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22 Distance in cartesian coordinates 56

Recommended book
L. Bostock and S. Chandler, Core Maths for A-level. Stanley Thornes (Publishers) Ltd, 3rd
Edition 2000.

Advanced reading
M. Spivak, Calculus. Cambridge University Press: 3rd edition, 2006.

Supplementary reading
Polya, How to Solve It. Princeton N.J. ; Oxford : Princeton University Press, 2004.

1. INTEGRATION

Integration is the problem of determining areas and, as we shall see later, volumes. For
a polygon this problem can be solved purely geometrically if we decompose the polygon
into disjoint triangles. In general area is characterised by the following properties:

Axiom 1.1 (Axioms of area). (1) An area of a figure is a non-negative real number.
(2) If a figure is a union of several disjoint (non-overlapping) parts, then area of the
figure is equal to the sum of its parts’ areas.

It is easy to derive from these two properties that the area of a figure is bigger that the
area of any part. Furthermore, we assume that

Any two equal figures has the same area. (Figures are equal if one can be
obtained from another by motions of the plain: shifts, rotations and re-
flections)
A square of the unit area—say 1 cm?—can be divided into 100 equal small squares. By the
previous assumptions each of smaller squares has the area 0.01 cm?. Using elementary
“cut-and-glue” techniques we can derive areas of some basic shapes:
(1) Area of a rectangle is the product of its sides: S = ab.
(2) Area of a paralellogram is the product of its base and height: S = bh.
(3) Area of a trianglle is half of the product of its base and height: S = %ah.

However, for curved shapes we need a kind of limit procedures.

Example 1.2. Suppose we want the area of a circle dividing it into n equal triangles
shown on Fig. 1. Area of the triangle is

1
A = Ebase x height,

where the height is approximately R and that approximation is more accurate for larger
n. Also for large n the sum of all triangles’ bases is the length of the circle, that is 2.

1
A=nA; >~ ER-zmaanZ.



4 VLADIMIR V. KISIL

A

FIGURE 1. Area of a circle

If we let n — oo, then 8 — 0, which means the approximation for A; becomes exact.
The sum of the areas of the triangles also becomes equal to the area of the circle. Hence
the area of the circle is A = tR%.

A similar ideas can be applied to figures of arbitrary shape as explained below.

FIGURE 2. Integration

1.1. Riemann Integral. Let f(x) be a function of a real variable faking positive values.
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Definition 1.3. Let I be the area under the graph of f(x) shown on Fig. 2. Then we
introduce the definite integral by

b
(1) Jf(x) dx =1

An immediate consequence of the Defn. 1.3 and Axiom 1.1 is:

Proposition 1.4. For a function f(x) defined on adjacent intervals [a, b] and [b, c] we have:

b

(2) J:f(x) dx:Jf(x) derlf(x)dx.

a

Now we describe a procedure to evaluate a definite interval. Divide the interval
a < x < b into n parts xx < x < xy41, with

k
xk:a-i-a(b—a), fork=0,1---n.

See Fig. 3 for illustration. Write

b _
ox = a
n
We can now work out
n—1
3) f(xk) - &%,
k=0
and this has a limit written as
b
J f(x)dx

when n goes to infinity. For the existence of the limit (and the definite integral) the
function shall not jump too much on small intervals. This can be seen from Fig. 3, which
gives the upper and lower estimations of the area above the interval x.
Consider a monotonically increasing function f(x), cf. Fig. 3. Then
In Fig. 3 left, area of rectangle shown is 61}< = (xpp1 — x3)F(x1c) = 6xF(xk),
In Fig. 3 right, area of rectangle shown is 08I} = (xx41 — Xic ) f(Xi1) = OxF(Xi41).
Define

n—1 n—1
L= ol =) flx)-ox,
k=0 k=0

n—1 n—1
Li=) 8¢ =) flxe)-dx,
k=0 k=0
Since f(x) is increasing, we certainly have

I

n n
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is the area shadowed by the blue (NW) strokes, I} is the area double
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Ficure 3. Estimating area by rectangles for a monotonic function.

of small intervals produces a smaller error I}y —I

shadowed by green (NE) strokes.
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As n — oo we have 5x — 0 and we expect [}, — I¥ and I}, — Tie. limp o1, =
lim;, 0 I, = 1. Indeed:

— Il Z f(xky1) - Ox — Z f(xx) (f(b) —f(a)) - 6x.

Informally: the d1fference is equal to the area of the rectangle with height f(b) —f(a) and
width &x as shown on Fig. 3. Thus (I¥ —I%) — 0 if &x — 0.

A similar estimation is possible for a function f(x) which may not be monotonic but
does not “jump up&down” too much.

Definition 1.5. The above limiting value of the sum (3) is called the Riemann integral. The
process of finding integral is called integration.

Recall, that the defined integral was linked to the area for a positive function f(x).
However, the formula (3) suggests a modification of the definition for functions taking
any values. Indeed, in (3) negative values f(xi) of the functions produce areas of rect-
angles with the opposite sign. Thus, in a definite integrals areas between the graph
of f(x) and the horizontal axis is counted with the sign of f(x) on the corresponding
sub-intervals, see Fig. 4.

Y
f(z)
+

e - — =
&

|
|
|
|
by
a

FIGURE 4. For a function with negative values the integral equal to the
area “under” the graph taken with appropriate signs.

A definite integral could be calculated from the definition, but this is very difficult for
all but the simplest functions.

Example 1.6. (1) The most elementary (but still important!) example is the constant
function f(x) = ¢ for some constant number c. Then for any finite interval [a, b]
we have xx = a + k(b — a)/n and 6x = (b — a)/n. Thus:

n—1 nfll
fok 6x—Zc a)ZE:c(b—a).
k= k=0

This is 1ndependent from 1, thus has the same value ¢(b — a) at the limit n — oo.
Obviously, this is the area of the rectangle with the height c and the base [a, b] of
the length b — a.
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(2) Suppose we have a triangle, given by
f(x)=x, a=0,b=1.

Then 6x = 1/n, xi = k/n. So the total area of the rectangles is

n—1 n—1 k1 1 n—1
f(Xk) 6X:ZEE:¥Z]{
k=0 k=0 0
But
n—1 n—1

-1
% k= ; k= w (sum of an arithmetic series).

Hence we get

1 (n—1mn 1< 1> 1
- = —— ] = zasn— oo
n 2

This is correct since we have a triangle of height 1 and base 1.
1
(3) We may try to find [x?>dx in a similar fashion, this is indeed possible, see the
0

second example classes. See also method of exhaustion for this problem proposed
by Archimedes and re-discovered by Ibrahim ibn Sinan some centuries later.

Remark 1.7. In the above discussion we split [a, b] into sub-intervals of the same size for
simplicity only. For an efficient numerical approximation of an integral, points of the
partition shall be spaced differently: we need more points where function changes its
values rapidly and less points where the graph of the functions is almost flat.

From the above procedure for evaluation of a definite integral we can derive the fol-
lowing important properties.

Proposition 1.8. (1) For a function f(x) defined on an interval [a,b] and a constant ¢ we
have:
b b
(5) ch(x) dx:ch(x) dx.
(2) For functions f(x) and g(x) defined on an interval [a, b] we have:
b b b
(6) J(f(x)+g(x))dx:Jf(x) dXJrJ.g(X) dx.

[Compare identities (2) and (6) and notice the difference.]
(8) For a function f(x) defined on an interval [a, b] we let:

lf(X) dx = —Jf(x) dx

and this agrees with (2).


https://en.wikipedia.org/wiki/The_Quadrature_of_the_Parabola
https://en.wikipedia.org/wiki/Archimedes
https://en.wikipedia.org/wiki/Ibrahim_ibn_Sinan
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1.2. Fundamental Theorem of Calculus. Barrow discovered that integration is the op-
posite process to differentiation, which makes it much easier to calculate integrals. How-
ever, this fundamental theorem is commonly attributed now to Newton (a student of
Barrow) and Leibniz, who lay down foundations of modern analysis.

D Gmm—————
|

FiGure 5. Fundamental theorem of calculus

Define I(x) to be the area shown on Fig. 5. Have 8I ~ f(x)dx. From the definition of
the derivative we have

ﬁ = lim —I(XJF )~ 1) _ lim S _ f(x)

dx x>0 5x Cox—00x ’

The fundamental theorem of calculus says that the definite integral is a substitution
into indefinite integral:

b
) [ o) ax = 106) ~ 100),
where I(x) is a function that satisfies
dI
8) i f(x).

For convenience, we introduce the notation:


https://en.wikipedia.org/wiki/Isaac_Barrow
https://en.wikipedia.org/wiki/Isaac_Newton
https://en.wikipedia.org/wiki/Gottfried_Wilhelm_Leibniz
https://en.wikipedia.org/wiki/Leibniz%E2%80%93Newton_calculus_controversy
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for substitution of function 1(x) from a to b. Using this notation (7) can be written as:

) Jf(x) dx = [11° = 1(b) — I(a),

Note that we can add an arbitrary constant to I without changing (8) or (9). Also, any
two functions I (x) and I,(x) with the same derivative I{(x) = Ij(x) = f(x) are different
by a constant only: I;(x) = I, (x) +c.

In relation to definite integral (1), which is a real number, we also introduce:

Definition 1.9. The indefinite integral is a function, I(x), that satisfies (8), i.e.

(10) I(x) = Jf(x) dx is equivalent to f(x).

a =
The indefinite integral is also called anti-derivative sometimes.

For all this to work, we have to consider the area to be negative if f(x) < 0 (since then
the &I are negative from the definition), see Fig. 4.

Note, that for an indefinite integral we again have the rule similar to (6): a sum of
functions is just the sum of the integrals i.e.

(11) J[f(x) +g(x)]dx = Jf(x) dx—l—Jg(x) dx.

This follows from the properties of the derivative
d dF dG
— F = - s
[F(x) + G(x)] iR

Integrating gives (11). It also follows from the definition.
Similarly we can show for indefinite integrals the rule similar to (5):

where F(x) = Jf(x) dx, G(x)= Jg(x) dx.

(12) ch(x) dx =c¢ J. f(x)dx for any number c and function f(x).

1.3. Powers of x. Find Jx"‘ dx for some constant x. We want a function F(x) so that
dr _
dx 4

From MATH 0111 we know that &XB = pxP~! for any B. So if we put F(x) = Ax**1,
we get

x*.

dF dF 1
— =A 1)x*, ie, —=x% if A=——.
dx (4 1)x e ax " ' ax+1
Hence
1
(13) Jx"‘ dx = mx““ +C (C is an arbitrary constant).

This works both for o > 0 and « < 0, but goes wrong if o« = —1 (see § 1.6 later).

1
Example 1.10. (1) sz dx. We have o« =2, so sz dx = §x3 +C.
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1
(2) [x2dx. Wehave o« =—2,s0 [x 2dx=——+C.
X

Now we can do a definite integral, to find the area of the triangle we started
with.
This is

1 1
dexf < _ro0 1
2], 2 2" 72

0

This is what we got by summing up a series.
Similarly, for the area under a parabola y = x* from x = 0 to 3, we get

3

3 3 3
2gxo | X2 0 _
Jx dx—[S]—B 3—9.

1.4. Trigonometric Functions. We can find integrals of trigonometric functions as fol-
lows.

1.4.1. Sine. Jsinx dx. We know that % cos x = —sinx. Hence

Jsinx dx = —cosx + C.

Suppose we have Jsin(ax) dx with a a constant.

Recall the Chain Rule for differentiation from MATHO0111
d df dg
(14) —flg(x)] = diga
for any functions f(g), g(x).
Put f(g) = cos g, g(x) = ax + b so that f = cos(ax + b). Then (14) gives
d d(cosg) d(ax + b)

d . .
™ cos(ax +b) = af[g(x)] = dg i = —asing = —asin(ax).

We therefore have

(15) Jsin(ax+b) dx:—% cos(ax +b) + C.

1.4.2. Cosine. Jcosx dx. We know that % sinx = cos x. Hence

Jcosx dx =sinx + C.

Again using the Chain Rule we have

(16) Jcos(ax +b)dx = %sin(ax +b)+C.
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Example 1.11. (1) Jsin(?;x) dx. Then a = 3 and (15) gives

Jsin(3x) dx = f% cos(3x) + C.

2) Jcos(x/Z) dx. Then a =1/2 and (16) gives

Jcos(x/Z) dx = 2sin(x/2) + C.

/6 /6

. 1 1 m 1 1
3) J sin(3x) dx = [—3 cos(3x)} . =3 cos > + 3 cos(0 = 3
0

T_

(4) Try to independently integrate both sides of the identity cos(x) = sin(5 —x). Will
you receive the same answer in both cases?

1.5. Exponential Function. Je" dx. Here, e =2.718281828... is the Euler’s constant.

We know that ieX = e,
dx

As for Sine and Cosine, we want Je“x+b dx for any constant a.

Using the Chain Rule (14) with f(g) = €9, g(x) = ax + b so that f = e***?, gives

d ax+b __ i _
ae = dxf[g(x)] =

d(e9) d(ax +b)
dg dx

= ae9 = qe™*"P,

So
(17) Je“"*b dx = %e“"”’ + C.

Note, that alternatively we can obtain the same answer from the exponent rules: e®*° =
b ,ax
e’ e,

Example 1.12. (1) Jer dx. Then a =2 and (17) gives
Jez" dx = lez" +C
5 .
2) Je"/s dx. Then a =1/3 and (17) gives
JeX/S dx =3e*3 + C.

(3) | 2* dx. Since 2 = €2 and 2% = e(!"?)* we can use the previous formula with

a=1In2and (17) gives

1 1
ox _ | pin2)x _ (In2)x = 2% .
J' dx J-e dx m2 ¢ +C In2 +C


https://en.wikipedia.org/wiki/Leonhard_Euler
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1
Similarly, in general we can check that J a* dx = na a*+C.

2
1 2t e?
4 2x N 2x - _
ofacfie]-5-s
1
0
(5) Evaluate similarly that J e*dx = [e¥]°, = e’ — e . Note that this is the area

—a
under the graph of e* over [—a,0]. Now if (—a) — —oo, then this area tends to
1 since e — 0. Thus the area of the infinite region over the half-line (—oo,0) is
the finite number!
(6) Note, that e®*+b = e3*eb — ke for k = e. Then we can make the calculation:

Je‘”‘“’ dx = J'ke“X dx = kJe‘”‘ dx = Eeax +C= %ebeax +C= %ea“b +C,

again the same answer as expected.

1.6. Logarithmic Function. We wish to consider the indefinite integral of the function
f(x) = 1/x which was not treated in Sect. 1.3. Let us start from a comparison of two
definite integrals:

6

2

Jldx and Jldx.
X X

1

3
Consider Fig. 6 which approximate each of these integrals by areas of three rectangles. It

Y
1
f(l’)—g
3
1 3
5 3
6 L )
4 5 %
[ RRRRBIIBEN N
1 4 5 6 3 4 5 6 7
3 3 3

FIGURE 6. Similarly shaded rectangles under the graph have equal areas:
the bases of right rectangles are three times wider but the left rectangles
are three times taller.

turns out that respective (similarly shaded) rectangles under the graph have equal areas:
the right rectangles are three times wider but the left respective rectangles are three times
taller. And this can be shown for any number of rectangles covering the areas under the



14 VLADIMIR V. KISIL

graph. Thus:

2 . 6 . 3.2 .

J’fdx:J'fdx: J —dx.

X X X

1 3 31

More generally we can prove (see Example 2.2 below) that:
1 T 1
(18) J X dx = J < dx for any number k.
a ka

t
1
Now we define a function L(t) = J " dx. Then:
1

ab
L(ab) = J % dx (by definition of L(t))
1
a 1 ab 1
:J;dx—f—J;dx (by (2))
1 a
a b
1 1
:dex—f—J—dx (by (18))
X X
1 1
=L(a)+ L(b). (by definition of L(t))

Thus, function L(t) behaves like logarithm! We will see now that it is logarithm.
In order to define this, we need the idea of an inverse function. Suppose we have a
function f(x). Then we define the inverse function f~! by

(19) y=~fx) = x=f(y).
We now define logarithmic function, Inx, as the inverse of the exponential function; i.e.,
(20) y=In(x) = eY¥=x or x=en™,

provided x > 0 (since e¥ > 0 for all y).
We know that the exponential function has the property

(21) e¥eY = XY,
for any x, y. From (20) we then have

In(x)+In(y) In(xy)

xy = en®elnlu) — ¢ =e ;
ie.,
(22) In(xy) = In(x) + In(y).
If we differentiate (20) we get
dy _ dy

ey 1

Y@ T
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Hence
1
(23) 4 =L,
dx X
for any x > 0. Using the chain rule you can show that if x < 0, then
d 1
a In (—X) = ;

Recalling that modulus or absolute value is:
X x =0,
x| =
—x x<0,

we can combine these statements as

i Inlx| = 1
dx X’
This means that
(24) J'% =Inlx| + C.

Example 1.13.
~1

J % = [lnlxl]:i =Inl—lne=0—-1=-1.

Remember that our equation (13),

1
Jx“ dx = ﬁxHo‘ + C (Cis an arbitrary constant).
o

failed when o = —1. We can now see that in this case the integral is In [x|.

2. METHODS OF INTEGRATIONS

Different integrals require different methods. We will describe several most general
approaches.

2.1. Change of Variable (Substitution). Assume that x = g(t) for an independent vari-
able t and a function g(t). Differentiation and the chain rule give:
dx _ dg(t) dg(t)

_— = — = —— = /
(25) at at or dx it dt =g'(t) dt.

Let we have a function f(x) and its indefinite integral F(x), that is dz(;) = f(x). From
the chain rule, (14), have

d dFdg
aF[g(t)} T dt
Integrating (26) w.r.t. t and using (25) gives

(26) f(g(t)) g’ (t).

Flg(t)] = Jf(g(t)) g'(t)dt = Jf(x) dx = F(x), because dx = g’(t)dt and x = g(t).

We also used that integration is the inverse of differentiation.
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Thus we obtained the formula for change of variable in an indefinite integral:

27) Jf(g(t)) di( ) gt = Jf(x) dx

Note, that for a definite integral we have to adjust the limits of integration properly:

b d g(b)
(28) Jf[g(u)] ﬁdu - J £(x) dx
a g(a)

(
because if u = a or u = b then x = g(a) or x = g(b) respectively. This also follows from
the observation:

g(b)
f (b)) —F(g(a))
g(a)
b
- Jf[g(u)] (%d

Example 2.1. To see that the proper limits of integration do make the difference we
2

evaluate the simple integral J(Zu — 1) du. Using the substitution x = 2u—1, du = 3dx

0
and new limits —1=2-0—1and 3 =2-2—1 we get:

X x21° 9 1
(29) J(Zu—l)du—J'zdx—LJ1—4_4—2_
0 —1

Note that if the limits is not changed we will get a wrong answer 1. To verify the above
solution we make it plainly as well:

2
(30) J(Zu—l)du: [W—ul=(22—2)—(0°—0) =2

0
Finally the answer can be checked by consideration the area of the two triangles formed
by the graph of function y = 2x — 1 and the horizontal axis.

Example 2.2. Let us demonstrate relation (18) using the change of variable g(u) = u/k
in the function f(x) = 1/x:

kb1 kb 1 1 bl
ka ka

Example 2.3. We can use this to integrate sin(ax) and cos(ax) without having to guess
as we did in sections 2.4.1 and 2.4.2. For example, for

Jsin(ax) dx
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put u = ax. Then % = a and dx = du/a, so we get

du 1

Jsin(ax) dx = Jsin(u) - - 4 cos(u) = —% cos(ax),

This is the same as (15).

Example 2.4 (Another example of substitution). For JXS e’ dx, put u = x® and then

du 5 du
£:6X ,SOdX:@-
We get
du 1 1 1
Jx5e“6—; = 6Je“ du= geu +C= ge"é +C.
) ] sinx
2.1.1. Tangent. We can use change of variable to find Jtanx dx = J cosx
Put u = cos x. Differentiating gives d—:: = —sinx, or dx = —du/sinx.
We then have
Jtanxdx = J Y d4x = Jismx $1u
COS X u  smmx
d
(31) — J_?u:_1n\u|+C:—ln|cosx\+C,

from (24). It is worth differentiating tan x just to see what we get. We have

d sinx  (cosx)(cosx)— (sinx)(—sinx) 1 5
—tanx = — = = = sec x.
dx dx cosx cos? x cos? x
So we also have
(32) Jseczx dx =tanx + C.
2.1.2. Cotangent. Have Jcotxdx = J C(,)SX dx.
sinx

Put u = sinx. Differentiating gives du = cosx dx, or dx = du/ cosx.
We then have

(33) Jcotxdx:JC?Sde:JCOSX du :Jd—uzlnlu\+C:ln\sinx|+C,
sinx U  cosx u

from (24). Again, it is worth differentiating cotx just to see what we get. We have

d cosx (sinx)(—sinx) — (cosx)(cosx) 1 9
—cotx = —— = ) =——
dx dx sinx sin” x sin” x

So we have

(34) Jcosec2 xdx = —cot x + C.
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2.1.3. Derivative of a function divided by the function. The integral of the tangent and cotan-
gent is an example of a general class of integrals of the form

1
J —ﬁ dx, where f(x) is some function of x.
f(x) dx
If we make the substitution u = f(x), then du = %dx and the integral becomes
1 df du
from equation (24).
Example 2.5. (1) For example, with f(x) = x* +4 and f'(x) = g = 2x, we see that

2
Jﬁdxﬂn(xzﬂwc.

(2) We know that J 1dx =x + C, but let us make a twist using (35) for u = e*:

Jldx:Jidx:Jlduzln(eXHc
ex u

that is In(e*) = x comparing values of both sides for x = 0. In this fancy way we
see once more that the exponent and logarithm are inverse functions.
Question: why did we write above logarithms ommiting absolute values of their arquments?

2.2. Other Trigonometric Integrals.

@) Jsin2 x dx. Since cos2x =1 — 2sin’x, we may use the formula
. 1
sin“ x = 5[1 — cos(2x)].
Then

(36) Jsinzxdx = J %[1 —cos(2x)] dx = % — 411 sin(2x) + C.

2) Jcos2 x dx. Since cos 2x = 2 cos? x — 1, we may use the formula

cos’ x = %[1 + cos(2x)].
Then
) 1 x 1.
(37) cos“xdx = E[l + cos(2x)]dx = 3 + 1 sin(2x) + C.

3) Jsin(ax) cos(bx) dx. We have

sin(ax + bx) = sin(ax) cos(bx) + cos(ax) sin(bx)
and
sin(ax — bx) = sin(ax) cos(bx) — cos(ax) sin(bx).
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Adding gives

(38) sin(ax) cos(bx) = %[sin(ax + bx) + sin(ax — bx)].

Then
Jsin(ax) cos(bx)dx = J %[sin(ax + bx) + sin(ax — bx)] dx
(39)

= _ﬁ cos(ax + bx) — ﬁ cos(ax —bx) + C.

2.3. Integration by Parts. Consider the product rule for the differentiation of a product
of two functions

d df _dg
(40) af(x)g(x) =95 T fa.
Integrating both sides gives
B df dg
(0090 = | gx) 3t et | 100 52 dx
ie.,
dg(x) . df(x)
41) Jf(x) ™ dx = f(x)g(x) Jg(x) ™ dx.
This formula is know as integration by parts.
For the definite integral integration by parts is:
i d ; df
9 4x = b ar
(42) Jf(x) dx dx = [f(x)g(x)], Jg(x) ™ dx.

We note that integration by parts does not completely solve problem of integration,
instead it expresses one integral [ f(x) ST% dx through another [ g(x)4f dx. For this proce-
dure to be possible and useful two conditions need to be observed:

(1) We shall be able to integrate the function which we treat as %%. (This explain the
name: we integrate only a part of the product f(x) ‘;%).
(2) The “new” integral [ g(x) % dx shall be easier to find than the “old” one | f(x) %% dx.
Various situations of such facilitation are illustrated by the following example.
dg

f
Example 2.6. (1) JxeX dx. Let f(x) =x, T e*. Then g = e¥, % =1and (41) gives

Jxexdx:xex—Jede:xex—eX+C.

dg

daf 1 .
" 1. Theng=x, — = - and (41) gives

2) Jlnxdx (for x > 0). Let f(x) =Inx, ™

Jlnxdx :xlnxfl[x% dx =xInx —x+ C.
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For example
[
Jlnxdx =Kxlnx—x]=(e—e)—(0—1) =1,
1

sincelne=1and In1 =0.
3) stinxdx. This and the next cases are similar to the example 1. Let f(x) = x,

d
%9 _ sinx. Then g = —cCosX,

f
™ =1 and (41) gives

dx

stinxdx = fxcostchosxdx = —xcosx +sinx + C.

4) chosxdx. Let f(x) = x, dg _ = cosx. Then g = sinx, df

™ v =1 and (41) gives

chosxdx:xsinx—Jsinxdx = xsinx + cosx + C.

(5) For sze" dx we may take f(x) = x*> and g’(x) = e*. Thus we take g(x) = e*, and
(41) gives
J X dx = x%e* —Jer dx,

and we can use the result of example (1) to do the last integral. Effectively, we
have integrated by parts twice, at each stage making the integrand (the function
we have to integrate) simpler.

dg

(6) Jsinx e* dx. Let f(x) = sinx, " e*. Then g = e¥, ﬁ = cosx and (41) gives

dx

I= Jsinx e*dx =sinx e* —Jcosx e* dx.

d
Let us integrate the second term by parts. Put f(x) = cosx, d—i =e*. Theng =e*,
df sinx and (41) gives
— =— Y
dx &
Jcosx e*dx = cosx e* + Jsinx e dx.
So we get
[=sinx e* —cosx e* — Jsinx e*dx =sinx e* —cosx e* — L.
So

1
I= Jsinx e*dx = Eex(sinx—cosx) +C.

The same trick gives us Jcos x e* dx.
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Remark 2.7. Summing up: by its nature, integration by parts does not solve an integration
question: instead it replaces one integral by another. Hopefully, this would be a step
towards a solution! But the last two examples show that you may need more that just one
step before you will reach your target.

2.3.1. Change of variable vs. integration by parts. Let us compare the formula (27) for
change of variable and (41) of integration by parts re-written more uniformly:

Jf(g(x)) dg(x) dx = Jf(t) dt, where t = g(x);

dx
Jf(x) dgi") dx = f(x)g(x) — J g(x) d(’;(;) dx.

We note, that the both method has the common starting point: a factor in the integral
need to be identified as the derivative < dx ) of a function g(x). The required condition in

both cases is: we need to be able to integrate d( ) to obtain g(x).

However, two methods has the different mechanism to approach a solution. We change
the variable from f(g(x))) to f(t) if we expect that f(t) can be integrated. In integration by
part, we look for the product g(x ) ) to be more suitable for integration than f(x) d(xX)’
Yet, there are examples, where the both methods are efficient.

Example 2.8. We already discussed how to evaluate Jcos x - sin x dx using trigonometric

formulae in § 2.2(3) in slightly more general form. Now we will do it differently.

(1) We make the change of variable g(x) = cosx, then d(xX) = —sinx. Thus, for

t = g(x) = cos x we have:

dx = —

d 1 1
Jcoswsinxdx:—Jcosx cosx Jtdtz—EtZ—I—C:—Ecos‘zx—l—C.
(2) Integrating by parts we again put d%—g‘) = sinx and f(x) = cosx. Then g(x) =

= —sinx and we obtain:

(43) Jcosx-sinxdx:fcoszxfjcosx-sinxdx.

Now we in a position similar to Example 2.6(6): put I = [cosx - sinxdx, then
equation (43) means I = — cos?x — [ or 2] = — cos® x. Thus again we obtained:

1
Jcosx -sinxdx = —5 cos? x + C.

Note, that fcosx -sinxdx = %sin2 x + C is a correct answer as well, since —% cos?x and
1sin®x are different by a constant only (Pythagoras theorem!)
See also further Example 6.3.

2.4. Rational functions and partial fractions. There is a large class of functions which
can be integrated in a routine fashion, we are discussing it in this section. Recall, that a
multiple of a power function, say 3x*, is called minomial. A sum of monomials (all with
integer powers), say 7x* 4 5x3 + 6x, is called polynomial. The degree of a polynomial is the
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maximal degree of a constituting monomials. For the previous example of polynomial
degree is 4.

Definition 2.9. A rational function is a function of the form
f(x) = pix)
q(x)
where p(x) and q(x) are polynomials in x with q(x) # 0.
For example
x+3 x—2 x? +3x+2
x—7" 23 4+x2—x’ 1 '

The last is the same as x* + 3x + 2, so any polynomial is also a rational function.

Definition 2.10. A proper rational function is one in which the degree of the numerator
is less than the degree of the denominator. Otherwise it is called improper.

Remark 2.11. Any rational function can be written as the sum of a polynomial and a
proper rational function.
For example

X +x24+2 +x@+%+2—xu1—@ X_er2+-4x+2
x2—4 x2—4 B x2—4 7

where we got the x by dividing the highest-degree term on top, x?, by the highest-degree

term below, x2. We continue:

X2 +4x+2—-1(x>—4) 4x +6

X2 +4x +2
T oyt =x+1+ 22,
+ 24 x+1+ 24 X+ +x2—4

where we got the 1 by dividing the highest-degree term on top, x?, by the highest-degree

term below, x2.

Recall that if you divide a polynomial by a divisor (this can be done by long division
if you know it), then

polynomial = divisor - quotient 4+ remainder

Therefore

polynomial . remainder
—f——— =quotient+ —————
divisor divisor

2

In our case, x*> + x? +2 = (x2 —4)(x + 1) + (4x + 6), which gives us the same answer.

The equality
3x +4 1 2
(X+DW+2Y_X+1+X+2
expresses a complicated rational function as a sum of simple ones, a partial fraction. This

is a key observation for the following method of integration proposed by Ostrogradsky.

1Os’rrogradsky was a dedicated and successful lecturer. In particular, he said: “A better learning is not
limited to memorising, it develops skills to use the learned material for problem solving”.


https://en.wikipedia.org/wiki/Mikhail_Ostrogradsky
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Example 2.12. Consider
3x—1
(x+1)(x—3)"
We try to write it as
3x—1 A B
x+Dx—3) x+1 x—3
where A and B are constants. Multiplying both sides by (x 4+ 1)(x — 3) gives

(44) 3x—1=A(x—3)+B(x+1).

This is an identity which is true for all x.
Putting x = 3, it gives 8 = 4B, so B = 2.
Putting x = —1, it gives —4 = —4A,s0 A = 1.
With these values of A and B the identity does hold, for
3x—1=(x—3)+2(x+1).
Therefore
3x—1 1 n 2
x+1D(x—3) x+1 x—-3°
Alternatively, find A and B as follows:
Coefficient of x in (44): 3 = A + B.
Constant term in (44): —1 = —3A + B.

Now solve for A and B, to get A =1 and B = 2 again.
Now, we can do an integral:

2
3x —1 2
L. Sk B N dx = llnfx+ 1]+ 2Infx -3
J'(x+l)(xf3) X J(erl = 3) x = [+ 11+ 2In b =30,
0

0
= (In3+2In1)—(In1+2In3) =—1In3,
since In1 = 0.

This method only works for proper rational functions. In general, first write the
rational function as the sum of a polynomial and a proper rational function, and then
convert that to partial fractions using the method above.

X3
(x+1D)(x+2)

This is not a proper rational function. Note that (x + 1)(x +2) = x> + 3x + 2.
We have

Example 2.13. Write in partial fractions.

x3 _ x3fx(x2+3x+2)_x+ —3x2 —2x
x2+3x+2 X2 4+3x+2 a X2 4+3x+2
—3x2 —2x — (—=3(x> +3x +2)) 7x+6
= —3 - _3 .
X + X2 +3x+2 x +x2+3x+2

Alternatively, we may divide x* by x? + 3x + 2. It gives quotient x — 3 and remainder
7x + 6.
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Therefore
x3 7x+6
—_— = Xx—-34+ ———.
(x+1)(x+2) (x+1)(x+2)
Now using the usual method,
7x + 6 A n B
(x+1)(x+2) x+1 x+2°
Therefore
(45) 7X+6=A(x+2)+B(x+1).

Putting x = —2 gives —8 = —B, so B = 8.

Putting x = —1 gives —1 = A.

Alternatively, the coefficient of x in (45) is 7 = A + B. The constant term is 6 = 2A + B.
Again A=—-1and B =8.

Therefore
7x + 6 _ 1 n 8
x+1D(x+2) x+1 x+2
SO
X73_Xf3fi+i
(x+1)(x+2) x+1 x+4+2°

2.4.1. Quadratic factors. Recall, that for a quadratic polynomial of the form ax® 4+ bx + ¢,
where a # 0, its discriminant is D = b* — 4ac. Using completing the square method we
can show that the quadratic polynomial has two distinct (real) roots if and only if D > 0.

If one of the factors is quadratic and cannot be factorised (that is, its discriminant is
negative), then one has to allow the corresponding numerator to be linear (i.e., of degree
1).

5x +7
Example 2.14. Write = 1)();:— 12 in partial fractions.
Assume
5x +7 A Bx + C

x—1)(x%>+x+2) x—1 - x2+x+2°
Multiply both sides by the denominator.
5x4+7=A(X>4+x+2)+ (Bx+C)(x—1).
Putting x =1 gives 12 = 4A, so A = 3. Therefore
5x +7 =3(x*+x+2) + (Bx+ C)(x — 1).
Since this is true for all x, we can compare coefficients. Therefore
coefficient of x> : 0 =3 + B
constant term :7=6—C

Therefore B = -3 and C = —1, and
5x +7 3 3x +1
(x—=1)(x2+x+2) Tx—1 X+x+2°
Can we integrate these functions? It turns out that we still need to learn some theory,
see Example 2.24.

(46)



https://www.mathsisfun.com/algebra/completing-square.html
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3
X+ X
Example 2.15. | ——— dx.
P J X2 —x—6
This is not proper, since the top has degree one more than the bottom, so we must

write

47) x> +x=(ax+b) (x> —x—6) + (cx +d),
where a,b, ¢, d are constants. Equivalently,
X3 +x cx+d
—_—= b+ ——-—.
X2 —x—6 ax -+ +X2+X—6

This can be done by long division (if you know it), or by the method we did earlier, or
simply by equating coefficients in (47).

Coefficient of x*: 1 = a.

Coefficient of xX>: 0 =b—a,so b = 1.

Coefficient of x: 1 = —6a—b +c¢,soc =8.

Coefficient of 1 (constant term): 0 = —6b + d, so d = 6.

3 8 6
Herlceu 1+L But x> —x —6 = (x +2)(x — 3).
X2 —x—6 —x—6
So we can write
8x+6 Al Az

X2—x—6 x+2 -3

This gives 8x + 6 Aq (x 3) 4+ Ax(x +2).

Put x = —2 to get —10 = —5A;. Put x = 3 to get 30 = 5A,.
Solving these gives A =2, A, = 6. So we finally have

3 2 2
J%dx:J [x+1—|—+2+63 dx:%+x+21n|x+2|+61n|x—3|+C,

from equations (13) and (23).
2.4.2. Repeated factors. So far each factor has occurred just once. If the denominator
includes a factor like (x — a)?, we include partial fractions of the form
A B
x—a (x—a)?’

3
Example 2.16. Write x

( +2)2 in partial fractions.
x —
Write

3x+5 A n B
(x—2)2 x—2 (x—2)?
As usual, multiply by the denominator to get
3x+5=A(x—2)+B.

Comparing coefficients gives A = 3 and B =11, and so

3x+45 3 11
(x—2)2 x—2 (x—2)2
Hence 3 5 3 11 11
X +
——dx = =3Injx—2|— —— +C.
J(x—2)2 X J[x—2+(x—2) dx =3In|x — 2| — 2+
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x2—17x —8

E le 2.17. Write —————
xample Write x_3)x 127

Write

in partial fractions.

x2—17x — 8 A n B n C
(x—3)(x+2)?2 x—3 x+2 (x+2)72°

Multiply by the denominator to get
X —17x — 8 =A(x +2)* + B(x = 3)(x +2) + C(x — 3)
=A(x*+4x+4)+B(x>*—x+6)+C(x—3).

Putx =3toget9—17x3 -8 =25A,s0 A = —2.
Putx =—-2toget4+17 x2—-8=-5C,so C =—6.
Compare coefficients of x> to get 1 = A+ B, so B = 3.
Therefore

¥-17x-8 _ 2 3 6
(x—3)(x+2)?2 x—3 x+2 (x+2)2°

Example 2.18. Write as partial fractions:

34 2x —x?
(x—1)2x2+x+1)°

We need to write
342x —x? A Bx+C

K122 +xt1) x—1 221x+1
and find the constants A, B and C. So we multiply by (x — 1)(2x? + x + 1) to get

342x—x2=A2x°+x+1)+ (Bx+C)(x —1).

Takex =1sothat3+2—1=A(2+1+1),orA=1.
Look at the coefficient of x?, so —1 = 2A + B, and B = —3.
Look at the constant term, so 3 =A — C, and C = —2.
Hence
342x —x? 1 3x+2

(x—1)2x2+x+1) x—1 2x24+x+1°
2.4.3. Summary of Ostrogradsky’s method. To find [ Egzg
(1) If the fraction is proper (that is the order of numerator p(x) is smaller then the
order of denominator q(x)) proceed to the next step letting r(x) = p(x) and
pi(x) = 0. Otherwise, perform polynomial long-division to find the quotient

p1(x) and reminder r(x):

dx perform the following steps:

(x) _ r(x)
a0 PRy
)

(2) Factor the denominator q(x) into irreducible polynomials: linear and irreducible

quadratic polynomials:

qx) = (x—a)* - (x=b)P (P +px + q)* - (x> +1x +5)".
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(3) Find the partial fraction decomposition:

T(X) _ A + Al 4 +A(X,1 n
qx) (x—a)*  (x—a)* ! T x— h
B B, Bg 4
e o +...+X‘3_b
Kx+ L Kix + L Ku—ix+Ly
(XZ4+px+qg)*  (XZ+px+q*t T X24px+q
Mx + N Mix + N My _1x+ Ny
(x24+1x+s)Y  (x2H+rx+s)y1 T X2 4+1x+s

(4) Integrate the polynomial p;(x) and rational function q(( )) as was decomposed in

the previous step.

Remark 2.19. We do not consider integration of repeated quadratic factors of the denom-
inator in this course. If you are curious, watch a sample of such integration from this
video or read a more formal description of Ostrogradski’s method.

2.5. Trigonometric t Substitution. One calculus textbook (Spivak) describes this as “un-
doubtedly the world’s sneakiest substitution”! It was invented by Weierstrass. The sub-
stitution allows to reduce an integral from trigonometric functions to an integral from
rational functions, the later can be calculated by the Ostrogradsky’s method, see subsec-
tion 2.4.3.

Put t = tan(x/2). Then

2tan(x/2) 2t
48 tanx ~ 1 tan? (x/2) 1—1t2’
Also:
sinx = 2sin(x/2)cos(x/2)
sin(x/2)
cos(x/2) cos(x/2)
1
= 2tan(x/2) 1+ tan?(x/2)
2t
49 1412
Finally:
sinx 1—t?
(50) coSx = tanx Hitz
Differentiating t = tan(x/2) gives
dt 1 1 ) 1 ) _2dt
(51) M A (x/2) = 3 (1+ tan®(x/2)) = 2(1+t ), so dx= ire

Example 2.20. J g , for x such that sinx > 0. Put t = tan(x/2) to get

Jl+t2 2dt _J'dt

a2t =In(t)+ C =Inltan (x/2)] + C


https://www.youtube.com/watch?v=OZ4chYM0uR0
https://www.youtube.com/watch?v=OZ4chYM0uR0
https://www.encyclopediaofmath.org/index.php/Ostrogradski_method
https://en.wikipedia.org/wiki/Karl_Weierstrass
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This can also be used for J dx , etc.
COS X

Example 2.21. Let us consider once more the integral Jcos x-sinx dx, which was already

solved by three different methods in § 2.2(3) and Example 2.8. Using the trigonometric
substitution we obtain:

J , Jl—tz 2t 2dt J4t(1—t2)
cosx -sinxdx = =

1+214+21+t2 ] (1+1t2)3
Although, the last integral is still doable through the partial fraction decomposition (us-

ing repeated factors), this approach would be the least efficient among all considered so
far.

14+t2 1—+t2
Remark 2.22. Note that cosecx + cotx = + T

of t in terms of trigonometric functions of x rather than x/2 if we wish.

= 1+ SO We can express functions

2.6. Inverse Trigonometric Functions. To complete Ostrogradsky’s method we will need
to integrate irreducible quadratic fractions, for example [ x%ﬂ d. Surprisingly, to this end
we need to study inverse trigonometric functions. See the previous discussion of inverse
functions producing logarithm in subsection 1.6.

Definition 2.23. Define the inverse trigonometric functions in the standard way i.e.

y = sinl(x) = x = sin(y) a)
(52) y = cos!(x) = x = cos(y) b)
y = tan"!(x) = x = tan(y) c)

However, we have to restrict the domain, and decide which range of values to take.
As shown on Fig. 7, the inverse functions are well-defined if

sin"!(x) Domain —1<x<1, Range —m/2<y<n/2 a),
(53) cos !(x) Domain —1<x<1, Range 0<y<m b),
tan"!(x) Domain —oo<x<oo, Range —m/2<y<m/2 c).
We can use the chain rule to determine the derivatives in the same way as for In(x). If
y =sin !(x), then x =sin(y),

Differentiate to get

dy dy 1
1= Y Y .
cos(y) dx’ 0 i cos(y)

Using sin®y + cos?y = 1 we get

1 1 1
sin~!(x) = =

(54) o COS(U) \/1 —sin2(y) - \/1 *X2.

dx

Similarly
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cos™(z)
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tan—!(x)
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e T I s

FIGURE 7. Inverse trigonometric functions are drawn in blue.
graphs are mirror reflections in the red dotted line of the part of trigono-
metric function green graph.

(55)

(56)
So

J dx .
———— =sin

and

J’ dx
1+ x2

Their

=tan !(x) + C.

We won't normally use cos™!(x) as it gives us nothing new.
This works for definite integrals too, so

dx

1
=

29
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The above formulae tell us how to do certain types of integrals.

d
(1) J'iX Put x = asin 6. Then dx = acos 0 d6. We get
a

Example 2.24.
2 —x

J dx _J acos 0 de:Jde:eqLC:sin*l(x/aHC.
Va2 -

Vaz—x2 a2sin’® @
dx . 2 2 o dx
() Y e Since x* + 2x — 8 = (x + 1)* — 9, this is just m So
put u=x+1 and du = dx, so we get
du . o (x+1

3) L Put x = atan 0. Then dx = asec? 0 d0. We get
x? 4 a2

2
J dx _J‘ asec” 0 de = J@ 9+C—1tan (x/a)+C,

x2+a2 | a?2tan?0 + a2 a
since sec?2 0 = 1 + tan? 6.
dx e 2 _ 2 _
4) Jm We can write x* —4x + 20 = (x —2)* + 16. Put x — 2 = 4 tan®.
Then dx = 4 sec? 0 de.
We get
J 9
4X+20 16tan?0 + 16 4 4

J 4sec?0 de:l[@: e
_1
4

“M(x—2)/41+C

For example,

2
dx 1 ox=27* 1 I
Jiz [tan 1 ]2:4(0(7:/4)):16.

X2 —4x+20 4 4
-2

2
®) J% dx. Here we need a combination of techniques from Example 2.5
and the above 2.24(4):

J 2x +3 dx J(2x—2)+(2+3)dX

—2x+5 —2x+5
2x —2 5
57 =|—5———=d - dx.
(57) J —2x+5 x+sz—2)¢+5 x
For the first integral (57) we make the substitution u = x> — 2x + 5 with du =
(2x —2)dx:
(58) Jﬁdx:J@zlnlu\+C=1n|x2—2x+5|—|—C.
—2x+5 u
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For the second integral (57) we complete the square x> —2x+5 = (x —1)?+4 and

make the substitution x — 1 = 2tant with dx = 24t
J'xz—iix—%dx :5,[ Cos2t(42t:;2t+4) - gjdt - §t+ ¢
(59) = gtarf1 <X21> + C.
Combining two integrals (58) and (59) together we obtain the answer:
J%dx:ln’xz—bﬁ-ﬂ 4—gtan*1 (X21> +C.

(6) Integrate (46).

We can see that we cannot use partial fractions for examples 2.24(3) and 2.24(4) be-
cause x? + a? and x? — 4x + 20 cannot be factorised (at least not with real numbers).

3. HYPERBOLIC FUNCTIONS

We have seen that the integral [ —=

= dx 1? solved by the inverse sine function. Inte-
gration of an apparently similar function [ Wirei

bolic functions. They were discovered by Vincenzo Riccati and Lambert.

dx requires introduction of new hyper-

3.1. Hyperbolic functions and exponent. We define the hyperbolic sine and cosine func-
tions using exponents.

Definition 3.1. We define hyperbolic functions

(60) sinh(x) = 1(eX —e X, cosh(x) = 1(eX +e %), tanh(x) = M
2 2 cosh(x)
Note, that sinh and tanh are odd functions (that is f(—x) = —f(x)) and cosh is even function
(that is f(—x) = f(x)), the same as with the trigonometric sin, cos and tan. This may be
used to recover which function is defined through a sum of exponents and which one
with the difference.
Sometimes we also write
1 1 1

sinh(x)’ sech(x) = cosh(x)’ coth(x) = tanh(x)

We can show from the definitions that

(61) cosech(x) =

(62) cosh?x — sinh? = 1,
since
1 1
cosh?x —sinh® = i e ¥)? — i e )?

Dividing (62) by cosh” x we also have

1 — tanh® x = sech® x.


https://en.wikipedia.org/wiki/Vincenzo_Riccati
https://en.wikipedia.org/wiki/Johann_Heinrich_Lambert
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sinh x cosh x

tanh x

F1cure 8. Graphs of hyperbolic functions.

We see that the formulae relating the hyperbolic functions are often the same as for
the trigonometric functions, with some sign changes. The important difference between
hyperbolic and trigonometric functions is that former are not periodic.

The derivatives of these functions are:

d . _ d1 X —X\ _ 1 X —X\ _

(63) asmh(x) = ai(e —e ) = 2(6 + e ™) = cosh(x),
d d1 X —x _1 X LX) o

(64) acosh(x) = &E(e +e )= 2(e e *) = sinh(x),
d _d sinh(x) _ sinh’(x)
atanh(x) T dx cosh(x) coshz(x)'

Using (62), we get

1

= sech?(x ,
cosh?(x) ()

(65) %tanh(x) =

from (61b).
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Note that tanh(x) — —1 as x — —o0, and tanh(x) — 1 as x — co.
3.2. Inverse hyperbolic functions.

Definition 3.2. Define the inverse hyperbolic functions in the standard way i.e.

(66) y= sinh '(x) = x= sinh(y),
(67) y= cosh™'(x) = x= cosh(y),
(68) y= tanh '(x) = x= tanh(y),

Again we have to be careful with the domain and range, see Fig. 8. The inverse
functions are well defined if:

sinh }(x) Domain —oco0 < x < 0o Range —oco <y < o0
coshfl(x) Domain 1 < x < oo Range 0 <y < o0
tanh '(x) Domain -1 <x <1 Range —oco <y < o0
We can get the derivatives of these functions as for the inverse trigonometric functions
e.g.

y=sinh '(x) = sinh(y) =x.
Differentiating gives

dy
h(y)—— =1
cosh(y) i
Hence
d 1 —1 dy 1 1 1
9 —sinh =2 = = _
(©9) ax> o) dx  cosh(y) [1+sinh2(g)}1/2 (14 x2)1/2
from (62).
Similarly we get
d 1 1
(70) acosh (x) = e
d 1 1
(71) atanh (x) = T

We can get explicit expressions for these functions. We have

y=sinh '(x) = sinh(y) = %(ey —e V) =x.
Then

e?Y —2xe¥ —1=0.

Put z = eY to get 22> — 2xz — 1 = 0. Solving this gives

z=¢eY =x+/x2+1.
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So

(72) y=sinh '(x) =1In (x + VX2 + 1).

The right-hand side of (72) is known as “long” logarithm.

Note that we must take the + sign since x < v/x? 4 1 and we cannot take the logarithm
of a negative number.

Similarly, we get

(73) cosh }(x) =In (x +Vx2— 1) provided x > 1.

Note the restriction on x: coshy > 1 for all y.
Suppose now that y = tanh ' (x). Then

ey —e Y
tanh(y) = =% —
anh(y) eYy +e Y
Then
ey —1 oy 14X 1 1+x
ezy—&-l:X - € T1-x :>y:§1n 1—x/°
Hence
1 1
(74) tanhl(x)_21n< 13) provided [x| < 1.

Note the restriction on x. The right-hand side of (74) is known as “tall” logarithm.

As for the inverse trigonometric functions, these results tell us how to do certain types
of integrals.

For example, from (69) we can say that

J‘\/1d_:_(72 =sinh '(x) + C.
X

We can also see this by substitution. Let x = sinhu, dx = coshudu, so the integral
becomes

J 1

V1 +sinh®u
Example 3.3. It is instructive to compare this set of examples with Example 2.24 and
observe the explicit similarities.

coshudu:J'du:u—i- C=sinh 'x +C=1In(x+vx2+1)+C.

2 a?

J dx :J\/ a sinh(6) dezjwdezjde:eﬂt,

VX2 —a? a2cosh?(6) — a2 sinh(0)

@) Ji Put x = a cosh(6). Then dx = a sinh(0)d6. We get
X

where we have used cosh?(x) — sinh?(x) = 1 (62). We therefore get

(75) J\/% = cosh™! (E) +C.
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dx
VX2 4+ 6x+5

and du = dx, so we get

(2) Now tryJ . We have x> + 6x +5 = (x +3)2—4, so let’'sput u = x+3

w—4 3
From 1, with a = 2, this is cosh™ % +C, i.e., cosh™! % + C.

d
3) Jﬁ Put x = a sinh(8). Then dx = a cosh(8)d®. We get

J dx :J \/ a cosh(0) 4o :J’cosh(e) dB:JdQ _e.icC,

VX2 + a2 a2sinh?(0) + a2 cosh(6)

where we have used cosh?(x) — sinh?(x) = 1 (62). We therefore get

dx 1 /X
7 ——— =sinh™ " (= C.
(76) J i si (a>+
dx : 2 2
(4) Now try | ——==. Since x* +2x+ 10 = (x +1)*+9, we putu =x+1, so
x2 4+ 2x + 10

du

ViZz+ 9’
x+1

From 3 with a = 3 this is sinh ! g +C, i.e. sinh ! 3 + C.

du = dx, to get J

5) J%, for |x| < a. Put x = a tanh(0). Then dx = a sech?(6)d6. We get

2 2
J 2dxzzj asech((z) dGzJ sechge) d9:J@:9+C,
as—x a2[1 — tanh”(0)] a sech”(0) a a

where we have used cosh?(x) — sinh?(x) = 1 (62),s01— tanh?x = sech®x. We
therefore get

dx 1 1 /X
(77) Jm ~ —tanh (E) +C.

This could also be done using partial fractions. Write

1 Aq Aj

- +
a2—x2 a—x a+x

sol=A1(a+x)+Ax(a—x). Putx =aand x = —a to find A; and A,.
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. 1
This gives A1 = A, = 2a SO

J dx _iJ (N SR
@—x 2a)|a=x a+x| ¥

1
= —[nla+x —1Inla—x|]

2a
1 a+x
2a |a—x

_ L In (< ).

- 2a a—x)’
we remove the absolute value signs because —a < x < a implies that ¢£* > 0.
This should be the same as (77). From (74) we have

ltamhf1 (l) = iln <a+x> = i[1n(c1+x) —In(a —x)]
a a 2a a—x 2a

which agrees with our previous result.

3.3. Summary of useful substitutions. Here we list some common expressions and

methods suitable for their integration.
r

—— dx (or anything that factorizes). Partial fractions (the substitution x = atanh t
Jx?—a

works as well).
r
———dx. Put x = atan®.
J X2+ a?
X
x2 £ a?

1 . :
> dx (or some other expression of v a? —x?). Put x = asin6.

vaZz—x
A

dx. Put u = x% + 2.

1

———— dx (or some other expression of v/aZ + x2). Put x = asinh 6.
J Va4 x2 ( P )
[ 1

W dx (or some other expression of Vx> — a?). Put x = acosh 6.
J Vx = a .

————dx. Putu=x"*a
J VX2 + a?

4. APPLICATIONS OF INTEGRALS

We will show some applications of integrals to geometric problems.

4.1. Areas. Since the definite integral is defined as an area, we can use it to calculate the
areas of different shapes.

4.1.1. Circle. We have already found the area of a circle by elementary considerations in
the beginning of Section 1. Now we solve this question again using integration technique.
Consider a quarter of the circle centre (0,0), radius R. The equation is x? +y? = R?,

ie,y=+vR2—x2
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FIGURE 9. Area of a circle

R
So the area is A = J v/ R2 —x2dx.
0

To evaluate this integral, put x = Rsin0. Then dx = Rcos 0 and the new limits are
x=0,0=0,x=R,0=m/2.

Then
R /2
J\/Rz—xzdx: R?V/1 —sin? 0 cos 6 do
0 0
/2
= R% cos? 0 do
0
/2 /2
= | R? (; +;cosze> de = [R;e + Rzzsin(ze) 0/
0
niR?
(78) =

This gives the area of the whole circle TR? as expected.
There is an easier way to do it. Consider a the strip shown on Fig. 10 with width ér.

Its area is 6A = %& (“the product of its width by depth”), so

R
Jnrdr [m‘TR mR?
A= S i gL
2 0
0

2 2
4.1.2. Ellipse. Consider a quarter of the ellipse % + % =1,ory=>by/1—x?/a%
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A
Y
R
o
Sr x
Ficure 10. Circular strip
b
9 a a

F1Gure 11. Area of an ellipce

a

So the area is A = Jb\/l —x2/a?dx.

0
Put x = asin 0. Then dx = acos 0 and new limitsare x =0,0 =0, x = a, 0 = 7t/2.

Then

a /2
Jb,/l—XZ/ade = J aby/1 —sin’0 cos 8 d6
0 0

/2

b0  ab /2
= Jabcoszedez DY L Osinee)| .
2 4 .
0

b
This gives A = % as expected. Note, that for a = b the ellipse becomes a circle of
the radius q, then the above answer coincides with (78).

4.1.3. Area under Curves.



MATH 0212: ELEMENTARY INTEGRAL CALCULUS 39

y

FIGURE 12. Area under the graph of sine

Example 4.1. The area between sin x and the x-axis for —m/2 < x < /2.
7t/2

This is A = A; + A,. But J sinxdx = [— cosx]ff/z =0.

—7t/2
This is because areas with negative y are counted as negative. To get the right answer
we have to write

/2 0 /2 /2
A= J |sinx|dx = J —sinxdx + J sinxdx =2 J sinxdx:2[—cosx]g/2:2.
—7/2 —7/2 0 0

Example 4.2. The area betweeny =x and y = x2for0 < x < 1.

1
31 1 011
ThisisA:J'(xxz)dX:{XX] _
0

_2 = —

2 3 6

3
0
In general the area between two curves, y = f(x) and y = g(x), with x running from a
tobis
b

J|f(x) —g(oldx,

and the way to do this is to split the range into interval in which f(x) > g(x) or
f(x) < g(x).

So, in our example, if we wanted the area from 0 < x < 2 we would need to split the
range of integration into two pieces, on one of which x > x2 and on the other X% > x, so
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FIGURE 13. Area under a parabola
we would get

1 2
J(x —x%)dx + J(XZ —x)dx.
0 1

F1GURE 14. Area under a curve
Example 4.3. The area between y = x> — 4x + 15 and the x-axis for —2 < x < 2.

4 2
This is A = J (x® — 4x +15)dx = {Z—ZXZ—lex} -
—2

—2



MATH 0212: ELEMENTARY INTEGRAL CALCULUS 41

=4-8+30—4+8+30=060.

4.2. Volumes. One can also use integration to calculate volumes, but this complicated in
the general case. However, it is not too difficult if the object has some symmetry.

4.2.1. Volumes of Revolution. For any curve y = f(x), we can form a solid of revolution by
rotating the curve about the x-axis.

y - f(x)

F1Gure 15. Integration of rotation solids

If we cut out a disc at x with thickness 6x by slicing the solid perpendicular to the
x-axis. This disc has radius f(x) and so has volume 8V = my?éx. Hence if the body lies
between x = a and x = b, then its volume is

b b
(79) V= Jﬂyz dx = Jﬂ[f(x)]z dx.

a

FiGURE 16. Volume of a cone

Example 4.4. Consider a cone whose height is h and whose base has radius a.
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In this case f(x) = % and (79) gives

h
a?x? 23 1,

Note this is 1/3 of the volume of a cylinder with the same base and height.

FiGure 17. Volume of a sphere

Example 4.5. Consider a sphere of radius a. This is obtained by rotating a half-circle
with radius a.

In this case f(x) = v/ a? —x? and (79) gives

I R
a 3

(81) V= Jﬁ(azxz)dx:ﬂ{ax3
. . dv 5 ) .
Note that V is a function of a, and that P 4mta”. So, if we add a thin shell of

a
thickness 8a, we increase the volume by 4ma?sa. This suggests (and leads to a proof)

that the area of the surface of the sphere is 47a”.

The next example shows that integrals can be used not only for solids of revolution.

Example 4.6. Consider a pyramid of height h, base with side a. The cross-section at x is

2
a square with side %. So a slice at x with thickness &x has volume 6V = (%) &x. The
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/

F1GURE 18. Volume of a pyramid

volume is then

P P xa\ 2 231" a®h
(82) JdV:J(h) dx_hZ[Bh_B'
0 0

Note, that this is 1/3 of the volume of a rectangular block with same base and height.
Also, similar calculations can be used for the volume of a pyramid with the base of an
arbitrary shape, cf. Example 4.4.

Example 4.7. Find the volume of the torus (or “ring”) obtained by rotating the disc

21
4

about the x-axis. This is a circle with centre (0,1) and radius 1/2.

X+ (y—1)

1
The equation of the top semi-circleis y =1+ 1/ 1 x2, and of the bottom semi-circle

/1
isy=1- 1 x%; in each case for —1/2 < x < 1/2. To get the volume we want we

subtract the two volumes, to get

1/2 1 2 1 2
= Z 2 _ _ T2
\% ﬂJ (1—1—\/4 x) (1 1 x) dx.
—1/2

This simplifies to
1/2

V =4n J \/%—xzdx.

—-1/2
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1 1
Put x = 5 sin®, dx = 5 cos 0d6, to get

/2
1 1
V = 47 J (zcose) ECOSGde
—7t/2
/2
1 1
_ 4z 2
b J <2+2cos 6> de
—7t/2
/2 2
= 7 9+1sin26 = n(n/4 — (—m/4)) -z
2 4 —7/2 2

Example 4.8. Consider the curve y = 1/(x + 1) with x > 0. Show that the total area
enclosed by it and the x-axis is infinite, and find the volume of the solid obtained by
rotating the area about the x-axis.

First, the area underneath is

oo

1 o
JX+1dx:[ln(x+1)]0 = 00,

0

since In(x + 1) tends to +oo as x tends to +oo.

Surprisingly, the volume is finite: it is

0

In other words, to “make” such a body of revolution we would need only a finite amount
of material, but to colour it surface we would need an infinite amount of paint.

5. BiNom1AL COEFFICIENTS AND POLYNOMIALS

5.1. Binomial Coefficients.

. . . . . n
Definition 5.1. The binomial (or combinatorial) coefficients, denoted as (r) , are the number

. ny .
of ways one can pick 1 elements from a set of n elements. The symbol < > is read as “n
T
choose 1.

They can also be written as ™ C,. (from combinations or choices) and many other similar
notations.

Recall the fundamental principle of combinatorics—the rule of product or multiplication
principle— a basic counting principle: if there are n ways of doing something and m
ways of doing another thing independently, then there are n - m ways of performing
both actions.
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. n . .
To find a formula for (r)’ first consider the number of ways that we can order n

elements. This is also called the number of permutations of the n elements.
We can choose the 1st elementin n ways.
We can choose the 2nd elementin n—1 ways.
We can choose the 3rd elementin n—2 ways.

We can choose the last element in 1 way.

So the total number of ways is

(83) nN=nnh-1)n-2)---1.

This is called n factorial. For a convenience we define 0! = 1. Note, the important
recurrence relation for factorials:

(84) n=Mmn-1!n.

This formula together with the initial value 0! = 1 is equivalent to the definition (83).
Now suppose that we want to pick r elements from a set of n elements if the order in
which they are picked matters.

We can choose the 1st elementin 1 ways.
We can choose the 2nd elementin n —1 ways.
We can choose the 3rd elementin n —2 ways.

We can choose the last elementin n—r+1 ways,
since we have n — 1 + 1 elements left when we pick the last one. From the definition of
the factorial this is

(85) "p, =

n
For ( >, we do not care about the order of the elements. So we must have
T

n nPT n!
(86) (T> T ey

since 1! is the number of ways in which we can order each set of r elements.
Note that

©)-()-

because there is only one way how to to chose all n elements or none of them. Also:

-0

This is easy to see:

n B n! B n! _(n
(n—r) Cn-m!n-mn+1)! rn-7)! (T‘)
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Practically it also means that there are as many possibilities to pick r elements out of the
set of n elements as possibilities to un-pick n — r elements.
We can also prove the important recurrence relation for binomial coefficients:

(0)-(7)+()

To show this, we have

n—1 n—1\ m—1)! (n—1)!
( T )+<1‘—1> N T!(n—f—l)l+(r—1)!(n_r)!
(n—1)!

= m[(n_T)+T]

(=1 _ n! _(n
T orln—1)! = rin—r)t (r)'

where we use several times the fact that n! = n(n — 1)! (84).

An alternative proof of the same identity (89) can be received from combinatorial
arguments. Assume I have the set of n elements: n — 1 pens and one pencil. How many
possibilities are to take r objects from this set? There are two main cases: either I will
choose the pencil or not. If pencil is not taken, then I need to take v pens from the set

-1
of n — 1, that is (n . ) Alternatively, if I take a pencil then i need to choose only
-1
T — 1 pens from the set of n — 1, that is <Trl_ 1 > Adding those two numbers I get the

expression (89) for (Trl) .

5.2. Pascal’s Triangle. The recurrence relation (89) together with the initial values (87)
can be used to show that Pascal’s triangle contains the binomial coefficients.

1
1 1
1 2 1
1 3 3 1
1 4 6 4 1
1 5 10 10 5 1

The rule for constructing the triangle is that each number is the sum of the number
on its left in the row above and the number on its right in the row above.
If we look at the row beginning with “1 5”, we see that we have

D ()5 ()-n Qo () ()

so these are just the binomial coefficients for n = 5. This follows from (89).
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Remark 5.2. Traditionally, we name Pascal’s triangle after Blaise Pascal. However it was
known much earlier to Indian, Persian and Chinese mathematicians, e.g. Al-Karaji and
Shen Kuo.

5.3. The Binomial Theorem. (") are called the binomial coefficients because they are the
coefficients in the expansion of (a + b)™. We have

n
n __ n n—7r1,7
(90) (a+Db) Z(T)a b'.
=0
The binomial theorem is commonly attributed to Newton.
So

(a+b)?> = a®+2ab+1b?

(a+1b)® = a®+3a’b+3ab>+b°,

(a+b)* = a*+4a’b+6a%b? + 4ab® + b4,
and so on.

To see this in general, we note that each term in the expansion consists of n factors
each of which is either a or b. Consider one such term, a™ "b". We have

(a+b)"=(a+b)la+b)---(a+b),

i.e., a product of n factors a + b. To get the term a™ "b", we have to pick a fromn —r
factors and b from r factors. This is just picking r elements (the b) from n elements i.e.
(™) by definition.

For example, consider
(a+b)®=(a+b)(a+Db)(a+b).

To get a® we have to pick a from each factor, i.e., no b. This is done in (g) =1 way.

To get a?b we have to pick a from 2 factors and b from 1 factor. This is done in (}) =3
ways.

To get ab®* we have to pick a from 1 factors and b from 2 factors. This is done in
(3) = 3 ways.

To get b® we have to pick b from each factor, i.e., no a. This is done in () = 1 way.

So

(a+b)® = a®+3a?b + 3ab? + b>.

Example 5.3. Expand (a — b)*. Use the binomial theorem (89); we get

74:4447r7r
(a=b)*=) [ )a*"(=b)

4 4 4 4 4
= (O) at+ <1> a(—b) + (2> a?(—b)* + (3> a(—b)* + <4> (—b)*.
We have
4 4 4! 4 4! 4 4! 4
(0> =L (1) T (z) “om o <3) “am (4) =L


https://en.wikipedia.org/wiki/Blaise_Pascal
https://en.wikipedia.org/wiki/Al-Karaji
https://en.wikipedia.org/wiki/Shen_Kuo
https://en.wikipedia.org/wiki/Isaac_Newton
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So
(a—1b)* = a* — 4a%b + 6ab? — 4ab® + b*.

Example 5.4. Expand (a + 3b)? by the binomial theorem: we get

3
(a+3b)° > <f) a®> " (3b)"

=0

_ @ @+ @ 2(30)' + @ al(3b)2 + @ (3b)°

= (1)(a®) + (3)(3a®b) + (3)(9ab?) + (1)(27b%)
= a®+9a’b 4 27ab* + 27b°.

Example 5.5. As a connection with the main theme of this course let us integrate both
sides of the binomial formula (90) for (x + a)™ where x is a variable, a is a constant and
1 is a natural number. Then for the right-hand side the substitution u = x4+ a do the job:

n+1 Con+l
For the left-hand side we use additivity (11) and homogeneity (12) of the integral:

J2 (perrerec= 2 (oo

=0

J(X+a)ndX:Jundu: Luﬂ+1+c_ 1 (x+a)““+C1.

In other words, we shall have:

(X + a)n+l 1Cy = Z # <n>xnr+lar +GC,.

r:On—r—l—l T

n+1
or using the binomial formula (90) for (x + a)™*!

1 Tf TL-|—1 Xn+17rar+c _i 1 n Xn7r+1ar+c
n+le\ v 1_r:0n—r+1 T 2

The left- and right-hand side of the last identity are similar, but you still need to check
that:

1) 1 (n+T1\ 1 n
n+1\ r / n-r+1\r/)
(2) The term for r = n + 1 missing in the right-hand sum shall be equal to C, — C;.

6. SOME REVISION EXAMPLES

We revise different examples for many previous methods.
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6.1. Polynomial Division. We mentioned earlier in Section 2.4, that if P(x) is an nth
order polynomial and Q(x) is an mth order polynomial, then we could write

P(x) ~ N+ R

O Pi)=N(XIQU) +Rix),  orequivalendy: 55 Qb

where

e N(x) (the quotient) is an (n — m)th order polynomial if n > m and 0 otherwise;
e R(x) (the remainder) is at most an (m — 1)th order polynomial, thus the rational

function (S(();)) is proper.

We can find N(x) and R(x) by either:

e equating coefficients of powers of x; or
e by a method of long (polynomial) division.

Example 6.1. Find the quotient and remainder for x* — 2x3 — 7x2 + x + 40 is divided by
x? — 6x + 10.

X2 +4x+7
x2—6x +10 [x* —2x3 —7x2 +x + 40
x* —6x3 +10x2
4x3 —17x* +x See (1) below
4x3 — 24x% + 40x See (2) below
7x? —39x +40 See (3) below
7x2 —42x + 70
3x —30

The sequence of steps (that is the algorithm) is:
(1) DIVIDE the highest term remaining by x? (e.g. 4x%/x* = 4x);
(2) MULTIPLY everything in the divisor by what you got, so
4x(x?* — 6x + 10) = 4x> — 24x> + 40x;
(3) SUBTRACT, and notice that this reduces the degree of what’s remaining.
So the quotient is N = x* 4+ 4x + 7, and the remainder is R = 3x — 30.

Now

3x — 30
)
dx—J(x +4X+7)dx+sz—6x+10dx'

J’x42x37x2+x+40
x2 —6x+10

3
The first integral is just % +2x*+7x (+C), and for the second we complete the square,
putting u = x — 3, since x> — 6x + 10 = (x — 3)2 + 1. We get
3u—21 u du
[ P

= gln(u2 +1)—2ltan 'u+C

= % In(x? — 6x +10) — 21 tan }(x —3) + C.
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So the final answer is
%3 +2x% 4+ 7x + ;ln(x2 —6x +10) —21tan"'(x —3) + C.
Example 6.2. Find the quotient and remainder for 2x* —2x® — 15x% +9x — 2 is divided by

X2 —4x + 4.
Hence find

dx.

J'2x4—2x3—15xz—|—9x—2
X2 —4x+4

2x2 +6x +1
X2 —4x +4 2x* —2x3 —15x2 +9x — 2
2x* — 8x3 4 8x2
6x% —23x2 + 9x
6x% — 24x2 4 24x

x2—15x —2
x> —4x +4
—11x —6

So the quotient is N = 2x? + 6x + 1 and the remainder is R = —11x — 6.
Now since x> — 4x + 4 = (x — 2)? we write

—-11x—6 A n B
(x—2)2 x—2 (x—2)?
where —11x —6 = A(x —2) + B. Thus A = —11 and B = —28. So

2x* —2x3 —15x2 +9x — 2 11 28
2x2 1l-
[ 7 —dx 14 dx J(x + 6x + - (x—2)2> dx

2 28
3432+ x—11ln|x -2+ — + C.
3 x—2

6.2. Various examples.

Example 6.3. J(ln x)*dx. We try integration by parts: Jf’ g =fg— Jfg’. Here we put

f(x) =1 and g(x) = (Inx)%.
This gives

2Inx

J(lnx)2 dx = x(Inx)?— Jx dx
= x(Inx)®— ZJInxdx

= x(Inx)*—2x(Inx) +2 J x% dx, integrating by parts again,

x(Inx)? —2x(Inx) 4+ 2x + C.

Alternatively, the substitution u = Inx, x = e", so dx = e* du, turns the integral into

J et du,
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but you still need to integrate by parts to solve this. This is another illustration to the rela-
tion of integration by parts and integration by substitution discussed in subsection 2.3.1.

Example 6.4. J VX dx.
14+x
The substitution u = v/x or x = u?, dx = 2udu turns this into
u 2u?
J1+u2(2u)d N J1+u2 du
2
= J <2 — 1—|—u2) du, by long division or just observation,
= 2u—2tan 'u+C
2y/x —2tan ! (v/x) + C.
E le65 | ——d
xampre Jl—&—tanx x

You could use the t = tan x/2 substitution, but it turns into a very complicated calcu-
lation. Instead,

cosx
x:Jidx.

1
——dx=| ———d -
1+ tanx 1 4 Sox sinx 4 cos x

Cos X

P
Now we have something of the form Q(();))' where we can write P = aQ + bQ’ for some
1
constants a and b. Indeed Q’(x) = cosx —sinx, so P(x) = E(Q(X) + Q’(x)), and
Cos X 1 [ sinx + cosx 1 [ cosx —sinx
——dx = | ———dx+z| ———dx
sinx 4+ cosx 2 ) sinx 4 cosx 2 ) sinx 4 cosx
_ ! +11n| inx + |+ C
= 5+ 5In|sinx+cosx .
1 L
Example 6.6. | —— dx.
P J V1—x2

The V1 — x? suggests a substitution x = sinu, dx = cosudu, so we get

2 )

X sin“u .

——dx = cosudu = | sinudu.
V1 —x2 cosu

Now, we did this before using double angles:

1
sin®u = 5(1 — cos2u).

We get

Jsinzudu = 1u—lsinZu—lu—lsinu(:osu
2 4 2 2

1 1
—sin"lx— —xv/1—x2 (+C).

2 2
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APPENDIX A. TRIANGLES

Definition A.1. A triangle is a polygon with three sides (a polygon is a plane figure
whose edges are straight lines), Fig. 19.

FIGURE 19. A triangle and notations: angles are A, B, C and the opposite
sides are a, b, c.

A.l. Area of a Triangle. We will need the concept of area of a geometric figure. In
particular, we note that area is additive: if a figure with an area S is split into two disjoint
subfigures with areas S; and S, then S = S; + S,.

We also assume the formulae for the area of a rectangle with sides a and b the area is
S = ab.

FIGURE 20. Basic relations in a triangle.
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Here h is the height of the triangle in Fig. 20, it splits the side ¢ into two intervals cy,
and cq. The area of the triangle is T = T; + T,. But we have

1 1
T1 = Ehcb, T2 = Ehca,

since each is just half of a rectangle with these sides. So

1 1
92) T=T+T= E(Cb +cg)h= ECh “half base times height”,
since ¢ = cq + Cp-

A.2. Sine Rule. Trigonometric functions—sine and cosine —are intimately connected with
the geometry of triangles.
We have h = bsin A, so

1
T= ibc sin A.

But we could also draw the perpendicular to sides b and a to get
1 1
T= Eab sinC = Ebc sin B.
Dividing by abc/2 gives
sinA  sinB  sinC

(93) o o -

which is the Sine Rule.

Remark A.2. It is noteworthy that the value of fractions in (93) is the diameter of the
circumscribed circle. Can you prove this?

The sine rule has been discovered by Nasir al-Din al-Tusi in XIII century.

Example A.3. Suppose we are given c and the angles A, B. We can use the Sine Rule to
determine the other sides. Note that we know the angle C since

(94) A+ B+ C = 180°,

since the internal angles of a triangle add up to 180°.
We then have from (93)
sinC  sinA  sinB
c a b
Since we know C, c, A, B, this gives us a and b; i.e., everything about the triangle. For
example, suppose

A =32° B=65° c=9cm.
Then C = 83° and we have sin A = 0.5299, sin B = 0.9063, sin C = 0.9925. (Let us suppose

we want to give two decimal places for our answer: then we should keep at least four
for the sines.) So we have

sin A 0.5299 sin B 0.9063



https://en.wikipedia.org/wiki/Nasir_al-Din_al-Tusi#Mathematics
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H

- bcos A - acos B

Ficure 21. Relation between sides and cosines.

A.3. Cosine Rule. As shown on Fig. 21, we have ¢ = bcos A 4+ acos B. Multiply this by
C.

(95) ¢? = bccos A + ac cos B.
Similarly we get

(96) a®> = abcos C 4 accos B
(97) b? = bccos A + ab cos C

Adding (96) and (97) gives
a? +b? = 2abcos C + bccos A + ac cos B.
Subtracting (95) from this gives
a®> +b%—c? =2abcosC + becos A + accos B — becos A — accos B = 2ab cos C.
Rearranging, we get
(98) ¢ =a?+b%>—2abcosC,

which is the Cosine Rule. In a different form it was already published in Euclid’s Elements
(300 BC), but obtained the modern form in works Jamshid al-Kashi (XV century).

Corollary A.4 (Pythagoras theorem). If C =90° (and thus cos C = 0) we have:
(99) ¢z = a4+ b2

Example A.5. Suppose that we are given a, b and the angle C. We can use the Cosine
Rule to determine c. For example, suppose

a=8cm, b=9cm, C =48 i.e., cosC =0.66913.
Then (98) gives
> =64+81—2x8x9x0.66913 = 48.65, so ¢ =6.97 cm.
We can now use the Sine Rule and A + B + C = 180° to get the other angles.


https://en.wikipedia.org/wiki/Euclid's_Elements
https://en.wikipedia.org/wiki/Jamsh%C4%ABd_al-K%C4%81sh%C4%AB
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Remark A.6. Note we could also use the Cosine Rule if we are given all three sides: just
use (98) to get A, B given a, b, c. This gives a unique A (and B) since —1 < cos A < 1 for
180° > A > 0.

These cases give a unique triangle. But if we are given two sides and an angle which
is not the one between the sides then the triangle is not necessarily unique.

Suppose we are given a, b, A. Then from the Sine Rule (93), we have

sinA  sinB
a b’

Unfortunately this does not give a unique B: we have two possibilities since sin(180° —
B) = sin B. This is because sin B has a maximum as B goes from 0° to 180°.

For example, suppose

. b .
so sinB = —sinA.
a

a=5cm, b=7cm, A =235°
We then get

sinB = %sinA = 20.57358 = (0.80301,
)
B =53.42° or B = 180° — 53.42° = 126.58°.
For B = 53.42°, we have C =180° — A — B =91.58°.
Then from the Sine Rule (93), we get

sinC  _0.9996
AGnA ~ Jos73e - o7Lem

For B =126.58°, we have C = 180° — A — B = 18.42°, and we get
sinC 5 0.316

USinA 05736 270 M
Summary
1) Two angles and a side A + B+ C =180° and Sine Rule.
2) Three sides Cosine Rule to get angles.
3) Two sides and angle in between Cosine Rule to get other side,

then as for 2).
4) Two sides and angle not in between Sine Rules: two solutions in general.

Example A.7.
a=6acn, c =3 cm, B=60°
This is case 3). Use the Cosine Rule (98). We have

1
b2:a2+cz—2accosB:36—|—9—2><6><3><5227,

” b =,/27 =3,/3 =5.1962.
We can get the other angles from the Cosine Rule:

a®> =b? +c? —2bccos A
SO

R T ST S N _
CosA—ZbC(b +c a)_2><5.1962><3(27+9 36) =0.

This means that A = 90° and hence B = 180° — 90° — 60° = 30°.
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Example A.8.
A:g:60°, B=72-90°, ¢=20cm.

This is case 1). We have C = 71— A — B = /6 = 30°. Now use the Sine Rule (93) to get
the other sides.

N A

sin A 0.866 sin B 1
a= CsinC = 2OW =34.64cm, b = CsinC = 20@ =40 cm.
|
(z,y)
R
y—>b
C :v(a7b) r—a

F1GURE 22. Distance in cartesian coordinates

A.4. Circles.

Definition A.9. The circle with the centre O and its radius R is all points on the plane
which are at the distance R from O .

Let the centre O has Cartesian coordinates (a, b). From the Pythagoras theorem (99),
the circle’s equation in the Cartesian coordinates is, see Fig. 22:

(100) (x—a)’+ (y—b)* =R~
Example A.10. Find the equation of the circle with centre (2, —5) and radius 3. From
(100), we have
(x—2)%+(y+5?*=3° - x? —dx +y* + 10y = —20.
We can also find the centre and radius of a circle from its equation. We have
(x—a)?+ (y—b)2 =x>—2ax + a® + y> — 2by + b2
Thus,

(x—a)l?+(y—>b)?2=R? is equivalent to x? —2ax +y> —2by + (a®> + b —R?) = 0.
So the coefficient of x gives —2a and that of y —2b. For example, if the circle has equation
x* +y? —16x + 12y = —19,

wehave a =8,b=—6. ThenR2—64—-36=-19 — RZ2=81 — R=0.
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