.
V5 [2x+3+ 45 X —6x+5 4 lx-1
106 / dz Ans. arctan(2z— 1)+ C. 107 / dx
I T " ¢ S o
1 -1 6x-7)d
Ans. — arctan veo 108 [ O DAY e T 114 C
\5 3 3x2—Tx+11
3x-2)d 3 11 10x-3
109. /M Ans. — In(5x* = 3x +2) — arctan —— +C.
5x2-3x+2" 10 5431 V31
3x-1 3 1 2x -1
110. / 2T dx Ans. ZIn(x* —x+ 1) + — arctan ——— + C.
xX2—x+1 2 \V3 V3
Tx+1 2 1 2x—1
111. /—6x2+x—1dx' Ans. gln(3x—1)+zln(2x+1)+C. 112. /—sz—x+2dx'
1 8 10x— 1
Ans. —In(5x* = x+2) — arctan +C.
S, 5V V39
6x* -5 4 1 1 4x -1
113. /—x X gx. Ans. x3—x—+—ln|2x2—x+1|+—arctan al +C.
2x2—x+1 2 4 247 NG
114./ dx 5—. Ans. ialrctalnM+C.
2 cos? x + sin x cos x + sin® x V7 V7
Ax+ B
Integrals of the form / S S S dx:
Vax?> +bx+C

8 3 d
Ans. Earcsin Al +C. 116./ al

X
115. /— _—
V2 —3x —4x2 V1 +x+ 22

1
Ans. ln‘x+§+ Vx2+x+1‘+C.

117. /ﬁ.ms. In|S +a+ @HZH

118. l\/ﬁ. Ans. ﬁarcsin@+ . 119. /m

Ans. %ln|62+5+ V12x(Bx + 5)|+C.  120. /ﬂﬁ Ans. arcsin 2 m S
Y R — L — —1+ 206522 —x—1)|+C.

121 / % Ans \/gln|10x 1+ 200522 —=x-1)|+C

122. | ———dx.

Vax*+bx+C
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Ans.

Ans.
ns4

124.

125.

126.
I
127.

—

129.

131.

Ans.

134.

Ans.

Ans.

Ans.

Ans.

Ans.

Ans.

Ans.

Ans.

Ans.

Ans.

Ans.

(x+3)dx
2Vax? +bx+c+C. 123./—.
Vax2 +4x+3

1

- 4x2+4x+3+§1n|2x+1+V4x2+4x+3|+C.
-3)d 1

WAy -1 V3+66x - 1127+ C.

V34 66x— 1122
(x+3)dx 1 7 2x -1

——————— Ans. —— V3 +4x—4x% + - arcsin
V3 +4x — 422 4 4

3x+5 3 23
—————dx. Ans. = V2x2 —x+ ——In(4x -1+ y8(2x2-x)) +C.
Vx(2x = 1) 2 42

+C.

. Integration by parts:

1 1
xe*dx. Ans. e*(x—1)+C. 128. /xlnxdx. Ans. Exz(lnx - 5) +C.

xsinxdx. Ans. sinx—xcosx+ C. 130. /lnxdx.Ans. x(Inx—-1)+C.

—— —

arcsin x dx. Ans. xarcsinx+ V1 -x2+C. 132. /ln(l - x)dx.

n+1

1
+1(lnx—m)+C.

1
xarctan x dx. Ans. 3 [(x* + 1)arctanx — x] + C. 135. /x arcsin x dx.

—-x-(1-x)In(1l -=x)+C. 133. /x"lnxdx.Ans. al
n

1
Z[(Z}c2 — Darcsinx+xV1 —x2]+C. 136. /ln()c2 + 1) dx.

xIn(x* + 1) = 2x+2arctanx + C. 137. /arctan Vxdx.

X

2+/xarcsin Vx+2V1l —x+C. 139./arcsin %dx.
V x

xarcsin % — x +arctan Vx+ C. 140. /xcoszxdx.
\ x

’ 1 :
xz + —xsin2x+ s cos2x+C. 141. X arcsin x

4 8 Viee &

t
x— V- Carcsinx+C. 142, [ XX,
(x2 +1)?

1 1 t
m + I arctan x — 3 a;c+a;12x +C. 143. /xarctan Vx2 — 1dx.

) | ,

grarctan Va2 —1- V2 —T+C. 144, / .
X

- Vl-x2

X

d
xIn|x + V1+x2|— V1+x2+C. 146. /arcsinx\/x—ixm.
(1-x%)

(x+ Darctan Vx - Vx+C. 138. /@dl

In

1
— —arcsinx + C. 145. /1n(x+ V1 + x2)dx.
x

+C.

arcsinx 1 1-x
+ —1In
1+x

Vi-2 2
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Use trigonometric substitutions in the following examples:

N N
147. /#dx. Ans. —u—arcsinf+C. 148. /x2 V4 — x2 dx.
X a

X

1 1 d
Ans. 2arcsing—Ex\/4—x2+zx3\/4—x2+c. 149. xz\/+_x2
N N
Ans. — " ol +C. 150. /%dx. Ans. sz—az—aarccos§+c.
1
151. L.Ans. i—+C.

V(@? + x%)3 @ 2t 2

Integration of rational fractions:

2x—1 (x-2)> xdx
152. ———dx. Ans. 1 C. 153. .
G-Dax-2 A s x+ Dx+3)(x+5)
1 (x+3)° 'x5+x4—8
Ans. —In —————— + C. 154.
R TR
x3 x *2(x -2y x*dx
Ans. — 4+ — +4x+In|————— 155.
T TR e -2 /(2—1)(x+2)
x2 1 |x—1] dx
Ans. — -2 -1 —1 2|+ C. 156. —_—
ns. > X+ n| +1|3+ nlx+2| + /(x—l)z(x—Z)
1 2 x—8 3 (x=2)?
Ans. -1 +11'1|T +C. 157. /md}( Ans. x_2+11'1 2 +C.
3x+2 4x+3 x2 x> dx
158. —dx. . C. 159. _
/x(x+l)3 * T I TR P J i (x127(x 1 4
Ans., ——X+12 +1n(x+4)2+C. 160. /—dx . Ans. In +C.
X2 +6x+38 x+2 x(x2+1) 2+ 1
2x*—3x-3 (x? —2x+5)2 x—1
161. dx. Ans. In ——  — + —arct C.
/(x—l)(x2 13) x. Ans. T +2arcan +
-6 2 +4 3 X 3 X
162. md}( Ans. In x2+2+§arctan§—%arctan$+c
2 _
163./ dx . Ans. llnM+Larctan2x 1+C.
3+1 6 ¥—x+1 3 V3
3x-7 XX +4 1 X 4dx
164. _— Ans. In ——— + —arctan = + C. 165. .
/x3+x2+4x+4 B TS  Rt /x4+1
1 2 >
Ans, o TVt Y2 L 166, /—x dx.
\/— —x\/_+l 1—x2 -1
3
-1
Ans. §[x +In(F - D] +C. 167. x(x%z)z dx.
2—x 1 1 X (4x* — 8x)dx
Ans. ———— +1In(x* +2)? — —— arctan — + C. 168. —_—
ns. 4(x2+2)+ n(x” +2) 4\/§arcan \/§+ /(x—l)z(x2+l)2
3x2—x (x=1)? dx
Ans. +1 t C. 169. .
s G-DGE D Mgy racanes /(xZ—x)(xZ—x+1)2
Ans. In x-1 10 arctanzx_1 2o +C
- x | 33 V3 3(2-x+1)
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Integration of irrational functions:

170. / . VX e Ans, A —in(VE + 1))+ €
Ve +1 3

3_ 3 6
171. /udx. Ans. EW—E lVz)c'3+C. 172. ﬂ X
27 13 V7 + Vo
6
Ans. ——+—+21nx 24In( Rx+ 1)+ C.
Vo W
2+ x
S S L—
Y+ x+ x+1
Ans. 9\6/_5—2\3/_2+4\/_—6{/_+6\6/_—91n(\6/_+1)+

173.

ln(\/_+1)+3arctan\/_+C 174. /

l+x x2
— — 2
Ans. In VI-x+ Vi+x - Vi-x +C. 175. /
Vi—-x—-Vl+x X l+x x
Ans. 2arctan\/1_x+ln Vitx-Vi-x +C. 176. \/_+\/_ dx.
1 IT+x+ Vl-x \/_+ Vixls

1 1 1 1
Ans. 14[1\4/)_6—5\7/;4-5 1\4/;—17)62_‘_5 l\4/';]_*_6’

253 1
177. /1/ OX . Ans. V32 —Tx—6+ —— x
x-3 243

ln(x—z+ xz—zx—2)+C.

6 3
Integrals of the form / R(x, Yax? + bx + ¢)dx:
Vi = - 1
178. / RIPW LR S CRN B Y
xVx2-x+3 \/_ 3 2 V3
N 2
179./ LW SN TR St G N T
xV2+x—x? V2 X 2V2
1 -2
180. Ans. - arcsin—= +C. 181

/ X /\/x2+2xd
—_—— . —_— axXx
xVxr +4x -4 2 x\/id X

Ans. Va2 + 2x+1Injx+ 1+ Va2 + 2x] + C. 182./ a

Jex—xy

x—1

Ans. —— +C. 183. / V2x — x2dx.
V2x — x%

1 dx
Ans. =[(x—=1)V2x — x2 +arcsin(x — 1)] + C. 184. _
2 x— Va2 -1
Ans 2 VT U+ VE—1j+C. 185 / dx
ns —+=Vx2-1-=Inlx x2 = . .
2 2 2 T+x)VI+x+x2
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x+ V1 +x+x2

x+1)
Ans. In +C. 186. /—dx.
2+x+ VI +x+ 22 (2x + x2) V2x + x2
1 1- V1 2
Ans. ————— 1+ C. 181. /ﬁdx
V2x + x2 XV +x+x2
_9+/ 2 N
Ans, In|ZEETENIEXHE ) 6 g, /%“dx.
X X
8
Ans. ——————— +1In|x+2+ Va2 +4x +C.

X+ Va2 +4x

Integration of trigonometric functions:

189.

Ans.

Ans.

193.

Ans.

Ans.

Ans.

198.

Ans.

Ans.

Ans.

203.

Ans.

206.

Ans.

209.

1
sin® x dx. Ans. 3 cos’x—cosx+C. 190. / sin® x dx.

2 cos’ x .
—Ccosx + 3 cos® x — 5 +C. 191. cos* xsin’® x dx.

cos’ x

1 1 1
—gcossx+ 7cos7x+C. 192./ dx. Ans. cscx—gcsc3x+C.

sin” x

1
sin2x+ C. 194. sin* xdx.

cos? xdx. Ans. — + 7

N =

3 sin2x  sin4x
Zx—

— +
8 4 32

+C. 195. / cos® x dx.

sin® 2x

1 3
E<5x +48in2x — + 1 sin 4x) +C. 196. / sin* xcos* xdx.

2

sin 8x n- x

1 t
—(3x —sindx + ) +C. 197. [ tan’ xdx. Ans. a +1In|cos x|+ C.

128
1 1
cot® xdx. Ans. ~ cot* x + 3 cot’ x + In|sinx| + C. 199. /cot3 xdx.

cot® x

—In|sinx|+ C. 200. / sec® x dx.

tan’ 3tan’
ar; LY x4 tanx+C. 201 /tan4 xsect xdx.
tan’ tan’ d 1
mr A 202./ * Ans. tanx+ = tan’x + C.
7 5 cos* x 3
.3
cos x sin” x dx
dx. Ans. C —cscx. 204. _—
/ sin® x Veos* x
3 in4 in2
3 cos? x + 3003'% x+C. 205. /sinxsin3xdx. Ans. _Smax sm4 x +C.
inll in3
cos4xcos7xdx. Ans. bl + smox +C. 207. | cos2xsindxdx.

22 6
cosbx cos2x

1 3 COS X 1
. 208. in — - . Ans. ——— - .
B 7 +C 08 /sm4xcos4xdx ns 5 +c052x+C

dx 1 dx

tan 5 — 2

2tan § — 1
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Ans.

212,

Ans.

215.

216.

arctan

2t
.aln2

inxd
+C. 211. /smx.x. ns.
1 +sinx 1+tan—

+
Ans. x—tan—+C 213/

dx 1 X
)
arctan(2 sin“x—1)+C. 214. /mAns, E 5 6
1 1 tan x
. Ans. ——|[cotx + — arctan|
/ sin? x + tan2 2[ V2 ( )]
sin® x tan x
/ T+ cosix dx. Ans. \/_arctan( \/5) x+C.

sin 2x
cos* x +sin* x

tan® = + C.
an2+

dx.



CHAPTER 11

THE DEFINITE INTEGRAL

11.1 STATEMENT OF THE PROBLEM.
LOWER AND UPPER SUMS

The definite integral is one of the basic concepts of mathematical analysis
and is a powerful research tool in mathematics, physics, mechanics, and other
disciplines. Calculation of areas bounded by curves, of arc lengths, volumes,
work, velocity, path length, moments of inertia, and so forth reduce to the evalu-
ation of a definite integral.

y L‘II—LKIHE',
Ky 2 Na
Kok
G
/fo:'—- W,
|
Lo—N; 5
A
0 %0 % % Gl %

Fig. 210

Let a continuous function y = f(x) be given on an interval [a, b] (Figs. 210
and 211). Denote by m and M its smallest and largest values on this interval.
Divide the interval [a, b] into n subintervals:

A= X0, Xy X2y «ovy Xnel> Xy = b
so that
Xp <X <Xp<...<Xxp
and put
X1 —X0=Ax1, o —x1 =Axa, ..., X — Xp_1 = AXy,
Then denote the smallest and greatest values of the function f(x)

on the subinterval [xg, x;] by m; and M,
on the subinterval [x, x,] by m, and M,

on the subinterval [x,-1, x,] by m,, and M,
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Form the sums
n
s, = miAx; + mAx; + ... +m,Ax, = m;Ax; (1)

i=1

5, = MiAx; + MaAxy + ... + MyAx, = Z M;Ax; 2)
i=1
The sum s, is called the lower (integral) sum, and the sum 5, is called the upper
(integral) sum.
If f(x) > 0, then the lower sum is numerically equal to the area of
an “inscribed step-like figure” ACoN,C|N,...C,-1N,BA bounded by an

“inscribed” broken line, the upper sum is

I\ Ly o] L, equal numerically to the area of a “cir-
bs ! cumscribed step-like figure” AKyC K ...
.4: ...Ch-1K,-1C,BA bounded by a “circum-
M ! scribed” broken line.
The following are some properties of
l L, upper and lower sums.
"t z (a) Since m; < M; for any i (i =
1,2,...,n), by formulas (1) and (2) we
A 8 have
0 b 5, <5 3)
Fig. 212
(The equal sign occurs only when f(x) = const.)
(b) Since
myzm,my=zm, ..., My =2m,

where m is the smallest value of f(x) on [a, b], we have

s, = mAx; + mAx; + ...+ mAx, 2 mAx; + mAx; + ...+ mAx,
=m(Ax; + Ax, + ...+ Ax,) = m(b — a)
Thus,
s, = m(b-a) (@)
(c) Since
My <M, My <M, ..., My <M
where M is the greatest value of f(x) on [a, b], we have
Sy = MiAxy + MaAxy + ...+ M,Ax, < MAx| + MAx; + ...+ MAx,
=M(Ax1 +Axo + ...+ Ax,) = M(b —a)

Thus,
5, <M -a) (5)
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Combining the inequalities obtained, we get
mb-a)<s,<s, <Mb-a)

If f(x) > 0, then the last inequality has a simple geometric meaning (Fig. 212),
because the products m(b—a) and M(b—a) are, respectively, numerically equal to
thE areas of the “inscribed” rectangle AL L, B and the “circumscribed” rectangle
AL L,B.

11.2 THE DEFINITE INTEGRAL.
PROOF OF THE EXISTENCE OF A DEFINITE INTEGRAL

We continue examining the question of the preceding section. In each of the
subintervals [xo, x1], [x1, X2], ..., [X.—1, X,] take

P e

7€)
0 Inq ﬁ,, b -z
a point and denote the points by &, &, ..., &, (Fig. 213):
Xo <& <xi, X1 <E <Xy ey X <& <Xy

At each of these points find the value of the function f(£}), f(&2), ..., f(&,). Form
the sum

$0= FEV AN + @) A+ + fEN Axy = D fE@ A (D)
i=1

This sum is called the infegral sum of the function f(x) on the interval [a, b].
Since for an arbitrary &; belonging to the interval [x;_;, x;] we will have

m; < f(&) < M,
and all Ax; > 0, it follows that
m; Ax; < f(&) Axi < M; Ax;

and consequently

Zn:m,- Ax; < if(g—“,-) Ax; < Zn: M; Ax;
i=1 i=1 i=1
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or
s <5 <5, (2)

n
The geometric meaning of the latter inequality for f(x) > O consists in the fact
that the figure whose area is equal to s, is bounded by a broken line lying between
the “inscribed” broken line and the “circumscribed” broken line.

The sum s, depends upon the way in which the interval [a, b] is divided into
the subintervals [x;_1, x;] and also upon the choice of points &; inside the resulting
subintervals.

Let us now denote by max [x;_;, x;] the largest of the subintervals [xg, xi],
[x1,x2], ..., [xn-1, x»]. Let us consider different partitions of the interval [a, b]
into subintervals [x;_y, x;] such that max [x;_;, x;] — 0. Obviously, the number of
subintervals n then approaches infinity. Choosing the appropriate values of &;, it
is possible, for each partition, to form the integral sum

n
S0 = > fE) Ax, 3)
i=1
We consider a certain sequence of partitions for which max Ax; —» Oasn — co.
We choose the values &; for each partition. Let us suppose that this sequence of
integral sums” 57 tends to a certain limit

max Ax;—0 max Ax;—0

lim s= lim > f(E)Axi =5 4)
i=1

We are now able to state the following.

Definition 1. If for arbitrary partitions of the interval [a,b] such that
max Ax; — 0 and for any choice of the points &; on the subintervals [x;_1, x;] the
integral sum

si= ) FE)Ax; )
i=1

tends to one and the same limit s, then this limit is termed the definite integral of
the function f(x) on the interval [a, b] and is denoted by

b
/f(x) dx

Thus, by definition,

max Ax;

b
limﬁ();f@i) Ax; = / fx)dx (©)

“In this case the sum is an ordered variable quantity.
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The number a is termed the lower limit of the integral, b, the upper limit of
the integral. The interval [a, b] is called the interval of integration and x is the
variable of integration.

Definition 2. If for a function f(x) the limit (6) exists, then we say the func-
tion is integrable on the interval [a, b].

Note that the lower sum s, and the upper sum s, are particular cases of the
sum (5) and so if f(x) is integrable, then the lower and upper sums tend to the
same limit s and therefore, by (6), we can write

ma)zlArEHO ; i AXi - / f(X) dx (7)
lim M Ax; = / f(x)dx )
max Ax/—>0

If we construct the graph of the integrand y = f(x), then in the case of f(x) > 0

the integral
b
[ roa

will be numerically equal to the area of a so-called curvilinear trapezoid
bounded by the given curve, the straight lines x = a and x = b, and the x-axis
(Fig. 214).

For this reason, if it is required to compute the area Yy
of a curvilinear trapezoid bounded by the curve y = A lﬂ
f(x), the straight lines x = a and x = b, and the x-axis,
this area Q is computed by means of the integral

b
Q= /f(X)dx ®)

S|
)
o>
8N

We will prove the following theorem. Fig. 214

Theorem 1. If a function f(x) is continuous on an

interval [a, b], then it is integrable on that interval.
Proof. Again partition the interval [a,b] (a < b) into subintervals [xg, x],

[x1, 221, ..., [xi=1, X1, - -+ [Xu=1, X,,]. Form the lower and upper sums:

s, = z": m; Ax; )
i=1

n
50 =) Midx, (10)
i=1
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For what follows we will need certain properties of upper and lower sums.

Property 1. If the number of subintervals into which [a, b] is partitioned by
adding points of division is increased, the lower sum can only increase and the
upper sum can only decrease.

Proof. Let the interval [a, b] be partitioned into n’ subintervals by adding new
points of division (n’ > n). If some subinterval [x;_1, x;] is split up into several
parts, say pi parts, then in the new lower sum s,, the subinterval [x;_1, x;] will
be associated with p; summands, which we denote by gzk. In the sum s,, this
subinterval will correspond to one term my(x; — x¢—;). But then an inequality,
similar to the inequality (4) of Sec. 11.1, holds true for the sum g;;k and the
quantity my(x; — xx—1). We can write

Sy Z mi(Xe = X—1)

Writing down the appropriate inequalities for each subinterval and summing the
left and right members, we get

s,=s (@ >n) (11)

This completes the proof of Property 1.

Property 2. In the case of an unlimited increase in the number of subintervals
accomplished by adding new division points, the lower sum (9) and the upper sum
(10) tend to certain limits s and s.

Proof. By inequality (6) of Sec. 11.1 we can write

s, < M(b—a)

That is, s, is bounded for all n. By Property 1, s, increases monotonically with
increasing n. Hence, by Theorem 7 on limits (see Sec. 2.5), this variable has a
limit, which we denote by s:
lims =s (12)
Similarly, we find that s, is bounded below and decreases monotonically. Conse-
quently, s, has a limit, which we denote by ’s:
lims, =35
Property 3. If a function f(x) is continuous on a closed interval [a, b), then
the limits s and s, defined by Property 2 on the condition that max Ax; — 0, are
equal.
We denote this common limit by s:

s=5=3s (13)
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Proof. Let us consider the difference between the upper and lower sums:

Sp— 8, = (M] —ml)Axl +(M2—H12)AX2+...

+ (M, - m,-) A)C,' +...+ (M,, - mn) Ax,, = Z(M, - m,') A)C,' (14)
i=1
Denote by &, the maximum difference (M; — m;) for a given partition:
&, = max (M; — m;)

It may be proved (though we will not do so) that if a function f(x) is continuous
on a closed interval, then for any mode of partition of the interval [a, b], &, — 0
provided max Ax; — 0:
lim g,=0 (15)
max Ax;—0

The property of a continuous function on a closed interval as expressed by
equation (15) is called uniform continuity of the function.

We will thus make use of the theorem that a function continuous on a closed
interval is uniformly continuous on that interval.

Reverting to (14), we replace each difference (M; — m;) on the right by ¢,
which is at least equal to the difference. This yields the inequality

Shn— 8, <K& A+, Ay + ..+ &, Ax,
=&,(Ax; + Axo + ...+ Ax,) = €,(b—a)
Passing to the limit as max Ax; — 0 (n — co0), we get
lim (5,-3s,) < liAm gb-ay=b-a) lim ¢g,=0 (16)

max Ax;—0 max Ax;—0 max Ax;—0

That is,
lims, =lims, = 17
or s =5 = s, which completes the proof.
Property 4. Let s, and s, be the lower and upper sums corresponding to

1
partitions of the interval [a, b] into ny and n, subintervals, respectively. We then
have the inequality

<5 (18)

S
=ny
for arbitrary n| and n,.
Proof. Consider a partition of [a, b] into n3 = n; + n, subintervals, where the
division points are those of the first and second partitions.
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By inequality (3) of Sec. 11.1, we have

5, < (19)

On the basis of Property 1, we have

S, < S, (20)
S

Sy < Sy 2D
Using relations (20) and (21), we can extend inequality (19)

Sy S8, S Sny S Sy

or

5, < Sm,
which completes the proof.

Property 5. If a function f(x) is continuous on an interval [a,b], then for
any sequence of partitions of |a, b] into subintervals [x;_1, x;], not necessarily
by means of adjoining new points of division, provided max Ax; — 0, the lower
(integral) sum s, and the upper (integral) sum's,, tend to the limit s defined by
Property 3.

Proof. Let us consider a sequence of partitions of the sequence of upper sums
s, defined by Property 2. For arbitrary values of n and m [by inequality (18)], we
can write

S, < Sn
Passing to the limit as n — oo we can write, by (15),

%

s, S
Similarly we can prove that s < 5.
Thus,
s <s5<5,
or

s—s 20, %

=-m m

Consider the limit of the difference:

5520 (22)

lim (5,,-s")
max Ax;—0
Since the function f(x) is continuous on the closed interval [a, b] we will prove
[in the same way as for Property 3, see equation (16)] that

lim (55, -s5)=0
max Ax;—0 m.—m
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We rewrite this relation as

lim [(s;, —s)+(s—5)]=0

max Ax;—0

By (22), each of the differences in the square brackets is nonnegative. Hence,

lim (5, -s5)=0 lim (s—s°)=0
maxAxi—>0( n ) ’ maxAx,-—>0( —m)
and we finally get
lim s% =s lim 5 == (23)
max Ax;—0 " ’ max Ax;—0 "

This completes the proof.
Now we can prove the foregoing theorem. Let a function f(x) be continuous
on an interval [a, b]. We consider an arbitrary sequence of (integral) sums

n
s0= ) fE) Ax,
i=1
such that max Ax; — 0 and &; is an arbitrary point in the subinterval [x;_i, x;].
We consider the appropriate sequences of upper and lower sums s, and s, for
the given sequence of partitions. The relations (2) hold true for each partition:

5, < Sp < Sy

Passing to the limit as max Ax; — 0 and using equations (23) and Theorem 4,
Sec. 2.5, we get
Iim s,=s
max Ax;—0

where s is the limit defined by Property 3.
b
As already stated, this limit is termed the definite integral f f(x)dx. Thus, if

f(x) is continuous on the interval [a, b], then

b
Lalim > ) A = / fx)dx (24)
It may be noted that there are both integrable and nonintegrable functions in
the class of discontinuous functions.
Note 1. It will be noted that the definite integral depends only on the form of
the function f(x) and the limits of integration, and not on the variable of integra-
tion, which may be denoted by
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any letter. Thus, without changing the magnitude of a definite integral it is possi-
ble to replace the letter x by any other letter:

b b b
/f(x)dxz/f(t)dtz...=/f(z)dz
b

Note 2. When introducing the concept of the definite integral | f(x)dx we

a
assumed that a < b. In the case where b < a we will, by definition, have

b a
/f(x) dx =— /f(x) dx (25)
a b
Thus, for instance,
0 5
/xzdx: —/xzdx
5 0

Note 3. In the case of a = b we assume, by definition, that for any function
f(x) we have

/f(x) dx=0 (26)

This is natural also from the geometric standpoint. Indeed, the base of a curvi-
linear trapezoid has length equal to zero; consequently, its area is zero too.
b

Example 1. Compute the integral [ kxdx (b > a).

Solution. Geometrically, the problem is equivalent to computing the area Q of a trapezoid
bounded by the lines y = kx, x = a, x = b, y = 0 (Fig. 215).

The function y = kx under the integral sign is continu-
A 8 / ous. Therefore, in order to compute the definite integral
we have the right, as was stated above, to divide the in-
terval [a, b] in any way and choose arbitrary intermedi-

,,\k'& ate points &. The result of computing a definite integral
Y is independent of the way in which the integral sum is
formed, provided that the subinterval approaches zero.
A Divide the interval [a, b] into n equal subintervals.

b—
The length Ax of each subinterval is Ax = —a; this

n
number is the partition unit. The division points have
Fig. 215 coordinates:

Xo=a, x; =a+ Ax,

Xy =a+2Ax, ..., x, =a+ nAx
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For the points &, take the left end points of each subinterval:
El=a, &L =a+Ax, &G=a+2Ax, ..., =a+(n—-1)Ax
Form the integral sum (1). Since f(&;) = k&;, we have
Sy = k& Ax + k& Ax + ..o+ k& Ax
=kaAx + [k(a + Ax)]Ax+ ...+ {kla + (n — 1) Ax]} Ax
=kla+(@+Ax)+(@+2Ax)+...+[a+ (n—1)Ax]} Ax
=kina+ [Ax+2Ax+ ...+ (n—1)Ax]} Ax
=klna+[1+2+...+(n—1)]Ax}Ax

b-a .
where Ax = ——. Taking into account that
n

l+2+...+(n—1):@

(as the sum of an arithmetic progression), we get
- b-al|b- -1b-
nn—1) a] a_, [a L a

w = k|na+ —_—
s [na 2 n n 2

](b—a)

n-—1

Since lim

n—o N

=1, it follows that

2 _ 2

lims, = Q =k a+b%a](b—a):kb

Thus,
b

b -d*
kxdx =k
/x x 7

a

The area of ABba (Fig. 215) is readily computed by the methods of elementary geometry.
The result will be the same.

b
Example 2. Evaluate [ x> dx. Y yz?
0
Solution. The given integral is equal to the area Q of a curvilinear trape-
zoid bounded by a parabola y = x?, the ordinate x = b, and the straight
line y = 0 (Fig. 216).
Divide the interval [a, b] into n equal parts by the points
x0=0, xi=Ax, x=2Ax, ..., x,=b=nAx, Ax=-
n
For the ¢; points take the right extremities of each subinterval. Form the
integral sum
Sp= XL AX+ B Ax+ ..+ Ax NEX? 1X3

= [(AX)*Ax + QAX)*Ax + ... + MAX)?Ax] = (Ax)’[12 + 22 + ...+ n?] Fig. 216
As we know,
nn+1)R2n+1)

12+22+3%+...+n* = s
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therefore

B n(n+ H2n+1) b 1 1
== —[1+—-||2+ -
n3 6 6\ "n +n)

n—oo

b b3
limsanz/xzdx=?
0

b
Example 3. Evaluate [ mdx (m = const).

Solution.

n

b
n
mdx = lim mAx;= lim m AXx;
max Ax;—0 & max Ax;—0 -
i= i=
a

max Ax;—0

=m lim ZAx,- =m(b - a)
i=1

n
Here, ) Ax; is the sum of the lengths of the subintervals into which the interval [a, b]
i=1
was divided. No matter what the method of partition, the sum is equal to the length of the
segment b — a.

b
Example 4. Evaluate [ e* dx.

Solution. Again divide the interval [a, b] into n equal parts:

b—a

Xo=4a, xy =a+Ax, ..., x, =a+nAx, Ax =

Take the left extremities as the points &;. Then form the sum
Sy = €CAX+ e Ax+ .4 eTHITDAY AL
=" (1+e+ ANy o+ e(”’l)Ax) Ax
The expression in the brackets is a geometric progression with common ratio ¢** and
first term 1; therefore

aenAx_l a ¢ nAx A)C
s, =¢e ] Ax = ¢ (e —l)eAX_1

Then we have
Ax

nAx=>b-a, lim =1

Ax—0 A — ]

1
(By I’Hospital’s rule lim =lim — = l.) Thus,
=0 e —1 -0 €2

lims,=0=e"(""-1)-1=¢" —¢"

n—oo
that is,
b
/e" dx=eb — ¢
a
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Note 4. The foregoing examples show that the direct evaluation of definite
integrals as the limits of integral sums involves great difficulties. Even when
the integrands are very simple (kx, x2, e*), this method involves cumbersome
computations. The finding of definite 1ntegrals of more complicated functions
leads to still greater difficulties. The natural problem that arises is to find some
practically convenient way of evaluating definite integrals. This method, which
was discovered by Newton and Leibniz, utilizes the profound relationship that
exists between integration and differentiation. The following sections of this
chapter are devoted to the exposition and substantiation of this method.

11.3 BASIC PROPERTIES OF THE DEFINITE INTEGRAL

Property 1. A constant factor may be taken outside the sign of the definite
integral: if A = const, then

b b
/Af(x)dsz/f(x)dx (1)

Proof.
b

/ Af(dx= lim Zl Af(&) Ax;

a

lim Zf(f,)Ax, - / Fdx

max Ax;i—0

Property 2. The definite integral of an algebraic sum of several functions is
equal to the algebraic sum of the integrals of the summands. Thus, in the case of
two terms

b b b
/ Lfi(x) + fa(0)]dx = / Six)dx + / Sr(x)dx 2
Proof. ’ ’ ’
b

Jiheo+ pendr = tim DA€ + Flé) A

fim [>T A€ A%+ Y A Ax)
i=1 i=1

max Ax;—0
i=

max Ax;—0

b b
=/f1(x)dx+/f2(x)dx

lim (2, A Axt lim Z} F(&) B,
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The proof is similar for any number of terms.

Properties 1 and 2, though proved only for the case a < b, hold also for a > b.

However, the following property holds only for a < b:

Property 3. Ifon aninterval [a,b] (a < b), the functions f(x) and ¢(x) satisfy
the condition f(x) < ¢(x), then

b b
/f(x) dx < /so(x)dx 3

Proof. Let us consider the difference
b

b b
/cp(x) dx — /f(x) dx = /[(p(x) - f(x)]dx

a

lim ) [p@&) - f€)] Ax:.
i=1

max Ax;—

Here, each difference ¢(&;) — f(&;) > 0, Ax; > 0. Thus, each term of the sum is
nonnegative, the entire sum is nonnegative, and its limit is nonnegative; that is,

¥ b
/ le(x) = f(0)]dx >0
or ’
b b
/go(x)dx - /f(x)dx >0
m b a
Fig. 217 whence follows inequality (3).

If f(x) > 0 and ¢(x) > 0, then this property is nicely illustrated geometrically
(Fig. 217). Since ¢(x) > f(x), the area of the curvilinear trapezoid aA|Bb does
not exceed the area of the curvilinear trapezoid aA, B;b.

Property 4. If m and M are the smallest and greatest values of a function
f(x) on an interval [a,b] and a < b, then

b
m(b—a)</f(x)dx<M(b—a) (@]

Proof. It is given that
m< f(x) <M
On the basis of Property (3) we have

b b b
/mdx</f(x)dx</de 4)
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But
b

b
/mdxzm(b—a), /de:M(b—a)
(see Example 3, Sec. 11.2). Putting these expressions into inequality (4”), we get
inequality (4).

If f(x) > O, this property can easily be il- ¥
lustrated geometrically (Fig 218). The area of A 8
the curvilinear trapezoid aABb lies between the 7 2
areas of the rectangles aAB1b and aA, B;b.

Property 5 (Mean-value theorem). If a
function f(x) is continuous on an interval [a, b],
then there is a point & on this interval such that A
the following equation holds: A 8,

y’f/.z.}

3

ol a L x
Fig. 218

Proof. For definiteness let a < b. If m and M are, respectively, the smallest
and greatest values of f(x) on [a, b], then by virtue of (4)

b
/f(X) dx = (b-a)f(£) (&)

b
1
m<—/f(x)dx<M
b—a
whence
| b
b—/f(x)dx:,u, wherem < u<M

-a

Since f(x) is continuous on [a, b], it takes on all intermediate values between
m and M. Therefore, for some value £ (a < € < b) we will have u = f(£), or

b
/f(X) dx = f(&)(b —a)

Property 6. For any three numbers a, b, ¢ the equation

b c b
/f(X)dx=/f(X)dX+/f(X)dx (6)

is true, provided all these three integrals exist.
Proof. First suppose that a < ¢ < b, and form the integral sum of the function
f(x) on the interval [a, b].
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Since the limit of the integral sum is independent of the way in which the
interval [a, b] is divided into subintervals, we divide [a, b] into subintervals such

b
that the point c is the division point. Then we partition the sum },, which corre-
a

c
sponds to the interval [a, b], into two sums: };, which corresponds to [a, c], and
a

b
>, which corresponds to [c, b]. Then

Ay b b
B c
s C 2 IE A5 = ) fE) A+ ) f&) A
Now, passing to the limit as max Ax; — 0, we
get relation (6).
_ iy
0 a c b
Fig. 219

If a < b < ¢, then on the basis of what has been proved we can write

c b c b c c
[fx)dx= [ f(x)dx+ [ f(x)dx or [ f(x)dx= [ f(x)dx— [ f(x)dx
a a b a a b

but by formula (4), Sec. 11.2, we have

c b
[ fx)dx=— [ f(x)dx
b c

Therefore,

b c b
Jf@dx=[f(x)dx+ [ f(x)dx

This property is similarly proved for any other arrangement of points a, b, and
c.

Fig. 219 illustrates Property 6, geometrically, or the case where f(x) > 0 and
a < ¢ < b: the area of the trapezoid aABb is equal to the sum of the areas of the
trapezoids aACc and cCBb.

11.4 EVALUATING A DEFINITE INTEGRAL.
THE NEWTON-LEIBNIZ FORMULA

In a definite integral

b
[ f(x)dx

let the lower limit a be fixed and let the upper limit b vary. Then the value of the
integral will vary as well: that is, the integral is a function of the upper limit.
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So as to retain customary notations, we shall denote the upper limit by x, and
to avoid confusion we shall denote the variable of integration by ¢. (This change
X

in notation does not change the value of the integral.) We get the integral [ f(7) dt.

a
For constant a, this integral will be a function of the upper limit x. We denote
this function by ®(x):

O(x) = /f(t)dt ey

If f(¢) is a nonnegative function, the quan- A
tity ®©(x) is numerically equal to the area of the
curvilinear trapezoid aAXx (Fig. 220). It is ob-
vious that this area varies with x.

Let us find the derivative of ®(x) with re-
spect to x, i.e., the derivative of the definite in-
tegral (1) with respect to the upper limit.

Theorem 1. If f(x) is a continuous function |
X

and O(x) = ff(t) dt, then we have the equa-

a

tion

O'(x) = f(x)

In other words, the derivative of a definite integral with respect to the upper
limit is equal to the integrand in which the value of the upper limit replaces the
variable of integration (provided that the integrand is continuous).

Proof. Let us give the argument x a positive or negative increment Ax; then
(taking into account Property 6 of a definite integral) we get

x+Ax X x+Ax

O(x + Ax) = / f(tydt = / f(t)dt + / f(t)dt

The increment of the function ®(x) is equal to

x+Ax

A(D:(D(x+Ax)—d>(x)=/f(t)dz+ /f(t)dt—/f(t)dt

that is,

x+Ax
AD = /f(t)dt

X
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Apply to the latter integral the mean-value theorem (Property 5 of a definite
integral):

AD = f(&)(x + Ax = x) = f(§) Ax

where £ lies between x and x + Ax.
Find the ratio of the increment of the function to the increment of the argu-
ment:
A f© A _
Ax  Ax 1@
Hence,
, . AOD .
0= fm ax = A, SO
But since ¢ — x as Ax — 0, we have

Aim f(&) = gr; £
and due to the continuity of the function f(x),
lim f(£) = f(x)
§—ox

Thus, ®’(x) = f(x), and the theorem is proved.

The geometric illustration of this theorem (Fig. 220) is simple; the increment
AD = f(£) Ax is equal to the area of a curvilinear trapezoid with base Ax, and
the derivative @’(x) = f(x) is equal to the length of the segment xX.

Note. One consequence of the theorem that has been proved is that every con-
tinuous function has an antiderivative. Indeed, if the function f(¢) is continuous
on the interval [a, x], then, as was pointed out in Sec. 11.2, in this case the definite

integral f f(¢) dt exists, which is to say that the following function exists:

d(x) = / (o) dt

But from what has already been proved, it is the antiderivative of f(x).
Theorem 2. If F(x) is some antiderivative of a continuous function f(x), then
the formula

b
/f(x) dx = F(b) - F(a) @

holds.
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This formula is known as the Newton-Leibniz formula.”
Proof. Let F(x) be some antiderivative of the function f(x). By Theorem 1,

X
the function f f(t)dt is also an antiderivative of f(x). But any two antiderivatives

a
of a given function differ by a constant C*. And so we can write
/f(t)dt:F(x)+C* 3)
a

For an appropriate choice of C*, this equation holds for all values of x, that is, it
is an identity. To determine the constant C* put x = a in the identity; then

/ f(t)dt = F(a) + C*

or
0=F(a)+C"
whence
C* = -F(a)
Hence,

X
/f(t)dl =F(x) - F(a)
Putting x = b, we obtain the Newton-Leibniz formula:
b
/f(t)dt =F(b) - F(a)

or, replacing the notation of the variable of integration by x,

b
/f(X)dx= F(b) - F(a)

It will be noted that the difference F(b) — F(a) is independent of the choice
of antiderivative F, since all antiderivatives differ by a constant quantity, which
disappears upon subtraction anyway.

“It is necessary to point out that the name of formula (2) is not exact, since neither Newton nor
Leibniz had any such formula in the exact meaning of the word. The important thing, however, is
that namely Leibniz and Newton were the first to establish a relationship between integration and
differentiaton, thus making possible the rule for evaluating definite integrals.
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If we introduce the notation”
b
F(b) - F(a) = F(x)|,

then formula (2) may be rewritten as follows:

b
/ fdx = F(x), = F(b) - F(a)

The Newton-Leibniz formula yields a practical and convenient method for
computing definite integrals in cases where the antiderivative of the integrand is
known. Only when this formula was established did the definite integral acquire
its present significance in mathematics. Although the ancients (Archimedes)
were familiar with a process similar to the computation of a definite integral
as the limit of an integral sum, the applications of this method were confined to
the very simple cases where the limit of the sum could be computed directly. The
Newton-Leibniz formula greatly expanded the field of application of the definite
integral, because mathematics obtained a general method for solving various
problems of a particular type and so could considerably extend the range of ap-
plications of the definite integral to technology, mechanics, astronomy, and so

on.
Example 1.
b
2P g
dx=—| =
/x x=2 ’ 5
Example 2.
b
BT B
2= 2| =
/x x=3 . 3
Example 3.
b
xn+l b bn+1 _ an+l
"dx = = -1
/x o n+1l, n+1 (n# -1
Example 4.
b
/exdxze" =t —e"

“The expression , is called the sign of double substitution. In the literature we find two notations:

F(b) - F(a) = [F(x)1;
or
b
F(b) - F(a) = F(x)|,
We shall use both notations.
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Example 5.

27 2n
[ sinxdx = —cos xlo = —(cos2m —cos0) = 0
0

Example 6.

L xdx \/—1
=Vi+2| =V2-1
{\/1+x2 |0

11.5 CHANGE OF VARIABLE IN THE DEFINITE INTEGRAL

Theorem. Given an integral

b
J f(x)dx
a
where the function f(x) is continuous on the interval [a, b].
Introduce a new variable t using the formula
x =)

If

(1) p(a) = a, p(B) = b,

(2) (1) and ¢'(t) are continuous on [a, 5],

(3) fle(0)] is defined and is continuous on [a, B], then

b B
Jfydx = [ fle®l¢ () dt ey

Proof. If F(x) is an antiderivative of the function f(x), we can write the fol-
lowing equations:

[ fx)dx=Fx)+C )

[ fle®1¢' () dt = Fle(n)] + C (3

The truth of the latter equation is checked by differentiation of both sides with
respect to ¢. [It likewise follows from formula (2), Sec. 10.4]. From (2) we have

b b
[ ) dx = F(o| = F(b) = Fla)
From (3) we have
B
[ fle®1 9 0 di = Fig]]

= Fle(B)] - Flp(a)]
= F(b) - F(a)
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The right sides of these expressions are equal, and 'y ;
so the left sides are equal as well, thus proving the y=vrex
theorem.

Note. It will be noted that when computing the
definite integral from formula (1) we do not return
to the old variable. If we compute the second of the
definite integrals of (1), we get a certain number;
the first integral is also equal to this number.

Example. Compute the integral

f V2 — x2dx

0
Solution. Make a change of variable:

(=)

‘H
|
e |

Fig. 221

x =rsint, dx=rcostdt

Determine the new limits:
x=0 for r=
x=r for t=

Consequently,

r 3
[ Vr2—x2dx = [ Nr2 = 2sin*t rcostdt = r* [ V1 —sin’t costdt
0 0

o — N

H 3 t sin2ty3  nr
2 2 2 2

=7 [cos’tdt=r —costh =+

{ { ( ) [2 4 ]o 4
Geomemcally, the computed integral is le

ence x*> + y* = r? (Fig. 221).

the area of the circle bounded by the circumfer-

11.6 INTEGRATION BY PARTS

Let u and v be differentiable functions of x. Then
) =u'v+u/

Integrating both sides of the identity from a to b, we have

b b b
Sy dx= [uvdx+ [w' dx (1
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b

Since f (uv)’ dx = uv+C, we have f (uv)’ dx = uv |’; for this reason, the equation
a
can be written in the form

b b
w b = [vdu+ [udv
or, finally,

b b
fudv:uv|z—fvdu
a a

b4

3
Example. Evaluate the integral /, = [ sin" xdx.
0

x
sin"! x dcos x
d
u v

I, =

© —on
© —on

2
sin” xdx = f sin"! xsinxdx = —
0

= —sin" ' xcosx

S

x
3

+(n- 1)fsin”‘2xc0sxcosxdx
0

sin" 2 x cos’ x dx

Il
—
N
|
—
~
1N O N

2

=(n-1) [sin"? x(1 - sin’ x) dx
0
3 3

=0n- l)fsin”’zxdx— (n- l)fsin”xdx
0 0

In the notation chosen we can write the latter equation as
Li=n-DI6>—-0n-DI,

whence we find

-1
L=""=1, @)
n
Using the same technique, we find
ha=""21
n=2 — n-2 n—4
and so
-1n-3
In = z Z In—4
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Continuing in the same way, we arrive at I, or /; depending on whether the number n
is even or odd.

Let us consider two cases:
(1) nis even, n = 2m:

L=l 2m=3 31,
" 2m 2m—-2 4 2
2)nisodd,n =2m + 1:
st = 2Zm .2’”‘2...‘_‘.%11
2m+1 2m-1 53
but since
3 b T 3
Iy=[sin’xdx= [dx=7%, I = [sinxdx=1
0 0 2 0
we have

x
2

IZm:fsinz’"xdx:—-— ......... -z
0

2m 2m -2

2m+1 2m—1 7 5 3

by
2

Lyt = [ sin®™*! xdx =
0

From these formulas there follows the Wallis formula, which expresses the number 7
in the form of an infinite product.

Indeed from the latter two equations we find, by means of termwise division,

7 (2:4-6..2m\ 1 b,

g 3
2 3:.5...2m-1)) 2m+1 Iy 3
We shall now prove that

. I 2m
lim
m—e0 Dy

For all x of the interval (0, £), the inequalities

=1

sin?! x > sin® x > sin?™*! x

hold.
Integrating from 0 to 5, we get

12m—] > IZm > 12m+1

whence
12771—1 > 12m > 1 (4)
12m+l 12m+1
From (2) it follows that
b,y _ 2m+ 1

I 2m+1 2m
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Hence
by . 2m+1
lim 2L = lim m =1
m—oo I2m+l m—oo 2m
From inequality (4) we have
IZm

Passing to the limit in formula (3), we get Wallis’ formula (Wallis’ product) for

T [ 2-4-6...2m \* 1
— = lim ( ) ]
2 moeol\3.5...2m-1)) 2m+1
This formula may be written in the form
T (2 2 4 4 6 2m -2 2m 2m )

2

T 3355 " 2m—1 2m=1 2m+1

11.7 IMPROPER INTEGRALS

1. Integrals with infinite limits. Let a function f(x) be defined and continu-
ous for all values of x such that a < x < +c0. Consider the integral

b
I(b) = [ f(x)dx

This integral is meaningful for any b > a. The integral varies with b and is a
continuous function of b (see Sec. 11.4). Let us consider the behaviour of this
integral when b — +oo (Fig. 222).

Definition. If there exists a finite limit [
b
then this limit is called the improper integral
of the function f(x) 0 a b T
Fig. 222
on the interval [a, +c0) and is denoted by the symbol
+00
J f(xdx

a

Thus, by definition, we have

+0oo b
ff(x)dx:blim [ f(x)dx
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+00

In this case it is said that the improper integral [ f(x) dx exists or converges. If
a

b +o0
f f(x)dx as b — +co does not have a finite limit, one says that f f(x)dx does

not exist or diverges.
It is easy to see the geometric meaning of an improper integral for the case
b

where f(x) > 0: if the integral [ f(x)dx expresses the area of a region bounded
by the curve y = f(x), the x-axis and the ordinates x = a, x = b, it is natural to
400

consider that the improper integral [ f(x) dx expresses the area of an unbounded

(infinite) region lying between the lines y = f(x), x = a, and the axis of abscissas.
We similarly define the improper integrals of other infinite intervals:

J fodx= tim [ fedx

[ fdx= [ f(x)dx+ [ f(x)dx

The latter equation should be understood as follows: if each of the improper
integrals on the right exists, then, by definition, the integral on the left also exists
(converges).

b
az
I+x?
~

Fig. 223

(see Figs. 223 and 224).

+00
Example 1. Evaluate the int 1
xamp valuate emegra{l_‘_x2



11.7 Improper Integrals

413
Solution. By the definition of an improper integral we find
e dx . bodx ) b b g
j —— = lim = lim arctanx| = lim arctanb = —
0 1+x2  bovoy 14+ X2 botoo 0

b—+00

This integral expresses the area of an infinite curvilinear trapezoid cross-hatched in
Fig. 224.

Example 2. Find out at which values of @ (Fig. 225)
the integral

Ay

converges and at which it diverges.
Solution. Since (when a # 1)

b dx 1 —al? 1
o -l _ bl—(y -1
jl x  1-a Tl l-a ( )
we have )
0 dx . 1 I
Fa = m ot

Consequently, with respect to this integral we conclude that

. dx .
ifa>1,then [ = a1 and the integral converges;
| —

+00

if @ < 1, then f s = oo, and the integral diverges
1

+oo +00
Whena =1, [ — =Inx |1 = oo, and the integral diverges.
X
+00
Example 3. Evaluat —.
xamp valuate _fm "
Solution.

+o dx 0 dx oo dx
,fcx,l+x2_,{01+x2-'.{1+x2
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The second integral is equal to § (see Example 1). Compute the first integral:

0 dx o0 ax i 0
f = lim [ = lim arctanx
o l4+x2 ao—oy 1+x2 ao-o @

. n
= lim (arctan O — arctan @) = 5

Therefore,
“7" dx _7r+7r_
Jl+e 27277

In many cases it is sufficient to determine whether the given integral converges
or diverges, and to estimate its value. The following theorems, which we give
without proof, may be useful in this respect. We shall illustrate their application
in a few cases.

Theorem 1. If for all x (x > a) the inequality

0 < f(x) <e(x)

+00 +00

is fulfilled and if [ ¢(x)dx converges, then f f(x)dx also converges, and

[ f(xdx < [ p(x)dx

Example 4. Investigate the integral

+f°° dx
L X231+ e
for convergence.

Solution. It will be noted that when 1 < x,

1 1

—_— <
x2(1+e%) x?

And

Consequently,

*e dx
L X231+ e
converges, and its value is less than 1.
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Theorem 2. If for all x (x > a) the inequality 0 < ¢(x) < f(x) holds true and

+00

f @(x) dx diverges, then the integral f f(x)dx also diverges.

Example 5. Find out whether the followmg integral converges or diverges:

®x+1
dx
e
We notice that
x+1> x 1
Va V@

But

+00
% i 2%"’ = +oo
1 \/} b—+oo 1
Consequently, the given integral also diverges.
In the last two theorems we considered improper integrals of nonnegative func-
tions. For the case of a function f(x) which changes its sign over an infinite

interval we have the following theorem.
+00 +0o
Theorem 3. If the integral f |f(x)| dx converges, then the integral f f(x)dx

also converges.
In this case, the latter integral is called an absolutely convergent integral.
Example 6. Investigate the convergence of the integral

+00

Solution. Here, the integrand is an alternating function. We note that

1 td 1 o 1
_ But j_x=__+ P

sin x
- =<
x3 X3 2x2 h 2

x3

. P ]sinx . L
Therefore, the integral [ ‘—z dx converges. Whence it follows that the given integral
1 hx

also converges.
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2. The integral of a discontinuous function. A function f(x) is defined and
continuous when a < x < ¢, and either not defined or discontinuous when x = c.

In this case, one cannot speak of the integral [ f(x)dx as the limit of integral

a
sums, because f(x) is not continuous on the interval [a, ¢], and for this reason the
limit may not exist.

c
The integral [ f(x)dx of the function f(x) discontinuous at the point c is

defined as follo“;ls:

c b
[ fdx = tim [ f(x)dx

If the limit on the right exists, the integral is called an improper convergent
integral, otherwise it is divergent.

If the function f(x) is discontinuous at the left extremity of the interval [a, c]
(that is, for x = a), then by definition

}f(x)dx = lim jf(x) dx
o b—a+0 b

If the function f(x) is discontinuous at some point x = x, inside the interval
[a, c], we put

]f(x)dxzjgf(x)dx+ff(x)dx

if both improper integrals on the right side of the equation exist.
Example 7. Evaluate

Solution.

. d .
V1—x h_ln—o{ V1—x b—1-0
= _bnrlnoz(\/E— =2

L d
Example 8. Evaluate the integral [ —:
X

Solution. Since inside the interval of integration there exists a point x = 0 where the
integrand is discontinuous, the integral must be represented as the
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sum of two terms:

Ld ‘d Id
S im [Z+0im [S
X 5]4—071 X 524>+082 X
Calculate each limit separately:
‘ld 1 1 1
lim [ 5 = lim -" =~ lim (= - —) =
£|—>—0_1 X g1—-0 x 1-1 g—>-01 g1 -1

Thus, the integral diverges on the interval [-1, 0]:
. Ldx . 1
Jim J 5 = Jim 1= )=

And this means that the integral also diverges on the interval [0, 1].

Hence, the given integral diverges on the entire interval [—-1, 1].

It should be noted that if we had begun to evaluate the given integral without paying
attention to the discontinuity of the integrand at the point x = 0, the result would have
been wrong.

Indeed, Yy
I dx 1 1 1
J =il =G-5)= |
which is impossible (Fig. 226). \ |
Note. If the function f(x), defined on the inter- i = r
val [a, b], has, within this interval, a finite number
of points of discontinuity a;, a, ..., a,, then the
integral of the function f(x) on the interval [a, b] h i
is defined as follows: A I
Fig. 226

b a a b
[fxdx=[f(x)dx+ [ f(x)dx+...+ [ f(x)dx
a a ap an

if each of the improper integrals on the right side of the equation converges. But

b
if even one of these integrals diverges, then [ f(x) dx too is called divergent.

For determining the convergence of imprgper integrals of discontinuous func-
tions and for estimating their values, one can frequently make use of theorems
similar to those used to estimate integrals with infinite limits.

Theorem 1’. If on the interval [a, c] the functions f(x) and ¢(x) are discontin-
uous at the point c, and at all points of this interval
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the inequalities ¢(x) > f(x) > 0 hold and f @(x)dx converges, then f f(x)dx
a a

also converges.
Theorem 2'. If on the interval [a, c] the functions f(x) and ¢(x) are discon-
tinuous at the poznt ¢, and at all points of this interval the inequalities f(x) >

@(x) > 0 hold and f @(x) dx diverges, then f f(x)dx also diverges.
Theorem 3. If f (x) is an alternating ﬁmction on the interval [a, c] and discon-

tinuous only at the point c, and the improper integral f |f(x)|dx of the absolute

a

c

value of this function converges, then the integral [ f(x)dx of the function itself
a

also converges.

Use is frequently made of —— Yrmeerd x)“ as functions with which it is convenient to

compare the functions under the sign of the improper integral. It is easy to verify

that f = dx converges for a < 1, and diverges for @ > 1.
(c— X)

The same applies also to the integrals f (X_—a)q dx.
a

Example 9. Does the integral f dx converge?

\/_ 4x3

Solution. The integrand is dlscontmuous at the left extremity of the interval [0, 1].

L . 1
Comparing it with the function ?, we have
X

1 1
—_— < E—
Vx+4x  x

d
The improper integral f > exists. Consequently, the improper integral of a lesser

function, that is f dx, also exists.

\/_+4x3
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11.8 APPROXIMATING DEFINITE INTEGRALS

At the end of Chapter 10 it was pointed out that not for every continuous
function is its antiderivative expressible in terms of elementary functions. In
these cases, computation of definite integrals by the Newton-Leibniz formula is
involved, and various methods of approximation are used to evaluate the definite
integrals. The following are several methods of approximate integration based on
the concept of a definite integral as the limit of a sum.

L. Rectangular formula. Let a continuous function y = f(x) be given on an
interval [a, b]. It is required to evaluate the definite integral

b
[ f(x)dx
Divide the interval [a, b] by the points a = x, x1, X2, ..., X, = b into n equal
parts of length Ax:
b—
Ax = a
n

Then denote by yo, y1, ¥2, --., ¥n-1, ¥n the values of the function f(x) at the
points xg, X1, X2, ..., X,; that is,

Yo = f(x0), y1 = f(x1), ..., yu = f(x0)
Form the sums:

VoAX + ViIAx + ... + Y1 Ax
VIAx + o Ax + ...+ y,Ax

Each of these sums is an integral sum of f(x) on the interval [a, b] and for this
reason approximately expresses the integral

b b-a
ff(x)dsz(YO"')’l+)’2+---+yn—1) ()
b —a
[ f()dx =~ — (Y2t (1)

This is the rectangular formula. From Fig. 227 it is evident that if f(x) is a
positive and increasing function, then formula (1) expresses the area of the step-
like figure composed of “inside” rectangles, while formula (1”) yields the area of
the step-like figure composed of “outside” rectangles.

The error made when calculating integrals by the rectangular formula dimin-

ishes with increasing n (that is, the smaller the divisions Ax = hf")
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II. The trapezoidal rule. It is natural to expect that we will obtain a more
exact value of the definite integral if we replace the curve y = f(x) not by a step-
like line, as in the rectangular formula, but by an inscribed broken line (Fig. 228).
Then the area of the curvilinear trapezoid aABb will be replaced by the sum of
the areas of the rectilinear trapezoids bounded from above

B
v ysf(.z‘) An B
\Y B ¢ Az/
4{\ .
y” A
p Yt Yn
Yn-1 |9 e
Y, %
%l % %
L T
ol 2072 T I, Zp1 Tn=b 0| 2222, T Zpy Zp=b6 T
Fig. 227 Fig. 228

by the chords AA|, A|A,, ..., A,—1 B. Since the area of the first of these trapezoids

is % Ax, the area of the second is “% Ax, and so forth, so

b
ff(x)dx ~ (@ Ax + }‘% Ax+...+ >_’n—12+yu Ax)
or
/ b +y)
JFOdx = BO(22% 4y + 3o+ 4y @)

This is the trapezoidal formula (trapezoidal rule). Note that the number on
the right of (2) is the arithmetic mean of the numbers in the right members of (1)
and (17).

The choice of n is arbitrary. The greater this number, the smaller will be the
division (subinterval) Ax = bl;la and the greater will be the accuracy with which
the sum, written on the right side of the approximate equation (2), yields the
value of the integral.

II1. Parabolic formula (Simpson’s rule). Divide the interval [a, b] into an
even number of parts n = 2m. Replace the area of the curvilinear trapezoid,
corresponding to the first two subintervals [xg, x;] and [x{, x;] and bounded by
the given curve y = f(x), by the area of a curvilinear trapezoid such that is
bounded by a
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quadratic parabola passing through three points:

M(x0,y0), Mi(x1,y1), Ma(x2,¥2)

and with an axis parallel to the y-axis (Fig. 229). We shall call this kind of
curvilinear trapezoid a parabolic trapezoid.

The equation of a parabola with axis parallel to the y-axis is of the form

y=Ax*+Bx+C

The coefficients A, B and C are uniquely determined from the condition that
the parabola passes through three specified points. Analogous parabolas are con-
structed for other pairs of intervals as well. The sum of the areas of the parabolic
trapezoids will yield the approximate value of the integral.

Let us first compute the area of one parabolic trapezoid.
Lemma. If a curvilinear trapezoid is bounded by the parabola

y=Ax* +Bx+C

the x-axis and two ordinates separated by a distance 2h, then its area is

h
S = §(y0+4y1 +y2) 3)

where yo and y, are the extreme ordinates and y is the ordinate of the curve at
the midpoint of the interval.

d y=Ax2+8z+C

Y
M, M, M,
M] 4 'S M( 2
M, X
", 2 y=flx)
%
M, \
g )
I o
0 LA & L, & &, d4s &b o O] p I
Fig. 229 Fig. 230

Proof. Arrange an auxiliary coordinate system as shown in Fig. 230.
The coefficients in the equation of the parabola y = Ax?> + Bx + C are deter-
mined from the following equations:

if xo = —h, thenyy=Ah>—-Bh+C
ifx; =0, then y; = C 4)
ifx,=h, theny, =AW’ +Bh+C
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Considering the coefficients A, B, C known, we determine the area of the
parabolic trapezoid with the aid of a definite integral:

=2 AR* + 60)

h n
S = fh(Ax2+Bx+C)dx=[*‘Tx}+BTﬁ+Cx]7h L

But from equalities (4) it follows that
Yo +4y1 +y2 = 2Ah* + 6C
Hence,
S =400 +4y1 +y2)
which is what had to be proved.

Let us come back to our basic problem (see Fig. 229). Using formula (3) we
can write the following approximate equations (h = Ax):

[ fdx =& (o +4y1 +y2)

a=xp
X
S fdx = & (2 + 4ys + )
x2

Xgm:b

f f(x) dx = A3_x (y2m—2 + 4y2m—1 + y2m)

X2m-2

Adding the left and right sides, we get (on the left) the sought-for integral and
(on the right) its approximate value:

b
[ f)dx ~ 55 (yo + 4y1 + 2y, + 4ys
a

+-~'+2y2m—2 +4’y2m—1 +y2m) (5)

or
b
[ f)dx = B2 [yg + yom + 202 + Ya + ... + Yom-2)
a

+41 +y3+... Y1)l
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This is Simpson’s formula (rule). Here, the
number of division points 2m is arbitrary; but
the more of them there are, the more accu-
rately the sum on the right side of (5) yields
the value of the integral.”

Example. Evaluate approximately

2 dx
In2=| —
n { .
Fig. 231
Solution. Divide the interval [1, 2] into 10 equal parts (Fig. 231). Assuming
2-1
Ax=——=0.1
ERNT0
we make a table of the values of the integrand:
1
X y=- X y=-
X X
X =1.0 Yo = 1.00000 X6 =1.6 y6 = 0.62500
x =11 1 = 0.90909 x; =17 y; = 0.58824
x =12 y2 = 0.83333 xg =18 ys = 0.55556
x3=13 y3 = 0.76923 X9 =19 Yo = 0.52632
xy =14 ya = 0.71429 x10 = 2.0 Y10 = 0.50000
xs=1.5 ys = 0.66667

L. By the first rectangular formula (1) we get
2 dx
J—==01(o+y +...+y)=0.1-7.18773 = 0.71877
X
By the second rectangular formula (1) we get
2 dx
Ik = 0.1(y+y2+...+y10) =0.1-6.68773 = 0.66877
1

It follows directly from Fig. 231 that in this case the first formula yields the value of the
integral with an excess, the second, with a defect.

“To find out how many division points are needed to compute an integral to the desired number of
decimal places, one can make use of formulas for estimating the error resulting from approximating
the integral. We do not give these estimates here. The reader will find them in more advanced courses
of analysis: see, for example, Fikhtengolts, Course of Differential and Integral Calculus, 1962, Vol. 11,
Ch. IX, Sec. 5. (in Russian).
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II. By the trapezoidal rule (2), we have
2 dx 1405
— ~0.1
it

II1. By Simpson’s rule (5), we have

2dx 0.1
S~ = 5 Do+ 210+ 202 + ya + ¥ +y5) + 401 + 3+ Y5 + 37 +30)]
1

+ 6.18773) =0.69377

0.1
=3 (1+0.5+2-2.72818 + 4 -3.45955) = 0.69315

2d
Actually, In2 = f @ 0.6931472 (to seven decimal places).
X

Thus, when dividing the interval [0, 1] into 10 parts by Simpson’s rule, we get five
significant decimals; by the trapezoidal rule, only three; and by the rectangular formula,
we are sure only of the first decimal.

11.9 CHEBYSHEV’S FORMULA

In engineering computations, use is frequently made of Chebyshev’s formula

of approximate integration.
b
Once again, let it be required to compute [ f(x) dx.

Replace the integrand by the Lagrange interpolation polynomial P(x)
(Sec. 7.9) and take certain n values of the function on the interval [a, b]: f(x1),
f(x2), ..., f(x,), where x1, x5, ..., x, are any points of the interval [a, b]:

— _O—x)(x—x3)...(X—Xp)
P(x) = (xl—Xz)(Xl—;z)-n(X] —Xn) f(xl)

(r=x)(x=x3)...(x=Xp) f()Cz)

(x2=x1)(x2=x3)...(x2—Xp)

(=X (X=x2)...(X=Xp-1) f(xn) (1)

(X =x1) (X =X2) . (Xn—Xp—1)

We get the following approximate formula of integration:

b b
ff(x) dx ~ fP(x) dx 2)

After some computation it takes the form

b
J ) dx = Cif(xn) + Cof(x2) + ...+ Cuf (x2) 3
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where the coefficients C; are calculated by the formulas

X=X (X = X2 ) (X=X 1) (Xi— X))

b
C; = f ((-X’xl)---(x’xi—l)(-x’xi-t-])~--(X’Xn) dx 4)
a

Formula (3) is cumbersome and inconvenient for computation because the
coefficients C; are expressed by complex fractions.

Chebyshev posed the inverse problem: specify not the abscissas xy, x2, ..., X,
but the coefficients Cy, C», ..., C, and determine the abscissas xj, xa, ..., X,.

The coeflicients C; are specified so that formula (3) should be as simple as
possible for computation. This will obviously occur when all the coefficients C;
are equal:

Ci=C=...=C,
If we denote the total value of the coefficients Cy, Cs, ..., C, by C,, formula
(3) will take the form
b
Jf@)dx = Cp [f(x) + fx2) + ...+ f(x)] )

Formula (5) is, generally speaking, an approximate equation, but if f(x) is a
polynomial of degree not higher than n — 1, then the equation will be exact. This
circumstance is what permits determining the quantities C,,, x, X2, ..., X;.

To obtain a formula that is convenient for any interval of integration, let us
transform the interval of integration [a, b] into the interval [-1, 1]. To do this, put

ath | b-a,

X=7 2

then for t = —1 we will have x = g, forr =1, x = b.
Hence,

b 1 1
[ f(x)dx = b%“_flf(# + 554 1) dt = b_Ta_flcp(t)dt

where ¢(f) denotes the function of 7 under the integral sign. Thus, the problem of
integrating the given function f(x) on the interval [a, b] can always be reduced to
integrating some other function ¢(x) on the interval [-1, 1].

To summarize, then, the problem has reduced to choosing in the formula

1
[ f)dx=Cy[f(x1) + f(x2) + ... + f(x)] (6)
-1
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the numbers C,, x1, x2, ..., X, so that this formula will be exact for any function
f(x) of the form
fX) =ag+aix+ax* + ...+ ap_ X" @)
It will be noted that
1 1
[ fxydx = [(ao+arx+ WX+ .+ ap X dx
-1 -1
Aap+ %+ % +%+... +%) ifnisodd
= ’ ! 3
2(a0+%2+...+‘:l"_’f) if n is even

On the other hand, the sum on the right side of (6) will, on the basis of (7), be
equal to

C,[nay + a;(x; +x2+...+xn)+a2(x%+x%+...+xﬁ)
-1 -1 -1
tot a7 ST A+ )] 9)

Equating expressions (8) and (9), we get an equation that should hold for any ay,
ap, az, ..., 0p-1:

2(a0+%2+“5—4+"7—"’+...)=C,,[nao+a1(x1+x2+...+xn)
ta(+ G XD+t (T T )]

Equate the coefficients of ag, ay, a», as, ..., a,— on the left and right sides of
the equation:

2
2=Cmn or C,=-
n
X1+x+...+x,=0
2 n
Ao+ X = ==
w3 (10)
3, .3 3 _
N+x+...+x,=0
2 n
4, 4 4
X, +XxX,+...+x = = =
1 2
" 5C, 5
From these n—1 equations we find the abscissas xj, Xy, . .., x,. These solutions

were found by Chebyshev for various values of n. The following solutions are
those that he found for cases when the number of intermediate points # is equal
t03,4,5,6,7,9:
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Number of ordinates Coeflicient C), Values of abscissas
n X1y X2y e vy Xp
3 2 X1 = —X3 = 0.707107
3 X2 = 0
4 1 x; = —x4 = 0.794654
2 X = —x3 = 0.187592
5 x; = —x5 = 0.832498
5 g Xy = —X4 = 0.374541
X3 = 0
1 x1 = —xg = 0.866247
6 g Xy = —X5 = 0.422519
X3 = —Xy = 0.266635
x; = —x7 = 0.883862
7 2 X, = —xg = 0.529657
7 x3 = —x5 = 0.323912
X4 = 0
X1 = —Xx9 = 0.911589
) x, = —xg = 0.601019
9 6 x3 = —x7 = 0.528762
x4 = —x6 = 0.167906
X5 = 0

Thus, on the interval [—1, 1], an integral can be approximated by the following
Chebyshev formula:

1
2
/lf(X)dx=;[f(x1)+f(XZ)+~--+f(xn)]

where n is one of the numbers 3, 4, 5,6, 7 or 9, and xi, ..., x, are the numbers
given in the table. Here, n cannot be 8 or any number exceeding 9, for then the
system of equations (10) yields imaginary roots.
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When the given integral has limits of integration a and b, the Chebyshev for-
mula takes on the form

b
b—-a
/ f@ydx = —=[f(X) + f(Xo) +... + f(X)]
a
where X; = ”% + ”—;“x,- (i=1,2,...,n) and x; have the values given in the table.
The following example illustrates the use of Chebyshev’s approximation for-

mula for calculating an integral.
2

Example. Evaluate / ﬁ (=1n2).
X

1
Solution. First, by a change of variable, transform this integral into a new one with
limits of integration —1 and 1:

x=£+at:§+£:3_+t
2 2 2 2 2
dt
d.X:?
Then
2dx_ Uodr
/17‘ 3+t

Compute the latter integral by Chebyshev’s formula, taking n = 3:

1
/ f(t)dt = %[ £(0.707107) + £(0) + £(~0.707107)]
-1

Since
£(0.707107) = ! = ! =0.269752
' T 3+40.707107 ~ 3.707107 ~
1
0) = —— =0.333333
1O 340
1 1
—-0.707107) = = =0.436130
K ) 3-0.707107 ~ 2.292893
we have
Yar 2
——— = Z(0.269752 + 0.333333 + 0.436130)
a3+ 3

= % -1.039215 = 0.692810 ~ 0.693

Comparing this result with the results of computation using the rectangular formulas, the
trapezoidal rule, and Simpson’s rule (see the example in the preceding section), we note
that the result given by Chebyshev’s formula (with
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three intermediate points) is in better agreement with the true value of the integral than
the result obtained by the trapezoidal rule (with nine intermediate points).

The theory of approximation of integrals was further developed in the works
of Academician A. N. Krylov (1863-1945).

11.10 INTEGRALS DEPENDENT ON A PARAMETER.
THE GAMMA FUNCTION

Differentiating integrals dependent on a parameter. Suppose we have an
integral

b
I(a) = / J(x, @) dx ey

in which the integrand is dependent upon some parameter «. If the parameter
a varies, then the value of the definite integral will also vary. Thus the definite
integral is a function of a; we can therefore denote it by /().

1. Suppose that f(x, @) and f,(x, @) are continuous functions when

c<a<d and a<x<b 2)
Find the derivative of the integral with respect to the parameter a:
. Ila+ Aa) - I(a)
m —_—_—m—

A1(1—>O Aa - I(Y(a,)
In finding this derivative we note that
(@ +Aa) -1 I b
W = [/ f(x,a+Aa)dx—/ f(x,a)dx}
/” fOoa+A) - f(x,a)
= dx
P Aa

Applying the Lagrange theorem to the integrand we have
fx,a+ Aa) — f(x,a)
Aa
where 0 < 6 < 1. Since f;(x, @) is continuous in the closed domain (2), we have
falx,a+0Aa) = fi(x,a)+¢

where the quantity &, which depends on x, @, A, approaches zero as Aa — 0.

= fi(x,a + 0 Aa)
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Thus,
I(a+Aa) - (@)

b b b
/ [fo(x, @) +€ldx = / folx,@)dx + / edx
Aa a Y .

Passing to the limit as Aa — 0, we have”

. I+ Aa) - (@)
lim ——=
Aa—0 Aa

b ’ b
[/ f(x,a)dx] =/ folx, @) dx

This formula is called the Leibniz formula.
2. Now suppose that in the integral (1) the limits of integration a and b are
functions of a:

b
=TI () =/ fo(x, @) dx

or

b(a)
l(@) = Dla, a(@), b(@)] = Sx,@)dx 1"
a(a)
Dle, a(@), b(@)] is a composite function of @, and a and b are intermediate argu-
ments. To find the derivative of /(a), apply the rule for differentiating a composite
function of several variables (see Sec. 8.10):

00 0D da dO db
o)== ——+——+— —
(@) oa - da da " ob da )
By the theorem on the differentiation of a definite integral with respect to a vari-
able upper limit (see Sec. 11.4) we get

o0 a4 (7
i %/a f(x,@)dx = f[b(a),a]
a0 o [° a [
— = — / f(x,@)dx = —— / f(x,@)dx = —fla(a), a]
da Oa /, oda J,
b
“The integrand in the integral I = &da approaches zero as Ao — 0. From the fact that the

a
integrand approaches zero at each point it does not always follow that the integral also approaches
zero. However, in the given case, I approaches zero as Aa — 0. We accept this fact without proof.
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o0
Finally, to evaluate — use the above-derived Leibniz formula:
a

@ b
6— =/ fo(x, @) dx.
oa P

Substituting into (3) the expressions obtained for the derivatives, we have

b(@) db d
L@=| fixaydct fb@.al 22 - fla@).a] £« )
[0 da

a(a)

Using the Leibniz formula it is possible to compute certain definite integrals.
Example. Evaluate the integral

1(a)=/ o sin ax dx
0

X

Solution. First note that it is impossible to compute the integral directly, because the

S . sinax . o .
antiderivative of the function e™* is not expressible in terms of elementary functions.

X
To compute this integral we shall consider it as a function of the parameter a. Then its
derivative with respect to a is found from the above-derived Leibniz formula®:

[ _ sinax| <
I'(a) = / [e"‘ —] dx = / e cosaxdx
0 Xy 0

But the latter integral is readily evaluated by means of elementary functions; it is equal to

1
T3 a2 Therefore,

1
I'(@)= ——
@ 1 +a?
Integrating the identity obtained, we find /(a):
I(@) = arctana + C

We have C to determine now. To do this, we note that

1(0>:/ e-xs‘“o'xdx:/ 0Odx=0
0 X 0

“Leibniz’ formula was derived on the assumption that the limits of integration a and b are finite.
However, in this case Leibniz’ formula also holds, even though one of the limits of integration is
equal to infinity. For the conditions under which differentiation of improper integrals with respect
to a parameter is permissible. See G. M. Fikhtengolts, Course of Differential and Integral Calculus,
Fizmatgiz, 1962, Vol. II, Ch. XIV, Sec. 3 (in Russian).
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Besides, arctan 0 = 0. Substituting into (5) @ = 0, we get
1(0) = arctan0 + C

whence C = 0. Hence, for any value of @ we have /(@) = arctan , that is,
® sin ax
/ ¥ —— dx = arctan
0 X

Example 2. The gamma function.
We consider an integral dependent on a parameter «,

/ X le ™ dx (6)
0

and we will show that this improper integral exists (converges) for @ > 0. We represent it
in the form of a sum

o 1 o
/ X e dx = / X e dx + / X e dx
0 0 1

The first integral on the right converges, since

1 1
1

0< / X e dx </ X ldx= =
0 0 %

The second integral likewise converges. Indeed, let n be an integer such that n > o — 1.

Then clearly
0< / e dx < / X'e™dx < o0
0 1

Integrate the latter integral by parts noting that
k
lim = =0 %

x—o+o0 e*

for an arbitrary positive integer k. Thus, integral (6) defines a certain function . This
function is denoted by I'(@) and is called the gamma function:

I'a) = /m x* e dx (3)
0

It is widely used in applied mathematics. Let us find the values of I'(«) for integral «. For
a =1 we have

()= /w etdx=1 )
0

Let the integer @ > 1. We integrate by parts:

@) = / et dx = —x"le : +(@-1) / x* e dx
JO Jo
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or, taking into account (7),
INa)=(@-DI(a-1) (10)
By (10) and (9), we find that for @ = n
I'n)y=(mn-1)! (11)

11.11 INTEGRATION OF A COMPLEX FUNCTION OF A REAL VARIABLE

In Sec. 7.4 we defined a complex function f (x) = u(x)+iv(x) of areal variable
x and also its derivative f'(x) = u’(x) + iv'(x).

Definition. A function £(x) = U(x) + iV(x) is called an antiderivative of a
complex function of a real variable f(x) if

F'(x) = f(x) (M
that is, if

U'(x) +iV'(x) = u(x) + iv(x) 2)
From (2) it follows that U’(x) = u(x), V'(x) = v(x), that is, U(x) is an an-

tiderivative of u(x) and V(x) is an antiderivative of v(x). _
It follows, from this definition and f~rom the remark, that if F(x) = U (3c)+iV(x)
is an antiderivative of the function f(x), then any antiderivative of f(x) is of
the form F(x) + C, where C is an arbitrary complex constant. We will call the

expression F(x)+C the indefinite integral of a complex function of a real variable
and we will write

/f(x)dx:/u(x)dx+i/v(x)dx=ﬁ(x)+C 3)

The definite integral of a complex function of a real variable, f(x) = u(x) +
iv(x), is defined as follows:

b b b
/ fx)dx = / u(x)dx + i / v(x) dx 4)

This definition does not contradict and is in full agreement with the definition
of the definite integral as the limit of a sum.

EXERCISES ON CHAPTER 11

1. Form the integral sum s, and pass to the limit to compute the following definite
b
integrals / x*dx. Hint. Divide the interval [a, b] into n parts by the points x; = ag'
a

v -al

alb
(i=0,1,2,...,n), where g = \/j Ans.
a 3
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b
d b
2. / —x, where 0 < a < b. Ans. In —. Hint. Divide the interval [a, b] in the same
. X a
way as in the preceding exercise.

b
2
3. / Vxdx. Ans. 3 (b’ — @’*). Hint. See Exercise 2.
b
4. / sinxdx. Ans. cosa — cosb.
Hint. First establish the following identity:
sina + sin(a + h) + sin(a + 2h) + ... + sin[a + (n — 1)h]
_ cos(a — h) — cos(a + nh)
- 2sinh
To do this, multiply and divide all the terms of the left side by sin / and replace the product

of sines by the difference of cosines.
)

S. cos xdx. Ans. sinb — sina.

Usint:g the Newton-Leibniz formula, compute the following definite integrals:

T

1 1 z
1 2
6. / x*dx. Ans. 5 7. / e*dx. Ans. e—1. 8. / sin xdx. Ans. 1.
0 0 0

1 V2 x
dx T 2 dx T 3
9. .Ans. —. 10. .Ans. —. 11 t dx. Ans. In2.
/0 [ /0 viee _ /o A A

ed Xd X
12. [ Eoans 1. 13 / X Ans. Inlx. 14. / sin xdx. Ans. 2sin® >
1 X 1 X 0 2

x 3 _ 2 d %
15. / 2dx. Ans. =2 1. / Y Ans. n@2z—1). 17. / cos? x dx.
Ya 3 p 2x-1 0

3
Ans. % 18. sin? xdx. Ans. g
0
Evaluate the following integrals applying the indicated substitutions:

z 1 T~ d
19. / sinxcos’>xdx, cosx=t. Ans. =. 20. / —x’ tan g t.
0 3 o 3+2cosx 2
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4
T xdx
Ans. —. 21. / 2 +4x = 2. Ans. —= / , X = tant.
\3 ! \/2+4x 1+ 2)2
1 —
Ans. T2 23, / X dx, x—1=7. Ans. 22 - arctan 2).
4 2 1 X
4 x
3 d 1 3 2 d.
24./ — % ;= 2. Ans o 25./ — L sing = 1.
3 zVZ+ 1 x 2 0 6-—5sing+sin’ ¢
Ans. In <.
ns. In 2

1 1
Prove that  26. / X" =x)"dx = / X' =x)"dx (m>0, n>0).
/o
b

27. / f(x)dx = / fla+b—x)dx. 28. / Ff&Hdx == / f(P) dx.

Evaluate the following improper integrals:
1

xdx e © iy .
29. Npaes Ans. 1. 30. /0 e“dx. Ans. 1. 31. /0 S Ans. 2 (a >
0).

dx T
32. / .Ans. —.
ooo\/l—x2 2

“d
3s. / xsinxdx. Ans. The integral diverges. 36. / 7{ Ans. The integral di-
0

e dx 3
verges. 37. . m Ans. m. 38. T Ans. E iy A}’lS The

41. / —-. Ans. The integral di-
Jo xt

o 1 1
33. / @ Ans. 1 34. / Inxdx. Ans. —1.
1 0

x5

n
40. / =.
xq/xz 2
b o0
verges. 42. / “sinbxdx (a > 0). Ans. ————. 43. / e “cosbxdx (a > 0).
0 az + b2 0

integral diverges.

Ans. ﬁ

a

Evaluate the following integrals approximately:
5

d
44 In5 = / o by the trapezoidal rule and by Simpson’s rule (n = 12).
1 X
Ans. 1.6182 (by the trapezoidal rule); 1.6098 (by Simpson’s rule).
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11
45. / x* dx by the trapezoidal rule and by Simpson’s rule (n = 10). Ans. 3690, 3660.
1

dx
2x—1

1 3
46. / V1 — x3 dx by the trapezoidal rule (n = 6). Ans. 0.8109. 47. / by
0 1

10
Simpson’s rule (n = 4). Ans. 0.8111. 48. log,, xdx by the trapezoidal rule and

4
by Simpson’s rule (n = 10). Ans. 6.0656, 6.0896. 49. Evaluate 7 from the relation
by

4
by Simpson’s rule (n = 10). Ans. 1.371. 51. Evaluate / e "x"dx for integral
0

= 1 _ T .

d :
/ 5 applying Simpson’s rule (n = 10). Ans. 3.14159. 50. / sin x
’ : 0 X

« 1
n > 0 by proceeding from the equation e ™dx = — where @ > 0. Ans. n!
0 a
® d « d
52. Proceeding from equation /0 o ia = ﬁ, evaluate the integral /o ﬁ
Ans rl1-3-5...2n-1)
) 2"n! '

—ax

(58] 1 _
53. Evaluate the integral /
0

dx. Ans. In(1+a) (@ >-1). 54. Utilizing
xe*

1 1

1
the equation / ¥"!'dx = -, compute the integral / X(In x)* dx.
0 n 0

k!

nk+1

Ans. (=1)f




CHAPTER 12

GEOMETRIC AND MECHANICAL APPLICATIONS
OF THE DEFINITE INTEGRAL

12.1 COMPUTING AREAS IN RECTANGULAR COORDINATES

If on the interval [a, b] the function f(x) > 0, then, as we know from Sec. 11.2,
the area of a curvilinear trapezoid bounded by the curve y = f(x), the x-axis, and
the straight lines x = a and x = b (Fig. 214) is

b
Q=/ Jf(x)dx ey

b
If f(x) < 0 [a, b], then the definite integral / f(x)dx is also < 0. It is equal,

a
in absolute value, to the area Q corresponding to the curvilinear trapezoid:

b
—Q=/ f(x)dx

If f(x) changes sign on the interval [a, b] a fi- ¥
nite number of times, then we break up the integral
throughout [a, b] into the sum of integrals over the
subintervals. The integral will be positive on those
subintervals where f(x) > 0, and negative where
f(x) < 0. The integral over the entire interval will
yield the difference of the areas above and below
the x-axis (Fig. 232).

To find the sum of the areas in the ordinary sense, one has to find the sum of the
absolute values of the integrals over the above-indicated subintervals or compute
the integral

b
Q=/ lf(0ldx

Example 1. Compute the area Q bounded by the sine curve y = sin x and the x-axis,
for 0 < x < 2n (Fig. 233).



438 Ch. 12. Applications of the Definite Integral

Solution. Since sin x > 0 when 0 < x < 7 and sin x < 0 when 7 < x < 27, we have

2 2n
/ sinxdx| = / | sin x| dx
n 0

/ sinxdx = —cosx'z =—(cosmt—cos0)=—-(-1-1)=2
0

0= / sinxdx +
0

21 o
/ sinxdx = —cosx| = —(cos2m—cosm)=-2
Vg

T

Consequently, Q = 2 + |-2| = 4.

. -f(x)
Yy y=sinzx g
T > z\s\
0 a 1363
Fig. 233 Fig. 234

If one needs to compute the area bounded by the curves y = fi(x), y = f2(x)
and the ordinates x = a, x = b, then provided fi(x) > f,(x) we will obviously
have (Fig. 234)

b b b
Q=/ fl(X)dx—/ fz(X)dx=/ [f1(%) = fo(0)] dx @

Example 2. Compute the area bounded by the curves (Fig. 235)

y=+x and y=i’

Solution. Find the points of intersection of the curves: vx = x%, x = x*, whence
x1=0,x=1.
Therefore,

! ! ! 2 40 XFp o2 1 1
- _ 2 g0 _ _ 2 _zapl _X)
Q_/o Vxdx /0 x“dx /0(\/)7 x7)dx 3x |O 3 ‘0 373°3

Now let us compute the area of the curvilinear trapezoid bounded by a curve
represented by parametric equations (Fig. 236):

x=), y=y@) (3)

where @ < t < B and ¢(a@) = a, ¢(8) = b. Let equations (3) define some function
y = f(x) on the interval [a, b] and, consequently,
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the area of the curvilinear trapezoid may be computed from the formula

b b
Q=/ f(x)dx=/ vdx

y=z?
Y=VE

Fig. 235

Change the variable in this integral:
x=¢(t), dx=¢'@)dt
From (3) we have

y=f) = fle@] = ¢ ()

Consequently,

s
Q= / w(n) @' (1) dt “

This is the formula for computing the area of a curvilinear trapezoid bounded by
a curve represented parametrically.
Example 3. Compute the area of a region bounded by the ellipse

Xx=acost, y=bhbsint

Solution. Compute the area of the upper half of the ellipse and double it. Here, x
varies from —a to +a, and so ¢ varies between 7 and 0,

0 0 e
0=2 / (bsinr)(—asintdr) = —2ab / sin’ rdt = 2ab / sin’ ¢ dt
n bd 0

:Zab/ Tocos2t 1 ap| L — 80200
., 2 274

Example 4. Compute the area bounded by the x-axis and an arch of the cycloid

x =a(t—sint), y=a(l—cost)

Solution. The variation of x from 0 to 27a corresponds to the variation of ¢ from 0 to
2.
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From (4) we have

2

2
Q=/ a(l —costa(l —cost)dt =a* | (1 —cost)’dt
0 0

2 2 2
=d’ [/ dt—Z/ costdt + / cosztdt]
0 Jo Jo

21 2 21 21

1 + cos2t
/ dt = 2r, / costdt =0, / cosztdt:/ &dt:n
Jo 0 Jo 0 2

We finally get
0 = &*Qr + 7)) = 3nd?

12.2 THE AREA OF A CURVILINEAR SECTOR IN POLAR COORDINATES

Suppose in a polar coordinate system we have a curve given by the equation

p =)
where f(6) is a continuous function for @ < 6 < 8.
Let us determine the area of the sector OAB bounded by the curve p = f(6)
and by the radius vectors 6 = @ and 6 = 5.
Divide the given area by radius vectors 6y = @, 8 = 0y, ..., 6, = B into n parts.

Denote by A6, A6,, ..., Af, the angles between the radius vectors that we have
drawn (Fig. 237).

AN ¥ / 7p=avcosZ0-

Fig. 237 Fig. 238

Denote by p; the length of a radius vector corresponding to some angle 6;
between 6,_; and 0;.

Let us consider the circular sector with radius p; and central angle Ag;. Its area
will be

1
AQ; = 5/512 Ab;
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The sum
1 n S 1 n _ 5
n = < . AHI = = 01' Agl
Q.= 3 le > ;[f( )

will yield the area of the “step-like” sector.
Since this sum is an integral sum of the function p> = [f(6)]> on the interval
a < 6 <, its limit, as max Ag; — 0, is the definite integral

1/ﬁ2d9
2 ). °

It is not dependent on which radius vector p; we take inside the angle Ag;. It is
natural to consider this limit the sought-for area of the figure”.
Thus, the area of the sector OAB is

L e 1
0= 2A p M
or
1 [P
0=3 / [F©O)F do (1

Example. Compute the area bounded by the lemniscate p = a Vcos 26 (Fig. 238).
Solution. The radius vector will describe one fourth of the sought-for area if 6 varies
between 0 and %:

1 1 5 1 2/% @ sin20|%  a
—Q== do = = 20d6 = — =—
39 2/0 P 24 ), 2 2 |y 4

2

Hence

0=a

12.3 THE ARC LENGTH OF A CURVE

1. The arc length of a curve in rectangular coordinates. Let a curve be
given by the equation y = f(x) in rectangular coordinates in a plane.

Let us find the length of the arc AB of this curve between the vertical straight
lines x = a and x = b (Fig. 239).

“We could show that this determination of the area does not contradict that given earlier. In other
words, if one computes the area of a curvilinear sector by means of curvilinear trapezoids, the result
will be the same.
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. 8 The definition of arc length was given in
vl .‘/’f (‘t) Sec. 6.1. Let us recall that definition. On an arc

Al

) Y AB take points A, My, M, ..., M;, ..., B with ab-
scissas xg = d, X1, X2, ..., Xj, ..., X, = b and draw
chords AM;, M\M>, ..., M,_1B whose lengths

we shall denote by Asy, Asy, ..., As,, respectively.
bl > This gives the broken line AM\ M, ... M, B in-
0] ez, |z & b'r ) ) ~

z, scribed in the arc AB. The length of the broken

line is
n
Sp = Z As;

i=1
The length s of the arc AB is the limit which the length of the inscribed broken
line approaches when the length of its greatest segment approaches zero:

Fig. 239

n

s= lim ZAsi (1

max As;—0 4
i=1

We shall now prove that if on the interval a < x < b the function f(x) and its
derivative f’(x) are continuous, then this limit exists. At the same time we shall
specify a technique for computing the arc length.

We introduce the notation

Ay = f(x) = f(xic1)

Ay;i2
Asi = J(Ax)? + (A = 1+ (52) Ax,

By Lagrange’s theorem we have

Ayi _ i) = fxien)

Ax; Xi = X

Then

= f(&)
where

Xi-1 <& < x;i

Asi = \J1+[f" (€)1 Axi

Thus, the length of an inscribed broken line is

Sp = i W1+ EDP Ax;
im1

It is given that f’(x) is continuous; hence, the function +/1 + [f’(x)]? is also
continuous. Therefore, this integral sum has a limit that

Hence,
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is equal to a definite integral:

n b
0= lm > 1+ @P Ax; = / NS

We thus have a formula for computing the arc length:

sz/b \/1+[f’(X)]2dx=/bw/1+(%)2dx 2)

Note 1. Using this formula, it is possible to obtain the derivative of the arc
length with respect to the abscissa. If we consider the upper limit of integration
as variable and denote it by x (we shall not change the variable of integration),
then the arc length s will be a function of x:

s(x):/)r w/l +(%)2dx

Differentiating this integral with respect to the upper limit, we obtain

ds dy\2
— = 1+(—= 3
dx (dx) )
This formula was derived in Sec. 6.1 on certain other assumptions.

Example 1. Determine the circumference of the circle

PP =r

Solution. First compute the length of a fourth part of the circumference lying in the

first quadrant. Then the equation of the arc AB will be

y= V2 -2
whence

dy X

dx ~ 2 _ 2
Consequently,

1 T x2 r r x| Py
-5 = 1+ ——dx= ————dx=rarcsin—| =r—
4 0 rr—x2 0o V2o rlo 2

The length of the circumference is s = 27r.
Let us now find the arc length of a curve when the equation of the curve is
represented in parametric form:

x=¢@®, y=y@) (a<t<p) “
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where ¢(f) and () are continuous functions with continuous derivatives, and
¢'(¢) does not vanish in the given interval. In this case, equations (4) define a
function y = f(x) which is continuous and has a continuous derivative:

dy _¥'®

dx  ¢'(1)

Let a = ¢(@), b = ¢(B). Then substituting in the integral (2)
x = ¢(1)
dx = ¢'(t)dt

we have

B V40) 2 B
5=/ 1+[m] ¢'(Hdt, or S=/ VI OP + [y ®1Pdr (5)

Note 2. It may be proved that formula (5) holds also for curves that are
crossed by vertical lines in more than one point (in particular, for closed curves),
provided that both derivatives ¢’(¢) and /() are continuous at all points of the
curve.

Example 2. Compute the length of the astroid:

x=acos’t, y:asin3t

Solution. Since the curve is symmetric about both coordinate axes, we shall first com-
pute the length of a fourth part of it located in the first quadrant. We find

dx .
— = —3acos’tsint
dt

d .

@& 3asin®tcost
dt

The parameter ¢ will vary from 0 to 7. Hence

1 3 -2 -4 '3 N )
i s = \/9a2 cos*tsin” t + 9a? sin” tcos? tdt = 3a cos? tsin” tdt
0 0

. ps
sin®t|?  3a

3
= 3a/ sintcostdt = 3a
0

> LT s =6a
Note 3. If a space curve is represented by the parametric equations
x=@@), y=v@®, z=x(@) 6

where @ < t < 8 (see Sec. 9.1), then the length of its arc is defined (in the same
way as for a plane arc) as the limit which the length of an inscribed broken line
approaches when the length
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of the greatest segment approaches zero. If the functions (), ¥(f), and y(¢) are
continuous and have continuous derivatives on an interval [«, 3], then the curve
has a definite length (that is, it has the above-mentioned limit) which is computed
from the formula

B
5= / Ve OF + WP + L (P dr @)
a
This result we accept without proof.
Example 3. Compute the arc length of the helix
X =acost, y=asint, z=amt

as t varies from 0 to 2n.
Solution. From the given equations we have

dx = —asintdt, dy=acostdt, dz=amdt
Substituting into formula (7), we have

2n 2
s = \/azsinzt+azcoszt+a2m2dt=a V1 +m?dt =2raV1 +m?
0 0

2. The arc length of a curve in polar coordinates. Given (in polar coordi-
nates) the equation of the curve

p=f©) ®)

where p is the radius vector and 6 is the vectorial (polar) angle.
Let us write the formulas for passing from polar coordinates to Cartesian co-
ordinates:

x=pcosb, y=psinf
If in place of p we put its expression (8) in terms of 6, we get the equations
x = f(@)cosh, y=f(0)sind
These equations may be regarded as the parametric equations of the curve

and we can apply formula (5) for computing the arc length. To do this, find the
derivatives of x and y with respect to the parameter 6:

dx , .
¥ = f'(f)cos 6 — f(6)sinf
dy .

0 f(0)sinf + f(6)cosb

Then

S () =1 OF + UOP =5 +47
de de
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Hence,

9
s=/ 0%+ p2do
0o

Example 4. Find the length of the cardioid

p =a(l + cos6)

(Fig. 240).
pa(l+cos 6) Varying the vectorial angle 6 from. 0 to &, we get half
the sought-for length. Here, p’ = —asin 6. Hence,

Fig. 240

T
s:2/ \/az(l +cos 0)? + a2 sin® 0. d6
0
:Za/ V2 +2cos6do
0

T 9 9 x
= 4a/ cos —db = Sasin—‘ =8a
0 2 210
Example 5. Compute the length of the ellipse
X =acost
. } 0<t<2n
y = bsint

assuming that a > b.
Solution. We take advantage of formula (5), first computing }T the arc length; that is,
the length of the arc that corresponds to a variation of the parameter from 7 =0tot = 7:

s '3 )
- :/ Va2 sin“ t + b? cos? t dt
4 Jo
b b
=/ \/az(l—coszt)+b2cosztdt=/ Va2 — (a? — b?) cos? tdt

0

0
z 2 _p2
=a/ ﬂl—a 3 cosztdtza/ V1 — k2 cos? rdt
0 a 0

[SE
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Va2 —b2

a

where k = < 1. Hence,

3
s=4a/ V1 — k% cos? tdt
0

The only thing that remains is to compute the last integral. But we know that it is not
expressible in elementary functions (see Sec. 10.14). This integral can be computed only
by approximate methods (by Simpson’s rule, for example).

For instance, if the semi-major axis of an ellipse is equal to 5 and the semi-minor axis
is 4, then k = %, and the circumference of the ellipse is

s=4~5/07 ﬂl—(g)zcosztdt

Computing this integral by Simpson’s rule (by dividing the interval [0, 5] into four parts)
we get an approximate value of the integral:

/2 1= 3 costrar ~ 1.298
0 5

and so the length of the arc of the entire ellipse is approximately equal to s ~ 25.96 units
of length.

12.4 COMPUTING THE VOLUME OF A SOLID FROM THE AREAS
OF PARALLEL SECTIONS (VOLUMES BY SLICING)

Suppose we have some solid 7. Let us assume that we know the area of any
section of this solid made by a plane perpendicular to the x-axis (Fig. 241).

This area will depend on the position of the cut-
ting plane; that is, it will be a function of x:

Q=0

We assume that Q(x) is a continuous function z . '
of x and calculate the volume of the body. ,f/

Draw the planes x = xp = a, x = x|, X = X2, «t
o, Xx=x,=b. Fig. 241

These planes will cut the solid up into layers (slices).

In each subinterval x;_; < x < x; we choose an arbitrary point &; and for each
valuei = 1,2,...,n we construct a cylindrical

-

cfmm—
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body, the generatrix of which is parallel to the x-axis, while the directrix is the
boundary of the slice of the solid 7 made by the plane x = &;.
The volume of such an elementary cylinder, the area of the base of which is

0¢) (o <&<x)
and the altitude Ax;, is
0(&) Ax;

The volume of all the cylinders will be
e = Q) Ax;
i=1

The limit of this sum as max Ax; — 0 (if it exists) is the volume of the given
solid:

max Ax;—0

v=_lim_ > 0@)Ax
i=1

Since v, is obviously the integral sum of the continuous function Q(x) on the
interval @ < x < b, the indicated limit exists and is expressed by the definite
integral

b
v:/ O(x)dx (1)

Example. Compute the volume of the triaxial ellipsoid (Fig. 242).

2 > 2
Xy oz

S+ =1
az bt P

Solution. In a section of the ellipsoid made by a plane parallel to the yz-plane and at
a distance x from it, we have the ellipse

2 2 2
.2 _, X
b 2 a?
or
2 2
. 2 * : >, !
X2 xX“12
[by1-S] [ey1-5]
with semi-axes
x2 x2
blzb 1—0—2, i =¢C 1—;
But the area of such an ellipse is 7b,c;. (See example 3, Sec. 12.1).

Therefore,
2

Q) = nbe(1 - 2‘7)
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Fig. 242

The volume of the ellipsoid will be

a

v = nthc /:(1 - z—z)dx = ﬂbc(x— Sx—;)| = é—tﬂabc

—a 3
In the particular case, a = b = c, the ellipsoid turns into a sphere, and we have
4 5
v=—-na
3

12.5 THE VOLUME OF A SOLID OF REVOLUTION

Let us consider a solid generated by the revolution, about the x-axis, of a
curvilinear trapezoid aABb bounded by the curve

y = f(x), the x-axis, and the lines x = g,
x=bh.

In this case, an arbitrary section of the
solid made by a plane perpendicular to
the x-axis is a circle of area

0=m’ =xlf(P

Applying the general formula for com-
puting a volume [(1), Sec. 12.4], we get
a formula for calculating the volume of a
solid of revolution:

b b
v:n/ y2dx=n/ ()] dx
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Example. Find the volume of a solid generated by the revolution of the catenary
a; x _x
y= E(e« +e u)

about the x-axis between x = 0 and x = b (Fig. 243).

Solution.
2 b 2 b
a x _x\2 a 2x _
V=n— (eu+e “)dx:— (ea +2+e a)dx
4 /o 4 Jo
ratla x o, d _g]b 71'613(& _@)_{_ﬂazb
=" |23 X——e¢ a| =" (e7 —¢ G
4 [2 2 0 8 2

12.6 THE SURFACE OF A SOLID OF REVOLUTION

Suppose we have a surface generated by the revolution of a curve y = f(x)

about the x-axis. Let us determine the area of this

] y M-I 4s;

\
‘| val [a, b].

: As in Sec. 12.3, draw the chords AM;,
1

|
=

i) b|z by Asy, Ass, ..., As, (Fig. 244).

cated cone whose surface AP; is

AP; = 2nt Yizl T Vi
Fig. 244 2

Ayi\2
o 2 2 _ ! .
Asi = AJA2 + Ay? = 1+(Axi) Ax;

Applying Lagrange’s theorem, we get
Ayi _ ) = fxien)

Ax; Xj = Xi_1

AS,’

But

= f'(&)

where
Xi—1 < fi < X;

Asi = {1+ f2(&) Axi
-1+ i
AP; =2 ley 1+ f2(E) Ax;

hence,

M 8 surface on the interval a < x < b. We take the
e T8y, function f(x) to be continuous and to have a
continuous derivative at all points of the inter-

MM, ..., M,_1 B, whose lengths are denoted

Each chord of length As; (i = 1,2, ..., n)
describes (in the process of revolution) a trun-
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The surface described by the broken line will be equal to the sum

P, =2n 21 P e e A
Py=7 ) ) + fODIy 1+ f2E) A (1)
i=1

extended over all segments of the broken line. The limit of this sum, when the
largest segment As; approaches zero, is called the area of the surface of revolution
under consideration. The sum (1) is not the integral sum of the function

2nf(x) 1+ f'(x)? @

because the term corresponding to the interval [x;_j, x;] involves several points
of this interval x;_, x;, &. But it is possible to prove that the limit of the sum (1)
is equal to the limit of the integral sum of function (2); that is,

or the sum

n

P mathlgaoﬂ 2 [f(xicn) + fOD] A1+ L (€D Ax;

i=

Llim 21 2fE) 1+ [f/EDP Ax;
b
P=2n / FAJ1 + f2(x)dx (3)

Example. Determine the surface of a paraboloid generated by revolution about the
x-axis of an arc of the parabola y> = 2px, which corresponds to the variation of x from
x=0tox=a:

Solution.

_ /_\/E ,2_\/ 2p_\/2x+p
y = v2px, y—z—\/}, V1+y? = 1+E_ o

or

By (3) we have

a 2 + a
P=27r/ V2px [ xzxpdx=2n\/ﬁ/ V2x + pdx
0 0

2 1@ 27m+/p
=27yp 3 Qx4+ p) 5 |0 = Tf [2a + p)** - p]
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12.7 COMPUTING WORK BY THE DEFINITE INTEGRAL

Suppose a material point M is moving in a straight line Os under a force F,
and the direction of the force coincides with the direction of motion. It is required
to find the work performed by the force F as the point M is moved from s = a to
s=b.

(1) If the force F is constant, then the work A is expressed by the product of
the force F by the path length:

A=Fb-a)

(2) Let us assume that the force F is constantly varying, depending on the
position of the material point; that is to say, it is a function F(s) continuous on
the interval a < s < b.

Divide the interval [a, b] into n arbitrary parts of length

Asy, Asa, ..., As,

Then in each subinterval [s;_;, s;] choose an arbitrary point &; and replace the
work of the force F(s) along the path As; (i = 1,2,...,n) by the product

F(&) As;

This means that within the limits of each subinterval we take the force F to be
constant: we assume F = F(&;). Here, the expression F(&;)As; will yield an
approximate value of the work done by the force F' over the path As; (for a
sufficiently small As;), and the sum

Ay = i F(&) As;
i=1

will be an approximate expression of the work of the force F' over the interval
[a, b].

Obviously, A, is an integral sum of the function F' = F(s) on the interval [a, b].
The limit of this sum as max(As;) — 0 exists and expresses the work of the force
F(s) over the path from s = ato s = b:

b
A= / F(s)ds )

Example 1. The compression S of a helical spring is proportional to the applied force
F. Compute the work of the force F when the spring is compressed 5 cm, if a force of one
kilogram is required to compress it 1 cm (Fig. 245).

Solution. It is given that the force F and the distance covered S are connected by the
relation F = kS, where k is a constant.

Let us express S in metres and F in kilograms. When S = 0.01, F = 1, that is,
1 =k-0.01, whence k = 100, F = 100S.
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By (1) we have
0.05 §2 1005
A= / 100S dS = 100 =- |0 = 0.125 kilogram-metre
0

Example 2. The force F with which an electric charge e; repulses another charge e,
(of the same sign) at a distance of r is expressed by the formula

F
F=k42 Y |
r? < S
where £ is a constant. ‘i
Determine the work done by a force F in moving the -3 8
charge e, from the point A; (at a distance of | from e;) to ,2“ §
A; (at a distance of r, from e;) assuming that e, is located g
at the point Ay as the origin. Zéf
Solution. From formula (1) we have \'7
; 7 74
2 ee 1 1 1 .
A= / k # dr = —keje; — ' = kelez(— - —) Fig. 245
r r rn r r

When r, = oo, we have

A:/00 kelez dr:kelez
r

r2 r

When e; = 1, A = k . This quantity is called the potential of the field generated by the
charge e;.

12.8 COORDINATES OF THE CENTRE OF GRAVITY

Suppose on an xy-plane we have a system of material points

Pi(x1,y1), Pa(x2,¥2), -y Pu(Xn,¥n)

with masses my, ma, ..., m,.

The products x;m; and y;m; are called the static moments of the mass m; rela-
tive to the y- and x-axes.

We denote by x. and y. the coordinates of the centre of gravity of the given
system. Then, as we know from mechanics, the coordinates of the centre of
gravity of this material system will be defined by the formulas

n
thml
_xmy + xomp + ...+ Xx,m, _ =l (])
.= =
m+m+...+m n
" 2. m;
i=1
n
Zyiml
yimy +yamy +...+y,m,
. = ©)

=1
my+my+...+m, i
m;
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We shall use these formulas in finding the centres of gravity of various figures
and solids.

1. The centre of gravity of a plane line. Let there be a curve AB given by
the equation y = f(x), a < x < b, and let this curve be a material line.

Let the linear density” of such a material curve be y. Divide the line into n
parts of length Asy, As», ..., As,. The masses of these parts will be equal to the
product of their lengths by the (constant) density: Am; = yAs;. On each part of
the arc As; take an arbitrary point with abscissa &;. Now representing each part of
the arc As; by the material point P; [&;, f(&;)] with mass yAs; and substituting into
(1) and (2) &; in place of x;, f(&;) in place of y;, and the value of yAs; (the masses
of the parts As;) in place of m;, we obtain approximate formulas for determining
the centre of gravity of the arc:

o L&A L L SEDyAsi
S E7 R D P70
If the function y = f(x) is continuous and has a continuous derivative, the sums
in the numerator and denominator of each fraction have, as max As; — 0, limits
equal to the limits of the corresponding integral sums. Thus, the coordinates of
the centre of gravity of the arc are expressed by definite integrals:

b b
/xds /xwll-i-f’z(x)dx

o= Ti = do 1’
/ ds / A1+ f2(x)dx
b b
/ f)ds / FO A1+ f2(x)dx
Yo =5 == 2"

b = b
/ ds / A1+ f2(x)dx

Example 1. Find the coordinates of the centre of gravity of the semi-circle x> +y* = a
situated above the x-axis.

2

*Linear density is the mass of unit length of a given line. We assume that the linear density is the
same in all portions of the curve.
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Solution. Determine the ordinate of the centre of gravity:

dy X dyy? a
V22 Z__ ds=+/1+(=) d ds = d
YEYETY N y (dx) o 2 _ 2 x
/ Va? — x? T ax a/ dx B
_J=a az—xz -a _21_%
¢ na " ga  ma w

x. = 0 (since the semi-circle is symmetric about the y-axis).
2. The centre of gravity of a plane figure. Given a figure bounded by the
lines y = fi(x), y = fo(x), x = a, x = b, which is a material

plane figure. We consider constant g

the surface density, which is the mass P

of unit area of the surface. It is equal 9+ (x)

to ¢ for all parts of the figure. p
Divide the given figure by straight v=f(x)

linesx =a, x = x;, ..., X = X, =

b into strips of width Ax|, Ax,, ...,
Ax,. The mass of each strip will be
equal to the product of its area by the
density ¢o. If each strip is replaced by . )
a rectangle (Fig. 246) with base Ax; —‘7r TAE L gL T a2
and altitude Fig. 246

H(E) — f1(&), where &; = ""%ﬂ", then the mass of a strip will be approximately
equal to
Am; =6 [f2(&) — filE)1Ax; (i=1,2,....n)
The centre of gravity of this strip will be situated approximately in the centre
of the appropriate rectangle:

(xi)c = §i7 (yi)e = w

Now replacing each strip by a material point, whose mass is equal to the mass
of the corresponding strip and is concentrated at the centre of gravity of this strip,
we find the approximate value of the coordinates of the centre of gravity of the
entire figure [by formulas (1) and (2)]:

.~ 2 &0 [2(E) — fil)] Ax;
© T NELAE) - fiéD] Ax;
b~ LILAE) + AENSAE) — filéD] Axi
‘ L81AE) - fité)] Ax;
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Passing to the limit as Ax; — 0, we obtain

b l b
/ L) — fi(x)]dx S / LA + £ L) — A0 da
X a . Y= a

¢ = b
/ [2(x) = fi(x)] dx

b
/ [L(x) = fito)]dx

Y ﬁ‘ JLaz These formulas hold for any homogeneous

(that is, having constant density at all points)
plane figure. We see that the coordinates of the
centre of gravity are independent of the den-
0 _» 7 sity 0 of the figure (6 was cancelled out in the
process of computation).

Example 2. Determine the coordinates of the
centre of gravity of a segment of the parabola y* =
ax cut off by the straight line x = a (Fig. 247).

Fig. 247
Solution. In this case f>(x) = +ax, fi(x) = — Vax, therefore
z/ax\/a_xdx zz\/axm'” g
0 _5 o_5" _3

X

= = T i.7s
2/ Vaxdx 2\/_—x3/2' - a? >
0 3 o 3

ve = 0 (since the segment is symmetric about the x-axis).

12.9 COMPUTING THE MOMENT OF INERTIA OF A LINE,
A CIRCLE, AND A CYLINDER BY MEANS
OF A DEFINITE INTEGRAL

Suppose, in an xy-plane, we have a system of material points Pi(xj,y;),
Py(x2,¥2), ..., Py(x,,y,) with masses my, mo, ..., m,. Then, as we know from
mechanics, the moment of inertia of the system of points with respect to the
point O is defined as

n

n
Ip = z:()cl2 +yi2)mi or lp = Z l’[zmi (H
i=1

i=1
= 2442
where r; = ([x; +y:.

As in Sec. 12.8, let the curve AB be given by an equation y = f(x),a < x < b,
where f(x) is a continuous function. Let this curve be a material line. Let the
linear density of the line be y. Again, partition the line into n parts of length As,
Asy, ..., Asy,,
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where As; = lel.Z + Ayi2 and the masses of these parts, Am; = yAs, Am, =
vAsy, ..., Am, = yAs,. Take an arbitrary point with abscissa & on each part
of the arc (on each subarc). The ordinate of this point will be 7; = f(&;). The
moment of inertia of the arc about the point O will, in accord with (1), be approx-
imately equal to

Io~ ) (& +m)yAsi @)
i=1
If the function y = f(x) and its derivative f’(x) are continuous, then the sum
(2) has a limit as As; — 0. This limit, which is expressed by a definite integral,
defines the moment of inertia of the material line:

b
Io=vy / L2 + L2011+ [f/(x0)]? dx A3)

1. The moment of inertia of a thin homogeneous rod of length / about its
end point. Make the rod coincide with part of the x-axis:

AT {
gt +—t —a7
z
Fig. 248

0 < x < [ (Fig. 248). In this case, As; = Ax;, Am; = yAx;, r? = x? and formula
(3) takes the form

/ 13
IOL_=y/ Fdx=y= “
0 3
If the mass M of the rod is given, then y = M/[ and (4) assumes the form
1
lo, = 3 M’ )

2. The moment of inertia of a circle of radius r about the centre. Since all
points of the circumference are distant » from the centre, and the mass m = 2xr-y,
the moment of inertia of the circle is

Iop = mr? = y2nr - r* = y2nr° 6)

3. The moment of inertia of a homogeneous circle of radius R about the
centre. Let 6 be the mass of unit area of the circle. Partition the circle into n
annuli.
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We consider one annulus (Fig. 249) with inner radius r; and outer radius 7; +
Ar;. The mass Am; of this annulus, to within higher-order infinitesimals with
respect to Ary, is Am; = 82ar;Ar;.

By formula (6), the moment of inertia of this mass
about the centre is roughly

(Alp); = 62nriAr; - ri2 = 6271}’1.3 - Ar;

7A
Q] ' 2 The moment of inertia of the entire circle, as a sys-
\_J tem of annuli, will be given by the approximate for-

mula

~ 3Ap
Flg 249 10 ~ Z&Zﬂ}’i Ar, (7)

Passing to the limit as max Ar; — 0, we get the moment of inertia of the area
of the circle with respect to the centre:

R R4
Io :627r/ rdr=n8— ®)
0 2
If the mass M of the circle is given, then the surface density ¢ is defined as
M
-~ R?
Substituting this value, we finally get
Ip = MR*/2 ©)

4. It is obvious that if we have a circular cylinder with base radius R and mass
M, its moment of inertia about the axis will be given by formula (9).

EXERCISES ON CHAPTER 12

Computing Areas
1

1. Find the area of a figure bounded by the lines y* = 9x, y = 3x. Ans. 5

2. Find the area of a figure bounded by the equilateral hyperbola xy = a2, the x-axis,
and the lines x = a, x = 2a. Ans. a’In2.

3. Find the area of a figure lying between the curve y = 4 — x> and the x-axis.

2
Ans. 10=.
ns. 3
4. Find the area of a figure bounded by the astroid X+ y% =a3. Ans. 3 na®.

5. Find the area of a figure bounded by the catenary y = acosh f, the x-axis, the
a

y-axis, and the straight line x = a. Ans. a*sinhe.
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6. Find the area of a figure bounded by the curve y = x°, the line y = 8, and the y-axis.
Ans. 12.

7. Find the area of a region bounded by one arch of a sine wave and the x-axis. Ans. 2.

8. Find the area of a region lying between the parabolas y* = 2px, x* = 2py.

Ans. 2 p?
ns. = p-.
3P X
9. Find the total area of a figure bounded by the lines y = x°, y = 2x, y = x. Ans. 3
10. Find the area of a region bounded by one arch of the cycloid x = a(f — sin?),
y = a(1 — cos ¢) and the x-axis. Ans. 3ma’.
11. Find the area of a figure bounded by the astroid x = acos’s, y = asin’r.

3
Ans. 3 na’.

12. Find the area of the entire region bounded by the lemniscate p*> = a” cos2e.
Ans. a*.
13. Compute the area of a region bounded by one loop of the curve p = asin2¢p.

Ans. = na*.
14. Compute the total area of a region bounded by the cardioid p = a(l — cos¢).

3
Ans. = na®.

[N

15. Find the area of the region bounded by the curve p = acos ¢. Ans. %.

2
16. Find the area of the region bounded by the curve p = a cos 2¢. Ans. %.

17. Find the area of the region bounded by the curve p = cos 3¢. Ans. %
2
18. Find the area of the region bounded by the curve p = a cos 4¢. Ans. %.

Computing Volumes
2

2
19. The ellipse — + 2)—2 = 1 revolves about the x-axis. Find the volume of the solid of
a
4
revolution. Ans. 3 nab*.
20. The segment of a line connecting the origin with the point (a, b) revolves about

the y-axis. Find the volume of the resulting cone. Ans. 3 na’b.

21. Find the volume of a torus generated by revolution of the circle x* + (y — b)* = a°

about the x-axis (it is assumed that b > a). Ans. 27°a’b.
22. The area bounded by the lines y* = 2px and x = a revolves about the x-axis. Find
the volume of the solid of revolution. Ans. wpa®.

23. A figure bounded by the astroid X3+ y% = a? is revolved about the x-axis. Find
32na’
105 °

24. A figure bounded by one arch of the sine wave y = sin x and the x-axis is revolved
2

about the x-axis. Find the volume of the solid of revolution. Ans. %

the volume of the solid of revolution. Ans.
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25. A figure bounded by the parabola y* = 4x and the straight line x = 4 is revolved
about the x-axis. Find the volume of the solid of revolution. Ans. 32r.
26. A figure bounded by the curve y = xe* and the straight lines y = 0, x = 1 is

revolved about the x-axis. Find the volume of the solid of revolution. Ans. ;—T @ -1.

27. A figure bounded by one arch of a cycloid x = a(t — sint), y = a(1 — cos¢) and the
x-axis is revolved about the x-axis. Find the volume of the solid of revolution. Ans. 57°a’.

28. The same figure as in Problem 27 is revolved about the y-axis. Find the volume of
the solid of revolution. Ans. 67%a’.

29. The same figure as in Problem 27 is revolved about a straight line that is parallel

to the y-axis and passes through the vertex of a cycloid. Find the volume of the solid of
3

revolution. Ans. % (97% - 16).

30. The same figure as in Problem 27 is revolved about a straight line parallel to the x-
axis and passing through the vertex of a cycloid. Find the volume of the solid of revolution.
Ans. Tna’.

31. A cylinder of radius R is cut by a plane that passes through the diameter of the base

2
at an angle « to the plane of the base. Find the volume of the cut-off part. Ans. = R>tana.
32. Find a volume that is common to the two cylinders: x> + y* = R?, y* + 22 = R%.
A 16 R
ns. — R°.

33. The point of intersection of the diagonals of a square is in motion along the diam-
eter of a circle of radius a; the plane in which the square lies remains perpendicular to the
plane of the circle, while the two opposite vertices of the square move along the circle (as
a result of this motion, the size of the square obviously varies). Find the volume of the

8
solid generated by this moving square. Ans. 3 a.

2 Z2

34. Compute the volume of a segment cut off from the elliptical paraboloid ;— + 5=
P 44
x by the plane x = a. Ans. 7a* \/pq.
35. Compute the volume of a solid bounded by the planes z = 0, y = 0, the cylindrical
3

surfaces x> = 2py and z> = 2px and the plane x = a. Ans. (in first octant).

TP

2 32
36. A straight line is in motion parallel to the yz-plane, and cuts two ellipses — + Yo
a
2 2

b2
1, x_2 + Z—2 = 1 lying in the xy- and xz-planes. Compute the volume of the solid thus
a c

obtained. Ans. 2 abc.

Computing Arc Lengths

37. Find the entire length of the hypocycloid X3+ y% = a3, Ans. 6a.
38. Compute the arc length of the semicubical parabola ay* = x between the origin

and a point with abscissa x = 5a. Ans. -7 @

39. Find the arc length of the catenary y = a cosh d from the origin to the point (x, y).
a

X
Ans. asinh = = /y? —a?.
a



Exercises on Chapter 12 461

40. Find the length of one arch of the cycloid x = a(t—sin¥?), y = a(l —cost). Ans. 8a.

41. Find the length of an arc of the curve y = Inx between x = V3 and x = V8.
Ans. 1+ %ln %
42. Find the arc length of the curve y = 1 — Incosx between x = 0 and x = 7.
Ans. Intan %’r

43. Find the length of the spiral of Archimedes p = ag from the pole to the end of the
first loop. Ans. wa V1 + 4> + § In(2m + V1 + 4x2).

44. Find the length of the spiral p = ¢% from the pole to the point (p, ).
Ans. @e‘w =2+l +a2

45. Find the entire length of the curve p = asin® £. Ans.

46. Find the length of the evolute of the ellipse x
Ans. 4D

ab :
47. Find the length of the cardioid p = a(l + cos ¢). Ans. 8a.
48. Find the arc length of the involute of the circle x = a(cos ¢+ ¢sing), y = a(singp—
@ cos @) between ¢ = 0 and ¢ = ¢;. Ans. § ag}.

3
3 a.

Computing Surface Areas of Solids of Revolution

49. Find the area of a surface obtained by revolving the parabola y?> = 4ax about the
x-axis, from the origin O to a point with abscissa x = 3a. Ans. % na’.

50. Find the area of the surface of a cone generated by the revolution of a line segment
y = 2x from x = 0 to x = 2: (a) About the x-axis. Ans. 87 V5. (b) About the y-axis.
Ans. 4r 5.

51. Find the area of the surface of a torus obtained by revolving the circle x*>+(y—b)? =
a? about the x-axis. (b > a). Ans. 4n’ab.

52. Find the surface area of a solid generated by revolving a cardioid about the x-
axis. The cardioid is represented by the parametric equations x = a(2cos ¢ — cos2¢),
y = a(2sing — sin2¢). Ans. liﬁ na’.

53. Find the area of the surface of a solid obtained by revolving one arch of a cycloid
x =a(t—sint), y = a(l — cost) about the x-axis. Ans. f4ra®

54. The arch of a cycloid (see Problem 53) is revolved about the y-axis. Find the
surface area of the solid of revolution. Ans. 167%a®> + % na’.

55. The arch of a cycloid (see Problem 53) is revolved about a tangent line parallel to
the x-axis and passing through the vertex. Find the surface area of the solid of revolution.
Ans. 32

3
56. The astroid x = asin’ 1, y = acos’ ¢ is revolved about the x-axis. Find the surface

of the solid of revolution. Ans. 12%"2
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57. An arch of the sine wave y = sinx from x = 0 to x = 27 is revolved about the
x-axis. Find the surface of the solid of revolution. Ans. 4n[ V2 +In(V2 + D).

2 2
58. The ellipse x_z + 2)—2 =1 (a > b) revolves about the x-axis. Find the surface of the
a
; N
solid of revolution. Ans. 2xb> + 2nab aresin e, where e = a—.
c a
Various Applications of the Definite Integral
2 2
59. Find the centre of gravity of the area of one-fourth of the ellipse x_z + Z—z =1
a

4a 4b
(x>0, y>0). Ans. —, 22
3n 3w
60. Find the centre of gravity of the area of a figure bounded by the parabola x* + 4y —

8
16 = 0 and the x-axis. Ans. (0, 5).
61. Find the centre of gravity of the volume of a hemisphere. Ans. On the axis of

symmetry at a distance — R from the base.
62. Find the centre of gravity of the surface of a hemisphere. Ans. On the axis of

R
symmetry at a distance — from the base.
63. Find the centre of gravity of the surface of a right circular cone, the radius of the

h
base of which is R and the altitude A. Ans. On the axis of symmetry at a distance 3 from

the base.
64. The figure is bounded by the lines y = sinx (0 < x < 7), y = 0. Find the centre of

gravity of the area of this figure. Ans. (g, g)

65. Find the centre of gravity of the area of a figure bounded by the parabolas y*> = 20x,
x* = 20y. Ans. (9,9).
66. Find the centre of gravity of the area of a circular sector with centra angle 2@ and

. . . 2 _sina
radius R. Ans. On the axis of symmetry at a distance 3 R —— from the vertex of the
«

sector.

67. Find the pressure of water on a rectangle vertically submerged in water at a depth
of 5 metres if it is known that the base is 8 metres, the altitude, 12 metres, and the upper
base is parallel to the free surface of the water. Ans. 1056 metres.

68. The upper edge of a canal lock has the shape of a square with a side of 8 m lying
on the surface of the water. Determine the pressure on each part of the lock formed by
dividing the square by one of its diagonals. Ans. 85,333.33 kg, 170,666.67 kg.

69. Compute the work needed to pump the water out of a hemispherical vessel of
diameter 20 metres. Ans. 2.5 x 10%7 kg-m.

70. A body is in rectilinear motion according to the law x = ¢, where x is the path
length traversed in time #, ¢ = const. The resistance of the medium is proportional to the
square of the velocity, and k is the constant of proportionality. Find the work done by the

27
resistance when the body moves from the point x = 0 to the point x = a. Ans. = kVeal.
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71. Compute the work that has to be done in order to pump a liquid of density y from
a reservoir having the shape of a cone with vertex pointing down, altitude H and radius of
nyR*H?

12

72. A wooden float of cylindrical shape whose basal area S = 4,000 cm? and altitude
H = 50 cm is floating on the surface of the water. What work must be done to pull the

2 H2
YHS 3 kgm.

73. Compute the force with which the water presses on a dam in the form of an equi-
lateral trapezoid (upper base a = 6.4 m, lower base b = 4.2 m, altitude H = 3 m).
Ans. 22.2 m.

74. Find the axial component P kg of total pressure of steam on the spherical bottom

of a boiler. The diameter of the cylindrical part of the boiler is D mm, the pressure of the
npD?

base R. Ans.

float up to the surface? (Specific weight of the wood, 0.8). Ans.

steam in the boiler is p kg/cm?®. Ans. P =

00,
75. The end of a vertical shaft of radius r is supported by a flat thrust bearing. The
weight of the shaft P is distributed equally over the entire surface of the support. Com-
pute the total work of friction, in one rotation of the shaft. Coefficient of friction is u.

4
Ans. = muPr.
76. A vertical shaft ends in a thrust pin having the shape of a truncated cone. The

specific pressure of the pin on the thrust bearing is constant and equal to P. The upper di-
ameter of the pin is D, the lower d, and the angle at the vertex of the cone is 2a. Coefficient

2
P,

u (D*-d%).
77. A prismatic rod of length [ is slowly extended by a force increasirig from O to P

so that at each moment the tensile force is balanced by the forces of elasticity of the rod.

Compute the work A expended by the force on tension, assuming that the tension occurred

within the limits of elasticity. F is the cross-sectional area of the rod, and E is the modulus
of elasticity of the material.

of friction, u. Find the work of friction for one rotation of the shaft. Ans.

FE
Hint. If x is the elongation of the rod and f is the corresponding force, then f = - X.
PAl Pl

Pl
The elongation due to the force P is equal to Al = —. Ans.

~ 2EF
78. A prismatic beam is suspended vertically and a tensile force P is apphed to its
lower end. Compute the elongation of the beam due to its weight and to the force P if it

is given that the original length of the beam is /, the cross-sectional area F, the weight Q

and the modulus of elasticity of the material E. Ans. Al = (Q+—2P)l

79. Determine the time during which a liquid will flow out of a prismatic vessel filled
to a height H. The cross-sectional area of the vessel is F, the area of the opening f, the exit
velccity is computed from the formula v = u /2gh, where y is the coeflicient of viscosity,
g is the acceleration of gravity, and £ is the distance from the opening to the level of the
2FH  F [2H

uf «2gH - .U_f

liquid. Ans. T =
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80. Determine the discharge Q (the quantity of water flowing in unit time) over a spill-

2
way of rectangular cross section. Height of spillway, &, width, b. Ans. Q = 3 ubh+2gh.

81. Determine the discharge of water Q flowing from a side rectangular opening of
height a and width b, if the height of the open surface of the water above the lower side of
2bu~28 [

3

the opening is H. Ans. Q = H* - (H - a)"*].
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