IV. Indefinite integral

IV.1l. Antiderivative, indefinite integral

IV.1.1. Antiderivative. Let I be an interval with end points @, b (where a < b;
numbers a, b can also be infinite). A function F' is called an anfiderivative to
function f on interval I if

a) F'(z)= f(z) for all z € (a,b),
b) F'(a) = f(a) (if point a belongs to interval ),
¢) F.(b)= f(b) (if point b belongs to interval ).

IV.1.2. Remark. Instead of “F is an antiderivative to function f on interval I”,
we shall sometimes write only “F' = f in I".

Almost the whole part IV of this textbook deals with the question how to find
an antiderivative to a given function f. The antiderivative is important mainly
because it enables to evaluate a so called definite integral of function f. (See part
V.) Moreover, the solution of many differential equations also leads to the problem
of finding the antiderivative. (See section IV.7.)

To find an antiderivative to a given function f is an “inverse” problem to the
differentiation of function f. We already know that not every function has a deriva-
tive. Similarly, it is also not true that an antiderivative automatically exists to every
given function. The following theorem gives a sufficient condition for the existence
of an antiderivative to f on interval I.

IV.1.3. Theorem (on the existence of an antiderivative). If function f is -

continuous on interval I then there exists an antiderivative to f on I.

"IV.1.4. Remark. The other question is whether an antiderivative to function f
on interval I (if it exists) is unique. The following theorem says that it is not unique.
There exist infinitely many antiderivatives, but any two of them differ at most in an
additive constant.

IV.1.5. Theorem. a) If F' is an antiderivative to function f on interval I and
C is an arbitrary real constant then function G defined by the formula G(z) =
F(z) + C (for z € I') is also an antiderivative to function f on interval I.

b) If F and G are two antiderivatives to function f on interval I then there
exists C € R such that G(z) = F(z) + C forall z € 1.

Proof: a) If F'=f in I, thenalso G =(F+C) =F+C'=F'=fin L

b) ¥ F'=fin]and G'=finl then (G-F) =G -F =f-f=0
in I. Hence the function H = G — F has a zero derivative in interval I and so it is
a constant function in interval I. (See theorem IIL5.4, item e).) Thus, there exists
C € R such that H(z) = G(z) — F(z) = C for all £ € I. This means that
G(z) = F(z) + C forall z € I
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?V.I.B. Theorem. If F' and G are antiderivatives to functions f and g on
interval I, then F'+ G is an antiderivative to f +g on interval I.

‘ If F is an antiderivative to f on interval I and o is a real number, then - F
is an antiderivative to o+ f on interval I,

Proof: This follows immediately from theorem II1.4.9, parts a) and b).

IV.1.7. Indefinite integral. The indefinite integral of function f on interval I is
the set of all antiderivatives to function f on interval I. This set is denoted by

ff(m) dz, ze€l or briefly only /f(sc) dz, ff dz.

If F is an antiderivative to function f on interval I, then the set [ f(z) dz contains
only function F and all other functions that differ from F at most in an additive
constant on /. This can be expressed by the equation

ff(m)@:F(z)-}-C, rvel

The function f is called the integrand and the constant C is called the constant of
integration.

1t follows from the definition of the indefinite integral that the integral [ f(z) dz
in interval I exists if and only if function f has an antiderivative in interval I. Due
to theorem IV.1.3, the continuity of function f in I is a sufficient condition for the
existence,

IV.1.8, Theorem. If the indefinite integrals of functions f and g exist on interval
I and a € R then

(Iv.1.1) /[f{:c) + g{z)]| dz = ff(:z) dz + /g(:ﬂ) dz, zel

(IV.1.2) / afldis = f flies  sen

This theorem directly follows from theorem IV.1.6. Equality (IV.1.1) is in fact the
equality of sets of functions. It says:

a) An arbitrary function from the set on the left hand side, ie. from [[f(z) +
g(x)] dz, can be expressed as a sum of two functions from the sets on the right
hand side, ie. a function from the set [ f(z)dz and a function from the set
[ g(z)dz.

b) On the other hand, the sum of two arbitrary functions from the sets on the right
hand side, i.e. a function from [ f(z)dz and a function from [ g(«) dz, belongs
to the set on the left hand side, ie. to [[f(z) + g(z)] dz.

The precise sense of equality (IV.1.2) can be explained similarly.

IV.1.9, Corollary. Theorem IV.1.8 can be generalized: If functions fi, ..., fa
have indefinite integrals in interval T and ay, ..., &n are real numbers then

/[alfl(x)+...+anfn(:n)]d$ = o.q/fl(:c)dx+...+anff,.(w)dm, zel
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IV.1.10. Table of basic indefinite integrals. Basic formulas for'some ipd(.aﬁmte.
integrals can simply be obtained by “inverting” the formulas for differentiation of
elementary functions (see paragraphs II1.4.10 and 111.4.15). Eac'h of thes'e formulas
holds on an arbitrary interval I which is contained in the domain of the integrand.

. patl ;
a)fwa:C, b)/:n d:c=a+1+C (o —1),

c) fcasmda:=sin$+0, d) ]sirxmdz:—cosm+6’,

: : : #1—6 = —cot z + C,
e) fwdm=ta.nw+0, f) f(Sill .'1‘)2 T
1
g) ]————%.de:arcsinx+6', h) f1+a:2 dz = arctanz + C,
i) /amda:= =y & (a>0; a#1), i) fe“"‘da::e”+0,
Ina

k) ldx=1n|${+c‘
T

IV.1.11. Remark. It is not quite clear at first sight how formula k) followys
from the formula for differentiation of the function In =z (ie. _frlom formu'la f). in
paragraph IIL.4.15). |z| = = in the interval (0, +00), so the validity of k) is obvious

in this interval. However, since |z| = —z in the interval (—oo,0), we also have
1 1 , 1 1 .
e — g = —(-2) = —=-(-1) = = for z € (~00,0).
[ fal) = 1ol = 259 = 053 .

This confirms the validity of formula k) in the interval (—co,0), too.

TV.1.12. Remark. Using the formulas for derivatives of functions arc lsine and
arc cosine (from paragraph I11.4.15), we can also express the integrals from items g)
and h) in paragraph IV.1.10 as follows:

= —arccos v + C, h)* [ dz = —arccotz + C.

.———-1 _
g)* j P——14$2d$ e
This means that the difference [arcsin o — (— arccos «)] is a constant fuyction in the
interval (—1,+1) and similarly, the difference [arctanz — (—arccot z)] is a constant

function in the interval (—oo,+00).

IV.1.13. Remark. Integration is the name given to the procedure leading Fo an
antiderivative or to an indefinite integral of a given function f (which‘ is pra.c'tlcally
the same thing, since in order to write down an indefinite integral it is sufficient to
know any of the antiderivatives to f). '
While the differentiation of a given function can be more or less.well algorith-
mized (it usually suffices to choose and apply appropriate diﬁerenti:?.tmn forfnulas'),
this cannot be said of the integration. There exists no general algorithm \?’hlch will
always lead to a desired result and which will provide a rule for the integration of any
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function. Conversely, there exist a lot of relatively simple functions whose antideriva-
tives exist, but they cannot be expressed in a “closed form”, i.e. by a formula that
prescribes the performance of a finite number of operations and allows us to use only
elementary functions in them. (An example of such a function is f(z) = e~®" in the
interval (—o0,+00).) A large range of various methods have been developed which
enable us to find indefinite integrals for various classes of “similar” functions. This
was an object of interest of many mathematicians especially in the 18th and 19th
Centuries. Many of these methods are simple, while others are quite complicated,
involving many relatively artificial substitutions, etc, Nowadays, these complicated
procedures have rather lost their importance. This has been caused mainly by the
development of computers, which make it possible to compute so called definite inte-
grals and to solve differential equations (which are the fields where indefinite integrals
are mostly used) by various approximate methods. Nevertheless, this does not mean
that we can entirely rely on computers and need not learn to integrate at alll (Chil-
dren still learn — and will continue to learn — their multiplication tables, even though
computers can multiply numbers faster and more reliably.) This is why we show
several simple methods for integration in the rest of this chapter.

IV.1.14. Example. /(m“‘w 322 + dz — 1) dz = fm3 dx—3[m2 dz +
4]zdw—/1dmz%24—x3+2m2-z+6’.

The methed used in this example is called term by term integration or integration
by decomposition. The integrand was decomposed into the sum (or the difference) of
more simpler functions, each of which could be integrated individually. The correct-
ness of this approach follows from theorem IV.1.8 and from corollary IV.1.9.

Constants of integration need not be added separately to each indefinite integral
in the decomposition shown above. All such constants can be associated to one which
can be denoted e.g. by C and added at the end.

IV.2. Integration by parts

IV.2.1. Motivation. We have derived the rule for differentiation of a product of
two functions in paragraph I11.4.6. This rule can be symbolically written as follows:

(w-v) =uw-v+uv.

This implies: vy = (u-v) —u

IV.2.2. Theorem (on integration by parts). If functions v and v have
continuous derivatives on interval I then the following formula holds on I:

fu’(m) ‘v(z) do = ulz) - v(z) — /'u:(x) ' (z) da.

IV.2.3. Example. f:c-sin z2dz =*) —z-cos z — [(_cos z)dz = —z-cos z +
sinz+ C (forzelR).
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*) We have used: u'(z) =sinz, v(z) =z, u(z)= —cosz, 2'(z)=1

I1V.2.4. Example. f(m2—3z+1)-e”” do =*) (x2~3z+1)-em—f(2m—3)ve” dz =
™) = (¢ =3c+1—e® — (2z—3)-¢" + f‘Zuw dz = (z® -5z +6)-¢® + C (for
z € R).
*) We have used: u/(z) =e%, v(z)=2"-3z+1, u(z)=¢e% v'(r)=2z-23
**) We have used: u/(z) =e%, v(z) =223, u(z)=-e% v'(z)=2.

: 1
IV.2,5. Example. fln:c'd:c = /l-ln:}; dz =*) z-lnz — /m = de =
z-Inz — /ld:c =z:lnz—-z+C (forz>0).

*) We have used: u'(z) =1, v(z)=lngz, u(r)==z, v(c)=1/z.

1V.2.6. Example. /e”-sin zdr =*) e®sinz —fe”-cos zdz =*) ¢®sinz—
—e®.cosz + /e‘”- (—sinz)dz = e®-sinz — e®-cos ¢ — /em-sinxdm.

*) We have used:  o/(z) = €%, v(z)=sinz, u(z)=e% v'(z)=_cosuz.

**) We have used:  u/(z) =e®, wv(z)=cosz, u(z)=e% o'(zr)=—sinag.

If we denote the integral we wish to express by I, then the above computation gives:

I =¢%sinz —e®.cosz — I.

Thus, we obtain: T = _/e"’-sinm dz = 3[e”-sinz — e” -cosz] + C  (for
z € R).

1

1 1
* = Ve = A e —te e
IV.2.7.* Example. f(1+$2)n dz fl dz =%z 1+ z2)"

A+ a0
—fw-{a—gwrdm = ET‘;?E-EF -—/E-[WE;FT-ZI] de =

@ 1+ z? 1
= ——(1-{-972)“ -+ ZH‘/‘——-—WH dz — 2n[—————~(1+mz)n+1 daz.

1 (—n)- 2z

m, wlz) ==, v'(z)=

* . ! = — = m—
) We have used:  «/(z) =1, »(z) = T a0

Denote I, = ¥ dz.  Applying integration by parts, we obtain the
(]_ + xZ)n

equation

T = +2n-I, — 2n-Thy .

T
T +zo)n
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1 T n 2n—1
2n (1+ 33 2n

This leads to the formula Z,41 = T

Writing this for example with » = 1 and substituting for Z; from IV.1.9 L), we get:

1 =z 1 1 1 =z 1
Ty = = i de = = — fie o !
2 21-|-3:2+2f1+a:2 T 21+zz+2arctanm+0, z e R

IV.2.8. Problems. Find the integrals:
a) fx-e";da:, b) fa:-cos:.:dx, 9) fmz-coszdz,
d) fwz-]nxdx, e) f:n-arccota: dz, f) /e”-cosxdz.

Results: a) e (z—1)+ C (for z €R),

) z:sinz + cosz + C (for z € R),

) z?-sine + 2zcosz — 2sinz + C (forz € R),
d) 31z%[lnz - 1)+ C (forz>0),

) 3(@?+1)-arccotz + 1z + C (for z € R),

) 1e®(sinz + cosz) + € (for z € R).

IV.3. Integration by substitution

IV.3.1. Motivation. Analogously, as integration by parts represents the reverse
procedure to the differentiation of a product of two functions, integration by substi-
tution is a method which arose by inverting the Chain Rule (see theorem II1.4.14).

IV.3.2. Theorem. Suppose that function f(z) is continuous on interval I.
Suppose further that function = = g(t) is differentiable on interval J and it maps
J onto I. Then

(Iv.3.1) /f(ﬂ:) dz = ff{g(t)) gyt for zel, teld z=g(t).

Remark IV.3.3. The indefinite integral on the left hand side of (IV.3.1) is the
set of all primitive functions to function f(z) on interval I. Similarly, the indefinite
integral on the right hand side is the set of all primitive functions to function f(g(t))-
g'(t) on interval J, Thus, equality (IV.3.1) is the equality between two sets of
functions, It looks strange at the first sight, because the set on the left hand side
contains functions defined on interval I, while the set on the right hand side contains
functions defined on interval J. However, it is necessary to understand the equality
in such a way that if one replaces x by g(¢) in every function in the set on the left
hand side, then both sets coincide.

Formula (IV.3.1) can be used in two situations:

1) We wish to evaluate the integral on the right hand side and we transform it to
the integral on the left hand side. (This has a sense if the integral on the right
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hand side cannot be computed directly and the integral on the left hand side is
simpler.)

2) We wish to find the integral on the left hand side and we transform it to the
integral on the right hand side. (This has a sense if the integral on the right
hand side is simpler.)

We describe both possibilities in so called first and second substitution methods.

IV.3.4. The 1st method of substitution. Assume that all assumptions of
theorem IV.3.2 are fulfilled. Suppose that we wish to evaluate the integral [ f(g(t))-
g'(t) dt on the right hand side of (IV.3.1). We put g(t) ==z and ¢'(t)dt =dz. So
we obtain the integral appearinig on the left hand side of (IV.3.1). We evaluate this
integral (on mterval TI'). Finally, replacing 2 by g(t), we obtain the desired integral

Ja()-g'(t) dt.

IV.3.5, Example. Evaluate [ (sin ¢)3.cos tdt. Using the substitution sin ¢ =
and the equality (sin t)’ dt = costdt = dz, we obtain:

/(sint)3-costdt = /msdx =12+ C = lsint) + C.

The assumptions of theorem IV.3.2 are fulfilled, because the function g(¢) =sin t is
differentiable in J = (—oc,+00), maps this interval onto I =[~1,+1] and function
f(z) = z* is continuous on interval I.

IV.3.6. Remark. When we use the 1st method of substitution then the exact
specification of interval I which is the range of g|; is not necessary. In many cases,
it is easier to verify that g maps J into (and not necessarily onto) some interval
I' where f is continuous. Then f is also continuous in the interval I = R(gl|s),
because I C I'.

Thus, as a part of the verification of the assumptions of theorem IV.3.2 in ex-
ample IV.3.5, it is sufficient to find out that function g maps interval J into the
interval T = (—o0,+oc) where the function f(z) =z® is continuous.

IV.3.7. Remark. We can use various denotations for the variable in integration.
It is usually denoted by z, but this is not a rule. Thus, if we start with an integral
of the type [ f(g(x)) - ¢'(x) dz then the new variable can be denoted for example
by s. Using the substitution s = g(z), ds = ¢’(z) dz, we transform this integral to
J f(s) ds. Get used to various denotations of variables!

IV.3.8. The 2nd method of substitution. Suppose that the assumptions of
theorem IV.3.2 are fulfilled and mareover, function g is strictly monotone in interval
J. Assume that we wish to compute the integral [ f(z) dz in interval I. We put
z=g() and dz = g '(t) - dt. Thus, we transform the problem to the computation
of the integral [ f(g(¢)) g'(t) dt in interval J. We evaluate this integral, replace ¢
by g-1(z) and we obtain the expression of the original integral [ f(z) dz.

IV.3.9. Remark. The application of the 2nd method requires the inverse sub-
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stitution t = g_;(z) at the very end of the computation. The assumption about
the strict monotonicity of function g on interval J guarantees the existence of the
inverse function g_; to g.

1V.3.10. Example. Evaluate v9—1z? dz.  The integrand is defined and

continuous in the interval [ —3,3]. Hence we will evaluate the integral on this interval.
We use the substitution = g(t) = 3sint (for t € [—n/2,7/2]). Function g
is increasing (and therefore strictly monotone) on the interval [—=/2,7/2], it is

differentiable here and it maps this interval onto the interval [ -3, 3]. Thus, function

g satisfies the assumptions of the second substitution method. We also replace dz
by ¢'(t) dt, ie. by costdt in the integral. We obtain:

f\/g—zzdz = /\/Q—Qsinzt%costdt = Qf\/cos2t-costdt =
1 2t
= 9ch:ost|-costdt = %) Q/cosztdt = 9/+c+()dt =

sin (2t)
2

=*) 2larcsin(iz) + Lz /1-1a2] + C.

*) Function cosine is nonnegative in the interval [—n/2,7/2], hence |cos t| =
cos t for all ¢ from this interval.

**) For t € [-m/2,m/2], we have: £ = 3sint «= t = arcsin(}z).

9 9 .
=§[t+ ]+G—§[t+5mt~cost]+6'—

1 .
IV:3.11. Example. Evaluate the integral =2 dz.  The domain of the
function 1/(1 — z) is the union (—o0,1) U (1,400). The function 1/(1 — z) is
continuous on the two intervals (—oo,1) and (1,+cc), hence an antiderivative and
the indefinite integral exist on each of them.

We use the substitution z = 1 — u. Further, we replace dz by (1— u)‘ du =
—du. We obtain

[ . dz = —‘/‘ldu = —lnju+C = ~ln[l-u| +C.
l—z u

Verify for yourself that all assumptions of the 2nd method of substitution are fulfilled
here.

IV.3.12. Problems.

a) f L b) j‘ COS & 0 exp \/" a) / \/arctazw
Y1 — 2 (sin z)3 \/_ l1+x
Inz—-3 — 2 00

e) - dr ) ]e dz g)‘/m dz h) /(1—2::;)1O dx

Vi-z dz
k)/ T o l)f(l—l-zz)arctanm

) [ e B [
Vi-222 VEF1
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%

b

Results: a) =3(1-2%%3 + C (onintervals (—oo,-1), (~1,1), (1,+00)),
b) —1/(2sin®*z) + C (on each interval (km,/k+1)7), k being an integer),

c) 2exp /T + C (on (~o0,+00)), d) #(arctanz)®? + C (on (—oo,+00)),
e) 2vinz(lnz—9) + C (on (1,+00)), f) —e™® + C (on (—oo0,+0)),

g) arctan (e*) + C (on (—o0,+00)), h) =55 (1-22)1% 4+ C (on (—o0, +00)),

) arcsin (v3z) V3 + C (on (=1/v/3,1/v3)), i) ﬁ ln{—\/zm—“zzj:;i]
(on (~o0,400)), ¥) 2vI=3 + 1n‘-\/-_w~—"i:z:[ +C (on (~00,1)),

1) In |arctanz| + C' (on intervals (—oco,0) and (0, 4-00)).

IV.4. Integration of simple rational functions

IV.4.1. Rational function. A rational function is a function of the type P/Q,
where P and @Q are polynomials and the degree of polynomial @ is greater than or
equal to one.

IV.4.2. Remark. We are going to explain how it is possible to integrate rational
functions which have a polynomial of the degree at most three in the denominator.
The procedure of integration of other rational functions is similar, though it can be
technically more complicated. Example IV.6.6 involves the integration of a rational
function with a polynomial of the fourth degree in the denominator.

The basic idea is to write the rational function as a sum of terms, so called partial
fractions, each of which can be relatively simply integrated. The procedure starts
with the decomposition of the polynomial in the denominator (i.e. polynomial @) to
the product of factors, which are linear, in some cases also quadratic, polynomials.

Linear factors appearing in the decomposition have a close relation to the roots
of polynomial 3: @ contains the linear factor (z — ) if and only if o is the root
of Q.

A quadratic factor appears in the decomposition of @ only if it has no real
factors, i.e. if it has no real roots and its discriminant is negative — see cases [a) and
Ila) in the following paragraph.

IV.4.3. The decomposition of a polynomial of at most the third degree.
I) Suppose first that @ is a quadratic polynomial, i.e.
Qlz) = gz + 1z + ¢ {(where g0 #0).

There are three possibilities: d

Ia) @ has no real root and so it has no real linear factor.

Ib) @ has a unique (repeated) real root @ and it can be decomposed as follows:

Q) = a0 (z — )2,
Ie) @ has two distinct real roots @, 8 and it can be decomposed as follows:

Q@) = wle-a)(@-p)
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II) Suppose now that @ is a cubic polynomial, i.e.
Q) = qa* + qa® + o + g (where gg #0).
There are four possibilities:

ITa) @ has a unique single real root «. In this case @ can be written in the
form Q(z) = go(z - a)(2®+rz +s), where (z? 47z +5) is a quadratic
polynomial which is has no real factors (its discriminant is negative).

IIb) @ has a unique triple real root @. Then Q(z) = g0 (z — @)

Ilc) @ has a single real root @ and a double real root 5. Then @ can be
written as follows: Q(z) = go(z — @) (z — 5)°.

IId) @ has three distinct real roots @, 8, . Then
Q@) = go(z—0a)(z—p)(z-7).

Sketch for yourself the graph of polynomial @ in all the above cases!

IV.4.4. Example. Decompose the polynomial
Qz) = 223 — 42 — 20z — 50.

to the product of linear or quadratic factors (which are further irreducible in the real
domain).

First we need to find the real roots of this polynomial. There exist general
formulas (so called Cardan’s formulas) which enable us to express all the roots of
a cubic polynomial (see e.g. [Re]). However, these formulas are not simple and so
we try to find at least one root simply by guessing it. (School examples are usually
chosen so that cubic polynomials have at least one “nice” root — like 0, £1, £2, etc.,
and so you have a good chance to guess it.) Substituting successively the numbers
0,£1x2,... to Q, we find out that Q(5) = 0. Thus, @ =5 is the real root of Q.
Hence @ is divisible by the factor (z — 5). The division gives:

Q(z) : (z—5) = (22% ~ 422 =202 —50) : (z —5) = 2(a?+3z+5).

The discriminant of the quadratic polynomial z% 4+ 3z 4+ 5 is negative (it equals
—11), therefore the polynomial has only complex roots and it has no real linear
factors. Thus, the desired decomposition of polynomial @ is:

Q(z) = 2(z - 5) (* + 30+ 5),
This corresponds to case Ila) in the previous paragraph IV.4.3.

IV.4.5. The partial fraction decomposition of a rational function with a
quadratic polynomial in the denominator. Suppose that P is a polynomial of
the degree less than 2 (i.e. it is either a constant function or it is a linear polynomial).
Suppose further that polynomials P and @ are not divisible by the same linear
factor. (Otherwise the rational function P/Q could be cancelled by this linear factor
and the resulting function would be of another, simpler, type.) In this paragraph,
we show how it is possible to write P/Q in the form of a sum of simpler, so called

artial fractions. The form of the sum depends on the factors of . That is why we
successively discuss the cases Ia), Ib) and Ic) from paragraph IV.4.3 and we always
show the corresponding decomposition of the rational function P/Q.

/
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Ia) Pz) = 5 i In this case the rational function
Q=) Go” + 1 + g2 P(z)/Q(z) is already a partial fraction.
P(z) P(o) A By
Ib = - i
) Q@) T wG-aF " @-a) T G-aP
Ie) Plz) _ P(z) A B

Q@) wE-0)@-h  @-a)  @-8

There are several methods for calculating coefficients A; and Ap (respectively A
and B). One of them is shown in the following example.

1V.4.6. Example. Find the partial fraction decomposition of the rational function
Plz) = 2x-17
Q(z) z2 — 5z +6
Polynomial @ can be written as a product of two linear factors as follows: Q(z) =
22 -5z +6 = (z —2)(z — 3). Using formula Ic) from the preceding paragraph, we

can write:
P(z) _ 22 —7 _ A + B
Q(z) x?-86x+6 w-2 -3

The sum on the right hand side can be transformed to the common denominator:

A = B  A(®-3)+B(z—-2 _ (A+B)z—(34+2B)
-2 z-3 (z—2)(z-38) B (x—2)(z-3)

The last fraction is identical with P(z)/Q(z). Comparing the numerators, we obtain:

(A+B)z — (3A+2B) = 2z — 7. Two polynomials are equal if and only if all

their coefficients at the corresponding powers of the independent variable (ie. z)

are equal. In our case, the comparison of the coefficients yields:

A+ B =2, 34+ 2B = -T.
This is & system of two linear algebraic equations for two unknowns A and B.

Solving this system, we obtain: 4 =3, B = —1. Thus, the decomposition we wished
to find is:
22-7 3 1
22 —5z+6 -2 z-3
The method, explained in this example, is called “the method of undetermined
coefficients”. (The undetermined coefficients were A and B.)

IV.4.7. The partial fraction decomposition of a rational function with a
cubic polynomial in the denominator. Suppose that P is a polynomial of
the degree less than 3 (i.e. it is either a constant function or a linear polynomial or
a quadratic polynomial) and @ is a polynomial of the degree 3. Assume further
that polynomials P and ( have no common factor which could be used to cancel
the rational funetion P/Q. We show how it is possible to decompose P/Q to the
sum of partial fractions. The form of the partial fractions is closely related to the
decomposition of polynomial @, explained in paragraph IV.4.3. This is why we
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discuss all four cases Ila), IIb), IIc) and I1d) from paragraph IV.4.3 and we always
show the corresponding partial fraction decomposition of the rational function P/Q.

) 2O P(z) _ A Bz + C
Q(Z‘) 490 ($—CE) (IL‘2+7'_’E+3) - TrT—oQ $2+?‘I+8
P{m) _ P(:ﬂ') _ Al A A
™ @ = wE-aF " -a " G-aF * Goap
c P((.U) — P{:’J) _ A Bl B
") 2@ ~ wE-aE-PF ~7-a * -5 T G AP
my Iw . P(z) A B c

Q(z) wlz—a)(z-pB)(z-7) = o—a x-ﬁ+a:—’y

The coefficients A, B, C' (respectively A;, As, As, respectively A, By, By ) can
ioe evaluated similarly as in example IV.4.6 in particular cases. You can also see this
in the following example.

1V.4.8. Example. Decompose to the sum of partial fractions the rational function

P(z) 1022 + 4z
Q(z) 2z — 422 — 20z — 50

The decomposition of polynomial @ is: Q{z) = 2(z—5) (z?-+3z+5) (see example
IV .4.4). Using formula IIa) from the previous paragraph, we get:
P(z) 1022 + 4z A Bz + C

Q) ~ -4 -20z-50  7-5 D +3z+5

Transforming the sum on the right hand side to the same denominator and making
simple rearrangements, we obtain:
A Bz +C _ (A+B)a? + (3A—5B+C)z + (54 — 5C)
z—5  2243z+5 (z —5) (z* + 3z +5)

The last fraction is identical with P(z)/Q(z). The comparison of the numerators
gives: (A+B)z? + (34 —5B+C)z + (54— 5C) ="10z2 + 4a. If we further
compare the coefficients at the same powers of x, we obtain a system of three linear
algebraic equations for three unknowns A, B, C:

A+ B =5, 3A -8B +C =2, 54 — 5C = 0.
The system has a unique solution: A4 =3, B =2, C = 3. Thus, the desired
decomposition is:

1022 + 4z _ 2z + 3
223 — 422 - 20z —50 -5 + 22 +3z 45"

IV.4.9. The integration of a rational function. If we have to integrate a
rational function P/Q (where @ is at most a cubic polynomial), we follow these
steps:
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a) If the degree of P is greater than or equal to the degree of @ then we divide
P by Q. Suppose that the resulting polynomial is Py and the remainder is P.
Hence P/@ can be written in the form P, + Py/Q, where the degree of P, is
already less than the degree of (). The integration of polynomial P; is already
simple and the quotient P,/Q can be integrated in the way described in the
next item.

b) If the degree of P is less than the degree of @ then we decompose the rational
function P/Q to the sum of partial fractions and we integrate this sum “term
by term”. The integration of the two types of partial fractions is explained in
paragraphs IV.4.11 and 1V.4.12.

IV.4.10. Remark. Let us discuss in this paragraph a simple case when polynomial
@ in the denominator of the rational function P/Q is linear, i.e. its degree equals
1. If the degree of polynomial P equals zero (i.e. P is a constant) then the rational
function P/Q is already a partial fraction. If the degree of P is greater than zero,
then dividing P by @ we transform P/Q to the form Py + P2/Q), where P; is a
polynomial and Ps is a constant. P/@Q is a partial fraction. The integration of Py
is obvious and the integration of P»/@ is described in paragraph IV.4.11.

Thus, the case when the degree polynomial @ equals one is simple and therefore
we do not further pay more attention to this case.

IV.4.11. The integration of partial fractions of the type A/(z - a)".
compute the integrals of the type [A/(x — a)® dz, we can use the substitution
r—a=t le z=t+a. The above integral is thus transformed to the integral
J A/t™ dt, which can be evaluated by means of formula b) from paragraph IV.1.9 (for
n# 1) or by means of formula k) from the same paragraph (for n =1). Replacing
¢t by = — o in the result, we obtain the expression of the integral [ A/(z —a)" dz
on two intervals: (—oco,a) and (e, +00).

IV.4.12. The integration of partial fractions of the type (Bz+C)/(z®+rz+
). Suppose that the quadratic polynomial z2+rz+s cannot be decomposed in the
real domain (otherwise (Bz+C)/(z*+rz+3s) would not be a partial fraction). Bear
in mind that we can recognize this for example in such a way that the discriminant
of the polynomial z? + rz -+ s is negative. Before we explain the integration of a
general function (Bz+C)/(z%+rz+s), we will illustrate the procedure on a concrete

example. Since C already denotes one of the coefficients in the partial fraction, the’

constant of integration will be denoted by c.
/ 2z + 3 )f 2z + 3 B = 2r + 3 A e
x2+2a:+5 (e®+2c+1)+4 J (@+1)2+4

2u+1 2 [4v+1 20 1 1
ok i i . — =
= )fu2+4du ) 1 U2+1du f 2+1d + = f 2+1du

=+) In(v>+1) + Jarctanv + ¢ = W (3u?+1) + Jarctan(Fu) + ¢ =

=In[i(@@+1)?+1] + Larctan [1 (z—1)] + ¢
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*} We have completed x? + 2z to 2? 4+ 2z 4 1, which is a second power of
(z+1).
**) We have used the substitution £+ 1=, i.e. z=wu—1, and we have also
used the equality dr = du which follows from the substitution.
We have used the substitution u = 2v and the following equality du = 2dv.

*) We have used the fact that 2v = (v? + 1)/, which means that 2v/(v2 + 1)
is the logarithmic derivative of the function In (v? +1).

The partial fraction (2z+ 3)/(z* + 2z + 5) is a continuous function on the interval
(=00, 4+00), hence its antiderivative and the indefinite integral exist on this interval.

Let us now return to the general partial fraction (Bz + C)/(z®+ raz+ s). The
fraction can be written in the form

Bz + C 2z +r 1

224rz+s zl4rz+s 247+ 5’

The values of R and S can be specified by comparing the coefficients at the same
powers of z, similarly as the values of A, B and C in paragraph IV.4.8. The first
fraction on the right hand side is of the type f’/f and so its integral is:

2r+71
—————— dz = In |z* - ‘
f.?ﬂ—f-r:c-i—a r=1In|z"+ra+s| +e¢ (forze (—o0,+0c0))
(Hint: You can use the substitution u = z2 + rz + 5.) The second fraction can
be integrated in the way which was already explained on a concrete example in this
paragraph. We obtain:

d
f;—zm_ﬁ%-_l_—s dz = _\/E=D axctang\c/c;g +c¢  (for z € (—o0,+o0) ).

(We remind that the discriminant D = r? — 4s is supposed to be negative in this
paragraph.) You can either remember the procedure of integration (illustrated on
the concrete example) or the above final formula.

IV.4.13. Problems. Find the integrals a) f 1%;_% de,

T ad+1 Sz —4
b —
) fxs_ldx, _ c)j$3m$2d$’ d) f$3~x2—2$dm'

Results: a)gz—Lz?+la+ LInf2z+1|+c (for z € (~o0,—1) and

-1 1 2r+1
Iz 1| + —= arctanﬂ— +c (for £ € (—o0,1) and z € (1,+00) ),

Vei+ez+1 /3 V3
(-1,
|z

+c (for z € (—o0,—1), z € (~1,0), z € (0,2) and = € (2, +c0) ).

1
c) n:-f-*-%-ln ¢ (for z € (—00,0), z € (0,1) and z € (1,+00) ),
2\Z“2i

R PRSI
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IV.5. Integration of functions of the type sin™ z-cos™ z

IV.5.1. The integration of functions sin™ z - cos™z, where at least one of
the numbers m, n is odd. Let m, n be such integers that at least one of them
is odd. Suppose for example that m is odd. (If m is even and n is odd then the
procedure is analogous.) m can be expressed in the form m = 2k+1 where k is an
appropriate integer. Then the function sin" z - cos™ z can be written in the form:

sin”z-cos™z = sin"z-cos? 'y = sin"z- (cos?z)¥ cos T =

2 k

= sin"x - (1 —sin® z)* - cos z.

The integral / sin" z - cos™ z dz can be evaluated by means of the substitution

sinz =t:
fsin”m-cosm:cd:c = /sin”w-(l—sinzw)k-cosmdm = /t“-(l—tz)kdt.
IV.5.2. Example. fsin2z-cos5mdm = fsinzm~cos4z-cosmdm =
= /sinzz-(l—sinzz)z-coswdé = [sinzsc-(l—?,sinzx-l-sin"x)-cos:ndm =
= /sinzm-cosxdm - 2/31n4mvcosmdm + /sinsmocosmdas =
=" ft2dt~2ft4dt+ftﬁdt =1 -2+ W+ C =
O 2 1

= jsinz - Esinsm + 73'11175:' + C (for z € (—o0,+c0))

*) We have used the substitution sin z =t¢.
IV.5.3. Example. f - : do = ]sm_;c de = sz de =
sin z sin® 1—cos?x

N . S P T S L-_lfL _
=" [1—t2dt‘ ](1—t)(1+t)d£_ zfl—tdt 2 1+tdt"

=1iln[l+t|- i1+t +C = tlnfl-coszs| — fIn|l+cosa| + C =

1 5 1—cosa:|
T2 l+4cosz

(for = € (km,(k+ 1)m); k is an arbitrary integer)
*) We have used the substitution cos z = ¢.

IV.5.4. The integration of functions sin” z-cos™ z, where both the numbers
m, n are even. The integrand can be rewritten by means of the formulas
1 — cos(2z) s 1+ cos(2z)

cos™ x

. 2
sin‘x = =
2 ’ 2
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We also use the substitution 2z = ¢. Thus, we decompose the integrand to the sum of
functions “of type IV.5.1" (i.e. functions satisfying the assumptions from paragraph
IV.5.1) and functions “of type IV.5.4” (i.e. functions satisfying the assumptions from
this paragraph). The integration of the functions “of type IV.5.1” is already known.
The functions “of type [V.5.4” can be rewritten again by means of the above formulas.
We can continue doing this until all remaining functions are “of type IV.5.1".

IV.5.5. Example.

fsin"’xd:c _ /‘(1—0;&1(2:{:))2dm _ /1—2(;05(2:1;)—0052(21:) dr =

. 1—2cost—cost
= 4 /—uu»éL——dt = f%dt - f%costdt+ f%cos%dt:

; 1 1+ cos(2t) 1 f14cosu
= L1y _1lg = —**) 1 :
gt 4amt+8f 3 dt =*%) Et_%smt.i-g/Tdu

=gt—gsint+HutGgsinutC=3¢t—Lsint+Lt+Lsin(2)+C=

= 3z - 3sin(2) + Fsin(dz) + C (for z € R).

*) We have used the substitution ¢ = 2z.
**) We have used the substitution u = 21,

IV.5.6. Problems. Evaluate the integrals

3
a) fsin"’m de, b) fﬂosﬁivdms c) /C?Bzm da
sin’ z

Results: a) —coso+cosr— 2 cosz+ £ cos" 2+ C ) (for o € (—o0,+00) ),

b) %2+ isin(22)+ & sin(42) — & sin(62) + C (for z € (~o00, +00) ),

1
c) e sinz+C (for z € (kn, (k+ 1)n); k is an arbitrary integer).

IV.6. Integration of some other types of functions

IV.6.1. Rational function of two variables. We shall several times use the sym-
bol R(u,v) in this section. It will denote a so called rational function of two variables
u and v, i.e. a ratio of two polynomials P(u,v) and Q(u,v).

You will learn more about functions of several variables in the second term in
Mathematics. For our purposes, it will be sufficient to know that a polynomial of
two variables v and v is a sum of a finite number of terms, each of which has the
form ku™v" where k is & real constant and m, n are nonnegative integers.

Examples of rational functions of two variables are:
2u + 92 + 2 1 U —-v

u—1 ° by & 2+’ R{u,v) = u? + p?’

R(u,v) =
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IV.6.2.* Integrals of the type [ R(sin x, cos z) dz. Integrals of this type can
be transformed by means of the substitution

(1V.6.1) ¢ = tan (%‘)

to integrals of rational functions. Let us explain this in greater detail. Using the
known formulas for trigonometric functions, we obtain:

1 _ tan’(z/2)

c0s’(@/2) = T sin'(e/2) = 1-eo(e/2) = e

1-tan*(z/2)  1-#?
1+ tan?(z/2) ~ 1+t2’
s . 2tan (z/2) 2t
sinz = 2sin(x/2) cos(z/2) = T+ tan?(2/3) = g
Differentiating the equation tan (z/2) =t, we further get:
L
2 cos?(z/2) oe

cos z = cos*(z/2) — sin®{z/2) =

= dt, ie. 3[1+tan®(z/2)]ds = de.

Co 2 2
This implies: dz = T+t (2)9) dt = T dt
If we now replace sin#, cos z and dz in the integral [ R(sin 7, cos z) dz by
the above expressions, we obtain an integral of a rational function (of variable t).
Integrals of rational functions are dealt with in Section IV.4 in this text.

The substitution (IV.6.1) can be used only on an interval where the function
tan (z/2) is defined, i.e. on each interval (—m+2km, w4 2km), where % is an integer.
(Sometimes we evaluate the integral on an even smaller interval. This depends on a
concrete form of an integrated rational function.)

— si — 2 2
1 sinz :] 1-2t/(14t%) 2 & =

*
IV.6.3." Example. fl+cosaz TH (1 -2)/1+0) 1+8
1-2t+¢ 2t 9
= ] oo = - t =
f S dt /[1 1+t2]dt t - ln(1+4) +C
= tan(z/2) — In[1+ tan®(z/2)] + C.

The integrand is a continuous function on each of the intervals (—m+ 2k, 7+ 2km),
where k is an integer. Hence a primitive function and the indefinite integral exist
on each of these intervals. The intervals are identical with those where we can use
substitution (IV.6.1). Thus, the obtained expression of the integral is valid on each
of the intervals (—m -+ 2k, m + 2kn).

IV.6.4. Remark. Before starting to compute any integral which is not quite
simple, we recommend that you think at least a short while over the possibilities you
have and then to try to choose the simplest one. For instance, the integral

Cos T
—-—m%dz
1l-sinz
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is an integral “of type IV.6.2", so it can be evaluated by means of substitution
(IV.6.1). However, there also exists another substitution which is much simpler. Can
you discover it?

az+b
IV.6.5. Integrals of the type R(s:', = d) dz. Suppose that ad—bc# 0.
(This inequality guarantees that the linear polynomials az+ 5 and er+d have no
common factor. Otherwise the fraction (az + b)/(cz+d) could be cancelled by this
factor and the result would be a constant function.) We can use the substitution

ar+b
cx+d

This can be used to express z and dz. Substituting this to the integral we want to
compute, we obtain an integral of a rational function (of variable t). The procedure
is shown in example IV.6.6. Substitution (IV.6.2) can be used on each interval which
is a subset of the domain of the integrand. In addition to others, the following
inequality must hold on such an interval: (az + b)/(cz + d) > 0.

The integral [ R(z, vaz+b) dz is a special case of the above integral. (It
corresponds to the values ¢ = 0, d = 1.) To evaluate it, we can thus use the
substitution t = vaz +b.

IV.6.6. Example. Evaluate f o
T

(IvV.6.2) - t =

14z

The fraction under the square root must be nonnegative. Solving the inequality
(1-2)/(14z) > 0, we get the condition: z € (=1,1]. Mareover, there is also
a function 1/z, involved in the integral. This implies another condition: =z # 0.
Hence the integrand is defined on intervals (—1,0) and (0,1]. Since it is continuous
on each of these intervals, an antiderivative and the indefinite integral exist on each
of them. Using the substitution

-z 21 2 —1y/ 4t
i = —— i.e. = = - ——-) = - —
Viger M ° Pyl & (t2+1 B @z &

1 11—z t?+1 4t
s = = —_— =
we ge! fz 1+$d:c ft2—1t(t2+1)2dt
_f 442 4t o fdt el 8
-0+ +1) S -1 t+1 241
t—1 Vit —+/1— 1-z
=1n‘—|+2&rctant+0=11 ‘ 2 arct B
t+1 T rryics T oammy e #0

(for # € (—1,0) or for z € (0,1]). The rational function of the variable ¢, which
we obtained after the application of the substitution, contains the polynomial of
the fourth degree in the denominator. This goes beyond the scope of Section IV 4.
Nevertheless, its decomposition is quite analogous:

4¢? A B Cit+Cs

-G+ DE+D  t-1 i+l Texr

109




The coefficients A, B, C; and C2 can be evaluated by the same method as the
numbers A, B and C in paragraph IV.4.8. We obtain: A =1, B = -1, C; = (,
Cy =2,

IV.6.7.* Integrals of the type [ R(z, vaz? + bz + c) dw. We suppose that a #

0, otherwise the integral would be a special case of the integral solved in paragraph
IV.6.4. We shall distinguish between two cases:

a) 2 <0 Since the term under the square root must be nonnegative, the quadratic
polynomial ax?+ bz + ¢ must have two different real roots «, 8. Let us choose
their denotation in such a way that « < 8. Then az?+bdz+ec >0 for z € (e, f].
For those z € (@, B8], we can write:

Var? +bz+c= alz—a)z-pB) = vV-alz-a)(B-z) =
=v-a(z—a) ,B—:c.

r—

The integral of this function is the integral treated in paragraph IV.6.4. It can
be transformed to the integral of a rational function by means of the substitution
(Iv.6.2), i.e e

b= '
i -

b) a >0 In this case, we can use a so called Euler substitution

(Iv.6.3) Vezl+bz+c =t + Jaz.

Raising the two sides of the equality (IV.6.3) to the second power, we can express
z and dz. The Euler substitution transforms the integral we wish to evaluate
to an integral of a rational function of variable ¢t. The procedure is shown in
exarnple IV.6.8. The substitution (IV.6.3) can be used on each interval which is
a subset of the domain of the integrand.

dz
sk + 2z —

Since the quadratic polynomial x? 4+ 2z — 1 is under the square root in the
denominator, the inequality z? + 2z — 1 > 0 must be satisfied in the domain of the
integrand. Moreover, the integrand also contains = in the denominator. This gives
the condition z # 0. It can easily be verified that maximum intervals where the two
conditions are fulfilled are (—oco,~1—+/2) and (—1+ /2,+o00). The integrand is
continuous on each of them, hence a primitive function and the indefinite integral
also exist on each of them.

We use the substitution +/z2 + 2z — 1 = z+t. Raising it to the second power,
we obtain:

1V.6.8.* Example. Evaluate /

t?+1 —t2 4+ 2t +1
= — do = ————— di.
L= aa—y w 2112
Substituting this to the integral we wish to evaluate, we obtain:
- _42
[ dz dm:fz(l £) : 1 P2+l
zVz?+2r—1 R 4t 2(1-1t)®
2(1-1)
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2
By dt = 2arctant + C' = 2arctan (V22 +2z-1- :c) + C

(for z € (—o0,—1—v/2) or z € (~1 = V2, +00) ).

IV.7. Separable differential equations

Differential equations form an extensive part of mathematies, with a lot of appli-
cations in engineering, physics, chemistry and other scientific disciplines. We intro-
duce some basic notions and show the so called “method of separation of variables”
for the solution. Since the method is based mainly on integration, we present it as a
part of Chapter IV dealing with indefinite integrals, and we regard it as an illustrative
example of applications of theory of indefinite integrals.

You will learn more about differential equations in Mathematics III in your third
term of study.

IV.7.1. The differential equation of the 1st order. The equation
(Iv.7.1) F(z,y,y) = 0

is called the differential equation of the Ist order. The function y(z) is the unknown
in equation (IV.7.1).

A function of three variables z, y and y' appears on the right hand side of
equation (IV.7.1). As was mentioned in paragraph IV.6.1, you will learn more about
such functions in Mathematics II in the second term. In this section, it will be
sufficient for our purposes to regard F(z,y,y’) as an algebraic expression which can
contain both z, y and y'. The example is F(z,y,y) =y — 2y V22 — 1.

Equation (IV.7.1) is called “differential” because it contains not only the un-
known function y, but also its derivative. The denotation “of the 1st order” means
that the highest derivative of the unknown function appearing in the equation is the
derivative of the 1st order.

IV.7.2. A solution, a maximum solution. The solution of differential equation
(IV.7.1) in interval -I is a function y which satisfies equation (IV.7.1) at each point
of interval I. This means that if I is an interval with end points a, b (a < b,) then

a) y'(z) = f(z,y(z)) foral z € (a,b),
b) i (a) F(a,y(a)), if a belongs to interval I,
c) yo(b) = f(b,y(d)), if b belongs to interval I.
If y is a solution of differential equation (IV.7.1) in interval I, z is a solution of
the same equation in interval J, I C J, I # J and y(z) = 2(z) for all z € I, then

the solution z is called the extension of the solution y. A solution which cannot be
extended any more (i.e. no extension of it exists) is called the mazimum solulion.

IV.7.3. Example. The function
y(z) =251 (for z € (2, +00))

is a solution of the differential equation
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(Iv.7.2) y =

in interval (2,400). It is not a maximum solution, because the function

z(z) =2z -1 (for z € (1, +00) )
is the extension of the solution y. Function z is already the maximum solution,
because as a solution of equation (IV.7.2) it cannot be extended any more.

IV.7.5. Remark. Function z from the preceding example is not the only maximum
solution of equation (IV.7.2), It can easily be verified that if A is an arbitrary real
number then the functions

w(z) = 2m (for z € (A, +00)),
u(z) = —2vz—A  (forz e (4,+x))

are also the maximum solutions of (IV.7.2). Thus, equation (IV.7.2) has infinitely
many maximum solutions. (Sketch their graphs for yourself.)

Choose for instance o = 5 and look at the values of maximum solutions of
equation (IV.7.2) at this point. If A > 5 then point zp does not belong to the
domain of u and v. If A=4, A =3, etc., we obtain:

A=d4 .. uB)=2v5)=-2, " A=3 ... u’5) =2V2, v(5)=-2v2, et

We can see that we can distinguish between different maximum solutions by means
of their values at a chosen point zp. (This is not a general rule, but it is true in
the case of differential equation (IV.7.2).) When solving a differential equation, it is
therefore natural to seek for a solution which takes on a chosen (or a given) value yo
at a chosen (or a given) point zg.

IV.7.6. The Cauchy problem. The problem of finding a solution y of differential
equation (IV.7.1) which satisfies the condition y(zq) = yo is called the Cauchy
problem for differential equation (IV.7.1).

IV.7.7. Remark. The condition y(z) = yo is called the gnitiel condition for the
following reason: Differential equations can be used for modelling processes running
in time and then the independent variable z plays the role of time. Thus, we often
solve problems of the following type: What is the behavior of the process described
by equation (IV.7.1) at times z > o, if we know its state at an initial time instant
zo? Certainly, we can also ask what preceded the state at time g, i.e. we can study
the behavior of the process at times z < zy. However, problems of this type are not
very frequent (or were not so frequent in the past when the terminology was created).

IV.7.8. Separable differential equations, solution by separation of vari-
ables. In the rest of this chapter, we will deal with a special case of differential
equation (IV.7.1), i.e. the case when the right hand side is equal to the product of a
function depending only on z and a function depending only on y:

(IV.7.3) y' = glz)- h(y).

Differential equation (IV.7.3) is called a differential equation with separable variables
or shortly a separable differential equation.
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Assume that function g(x) is continuous on interval I and function A(y) is
continuous on interval J. Differential equation (IV.7.3) will be solved for z € I.

Denote by M a set of those points y* from interval J, where h(y*) = 0. We
can easily check (by the substitution to equation (IV.7.3)) that the constant function
defined by the equation y(z) = y* (for all z € I') is a solution of equation (IV.7.3)
on interval I. Thus, the computation of zero points of function A(y) in interval J
leads to constant solutions of equation (IV.7.3).

Suppose further that interval J was chosen so that it contains no zero points of
function h(y), i.e. h(y) # 0 for all y € J. Hence we can divide equation (IV.7.3)
by h(y). Moreover, we write the derivative g’ in the form dy/dz and we multiply
equation (IV.7.3) formally by dz. We obtain:

dy

") g(z) dz.
The left hand side of the above equation depends only on y and the right hand side
depends only on . Thus, we have separated the variables. This fact provided the
name for the whole method that we are just explaining: the method of separation of
variables. Further, we add signs of integrals in front of the left hand side as well as
in front of the right hand side and we compute the obtained integrals. If H(y) is a
primitive function to 1/h(y) on interval J and G(z) is a primitive function to g(z)
on interval I, then the evaluation of the indefinite integrals leads to the equation:

H({y) = G(z) + C.

(Constants which arise on both the sides can be coupled to one which can be written
for instance on the right hand side only.) The function H(y) is strictly monotone on
interval J because it has a continuous and non-zero derivative 1/h(y). Therefore
an inverse function to H(y) in interval J exists. Using the inverse function, we get:

(Iv.7.4) y = H_1(G(z) + C).

Function y is a solution of differential equation (IV.7.3) in each interval I; C I such
that G(z) + C belongs to the domain of function H_; for all z € I;.

The explained procedure is not quite correct from the formal point of view be-
cause we separate the “non-separable” symbol dy/dz denoting the derivative of
function y, we treat it as a fraction and we multiply equation (IV.7.3) by the “auxil-
iary” term dz. Nevertheless, this procedure leads to good results and you can easily

remember it.

Different constants C' in formula (IV.7.4) lead to different solutions of differen-
tial equation (IV.7.3). Although it does not hold generally, in many cases formula
(IV.7.4) involves all solutions of equation (IV.7.3) on interval I. (This means that
every solution of equation (IV.7.3) on interval I can be represented by formula
{IV.7.4) for some appropriate C' € IR.) For this reason it is often said that formula
(IV.7.4) represents a so called general solution of differential equation (IV.7.3) on
interval I. To distinguish between the general solution and a concrete solution (cor-
responding to a concrete value of the constant C in (IV.7.4)), the latter is called a
particulor solution.
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IV.7.9. Remark. Note that the problem of evaluating the indefinite integral
[ g{z) dz ininterval I can also be formulated as follows: Find all solutions of the
differential equation y' = g(z) on interval I.

IV.7.10. Example. Find a maximum solution of the Cauchy problem given by
the differential equation y’ = 5zy and by the initial condition y(0) = 2.

The right hand side is the product of the function g(z) = 5z and the function
h(y) = y. Both the functions are continuous on the interval (—co,+00). Solving the
equation h(y) = 0, we obtain the unique zero point of the function h(y): y* =0.
Thus the differential equation y’ = 5zy has only one constant solution: y(z) =0
which is defined in the whole interval I = (—o0,+oc).

The function h(y) is different from zero in the intervals Ji = (-00,0) and
J2 = (0,4+cc). We can therefore take y from J; or from J; and we can solve the
differential equation by separation of variables. We write the derivative y' in the
form dy/dz and we multiply the equation formally by dz. Further, we divide the
equation by y. This leads to an equation with separated variables » and y. Then
we add the signs of integrals. Successively, we obtain:

d—z’i=5$y, d—y=5wdw, f% =f5md:n.

dz i, Y
Evaluating the integrals on the left hand side and the right hand side of the equation,
we get:
Inly = 3% +C.
C can be written in the form In |K|, where K € R, K # 0. The last equation
s ] = exp (322 +1n |K|) = | K- exp(B2?)].
This yields: y = £K -exp($2?). Since K can take on positive as well as negative
values, the symbol £ can be omitted.

We have obtained the solution in the form y = K -exp (% 2?) under the as-
sumption that K # 0. However, for K =0 the formula gives the already discovered
zero solution. Thus, we can see that the condition K # 0 was connected only with
the method we used for solving the equation, but it need not be taken into account in
the final formula expressing the solution. Thus, the general solution of the differential
equation is:

y=K-exp(z?); KeRR

Now we use the general solution and we write it with the values = = 0 and
y = 2, following from the initial condition. We obtain: 2 = K. Substituting this
value of K back to the general solution, we obtain the desired solution of the Cauchy

problem:
y = 2 exp(3a?); z € (—00, +00).

IV.7.11. Remark. Differential equations we have to solve are rarely written in the
form (IV.7.3). For instance, equation zy' —y =0 does not have this form although
the equation can easily be transformed to the form (IV.7.3): 3" = y/z.

If we solve the equation 3’ = y/z by the separation of variables, we obtain the
general form of a maximum solution: y= K-z for # € (—o0,0) or for z € (0, +o0)
(K € R). The point # = 0 must be omitted because zero cannot appear in the
denominator of the fraction on the right hand side.
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Let us now return to the original equation zy'—y = 0. Here we have no reason
to exclude the point z = 0 from the domain of the solution and so the general form
of & maximum solution is y = K -z for z € (—oo, +00) (K € R).

You can derive the conclusion from the above example: If the differential equa-
tion does not have the form (IV.7.3) and you transform it to this form by means of
arithmetic operations, you must pay attention to the domain of the solution.

IV.7.12. Example. A body whose mass is m moves on a straight line. The
resistance of the environment is proportional to the speed of motion, the coefficient
of proportionality is k. Moreover, a constant force f, parallel with the motion, acts
onto the body. The known velocity at the time ¢ = 0 is vp. What is the velocity v(t)
of the motion at a general time t7

Solution: Let a(f) be the acceleration of the body. Second Newton’s law says that
(IV.7.5) ma(t) = F(t)

where F(t) is a total force acting on the body, parallel with the direction of the
motion, This force can be expressed: F(f) = f —kwv(t). (The term kv (t) must be
written with the “—” sign because the resistance, e.g. the friction, acts opposite the
direction of the motion.) )

You already know, e.g. from paragraphs II1.4.2 and II1.4.6, that the velocity
u(t) is the derivative of the position s(t). Analogously, the acceleration a(f) can be
defined to be the derivative of the velocity v(¢). If we denote the derivative with
respect to time, as it is usual in physics, by the dot, we can write: a(f) = ©(¢).
Substituting this and the expression of the force F(t) to equation (IV.7.5), we obtain
the differential equation

(IV.7.6) mu(t) = f —‘k v(t).

This is the differential equation with separable variables. You can easily verify that
the general solution is

(v.7.7) o{t) = % - %e—kt/m.

Using the formula (IV.7.7) with the concrete values t = 0 and v(0) = vg, we can
obtain the equation which enables to evaluate C: C = f — kvg. Substituting this
C back to the general solution (IV.7.7), we get the desired particular solution:

u(t) = % + (vu - %) e—kt/m_

IV.7.13. Problems. Find maximum solutions of the Cauchy problems:
a) @’y +y7=0, y(-1) =1 b) va=y, ¥4 =1
¢ ¥=Qu+1)cotz, y(r/4) =14 d) ¢’ =a®+3sin®zwcosz, y(0)=2

Results: a) y=-—3z for x € (~o0,+c0)

b) y=-exp(y/z-2) for z € (0,+00)

¢) y=2sin®z—1 for z€(0,7)

d) y=1%o%+1sin®2+2 for 2 € (—00,+00). (The variables are already separated
in the given equation. Thus, in order to solve it, you only need to integrate it.)
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V. Definite (Riemann’s) integral

V.1. Historical approach

V.1.1. Motivation, introduction. Imagine that f is a continuous non-negative
function in a closed interval [a,d]. We want to evaluate the area of region R which
is bounded by the graph of function f, by the z—axis and by the straight lines z = a
and z = b. (See Fig. 24.)

If function f is non-negative and constant in the whole interval [a, b], taking the
value h, then the problem is simple. Region R is a rectangle whose sides have the
lengths b — a and h. The area of such a rectangle is s(R) = (b—a)-h.

Similarly, if function f is non-negative and linear (i.e. f: y = kz + ¢) in the
interval [, b] then the problem is also simple. Region R is a trapezoid whose base
has the length b — a and the two vertical sides have the lengths ka + g and kb + q.
Sketch a picture and evaluate the area of R for yourself.

V.1.2. Historical introduction of the definite integral. The general problem
is more complicated and it was solved in the 17th century by Isaac Newton (1642-
1727) and Gottfried Wilhelm Leibniz (1646-1716). Their fundamental idea was to
divide the interval [a, b] into infinitely many “infinitely short” sub-intervals. A typical
sub-interval has the end points z and z+dz where z € [a,b) and dz is an “infinitely
small” positive number. The region, bounded above by the graph of function f on
the interval [,z + dz| and bounded below by the segment which coincides with
this interval on the z—axis, is “infinitely narrow” and function f can therefore be
considered to be constant, taking the value f(z), on the whole interval [z, z + dz].
Thus, the region is an “infinitely narrow” rectangle whose sides have the lengths dz
and f(z). Its area is ds = f(x) dw.

I
|
|
|
3
1
|
|

a z z+dz b
Fig. 24
The area of the whole region R equals the sum of all “infinitely small” numbers ds.

The sum was originally denoted by S, however this letter was later stretched and
replaced by the sign of integral [. The area of region R can be written as follows:

(V.1.1) s(R) = jj ds = f: f(z) dz.
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The expression on the right hand side is called the definite integral of function f on
the interval [a,b] and the numbers a and b are called the limits of the integral: a is
the lower limit and b is the upper Hmait.

The formulas for the area of a square, a rectangle, a trapezoid, a parallelogram,
a disc, etc., are well known. However, an analogous simple formula, expressing the
area of a general region of type R (see Fig. 24) does not exist. We must therefore
understand formula (V.1.1) so that it defines the area of region R and not only tells
us how to evaluate something that we have already defined in another way.

The definite integral also has a sense for functions whose values at some (or at
all) points are negative. However, the integral expresses the area between the graph
of function f and the z-axis with the minus sign on those intervals where f is
negative.

V.1.3. A remark on the physical sense of the definite integral. Many
physical problems naturally also lead to the definite integral. For instance, imagine
that a bar covers the interval [a, b] on the z—axis. The longitudinal density of the bar
is p. (The longitudinal density expresses the mass per unit of length. It is given in
kgm™!.) p can vary along the bar, e.g. due to the variable intersection of the bar or
because the material the bar is made of varies. Thus, p is generally a function of z.
We wish to express the total mass of the bar.

As in paragraph V.1.2, we divide the interval [a, b] into infinitely many “infinitely
small” parts. A typical part is the interval [z, z+dz]. Since this interval is “infinitely
short”, the density p can be considered to be constant and equal to p(z) on the whole
interval [z,z+dz]. Then the mass of the part of the bar which covers this interval is
dm = p(z) dz. The total mass of the bar is the sum of all masses dm of all “infinitely
short” parts of the bar whose length is da:

(V.1.2) = f " am = / ’ @) da.

V.1.4. A remark on the introduction of the definite integral. The concep-
tion of the definite integral described in the preceding paragraphs is not sufficiently
rigorous and clear from the today’s point of view. The main reason is that it uses
the notion of an “infinitely small”, but at the same time positive, number dz. In
fact, such a number does not exist. (Assume for a while that dz with the required
properties exists. What value it can have? For example, dz = 10727 Definitely not,
because 10~2 is positive and less. Or dz = 10~%? But 107 is also positive and less
than 1075, You can see that the idea of an infinitely small positive number always
leads to a contradiction.) The next reason why the introduction of the definite inte-
gral from paragraph V.1.2 is not quite correct is that it does not explain what one
can understand under the “sum of infinitely many infinitely small numbers”.
Thus, in order to give a correct sense to the definite integral, it is necessary

a) to write a rigorous definition,

b) to derive main properties of the integral (to specify for which functions its con-
struction works; in other words: for which functions the integral exists, etc.)

¢) and the last but not least question is how the velue of the integral can be eveluated.
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V.1.5. The definite integral as a function of the upper limit, the Newton—
Leibniz formula. Answers to the above questions were paradoxically found in
the reverse order. Newton and Leibniz were again the first to recognize that the
evaluation of the area of the region between the graph of function f and the z-axis
is an inverse problem to the differentiation:

Let f be a continuous function in [a,b] and & € [a,b]. Denote by A(z) the area of
the region between the graph of function f and the z-axis on the interval [a,z], i.e.

(V.1.3) Alz) = j " 1) a.

Then, and this is very important, the derivative of A equals f in [a,b]. Thus, A is an
antiderivative to f in [a, b]! Moreover, it follows directly from (V.1.3) that A(a) =0

and A(b) = fah f(z)dz. Hence we obtain the formula

b
(V.1.4) f )l = ALB) = Ala),

Formula (V.1.4) is known as the Newton-Leibniz formula. If we take into account
that any other antiderivative F' to.f on [a,b] has a form F = A + C where C' is a
constant then we can easily verify that F(b) — F(a) = A(b) — A(a). This says that
formula (V.1.4) remains valid even if the right hand side equals F(b) — F(a) where F'
is an arbitrary antiderivative to f on [a, b] and not only that particular one which was
defined by (V.1.3). We shall again deal with the Newton—Leibniz formula in greater
detail in Section V 4.

V.1.6. Linearity of the definite integral. It is natural to expect from the way
in which the definite integral was introduced (we avoid the word “defined”, because
no precige definition has been shown yet) that apart from other things, it will have
the following properties:

b b b
L [1f@+s@le = [ f@) o+ [ o) ds,
2. /bc-f(z) dz = ¢ /bf(z) dz (if ¢ is a constant) and

b c b
3. f flz)dz = f flz)dz + f f(z)dz (if c € [a, b]).
a a c
We shall discuss these and other properties in greater detail in Section V.3.

V.1.7. Who invented calculus? Though calculus is the result of a long develop-
ment that began already in ancient Greece, and many scientists had worked on finding
tangents or calculating areas (let us mention e.g. P. Fermat 1601-1665, R. Descartes
15961650 and B. Cavalieri 1598-1647), 1. Newton (1642-1727) and G. W. Leibniz
(1646-1716) were probably the first who recognized that the processes of differentia-
tion (i.e. calculation of the slope of the tangent) and integration (i.e. evaluation of the
area) are mutually inverse. However, since they lived at the same time, the question
of priority led to bitter controversies. Newton probably arrived at his results earlier,
but Leibniz published his conception first. Leibniz was accused of copying Newton's
work, and this led to a split in the mathematical world for more than 150 years.

118

While Newton’s disciples, mostly British, pursued his approach, Leibniz’s followers,
mostly Germans and French, were developing his methods. Due to Leibniz’s precise
notation and rigorous formalism, their contribution to the further development of
calculus and its applications was perhaps greater than that of their British counter-
parts. Today’s historians and mathematicians agree with the opinion that Newton’s
and Leibniz’s inventions were simultaneous but independent.

V.1.8. A remark on definitions of the definite integral. The introduc-
tion of the definite integral on the intuitive level, explained in paragraph V.1.2, was
considered to be relatively satisfactory for a certain time. However, the increasing
importance of calculus and the range of its applications in physics and other dis-
ciplines required a correct and rigorous definition of the definite integral. Let us
mention three such definitions that have appeared during the last several centuries.

The first definition is due to Newton. Newton took formula (V.1.4) as a base
and suggested that the definite integral of function f on the interval [a, b would
be understood to be the difference F(b) — F(a), where F' is an antiderivative to f
on [a,b]. However, this definition rather hazes the original geometric and physical
problems which had initially motivated the introduction of the definite integral.

A further definition which was very successful was given by George Riemann
(1822-1866). We shall explain this definition in section V.2, The definite integral
defined in the way proposed by Riemann is usually called the Riemann integral. We
shall deal only with this type of definite integral in this textbook.

Today’s applied mathematics mostly uses the so called Lebesgue definite integral.
This integral represents a generalization of the Riemann integral, however its theory
requires a longer explication and goes beyond the scope of this text.

Although we have explained that the notion of an infinitely small positive number
dz does not coincide with today’s conception of real numbers, we are not going to
release this notion completely. By analogy with our derivation of the formula for
the mass of an inhomogeneous bar in paragraph V.1.3, we can further follow the
same approach and derive, e.g., the formulas for the length of the graph of a function
y = f(z), for the position of the center of mass or for the static moment of a mass
curve, etc. These applications of the definite integral will be shown in Section V.7.

V.2. Definition of the Riemann integral

Suppose that
a) [a,b] is a closed, bounded and non-empty interval,
b) f is a bounded function in the interval [a,d].

You will see in this section that the definition of the Riemann integral of function
f on the interval [a, b] is based on the partition of [a, §] to many smaller sub-intervals,
on the construction of a Riemann sum which is an approximation of the area of the
region R between the graph of function f, the z—axis and the straight lines z = a
and z = b and finally on the consideration of the limit of the sum as the partition of
[a, b] becomes finer and finer.
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V.2.1. The partition of an interval. Let a < b. A system of points %o, %1, ...,
¢, in the interval [a,b] such that a =2y < 21 <... < @n = b is called the partition
of [a, b]. If the partition is named P then we write:

(V.2.1) P: a=50<21< ... <Tp-1<2p =0

The norm of partition P is the number ||P| = maxi=1,.n (%5 — Zi-1). (In other
words, |P|| is the length of the largest of the sub—intervals [0, z1), [Ty ma)y -0y
[Zn_1,2n). ||P|| provides information on how fine the partition P is.)

V.2.2. Riemann’s sum and its limit. Suppose that f is a bounded function in
the interval [a,b] and P is a partition of [a,b] given by (V.2.1). Denote by Axz; the
length of the i-th sub-interval [z;_1,z]. (Le. Az; =z — Ti1.)

Let us choose a point ¢; in each of the intervals [z;_1,2;]. Denote by V the
system of all chosen points {1 € [zo,@1], €2 € [v1,23], ...y (n € [Zn-1,2n].

Then the sum

n
s(f,PV) = Z f(G) - A
J i=1
is called Riemann’s sum of function.f on the interval [a, b] associated with partition
P and system V. :
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Fig. 25

We say that number $ is a limdt of Riemann’s sums s(f, P,V) as |P|| = 0+ if
to each € > 0 there exists § > 0 such that for all partitions P of [a,b] and for all
systems V of the points (; € [z;_1, %;] the implication

IPl <6 = |s(f,P,V)-5|<e

holds. We write:

i PV) = 8.
(V.2.2) LlPll}Elﬁ+ s(f,P,V)

V.2.3. The Riemann integral. If the limit (V.2.2) exists then function f_is sald
to be integrable in the interval [a, b] and the number S is called the Riemann integral
of function f in [a,b]. The integral is denoted
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‘/ﬂ‘b flz)dz or /:f da.

Numbers a and b are called the limits of the integral. a is the lower limit and b is
the upper limit. The integrated function is called the integrand.

Instead of saying that function f is integrable in [a, )], we can also say that the
) . b ;
Riemann integral [ f(z)dz exists,

The Riemann integral is often called the definite integral. (We know from para-
graph V.1.8 that there exist several types of definite integrals. However, this cannot
lead to & misunderstanding because the only type of definite integral we deal with in
this text is the Riemann integral.)

The variable in the Riemann integral can also be denoted by other letters than
z and so the integral can be written down as f;’f(t) dt, f: f(s)ds ete.

V.2.4, The area of the region between the graph of function f and the
z—axis. If f is a non—negative integrable function in the interval [a,b] then the
area of region R that is bounded by the graph of f, the z—axis and the straight lines
z=a and z = b is defined to be the value of the integral f;f(a:) dz.

By analogy, if function f is non—positive and integrable in [a, b] then the area of
region R between the graph of f, the z-axis and the straight linesz =g and z =
is defined to be equal to — f‘f f(z)daz.

Think for yourself over this fact: In a general case when f is an integrable
function in [a,b] which can be positive as well as negative, the integral f: flz)dz
is equal to the sum of the areas of all parts of the plane between the graph of f and
the z-axis where the contributions of the parts below the z—axis are taken with the
minus sign. (Sketch a picture.)

V.2.5. The extension of the definition of the Riemann integral. If f is an
integrable function in the interval [a,b] then we put

/:f(z) dz:—/:f(m) dz.

“

Specially, we also put f flz)dz=0.

V.2.6. The mean value of function f in the interval [a,0]. Suppose that f is
an integrable function in the interval [a, b]. Then the number

b
b= ﬁ/@f(w)dw

is said to be the mean value of function f in the interval [a, b].

The geometric interpretation of the mean value is easy: Suppose for simplicity
that function f is non—negative in [a,b). Then the mean value of f in [a,b] is such
a number p that region R between the graph of f, the z—axis and the straight lines

z = a¢ and £ = b has the same area as the rectangle whose sides are b — a and p.
(Sketch a picture.)
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V.3. Important properties of the Riemann integral

Let us have in mind that the Riemann integral has been constructed from the
beginning only for bounded functions and on a bounded interval [a, b].

Most of the bounded functions you will meet in applications will be integrable.
Nevertheless, there also exist “bad” functions for which the limit of the Riemann
sums (V.2.2) in the interval [a,] does not exist. Such functions are not integrable in
[@, ], which means that their Riemann integral in [a, ] does not exist. The border
between integrable and non-integrable functions is, in general, not easy to describe.
In order to have a tool which can enable us to recognize some integrable functions, we
show in the next theorem and in remark V.3.2 sufficient conditions which guarantee
the integrability of a function f in [a,b].

Bear in mind that that the statements “function f is integrable in the interval
[a,b]" and “the Riemann integral f: f(z)dz exists” say exactly the same.

V.3.1. Theorem (on the existence of the Riemann integral). Let function
f be continuous in the interval (a,b). Then f is integrable in [a, b].

V.3.2. Remark. Theorem V.3.1 is satisfactory in most practical cases. However,
its generalization is also sometimes useful:

Let function f be bounded and piecewise continuous in the interval [a,b]. Then f is
integrable in [a, b].

(Function f is said to be piecewise continuous in the interval [a,b] if la,b] can be
divided into a finite number of sub—intervals such that f is continuous in the interior
of each of them.)

V.3.3. Theorem. a) Iffunction f is integrable in the interval [a, b] and [c, d] C [a, b]
then f is integrable in the interval [c,d), too.

b) If functions f and g are both integrable in the interval [a,b] then their product
f g is also an integrable function in [, b].

¢) If f is an integrable function in the interval [a,b] and a function g differs from f
in [a, b] only at a finite number of points then g is also an integrable function in

e f: g(z)dz = [abf(m) dz.

Assertion a) easily follows from the definition of the Riemann integral.

Assertion b) represents & statement about the integrability of the product of
the two functions f and g. However, bear in mind that this does not mean that
J2f-gde = (J; dz) - (J; gda)!

Assertion ¢) states that the change of function values of function f at a finite
number of points has no influence on the existence or on the value of the integral
f : fdz. Inother words: Neither the existence nor the value of the integral ff fdz

depends on the values of f at a finite number of points. Thus, function f need not

even be defined at a finite number of points of the interval [a,b] and this has no
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influence on the existence or on the value of the integral j: fdz. In particular, it
plays no role whether the integral is considered on an open or on a closed interval.

V.3.4. Upper and lower bounds of the Riemann integral. It can easily be
deduced from the definition of the Riemann integral and its geometric interpretation
(see paragraph V.2.4) that if function f, integrable in [a, b], satisfies

m < f(z) < M for all z € [a,b],
then m-(bma)Sfbf(a:)deM-(b—a).

Since this holds with an arbitrary lower bound m and an arbitrary upper bound
M of function f on [a,b], we can replace m by the greatest lower bound (i.e. by
infyefey f(2)) and M by the least upper bound (i.e. by sup,jqy f(z)) and the
inequality still holds.

In particular, if £ has its minimum and maximum in the interval [a, b] then
b
(V.3.1) min f(z) - (b—a) < f flz)dz < max_ f(z) - (b—a).
z€E[a,b) a z€[a,b)

The next theorem also easily follows from the definition of the Riemann integral
and its geometric sense.

V.3.5. Theorem. If functions f and g are both integrable in [a,b] and g(z) £ f(z)
for all = € [a,b] then

b b
/ glz)dz < / flz) de.
a a
b
Particularly, if f(z) > 0 for all z € [a,b] then f fz)dz > 0.

The next theorem confirms the validity of the formulas from paragraph V.1.6.

V.3.6. Theorem. (Linearity of the Riemann integral.) If f and g are
integrable functions in [a,b] and & € R. then

f:[f(x)%—g(m)] dz = ]jf(x)dm+/:g(m) dz and f:_::u - =) dz:af:f(m) dz.

(The same property is already known from the theory of the indefinite integral — see
theorem IV.1.8.)

V.3.7. Theorem. (Additivity of the Riemann integral with respect to the
interval.) If the integrals [  fdz and [ cb fdx exist then

/:f(z) dm-}«fcbf(a:) da = f:f(:n) dz.

V.3.8. Theorem. (The Riemann integral as a function of the upper limit.)
Suppose that function f is integrable in the interval [a,b]. Then

a) the function A(z) = [T f(t) dt is continuous in [a,b],
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b) the identity

(V.3.2) Al = %/wm) dt = f()

holds at all points = € (a,b) where function f is continuous.

The correctness of assertion a) follows (at least intuitively) from the geometric
sense of the Riemann integral (see paragraph V.2.4). Try to sketch a picture and
think it over.

Formula (V.3.2) can be proved in this way:

=3 T+h T
a(e)= i AEED A0 gy 2| [T - [ pen a -

. [ e .
= Jim & ] f() dt = lim u(h)

where (k) is the mean value of function f in the interval with the end points & and
© + h. The continuity of function f at point z and (V.3.1) imply that u(h) — f(z)
for h — 0. So we obtain (V.3.2).

V.3.9. Remark. We can deduce from theorem V.3.8 that if function f is continuous
in the interval I and a € I then A(z) = [ f(t) dt is an antiderivative to f in I.

V.3.10. Remark. The following generalization of part b) of theorem V.3.8 is often
useful in applications of the definite integral:

If function f is continuous in interval I and a(z), b(z) are differentiable functions in
interval J such that their values belong to the interval I then

4 b= '
E/.l(r,) ft) dt = f(b(z)) V'(z) - fla(z))-a'(z) forzel.

V.3.11. Problems. Do the following Riemann integrals exist?

1 ek lnz flsinx
w AT —d
a) Lz$2_z_6dm b) f c) A

& 1oyl
-z —= _d f ———d
d} >/—l ) de e) ]_2'5 In ($ -+ 3) . ) [_2 3 — 252 +a A

Results: a)no, b)yes, c)yes, d)yes, e)no, f)yes

V.3.12. Problems. Find @'(z) if function G is defined by the following integrals.

sin ¢

X G(Z)_jfcos(tz) dt; 2>0  b) G(:c)=/D == a

0
c) G(m)=fm V14t de

3

d) G(z):/ Intdt; >0
m?

sz cos 1/z? sm?z
2\/_ —+(for:c>0) b) 2 =

d) (922 —4z) Inz (for z > 0).

Results: a) G’()—
¢) —v1+a4,
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V.4. Evaluation of the Riemann integral

We arrive at an important point in the theory of the Riemann integral which is
the question of its evaluation. The next theorem is often called, due to its importance,
the Fundamental Theorem of Integral Calculus.

V.4.1. Theorem. If f is a continuous function in interval [a,b] and F is an
antiderivative to f in [a, b] then

(V.4.1) f f)dz = F(b) - Fla).

Formula (V.4.1) is called the Newton-Leibniz formula. The difference F(b) —
F(a) is usually written down in a shorter way: F(b) — F( =[F)b.

The proof of theorem V.4.1 is easy: Function A(z f f(t)dt is an an-
tiderivative to f in [a, ], too. Two antiderivatives can dlﬂ'er at most by an additive
constant (theorem IV.1.5). Hence there exists a constant C such that F =G +C
in [a,b]. This means that F(a) = A(a) +C = (because A(a) = 0) and
F(b) = A(b) + C = A(b) + F{a). This implies: fabf(t)dt = A(b) = F(b) — F(a).

The Newton-Leibniz formula connects the definite integral with the indefinite
integral: If you know the indefinite integral of function f in the interval [a, b] then
you know all antiderivatives to f in [a, b]. You can therefore choose any of them, use
it in the Newton-Leibniz formula and you obtain the value of the definite integral of
function f in [a,b]. The fact that the indefinite integral and the antiderivative play
such an important role in the evaluation of the definite integral is one of the main
reasons why you learned to calculate indefinite integrals in Chapter IV.

We have already several times repeated that all antiderivatives to f in [a, b] differ
at most by an additive constant. Thus, if you choose for instance the antiderivative
F +¢ (where ¢ is a constant) instead of F and use it in the Newton-Leibniz formula,
you obtain

fbf(m) dr = [F+¢ = (F(b)+c) - (F(a)+¢) = F(b) - F(a).

The result is the same as in (V.4.1). This confirms that you can indeed use an
arbitrary antiderivative to f in order to evaluate the defihite integral f: fdz.

™
V.4.2. Example. / sinzdz = [—cos z]§ = (—cos m) — (—cos 0) = 2.
0

The next two theorems show that the two methods of integration, by parts and
by substitution, known from the theory of the indefinite integral, can also be directly
applied to the definite integral.

V.4.3. Theorem. (Integration by parts.) Suppose that functions u and v have
continuous derivatives in the interval [a,b]. Then

b b
(V.4.2) f vovds = [uow]) - f u- v dz.
a a
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2 2
V.4.4. Example. /Oez‘"'-mdzz ) [%ezm-w]ﬁ—/(; 1e?*dr =

= Lok 1.0, 1.26712 _ 4_ 1.4, 1,0 _ 3.4 i
=3¢ Q—EE 0*—[46 }U—E-‘Ee +4ewze +Z‘

*) We have put u'(z) = e, u(z) = €%, v(z) = ¢ and v'(z) = 1.

V.4.5. Theorem. (Integration by substitution.) Let function g have a con-
tinuous derivative in the interval [a, b] and map [a, b] into an interval J. Let function
f be continuous in J. Then

, g(b)
(V.4.3) / Flo(@) ¢'() dz = f s} s,
g(e)

Formula (V.4.3) can be used in two ways:
a) We want to evaluate the integral on the left hand side and we transform it to the
integral on the right hand side (if the integral on the right hand side is simpler)
or -
b) we want to evaluate the integral on the right hand side and we transform it to

the integral on the left hand side (if the integral on the left hand side is simpler).

V.4.6. Example. Evaluate the inteéra.l [ sin? ¢ - cos z dz.
0

If we put [a,b] = [0,7/2], s = g(z) = sinz, f(s) = % J = (~00,+00) then all
the assumptions of theorem V.4.5 are fulfilled. Moreover, g(0) =sin 0 =0 and
g(m/2) =sin(r/2) = 1. Applying formula (V.4.3), we obtain:

1

w2 i
f sin2z-cosmdx=f g?ds = [$4%], = 3.
0 0

2
V.4.7. Example. Evaluate the integral / V4 —z? dz.

This integral can be considered to be the integral on the right hand side of (V.4.3)
(with the variable denoted by z instead of s). The function flz) = vd—2z2 is
continuous in [0, 2], hence the integral exists. Put z = g(t) = 2 sin t, dz = ¢'(t) dt =

2 cos t dt. Then g(a) = 2 sin o = 0 and g(b) = 2 sin b= 2. We can therefore choose
a=0and b= /2. All the assumptions of theorem V.4.5 are now fulfilled and so,
applying formula (V.4.3), we get:

2 /2 )
f Via—z2dr = V4 —4gn’t 2costdt = f 4 cos’tdt =
0

1r/2
=f 2 (14 cos 2t) dt = [2t+sin 2[5 ™ = .
0

V.4.8. Remark. If you need to evaluate the Riemann integral of function fin
the interval [a, b] and you consider applying integration by parts or by a substitution
then you have two possibilities:

1) You can use theorem V.4.3 or theorem V.4.5. Thus, you transform the integral
to another (simpler) integral and you also deal with the limits of the integral.
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This approach was explained in examples V.4.5, V.4.6 a V.4.7.

2) You can first calculate the integral as an indefinite integral and then you can
apply the Newton-Leibniz formula (V.4.1) on the interval [a, b].

In order to show this approach in greater detail, we evaluate the integral from
example V.4.6 once again, this time by the method we are just explaining. Thus,
let us begin with the indefinite integral [ sin®z cos ¢ dz. We can use the
substitution s =sin z. Then ds= cos z dz and
fsin2m-cosa:d:r: = /s ds = —3 +C = Lsinz+C.
¢ /2 /2
Using formula (V.4.1), we obtain: f sin?z cos z dz = [} sin’z];"" = 1.
0

You will see after having solved a large number of problems individually that
the first method, based on the direct application of the integration by parts or the
integration by substitution is usually technically easier and less laborious.

V.4.9. Problems. Evaluate the following integrals.
2
4
a) f (322 —dz+7) dz f(St—12t2+5)dt c) f S—zds
1

27

d)/ 4% dz e) / Vd—sds
1 0
v 1 €

g) f cos? z dz h) fg'wea‘“ dw 1)[ |In 7| dr
0 0 1/e

1 T 7r/'3..3 244 /2 a6
)/01;‘4_$dx: k)f0 sin” ¢ cos”® @ dp 1)/0 PR T

Evaluate the area of the domain between the graph of function f and the z—axis.
m) f(r)=2%-4z+3, 0<z<3 n) flz)=1-(z%/4), -2<2<3

o) flz)=5-5z%3, -1<x<8 p) fle)=1-+a, 0<r<4

Find the mean value of function f on a given interval,

a) f(z)=v3z on [0,3] 1) f(z)=az on [0.d]

8) flz)=mz+b on [-1,1] t) flz)=mz b on [—k k]

1
f) / yarctanu du
0

Results: a)l18, b)4, )2, 42 em fin—3 837
h) 263 +1, i) 201 -eY), j)2r/3-v3, k)&, 1) 2/vE-arctan(l/v5),
m)0, n) %, o) -5 p) -3 2 1ia b b

V.5. Numerical integration

It is well known from the theory of the indefinite integral that an antiderivative
to a given function f often exists, but it cannot be obtained by standard integration
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procedures and it cannot be expressed in a “closed form?”, i.e. by a formula which pre-
scribes a finite number of operations. By analogy, it often happens that the Riemann
integral f: fdz exists, but it cannot be evaluated by a standard integration based
on the application of the antiderivative and the Newton-Leibniz formula. However,
there exist approximate methods (often also called numerical methods), which enable
us to evaluate the integral only approximately, but with an error as small as we wish.
We shall explain two such methods in this section. All these methods require the
performance of a relatively high number of arithmetic operations in order to achieve
higher accuracy (i.e. a smaller error). They can therefore be practically realized only
on computers. _
Both the methods are based on the partition

D: a=3p <21 <%3...< Tp-1 < Tp="0

of the interval [a, b] onto n sub~intervals [zx—1,z&] (k =1,2,..., n) of the same length

h. Hence b
—-a
h —

a wsx=a+k-h (k=1,2,...,n).

mn
We shall denote yx = f(zk).

Fig. 26

V.5.1. Trapezoidal Rule. We approximate function f by a linear function on
each sub-interval [zx_1,2x). The linear function is uniquely determined by the re-
quirement that its graph (a straight line) passes through two chosen points. Let
us choose the points [z_1,yk—1] and [z, yx). Then the considered linear function
sy =y + Wk — Yp—1)/h - (& — 2x—1). Its integral in the interval [zx_1,%k]
(let us denote it by I)) represents the area of the trapezoid (see Fig. 26) and so
I = b (Yr—1 + yx)/2. I we add all the numbers I, Iz, ..., In, we obtain

: h
(V.5.1) Ln = 5 [90+ 200+ 22+ e +Un)-

. ¢ b .
L, is the approximate value of the Riemann integral [ f dz. The geometric sense
of L, is shown in Fig. 26 - it is the sum of the areas of n trapezoids constructed on
the intervals [zo, z1], [£1, 22 .. ., [Tr—1,Zn):
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It can naturally be expected that the finer the partition of the interval [a, b], the
better is the approximation of the Riemann integral f: fdz. In other words, the
accuracy of the approximation should increase with increasing n (i.e. with decreasing
h). This expectation is correct. It can be proved that if function f has a continuous
second derivative £ in [a,b] and My is the maximum of | f/| in [a, b] then the following
error estimate holds:

b b com

L, - flz)de| <
o [ teras| <
(Estimate (V.5.2) is called an error estimate because it provides an upper estimate

of the error we make if we replace the exact value of the integral [ : fdz by its
approximate value L,.)

(V.5.2) @ n2 M,

V.5.2. Simpson’s Rule. Let us now choose an integer n so that it is even
and let us approximate function f by a quadratic polynomial on each of the sub—
intervals [zq,z2], [T2,%4], ..., [Ta—2,2n). The quadratic polynomial on the sub-
interval [zk-q,zx) (kK = 2,4,...,n) is uniquely determined if we require that its
graph (a parabola) passes through three chosen points. Let the three chosen points
be [Zx_z,Uk—2], [Tk—1,Yk~1); [Zr,yx). The coefficients and the integral of such a
quadratic polynomial in the interval [zx—», zx] can be relatively easily evaluated —
you can verify for yourself that the integral is I = - (yx—2+4yk—1+¥x)/3. Summing
all the numbers Iy, Iy, ..., I, we obtain

h
(V.S.B) Sy = g . [yu + 4y1 + 292 + 4y3 + .ot 2yp_o+ 4yp—1 + 'yn]-

Sy, is an approximate value of the Riemann integral ff fdz. It can be proved that if
the fourth derivative f(*) of function £ is continuous in [a, b] and My is the maximum
of |f)] in [a, ] then the following error estimate holds:

b
S"_f fdz

V.6. The improper Riemann integral

< Z;—_ah4M4'

5.4
(V.54 - 180

We have assumed that
(V.6.1) [a,b]is a bounded interval and
(V.6.2) fis a bounded function in this interval
in the definition of the Riemann integral f: fdz (see Section V.2). However, there
often arises the necessity to evaluate definite integrals where either the domain of
integration (i.e. an interval) or the integrand (i.e. a function), or both, are unbounded.
Such integrals are called improper integrals. We will explain the definition of the
improper Riemann integral in this section. Let us begin with a simple example.

+o0

1
V.6.1. Example. The Riemann integral - dz does not exist because the

1
domain of integration is not a bounded interval. However, the question “what is the
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area of the region R = {[z,y); = € [1,400), 0 < y < 1/z}” is quite reasonable.
(R is a subset of plane IEz, corresponding to = € (1, +c0), bounded above by the
graph of the function 1/z and bounded below by the z—axis. Sketch a picture.)
The answer can be found in this way: Let us choose t € [1,-+c0). The area of the
region Ry = {[z,y]; ¢ € [1,], 0 < y < 1/x}, ie. of the part of the plane which
corresponds to z € [1,t] and which is bounded above by the graph of the function
1/z and bounded below by the z—axls, is

; :
1
5(R:) = f de =[lnz]i=lnt-Inl =t
1
The area of the whole region R can now be naturally defined by the equation
s(B) = Jim s(R) = lin lnt = +oo.
This approach is the motivation for the following definition.

V.6.2. The improper Riemann integral with the singular upper limit.
Assume that function f is defined in the interval [e,b) and it is integrable in each
interval [a,t] (for a <t < b). If

a) at least one of the conditions (V:6.1) and (V.6.2) is not fulfilled and

b) the limit t

lim f(z) dz,

. t—b—
exists @

then the value of the limit is called the {mproper Riemann integral with the singular
The improper Riemann integral is denoted in the same way as the “usual” Rie-
mann integral, i.e. f: f(z)dz. Thus, we can write:

b ¢
./,_-‘ flz)dz = e}i[t?-/a f(z) dz.

The improper Riemann integral with the singular lower limit can be defined by
analogy. (Try to write the definition for yourself.)

While the value of the “proper” Riemann integral can only be a finite number,
the value of an improper Riemann integral can be finite or infinite. If the improper
integral f: fdz is finite then we say that the integral converges. If ff fda = oo,
we say that the integral diverges.

2
1
V.6.3. Example. Let us evaluate the improper Riemann integral /_ V== dz.

The funetion f(z) = 1//2 — = is unbounded in the interval [~5,2]. (This is due to
its behavior in the neighborhood of the upper limit 2, namely limg_a- 1 IN2—x=
+00.) Hence the Riemanx integral of function f in [5, 2] does not exist. However, f
is a continuous function in the interval [~5,2) and so it is integrable in each interval
[-5,t] (where —5 < t < 2). The antiderivative to f in [-5,2) is Fz) = =22 —z.
Thus,
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f Lz = Ft) - F(1) = 2T 1+2/2=(=5) = ~2vZ—+2V7.

5 T

2
. ; 1
g _ — - ; =
ince ,HI%E 22—t + 2v7 = 27, we have: ./_5 BT dz = 2V7.
V.6.4. The improper Riemann integral with both singular limits. The
definition of the improper Riemann integral can be extended to the cases when both
the limits are singular: Assume that ¢ € (a,b) and the two integrals f: fdz and
b - . i : ’
fc fdz exist (the first as the improper integral with the singular lower limit @ and

the second as the improper integral with the upper limit &). If the sum of the integrals
has a sense (i.e. if it is not for instance —oo + co) then we put

/;bf(:c) dz = /;Cf(w) dz+f:f(x) dz.

The integral ff fdz is an improper integral with both singular limits,

The definition can be further extended to situations when some points inside the
interval (a, b) are singular. However, we do not deal with such cases in this textbook.

V.6.5. Remark. If the improper integral f: fdz exists and the interval (a,b)
is unbounded then we sometimes speak about the improper integral due to the limit.
If function f is unbounded then we speak about the improper integral due to the
funetion. These two effects can also be combined (the function is unbounded in the
neighborhood of one limit and the second limit is infinite) or can be cumulated (the
function is unbounded in the neighborhood of an infinite limit).

V.6.6. The evaluation of the improper Riemann integral. We shall assume
for simplicity that f is a continuous function in the interval (open or closed) with
the end points a, b (where a < b) in this paragraph.

According to theorem IV.1.3, function f has an antiderivative in the interval
between a and b. Let us denote it by F. (There exist in fact infinitely many anti-
derivatives and they all differ by additive constants — see theorem IV.1.5. However,
we shall need cnly one of them.) It can be shown that the integral j: fdz exists
ag an improper integral and

b "
(v.6.1) fu flz)dz = tl_l’rg;_ F(t) —t1_1>1‘§1+ F(t),
if the right hand side has a sense (Le. if both the limits exist and their difference has
a sense).
+co 1
V.6.7. Example. The integral f — dz is an improper integral with both
0 T

singular limits: 0 is a singular limit because the function 1 /+/Z is not bounded in
its right neighborhood and 4o is a singular limit because it is not a finite number.
The antiderivative to 1/4/Z in (0, +-00) is for instance the function 2/z. Then

400 1
T = 1 2 — & = —_ = H
[0 = dz 12_1’15{1% NG Jim, MWt = +oo—-0 = +00
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V.6.8. Problems. Evaluate the improper integrals.

9 4y 9 dy 2 dz
o [ b) " 9 5
o l+z oo 4tz oo
T de T e 51
d) f2 T e) .[n zte™ dx f) ]o %d:c
+oo dz o0 g ) 5 R
g) /;Do m h) /0 Te dz l) /;(Z—I) dz; a> -1

Results: a)n/2, b)m/2, ¢} d -3l 2 )25
g) 7/v20, h)i, i)4*t/(a+1).

V.7. Some geometric and physical applications of the definite
integral

The simple geometric and physical sense of the definite integral has already
been discussed in paragraphs V.1.1, V.1.3 and V.2.4. We will show more possible
applications of the definite integral in geometry and physics in this section.

We assume that f is a non-negative and continuous function in the interval [a, b]
everywhere in this section.

V.7.1. The volume of a circular body. Let us denote, as in paragraph V.11,
by R the region which is bounded by the graph of function f, by the z-axis and by
the straight lines « = a, = = b. {See Fig. 24.) The revolution of region R about the
z—axis leads to a circular body. Its volume is:

(V.7.1) Vo= 'n'fb f3(z) dz.

We can arrive at formula (V.7.1) by a similar consideration as in paragraph V.1.2,
where we have derived the expression of the area of region 1 by the definite integral
of function f. The interval [a,] can be divided into infinitely many “infinitely short”
parts. A typical part is the interval with the end points = and z+dz where z € [a,b).
The region between the graph of function f on the interval [z, 2 + dz] and the line
segment with the end points z and z + dz on the z—axis is an “infinitely narrow”
rectangle whose sides have the lengths dz and f(z). Its revolution about the z—axis
leads t0 an “infinitely thin” cylinder whose volume is dV' = 7 f*(z) dz. The volume
of the whole circular body is the sum of infinitely many “infinitely small” numbers
dV. Thus, we obtain formula (V.7.1).

Other formulas, shown in this section, can be obtained by analogy. This is why
we do not show the ideas which stand in the background.

V.7.2. The area of a circular surface. The revolution of the graph of function
f about the z—axis creates a circular surface. Its area is

b
g 277] =) VIF@P +1 da.
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V.7.3. The length of a curve. The graph of function f in the interval [a,b] is a
curve. Its length is

b
| = f F@f +1 de.

V.7.4. The static moments, the center of mass and the moments of inertia
of a curve. Suppose that the curve from the preceding paragraph (i.e. the graph
of function f) is covered by a mass with a constant longitudinal density p. The total
mass of the curve is in this case equal to the product of p with the length of the

curve: i
W = g pf FEP+1de

The so called static moments of the curve with respect to the z— and y-axes are the
integrals

b b
Se=p[ 1@ VF@FF1ds, S, =p [ o /F@FFlde

The coordinates ©g and yg of the center of mass of the considered curve satisfy:

The so called moments of inertia of the curve according to the z— and y—axes are

b b
I, = ,af P V@R F1de, 7, = p[ 2 @ E+1 de.

V.7.5. The static moments, the center of mass and the moments of inertia
of a planar region. Let R be a region from paragraph V.7.1. Suppose that R is
covered by a mass with a constant planar density p. The total mass of region R is

m=pf:f{z)dm.

The static moments of region R with respect to the x— and y-axes are

b b
Se=go [ ) 5= o[ ot a

The coordinates ¢ and yc of the center of mass of regionﬁ R satisfy:

gy = 22 =%
C’"ms yc—m'

The moments of inertia of the region with respect to the z— and y—axes are
1 1 '
Iy = —p/ Plz)yds, J, = ~p/ z? f(z) dz.
3 a 2 a

V.7.6. The static moments and the center of mass of a circular body. Sup-
pose that the circular body created by region R revolving about the z-axis contains
a mass which is distributed with a constant volume density p. The total mass of the
body is equal to the product of p and the volume of the body:
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b
m=pV = p/ (z) dz.

The static moments of the body according to the zy—, r2— and yz—planes are

b
Sey =0, Szz = 0, Syz = 1'1',0] z f(z) dz.

The coordinates z¢, yo and z¢ of the center of mass of the body satisfy:

Sz S S.
ze = £, Yo = — =0, 2o = X
m ™m M

= 0.

The moment of inertia of the body with respect to the axis of revolution z is

1 B o
Iy = §pfr/ f*(z) de.

V.7.7. Remark. You will see in the Mathematics IT course how we can evaluate the
lengths of more general curves, the areas of more general surfaces and the volumes
of more general bodies. You will also learn how we can evaluate the mass, the static
moments, the moments of inertia and the coordinates of the center of mass of curves,
surfaces or bodies in the case of a generally non-constant density.
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